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PREFACE 

This book brings together authors with expertise in a wide range of fields to 
provide an up to the minute overview of the most important problems 
relating to mercury in the environment. The book reflects growing concern 
over the likelihood of harmful effects to human health and sensitive 
ecosystems posed by mercury in the light of increasing fossil fuel 
combustion, mercury use in a range of manufactured goods, and the lack of 
emission control policies. Concern has been expressed at local, national, and 
international levels; in the last three years both the European Commission 
and UNEP have published reports on mercury in the environment. Growing 
concern has led to an increased effort to understand the fate of mercury in 
the environment, including primary production and trade in mercury, 
emissions from manufacturing and power generation, natural emissions and 
re-emission, atmospheric transport and transformation, deposition patterns, 
uptake by biota, and eventual health impacts on living organisms. The 
increasing specialisation, and amount of research in the numerous scientific 
fields associated with the study of the fate of mercury in the environment, 
make the publication of this book both necessary and timely. For experts, 
and non-experts, who require both the broader picture, as well as an 
awareness of the latest progress in the fields relevant to mercury research, 
this book provides the most comprehensive and up to date overview 
available. 

The book has five sections. The first section covers 'International and 
Regional Perspectives', looking firstly at mercury production, trade and use 
over the last ten years and future trends. Current and projected industrial 
emissions of mercury, and their assessment methods are presented. The last 
part of this section describes the European Union and the United States 
Environmental Protection Agency perspectives and activities regarding the 
limitation of risk to human health. 

The second section addresses 'Monitoring and Analytical Methods', that is 
the determination of the concentration of mercury and mercury compounds 
in the atmosphere, and in aquatic and terrestrial ecosystems, including 
biological samples. The problems involved and precautions required when 
measuring trace concentrations in complex media are described. 

The third section deals with the 'Chemical and Physical Processes' which 
determine the partitioning of mercury between environmental interfaces, air-
sea, water-sediment, air-soil, soil-plant, canopy-air, and the role these have 
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in the global biogeochemical mercury cycle. Recent advances in the 
understanding of mercury kinetics in the atmosphere are described. 

The fourth section includes six studies on 'Human Exposure', reviewing 
studies reports on different populations from around the world, as well as 
methods for assessing mercury exposure. The major risks associated with 
high and extreme cases of mercury exposure are described. 

The last section provides seven 'Regional Case Studies', for regions where 
substantial research on the fate of mercury in the environment has been 
carried out including, the Mediterranean Basin, North and North-Eastern 
Europe, the Polar regions, the Great Lakes and the North-Eastern U.S., 
Florida, Asia (particularly China), and the area covered by EMEP, the 
UNECE-Long Range Transport Convention reference area for Europe. 

Nicola Pirrone 
CNR-Institute for Atmospheric Pollution, Division ofRende, 87036 Rende, Italy 

Kathryn R. Mahaffey 
Office of Science Coordination and Policy, United States Environmental Protection Agency, 
Washington, D.C. 20640, USA 



Chapter-1 

WHERE WE STAND ON MERCURY 
POLLUTION AND ITS HEALTH EFFECTS ON 
REGIONAL AND GLOBAL SCALES 

Nicola Pirrone1 and Kathryn R. Mahaffey2 * 

1 CNR-Institute for Atmospheric Pollution, Division ofRende, 87036 Rende, Italy 
2 Office of Science Coordination and Policy, United States Environmental Protection 

Agency, Washington, D.C. 20640, * see disclaimer below. 

INTRODUCTION 

It is widely accepted in the scientific community that mercury (Hg) 
contamination of ecosystems and subsequent human exposure remains a serious 
environmental hazard. The ability of Hg to distribute globally via the 
atmosphere has received increasing attention in recent years and has 
emphasized the need for a global perspective in both research, monitoring and 
policy making. The aim of this chapter is to provide an overview of our 
understanding of the mercury pollution problem in relation to both its global 
cycle and its negative effects on human health. 

MERCURY IN THE GLOBAL ENVIRONMENT 

It is well known that mercury is released to the global environment from a 
multitude of natural and anthropogenic sources. Once released to soil, water and 
atmospheric ecosystems it is re-distributed in the environment through a 
complex combination of chemical, physical and biological processes that can 

* Disclaimer: The statements in this publication are the professional views and opinions of the author and 
should not be interpreted to be the policies of the United States Environmental Protection Agency. 
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act with different time scales. Recent estimates indicate that natural sources 
(volcanoes, surface waters, soil and vegetation) contribute with 2700 tonnes of 
mercury released annually to the global atmosphere, whereas the contribution 
from major industrial sources account for 2250 tonnes per year (Pirrone et al., 
1996; Pirrone et al., 2001; Pacyna et al., 2003). Mercury emissions in Europe 
and North America contribute less than 25% to the global atmospheric 
emissions, where Asia account for about 40% of global total. The majority of 
the emissions originate from combustion of fossil fuels, particularly in the 
Asian countries (i.e., China, India). Combustion of coal is and will remain in the 
near future as the main source of energy in these countries. The emissions from 
stationary combustion of fossil fuels (especially coal) and incineration of waste 
materials accounts for approximately 70% of the total quantified atmospheric 
emissions from significant anthropogenic sources. As combustion of fossil fuels 
is increasing in order to meet the growing energy demands of both developing 
and developed nations, mercury emissions can be expected to increase 
accordingly in the absence of the deployment of control technologies or the use 
of alternative energy sources. 

Once released to the atmosphere, mercury and its compounds can be 
transported over long distances before being removed by particle dry deposition 
and wet scavenging by precipitation (i.e., Pirrone et al., 2000; Pirrone et al., 
2003a; 2003b; Hedgecock and Pirrone, 2001; 2004). The temporal and spatial 
scales of mercury transport in the atmosphere and its transfer to aquatic and 
terrestrial receptors depends primarily on the chemical and physical forms of 
mercury which drive their interactions with other atmospheric contaminants and 
with surface marine waters as well. Gaseous elemental mercury (Hg°) is 
relatively inert to chemical reactions with other atmospheric constituents, and is 
only sparingly soluble in pure water. Therefore, once released to the 
atmosphere, mercury can be dispersed and transported for long distances over 
hemispheric and global scales before being deposited to terrestrial and aquatic 
receptors. The concentration of Hg° in ambient air is mainly determined by the 
background concentration of around 1.5-1.8 ng m"3 in the Northern Hemisphere 
and 0.9 - 1.5 ng m"3 in the Southern Hemisphere (see Table I). Oxidised 
mercury (Hg(II)) and mercury bound to particulate matter (Hg(p)) are typically 
present in concentrations less than 1 % of the Hg° (Table I). 

Studies carried out in the last decade have shown that mercury is transported 
and deposited to very remote locations such as the Arctic as well as the 
Antarctica (i.e., Schroeder et al., 1998; Ebinghaus et al., 2002; Lindberg et al., 
2002; Sprovieri et al., 2002). The mechanism that primarily influence the 
transfer of mercury from the atmosphere to snow and ice pack is known as 
"Mercury Depletion Event (MDE)", this event or mechanism takes place (high 
deposition rate of mercury to the surface) primarily during the first few months 
of the Polar sunrise. The mercury depletion happens at the same time as the 
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surface-level ozone depletion (a separate phenomenon from the better known 
ozone depletion in the stratosphere). The net atmospheric input to Polar 
ecosystems resulting from this phenomena is not known in detail. Re-emissions 
of mercury occur from the snow surface and during snowmelt, but the depletion 
events may still result in significant input to the aquatic environment. In case 
this phenomenon shows up to be resulting in higher yearly mercury deposition 
rates in the Polar regions than in other regions of the world, this could mean 
that the Polar regions serve as "mercury cold traps" collecting an un-
proportionally high part of the global mercury emissions. This would fit well 
with the observed high mercury concentrations in the Arctic aquatic 
environment. Mercury depletion has now been observed in Alert, Canada 
(Schroeder et al., 1998; Lu et al., 2001), in Barrow, Alaska, USA (Lindberg et 
al., 2002), Svalbard (Berg et al., 2003; Sprovieri et al., 2005, see also Chapter 
28), in Greenland (Skov, 2002) as well as in the Antarctic (Ebinghaus et al., 
2002), and can thus be described as a generally occurring polar phenomena 
which may influence the total input to Polar ecosystems. 

Atmospheric deposition to marine waters is primarily driven by particle dry 
deposition and wet scavenging by precipitation mechanisms. Generally, the 
relative contribution of wet deposition accounts for about two thirds of the 
overall mercury budget entering to the marine system compared to particle dry 
deposition. However, in warm and dry region (i.e., Mediterranean) dry 
deposition was found to account for nearly 50% of the total flux (Pirrone et al., 
2003 a). Gas exchange of gaseous mercury between the top water microlayer 
and the atmosphere is considered the major mechanisms driving gaseous 
mercury from the seawater to the air (e.g., Pirrone et al., 2001b; Pirrone et al., 
2003a). 

Once released to marine waters, it undergoes a number of chemical and 
physical transformations (i.e., Mason et al., 2001). Hg°is found in the mixed 
layer and in deeper waters of the ocean with concentrations generally ranging 
from 0.01 to 0.5 pM (e.g., Horvat et al., 2003). Gas exchange via Hg reduction 
and volatilization is the major loss term for marine Hg. Due to the low 
solubility of Hg° in water, almost all the aqueous mercury is present as Hg(II) in 
the inorganic form and organic methylmercury. Mercury levels in fish 
constitute a long-standing health hazard and this environmental problem relates 
predominantly to the conversion of inorganic Hg to neurotoxic 
monomethylmercury (MMHg) and dimethylmercury (DMHg) (e.g., IARC, 
1994). 
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Table 1. Typical concentrations of mercury species in the Planetary Boundary Layer (PBL). 

Species 

Hg° 

(ngm-3) 

Hg(II) 

(Pgm"3) 

Hg(p) 

(ngm"3) 

CH3HgX 
(pgm"3) 

(CH3)2Hg 

(Pg m3) 

Hg(II) in 
precip. 
(ngL"1) 

Concentration 

0.5-1.2 

1.1-1.8 

0.8-2.2 

1.5-15 

0.1-1.4 

0.1-1.1 

1.7-4.1 

<30 

up to 40 

5 - > 5 0 

up to 200 

0.1 - 5 

0.1-25 

5->50 

up to 100 

0.1-10 

<5 

-30 

1-20 

Location 

Atlantic air, southern 
hemisphere 

Atlantic air, continental 
background, northern 
hemisphere 

Mediterranean air 

Continental air, 
urbanized, industrial 

Arctic 

Antarctica 

United States 

Background air 

marine and continental 

near sources 

Antarctica and Arctic 

Background air 

Marine (Mediterranean) 
air 

Continental background, 
higher near sources. 

Antarctica and Arctic 
Background air 

Background air 

Marine polar air 

Background / marine 
locations 

References 

UNEP, 2002 

Wangberg et al., 2001 EC, 
2001 

Sprovieri et al., 2003 

Pirrone et al., 2001; 2003a 

Sprovieri et al., 2000 

Sprovieri et al., 2002 

Ebinghaus et al., 2002 

Keeleretal., 1995 
Landis et al, 2002 

Sprovieri et al., 2003 

Pirrone etal., 2001; 2003a 

Wangberg e ta l , 2003 

Sprovieri et al., 2002 

Sprovieri et al., 2003 

Pirrone etal., 2001; 2003a 

Wangberg et al., 2003 

Sprovieri et al., 2002 

Lee et al., 2003 

Lee et al., 2003 

Wangberg etal., 2001 

Keeleretal., 1995 

Anthropogenic activities presumably increased the surface water marine Hg 
concentration by a factor three, an increase which resulted amongst others in 
elevated Hg concentrations in marine fishes (e.g., Amyot et al., 1997; Horvat et 
al, 2001). It is currently thought that most of the methylated Hg found in the 
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water column and the biota of the marine waters is generated by in-situ 
production, though the reaction mechanisms are not yet clearly understood 
(e.g., Mason et al., 2002; Hintelman et al., 1997). 

Once entered to terrestrial ecosystems, mercury is accumulated in forest soils 
(Steinnes et al., 1993) from where it is only slowly transported to surface and 
deep waters. In aquatic ecosystems, a fraction of the mercury directly deposited 
and transported from surrounding catchments is transformed into 
methylmercury compounds which are readily taken up and bioaccumulated in 
aquatic food-chains. 

Industrial discharges of mercury directly to water systems will have the 
same effect. Accumulation of mercury in forest soils may also lead to adverse 
effects on soil micro-organisms, which has a potential impact on mineralisation 
processes (Pirrone et al., 2001 and ref. herein). 

Mercury in the Technosphere 

Mercury is a natural component of the Earth, with an average abundance of 
approximately 0.05 ug g"1 in the Earth's crust, with significant local variations. 
Mercury ores that are mined generally contain about 1% mercury, although the 
strata mined in Spain typically contain up to 12-14% mercury. While about 25 
principal mercury minerals are known, virtually the only deposits that have 
been harvested for the extraction of mercury are cinnabar. Mercury is also 
present at very low levels throughout the biosphere. Its absorption by plants 
may account for the presence of mercury within fossil fuels like coal, oil and 
gas, since these fuels are conventionally thought to be formed from geologic 
transformation of organic residues. As described in detail by Maxon (this 
volume - Chapter 2) the mercury available on the world market is supplied 
from a number of different sources, including: 

• Mine production of primary mercury either as the main product of the 
mining activity, or as by-product of mining or refining of other metals 
(such as zinc, gold, silver) or minerals; 

• Recovered primary mercury from refining of natural gas (actually a by
product, when marketed, however, is not marketed in all countries); 

• Reprocessing or secondary mining of historic mine tailings containing 
mercury; 

• Recycled mercury recovered from spent products and waste from 
industrial production processes. Large amounts (reservoirs) of mercury 
are "stored" in society within products still in use and "on the users 
shelves"; 
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• Mercury from government reserve stocks or inventories; 
• Private stocks (such as mercury in use in chlor-alkali and other 

industries), some of which may later be returned to the market. 

Since the industrial revolution, due to its unique physico-chemical properties 
(i.e., high specific gravity, low electrical resistance, constant volume of 
expansion), mercury has been employed in a wide variety of applications (i.e., 
manufacturing, dentistry, metallurgy). As a result of its use the amount of 
mercury mobilised and released into the atmosphere has increased compared to 
the pre-industrial levels. In the past, a number of organic mercury compounds 
were used quite widely, for example in pesticides (extensive use in seed 
dressing among others) and biocides in some paints, pharmaceuticals and 
cosmetics. While many of these uses have diminished in some parts of the 
world, organic mercury compounds are still used for several purposes. Some 
examples are the use of seed dressing with mercury compounds in some 
countries, use of dimethylmercury in small amounts as a reference standard for 
some chemical tests, and thimerosal (which contains ethylmercury) used as a 
preservative in some vaccines and other medical and cosmetic products since 
the 1930's. As the awareness of mercury's potential adverse effects to health 
and the environment has been rising, the number of applications (for inorganic 
and organic mercury) as well as the volume of mercury used have been reduced 
significantly in many of the industrialised countries, particularly during the last 
two decades. Therefore as metal, mercury uses (just to cite few applications and 
uses) are (UNEP, 2003; see also Chapter-2 herein): 

• for extraction of gold and silver 
• as a catalyst for chlor-alkali production 
• in manometers for measuring and controlling pressure 
• in thermometers 
• in electrical and electronic switches 
• in fluorescent lamps 
• in dental amalgam fillings 

As chemical compounds (among others): 

• in batteries (as a dioxide) 
• biocides in paper industry, paints and on seed grain 
• as antiseptics in pharmaceuticals 
• laboratory analyses reactants 
• catalysts 
• pigments and dyes (may be historical) 
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• detergents (may be historical) 
• explosives (may be historical) 

HEALTH EFFECTS 

Both humans and wildlife are adversely affected by multiple chemical forms 
or chemical species of mercury, although specific changes within the organ 
system predominantly affected differs with the chemical form of mercury. For 
example, renal or kidney dysfunction accompanies exposure to inorganic 
mercury, but the nervous system is adversely affected by all three major forms 
of mercury found in the environment: mercury vapor, inorganic mercury, and 
methylmercury. It is important, however, to recognize that the specific types of 
neurological damage produced following mercury exposures differ with the 
chemical form of mercury. For all three forms the severity of the damage varies 
with the intensity and duration of exposure (i.e., the dose). 

Adverse human health effects range from those detectable only with 
specialized testing protocols and sophisticated instruments to gross, clinically 
evident abnormalities, as well as death. It is unclear at this time the extent to 
which neurological damage produced by concurrent exposure to multiple forms 
of mercury produces additive or cumulative neurological damage. Concurrent 
exposures to both mercury vapor, inorganic mercury, and methylmercury have 
been identified in people living in artisanal mining areas with long-term 
environmental contamination secondary to mercury in mining wastes. Within 
these regions bioaccumulation of methylmercury by the aquatic food chain 
causing elevated methylmercury accumulation among fish-consuming workers 
and their families who live in these geographic areas has been found. 

The effects of mercury on organ systems in addition to the nervous system 
include the cardiac, immune, and endocrine functions. Although described in 
the medical literature, these adverse effects have not yet been incorporated into 
risk assessments used by countries and world public health organizations in 
setting regulatory standards or policies aimed to protect public health. 

Vulnerability to effects of methylmercury in particular depends on age, in 
addition to dose and duration of exposure. Specifically methylmercury 
adversely affects the developing fetal brain at far lower exposures than 
adversely affect the adult's nervous system. This was first observed in 
Minamata, Japan during the major outbreak in the 1960s where women who 
themselves were minimally symptomatic gave birth to infants with substantial 
neurological problems (Harada, 1977). This difference reflects methylmercury's 
interference with fetal brain development. 

Neurological development during fetal life must progress in an exquisitely 
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programmed series of steps that must occur in a timed sequence for normal 
neurological outcomes. A number of mechanisms through which 
methylmercury impairs in utero development have been identified (Rice and 
Barone, 2000). It is not entirely clear which of these is the "most critical", but it 
is clear that there are many opportunities for methylmercury to impair 
neurological development. 

METHYLMERCURY 

What makes methylmercury important to wildlife and human health is that it 
bioaccumulates in the aquatic food chain. Some wildlife are obligate piscivores 
consuming only fish and shellfish. Examples, include other fish, birds, and 
mammals. Methylmercury (released from other organomercurials) which had 
been added to seed grains in the 1950s and 1960s as a preservative resulted in 
death of birds in Europe and the United States (US EPA, 1997). Methylmercury 
is now understood not simply to kill birds at high doses and produce overt 
symptoms at lower doses, but also to prevent reproduction in wild birds 
including the common loon (Barr, 1986) and common tern (Fimreite, 1974) and 
cause neurological damage (Henny et al., 2002). 

Fish which are generally thought of as a source of methylmercury to 
piscivores, including humans. However, as additional toxicology information 
has been obtained in the past decade, fish are no longer simply regarded as a 
source of methylmercury, but are themselves adversely impacted by 
methylmercury exposure as shown by reduced growth in walleye (Freidmann et 
al., 1996) and reduced reproduction of fish spescies including the fathead 
minnow (Hammerschmidt et al., 2002) through alteration of reproductive 
endocrinology (Drevnick and Sandheinrich, 2003). Because effects of 
methylmercury on wildlife reproduction and health are complex and publication 
of significant key studies occur at a rapidly accelerating pace, no attempt has 
been made to include these in this volume despite their importance. 

Because methylmercury exposure is so closely linked to consumption offish 
and shellfish, nutritional considerations are a major issue, particularly in 
geographic regions with few choices in available food resources (Mahaffey, 
2004). Fish and shellfish supply protein, omega-3 fatty acids, vitamins and 
minerals (IOM/NAS, 2002). Omega-3 fatty acids, in particular, are critical to 
normal development of the fetal nervous system (IOM, 2002). A complex 
epidemiological situation is emerging in which the same variable (i.e., fish and 
shellfish consumption) is associated with both beneficial (e.g., omega-3 fatty 
acids) and adverse (e.g., methylmercury) effects on neurological development. 
Although affected by both of these constituents of fish, different domains of 
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neurological function are affected by these chemicals. Recognizing that fish 
provide important nutrients, actions to control pollution that preserve fish and 
shellfish resources for both wildlife and people are essential. 

Although environmental releases of inorganic mercury and mercury vapor 
raise great concern for human health and wildlife because these are methylated 
and bioaccumulate in the aquatic food web, humans also are directly exposed to 
additional forms of mercury. Multiple uses of mercury in products that may be 
sold to the general population, such as cosmetics and both regulated and 
unregulated "medical" remedies, can result in exposures to both inorganic 
mercury and organo-mercurials. Occupational exposures to mercury vapor and 
inorganic mercury through industry and mining (particularly Artisanal gold 
mining) dramatically increase the risk of mercury toxicity for part of the 
population. Combined with methylmercury exposure the risk of mercury 
toxicity is further increased. 

RISK ASSESSMENTS 

Most risk assessments for methylmercury are based on damage to the fetal 
nervous system as the most sensitive health endpoint (Table 2). Many 
government regulations and public health decisions rely on these risk 
assessments. The World Health Organization's assessment in 1990 indicated 
that there was a 5% risk of damage to fetal neurological development when 
maternal mercury exposures resulted in maternal hair mercury concentrations 
exceeding 10 ppm (WHO, 1990). Subsequent to this assessment, a series of 
epidemiological studies have been carried out using both longitudinal and 
cross-sectional approaches. Most of these investigations are still active and 
continue to yield new data. There has been a clear trend in the past decade to 
adoption of more public health protective standards for methylmercury. 

Comparison of risk assessments for methylmercury developed during the 
past decade emphasizes differences in the accepted margins between exposures 
that produce recognized adverse effects and those judged to be an accepted 
level of exposure. These differences, frequently referred to as "uncertainty 
factors" are intended to protect members of the population by allowing for 
variability and uncertainty in toxicodynamics and toxicokinetics of 
methylmercury. Uncertainty factors broadly reflect two areas: variability 
between individuals and/or groups, and effects or differences that simply are not 
recognized at the time the assessment is made. 

Dealing first with variability described as differences in toxicodynamics and 
toxicokinetics. Generally person-to-person variability in toxicodynamics is 
under-described and risk assessments often need to rely on default values which 
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are typically not data-derived for the specific assessment (Reference 
Dose/Reference Concentration Technical Panel, 2002). Toxicokinetic factors 
are more frequently data derived (Reference Dose/Reference Concentration 
Technical Panel, 2002). Typically the data-derived component of toxicokinetic 
factors substantiates the range of person-to-person variability, or when fetal risk 
is the health end-point of concern maternal/fetal pair-maternal/fetal pair 
variability. Occasionally an area of variability may be known qualitatively and 
only as data are assessed through more advanced statistical procedures can the 
magnitude of the variability be better described. An example of this is the 
concentration of methylmercury across the placenta from maternal blood to 
cord blood. 

Uncertainty factors are present to reflect effects that are only partially 
understood and/or differences that there are not yet data sufficient to provide 
quantitative estimates of variability. Examples for methylmercury include the 
possible effects of methylmercury on coronary heart disease (Salonen et al., 
1995; Guallar et al., 2002; Yoshizawa et al., 2002), as well as methylmercury's 
effects on the endocrine and immune systems. Over time, as evidence for the 
effect of a chemical on an organ system accumulates, such data may change the 
basis of risk assessments. An example was seen for inorganic lead between the 
1970s and the 1980s. During the 1970s almost public health screening programs 
and risk recommendations for health intervention to protect children against 
lead poisoning were based on changes in the hematopoietic pathway, 
specifically increases in free erythrocyte protoporphyrin (Centers for Disease 
Control, 1978). Free erythrocyte protoporphyrin increased exponentially with 
increasing blood lead concentration with an apparent threshold effect at a blood 
lead concentration between about 15 and 18 ug Pb/dL whole blood (Piomelli et 
al., 1982). This strategy was used in public health screening programs for 
children at a time when the neurobehavioral effects of lead were thought to 
occur if blood lead concentrations exceeded 30 ug/dL (Centers for Disease 
Control, 1978). After approximately the mid-1980s as the effects of early 
childhood lead exposure on intellectual development associated with blood lead 
exposures near 10 jj.g Pb/dL whole blood became clear, risk assessments shifted 
in two ways. The assessments were based on inorganic lead's impact on 
intelligence in young children rather than on impaired hematopoiesis. The 
second change was that rather being concerned about exposures producing 
blood lead concentrations in the range of 25 ug/dL (associated with 
hematopoietic changes), exposures producing blood lead concentrations of-10 
ug/dL became of concern because of neuro-behavioral effects (United States 
Centers for Disease Control, 1991). 

What will the future holds for risk assessments of methylmercury? Inclusion 
of cardiac effects and/or adult neurotoxicity as sensitive health endpoints would 
greatly modify the size of the population of immediate concern. It is also 
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possible that as complex, highly adaptable organ systems - of particular interest, 
mercury's effects on the immune system and on the endocrine system - are 
more throughly evaluated, these may respond adversely to methylmercury at 
exposure levels even lower than those currently of concern as adversely 
affecting fetal neuro-development. 

It is abundantly clear that fish, shellfish, and other constituents of the aquatic 
food web are extraordinarily important food sources of high quality protein, 
omega-3 fatty acids, vitamins, and minerals. Maintaining low methylmercury 
concentrations in food sources that supply these nutrients is needed for the well 
being of all. Continued contamination of these aquatic food sources with 
methylmercury will further diminish the food supply of this planet. 

GAPS IN OUR UNDERSTANDING 

Although our understanding of the global atmospheric cycle including its 
interfaces with land, water and vegetation has improved greatly in recent 
decades, we are not yet at a scientific level where we can explain observations 
of Hg levels in different ecosystems globally or precisely predict the benefit of 
different scenarios of emission reduction. 

In assessing the relative contribution of different patterns/mechanisms 
affecting the cycle of mercury within and between different ecosystems and its 
impact on ecosystems and human health, a number of questions, though 
significant improvement have been made in recent years, still remain to be 
answered, these questions are briefly reported below. 

With reference to the Retention of Mercury in the Ecosystems: 

• How much of atmospherically-deposited Hg is returned in ecosystems 
in short-term and in long-term? 

• Can we better predict rates of volatilisation of deposited Hg? 
• Can we better understand the difference between levels of deposition 

and re-emission for different ecosystem types? 
• Is there any development of watershed budgeting methods for Hg 

including significant but poorly understood influences such as forest 
fires? 
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Table 2. Exposure Limits for Methylmercury. 

US FDA 

Health 
Directorate 
Canada 
World Health 
Organization 

US-EPA 

1 US Agency for 
Toxic 
Substances and 
Disease 
Registry 

1 Health Canada -
Health 
Protection 
Branch 
Kommission 
"Human-
Biomonitoring" 
des 
Umwelbundesa 
mtes (Germany) 

Joint Expert 
Committee on 
Food Additives 

Date 

1970s 

1990 

1990 

2000 

1999 

1998 

1999 

2003 

Recommended Limits 

Acceptable Daily Intake = 0.4 
ug/kgbw/day 
0.47 ug/kgbw/day. 

0.48 ug/kgbw/day 

Maternal hair mercury levels in the 10 
ppm - 20 ppm range 

Reference Dose = 0.1 ug/kgbw/day 

Minimal Risk Level = 0.3 ug/kgbw/day 

Provisional Tolerable Daily Intake = 0.2 
ug/kgbw/day 

Recommended limit values for inorganic 
and organic mercury for general 
populations, occupationally exposed 
groups, and sensitive subpopulations. 

HBMI of 5 ug/L for organic mercury 
among women of reproductive age: 
corresponds to maternal hair mercury 
concentration of 1.5 ug/g using a 1:300 
conversion 

1.6 ug/kgbw/day Provisional Tolerable 
Weekly Intake (PTWI). 
JECFA Committee utilized a mean 
maternal hainblood ratio of 250 and a 
factor of 2 for likely inter-individual 
variability. For inter-individual 
pharmacokinetic variability, a UF of 3.2 
was used in converting maternal blood 
concentration to a steady-state dietary 
intake. 

Critical Effects and 
Target Group 
Paresthesia in adults. 200 ug Hg/L 
whole blood. 50 ppm Hg in hair. 
General population. Same as US 
FDA 1970. 

Paresthesias in adults. Same as US 
FDA 1970. 
5% risk of neurological deficits in 
the child following fetal exposure 
secondary to maternal ingestion of 
methyl-mercury sufficient to 
produce maternal hair mercury 
levels in the 10 ppm - 20 ppm 
range. 
Maternal/fetal pair. BMDL of 11 
ppm in hair. UF of 10. Fetal/cord 
blood [Hg] of 58 ug/L. Delays and 
deficits in neuropsychological 
development and neuromotor 
function following in utero 
methylmercury exposure. 
Maternal/fetal pair. 
Delays ad deficits in 
neuropsychological development 
and neuromotor function following 
in utero methylmercury exposure. 
Maternal/fetal pair. BMDL of 11 
ppm in hair. UF of 5. 

Fetal nervous system. HMBI of 5 
ug/L in blood or hair of 1.5 ppm 
mercury. HMB II of 15 ug Hg/L 
blood or ~ 4 to 5 ppm Hg in hair. 

HMB I: Women whose blood 
mercury exceeds these levels are 
advised to restrict fish consumption 
and/or restrict the use of 
methylmercury-containing 
pharmaceuticals. HMB II: 
Additional interventions 
recommended. 
PTWI considered sufficient to 
protect the developing fetus. 
Committee calculated a composite 
hair mercury from Faroes and 
Seychelles of 14 mg/kg maternal 
hair to be without appreciable 
adverse effects in the offspring. 
Total UFof6.4 (2x3.2). 
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With reference to the Ecosystem Sensitivity: 

• How can we predict/understand the wide variability among lakes/rivers 
in biotic Hg concentrations? 

• Have the effects of watershed manipulation (i.e., fishery, agriculture) on 
fish Hg levels been adequately understood? 

With reference to the Ecosystem Toxicity: 

• What are the key receptors? 
• What environmentally concentrations are of key importance to be 

monitored? 
• What impact do elevated fish Hg concentrations have on fish and on 

their predators? 
• What appropriate Hg threshold values to protect soil micro-biota 

under different ecological conditions? 

With reference to the Ecosystem Response Time: 

• How much time is needed for environmental concentrations to 
respond to changes in atmospheric Hg depositions? 

With reference to the Human Health: 

• What are the toxic effects of different levels and combined species of 
inorganic and organic Hg? 

• Are there known mixture effects of mercury exposure and exposure to 
other neurotoxicants commonly found in fish and shell fish? 

• What are the long-term effects of low dose exposure at critical life 
stages in addition to the recognised neurotoxic effects of mercury and 
methylmercury exposure? 

To answer these questions, there is a need to fill existing gaps in our 
understanding of different chemical and physical mechanisms involved in the 
dynamics of mercury within and between atmospheric, marine and terrestrial 
ecosystems. The following may represent the most significant questions in 
relation to atmospheric and marine processes: 

• what are the variations in the regional and global mercury cycle between 
atmospheric, marine and terrestrial ecosystems over time that can occur 
with changes in emissions of mercury and other atmospheric 
contaminants (e.g., NOx, SO2) as well as with climate change. The 
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effects driven by climate change on the global mercury cycle has not 
received a great attention, though on short- and long-term, it is believed 
to represent the major driving mechanism that may influence the re
distribution of mercury on global and regional scales. The effects of 
climate change can be classified as primary and secondary effects. 
Primary effects account for an increase in air and sea temperatures, wind 
speeds and variation in precipitation patterns, whereas secondary effects 
are related to an increase in O3 concentration and aerosol loading, to a 
decrease of sea ice cover in the Arctic and changes in plant growth 
regimes. All these primary and secondary effects may act with 
difference time scales and influence the atmospheric residence time of 
mercury and ultimately its dynamics from local to regional and global 
scale; 

• recent research suggests that through consideration of the r ole 0 f 
halogen and OH radical chemistry involving Hg compounds in the 
marine boundary layer (MBL) better deposition estimates of Hg (and its 
compounds) could be obtained; 

• gaseous Hg exchange at the air-water interface is primarily driven by 
chemistry in the lower layer of the atmosphere, chemical and biological 
processes in the marine system and water wave dynamics; the 
combination of these three mechanisms and their relative magnitude are 
still unclear; 

• in order to develop global assessment models for mercury, there is a 
need to promote a global mercury monitoring network aimed to assess 
long-term changes in mercury concentrations in the atmosphere, marine 
and freshwater reservoirs with reference to primary ecological and 
public health indicators; 

• although stocks of different Hg compounds in the marine system are 
relatively well quantified, translocations of Hg from one compartment to 
the other remain largely unknown. In addition the role of sediments and 
micro-organisms in the biogeochemical cycling of Hg is not yet 
completely understood; 

• qualitative as well as quantitative information about complexing ligands 
for Hg that act as carriers from one compartment to another (water to 
plankton, plankton to higher trophic level) as well as from one 
ecosystem to another is scarce and requires a further investigation; 

• bacterially mediated production of organomercury compounds is 
recognised as an important control function of the Hg introduction in the 
food chain. Preliminary studies have also shown that demethylation may 
also occur in seawater (due to photodegradation) or in sediments (due to 
bacterial activity), simultaneously with the methylation process. A better 
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understanding of these factors/mechanisms will certainly help improve 
our capabilities in modeling the fate of mercury in the marine system. 

INTERNATIONAL ACTIONS ON MERCURY 

Past a nd o n-going i nitiatives a imed t o r educe t he i mpact o f m ercury 
pollution on the environment and human health, including waste management 
practices, have been taking place at national and international levels (see 
UNEP, 2003; EC, 2003). Detailed information on regional and global 
agreements, instruments, organisations and programmes tackling aspects of the 
mercury problem is provided in detail elsewhere (UNEP, 2003; EC, 2004; 
Chapters 4, 5, 6 of this volume), therefore, only a brief overview of the main 
initiatives is given here. 

• The 1998 Protocol on Heavy Metals under the UNECE Convention on 
Long-Range Trans boundary Air Pollution (LRTAP). Provisions of the 
protocol require parties to reduce total annual emissions of mercury into 
the atmosphere, secure application of the best available techniques for 
stationary sources, and consider applying additional product controls. 
The protocol entered into force on 29 December 2003. 

• The OSPAR Convention for the Protection of the Marine Environment of 
the North-East Atlantic. The Convention's objective of preventing and 
eliminating pollution is reflected in a strategy on hazardous substances, 
agreed in 1998. This has the ultimate aim of achieving concentrations in 
the marine environment near background values for naturally occurring 
substances (such as mercury) and close to zero for man-made synthetic 
substances, with every endeavour to be made to move towards the target 
of cessation of discharges, emissions and losses of hazardous substances 
by 2020. 

• The Helsinki Convention on the Protection of the Marine Environment 
of the Baltic Sea Area. The Convention aims to prevent and eliminate 
pollution in order to promote the ecological restoration of the Baltic Sea 
Area and the preservation of its ecological balance. Its objective is to 
prevent pollution by continuously reducing discharges, emissions and 
losses of hazardous substances towards the target of their cessation by 
2020. The ultimate aim is to achieve concentrations in the environment 
near background values for naturally occurring substances and close to 
zero for man-made synthetic substances. 

• The UNEP Mediterranean Action Plan (MAP). MAP is an effort 
involving 21 countries bordering the Mediterranean Sea, as well as the 
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EU. There are three protocols which control pollution to the sea, 
including the input of hazardous substances. 

• The Basel Convention on the Control of Trans boundary Movements of 
Hazardous Wastes and their Disposal. The Convention strictly regulates 
the transboundary movements of hazardous wastes and establishes 
obligations for parties to ensure such wastes are managed and disposed 
of in an environmentally sound manner. Any waste containing or 
contaminated by mercury or its compounds is considered hazardous 
waste and is covered by the provisions of the Convention. Hazardous 
wastes may not be exported from the EU or OECD for disposal, 
recovery or recycling in other countries. 

• The Rotterdam Convention on the Prior Informed Consent Procedure 
for Certain Hazardous Chemicals and Pesticides in International Trade. 
The Convention establishes the principle that export of specified 
chemicals and pesticides can only take place with the prior informed 
consent of the importing party. At present, mercury compounds used as 
pesticides are covered by the PIC procedure, but mercury and its 
compounds intended for industrial use are not. 

• The Arctic Council Action Plan to Eliminate Pollution of the Arctic 
(ACAP). The Arctic Council is a high-level intergovernmental forum 
that provides a mechanism to address the common concerns and 
challenges faced by the Arctic governments and peoples. Planned 
activities include identification and quantification of major point 
sources, with the aim of implementing concrete emission reduction pilot 
projects. 

• The Nordic Environmental Action Programme 2001-2004. This 
programme establishes environmental priorities within the framework of 
Nordic cooperation in the fields of nature and the environment. It 
follows up on commitments in a Nordic sustainable development 
strategy, which has as one of its objectives the discontinuation within 25 
years of discharges of chemicals posing a threat to health and the 
environment. 

• International action relating to artisanal gold mining. A number of 
international bodies have worked on this issue, including the 
International Labour Organisation, the World Bank, and the United 
Nations Industrial Development Organisation. 

• UNEP Mercury Programme. As widely referred to in this paper 
considerable work has been undertaken under the auspices of UNEP 
Chemicals in the context of the Global Mercury Assessment. 

The brief overview reported above, shows that a considerable range of 
measures have been implemented at the national and regional levels to deal with 
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mercury and mercury compounds. Through such measures, a number of 
countries have achieved substantial reductions in emissions and releases of 
mercury from products and industrial processes. In addition, a number of 
coordinated regional approaches, both binding and non-binding have supported 
national measures and contributed to additional reductions beyond national 
borders. 

Despite these successful national and regional initiatives (see UNEP, 2003 
for details), some countries consider that they might not be sufficient to ensure 
adequate protection of human health and the environment from the adverse 
effects of mercury, and are calling for the consideration of coordinated 
initiatives at the international level. If it is found that there are global problems 
related to mercury that should be addressed, it might be essential to the 
effectiveness of any reduction measures for the substantive commitments to be 
discussed and agreed at the international level. Any specific regional or national 
considerations may be addressed taking into account common but differentiated 
responsibilities within the commitments agreed to. 
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INTRODUCTION 

The intent of this chapter is to provide an overview of the global 
economics of mercury - supply and demand, mercury markets and pricing, 
and in more detail, global trade in mercury, with an occasional focus on the 
particularities of the European Union and the US. The chapter is based 
extensively on recent work of the author for the European Commission 
(Maxson, 2004), and includes a number of updates of data and other relevant 
information built upon that foundation. Where not otherwise noted, that 
reference may be consulted for further detail. 

The connection between the economic perspective offered in this chapter, 
and the rest of the book, lies in three main areas: 

1. The economics of mercury need to be a necessary component to any 
policy-making exercise, and especially to any international initiative 
or strategy. 

2. This analysis contributes a fresh perspective to setting priorities 
when some groups - and rightly so - are discussing reducing human 
exposures by micrograms, while the final destination of hundreds of 
tonnes of traded mercury annually is not known with any certainty. 

3. An eventual linking of the physical movements of traded mercury, as 
described here, with emission and transport models would be highly 
valuable both to scientists and to policy-makers. 
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If this chapter succeeds in demonstrating the value of an economic 
perspective to the international policy debate, the result will be sufficient 
reward for the author's efforts. 

MERCURY SUPPLY 

The global supply of mercury comes mainly from prime mined (virgin) 
mercury, secondary mercury recovered as a by-product of mining other ores, 
secondary mercury coming from recycling or waste processing, residual 
mercury recovered from decommissioned chlor-alkali facilities, and other 
mercury occasionally released from government or industry inventories or 
stockpiles. 

The supply of prime mercury to the world market is dominated by three 
key nations that mine mercury for export (Spain, Kyrgyzstan and Algeria), 
and China, which has long supplied its domestic market, and supplemented 
that supply with substantial imports of mercury as well during the last 10-15 
years. China has made some noise recently about closing its larger mercury 
mines, apparently in response to increased international scrutiny, although 
there is no sign as yet that these operations have stopped. Spain stopped its 
underground mercury mining operations in 2002, but continues to produce 
mercury from a massive stockpile of previously mined cinnabar, and 
"reserves the right" to resume mining as necessary to meet its customers' 
ongoing demands for some 1000 tonnes of elemental mercury per year. 
World production of prime mercury in 2003 amounted to over 1600 tonnes, 
of which 745 tonnes were produced by Spain (MAYASA, 2004), 234 tonnes 
by Algeria ',397 tonnes by Kyrgyzstan2, and probably well over 200 tonnes 
by China3. 

The production of secondary "by-product" mercury, i.e., mercury that is 
recovered from mining or processing activities where the primary mineral is 
gold, silver, copper, zinc, etc., amounted to at least 1000 tonnes in 2003 4. 

Recycled and recovered mercury from products and wastes are quite 
difficult to estimate worldwide. However, based on information from the 
major recyclers in Europe and the US, total recycled/recovered mercury (not 
including mercury recovered from decommissioned chlor-alkali facilities) 
was probably in the range of 600 tonnes in 2003 5. 

Residual mercury recovered from decommissioned chlor-alkali facilities 
amounted to 227 tonnes in Europe in 2003 6; details from other parts of the 
world were unavailable. Considering that most of the European mercury cell 
chlor-alkali plants will be closed or converted by 2020, in line with an 
industry commitment7, and that these plants hold some 12,000 tonnes of 
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commodity-grade mercury8'9, 2003 was a below-average year for this source 
of mercury in the EU. 

On the other hand, the members of the industry association Euro Chlor 
and the Spanish mercury mining and trading company, MAYASA, have 
signed an agreement whereby the chlor-alkali industry has agreed to sell its 
residual mercury to "an established mercury producer so as to displace new 
production of the equivalent quantity of virgin mercury." Thus, even during 
years when quantities of residual mercury from chlor-alkali plants are greater 
than they were in 2003, total world production of mercury would, in 
principle, not be affected by such an increase. While the Euro 
Chlor/MAYASA agreement clearly represents an effort by the signatories to 
responsibly address the potential problem of surplus mercury on the world 
market, some hold the view that there are not yet adequate controls on where 
the Euro Chlor mercury might eventually be sold or how it might be used. 

Due to a range of factors - government subsidies to mercury production 
by mines, sales of mercury holdings from the US and the USSR 
governments, significant sales of mercury inventories from closing chlor-
alkali plants, significant and increasing recovery of secondary mercury as a 
by-product of other mining operations, increasing mercury recycling 
activities, and greatly shrunken demand for mercury within industrialized 
economies - there has been an abundance of mercury available to the market 
during recent decades, forcing mercury prices down and holding them at a 
historically low level. This has led to the closure of all private mines, and 
curtailment of production at any but the lowest-cost remaining government 
sponsored (or owned) mines. According to Hylander (2003) and Maxson 
(2004), the global commodity mercury supply from 1991-2000 has averaged 
about 4000 tonnes per year, and based on the various sources described 
above, in 2003 is estimated in the vicinity of 3600 tonnes. 

MERCURY DEMAND 

Demand for mercury has long been widespread, although the global 
mercury commodity market is small in both tonnage and value of sales. 

Even though mercury may routinely be traded several times before final 
"consumption," the available statistics demonstrate that yearly trades of 
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Figure 1. Global Mercury Supply 1981-2003. 

Sources: Hylander (2003), Maxson (2004) and author calculations for 1998-2003 based on 
data concerning MAY ASA production, chlor-alkali residual Hg, secondary sources, etc. 

mercury and its compounds probably do not exceed €20 million, or $US 25 
million. Most transactions are among private parties and not publicly 
reported. While continuing its long-term decline in most of the OECD 
countries, there is evidence that demand for mercury remains relatively 
robust in many developing economies, yet there is little public data 
pertaining to its end use in many nations. 

Mercury is consumed in a broad range of products and processes around 
the world. The major categories of mercury demand in OECD countries 
include: 

chlor-alkali production 
dental amalgams 
fever and other thermometers 
other measuring and control equipment 
mercuric oxide and other batteries 
neon, compact fluorescent, HID and other energy-efficient lamps 
electrical switches, contacts and relays 
laboratory and educational uses 
other industrial processes requiring catalysts, etc. 
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• pharmaceutical processes, products and preservatives 
• other product uses, such as cosmetics, fungicides, toys, etc. 

Additional categories of mercury demand more prevalent in, but not 
exclusive to, less developed countries include: 

• artisanal gold mining 
• cosmetics 
• cultural uses and traditional medicine 
• paints and pesticides/agricultural chemicals. 

While the last 15-20 years have shown a significant reduction of mercury 
use in the OECD countries, mercury demand in many developing countries, 
especially South and East Asia (in the case of mercury use in products and 
artisanal gold mining), and Central and South America (in the case of 
artisanal gold mining) has been robust. The main factors behind the decrease 
in mercury demand in the OECD are the substantial reduction or substitution 
of mercury content in regulated products and processes (paints, batteries, 
pesticides, chlor-alkali, etc.), and a general shift of mercury product 

2003 EU mercury consumption (tonnes) 

Other uses (25) 

Electrical 
control & 

switching 

Lighting (21) 

Measuring and 
control (26) 

Chlor-alkali 
(120) 

Dental 
amalgam (70) 

Batteries (15) 

Figure 2. 2003 EU mercury consumption (tonnes). 

Sources: Maxson (2004) Nordic Council (2004). 
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manufacturing operations from OECD countries to third countries 
(thermometers, batteries, etc.). 

A breakdown of mercury demand among different categories of use 
within the EU is presented below. Other than the chlor-alkali industry, where 
the mercury cell process is more widely used than in other parts of the 
OECD, this distribution of mercury uses is reasonably representative of the 
rest of the OECD. 

With regard to the largest category shown, mercury demand by chlor-
alkali plants in the EU-15 region is estimated at 120 tonnes for 2003 10. It 
should also be noted that the chlor-alkali plants located in the 10 newest EU 
Member States may consume another 100 tonnes of mercury or more 11, 
although formal reporting of these data is not yet routine for all of these 
plants. While the addition of the 10 new Member States to the EU will 
change this graph to show a higher mercury demand in all categories -
although no increase in demand will be as substantial as that for the chlor-
alkali industry - in general mercury use in all categories may be expected to 
decrease gradually, with the exception of mercury in dental amalgams and 
lighting. 

The characteristics of mercury demand for the EU should be compared 
with the breakdown for global demand below. While global chlor-alkali 
demand for mercury remains large, it is probably still exceeded by mercury 
demand in batteries and small-scale gold mining, which are far less 
significant in the EU. 

With regard to specific mercury demand categories, on average, the non-
OECD chlor-alkali facilities consume considerably more mercury than those 
in the OECD, as suggested in the table below for the year 2000. Reported 
chlor-alkali consumption of mercury by individual plants may vary 
significantly from year to year, but the total global consumption for 2003 is 
roughly the same as below. 

Recent detailed studies of mercury demand around the world for artisanal 
(small-scale) gold mining give an estimate of 800-1000 tonnes of mercury 
per year (Veiga, 2004). This demand may be drastically reduced in various 
ways, but the barriers are formidable with regard to the education and 
awareness-raising of frequently transient miners engaged in an activity that 
is formally illegal in many countries. 
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Table 1. Global mercury cell chlorine production capacity and 
mercury consumption (2000). 

Region 

Western Europe 

United States 

Rest of world 

Totals 

Mercury cell chlorine production 
capacity ('000 tonnes) 

6,592 

1,409 

4,200 

12,201 

Mercury 
consumption 

(tonnes) 

95 

72 

630 

797 

Sources: Euro Chlor (2001a, 2001b, 2002a); Chlorine Institute (2002); UNEP 
Chemicals (2002a). 

Previous estimates (Maxson, 2004) based on trade data, of global 
mercury demand for batteries as high as 1000 tonnes have found support in 
information gathered recently in China, presented in further detail in 
Chapter-27. In general, however, this use for mercury is believed to be 
declining worldwide. 

Finally, a demand category not often mentioned is acetylene-based 
production of vinyl chloride monomer (VCM, a raw material for PVC 
production) via mercury catalysts. This is based on preliminary information 
from Russia (ACAP, 2004) and China (Feng, 2004) and the China Plastics 
Industry Yearbook (2002-2003) statistic of 58 Chinese factories using the 
acetylene process in 2002, with a capacity of 2.42 million tonnes of PVC per 
annum. Based on a range of factors that need to be further analyzed, these 
Chinese plants could be consuming up to 300 tonnes of mercury per year, 
not to mention some additional plants in Russia and India using a similar 
process, etc. 

For purposes of this chapter, and pending further information and 
analysis, the author's highly uncertain but surely conservative working 
estimate of mercury consumption by all of these plants is at least 150 tonnes. 

At the same time, however, it must be stressed that until further 
information is received these facilities (similar to those implicated in the 
Minamata disaster) deserve to be the focus of immediate scrutiny because of 
their production process that generates large quantities of methylmercury, 
and their typically high mercury losses. 
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Figure 3. 2003 global mercury consumption (tonnes). 

Sources: Maxson (2004) and revisions, Nordic Council (2004). 

Largely as a result of increasing awareness and regulation, the global 
demand for mercury has declined from more than nine thousand tonnes 
annual average in the 1960s, to over eight thousand tonnes in the 1970s, and 
just under seven thousand tonnes in the 1980s. The average annual global 
demand for mercury continued declining to around four thousand tonnes in 
the 1990s 12 and, as described above, is currently below that level, of which 
less than 10 percent is consumed in the EU, and less than 10 percent in North 
America. 

Global mercury demand broken down by geographical region is 
estimated in the table below. 

MERCURY PRICES AND MARKETS 

As evident in the figure below, mercury prices have been on a downhill 
slide for most of the past 40 years. 
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Table 2. Global mercury demand by region (2003). 

Region 

European Union (15) 
North America 
Other OECD 
Central & Eastern Europe/CIS 
Arab States 
East Asia and Pacific 
Latin America & Caribbean 
South Asia 
Sub-Saharan Africa 
TOTAL 

Mercury demand (tonnes) 

302 
308 
100 
500 
100 

1350 
370 
450 
100 

3580 

Sources: Maxson (2004) and revisions, Nordic Council (2004). 

During the last 10 years they have stabilized at about their lowest levels 
ever - in the range of €4-5 per kg of mercury - before spiking up 
considerably in the middle of 2004 . Adjusting for inflation, mercury at €5 
per kg is worth less than five percent of its peak price during the 1960s. 

1960 1965 1970 1975 1980 1985 1990 1995 2000 

Figure 4. Mercury market price vs global mercury supply. 

Sources and notes: Maxson (2004) Market prices for mercury are an average of London 
prices(Metallgesellschaft, 1939-98), US prices (US Bureau of Mines, USGS 2002) and "world" 

prices from Roskill Information Services (Roskill, 2000). They have been converted to 
constant $US of 2000 for purposes of better long-term comparison. Significant data and 

methodological input provided by L. Hylander, Uppsala University. 
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This price level reflects a chronic oversupply driven, increasingly, by the 
regulatory pressures on industry, e.g., to reduce emissions, to organize 
separate collection of mercury products, and to deal with the increasing 
restrictions and costs of mercury waste disposal by sending the wastes to 
recyclers. 

It may be argued that low mercury prices actually shelter existing uses, 
discouraging certain product and process innovations that would otherwise 
take place to reduce mercury demand if mercury were a more expensive 
commodity. For example, chlor-alkali factories, and even small-scale gold 
miners are under no significant economic pressure to reduce consumption of 
mercury, since the cost of mercury is such a low percentage of the value of 
their output. Therefore, there is little at present besides regulation or 
awareness-raising - both highly variable from one country or region to 
another - to discourage the use of mercury in products and processes. 
Meanwhile, economic theory suggests that low prices are slowing mercury 
substitution in products/processes and, combined with often half-hearted 
enforcement of existing regulations, and in the absence of a coherent 
international strategy to address the problem, may even be inviting new and 
additional uses of mercury. 

It has been observed that the market price for commodity mercury has 
increased from about $US 150 per flask in January 2001 to $US 205 per 
flask in January 2004. Not coincidentally, this is identical - within a few 
percentage points - to the appreciation of the value of the euro (and other 
major currencies) relative to the $US during the same period (see following 
figure). Therefore, for mercury brokers around the world who account for 
transactions and keep their books in currencies other than dollars, world Hg 
prices have not - until about mid-2004 - measurably increased since the 
early 1990s. 

As mentioned, the small market for commodity mercury is characterized 
by a limited number of virgin mercury producers, and a larger number of 
secondary mercury producers. These actors are complemented by another 
relatively small group of mercury traders and brokers, mostly located (in 
addition to the main mining sites) in the Netherlands, the UK, Germany, the 
US and Hong Kong. All of these "market-makers" buy and sell mercury, 
timing their trades to influence market movements and profit from price 
fluctuations. 

MAYASA, the Spanish mercury mining and trading company, purchased 
most or all of the USSR stockpile in the 1990s, for example. In recent years, 
as noted previously, MAYASA has also purchased residual mercury 
inventories from Western European chlor-alkali plants as they close or 
convert to a mercury-free process. 
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Figure 5. Mercury price vs. Exchange rate correlation. 

Note: Mercury prices from London Metals Exchange. 

Through a variety of public policies, governments may influence the 
mercury market; they may influence the available mercury supply, price, and 
even the number of customers on a global basis. Regulatory measures 
influence mercury movements and markets by encouraging educational 
programs, collection and recycling, substitutes for mercury products, etc. At 
the same time, it may be argued that regulatory programs keep mercury 
prices low by putting an effective negative value on mercury products and 
wastes, so that recyclers are sometimes even paid to accept them. In such 
circumstances, recyclers can process, recover and resell the mercury at a 
very low price while still making a profit. One can only wonder whether, in 
such a regulatory environment, the mercury market can really be described 
as a free market. At the same time, one should perhaps also question, in a 
world where free market mechanisms are generally held out as desirable, 
whether encouraging a free market in a toxic substance is in fact in the best 
interest of society. 

MERCURY TRADE 

Overview. An analysis of COMTRADE" mercury trade statistics 
confirms that regionally, North America and Europe have dominated 
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mercury markets in the past, but in recent years they have been overtaken by 
East Asia - especially China; and South Asia - particularly India and 
Pakistan. However, the EU continues to play a predominant role in the 
global trade of commodity grade mercury. The European Union imported 
nearly 400 tonnes of elemental mercury from non-EU countries in 2000, and 
exported over 1400 tonnes, while global movements of elemental mercury 
appeared to be well over 8000 tonnes - much of it changing hands 
repeatedly. In fact, on average, some two to three tonnes of elemental 
mercury appear in international trade statistics for each tonne of mercury 
consumed during the same year. 

Trade statistics concerning mercury are far from perfect, but they are able 
to reveal surprises, such as the COMTRADE evidence that, despite 
restrictions in OECD countries, there appears to be a very active trade in 
mercuric oxide batteries, especially through China, but also through the EU 
and the US. Tracing the flows of mercury through the economy demonstrates 
how fluid and global mercury trade really is. Mercury could be recovered 
from a Western European mercury cell chlor-alkali plant, sold to the Spanish 
mercury mining and trading company, shipped from Spain to Germany for 
further conversion into mercuric oxide, sold to mainland China for the 
manufacture of button-cell batteries, and the batteries exported to Hong 
Kong for incorporation into mass-produced watches for export to the 
European Union and the US. 

Purpose of trade flow analysis. The mercury supply and demand factors 
discussed previously have led to diverse and ever-changing trade flows, not 
to mention considerable challenges for those researchers trying to get a 
handle on them. As a check on overall levels of mercury supply and demand 
cited above, and to bring some transparency to mercury flows around the 
world, this section describes world trade flows of commodity mercury and 
mercuric oxide batteries. It takes a "snapshot" picture of world trade in the 
year 2000, which should not be assumed to mirror trade flows in other years 
(no two years are alike in the mercury business), but certainly provides a 
rough idea of typical trading partners, volumes and general market structure. 
This analysis also permits a better informed assessment of the eventual 
impact of the supplies of mercury that could be brought onto world markets 
as chlor-alkali plants continue to close and/or convert to other processes, and 
as secondary mercury production and recycling increase. 

Limitations of trade data. There are several factors that render mercury 
trade data less transparent than many other trade data. The international 
commodity characteristics of mercury mean that it is frequently sold for 
speculative reasons rather than to satisfy immediate demand, resulting in the 
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same mercury often being traded several times. Also, the regional locations 
of mercury product manufacturers are often not the same as the regions of 
final product consumption - or at least not in the same volumes. Therefore, 
one cannot assume that a shipment of mercury sent to India, for example, 
will end its life-cycle in India. One needs to further understand how the 
mercury is used in India, whether it goes into an industrial process, and 
whether or where mercury products are eventually used or exported. 
Nevertheless, the geographic locations of major mercury dealers are 
generally evident from the trade data unless, as occasionally happens, for 
example, elemental mercury is converted to a compound such as mercuric 
chloride in order to disguise the movement of commodity mercury. 

Trade data, whether from Eurostat, the International Trade Commission, 
the UN COMTRADE database or others, are open to criticism by analysts, 
and are well known to be incomplete and occasionally inaccurate. However, 
for the most part, these international agencies merely organize and publish 
the data submitted to them by national agencies. For a relatively small 
overall market such as that for mercury, any inaccuracies or omissions take 
on an even greater importance. Furthermore, the more interest researchers 
demonstrate in mercury data, the less willing some providers of the data 
seem to become, as the US Geological Survey (Reese, 1991-99) has 
discovered over many years of collecting mercury data from industry 
sources. Nevertheless, a careful analysis of the data can produce some very 
useful findings and raise some interesting questions, as will be seen below. 

Source of mercury trade statistics. For the purposes of this analysis, 
COMTRADE statistics have been used. They are collected and presented 
under the responsibility of the United Nations Department of Economic and 
Social Affairs - Statistics Division. Statistics for trade in commodity ("raw") 
mercury were downloaded for the year 2000 - selected largely because most 
information and data that will ultimately be gathered for 2000 has by now 
been assembled. In order to reduce the database to a more manageable size, 
the database was requested to overlook any trade movements valued at less 
than $US 10,000, which means that movements of several tonnes, of which 
there are surely many, have not been included in this analysis. 

EU trade in raw mercury. The raw mercury trade data for imports and 
exports among the EU-15 are summarized in the figure below, which also 
shows the larger exports from the EU (thick arrows) but not imports. As 
often observed with trade data, the data submitted by country A for mercury 
imports from trade partners B and C were sometimes not consistent with the 
figures submitted by countries B and C as mercury exports to trade partner 
A. Such discrepancies have been "reconciled" by including all reported trade 
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movements, whether they were reported by one country as exports, or by a 
trade partner as imports. 

Figure 6. EU Trade in raw mercury, 2000 (metric tonnes). 

Source: Maxson (2004) E = Spain, UK = United Kingdom, B = Belgium, 
NL = Netherlands, D = Germany, FIN = Finland. 

Among other intra-EU movements, Germany recorded a shipment of 429 
tonnes to Spain, which is a clear indication that the origin of the mercury 
was a chlor-alkali plant, of which Germany closed several in 1999 and 2000. 
The quantities of mercury passing through the Netherlands and Spain invited 
further analysis of the data in order to better clarify the ultimate destinations 
of this mercury. Such an analysis produced several interesting findings that 
are not evident from this figure: 

1. In 2000 the Netherlands shipped 245 tonnes of commodity mercury to 
at least 18 countries outside the EU - about half of that amount to 
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2. countries in the Latin America/Caribbean region. Much of this 
mercury traded below the spot market price, implying relatively low 

3. purity. While it is impossible to know from the trade statistics whether 
some of that mercury went to small-scale gold mining, it is clear that 
the quantities in question were well in excess of the countries' typical 
needs in other industrial sectors. 

4. In 2000 Spain shipped 774 tonnes of mercury to at least 20 countries 
outside the EU - about two-thirds of it to the East Asia/Pacific region. 
Virtually all of this mercury was also low value, including 50 tonnes 
exported to Latin America. 

5. In 2000 Germany shipped 105 tonnes of mercury to at least 10 
countries outside the EU - most of this mercury appears in the 
statistics at a somewhat higher value, reflecting a higher purity and/or 
more specialized applications. 

6. In 2000 the UK shipped over 220 tonnes of mercury to three countries 
in South Asia which, along with the nearly 200 tonnes shipped by 
Spain, made South Asia one of the key destinations for mercury that 
year. In this case, the mercury shipped from the UK was not formally 
recorded in the COMTRADE statistics as a UK export, probably 
because that data was not submitted by UK authorities to 
COMTRADE; however, it was formally recorded by each trade 
partner as having been imported from the UK. 

In the analysis of this and other trade data, several points should be kept 
in mind: 

• Trade data show only discrete freight movements - the origin and 
destination of a shipment, and the quantity (and sometimes the value) 
transported. There is no indication whether the source of the shipment 
is the real origin of the material, or whether the destination of the 
shipment is the final destination. 

• The trade statistics for commodity mercury do not include trade in 
mercury compounds (discussed further below), which would 
substantially increase the mercury flows described here. 

• Likewise, if one were to assume a certain number of unreported trade 
movements, or recognize the internal trade within large countries such 
as China, Spain, the US, etc., that does not appear in these statistics, 
or even the instances of shipments under $US 10,000 that have been 
excluded from this analysis, one would have an even more substantial 
trade picture. 

Global trade in raw mercury. The same analytical approach has been 
applied using data for inter-regional global trade in raw mercury. This trade 
is summarized in the following figure. One should ignore the data on the 
diagonal (shaded in grey), that appear to represent trade within a region, 
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because these data are not comparable. For example, the figure of 1930 
tonnes for EU-to-EU represents reported trade between EU countries, while 
the figure of 15.6 tonnes for North America-to-North America represents 
only the reported trade between the US and Canada, and therefore overlooks 
all trade between states (within the US) and provinces (within Canada). For 
the same reason, these data are not included in the inter-regional or global 
trade totals - the last column and bottom row of this figure 

Table 3. Reconciled global raw mercury movements for 2000 (tonnes) for reported 
transactions greater than or equal to $US 10,000. 
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The three regions that imported the most raw mercury in 2000, as seen in 
the summary figure below (showing only the larger trade flows), were Latin 
America/Caribbean with 1197 tonnes (see comment below), East Asia with 
1100 tonnes, and South Asia with 628 tonnes. Of those amounts, the EU 
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supplied about half of the mercury needs of East Asia, and virtually all of the 
mercury needs of South Asia. 

Furthermore, as mentioned previously, Spain, the Netherlands and the 
UK (followed some distance behind by Germany) were the main suppliers 
from within the EU, especially for lower-priced, lower-quality mercury. 
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Figure 7. Major EU raw mercury trade with the rest of the world in 2000 (metric tonnes). 

Source. Maxson (2004). 

Further analysis of the Latin American/Caribbean transfers of mercury 
showed that 965 tonnes of the total 1197 tonnes was reported by Mexico to 
have been imported from the US in 2000. While this figure appears aberrant, 
and was not reported by the US as an export, 2001 imports of mercury 
reported by Mexico as coming from the US were even greater (1340 tonnes) 
- clearly more than a coincidence and therefore deserving of further 
investigation. 

Trade in mercuric oxide batteries. Due to various reports that the battery 
sector may remain a significant consumer of mercury at the global level, the 
trade data for mercuric oxide batteries (containing typically 30 percent by 
weight of mercury) were also scrutinized. Specifically, the relevant 
COMTRADE data cover world trade (2000) in mercuric oxide primary cell 
batteries (volume less than 300 cc), including both HS1996 code 850630, 
and HS1992 code 850612. In order to limit the quantity of data, a search was 
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carried out only for reported trade movements of a value equal to or greater 
than $US 50,000. 

EU trade in mercuric oxide batteries. The analysis of EU trade in primary 
cell (non-rechargeable) mercuric oxide batteries revealed over 500 tonnes of 
batteries transferred among EU countries in 2000, representing potentially 
well over 100 tonnes of mercury. Belgium and Spain were the primary net 
exporters to other Member States in 2000. While this does not necessarily 
represent demand for raw mercury in addition to what has already been 
presented, it seems a disturbing statistic in a use category where the battery 
industry categorically dismisses any concerns about mercury in batteries due 
to the fact that the major players have phased out mercury use in their 
European and North American production facilities/4 It therefore remains to 
be confirmed whether there is some mistake in the statistics or their coding, 
and if not, to determine precisely what this battery trade represents, to what 
extent it may reflect military demand (which is unlikely, since most of the 
trade is high volume, low value per item), whether these may be batteries 
originating outside the EU, whether the demand is persistent, etc. In any 
case, it is not an issue that has been highlighted in recent years, and deserves 
further investigation. 

Global trade in mercuric oxide batteries. Global trade statistics for 
mercuric oxide batteries were also analyzed for the year 2000. These 
statistics (summarized in the figure below) report a remarkable 2358 tonnes 
of mercuric oxide batteries imported by the EU, and 1118 tonnes of mercuric 
oxide batteries imported by North America (406 tonnes coming from the 
EU). With regard to exports, the statistics indicate that in 2000 North 
America and East Asia exported, respectively, 2037 and 2718 tonnes of 
mercuric oxide batteries, the EU exported 986 tonnes and other OECD 
countries exported 1623 tonnes. This also raises questions. If North America 
no longer produces these batteries in significant numbers, how did it 
apparently export nearly 900 tonnes more than it imported in 2000?15 And if 
the EU no longer permits the marketing or use of these batteries, why did it 
apparently import nearly 1400 tonnes more than it exported in 2000? 

East and South Asia have continued to consume large quantities of 
mercury in battery production. Sznopek & Goonan 2000 have confirmed that 
the Peoples' Republic of China had legislation on the books to eliminate 
mercuric oxide battery production from 2002. Meanwhile, Xinbin Feng 
calculated (see chapter 27) that Chinese consumption of mercury in batteries 
exceeded 800 tonnes in 1999, and seemed to be increasing. A full 
explanation of ongoing mercury use in batteries remains elusive, but is likely 
attributable to remaining inventories being sold off, possible mislabeling of 
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customs documents, substantial ongoing production in some countries, and 
extensive global trade in batteries of all kinds. 

Since the major international battery producers are no longer using 
mercury in batteries produced in the EU or the US, it is surprising that they 
would not protest loudly about such low-cost (and illegal, as mentioned 
above) competition from overseas producers. Until further investigation 
provides some answers, these statistics would suggest that a large amount of 
the mercury going to the East Asia/Pacific region may still go into the 
production of batteries. 

Table 4. Reconciled global trade (tonnes) in mercuric oxide primary cell batteries, 2000, 
for which the volume <300 cc (for reported trade movements valued at equal 

to or greater than $US 50,000) 
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Source: COMTRADE statistics, United Nations Department of Economic and Social Affairs - Statistics 
Division, as interpreted and presented by the author. 

It is expected, of course, that production of mercuric oxide batteries will 
gradually decrease in the coming years, and be eventually replaced by less 
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hazardous alternatives. But the level of production in 2000 appeared to be so 
massive, and the quantities of mercury involved so great, it is difficult to 
imagine a serious phase-out of mercury-containing batteries worldwide in 
the absence of substantial international pressure. 

Trade in mercury compounds. Mercury compounds are still commonly 
used in many countries in cosmetics, batteries, pharmaceuticals, paints and 
biocides, according to CADTSC (2001), as well as in various chemical 
processes. The compounds in most frequent use include mercury oxide, 
mercury chloride, ethyl mercury and phenylmercuric acetate, all of which 
appear in commerce under a range of trade names. According to USEPA 
(1999) the only major mercury compounds still imported by the US for use 
in products are organo-mercury compounds. In a recent year, U.S. imports of 
organo-mercury compounds were said to be 37 tonnes. This author has not 
analyzed the statistics for global trade in these compounds, but believes these 
statistics would also raise a number of interesting questions. 

Conclusions and observations concerning mercury trade flows. Analysis 
of trade flows over the years shows clearly that mercury is traded as a 
commodity - to be routinely bought and sold according to market 
opportunities rather than purchased to respond directly to a specific demand. 
This greatly complicates the understanding of, and eventual political 
influence over, the international mercury market. 

Raw or commodity grade mercury is extensively traded around the world, 
at the rate of some two to three times the annual consumption. This could be 
taken as an indicator of reasonable market efficiency - matching sellers with 
buyers worldwide. 

The world market for commodity-grade mercury is small, with relatively 
few key players, leaving it potentially susceptible to manipulation. On the 
other hand, the influence of those individuals may be weakening somewhat 
as by-product and other secondary mercury sources increase, and a more 
diverse group of secondary suppliers and recyclers appears, who don't 
depend on mercury production costs to stay in business. 

Despite reduced OECD region demand for mercury over the years, the 
EU (and to a lesser extent, the US) is integrally involved in global mercury 
markets, supplying a substantial part of global demand through a 
combination of production from the mercury mining company in Spain, and 
residual mercury recovered from decommissioned chlor-alkali facilities in 
various EU countries. Overall, the EU provides 25-30 percent of the global 
mercury supply, it is a partner in over 50 percent of global mercury trade, 
and it consumes nearly 10 percent of global demand. 
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The EU remains a major mercury supplier mainly through the large 
quantities of mercury (about 1000 tonnes annually) routinely sold through 
the Spanish mining and marketing company MAYASA. Whether or not 
MAY ASA receives mercury from chlor-alkali plants as they periodically 
close and/or convert to alternative production processes, it fully intends to 
continue supplying its customers for years to come. 

Consumption of mercury has declined significantly in the EU and other 
OECD countries, but this decline is not evident in the rest of the world, to 
which mercury trade is increasingly being shifted. 

From about 1990 to 2003, mercury prices were at a lower level in real 
terms than at any time in history, and there are no market reasons for any 
increase in prices in the foreseeable future. It should be mentioned, however, 
that 2004 witnessed a significant increase in the mercury price, reportedly 
due to decreased production from the usual suppliers, as well as rumored 
efforts by some traders to further restrict supplies. 

For at least two decades, the mercury commodity market has been 
strongly influenced by public policies and the release of government 
inventories, and has not operated on purely economic grounds. The term 
"free market" seems no longer applicable. Depending on other 
developments, by 2020 there may be no more primary mercury mining (there 
is little or no economically justified mining now), and it is likely that the cost 
of "producing" mercury will reflect only recycling and recovery costs, which 
are driven by regulation, and which could therefore send prices lower. 

Regulations tend to give mercury a negative value. Whether it is raw 
mercury or mercury waste, holding mercury is a liability, and it costs money 
to dispose of it. The only way to add value to mercury is to put it in a 
product and sell it, or to use it in an industrial process, with the obvious risk 
of eventual emissions and exposures. Regulation has already pushed many of 
these production processes out of the OECD. 

Despite the very recent surge in the market price of mercury, the various 
sources of mercury are easily able to meet and outstrip anticipated demand. 
Under any reasonable assumptions (i.e., declining global demand, decreased 
mining activity, increased supply from secondary sources, etc.), therefore, 
and especially in the absence of any coherent international strategy, a net 
worldwide oversupply of mercury relative to known industrialized demand is 
expected to remain a hallmark of mercury markets into the foreseeable 
future. 

As mercury markets have demonstrated a particular ability to adapt to 
changes in supply and demand, continued low prices and oversupply may 
encourage uses (and eventual emissions) that would not otherwise have 
occurred, or at the least, they will undoubtedly discourage any mercury 
reduction efforts. 
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Once residual mercury from chlor-alkali plants is transferred to another 
party, the chlor-alkali industry - however responsible - effectively loses 
control over its ultimate destination and use. The European producers' 
association, Euro Chlor, has since 2001 had a specific plan in place to 
address this concern, whereby Euro Chlor mercury is intended to offset mine 
production, and to adhere to "best environmental practices ... to avoid 
emissions and spillage into the environment" during handling and marketing 
of the residual mercury. However, with no independent method of 
monitoring the ultimate destination of the mercury in the international 
market, the adequacy of the Euro Chlor plan remains open to criticism. 

The availability of mercury from decommissioned chlor-alkali plants will 
soon become an important contributor to global mercury supplies, and will 
largely replace the demand for virgin mercury. Chlor-alkali residual mercury 
has comprised 10-20 percent of global supplies in some years, and will likely 
contribute 20-30 percent in the near future. 

The quantities of residual mercury that will be most easily recovered 
from Western European chlor-alkali plant closures up to 2020 are roughly 
equivalent to the expected mercury market oversupply during the same 
period. As part of a larger strategy, a non-market solution needs to be 
identified urgently to deal with this oversupply. To its credit, Euro Chlor has 
stated that it is studying a range of mercury storage options. 

Mercury producers make a reasonable case that as long as legitimate 
demand for mercury persists, they should have a right to supply it. 

Therefore, if we wish to restrict the introduction of new mercury into the 
biosphere, we have to seriously address mercury demand at the same time. In 
this regard, the widely cited UNEP Global Mercury Assessment produced a 
general consensus among a large group of stakeholders and experts that 
concerted international efforts must be made to reduce the circulation of 
mercury in the economy and the environment - from the supply side as well 
as the demand side. Mercury "business-as-usual" will only create further 
opportunity for misuse and abuse, emissions and exposure. 



CHAPTER-2: GLOBAL MERCURY PRODUCTION, USE AND TRADE 47 

REFERENCES 

ACAP Inventory of Mercury Releases from the Russian Federation - Chemical Industry, 
Dr. Yuri A. Treger, Scientific Research Institute "Syntez", Arctic Council Action 
Plan to Eliminate Pollution of the Arctic, 2004. 

CADTSC "Draft Mercury Report," California Department of Toxic Substances Control, 
October, 2001. 

Chlorine Institute. "Fifth Annual Report to EPA for the Year 2001," Chlorine Institute, 
USA, 25 April, 2002. 

Comtrade international commercial trade statistics. United Nations Department of 
Economic and Social Affairs - Statistics Division. URL: http://unstats. 
un. org/unsd/comtrade/. 

Euro Chlor . "Western European chlor-alkali industry plant & production data," 1970-
2000." Euro Chlor, Brussels, Dec, 2001. 

Euro Chlor. Reduction of Mercury Emissions from the West European Chlor Alkali 
Industry, 3rd Edition, Euro Chlor, Brussels, June, 2001. 

Euro Chlor. "Western European chlor-alkali industry plant & production data, 1970-
2001." Euro Chlor, Brussels, 2002. 

European Commission. COM 489 - "Report from the Commission to the Council 
concerning mercury from the chlor-alkali industry," Commission of the European 
Communities, Brussels, 6 Sept, 2002. 

European Commission. EU Mercury Strategy stakeholder consultation, European 
Commission - DG Environment Directorate G - Sustainable development & 
integration, Brussels, 31 March, 2004. 

Feng, X., Mercury Pollution in China - An Overview, State Key Laboratory of 
Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of 
Sciences, Guiyang, P.R. China, 2004. 

Hylander & Meili. L.D., Hylander, Meili, M., "500 years of mercury production: global 
annual inventory by region until 2000 and associated emissions," Set Tot. Env., 304 
13-27,2003. 

MAYASA Email communications regarding the Almaden mine, from Manuel Ramos to 
Neil Emmott, European Commission, DG Environment, 6 and 9 February, 2004. 

Maxson, P., Verberne, F. Mercury concerns in decommissioning chlor-alkali facilities in 
Western Europe, Concorde East/West Sprl and ERM for the Netherlands' Ministry 
of Environment VROM, The Hague, September, 2000. 

Maxson, P., Mercury flows in Europe and the world: The impact of decommissioned 
chlor-alkali plants, Concorde East/West Sprl for the European Commission - DG 
Environment, February 2004, Brussels. Document available at 
http://europa.eu.int/comm/environment/chemicals/mercury/index.htm. 2004. 

Metallgesellschaft Metallstatistik 1929-1938; Metallstatistik 1957-1966; Metallstatistik 
1981-1991; Metallstatistik 1985-1995; Metallstatistik 1987-1997. Annual volumes 
of metal statistics. Frankfurt-am-Main, 1939-1998 (in German). 

NEMA Email from Ric Erdheim, National Electrical Manufacturers' Association, to 
Frank Anscombe, US EPA, dated 26 September, 2003. 

Nordic Council Workshop on mercury & international environmental agreements, Nordic 
Council of Ministers, 29-30 March 2004, Brussels, 2004. 

Reese USA Geological Survey Minerals Yearbook: Mercury. All years, 1991-99. 
Roskill Roskill's Metals Databook. London: Roskill Information Services, Ltd., 2000. 
UNEP Chemicals Global Mercury Assessment. United Nations Environment Program, 

Chemicals Directorate, Geneva, December, 2002. (Available at: URL: http://www. 
chem.unep.ch/mercury/), 2002. 

http://unstats
http://europa.eu.int/comm/environment/chemicals/mercury/index.htm
http://www
http://chem.unep.ch/mercury/


48 CHAPTER-2: GLOBAL MERCURY PRODUCTION, USE AND TRADE 

USEPA "Potential Revisions to the Land Disposal Restrictions Mercury Treatment 
Standards," Appendix H: Mercury Waste RCRA Categories. U.S. Environmental 
Protection Agency, 40 CFR Part 268, 64 FR No. 102, 28 April, 1999. 

USGS US Geological Survey Annual Reports - Mercury, Denver. (Available at 
http://www.usgs.gov) 1991-98. 

USGS "Mineral Commodity Summaries/Minerals Yearbook, Mercury." In: Minerals 
statistics and information 1994-2000 (annual volumes), US Geological Survey, 
1995-2001. (Available at http://minerals.usgs.gov/minerals/pubs/commodity/ 
mercury/). 

USGS USGS Minerals Yearbook - Mercury. US Geological Survey. (Available at 
http://minerals.usgs.gov/minerals/pubs/commodity/mercury/), 2003. 

Veiga Personal communications with M. Veiga (UNIDO) and L. Hylander (Univ. of 
Uppsala), 2004. 

http://www.usgs.gov
http://minerals.usgs.gov/minerals/pubs/commodity/
http://minerals.usgs.gov/minerals/pubs/commodity/mercury/


CHAPTER-2: GLOBAL MERCURY PRODUCTION, USE AND TRADE 49 

NOTES 

1 Data published periodically by the Algerian Ministry of Energy and Mines. 
2 Typical Kyrgyz output has been 500-600 tonnes annually since the mid-1990s, but 

mine flooding in 2003 was reported to be the major reason for a decline in 
production. 

3 China's recent domestic mercury production has been generally estimated at about 
200 tonnes per year (Hylander & Meili, 2003). However, if Xinbin Feng is correct 
that China's consumption of mercury may now approach 1500 tonnes (see Chapter-
27), then its domestic production of mercury is more likely at least 400 tonnes. This 
is also consistent with USGS (2004) estimates of Chinese production of 435 tonnes 
in 2002 and 610 tonnes in 2003. 

4 This is an approximate doubling of highly conservative estimates for 2000 (Maxson, 
2004), based on contributions and discussions at the Nordic Council Workshop in 
Brussels (Nordic Council, 2004). In an effort to reduce hazardous wastes and 
mercury emissions, it appears that more mine operators are recovering more 
secondary mercury than ever before. 

5 No new information has come to light to justify a revision to the data gathered by 
Maxson (2004). 

6 Euro Chlor contribution to Nordic Council Workshop in Brussels (Nordic Council, 
2004). 

7 Euro Chlor member companies have committed themselves to a 2020 phase-out 
date for Western European mercury cell chlor-alkali plants. The chlor-alkali 
industry is also covered by the IPPC Directive, which requires installations to have 
permit conditions based on best available techniques (BAT). The mercury-cell 
process is not considered to be BAT for the chlor-alkali sector. The Directive states 
in Article 5 that existing installations, i.e., installations in operation before 30 
October 1999, should operate in accordance with the requirements of the Directive 
by 30 October 2007. Alternatively, a number of EU countries have announced that 
their mercury cell chlor-alkali plants will be decommissioned and/or converted to 
mercury-free technology by 2010, in line with a more flexible interpretation of the 
IPPC Directive. The latter date is also consistent with the PARCOM decision 90/3 
of OSPAR, which recommended closing or converting all mercury cell plants in the 
OSPAR region by 2010. All of the EU-15 countries with mercury cell plants are 
parties to the OSPAR Convention except Italy and Greece. 

8 European Commission (2002). 
9 This 12,000 tonnes does not include tens or hundreds of tonnes more that may be 

recovered from a single site during decommissioning, from internal process sources 
such as piping, sumps and equipment, or from external sources such as pools of 
mercury that sometimes accumulate in the soil beneath the cellroom due to mercury 
leaking through cracks in the floor of the cellroom over many years (Maxson, 
2000). 

10 2003 mercury demand by EU-15 chlor-alkali plants is based on data reported by 
industry to OSPAR for 2002 (104 tonnes), plus a conservative estimate of 16 tonnes 
for plants in Italy and Greece, for a total of around 120 tonnes. This estimate 
remains to be confirmed when industry figures become available for 2003. 

11 The Czech Ministry of Environment has reported that its two plants alone consumed 
in 2001 in excess of 100 tonnes. The web link (in Czech) is: 
http://www.env.cz/AIS/web.pub.nsf/$pid/MZPLSF4HlVU6/$FILE/-oov^_65_ 
Rtut_20040414.pdf 

http://www.env.cz/AIS/web.pub.nsf/$pid/MZPLSF4HlVU6/$FILE/-oov%5e_65_
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Historical mercury demand through the 1990s is based on mercury production data 
compiled by Hylander and Meili (2003). 
COMTRADE international commercial trade statistics, United Nations Department 
of Economic and Social Affairs - Statistics Division, http://unstats.un. 
org/unsd/comtrade/. 
In response to this statement, a legal representative of the National Electrical 
Manufacturers' Association (NEMA), which represents major battery manufacturers 
in the US, confirmed, "Under US law and the laws of about 20 states, it has been 
illegal since 1996 (and earlier in some states) to sell a mercuric oxide button cell in 
the US (NEMA, 2004)." On the other hand, he failed to offer any rational 
explanation of the trade statistics. 
The same NEMA official dismissed this significant trade in mercury batteries as 
"relatively small numbers of specialty batteries sold in non consumer markets" 
(NEMA, 2004). 

http://unstats.un
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INTRODUCTION 

Processing of mineral resources at high temperatures, such as combustion 
of fossil fuels, roasting and smelting of ores, kilns operations in cement 
industry, as well as incineration of wastes and production of certain 
chemicals result in the release of several volatile trace elements into the 
atmosphere. Mercury is one of the most important trace elements emitted to 
the atmosphere due to its toxic effects on the environmental and human 
health, as well as its role in the chemistry of the atmosphere. 

Although substantial information has been collected on environmental 
effects of mercury and its behaviour in the environment much less data is 
available on atmospheric emissions of the element. Information on emissions 
is needed for various policy and modelling purposes. This need has been 
recognized not only locally where mercury may pose direct problems but 
also on regional scale because the element is a subject of long-range 
transport while in the atmosphere. 
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PARAMETERS AFFECTING EMISSIONS OF 
MERCURY FROM VARIOUS ANTHROPOGENIC 
SOURCES 

There are four major groups of parameters affecting mercury emissions: 

• contamination of raw materials by mercury, 
• physico-chemical properties of mercury affecting its behaviour 

during the industrial processes, 
• the technology of industrial processes, and 
• the type and efficiency of control equipment. 

Contamination of raw materials 

Concentrations of mercury in coals and fuel oils vary substantially 
depending on the type of the fuel and its origin, as well as the affinity of the 
element for pure coal and mineral matter. The sulphide-forming elements, 
with mercury included, are consistently found in the inorganic fraction of 
coal. Although it is very difficult to generalize on the impurities in coal, the 
literature data seem to indicate that the mercury concentrations in coals vary 
between 0.01 and 1.5 ppm (a review in Pirrone et al, 2001). These 
concentrations are presented in Table 1. It should be noted that mercury 
concentrations within the same mining field might vary by one order of 
magnitude or more. 

Table 1. Concentrations of Hg in various fossil fuels. 

1 Fuel 
1. Hard coals 

- Europe 

-USA 

- Australia 

- South Africa 

- Russia 

- Brown coals 

- Europe 
USA 
3. Crude oil 
4. Natural gas 

Unit 
g/tonne 

g/tonne 

mg/m3 

Concentration 

0.01-1.5 

0.01-1.5 

0.03-0.4 

0.01-1.0 

0.02-0.9 

0.02-1.5 

0.02-1.0 
0.001-0.05 
0.01-5.0* 

(*) A reduction of Hg to concentrations lower than 10 |̂ g/m3 must be obtained 
before the gas can be used. 
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There is only limited information on the content of mercury in oils. In 
general, mercury concentrations in crude oils range from 0.01 to as much as 
30.0 ppm (Pacyna, 1987). It is expected that mercury concentrations in 
residual oil are higher than those in distillate oils being produced at an earlier 
stage in an oil refinery. Heavier refinery fractions, including residual oil, 
contain higher quantities of ash containing mercury. 

Natural gas may contain small amounts of mercury but the element 
should be removed from the raw gas during the recovery of liquid 
constituents, as well as during the removal of hydrogen sulphide. Therefore, 
it is believed that mercury emissions during the natural gas combustion are 
insignificant. 

Mercury appears as an impurity of copper, zinc, lead, and nickel ores. 
Obviously, there are also mercury minerals, particularly cinnabar. The 
element is also present in the gold ores. 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 on this subject. Average 
zinc ores contain larger amounts of the element compared to copper and lead 
ores (Pacyna, 1983). 

Chemical composition of input material for incineration is one of the 
most important factors affecting the quantity of atmospheric emissions of 
various pollutants from waste incineration. Very limited information exists 
on mercury concentrations in various types of wastes. Another difficulty is 
that it is almost impossible to calculate an average value for these 
concentrations due to the high variabilities in the content and origin of 
wastes to be incinerated, even in the same incinerator. Therefore, it is rather 
difficult to extend the information on the mercury content measured in one 
incinerator for another one. 

Physico Chemical Properties of Mercury Affecting its 
Behaviour during the Industrial Processes 

Most of the processes generating atmospheric emissions of mercury 
employ high temperature. During these processes, including combustion of 
fossil fuels, incineration of wastes, roasting and smelting operations in non-
ferrous and ferrous metallurgy, and cement production, mercury introduced 
with input material volatilizes and is converted to the elemental form. It has 
been confirmed in various investigations that almost 100 % of the element is 
found in exhaust gases in a gaseous form, as discussed later in this paper. 
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Technology of Industrial Processes 

Various technologies within the same industry may generate different 
amounts of atmospheric emissions of mercury. It can be generalized for 
conventional thermal power plants that the plant design, particularly the 
burner configuration has an impact on the emission quantities. Wet bottom 
boilers produce the highest emissions among the coal-fired utility boilers, as 
they need to operate at the temperature above the ash -melting temperature. 
The load of the burner affects also the emissions of trace elements including 
mercury in such a way that for low load and full load the emissions are the 
largest. For a 50 % load the emission rates can be lower by a factor of two. 

The influence of plant design or its size on atmospheric emissions of 
mercury from oil-fired boilers is not as clear as for the coal-fired boilers. 
Under similar conditions the emission rates for the two major types of oil-
fired boilers: tangential and horizontal units are comparable. 

Non-conventional methods of combustion, such as fluidized bed 
combustion (FBC) were found to generate comparable or slightly lower 
emissions of mercury and other trace elements than the conventional power 
plants (e.g. a review in Pirrone et al., 2001). However, a long residence time 
of the bed material may result in increased fine particle production and thus 
more efficient condensation of gaseous mercury. 

Among various steel making technologies the electric arc (EA) process 
produces the largest amounts of trace elements and their emission factors are 
about one order of magnitude higher than those for other techniques, e.g., 
basic oxygen (BO) and open hearth (OH) processes. The EA furnaces are 
used primarily to produce special alloy steels or to melt large amounts of 
scrap for the reuse. The scrap which often contains trace elements, and on 
some occasions mercury, is processed in electric furnaces at very high 
temperatures resulting in volatilization of trace elements. This process is 
similar from the point of view of emission generation to the combustion of 
coal in power plants. Much less scrap is used in other furnaces, where mostly 
pig iron (molten blast-furnace metal) is charged. It should be noted, 
however, that the major source of atmospheric mercury related to the iron 
and steel industry is the production of metallurgical coke. 

Quantities of atmospheric emissions from waste incineration depend 
greatly on the type of combustor and its operating characteristics. The mass 
burn/waterwall (MB/WW) type of combustor is often used. In this design the 
waste bed is exposed to fairly uniform high combustion temperatures 
resulting in high emissions of gaseous mercury and its compounds. Other 
types of combustors seem to emit lesser amounts of mercury as indicated by 
the comparison of the best typical mercury emission factors for municipal 
waste combustors (MRI, 1993). It is also suggested that fluidized-bed 
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combustors (FB) emit smaller amounts of mercury to the atmosphere 
compared to other sewage sludge incineration techniques, and particularly 
multiple hearth (MH) techniques. 

Type and Efficiency of Control Equipment 

The type and efficiency of control equipment is the major parameter 
affecting the amount of trace elements released to the atmosphere. Unlike 
other trace elements, mercury enters the atmosphere from various industrial 
processes in a gas form. The application of flue gas desulfurisation (FGD) 
has a very important impact on removal of mercury. A number studies have 
been carried out to assess the extend of this removal and parameters having 
major impact on this removal. These studies were reviewed in connection 
with the preparation of the EU Position Paper on Ambient Air Pollution by 
Mercury (Pirrone et al, 2001). It was concluded that the relatively low 
temperatures found in wet scrubber systems allow many of the more volatile 
trace elements to condense from the vapour phase and thus to be removed 
from the flue gases. In general, removal efficiency for mercury ranges from 
30 to 50%. It was also concluded that the overall removal of mercury in 
various spray dry systems varies from about 35 to 85%. The highest removal 
efficiencies are achieved from spray dry systems fitted with downstream 
fabric filters. 

Table 2. Emission factors for Hg, used to estimate European emissions 
of the element to the atmosphere in 2000. 

1 Category 
1 Coal combustion: 

1 - power plants 

1 - residential and commercial boilers 

Oil combustion 
Non ferrous metal production 

- Cu smelters 

- Pb smelters 

- Zu smelters 

Cement production 
Pig iron % steel production 
Waste incineration 
Municipal wastes 
Sewage sludge wastes 

Unit 
g/tonne coal 

g/tonne oil 

g/tonne Cu produced 

g/tonne Pb produced 

g/tonne Zu produced 

g/tonne cement 

g/tonne steel 

g/tonne wastes 

Emission factor 

0.1-0.3 

0.5 

0.006 

5.0-6.0 

3.0 

7.5-8.0 

0.1 
0.04 

1.0 

5.0 
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EMISSION ESTIMATES 

Emission estimates are carried out on the basis of information on 
emission factors and statistics on the production of industrial goods and the 
consumption of raw materials. 

Emission factors are prepared for each source sector and raw material, 
separately. They can be evaluated on the basis of measurements or mass 
balance estimates for mercury during certain industrial process or certain 
application of the element. 

The emission factors used for the estimates of the European emissions of 
Hg in the reference year 2000 are presented in Table 2. 

The European emissions from anthropogenic sources in the year 2000 are 
presented in Table 3. These estimates were made with the use of emission 
data provided by national experts from a number of European countries. The 
emission factors from Table 2 were used for estimates for the rest of the 
European countries. 

It can be concluded that a half of the European emissions in the year 2000 
is emitted during combustion of fuels. 

The second category consists of several industrial processes, including 
chlor-alkali production, non-ferrous and ferrous metal production and 
cement production. Other sources include waste incineration and various 
uses of mercury. 

Table 3. Changes in total anthropogenic emissions of mercury in Europe 
since 1980 (in tonnes/year). 

Source category 

Combustion of fuels 

Industrial processes 

Other sources 

Total 

1980 
350 

460 

50 

860 

1985 
296 

388 

42 

726 

1990 
195 

390 

42 

627 

1995 
186 

143 

59 

338 

2000 
114 

99 

26 

239 

Data in Table 3 also indicate steady decrease of Hg emissions in Europe 
during the last 2-3 decades. Major decline of Hg emissions in Europe 
occurred at the end of the 1980's and the beginning of the 1990's. 
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Figure I. Spatial distribution of Hg emissions from anthropogenic sources in Europe 
in 2000 within the 50 km x 50 km grid (in t/grid). 

This decrease was caused mainly by 1) the implementation of the FGD 
equipment in large power plants and the other emission controls in other 
industrial sectors, particularly in Western Europe, and 2) decline of economy 
in Eastern and Central Europe due to the switch in economies in these 
countries from centrally planned to market oriented. 

Information on emissions from individual point sources and geographical 
location of these sources was then used to prepare Hg emission maps for 
Europe. The area source emissions, such as the emissions during combustion 
of fuels to produce heat in residential boilers were spatially distributed using 
the population density map as a surrogate parameter. The map for Hg 
emissions in 2000 from anthropogenic sources in Europe within the grid 
system of 50 km by 50 km is presented in Figure 1. 

The areas where coal combustion is the main source of energy production 
are the regions with the highest emissions of mercury. 

Estimates of emissions of mercury in its major physico-chemical forms 
were also approached (e.g. Pacyna et al., 2001). A summary of this work is 
presented in Table 4 in a form of Hg emission profiles for major emission 
sectors with regard to the three forms: elemental gaseous, bivalent gaseous, 
and elemental Hg on particles. 
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Table 4. Emission profiles of Hg from anthropogenic Sources. 
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EMISSION MEASUREMENTS 

In order to improve the reliability of current estimates of atmospheric 
emissions of mercury, source test measurements of individual mercury-
species are required. With coal-fired power plants and waste incinerators 
being the dominant stationary anthropogenic sources of atmospheric mercury 
in Europe including the European Union and Eastern Europe, source test 
measurements in recent European projects have focused on stationary 
combustion sources. Concentrations of mercury associated with particulate 
matter, vapour phase elemental mercury, oxidised mercury and methyl mercury 
measured in stack gases of 7 fossil fuel-fired utility boilers and 3 thermal waste 
treatment facilities located in Europe are presented in this paper. 

Emissions of mercury species from stationary combustion 
sources 

Plant information 

Within the two EU projects: "Optimal Utilisation of coal in modern 
power plants with respect to control of mass flows and emissions of 
VOCs/PAHs and mercury " (ECSC Coal Research Agreement No. 7220-
ED/089) and "Mercury Species Over Europe (MOE) Mercury Species over 
Europe. Relative Importance of Depositional Methylmercury Fluxes to 
Various Ecosystems" (Contract ENV4-CT97-0595) (Munthe et al., 2001), 
measurements were carried out in ten stationary combustion sources. 
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Table 5. Main parameters for coal fired power plants reported in this chapter. 

Source 

Power plant 1 
Power plant 2 

Power plant 3 
Power plant 4 

Power plant 5 
Power plant 6 

Power plant 7 

Fuel 

Pulverised hard coal 
Pulverised hard coal 

Pulverised hard coal 

Lignite 

Lignite 

Hard coal 
Hard coal 

Output 
(electricity/total) 

170 850 MW 
150/270 MW 

640/340 MW 
360/-MW 

500/-MW 

170/-MW 

330/-MW 

Stack gas cleaning 
technology 

ESP 
ESP, semi dry de-SOx, 
fabric filter 

ESP, wet de-SOx, SCR 

ESP 

ESP 

ESP 

ESP, de SOx 

Table 6. Main parameters for waste incinerators reported in the chapter. 

Source 

Waste 
incinerator 1 
Waste 
incinerator 2 
Waste 
incinerator 3 

Waste type 

Municipal waste 

Municipal waste 

Municipal waste 

Output 
(electricity/total) 

24MW/400 000GJ 

20/146 MW 

2*10MW/120GW 

Stack gas cleaning 
technology 

ESP 

ESP, wash reactor and condensing 
reactor, SNCR, fabric filter 
Cyclones, ESP, semi dry lime 
reactor, activated carbon feeding, 
fabric filter 

The point sources were located in member states of the European Union 
and also in other European countries. All source test measurements were 
performed on the premises that the individual stationary combustion source 
may be kept anonymous. The measurement campaigns were performed in 
1998-2000. A description of the point sources is given in Table 5 and 6 for 
coal fired power plants and waste incinerators, respectively. 

Source test measurement methodology 

Two different sampling approaches for the measurement of mercury in 
stack gases were employed. The MESA method and the modified standard 
test method were used for all stack gas measurements at all ten combustion 
sources. At two stationary point sources, an on-line speciation method and a 
denuder sampling method were also employed. 

Six tests were usually conducted at each site. Samples were collected for 
1-3 hours at gas flow rates of 0.5-2 1/min. During the test periods, operating 
data of the plant were obtained at each test site. After sampling, the solid and 
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liquid samples were sealed and stored in the dark. The collected mercury 
was analysed using cold vapour atomic fluorescence spectrometry (CV-AFS) 
or cold vapour atomic absorption spectrometry (CV-AAS). Based on 
analytical results and operating data of each plant, mercury mass 
concentration in the stack was calculated. The concentrations of mercury 
species in the stack gases of the boilers measured are presented in Table 7 
and 8 for coal fired power plants and waste incinerators, respectively. 

These results suggest that vapour phase elemental mercury and oxidised 
mercury (mercury(II) chloride) are the dominant mercury species in stack 
gases from combustion sources equipped with both conventional and state-
of-the-art flue gas cleaning systems. With the MESA method for vapour 
phase mercury speciation, the relative concentrations levels for vapour phase 
elemental mercury was found to be 41% for the coal-fired power plant 
equipped only with electrostatic precipitator and in the range from 0 to 53% 
for modem hard coal fired utility boilers. With the modified standard 
method, the relative concentration of elemental mercury vapour was found to 
be 43% for conventional hard coal fired power plants and from 43 to 75% 
for modem facilities. Traces of methylmercury were found in a few stack gas 
samples but the concentration fractions were always below 1% and are 
considered to be unreliable given the analytical difficulties in these complex 
samples. The conclusion is that waste incinerators and coal fired power 
plants are not sources of methylmercury emissions to air. Mercury associated 
with particulate matter was found to be also below 1% of total mercury in 
the flue gases. Lignite is an additional domestic fuel used in utility boilers in 
Europe. Emission estimates for mercury species released from conventional 
and modem brown coal fired power plants are presented in Table 7. Total 
mercury emission from a lignite fired power plant equipped only with 
electrostatic precipitator was found to be 26.9 ug Hg/m3 (13.2 ug Hg/MJ) 
with the MESA and 10.4 ug Hg/m3 (5.2 ug Hg/MJ) with the modified 
standard method. With the MESA method and the modified standard 
method, respectively, the concentration for total mercury in flue gas from a 
modem lignite fired power plant was found to be 5.1 ug Hg/m3 (1.03 ug 
Hg/MJ) and 4.9 ug Hg/m3 (0.98 ug Hg/MJ). It is concluded that the elevated 
concentration of total mercury from the conventional power plant is due to 
high mercury concentration in the lignite burned. 

The calculated relative emissions of vapour phase elemental mercury was 
found to be from 61 to 99% for the conventional power plants and from 94 
to 100% for the modem power plants. The relative concentration levels of 
mercury associated with particulate matter were found to be well below 1%. 
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Table 7. Concentrations of Hg in exhaust gas from coal fired power plants (MESA = 
Mercury Speciation and Adsorption method, MS = Modified standard method). 

Source 

Power plant 1 

Power plant 2 

Power plant 3 

Power plant 4 

Power plant 5 

Power plant 6 

Power plant 7 

Hg(II) 
Rgm3 

MESA 

2.6 

0.7 

2.1 

10.4 

0.3 

2.6 

0.8 

MS 

2.7 

-
0.8 

-
0 

2.7 

-

Hg» 
ugmJ 

MESA 

1.8 

0 

2.4 

16.5 

4.8 

1.8 

0.6 

MS 

2.0 

-
2.4 

10.4 

4.9 

2.0 

-

HgTot 
ugm'3 

MESA 

4.4 

0.7 

4.5 

26.9 

5.1 

4.4 

1.4 

MS 

4.7 

0.8 

3.2 

10.4 

4.9 

4.7 

-

Emission factor 
(Tot Hg) ug/m J 

MESA 

1.9 

0.3 

1.9 

13 

1.0 

1.9 

-

MS 

1.2 

0.3 

2.0 

5.2 

0.98 

2.0 

0.61 

Table 8. Concentrations of Hg from waste incinerators. 

Source 

Waste 
incinerator 1 

Waste 
incinerator 2 

Waste 
incinerator 3 

Hg(II) 
ugm"3 

MESA 

53.1 

5.1 

8 

MS 
178 

-

-

Hg° 
ugm"3 

MESA 

83.3 

14.7 

15.4 

MS 
14 

-

28.4 

HgTot 
Ugm"3 

MESA 

136 

19.8 

23.4 

MS 
194 

17.3 

28.4 

Emission factor 
(Tot Hg) mg/tonne 

waste 

MESA 

499 

81 

152 

MS 

707 

71 

183 

The concentration levels of total mercury in exhaust gases from waste 
incinerators were found to be 136 and 194 jug Hg/m3 (499 and 707 mg Hg/ 
tonne waste burned) for waste incinerators equipped with only electrostatic 
precipitator and from 17 to 28 ug Hg/m3 (71 to 183 mg Hg/tonne waste 
burned) for thermal waste treatment plant with state-of-the-art air pollution 
control technology. Measurements performed at thermal waste treatment 
facilities showed also that both vapour phase elemental mercury and 
oxidised mercury are the main mercury species released to the atmosphere. 

For the vapour phase elemental mercury, the relative concentrations were 
found to be 61% for conventional waste incinerators and from 66 to 74% for 
modern facilities. From these results, it is concluded that the speciation 
pattern of vapour phase mercury deviate considerable from an expected 
relative proportion of Hg° estimated from thermodynamic equilibrium 
calculations. From the source test measurements, it is also concluded that 
methylmercury is very unlikely to be present in significant concentration 
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levels in stack gases from waste incinerator equipped with both conventional 
and state-of-the-art flue gas cleaning systems. 

Comparison between measurements and estimates 

A comparison of total mercury concentrations in the exhaust gases 
measured during the EU project on Mercury over Europe (MOE) and 
estimated during the EU project on the Mediterranean Atmospheric Mercury 
Cycle System (MAMCS) (http://www.cs.iia.cnr.it/MAMCS/project.htm) is 
presented in Table 9. 

Table 9. Comparison of Hg emission measurements (the MOE project) with estimates 
(the MAMCS project). 

Point source 

Power plant 

Waste incinerator 

Power plant 

Power plant 

Waste incinerator 

Power plant 

Country 

Poland 

Sweden 

Finland 

Poland 

Hungary 

Germany 

Emission (Kg/yr) 
Measured 

2990 

32.4 

8.2 

90 

191 

69.8 

Emission Factor 
estimates 

2140 

80 

50 

145 

250 

175 

The estimates are generally higher than the measurements, but the 
difference is within a factor of 2 except for a power plant in Finland. It 
should be added, however, that many more measurements need to be 
performed in order to obtain conclusive results with regard to the 
applicability of currently available emission factors for emission estimates 
for Hg from anthropogenic sources. 

FINAL REMARKS 

During the last decade major progress has been made to assess emissions 
from anthropogenic sources in Europe. This work resulted in the 
improvement of our knowledge of emission factors and emissions in Europe, 
as well as in other parts of the world (e.g. Pacyna et al., 2003). It can be 
concluded that combustion of fossil fuels to produce electricity and heat is 
the major emission source in Europe and worldwide. Future emissions of Hg 
from anthropogenic sources can be expected to decrease due to wider 

http://www.cs.iia.cnr.it/MAMCS/project.htm
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application of equipment for desulfurization in major power plants and 
industrial boilers, as well as wider use of renewable energy sources. 

Source test measurement at both coal-fired power plants and waste 
incinerators in Europe have been performed to determine the concentration 
levels of mercury associated with particulate matter, and vapour phase 
elemental mercury, oxidised mercury and methylmercury in stack gases. 
Vapour phase elemental mercury and oxidised mercury are the main mercury 
species emitted form conventional and state-of-the-art stationary combustion 
sources. The relative proportion of mercury associated with particulate 
matter was found to be low for combustion sources equipped with both 
conventional and state-of-the-art flue gas cleaning installations. 
Methylmercury was found generally not occurring in stack gases from 
combustion sources. 

More measurements of Hg emissions from at least major point sources 
are needed for making emission inventories more accurate. The 
measurements of Hg species in exhaust gases from these sources are also 
needed. Results obtained with current measurement methods were found to 
lie in the same order of magnitude for vapour phase elemental mercury and 
oxidised mercury. However, it is not conclusive whether the sampling 
methods determine the mercury species correctly. 
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INTRODUCTION 

This paper presents an introductory overview of legislation and policy 
concerning mercury in the European Union (EU). It only summarises actions 
taken at the EU level, and does not attempt to cover the many actions taken 
individually by Member States or at other levels. Moreover, there is a very 
broad range of EU-level action, and the paper therefore only covers the main 
elements. Finally, where the paper attempts to summarise the requirements 
of EU legislation, some loss of precision is inevitable. Therefore, readers 
wishing to know the exact legal requirements should refer to the specific 
legal texts referenced2. 

INTEGRATED POLLUTION PREVENTION AND 
CONTROL (IPPC) 

The purpose of the IPPC Directive5 is to achieve integrated prevention 
and control of pollution arising from activities listed in Annex I of the 
Directive (energy industries, production and processing of metals, mineral 
industry, chemical industry, waste management and other activities like 



66 CHAPTER-4: LEGISLATION AND POLICY IN EU 

intense livestock farming, pulp and paper industry and tanneries). These 
include some of the major sources of mercury emissions. 

The Directive lays down the requirement to prevent or, where that is not 
practicable, to reduce pollution of the air, water and land, including from 
mercury and its compounds, from the above-mentioned activities, including 
measures concerning waste, in order to achieve a high level of protection of 
the environment taken as a whole. Control is to be achieved by way of a 
permitting regime whereby the operator of an installation applies for a 
permit and a competent authority determines whether or not a permit is to be 
issued. Among other requirements, permits are to include emission limit 
values (or equivalent parameters or technical measures) which are to be 
based on the "Best Available Techniques" (BAT) for the sector. 

The Directive entered into force on 30 October 1999. New installations, 
and substantial changes to existing installations, require a permit issued in 
accordance with the Directive before they are brought into operation. 
Existing installations must be brought into compliance with the requirements 
of the Directive no later than 30 October 2007. 

In order to support the implementation of the Directive the Commission 
is producing a series of BAT Reference documents (BREFs) for the main 
industry sectors under the Directive. An important document concerning 
mercury is the BREF on chlor-alkali manufacturing4. This concludes that 
mercury cells are not BAT. 

As the basis for a "European Pollutant Emission Register" (EPER)5, 
Member States are also required to submit reports to the Commission on 
emissions from all individual facilities with one or more activities mentioned 
in Annex I to the IPPC Directive. The reports must include details of 
emissions to air and water for all pollutants for which the thresholds 
specified in an Annex are exceeded. The reporting thresholds for mercury 
and its compounds are 10 kg/year for emissions to air and 1 kg/year for 
emissions to water. The data from the first reporting cycle, for 2001, were 
published in February 2004*. The next reporting year is 2004, for publication 
in 2006. 

WATER QUALITY 

The water framework Directive7 establishes a framework for the 
protection of inland surface waters, transitional waters, coastal waters and 
groundwater. Article 16 provides for the adoption of EU measures for 
substances included in a list of priority substances, i.e. those which present a 
significant risk to or via the aquatic environment. Mercury is identified as 
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one of the "priority hazardous substances" that are subject to cessation or 
phasing-out of emissions, discharges and losses within 20 years after 
adoption of measures. The Commission is currently developing proposals for 
emission controls for point sources and environmental quality standards for 
mercury and other substances. 

The water framework Directive also provides for the review, revision and 
possible repeal of a number of pre-existing Directives, including Directives 
dealing with discharges of dangerous substances to water, and with 
protection of groundwater. The dangerous substances Directive9 requires 
Member States to take appropriate steps to eliminate pollution in inland 
surface, territorial and internal coastal waters by various substances 
including mercury and its compounds. Articles 5 and 6 lay down the 
provisions for authorisation of discharges and provide that Member States 
can choose whether to base their authorisations on emission limit values or 
quality objectives. Two specific "daughter" Directives deal with mercury in 
more detail. One70 provides for specific emission limit values and quality 
objectives applicable to discharges of mercury from the chlor-alkali 
electrolysis industry. The second77 does the same for other industry sectors, 
and also stipulates the requirement to draw up programmes to avoid or 
eliminate pollution caused by discharges of mercury from diffuse sources. 

The groundwater Directive72 aims to prevent the pollution of groundwater 
by substances set out in two lists in an Annex, and as far as possible to check 
or eliminate the consequences of pollution which has already occurred. 
Mercury and its compounds are included in the "List I of Families and 
Groups of Substances", to which the most stringent requirements apply. 
Direct discharges (introduction without percolation through the ground or 
subsoil) of substances in List I into groundwater are prohibited. Any disposal 
or tipping of List I substances which might lead to indirect discharge 
(introduction after percolation through the ground or subsoil) must be subject 
to prior investigation. Member States must then prohibit such activity, or 
authorise it provided that all the technical precautions necessary to prevent 
such discharge are observed. In addition, all appropriate measures deemed 
necessary must be taken to prevent any indirect discharge of List I 
substances due to activities on or in the ground other than disposal or 
tipping. 

Article 11 of the water framework Directive repeats the prohibition of 
direct discharges of pollutants into groundwater. However, the former is 
concerned with protecting groundwater not just against pollution from 
discharges and disposals, but also from other activities. Article 17 calls for 
the adoption of specific measures to prevent and control groundwater 
pollution, with the aim of achieving "good groundwater chemical status". 
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The Commission has therefore proposed a further Directive which 
includes criteria for the assessment of good groundwater chemical status, 
and for the identification and reversal of significant and sustained upward 
trends and the definition of starting points for trend reversals. For mercury, 
the proposed Directive would not itself set any threshold values, but rather it 
would require Member States to do so. 

AIR QUALITY 

The air quality framework Directive7' defines the basic principles for a 
common approach for the assessment and management of ambient air 
quality in the EU. Details of the specific requirements for particular 
pollutants are set out in daughter directives. 

An agreement has been achieved with the European Parliament and 
Council on a proposal from the Commission75 for the fourth daughter 
Directive, relating to arsenic, cadmium, nickel, mercury and polycyclic 
aromatic hydrocarbons (PAH). Formal adoption is foreseen to take place in 
the course of autumn 2004. Concentrations of mercury in ambient air in the 
EU generally are below a level believed to have adverse effects on human 
health. Therefore, mercury in ambient air is not regulated via a target value 
in the fourth daughter Directive. However, regardless of the concentration 
level, all substances covered by the measure, including mercury, are to be 
measured at background sampling points with a spatial resolution of 100,000 
km2 in order to provide information on geographical variation and long-term 
trends. The same requirements are laid down for deposition measurements 
of heavy metals and PAH. Monitoring of particulate and gaseous divalent 
mercury is also recommended. 

USE OF MERCURY 

Electrical and Electronic Equipment 

The Directive on the restriction of hazardous substances (RoHS) in 
electrical and electronic equipment76 requires the substitution of mercury, 
among other substances, in new electrical and electronic equipment by 1 July 
2006. Applications of mercury in fluorescent lamps up to certain levels are 
exempted. Each exemption must be reviewed at least every four years with 
the aim of considering deletion. 



CHAPTER-4: LEGISLATION AND POLICY IN EU 69 

Closely related to the RoHS Directive is the Directive on waste electrical 
and electronic equipment (WEEE)77. This aims to prevent the generation of 
WEEE and to support the reuse, recycling and other forms of recovery of 
such waste. It also seeks to improve the environmental performance of all 
operators involved in the life cycle of electrical and electronic equipment. In 
particular, it provides that producers, or third parties acting on their behalf, 
must set up systems by 13 August 2004 to provide for the treatment of 
WEEE using best available treatment, recovery and recycling techniques. 
Member States must achieve a high level of separate collection for WEEE, 
and any mercury-containing components must be removed from any 
separately-collected WEEE. 

Vehicles 

The end-of-life vehicles (ELV) Directive7* aims, as a first priority, at the 
prevention of waste from vehicles. It also lays down measures relating to the 
reuse, recycling and other forms of recovery of ELVs and their components 
so as to reduce the disposal of waste. According to Article 4 of this Directive 
mercury, among other substances, is restricted in materials and components 
of vehicles. In particular, Member States must ensure that materials and 
components of vehicles put on the market after 1 July 2003 do not contain 
mercury other than in bulbs and instrument display panels. In addition, under 
Article 6 Member States must ensure that ELVs are stored and treated in 
accordance with minimum specified technical requirements, including the 
removal, as far as possible, of all components identified as containing 
mercury. 

Batteries 

The batteries Directive79 prohibits the marketing of batteries and 
accumulators containing more than 0.0005% of mercury by weight. Button 
cells with a mercury content of no more than 2% by weight are exempted. 
The Directive also requires Member States to take appropriate steps to 
ensure that spent batteries and accumulators are collected separately with a 
view to their recovery or disposal, and that batteries and accumulators are 
marked with information on separate collection, recycling and heavy metal 
content. 

In November 2003 the Commission adopted a proposal for a Directive 
that would replace and repeal the current batteries Directive. The limit on 
mercury content by weight of 0.0005%, and the exemption for button cells, 
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would be retained. The explanatory memorandum that accompanies the new 
proposal notes that mercury consumption in batteries has declined 
significantly in the EU, but that many mercury batteries produced before the 
restrictions of the current Directive entered into force are still in use. The 
new proposal aims to establish a closed loop system for all batteries to avoid 
their disposal by incineration or landfill. It would also require Member States 
to set up national collection systems so that consumers can return spent 
portable batteries free of charge. 

Pesticides and Biocides 

According to Article 3 of Council Directive 79/117/EEC27, which took 
effect in 1981, plant protection products containing one or more of the 
following active substances may be neither placed on the market nor used: 
mercury oxide, mercurous chloride (calomel), other inorganic mercury 
compounds, alkyl mercury compounds, alkoxyalkyl and aryl mercury 
compounds. An amendment22 in 1991 deleted some limited exemptions from 
these restrictions which had previously been allowed. 

Biocidal product cannot be placed on the market and used in the territory 
of the Member States unless authorised in accordance with Directive 
98/8/EC25. No biocidal products containing mercury have been authorised 
and accordingly they are banned in the EU. 

Cosmetics 

Under Directive 76/768/EEC2*, mercury and its compounds may not be 
present as ingredients in cosmetics, including soaps, lotions, shampoos, skin 
bleaching products, etc. (except for phenyl mercuric salts for conservation of 
eye makeup and products for removal of eye make-up in concentrations not 
exceeding 0.007 percent weight-to-weight) marketed within the EU. 

Other Uses 

Directive 76/769/EEC25 creates a framework legislative procedure under 
which the EU may ban or restrict the use of hazardous chemicals by adding 
the substances and controls to an Annex. Additions of chemicals have been 
done in several amendments. The following uses of mercury compounds 
were prohibited by Directive 89/677/EEC25: marine anti-fouling agents, 
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wood preservatives, impregnation of heavy-duty industrial textiles and yam, 
and treatment of industrial waters. 

More broadly, the Commission has recently proposed a major new EU 
chemicals regime27. This will eventually repeal the framework Directive 
76/769, encompass the various controls adopted under it, and provide a more 
streamlined procedure for the adoption of any further restrictions. 

EXPORT AND IMPORT 

Regulation 304/200325 implements the Rotterdam Convention on the 
Prior Informed Consent (PIC) Procedure for Certain Hazardous Chemicals 
and Pesticides in International Trade. The Convention provides for an 
exchange of information between its parties on restrictions on hazardous 
chemicals and pesticides and their import and export. The trigger for action 
is when a party takes regulatory action to ban or severely restrict a hazardous 
chemical or pesticide in its own territory in order to protect human health 
and/or the environment. The party must then notify the Secretariat of the 
Convention of that ban or restriction. It should also make export of the 
substance subject to a notification procedure, whereby the first export 
annually to any party would have to be notified in advance to the designated 
authority in that country of destination. This obligation ends when the 
substance becomes subject to the PIC procedure and the importing party has 
given an import decision (see below). 

When two notifications of bans or severe restrictions for the same 
substance are received under the Convention from two geographic regions, a 
chemical review committee will consider whether these meet the criteria of 
Annex II to the Convention. The committee may recommend that the 
substance be added to the PIC procedure and prepare a decision guidance 
document (DGD), containing relevant information to help parties take 
informed decisions on whether or not to accept imports. If the Conference of 
the Parties decides that the chemical should be included in the PIC 
procedure, the DGD is circulated and all parties should communicate an 
import decision to the Secretariat on whether and under what circumstances 
they wish to receive imports of the substance. Exporting parties are then 
obliged to ensure that their exporters comply with these wishes. 

Mercury compounds are listed in Annex I, Part 1 to the Regulation as 
banned or severely restricted within the EU and are thus subject to the export 
notification requirements, which are laid down in Article 7 of the 
Regulation. These requirements apply to exports to all countries. Mercury 
compounds used as pesticides, including inorganic mercury compounds, 
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alkyl mercury compounds and alkyloxyalkyl and aryl mercury compounds, 
are also included in Part 3 of Annex I to the Regulation as chemicals subject 
to the PIC procedure. Thus, in accordance with Article 13 of the Regulation, 
inter alia, EU exporters must comply with the import decisions taken by 
third countries. The Regulation in fact goes further than the Convention in 
this respect, in that it requires exports of PIC substances to have the explicit 
consent of the importing country (whereas under the Convention exports 
would, after a certain period of time, be permitted to a country that has failed 
to communicate an import decision). Like export notification, this 
requirement extends to exports to all countries, irrespective of whether or not 
they are parties to the Convention. 

The Regulation also bans the export from the EU of certain chemicals 
and articles, listed in Annex V. Cosmetic soaps containing mercury are 
subject to this ban. 

WASTE MANAGEMENT 

In addition to the waste management provisions linked to certain product 
groups described above (e.g. ELVs, batteries, WEEE), there are also various 
broader requirements in EU legislation. 

The Waste Framework Directive and Hazardous Waste 

The main basis for waste management in the EU is the waste framework 
Directive29. This requires that Member States take the necessary measures to 
ensure waste is recovered or disposed of without endangering human health 
and without using processes or methods that could harm the environment. It 
includes various provisions - for example relating to the control of waste 
management facilities - to support this requirement. 

Directive 91/689/EEC50 introduces an additional, more stringent, layer of 
controls applicable to hazardous waste on top of those that apply under the 
waste framework Directive. Wastes are identified as hazardous based on 
properties listed in Annex in of the Directive. By Decision 2000/532/ECi; a 
list of waste was adopted, which includes "Sludges containing mercury" (as 
a waste from natural gas purification), "Waste containing mercury", 
"Mercury containing batteries", "Amalgam waste from dental care" and 
"Fluorescent tubes and other mercury containing waste". The determination 
that waste is hazardous has implications in respect of the application of other 
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EU measures. For example, Regulation 259/93 prevents hazardous waste 
being exported to non-OECD countries. 

Waste Incineration 

The waste incineration Directive55 aims to prevent or to limit as far as 
practicable negative effects on the environment, in particular pollution by 
emissions into air, soil, surface water and groundwater, and the resulting 
risks to human health, from the incineration and co-incineration of waste. 
Emission limit values for discharges of waste water from exhaust gas 
cleaning at incineration plants are established in Annex IV of the Directive. 
The limit value for mercury is 0.03 mg/1. Air emission limit values for 
incineration plants are set out in Annex V. The limit value for mercury is 
0.05 mg/m3, as an average value over a minimum period of 30 minutes and a 
maximum of 8 hours (a limit of 0.1 mg/m3 applies until 1 January 2007 for 
existing plants for which the permit to operate was granted before 31 
December 1996). Mercury in emissions to air has to be measured at least 
twice per year; mercury in emissions to water at least once per month. 

Most waste incineration facilities will also fall under the scope of the 
IPPC Directive (see above). Where the application of the IPPC Directive 
would entail stricter requirements than those of the waste incineration 
Directive, then these stricter requirements take precedence. Work on a BREF 
document on waste incineration is underway. 

Landfills 

The landfill Directive5' aims to prevent or reduce negative effects on the 
environment and risk to human health from the landfilling of waste. Article 4 
requires that Member States classify landfills into those for hazardous waste, 
those for non-hazardous waste and those for inert waste. Member States 
must also ensure that certain wastes are not accepted in a landfill. These 
include liquid waste, and any other waste that does not fulfil the "acceptance 
criteria" determined in accordance with an Annex. These acceptance criteria 
were set out in Decision 2003/3 3/EC55. They include specific mercury 
leaching values for wastes acceptable at the different classes of landfill. 

Articles 7 and 8 of the landfill Directive require that operators of landfills 
apply for permits and that competent authorities ensure that certain 
conditions will be met in those cases where landfilling is authorised. One 
such condition is that landfills comply with certain technical standards set in 
an Annex, for example concerning protection of soil and water. Another is 
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that operators maintain adequate financial security to meet their obligations, 
including after-care. 

Sewage Sludge 

Directive 86/278/EEC55 aims to regulate the use of sewage sludge in 
agriculture in such a way as to prevent harmful effects on soil, vegetation, 
animals and humans, while encouraging its correct use. Member States must 
prohibit the application of sewage sludge to soil where the concentration of 
one or more metals in the soil exceeds the limit values laid down in a first 
Annex. For mercury, the soil limit value is 1 to 1.5 mg/kg of dry matter for 
soils with a pH higher than 6 and lower than 7. Member States must also 
regulate the use of sludge such that the accumulation of heavy metals in soil 
does not exceed the limit values. A possible revision of Directive 
86/218/EEC is being considered as part of the development of the EU's 
broader thematic strategy on soil57. 

LIMITING HUMAN EXPOSURE 

Drinking Water 

Directive 98/83/EEC3* sets standards for the quality of drinking water. 
According to Article 5 and Annex I, a maximum level of 1.0 ug/l is specified 
for mercury in drinking water. 

Worker Health and Safety 

Directive 98/24/EC5P lays down minimum requirements for the protection 
of workers from risks to their safety and health arising, or likely to arise, 
from the effects of all chemical agents that are present at the workplace or as 
a result of any work activity involving chemical agents. Consequently this 
framework Directive regulates all substances including mercury and its 
compounds. 

The EU Scientific Committee on Occupational Exposure Limits 
(SCOEL) has held extensive discussions on mercury and mercury 
compounds in order to come up with a Recommendation to the Commission 
for an occupational exposure limit value. The Committee has proposed 
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levels of 0.02 mg/m3 as an 8-hour time-weighted average, and 0.01 mg/1 in 
blood and 0.03 mg/g creatinine in urine as biological limit values. 

Mercury Contamination in Food 

Under Commission Regulation 466/200140, a maximum level of 0.5 
mg/kg wet weight is set for mercury in fishery products, with the exception 
of certain fish species for which a separate maximum level of 1 mg/kg wet 
weight applies. 

On 24 February 2004, responding to a request from the Commission, the 
Scientific Panel on Contaminants in the Food Chain of the European Food 
Safety Authority (EFSA) adopted an opinion on mercury and methylmercury 
in food*7. This took into account the decision in June 2003 of the FAO/WHO 
Joint Expert Committee on Food Additives to revise its Provisional 
Tolerable Weekly Intake for methylmercury from 3.3 to 1.6 jig/kg body 
weight'2. EFSA also took account of a lower Reference Dose of 0.7 ng/kg 
body weight per week established by the US National Research Council'5. It 
compared these levels against data gathered by the EU Member States and 
Norway on levels of mercury in foods and estimates of dietary exposure as 
part of a scientific co-operation (SCOOP) task". The EFSA opinion and the 
SCOOP report should be referred to directly to see their full analyses and 
conclusions in context. Some selected findings are given below. 

The EFSA opinion concluded that the reduction of the PTWI for 
methylmercury by JECFA, from 3.3 to 1.6 ug/kg body weight, was justified 
because rather than focusing on risks to the general population it was based 
on the most susceptible lifestage, i.e. the developing foetus and intake during 
pregnancy. Comparison with the lower US NRC recommendation may offer 
additional guidance. 

The estimated intakes of mercury in Europe varied by country, depending 
on the amount and type of fish consumed. Based on the SCOOP document, 
national average exposures to methylmercury'5 from fish and seafood 
products were between 1.3 and 97.3 jxg/week, corresponding to <0.1 to 1.6 
|ig/kg body weight per week (assuming a 60 kg adult body weight). Hence 
the highest average intake estimates were just at the PTWI, thereby 
exceeding the US NRC recommendation. 

In general, EU consumers who eat average amounts of varied fishery 
products are not likely to be exposed to unsafe levels of methyl mercury. 
However, people who eat more than average amounts of fish are more likely 
to exceed these recommended safety thresholds. In particular, population 
groups who frequently consume top predatory fish, such as swordfish and 
tuna, may have a considerably higher intake of methylmercury and exceed 
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the PTWL The range of high exposure was estimated to be between 0.4 and 
2.2 ug/kg body weight per week of methylmercury. 

The SCOOP data showed that, although the population in Norway had the 
highest total consumption of fish and seafood products, the estimated high 
intake of methylmercury from these foods was lower in Norway than in 
southern European countries. The reason for this is probably that the type of 
fish consumed in Norway consists of species, such as cod and saithe, 
containing relatively low levels of methylmercury. The consumption of top 
predatory fish, such as swordfish and tuna, which can contain higher levels 
of methylmercury, may be significantly greater in countries in southern 
Europe. 

A probabilistic analysis carried out by EFSA using the French data from 
the SCOOP report suggested that, based on the distribution of consumption 
and fish contamination, in France 11.3% of 293 children aged 3 - 6 years 
would exceed the JECFA PTWI for methylmercury and 44% would exceed 
the US NRC recommendation. The figures for 248 adults were 1.2% and 
17% respectively. However, the figures for children exceeding the PTWI are 
likely to represent an overestimate, because young children often tend to eat 
fish from species that are more likely to contain only low levels of methyl 
mercury, such as the white fish in fish fingers/ fish sticks. It is also important 
to note that some of the calculated high intakes may be overestimates in 
view of limitations on the available data, as indicated in the SCOOP report. 

Specific intake data for pregnant women were not available for the EU 
risk assessment, although the EFSA has highlighted the need to generate 
reliable intake data from studies focused on women of childbearing age. 

In view of the revised safety thresholds and risk assessment advice on 
dietary intake of methyl mercury, the EU maximum levels for mercury in 
fishery products are being reviewed and other risk management options are 
being considered. Initial assessment indicates that it might be difficult to 
further lower the maximum levels without either making them unachievable 
for many fish species or overcomplicating the legislation. 

As an alternative approach, the European Commission has issued an 
information note on methyl mercury in fish and fishery products.47 This has 
been distributed via consumer and public health networks, to help ensure that 
the information reaches the targeted vulnerable groups. The note contains 
advice on fish consumption for women who might become pregnant, who 
are pregnant or breastfeeding and for young children. It advises that these 
consumers should not eat more than one small portion (<100 g) per week of 
large predatory fish, such as swordfish, shark, marlin and pike, and that if 
they eat this portion, they should not eat any other fish during this period. It 
also advises that they should not eat tuna more than twice per week. (It is 
easy to calculate that the PTWI of 1.6 ug/kg body weight equals 96 ug/week 
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for an average 60 kg adult and this amount would be present in 96 g offish if 
it contains 1 mg/kg methyl mercury. Swordfish, shark, marlin and pike can 
often contain such a level.) EU consumers are also advised to pay attention 
to any more specific advice given by national authorities in light of local or 
regional consumption characteristics. This advice is roughly in line with 
advice issued in the USA¥<* and Australia and New Zealand. 49 Further 
discussions on the world-wide approaches to risk management of methyl 
mercury are planned. The European Community is leading a working group 
to prepare a discussion paper for the 37th session of the Codex Committee on 
Food Contaminants in 2005. 

DEVELOPMENT OF AN EU MERCURY STRATEGY 

The largest present user of mercury in the EU is the chlor-alkali industry. 
However, the use of mercury in this industry sector is being phased out as 
"mercury cell" technology is replaced with mercury-free processes. At the 
EU Environment Council meeting of 7 June 2001, the Council called upon 
the Commission to clarify the legal situation regarding the conversion of the 
chlor-alkali industry, identify the possible consequences for the use of 
mercury and report to the Council on the potential need for co-ordinated 
action in the EU and the accession countries. 

In response to the Council's request, in December 2002 the Commission 
presented a report to the Council concerning mercury from the chlor-alkali 
industry50. This reviewed mercury production and use generally, use of 
mercury in the chlor-alkali industry, legal issues concerning the conversion 
to mercury-free technology and consequences of the mercury-cell phase-out. 
In relation to the consequences of the mercury cell phase-out, the report 
analysed different scenarios concerning the fate of the surplus mercury 
expected to arise in the EU5;. 

The Council reacted to the report by inviting the Commission to present 
"a coherent strategy with measures to protect human health and the 
environment from the release of mercury based on a life-cycle approach, 
taking into account production, use, waste treatment and emissions". The EU 
mercury strategy will therefore look at all aspects of the mercury problem -
production and supply, trade, use in products and processes, emissions, 
recovery and disposal, and exposure - rather than just those aspects relating 
to the chlor-alkali industry52. The strategy is due to be published in 2004. 
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Council Directive 91/156/EEC of 18 March 1991 (OJ L 78, 26.3.1991), amending 
Directive 75/442/EEC on waste (OJ L 194, 25.7.1975). 
Council Directive 91/689/EEC on hazardous waste (OJ L 47, 16.2.2001). 
Commission Decision 2000/532/EC (OJ L 226, 6.9.2000) as amended by Council 
Decision 2001/532/EC (OJ L 203, 28.7.2001) as regards the list of wastes 
pursuant to Article 1(4) of Council Directive 91/689/EEC on hazardous waste. 
Council Regulation (EEC) No 259/93 of 1 February 1993 on the supervision and 
control of shipments of waste within, into and out of the European Community 
(OJL 30, 6.2.1993). 
Directive 2000/76/EC of the European Parliament and of the Council of 4 
December 2000 on the incineration of waste (OJ L 332, 28.12.2000). 
Council Directive 1999/31/EC of 26 April 1999 on the landfill of waste (OJ LI 82, 
16.7.1999). 
Council Decision 2003/33/EC of 19 December 2002 establishing criteria and 
procedures for the acceptance of waste at landfills pursuant to Article 16 of and 
Annex II to Directive 1999/31/EC (OJ LI 1, 16.1.2003). 
Council Directive 86/278/EEC of 12 June 1986 on the protection of the 
environment, and in particular of the soil, when sewage sludge is used in 
agriculture (OJ L181,4.7.1986). 
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40. 

46. 

50. 

51. 

See the Commission's Communication towards a Thematic Strategy for Soil 
Protection, COM (2002) 179 final, 16.4.2002. 
Council Directive 98/83/EEC of 3 November 1998 on the quality of water 
intended for human consumption (OJ L 330 of 5.12.1998). 
Council Directive 98/24/EC of 7 April 1998 on the protection of the health and 
safety of workers from the risks related to chemical agents at work (OJ L 131, 
5.5.1998). 
Commission Regulation (EC) No 466/2001 of 8 March 2001 setting maximum 
levels for certain contaminants in foodstuffs (OJ L 77, 16.3.2001) as amended by 
Commission Regulation (EC) No 221/2002 of 6 February 2002 (OJ L 37, 
7.2.2002). 
See http://www.efsa.eu.int/science/contam_ panel/contam_opinions/259_ en.html. 
See http://who.int/pcs/jecfa/Summary61 .pdf 

See Toxicological effects of methylmercury. Committee on the Toxicological 
Effects of Methylmercury, National Research Council, National Academy Press, 
Washington, D.C., 2000. 
See http://europa.eu.int/comm/food/food/ chemicalsafety/contaminants/scoop _3-
2-1 l_heavy_metals_repoit_en.pdf. 
The SCOOP data recorded total mercury rather than methylmercury. Methyl 
mercury is the chemical form of concern and can make up to more than 90% of 
the total mercury in fish and seafood. The EFSA opinion based its calculations on 
the conservative assumption that all the mercury in fish and seafood products is 
methylmercury. 
High exposure is measured at the 95th or 97.5th percentile of the distribution for 
fish- and seafood product consumption depending on the country considered. 
See 
http://europa.eu.int/comm/food/food/chemicalsafety/contaminants/information_no 
te_mercury-fish_l 2-05-04.pdf 
See http://www.cfsan.fda.gov/- dms/admehg3.html 
See http://www.foodstandards.gov.aU/_ srcfiles/brochure_mercury _ 
in_fish_0304v2.pdf 
COM (2002) 489 final, 6.9.2002. 
The amount of remaining mercury expected to be decommissioned as a result of 
the phase-out of mercury cells is estimated by Euro-Chlor at 11,600 tonnes. 
Details of the development of the strategy can be found on the Commission's 
website: http://europa.eu.int/comm/environment/chemicals/mercury/index.htm. 
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PAST AND CURRENT EU FUNDED RESEARCH 

The current development and future implementation of the EU Strategy 
on mercury has to be based on scientific knowledge in order to provide an 
informed policy action, but is also indicating gaps of knowledge which will 
need to be addressed by research, including EU-supported research. The 
research element of the Mercury Strategy will have to reply to the following 
questions: 

• Which research on mercury has the EU already funded? 
• What further research issues are already under consideration that 

are relevant to mercury? 
• What are the key gaps to be identified as research priorities in 

support to the EU Mercury Strategy? 
• How could the EU assist to fill these gaps? 

This chapter will be limited to address environment oriented research 
only, both highlighting key results from past and ongoing EU-funded 
projects on mercury and will conclude with perspectives regarding future 
research options. 
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Over the past 20 years European Commission funded research 
specifically addressing the origin, transformation, fate, bioaccumulations, 
and environmental effects of mercury, in particular regarding its most toxic 
forms mono - and dimethylmercury, was concentrated to a relatively small 
number of projects which were however well designed and successful in 
regard to their contributions to European and international mercury 
assessments. Therefore, I like to present a brief overview of those projects 
and attempt to highlight a few results and/or conclusions from those 
"historical" projects which seem to me still valid and important. 

During the mid to late 1980s a group of marine chemists, marine 
biologists and chemical analysts, coordinated by Dr. Michael Bernhard of 
the marine branch of the Italian research centre ENEA investigated the 
"Origin, fate and environmental effects of methylmercury" through 
laboratory and field research. This project illustrated that: 

" The actual mean methylmercury (MeHg) concentrations in coastal 
marine waters of the Mediterranean Sea can not only be explained by 
microbial methylation processes, because the more than 100 bacterial 
strains which were known from the scientific literature as strong mercury 
methylaters did actually methylate inorganic mercury in laboratory 
experiments only at very low rates or not at all, when they were cultured 
with realistically low inorganic mercury concentrations as they are 
typically found in marine coastal waters. " 

The biomagnification process of methylmercury in long-living marine 
predators, such as tuna, dolphins, Mediterranean harbour seals etc was 
confirmed as well as the positive correlation between the MeHg 
concentrations in muscle issue with length/age class. 

A screening exercise on MeHg concentrations in the upper 5-10 cm of 
various soil profiles and in wild terrestrial animals revealed that 
methylmercury may accumulate to as high values than in the marine 
foodchain. A striking example was found in red deer muscle tissue reaching 
equal or higher MeHg concentrations than tuna. However, the small number 
of species and probes tested did not allow any statistical confirmation of 
those results and hence they have never been published (except in progress 
reports to the Commission). 

Based on the above results, Dr. Bernhard and his colleagues speculated 
that an inorganic methylation mechanism might contribute to the relatively 
high MeHg concentration in coastal marine waters. They proposed an UV 
energy driven inorganic methylation at the nepheloid layer above the 
sediments of shallow waters. 
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During the same period Prof. Nurnberg of the Nuclear and Environment 
Research Centre in Julich (KFA-Julich, Germany) investigated the metal 
concentrations in the water column and sediments of the North Sea and 
English Channel, including total mercury concentrations, which was 
paralleled by investigations by the German Fisheries Research Centre on 
malformations, skin lesions and other illnesses of bottom-living flatfish (e.g. 
flounder) in the North Sea. These two independent investigations revealed 
striking correlations between areas of high metal concentrations in the 
sediment and the highest number of flatfish with illnesses. Clearly however, 
those results cannot only be attributed to mercury, but to "cocktails" of high 
metal concentrations. More importantly, Prof. Nurnberg started to measure 
the natural background concentrations of total mercury, by analysing deep 
sea water and sediment probes from the Pacific Ocean with an improved 
gold-plated stripping voltammetry methodology under ultra-clean conditions 
in a specific newly constructed laboratory, applying completely automised 
approaches and respecting extreme precautions against secondary 
contamination of the samples. Regretfully, he died during one of the project 
cruises for the EU research project, and I have never seen his potentially 
highly important results published in the peer-reviewed international 
scientific literature. From my memory I recall that his "natural background 
values" were roughly one order of magnitude lower than the published 
background data until that time. A demonstrated knowledge of such 
reference values for total mercury concentrations in the marine environment 
would have had implications for the correct assessment and interpretation of 
the anthropogenic contribution to the mercury pool. 

In the NW-Mediterranean basin the biogeochemical cycle of mercury has 
attracted much attention, due to the Mediterranean geochemical mercury 
anomaly, i.e. the leaching from the large cinnabar deposits. In contrast to 
what might be expected this "anomaly" does not lead to higher ambient 
mercury levels outside the immediate coastal zone in the vicinity of the ore 
deposits, and MeHg concentrations in specimen of fish caught off-shore are 
usually higher than from coastal areas. In addition, mercury concentrations 
in the striped mullet exhibits a 10-fold increase at an increasing depth of 
capture (from 60 - 340 m). As part of the "EROS 2000" (European River 
Ocean System) project in the Northwest Mediterranean Sea, which started in 
1988 and ran through various phases until 1995, Dr. Daniel Cossa 
(IFREMER, Nantes, France) and Prof. Jean-Marie Martin (CNRS-ENS-
IBM, Montrouge, France) investigated the biogeochemical cycle and 
speciation of mercury, i.e. elemental mercury Hg°, reactive mercury Hg(r), 
dissolved gaseous mercury DGHg, monomethylmercury MMHg, and 
dimethylmercury DMHg, with particular emphasis on dimethylmercury. 
From this first speciation study of mercury in the NW-Mediterranean Sea 
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Cossa and Martin concluded that the low oxygen sub-thermocline water 
masses constitute an important reservoir of DMHg available for 
accumulation by deep living pelagic fishes. The direct passive diffusion 
through the gill of the dissolved gaseous DMHg has been evidenced as a 
significant pathway for the methylmercury accumulation in fishes, in 
addition to the metal uptake from their diet. This pathway may explain the 
very high MeHg levels found in fishes caught in off-shore waters of the 
Mediterranean compared to those from coastal areas, where - due to its 
volatility - DMHg is at very low concentrations. 

When comparing the riverine, wet and dry deposition of mercury onto the 
western Mediterranean Sea as well the loads and losses from the exchange of 
different water masses at the Strait of Gibraltar in order to try to establish a 
mass balance for mercury, the EROS 2000 project realised that reliable data 
on Hg concentrations in rain and aerosols was scarce in this area (D. Cossa 
et al., 1997) and hence the mass balance was mainly based on rough 
estimates. In addition, the same authors concluded that the Hg concentrations 
in rain may be underestimated. 

The "cold trapping" effect of POPs and mercury in remotely located high 
mountain lakes, both with increasing height above sea level and with 
increasing latitudes has been illustrated by the MOLAR project and it 
evidenced that the mercury concentrations in Arctic charr in lakes of the 
arctic island Svalbard and in northern Norway regularly exceeded the WHO 
mercury limit values for consumption. 

In addition, during the period 1970-1985 the national Swedish monitoring 
programme had revealed that the 10 000 lakes under regular control were 
contaminated by Hg which lead to methylmercury concentrations in fish 
above the human health guidelines for fish consumption, and for most of 
those lakes other sources of mercury loads than from atmospheric deposition 
could be excluded. Furthermore, during the period 1986 - 1997 the mercury 
emissions in Europe decreased by 40%, but this decrease was only 
marginally visible in the Swedish lakes where the methymercury levels in 
fish remained too high. 

In order to quantify the sources of atmospheric mercury species and 
specifically to identify sources of atmospheric methylmercury and their 
importance for the methylmercury accumulation in aquatic and terrestrial 
ecosystems the European Commission funded the MOE project "Mercury 
Species Over Europe", coordinated by Dr. Munthe at the Swedish 
Environmental Research Institute, whereas in order to assess the spatial and 
temporal distributions of atmospheric mercury over the Mediterranean Sea, 
the MAMCS project on the" Mediterranean Atmospheric Mercury Cycle 
System" (http://www.cs.iia.cnr.it/MAMCS/project.htm), coordinated by 
Prof. Pirrone at Italian CNR-Institute for Atmospheric Pollution (CNR-DA) 

http://www.cs.iia.cnr.it/MAMCS/project.htm
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was funded. Both projects were not only complementing each other 
geographically, covering two different regions of Europe, i.e. central and 
northern Europe by MOE and southern Europe by MAMCS, but they were 
also mutually sharing data, measurement and modelling approaches, 
contributing finally to the establishment of a European mercury emission 
inventory, a joint atmospheric measurements database and an improved 
European scale atmospheric model intended for policy support. Major 
findings of MOE and MAMCS projects have been published in two special 
issues of Atmospheric Environment (Pirrone et al., 2001; Pirrone et al., 
2003). 

The most unexpected result of the MOE project was for me the very high 
gaseous MeHg concentration at the Mace Head station on the west coast of 
Ireland, where the average contration was around 3.5 pg per qm, more than 
double as high as the inland stations, including the so-called "black triangle" 
in central Europe. And, Mace Head had originally been chosen to act as 
reference station where the lowest mercury concentrations in the air were 
thought to appear! These results were explained by a strong emission of di
methyl-mercury (DMeHg) from the sea surface of the Atlantic, followed by 
a chemical degradation to mono-methyl-mercury (MMeHg). In contrast to an 
earlier hypothesis, evoking that by an inorganic methylation process in cloud 
droplets inorganic mercury would basically be transformed into MeHg, the 
MOE project has found this process as insignificant, because too slow to 
explain the found concentrations in the atmospheric loads. 

From the MOE and MAMCS projects it has been concluded that there are 
no "simple" control options for mercury available in support to European 
environmental policy., e.g. the implementation of the Council Directive of 
1996 regulating the air quality of major persistent pollutants or the Water 
Framework Directive. Therefore, the European Commission is funding since 
October 2002 the MERCYMS project "An Integrated Approach to Assess 
the Mercury Cycle into the Mediterranean Basin", coordinated by Prof. 
Pirrone at Italian CNR-IIA which aims at: 

• improving the predictive capability of the fate of mercury in the 
marine environment; 

• assessing the qualitative and quantitative relationships between 
atmospheric inputs and direct discharges of mercury to the sea and 
the cycle of mercury in the marine environment as well as their re-
emissions back to the atmosphere; 

• developing an integrated modelling system in support of the 
implementation of EU Directives and international treaties; 
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• applying this integrated modelling system for environmental and 
socio-economic scenarios, in order advise on optimised, cost-
efficient control strategies and policies for mercury. 

The MERCYMS project URL (http://www.cs.iia.cnr.it/MERCYMS/ 
project.htm) provides updated information on the currently achieved results. 

Finally, a policy-oriented research project has been launched this year as 
part of the 6th RTD Framework Programme which will estimate the 
willingness-to-pay to reduce the risks of exposure to heavy metals and cost-
benefit analysis for reducing heavy metals occurrence in Europe, including 
mercury. This ESPREME project intends to consolidate, improve and 
provide Europe wide emission data of heavy metals (HM), in particular 
regarding Hg, Cd, Pb, Ni, As and Cr; to collect systematic data on the 
possibilities to reduce emissions; to improve process models for HM in the 
atmosphere, soil and water and to apply them for simulations of the transport 
of the HM in and though the various media; to collect data on thresholds and 
information on exposure-response relationships; to estimate the willingness-
to-pay to avoid damage from HM exposures by transferring values from 
available contingent valuation studies; to set up an integrated assessment 
model (IAM); to carry out runs of the IAM for the identification of cost-
effectiveness strategies, i.e. bundles of measures that achieve compliance 
with thresholds and cost-benefit analyses to identify bundles of measures, 
where the difference between benefits and costs is maximised; and finally to 
conduct a feasibility study to identify approaches and further research needs 
for the macro-economic assessment of HM abatement strategies. The 
ESPREME project will take into account the whole of Europe, including the 
EU and Accession Countries. The results are expected to substantially 
contribute to the policy design in the frame of the CAFE strategy and to the 
ongoing reviews of the EC Air Quality legislation as well as to the UN-ECE 
Convention on Long-Range Transboundary Air Pollution protocols. 

RESEARCH PERSPECTIVES ON MERCURY 

Within the "Global Change and Ecosystems" Sub-Priority (1.1.6.3) of the 
running 6th RTD Framework Programme (2002 - 2006) still two calls for the 
submission of proposals are foreseen in support of integrating and 
structuring the European Research Area (ERA). The third call will be 
published on 16 June this year, with a closure date for proposal submissions 
on 26 October 2004. The total indicative budget for the 3rd call is 205 million 
Euros. It is envisaged to fund up to 17 Integrated Projects (IP) or Networks 
of Excellence (NoE) for a budget of 150 million Euros, to cover 12 sub-

http://www.cs.iia.cnr.it/MERCYMS/
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topics with Specific Targeted Research Projects (STREP) or C-ordination 
Actions (CA) for a budget of up to 50 million Euros, and one Area with 
Specific Support Actions (SSA) for up to 5 million Euros. 

None of the areas and topics which are structuring the Work Programme 
for this third call is specifically addressing research requirements on 
mercury, but certainly mercury research could be part of proposals 
addressing several topics open for funding. In the following I will briefly 
mention those topics where research on mercury might play a role. 

In the context of area I. "Impact and mechanisms of greenhouse gas 
emissions and atmospheric pollutants on climate, ozone depletion and carbon 
sinks" the sub-topic 1.2.1 "Ocean - Atmosphere - Chemistry interactions" 
calls for up to two Specific Targeted Research Projects (STREP) and/or Co
ordination Actions (CA) which are addressing the feedback mechanisms 
between climate change and the air-sea exchange of trace gases, involving 
fluxes (emissions, deposition and ocean uptake); physico-chemical processes 
occurring within the atmosphere and oceanic boundary layers, including the 
transfer mechanisms, from the local to the global scale; and production of 
primary and secondary marine aerosols from natural sources. 

In the context of Area VII. "Complementary Research" which is aiming 
to focus on the development of advanced methodologies for the risk 
assessment of processes, technologies, measures and policies, the appraisal 
of environmental quality, including reliable indicators of population health 
and environmental conditions and risk evaluation in relation to outdoor and 
indoor exposures, I could imagine that sub-topics VII. 1.1.1 "Integrated 
assessment of environmental stressors, their interactions and development 
methods and models for the evaluation of combined human exposures", 
which is open for up to 1 Integrated Project, and VII. 1.2.1 "Environmental 
analysis and monitoring of emerging environmental pollutants", which 
should be implemented by up to 1 Co-ordination Activity, might incorporate 
elements on mercury. Sub-topic VII. 1.1.1 aims to develop integrated 
assessment models and methodologies for evaluating the cumulative effects, 
interactions between various stressors, and their short and long term 
influence on human health, in support to the EC Environment and Health 
Initiative. Sub-topic VII. 1.2.1 aims to create a network among European 
reference laboratories and related organisations in order to improve the 
European capability for large scale monitoring and bio-monitoring of 
environmental pollutants in the various matrixes (air, water, soil), with 
emphasis on emerging environmental pollutants for which Europe-wide data 
are lacking. Relevant pre-normative research on measurement and testing 
can also be considered. 

There are also a number of other topics or sub-topics open in the Areas 
"Water cycle, including soil-related aspects", "Biodiversity and ecosystems" 
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and "Strategies for sustainable land management, including coastal zones, 
agricultural land and forests" of interest to mercury research, e.g. regarding 
"Integrated Coastal Zone Management (ICZM)" or on "Integrated risk-based 
management of the water-sediment-soil system at river basin scale", but 
personally I would consider there the involvement of mercury-specific 
approaches as of lower relevance. 

In addition to the Research Priority 6 mentioned above exists also in the 
Framework Programme a specific "Policy-oriented Research" subject, for 
which the policy-oriented Directorates General of the European Commission 
are directly suggesting the priority research themes to be addressed, in order 
to underpin the implementation of existing policy instruments (directives, 
regulations, etc) or to prepare new policy initiatives and strategies. The EU 
Mercury Strategy may formulate relevant policy-oriented research needs for 
future calls. 

The fourth and last major call for proposals within the 6th RTD 
Framework Programme will possibly be published by the end of 2004, with 
a deadline in 2005. However, the internal discussions about its priorities are 
still ongoing and no clear tendency can be deduced from those discussions at 
this moment. 

Also the first thoughts about the orientations of the next, 7th RTD 
Framework Programme (2006-2010) have been brought forward at political 
level: more technology research and development in support to the 
implementation of the objectives formulated at the Lisbon European Council 
summit, combined with the Goteborg Council conclusions on Sustainable 
Development; more emphasis on fundamental research, and continuation of 
the further implementation of the European Research Area, possibly with 
strengthened approaches of ERA-Nets and other joint national-EU funding 
mechanisms. In respect to environmental research three thematic areas 
become already "visible": environmental technologies, natural resources and 
complex systems, respectively. However, it is premature to speculate at this 
stage about any more detailed thematic priorities and the implementation 
mechanisms of the future. 
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INTRODUCTION 

There has been a gradual evolution of how EPA looks at the mercury 
problem, driven in part by the evolving science linking emissions, transport 
and fate with wildlife and human exposure and risk. The U.S. has moved from 
end of pipe/stack controls, to the concepts of pollution prevention and 
integration of approaches in interdisciplinary fashion, thereby avoiding the 
transfer the mercury problem from one medium to another, and to the 
recognition of mercury as a global problem. 

Mercury has been of concern to EPA since its inception in December 1970. 
In fact, concern over mercury was even a factor in the formation of the 
Agency. At that time, there was much public attention to mercury 
contamination of the U.S. waters. It was recognized that many industries 
discharged mercury to surface waters. Likewise, the first worker health 
standard developed by the new Occupational Health and Safety 
Administration pertained to inhalation of mercury vapor. 

We recognize that many countries, in particular Sweden and other Nordic 
countries, have had a lengthy acquaintance as well with mercury and are 
continuing to identify new and important areas in which to focus our attention. 

The sad mercury experience in Minimata, Japan in the 1960's contributed 
to an appreciation of how disastrously mercury entering a water body as 
methylmercury, or subsequently being methylated by bacteria, can transport 
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up the food chain to man and cause a range of adverse effects linked to dose 
and time of exposure. The Council on Environmental Quality (CEQ) Second 
Annual Report of 1971 included mercury in a short list of environmental 
toxins attributed to being a causal agent in the deaths of the American eagle 
and stated: 

....some problems are emerging with portentous implications. The 
accumulation of mercury in our waters is a serious problem that may 
become even worse as organisms continue to concentrate mercury 
through the food chain. The increases in complex toxic materials-both 
heavy metals and organic chemicals-may be serious long-term threats 
to human health and the life cycle upon which all men depend. 

While EPA recognized that many industries discharged mercury to surface 
waters, with some facilities discharging tons each year, and that some sources 
emitted mercury to air, there was little understanding or appreciation of the 
dimensions of mercury's behavior in the environment. There was little 
recognition of its international aspects or of its expected health risks from 
eating fish, since an adequate health assessment was not available for use in 
estimating risks of in utero exposures. 

Since then, the focus has grown not only to incorporate awareness of the 
domestic sources and deposition sinks, but also the international scope of this 
truly globally cycling, persistent bioaccumulative toxic substance, whereby all 
countries are seen to be both sources and repositories through deposition. 
Research monitoring and modelling have shown the linkage of coal burning 
and other emissions sources to atmospheric transport and deposition in water 
bodies with resultant uptake and bioconcentration in fish and exposure to 
humans and other living organisms. The U.S. EPA's 1997 Mercury Study 
Report to Congress, wherein this linkage was first reported in the U.S., was a 
big impetus for the most recent high priority given to mercury at EPA. 

It is timely that this workshop will further better information sharing and 
awareness of developments as well as needs of scientists in the monitoring and 
modelling sphere and that of the health community. EPA has been committed 
to enhancing government, industry and public awareness of mercury and its 
behavior in the environment, and effects to man. 

Mercury has been intriguing to man and utilized by him for hundreds, if not 
thousands, of years: the first Emperor of China died drinking mercury while 
thinking it was a source of youth and longevity, and of medicinal value; and, 
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beginning over 500 years ago, the Almaden mine in Spain supplied mercury to 
the new world to help extract the gold and silver contributing to Spain's 
wealth and stature over a significant span of time. The Almaden mercury was 
sent as the ballast in ships and the mined metals were the ballast on the return 
trip. Due to this practice of Almaden mining, it is in the mid 16th century that 
modern scientists begin to see a widespread distribution of anthropogenic 
mercury. The U.S.'s California goldrush in the mid nineteenth century also 
helped distribute mercury all over the globe due to the open burning of 
mercury used to amalgamate the gold (Schuster et al, 2002). Eighteenth and 
nineteenth century hat makers in Europe were known as mad hatters due to 
what later became recognized as the neurological effects of direct inhalation 
exposure to mercury in the processing. 

Fortunately, the new UNEP global mercury program, established in 
February 2003, provides an international mechanism which can further shape 
cooperation between counties. It is clear that cooperation between scientific 
disciplines and between the public and private sectors on a global scale is 
essential to better understand the linkage of emission sources and receptors, 
especially most vulnerable populations. This leads to more informed decision
making, buttressed by legislation, which can ultimately lead to reduced uses, 
emissions and deposition around the world. 

All countries contribute to the problem and can aid the solution by 
reducing use and emissions of mercury within their countries. EPA is 
committed to a strong mercury program at home and to an ongoing 
international engagement in concert with the UNEP global program and other 
bilateral and regional mechanisms. 

EPA is increasingly concerned about international as well as domestic 
sources of mercury. International uses and emissions of mercury account for a 
significant portion of mercury circulating in the atmosphere. An estimated 
one-third of all global mercury releases comes from fossil-fuel burning in 
Asia. 

Therefore, in order not only to take actions on mercury emissions at home 
but also provide leadership abroad, EPA's vision is to reduce uses and releases 
of mercury as much as possible, and make progress in collaborative 
monitoring, modelling and health activities, as well as in information sharing 
across these disciplines. EPA and the U.S. not only have lessons- learned to 
contribute, but much to benefit from others' experiences as well. 
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FRAMEWORK: CONCEPTUAL MODEL FOR 
MERCURY 

The following section describes the way in which EPA visualizes the 
nature of mercury behavior in the environment and its impact upon it. 

Mercury is emitted from natural and anthropogenic sources, where it can 
cycle globally, constantly moving among various environmental compartments 
through a complex combination of transport and transformation, finally 
resulting in human and wildlife exposure. 

While many mercury sources are well understood, others are poorly 
characterized. In the United States, the largest sources are coal-fired electric 
utilities, coal-fired industrial boilers, and gold mining. There are also natural 
sources of air emissions, e.g., volcanoes. Mercury discharges to surface waters 
from abandoned gold and mercury mines in the western U.S. have led to many 
fish advisories, but overall in 2003, there were 47 states, 1 territory, and 3 
tribes with such advisories (www.epa.gov/waterscience/fish). Total use of 
mercury in the U.S. economy has declined by over 80 percent since the late 
1980's, but mercury continues to be used in products and industrial processes, 
including electrical equipment, measurement devices, fluorescent bulbs, 
certain batteries, dental amalgam, preservatives in pharmaceuticals, as well as 
in the production of chlorine and caustic soda. 

The fate of mercury emissions depends on various factors, including the 
form (species) of mercury emitted, the location of an emissions source, the 
topography near the source, and the prevailing circulation patterns. Typical 
combustion processes, e.g., incinerators, emit three different forms: 1) 
elemental mercury, believed to have a half life of about one year and to travel 
globally (see footnote one below); 2) particulate-bound mercury, which, 
depending upon particle size, can deposit over a variety of distances; and 3) 
oxidized mercury (sometimes called ionic) mercury, predominantly in water 
soluble forms, with mercuric chloride being the chief suspect, which can 
deposit from the atmosphere relatively quickly, even in the absence of 
precipitation. For these reasons, atmospheric mercury is transported and 
deposited at the following scales: 

1. Local scale impacts result from deposition relatively close to an 
emissions source. For example, a source emitting primarily RGM can 
be expected to have a relatively high fraction of its mercury emissions 
deposited within 50 kilometers and have significant local-scale 
impacts. 

2. Regional scale impacts result from deposition associated with long-
range transport of emissions beyond the local scale, but generally 

http://www.epa.gov/waterscience/fish
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within a 1000-kilometer range. For example, depending on atmospheric 
conditions and climate, RGM or elemental mercury emitted from a tall 
stack might have regional scale impacts. 

3. Continental scale impacts result from emissions being transported 
even longer distances and depositing across an entire continental area. 
For example, mercury that is emitted as elemental and a small amount 
of RGM lofted high in the atmosphere by convective currents or 
adsorbing to fine aerosol particulate matter might have continental 
scale impacts. 

4. Global scale impacts result from emissions that become part of the 
global pool, where they can remain for months or years. For example, 
elemental mercury (or RGM chemically reduced to elemental mercury 
before deposition) can be transported in air for many months, 
eventually being oxidized and deposited at any location around the 
globe. 

Once it enters freshwater or marine ecosystems, mercury tends to 
accumulate in biota, or in sediments where a portion of the mercury can be 
methylated and subsequently accumulate through food webs into predator fish, 
mammals, and birds. The degree of methylation varies from one ecosystem to 
another, depending on biogeochemical factors, and is a controlling factor in 
the biomagnification of mercury. 

Exposure to humans and terrestrial wildlife is primarily through eating fish, 
fish-eating marine mammals (for various sub-populations, including various 
tribes in the Arctic), or the eggs of piscivorous birds. In fish, the mercury is 
almost all methylmercury. (While inorganic mercury may also be present in 
blood, it is generally below the limit of detection, making total mercury 
concentration in blood a generally good indicator of methylmercury exposure.) 
Mercury in urine reflects elemental and inorganic exposure (and not 
methylmercury exposure). 

The oceans and coastal marine ecosystems are recipients of mercury 
carried by river systems of the world and large scale atmospheric mercury 
deposition. They are potential sinks for mercury and also sources of mercury 
to the atmosphere. 

The dynamics of the chemistry, fate, and transport of mercury in pelagic 
(open ocean) and coastal marine ecosystems are different and not well known. 
The data are not yet clear as to whether consistent reductions have occurred in 
recent decades, despite a large reduction in mercury use. 

While the general outlines of mercury sources, fate and transport, and 
bioaccumulation are well understood, there remains considerable uncertainty, 
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particularly concerning the detailed processes involved in mercury transport 
and fate and the rate-controlling factors. 

MAJOR MILESTONES IN MONITORING, 
MODELLING AND HEALTH RESEARCH, AND 
ASSESSMENT 

A number of accomplishments deserve attention, recognizing in each case 
the importance of EPA's internal coordination and cooperation with others on 
many levels. 

Transport and Fate 

Progress to Date in Monitoring 

Mercury and Polar Sunrise. One of the key findings presented in the Arctic 
Monitoring and Assessment Program (AMAP) Phase II Heavy Metals 
Assessment Report, accepted by the Arctic Council of Ministers in 2003 and 
expected for publication by December 2004, is the transformation of mercury 
in the Arctic at polar sunrise. EPA has been instrumental in investigating the 
nature and geographical extent of the phenomenon termed Arctic Sunrise 
where atmospheric elemental gaseous mercury levels have been shown to drop 
drastically during the Arctic Spring when sunlight returns to the region. 
Indeed, this is seen to be a polar phenomenon, occurring at both poles, based 
on research findings in the Arctic as well as in the Antarctic, where EPA has 
collaborated with Italy at their monitoring site there. EPA has a particular 
focus in the Arctic, due to State of Alaska issues and concerns about mercury 
generally, which has led EPA to participate in the Arctic Council's Arctic 
Council Action Plan (ACAP) Mercury Project. The majority of atmospheric 
mercury is present in elemental form, but transformation to reactive gaseous 
mercury (RGM), which has much higher wet and dry deposition rates, is now 
known to occur. Thus, speciation of mercury is of particular interest in the 
Arctic because of the sunrise phenomenon and the greater local impact of 
reactive forms. 

Since 2000 EPA scientists have designed and implemented a series of 
atmospheric mercury speciation studies. Successful work first completed in 
Barrow, Alaska led to implementation of partnership studies during 2002 and 
2003 at the Italian South Pole Atmospheric Terra Nova Science Research Base 
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and at the Norwegian Polar Research Base at NyAlesund. EPA scientists 
provided training to collaborators and helped design and install specialized 
instrumentation at all three polar monitoring sites. The primary objectives of 
monitoring studies conducted during polar sunrise were threefold: 

1. Measure and speciate the various forms of mercury in air and snow 
(i.e. elemental mercury (Hg°), Reactive Gas Phase Mercury (HgX2-
where X is a halide) and fine particle bound mercury (Hg(p)), 

2. Obtain snow samples for subsequent chemical analysis, and 
3. Obtain air quality data and meteorological measurements. 

These measurement campaigns were designed to obtain information on the 
factors that lead to mercury depletion events (MDEs), to better understand 
them and model their impacts on the half-life of mercury in the atmosphere. 

Progress to Date in Modelling 

A special version of the EPA Community Multi-scale Air Quality (CMAQ) 
model has been developed to include atmospheric mercury reactions, aqueous 
mercury processes, and wet and dry deposition of mercury. EPA models have 
been expanded to simulate atmospheric mercury in addition to all other air 
pollutants. In FY2002 and 2003, the mercury model was applied as part of an 
Intercomparison Study of Numerical Models for Long-Range Atmospheric 
Transport of Mercury conducted by the Co-operative Program for Monitoring 
and Evaluation of the Long-Range Transmission of Air Pollutants in Europe 
(EMEP) in support of the Convention on Long-Range Transboundary Air 
Pollution (LRTAP). In FY2003, an initiative was begun to conduct a similar 
study focused on North America and the likely effectiveness of proposed 
emission reductions there. 

Summary of work: A special version of the mercury model has been 
developed to include atmospheric reactions, aqueous processes, and wet and 
dry deposition. These process descriptions continue to evolve as scientific 
information on mercury behavior is published in the scientific literature. 
Laboratory investigation of mercury chemistry is currently underway or 
planned at a variety of scientific organizations around the world, including 
those sponsored by EPA/ORD's Science To Achieve Results (STAR) program. 
As these scientific investigations report their results, we will continue to work 
under this task to further refine the mercury model to ensure that it reflects the 
best scientific information available about the processes controlling 
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atmospheric mercury transport and fate. This task also focuses on sensitivity 
testing of the model and assessment of its ability to reproduce observed 
mercury deposition and air concentration data. It also includes 
intercomparison of the EPA mercury model results with those obtained from 
other models using similar initial and boundary conditions, emissions 
information, and meteorological forcing. The logical structure of this multi
media model linkage is yet to be determined, but preliminary plans have been 
developed to use individual compartmental model treatments for each of the 
various surface types underlying the horizontal grid cells of the mercury 
atmospheric model structure. 

EPA plans to collaborate with Italy's Division of Rende of the Institute for 
Atmospheric Pollution to further shape a modelling framework which 
incorporates the recent halide chemistry research. This will be a valuable 
platform for inserting Mauna Loa, Ny Alesund, and other mercury data. 

The Everglades Example 

It is important to appreciate that in the Florida Everglades, progress in 
reduction of mercury in fish tissue levels has been measured over a multi-year 
span through collaborative monitoring activities involving Federal EPA and 
State of Florida cooperation. This information contributes to our 
understanding of time scales required for improvement in the environment 
following management actions. However, ecosystems are unique in their 
response times, and the Everglades example may not be indicative of other 
freshwater systems. We know very little at present about marine systems and 
the time required for improvement in fish tissue levels there. 

Health 

As reported in the 1997 EPA Mercury Study Report to Congress 
identifying the link between mercury sources emissions and adverse levels of 
mercury in fish, EPA used a Reference Dose (RfD) of 0.1 micrograms per 
kilogram of body weight per day, to estimate human health risks in the United 
States associated with the ingestion of fish. The National Academy of 
Sciences (NAS) report on the Toxicological Effects of Methylmercury (NRC, 
2000) confirmed this reference dose, which is equivalent to eating 3 tuna 
sandwiches per week, and estimated that more than 60,000 U.S. children are 
born each year with neurological risk due to exposure to mercury while in the 
womb and may, as a result, suffer learning disabilities. The NAS Report 
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furthered the drive for interagency cooperation by calling for the need to 
establish a common scientific basis for exposure guidance among federal 
agencies in light of the fact that they operate under different legal and 
regulatory authorities. In 2001, a nation-wide random sample of women of 
child-bearing age conducted by the U.S. Centers for Disease Control and 
Prevention (CDC) (NHANES) indicated that over 8 percent have exposures 
exceeding the RfD. 

Joint EPA and FDA Fish Advisory (March 2004) 

About 47 states have fish-consumption advisories for mercury. Mercury is 
the key reason for these advisories in the U.S. EPA is responsible for national 
freshwater fish advisories, while the Food and Drug Administration (FDA) 
gives guidance on commercial fish. 

EPA and FDA have been consulting on the health issues related to mercury 
for many years. In March, 2004, EPA and FDA issued AAdvice For: Women 
Who Might Become Pregnant, Women Who are Pregnant, Nursing Mothers, 
Young Children. The advisory stated that: 

Fish and Shellfish are an important part of a healthy diet. Fish and 
Shellfish contain high-quality protein and other essential nutrients, are 
low in saturated fat and contain omega-3 fatty acids. A well balanced 
diet that includes a variety offish and shellfish can contribute to heart 
health and children's proper growth and development. So, women and 
young children in particular should include fish or shellfish in their diets 
due to many nutritional benefits Yet, some fish and shellfish contain 
higher levels of mercury that may harm an unborn baby or young child's 
developing nervous system. The risks from mercury in fish and shellfish 
depend on the amount offish and shellfish eaten and the levels of 
mercury in the fish and shellfish. Therefore, the Food and Drug 
Administration (FDA) and the Environmental Protection Agency (EPA) 
are advising women who may become pregnant, pregnant women, 
nursing mothers, and young children to avoid some types offish and eat 
fish and shellfish that are lower in mercury " 

Information can be obtained at the following web site: http://www.epa.gov/ 
ost/fishadvice/advice.html. 

http://www.epa.gov/
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MILESTONE U.S. ACCOMPLISHMENTS IN 
REDUCING MERCURY USE AND EMISSIONS 

Monitoring, modelling and health data factor significantly into EPA's well-
integrated multi-media approach involving every program office in the Agency 
to reduce human and ecological exposure to mercury. EPA regulates many air 
emissions and direct discharges to water; encourages industries to develop 
substitutes for mercury in products and industrial processes and collaborates 
with industry on their voluntary programs; helps states to warn the public 
about the risks of eating locally caught fish; coordinates with FDA to provide 
commercial fish advisories; and undertakes an extensive research development 
and assessment program to better understand how mercury behaves in the 
environment, its human health effects, and how to reduce releases to the 
environment. 

Some of EPA's earliest actions, concluded in 1971 under the Refuse Act to 
stop harmful discharges of harmful material, pertained to mercury. At that 
time, out of 10 facilities, there were nine stipulations for discharge reduction 
and one plant shutdown, resulting in a total reduction in mercury discharged 
from 139 to 2 pounds per day, and plans with industry for further reduction 
were being set into place (CEQ Second Annual Report, 1971). 

Reducing Mercury Emissions 

The current major U.S. mercury emission sources, according to EPA's 
latest national emissions inventory (NEI) are indicated in the following Table 
1. 

The nation has made significant progress towards reducing mercury 
emissions. As a result of various risk management actions, primarily EPA 
regulatory controls for incinerators, total US anthropogenic emissions have 
declined in recent years as follows: The US-EPA estimates that U.S. annual 
direct emissions from industrial processes totaled 210 short tons (191 metric 
tons) in 1990, 185 short tons (168 metric tons) in 1996, and, as indicated 
above, about 118 short tons (107 metric tons) in 1999 (the most recent NEI 
inventory year). 
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Tablel. U.S. National Emissions Inventory. 

Source Category 

Utility Coal Boilers 

Industrial Boilers 

Medical Waste Incineration 

Municipal Waste Combustion 

Hazardous Waste Incineration 

Chlorine Production 

Gold Mining 

Other* 

Total 

1999 (tons) 

47.9 

12 

2.84 

5.1 

6.58 

6.53 

11.5 

25.3 

117.76 

* Other includes, but is not limited to such items as, cement production, 
general coal usage, oil, gas and biofuel usage, and miscellaneous 
industrial processes. 

Incinerators 

EPA has successfully regulated mercury from municipal waste and medical 
waste incinerators., which require reductions of emissions by over 90 percent. 
Prior to implementation of these regulations, these two sources, considered 
together, were the largest anthropogenic, or man-made, sources in the U.S. 
after coal-fired electric utility boilers. EPA has also regulated hazardous waste 
incinerators, with higher emission reductions required. 

Chloralkali Mercury Cell Facilities 

Regulatory Action for Chloralkali plants: There are water, waste, and air 
regulations that pertain to the mercury cell sector, dating to the 1970's. EPA 
has recently promulgated a Maximum Achievable Control Technology 
(MACT) standard for chloralldai plants that will require actions to further 
reduce mercury emissions. 

The Voluntary Mercury Initiative of U.S. Chloralkali Factories. The 
Chlorine Institute has developed operational guidance to factories regarding 
how to curtail mercury air emissions. Information can be found at an EPA 
web site: http://www.epa.gov/region5/air/mercury/reducing.html#chlor-
alkali. In 1996, U.S. mercury-cell chloralkali factories began a voluntary 

http://www.epa.gov/region5/air/mercury/reducing.html%23chlor-
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mercury stewardship project. This effort was announced upon proposal, in 
Spring of 1997, of the Binational Toxics Strategy for collaboration between 
the U.S. and Canada to address mercury (see Section V). 

Through 2001, the 9 U.S. mercury cell factories have reduced their 
mercury losses by 75 percent (on a capacity-adjusted basis that accounts for 
factory closures). This represents reduced consumption (loss from the 
production process) of 120 tons per year, an environmentally significant 
amount. Some of this mercury likely is trapped within tanks and piping of a 
factory. Some is likely landfilled, in compliance with environmental 
regulations. Yet, clearly the U.S. industry's voluntary efforts have paid 
attention to prevention of fugitive mercury air emissions. Practical steps have 
included revision to maintenance procedures, to include cool-down of 
equipment prior to invasive maintenance that could expose mercury to the air; 
less frequent invasive maintenance; adoption of a UV-light that allows 
workers to discern mercury vapor leak points at their origin. 

The U.S. industry, through The Chlorine Institute, has supported transfer of 
environmental management lessons to chloralkali factories in developing 
countries. The Chlorine Institute has provided all of its environmental 
management materials to counterpart professional associations in South 
America and India. There are about 30 mercury cell factories in these two 
regions. The Alkali Manufacturers Association of India reports reduced 
mercury consumption of about 50 percent since 1999, approaching 
consumption rates at U.S. factories before onset of their voluntary program 
(Frank Anscombe, EPA, personal communication). 

OTHER SIGNIFICANT USE AND EMISSIONS 
REDUCTIONS 

Mining Voluntary Activities The last mercury ore mine in the U.S. closed in 
1990, and gold mining by-products are the only current mining related source 
of mercury. A voluntary partnership with the gold mines in the State of 
Nevada has been in place since 2002 to reduce air emissions through process 
modifications or installing controls. This valuable cooperation may lead to 
more mining companies to join into the voluntary program, and it is leading to 
the development of new pollution prevention techniques. 

Steel Mills Voluntary Actions Three steel mills in Northwest Indiana -
International Steel Group (Burns Harbor), Ispat-Inland (East Chicago), U.S. 
Steel (Gary) - have produced a progress report on achievements under their 
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voluntary mercury reduction agreement (signed in 1998 with the Lake 
Michigan Forum, US-EPA, and Indiana Department of Environmental 
Management (DEM), and coordinated by the Delta Institute). This agreement 
resulted in a project which called for a 33 percent reduction in usage of 
mercury-containing equipment within two years, an additional 33 percent in 
four years, and 90 percent within 10 years. The progress report states that "the 
project has met with genuine enthusiasm in the plants...and has exceeded 
expectations." Between 1999 and 2003, the three facilities removed 
approximately 3700 pounds of mercury for disposal or recycling, roughly 80 
percent of the mercury present at the facilities. The progress report also 
expresses the hope that the Binational Toxics Strategy can be used to "help to 
recruit other companies and facilities to pursue similar work." The full report 
is available at: http://www.epa.gov/region5/air/mercury/nwindianareport3-17-
04.pdf. 

Products There has been a dramatic drop in mercury use in the U.S. over 
the last two decades due to legislation and a number of regulatory and 
voluntary programs implemented at the national, state or local level. In the 
U.S., mercury has been taken out of paints (where it was used as a fungicide), 
pesticides, certain batteries, and other products as mercury-free alternatives 
have become available. EPA, states, tribes, local governments and non
governmental organizations are working together to further reduce the use of 
mercury in products and processes. 

NEI EMISSIONS AND TRI RELEASES TO AIR, 
WATER, AND LAND REPORTING 

Overview 

Key to understanding progress made over time in mercury emissions 
reduction has been the U.S. emissions accounting programs, the National 
Emissions Inventory (NEI) and the Total Release Inventory (TRI). 

The NEI is a comprehensive inventory with consistent methodologies 
covering criteria pollutants and 188 hazardous air pollutants (HAPs), including 
mercury, whose data can be used for modelling. The current inventory 
contains speciated emissions for various mercury sources. The latest NEI data 
are for 1999 and can be found at http://www.epa.gov/ttn/hchiefnet/1999 
inventory.html#final3haps. 

http://www.epa.gov/region5/air/mercury/nwindianareport3-17-
http://www.epa.gov/ttn/hchiefnet/1999
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The TRI is a Community Right-to-Know Inventory in which industrial 
facilities meeting certain criteria are required to report annually on the releases 
to air, land and water of over 640 chemicals. The latest TRI data are for 2001. 
TRI data can be found at the following website: http://www.epa.gov/tri/ 
tridata/tri01/data/index.htm. While TRI provides information on mercury point 
sources, it is not a modelling inventory and does not contain individual stack 
emissions for facilities nor stack parameters\, e.g., speciation, necessary for 
modelling. TRI is not comprehensive for all point and nonpoint sources in the 
US. 

Releases to Land and Water 

While deposition of air emissions is the primary route by which mercury is 
finding its way into fish and ultimately people and wildlife, mercury is also 
released to water and land. Current data suggest that releases to water are 
minimal, but that land releases in the United States, primarily from minerals 
mining in general and that of gold in particular, are large. For example, In 
2001, TRI reported that about 1929 metric tons of mercury were released in 
this manner. While it is believed that most of this mercury is bound up with 
other substances, the environmental impacts are uncertain. 

COOPERATIVE INSTITUTIONAL ARRANGEMENTS: 
HISTORY AND PROCESS 

A number of key examples highlighted in this section illustrate the 
importance of cooperation and some of the mechanisms under which progress 
in addressing mercury has been furthered domestically and internationally. 

Within EPA 

The Persistent Bioaccumulative Toxics (PBT). Initiative EPA has been 
organized since its inception in 1970 according to the various media, such as 
air and water, in order to resolve environmental issues in those media. 
Accordingly, while each individual EPA office and region did a good job in 
undertaking solutions to reduce pollutants in one place, the holistic picture was 
sometimes not considered, which created a new issue for another office by 
moving the pollutant from one compartment to another. Recognition of this 
problem led to a new approach through creation of the Persistent 

http://www.epa.gov/tri/
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Bioaccumulative Toxics (PBT) Initiative in 1998. Mercury was identified as a 
priority for attention, and the program has aided Agency decision-making, for 
example in support of trends monitoring. 

1997 Mercury Study Report to Congress. In 1997, EPA reported to 
Congress the magnitude of the mercury emissions and the nature of the 
problem in the U.S. by describing sources, the health and environmental 
consequences of those emissions, and opportunities for technologies to 
address the sources of anthropogenic mercury. All key offices contributed to 
this Report to Congress (EPA, 1997), which serves as a foundation for the 
EPA risk assessment and risk management vision, contributing to the choices 
we have made and will make to address mercury. This document is significant 
in that it is the first time EPA reported the plausible link between human 
activities that release mercury from industrial and combustion sources across 
the U.S. and methylmercury concentrations in wildlife and in man. It included 
the assessment which estimated that between one and three percent of women 
of childbearing age (between 15 and 44 years of age) in the U.S. eat sufficient 
amounts of fish for their fetuses to be at risk from methylmercury exposure. 
Wildlife was also identified to be at risk. It is the most comprehensive human 
health and environmental assessment of mercury and methylmercury to date. 

Mercury Research Strategy. The Mercury Research Strategy, published in 
2000, has been the driver for EPA research planning and budgetary decisions 
to address mercury, and involves cooperation across the agency and with other 
agencies, the states and the private sector. The Strategy builds on the 1997 
Report to Congress identified research needs to improve mercury risk 
assessment and risk management activities, and called for development of a 
research strategy. In order to guide how EPA addresses remaining 
uncertainties in risk assessment and risk management of mercury, a team of 
EPA scientists and engineers from across the Office of Research and 
Development (ORD) and the agency program offices and regions focused on a 
range of research topics and posited six core research questions and research 
needs to be addressed through implementation of the strategy. 

1. Transport and fate: How much methylmercury in fish consumed by the 
U.S. population is contributed by U.S. emissions relative to other 
sources of mercury (natural sources, those of other countries, and re-
emitted mercury from the global pool); and how much and over what 
time period will levels of methylmercury in fish in the U.S. decrease 
due to reductions in environmental releases from U.S. sources ? 

2. Combustion sources: How much can mercury emissions from coal-
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fired utility boilers and other combustion systems be reduced with 
innovative mercury and multi-pollutant control technologies; 3) Non-
combustion sources: What is the magnitude of contribution of mercury 
releases from non-combustion sources; how can the most significant 
releases be minimized? 

3. Ecological effects and exposure: What are the risks associated with 
methylmercury exposure to wildlife species and other significant 
ecological receptors? 

4. Human health effects and exposure: What critical changes in human 
health are associated with exposure to environmental sources of 
methylmercury in the most susceptible human population; how much 
methylmercury are humans exposed to, particularly women of child-
bearing age and children, what is the magnitude of uncertainty and 
variability of mercury and methylmercury toxicokinetics in children? 

5. Risk communication research: What are the most effective means for 
informing susceptible populations of the health risks posed by mercury 
methylmercury contamination offish and seafood? 

ORD Strategic Research Multi-Year Planning To implement the Mercury 
Research Strategy, EPA's research agenda and multi-year research plan has 
been prepared, with funding attention in near-term to transport and fate, 
health and power plant coal combustion sources, supportive of EPA 
regulatory development for the power sector, and with gradually increasing 
focus over time to the non-combustion and ecological dimensions. The 
multi-year plan long-term research goals are: 1) to reduce and prevent 
releases of mercury into the environment; and 2) to understand the transport 
and fate of mercury from release to the receptor and its effects on the 
receptor. The period of time covered is 2002-2010. The Mercury Multi-Year 
Research Plan Website is: http://intranet.epa.gov/ospintra/Planning/ 
mercury.pdf 

Star Grant: To achieve the goals of the research strategy, research is 
being conducted through in-house resources and through the EPA STAR 
Grants Program, under the EPA Office of Research and Development. The 
Science to Achieve Results (STAR). STAR work on mercury began in 1999 
when a series of grants were funded to the U.S. and international research 
community to help the Agency understand the processes that influence 
human and ecological exposure to mercury. With this information, risk 
management strategies for mercury can be developed using sound science. 
Scientists are working with information around the globe to develop a better 
understanding of the natural and manmade emissions of mercury to the air, 

http://intranet.epa.gov/ospintra/Planning/
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and the atmospheric processes that affect the transport, transformation and 
deposition of those emissions. The following are Mercury STAR Grants 
websites: http://es.epa.gov/ncer/ publications/ topical/mercury.html; URL: 
http://cfpub.epa.gov/ncer_abstracts/ 
index.cfm/fuseaction/recipients.display/rfa_id/109; 
http://cfpub.epa.gov/ncer_ 
abstracts/index.cfm/fuseaction/recipients.display/rfa_id/297. 

ORD-Sponsored International Workshop In addition to ongoing research, 
a series of five international technology transfer workshops were convened 
by EPA's Office of Research and Development (ORD). Recognizing the 
importance of collaboration with other Federal and State agencies and 
industry to address research needs and meet goals of the ORD Research 
Strategy, these meetings involved other agencies, such as U.S. Geological 
Survey (USGS) and the Department of Energy (DOE), various States, 
academia and the public. The five workshops and their report references are: 

1. Workshop on Source Emission and Ambient Air Monitoring of 
Mercury, Bloomington, Minnesota, September 13-14, 1999. 
(EPA/625/R-00/002); 

2. Workshop on Mercury in Products, Processes, Waste and the 
Environment, Baltimore, Maryland, March 22-23, 2000. (EPA/625/R-
00/014); 

3. Workshop on Mercury in Mining, San Francisco, California, November 
28-Decemberl, 2000 (draft proceedings); 

4. Workshop on the Fate, Transport, and Transformations of Mercury in 
Aquatic and Terrestrial Environments, West Palm Beach, Florida, May 
8,2001. (EPA/625/R-02.005); 

5. Workshop on Breaking the Mercury Cycle: Long-Term Management of 
Surplus Mercury and Mercury-Bearing Waste, Boston, Massachusetts, 
April 2002. 

Cooperation with Other Agencies, States and Tribes 

U.S. Geological Survey (USGS): In June 2000, EPA and USGS formed the 
EPA-USGS Mercury Roundtable as a means to communicate on a staff level 
via teleconference on a regular basis every three months about the most 
important research and policy developments of interest to both agencies. It is 
open to all interested government agency representatives, including Federal, 

http://es.epa.gov/ncer/
http://cfpub.epa.gov/ncer_abstracts/
http://cfpub.epa.gov/ncer_
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state, and local agencies and Tribes, as well as governments of Canada and 
Mexico. It now draws large numbers of participants from across the country, 
with approximately 100 persons at any particular meeting. 

National Oceanic and Atmospheric Administration (NOAA) and 
Department of Energy (DOE): EPA has collaborated with NOAA and DOE in 
conducting Arctic monitoring for mercury at Barrow, Alaska where the polar 
phenomenon has been investigated. EPA has benefited from NOAA's 
monitoring infrastructure and at the Mauna Loa, Hawaii high altitude site 
where EPA has added research and trends mercury measurements. NOAA's 
long-term carbon dioxide record since the late 1950's there, as well as other 
measurements, augment our data and help in its interpretation. 

Food and Drug Administration (FDA): EPA and the Federal Drug 
Administration have been coordinating recently in order to shape a joint health 
advisory for mercury and statement to the public on consumption offish. 

State: Many states have been very active in addressing mercury pollution 
and exposure and continue to work collaboratively with EPA on a range of 
mercury issues and programs. For example, EPA and the State of Florida were 
concerned about high mercury levels in fish and birds in the Florida 
Everglades and collaborated on monitoring and modelling for mercury. These 
efforts helped to identify local sources contributing to the mercury deposition 
in the Everglades and to document observed reductions in fish tissue resulting 
from emission controls on medical and municipal waste incinerators. 

Tribes: Several mechanisms exist for outreach and coordination with tribal 
governments. The United States government has a trust responsibility to 
Federally-recognized Indian tribes that arises from Indian treaties, statutes, 
executive orders and the historical relationships between the United States and 
Indian tribes, a government-to-government relationship. The Council provides 
a forum for tribes and EPA to identify priority environmental science issues 
and collaboratively design effective solutions. The Council seeks to increase 
tribal involvement in EPA's scientific activities - building bridges between 
tribal and Agency programs. 

Regional North American Cooperation: EPA has been very involved in 
promoting North American cooperation to address mercury. The Canada-US-
Mexico North American Free Trade Agreement (NAFTA) catalyzed the three 
countries to develop and establish the 1994 North American Agreement on 
Environmental Cooperation (NAAEC). The NAAEC established the North 
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American Commission for Environmental Cooperation (NACEC). The 
NACEC has developed a North American Regional Action Plan (NARAP) for 
mercury and is also building a monitoring strategy, with assistance being given 
to Mexico. 

Bilateral Collaboration with Canada: Under the Council of Environmental 
Quality (CEQ) and from the earliest days of EPA, cooperation with Canada 
and the International Joint Commissions (UC) in the Great Lakes on mercury 
issues has been a priority. Since 1972, EPA and Environment Canada have co-
led binational cooperation to protect human health and the ecosystem in the 
Great Lakes Basin. These binational Great Lakes protection and restoration 
efforts since 1972 have included priority work and goals on heavy metals and 
mercury contamination in the aquatic food chain. Since 1997, the U.S. and 
Canada have a Binational Toxics Strategy which seeks a 50 percent reduction 
nationally in use of mercury and a 50 percent reduction in mercury release to 
the air and water in the Great Lakes Basin, based on 1990 levels. Monitoring 
and modelling are tools supporting the goals. A mercury workgroup, 
consisting of state, provincial, local and tribal governments, industry and non
government organizations, led by EPA and Environment A New England 
Governors and Eastern Canadian Premiere's Mercury Action Plan, adopted in 
1998, focuses on U.S. and Canadian cooperation to address mercury in the 
Northeast and in addition to setting emissions reduction targets for identified 
sources and risk communication. The most recent webpage is: www.cap-
cpmaca/images/pdi7eng/2003reportmercury.pdf. Additionally, EPA scientists 
are involved in a Northeastern Ecosystem Research Cooperative (NERC) 
Mercury Research Group which promotes collaboration among ecosystem 
research scientists in the NE U.S. and eastern Canada. They monitor and 
model mercury distribution in this region. Their website is: http://www. 
ecostudies.org/nerc/ 

Other Bilateral Cooperation: By 1970, the U.S. and Japan had a long
standing U.S.-Japan Cooperative Program on Natural Resources and joint 
programs for air and water quality. This has been continued and 
strengthened through the years. Mercury was on the agenda of discussion at 
the recent April 2004 visit by the EPA Administrator to Japan. As early as 
1971, EPA was shaping liaison on environmental matters, although not 
necessarily involving mercury, with Mexico, Spain, France and Germany 
(CEQ Second Annual Report, 1971). More recently, EPA has developed a 
Letter of Agreement specifically for mercury with the Italy Rende Institute 
to facilitate cooperation in monitoring, modelling and health issues. This 

http://www.cap-
http://www
http://ecostudies.org/nerc/
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workshop is a result of this collaboration. EPA also gave thought early-on to 
exploring opportunities for cooperation on environmental matters with 
developing countries, such as Poland, Yugoslavia and India (CEQ Second 
Annual Report, 1971). With heightened interest now in EPA regarding the 
new UNEP Global Mercury Program and the role of international mercury 
sources to mercury deposition in the U.S., EPA's Office of International 
Affairs has considered how to build efficiencies into how we coordinate 
with and assist developing countries to meet their mercury goals for 
pollution prevention and emissions reductions, as well as improve our 
understanding, through monitoring and modelling, of apportionment of 
international and domestic releases of mercury which contribute to U.S. 
deposition of mercury. See Section VII for more information. 

Russia: EPA helped initiate an Arctic Council Action Plan Mercury 
Project, involving all 8 Arctic countries, whereby special assistance is also 
given to Russia. This Arctic Council project is described later in this section 
under Multilateral Global Cooperation. 

China: EPA has a new Memorandum of Understanding with China and is 
in the initial stages of developing joint ambient monitoring at mutually 
selected coal-fired facilities in China, as well as enhancing awareness of 
mercury issues. EPA is working with the State Environmental Protection 
Administration (SEPA), as well as a non-governmental organization (NGO), 
Global Village Beijing. The ambient mercury speciated measurements 
activity, which can identify local scale deposition as well as that portion which 
will travel regionally and globally, can be informative to SEPA's new effort to 
highlight the importance of mercury domestically and its development of 
national policy. EPA will seek to coordinate its China measurements with 
those of the U.S. Department of Energy in China and its liaison with the 
Chinese Ministry of Science and Technology (MOST) in taking stack 
measurements. Next year, EPA will coordinate with USGS to provide 
technical support for mercury for an anticipated, new USGS-led multi-partner 
initiative in China to bring about more cooperation between the geological 
sciences and health communities in S.W. China, involving scientist and 
student exchanges and telemedicine. 

India: EPA has a new Memorandum of Understanding with India and this 
year is identifying a mercury energy sector monitoring activity, to initiate 
monitoring of mercury at the stack at selected coal-fired facilities. 
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Also, EPA participated in April 2004 in a chloralkali sound environmental 
practices workshop in Delhi, sponsored by the private sector, where practical 
methods to reduce mercury emissions were shared. 

Multilateral Global Cooperation 

UNEP: In 2000, EPA began to take an interest in a global mechanism to 
address mercury, as progress was being made in the technical understanding of 
global behavior and fate of mercury in the environment, and sufficient 
coordination was taking place on many scales which could facilitate the 
consultations and activities under a global program for mercury. EPA and 
Department of State looked to the United Nations Environment Program 
(UNEP) and its Chemicals Division for a way forward on addressing mercury 
at this international level, and led the negotiation of a UNEP Governing 
Council decision in February 2001 that instructed UNEP to conduct a global 
assessment of mercury and its compounds. The first step was development of a 
technical assessment document, which was accepted by the February 2003 
UNEP Governing Council and formed the basis for its decision to initiate a 
global program. Countries are asked by UNEP to take immediate actions to 
assist developing and re-industrializing countries to address mercury, and this 
is what EPA is working on furthering, in concert with other U.S. agencies and 
the public and private sector and with other countries. 

Other UN Work Co-Led by WHO/UNEP/ILO: Since the 1970s, EPA has 
contributed to many UN interagency efforts on chemical safety, including 
scientific and risk assessment work on heavy metals, including mercury. It is 
worthwhile to note that the first Environmental Health Criteria publication by 
the joint World Health Organization (WHO) and UNEP, publicly released in 
1976, is on mercury. Beginning in the 1980s, EPA helped launch and begin 
implementation of the new United Nations International Programme on 
Chemical Safety (IPCS) effort involving the WHO, UNEP and International 
Labor Organization (ELO), in liaison with the Food and Agriculture 
Organization (FAO). One of the reasons for EPA's priority support and 
involvement in the IPCS has been to help strengthen regional and global 
cooperation to increase knowledge about and to better control heavy metals 
pollution, including mercury. Around 1984, EPA was supportive of the IPCS 
and the OECD Secretariat establishing a formal, regular, cooperative approach 
on hazardous and toxic chemicals, for example on mercury. 
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UNIDO: The UNEP Global Mercury Assessment identified artisanal 
mining as a key source of mercury emissions to the global pool, and it is 
recognized that it has been under-represented in global inventories to date. It 
would be valuable to not only obtain a better perspective on the extent of these 
practices around the world and the nature of the emissions, but also to help 
bring about, in concert with UNIDO, application of more efficient 
technologies which use and emit less mercury, as well as introduction of non-
mercury processes. UNIDO's Global Mercury Project last year extended to 
EPA an invitation, which EPA accepted, to take part on their Advisory Board 
and provide advisory services and technical field support for their global 
program assessing environmental and health impacts and promoting reduction 
of mercury emissions and sustainable development for artisanal miners who 
use mercury while mining for gold around the world. Six countries are 
UNIDO's focus: Brazil, Indonesia, Laos PDR, Sudan, Tanzania and 
Zimbabwe. 

Arctic Council Action Plan (ACAP) Mercury Project: In the Arctic, due to 
meteorological conditions, mercury that travels in the atmosphere from other 
parts of the globe is deposited and can remain in the Arctic region. The U.S. is 
participating in an Arctic-wide Arctic Council Action Plan (ACAP) project on 
mercury, entitled: AReduction of Atmospheric Mercury Emissions from Arctic 
Countries. A circumpolar perspective on mercury is being obtained by all 
countries contributing to a regional inventory for mercury, as well as assisting 
Russia in shaping its own inventory, and then conducting one or more pilot 
projects in Russia for emissions reduction and possibly workshops for 
exchange of information about best practices and cleaner technology. During 
the first phase, all 8 Arctic countries shaped a regional inventory, which has 
just been finalized. EPA feels that this ACAP project also provides an 
opportunity to further the objectives of the new UNEP Global Mercury 
Program, which has identified development of inventories and action plans at 
the national and regional levels, as well as information sharing and pilot 
activities to explore ways to control emissions in key source categories in 
developing or re-industrializing countries. 

Arctic Monitoring and Assessment Program (AMAP): The USEPA 
served on behalf of the United States in its role as Lead Country for Heavy 
Metals under the Arctic Council, Arctic Monitoring and Assessment 
Programme. An EPA scientist assumed the role of Lead Country Expert for 
the U.S., and chaired the Heavy Metals Assessment team from 1999-2004. 
During that time, EPA sponsored two international science meetings, 
chaired numerous internationally held team meetings and served as lead 
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author and editor of the assessment. Key findings of the 2003 AMAP 
assessment for mercury include: 1) In the Arctic, mercury is removed from 
the atmosphere via unique processes and deposits onto snow in a form that 
can become bioavailable; 2) Enhanced deposition occurs in the Arctic, 
which can be an important sink in the global mercury cycle; 3) There is 
evidence that despite substantial mercury emissions reductions in North 
America and Western Europe, global mercury emissions may, in fact, be 
increasing; 4) Mercury levels are increasing in marine birds and mammals in 
the Canadian Arctic and indication of increases in West Greenland; and 5) 
Current mercury exposures pose a health risk to some people and animals in 
the Arctic. Recommendations include: 1) expanding and accelerating 
research on critical aspects of the mercury cycle and budget in the Arctic; 2) 
quantifying all sources of mercury and reporting results in a consistent and 
regular manner to improve emission inventories, with focus on burning of 
coal at small-scale power plants and in residential heating, as well as waste 
incineration; 3) continuing temporal trend monitoring and assessment of 
effects of mercury in key indicator media and biota, to determine 
effectiveness of measures undertaken through the LRTAP Protocol; 4) 
ensuring that Arctic concerns are addressed and promoting development of 
regional and global actions. 

TRENDS MONITORING 

Strong trends assessment monitoring and modelling programs must address 
the need for effective coordination and collaborative networking. In order to 
have an effective and responsive mercury program, an organization must 
evaluate its mercury efforts and measure progress in meeting its mercury 
goals. Monitoring of trends in such topics as the amount of mercury used and 
released, ambient air and water concentrations, deposition rates, and 
fish/wildlife and human mercury levels is essential to determining the 
effectiveness of our efforts. 

The goals of a trends monitoring strategy should be to provide information 
to: (1) discern long-terms trends of mercury and other persistent 
bioaccumulative toxics (PBTs) in the environment and (2) measure the 
effectiveness of risk management actions. A coordinated multimedia network 
and assessment program can strengthen and better integrate existing 
monitoring programs by addressing gaps and promoting better communication 
and collaboration. 
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Trends monitoring for mercury 

As the conceptual model of the transport of mercury in the environment, 
discussed earlier in section n, indicates, mercury is released into the air, 
transported long or short distances, deposited on land or water, transformed in 
the aquatic environment, accumulated in fish, and ingested by humans or 
wildlife. 

The expected goal of trends monitoring is to find the most efficient points 
along that flow to determine the trends in environmental levels and whether 
they are responding to control and reduction measures. 

Air Emissions 

Atmospheric transport is a primary focus for mercury monitoring and 
modelling, as it is the dominant means for cycling mercury from 
anthropogenic sources, such as utility combustion sources, into other media. 
Ecological and human exposures result primarily from air deposition to water 
bodies where methylation occurs, followed by uptake and bioaccumulation of 
the methylated species in fish, and ingestion of fish by humans and 
piscivorous, i.e., fish eating, marine mammals. 

Transboundary Air Transport 

Atmospheric mercury concentrations are affected by the emissions of other 
countries which cycle at various scales. A better understanding of the 
contribution of global sources to national mercury levels will aid in enacting 
measures to reduce or prevent such pollution transfer. There currently are 
some mercury super sites where speciation occurs and sufficient variables 
(particulates and halides measurements, for example) are measured to interpret 
sources through back trajectory modelling. For instance, it is possible at these 
sites, such as in the Ohio River Valley and in Southern Florida, to determine 
the influence of local sources versus global sources. Currently, speciated 
mercury measurements are being made and their halide chemistry is being 
analyzed at a high altitude site at Mauna Loa, Hawaii, in an attempt to better 
understand the atmospheric mechanisms that are responsible for the 
transformations of elemental mercury into reactive gaseous mercury (RGM) at 
high altitudes. An immediate planned enhancement is to establish the Ny 
Alesund, Norway, site as an international super site with many countries 
leveraging resources to take samples and share data. An elevated location in 
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Asia, such as utilization of the Italian K-2 station in the Himalayas between 
India and China, would be advantageous for mercury measurements. More 
such strategically-positioned sites are needed. At these sites, it would be 
valuable to install a sophisticated monitoring capability that will measure, for 
at least a decade, the 3 forms of mercury EPA is measuring at Mauna Loa, the 
criteria pollutants, (e.g. sulfur dioxide, ozone, oxides of nitrogen, gas phase 
halides, fine and coarse particles) and meteorology. 

Air Deposition: Air deposition is currently measured through the Mercury 
Deposition Network (MDN), which monitors wet deposition utilizing a non-
probabilistic network design. The MDN provides a good starting point for 
mercury air deposition monitoring, though some enhancements are needed 
to fulfill the goals of the Strategy. Analyses have shown that the national 
coverage of this network could be improved by adding sites in the West. 
Also, the program could be expanded to include dry deposition. 

Sediment and soil: Aquatic sediments play an important role in the 
mechanism of mercury bioaccumulation. Analysis of sediment core profiles 
provides the only source of very long-term historical records of air 
deposition, extending into pre-industrial and pre-European times, although it 
is slow to reflect the most recent trends. This is a unique form of data that 
provides an historical perspective on air-deposition rates. 

Food: For mercury, unlike some other PBTs, human and wildlife 
exposure is almost solely through fish consumption. The National Fish 
Tissue Study, currently being conducted by the EPA Office of Water, 
provides a one-time probabilistic sample of contaminants in fish tissue in 
freshwater lakes, including mercury as well as other PBTs. Most human 
exposure to methylmercury is through the ingestion of fish. Monitoring of 
commercial fish is within the purview of the Food and Drug Administration 
(FDA). 

Human Tissues: Beginning in 1999, the EPA and other federal agencies 
funded an add-on to the National Health and Nutrition Examination Study 
(NHANES) to measure mercury in the blood and hair of a national sample 
of women of child-bearing age and children. This effort, which is still 
ongoing, provided the first systematic data on actual mercury exposure 
levels in the U.S. population. NHANES intends to continue to gather blood 
mercury data in these populations, making it possible to identify trends over 
time. 
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INTERNATIONAL COOPERATION 

Vision to Address Mercury Internationally: Mercury is globally cycling, so 
no one country can achieve its goals unless all participate in solutions. The 
U.S. has taken a leadership role to provide technical assistance, capacity 
building and pollution prevention measures to bring along all countries. We 
want to share our information from lessons learned, and to learn from our 
international relations. 

Identified Research Data Gaps: Key technical data gaps, many identified 
by EPA for the UNEP Global Mercury Assessment Report, include: 

1. atmospheric chemistry related to mercury transport and 
deposition(source emissions inventory and speciation information; 
global cycle information and an assessment of air measurement and 
monitoring techniques); 

2. toxicology and human health (to better quantify how large uncertainty 
factors should be; and better understand effects of mercury in adults); 

3. ecological effects (effects of methylmercury on various species; 
interactions of methylmercury with other chemical and non-chemical 
stressors on ecological receptors; ecological risk assessment methods; 

4. sources and emissions (comprehensive country-specific mercury 
release inventories from all sources; knowledge of feed stocks, plant 
designs and operating practices at major sources; new information on 
measurement methods to aid in inventories); 

5. long-term trends in various media (transboundary air transport within 
and between countries; wet and dry air deposition levels; 
methylmercury levels in foods, particularly fish tissue for freshwater, 
estuarine and ocean fish; methylmercury concentrations in human 
tissues; and methylmercury concentrations in wildlife tissues). 

The atmospheric pathway is the most significant for transport and regional 
and global impacts and is the EPA priority. Based on existing information, 
the key emissions sources internationally which contribute to global cycling 
and deposition via air pathways and are of particular interest to the Office of 
International Affairs (OIA) to address are: 1) coal-fired combustion sources: 
2) mining and metals production, including smelting; and 3) chloralkali 
facilities. Russia, China and India have coal-fired facilities and also could 
benefit significantly from attention to mining and chloralkali sectors. In 
addition to these 3 countries, certain South American (Brazil) and West 
African countries should receive attention to mining (in concert with EPA's 
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cooperative program with UNIDO). 

Coal-fired Combustion: Pacyna (2003) estimated that 75% of current 
global emissions of mercury come from fuel combustion in China, India and 
other Asian countries. While many facilities in European Russia are changing 
to natural gas, the Russian Far East and other areas are still dependent upon 
coal. The current estimate of coal-fired facility emissions in Russia is 5-7 
tons, based on an ongoing ACAP inventory for mercury in Russia, and 
overall combustion is thought to be 11 tons per year, as presented at the 
recent EU, Nordic Council of Ministers Meeting in Brussels, Belgium in 
April 2004. 

Mining and Metals Production: Lacerda and Salomons (1997) estimates 
that mercury emissions from gold mining may be as large as 300 metric tons 
per year (about 6% of anthropogenic emissions), but others make estimates 
ranging from 500-2000 tons on a global basis each year (Veiga, 2002; Veiga, 
2004). 

Chloralkali and the Chemical Industry: There may be 100 chloralkali 
factories in developing countries. While these factories tend to be smaller in 
size than U.S. factories, many may never have been given any formal 
regulations pertaining to their environmental performance. Where this is the 
case, a factory can potentially release quantities of mercury. EPA feels it is 
valuable to ensure that both environmental authorities in developing countries 
and chloralkali factories in these nations are informed, in practical terms, of 
sound management practices. 

CLOSING THOUGHTS 

Stemming from EPA's original mandate to have a coordinated approach 
when dealing with environmental problems, in order to guarantee that as we 
deal with one difficulty we do not aggravate others (W.D. Ruckelshaus, 
Environmental News, December 1970), it is through this path of coordination 
and cooperation, both here and abroad, that we have taken to address the 
Agency priority toxic pollutant, mercury. We are working closely with all 
levels of government and with industry and the private sector nationally and 
internationally, and enhance exchange of information so that further progress 
can be made in concert with others. The monitoring, modelling and health 
communities of scientists are mutually dependent upon knowledge each 
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discipline can provide, in order to develop information leading to better 
exposure and risk assessment, as well as improved risk management. This 
workshop is one of the first to bring these three communities together 
internationally to share technical information and collectively plan the next 
steps for further cooperation. Bringing these technical groups together is 
something to replicate in the future. 
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INTRODUCTION 

The first major recorded human cases of mercury (Hg) poisoning from 
eating contaminated fish occurred in Minamata, Japan in 1956 as a result of 
direct discharges of MeHg into Minamata Bay. "Minamata disease" provided 
a warning to the rest of the world concerning the human toxicity of Hg. Over 
the next several decades, legislation was enacted by many countries to 
protect their citizens against exposure to Hg contaminated fish. Most 
regulations were focused on the direct discharge of Hg contaminated 
wastewater. However, fish taken from remote lakes around the world that 
were known to receive no direct anthropogenic Hg discharges were 
subsequently found to contain high concentrations of Hg (Helwig et al., 
1985; Schroeder et al., 1998). Scientists then discovered that atmospheric 
deposition was the predominant source of Hg into many aquatic ecosystems 
(Helwig etal., 1985). 

In 1989 the United States Environmental Protection Agency (EPA) 
classified Hg as a Hazardous Air Pollutant. Congress promulgated the Clean 
Air Act amendments of 1990 that required EPA to draft a state-of-the-science 
report for Hg. In 1998 EPA submitted its Mercury Report to Congress (EPA-
452/R-97-003, 1998) which identified a plausible link between 
anthropogenic releases of Hg to the atmosphere and bioaccumulation in fish 
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as MeHg. EPA has recently enacted new regulations on chlor-alkali plants, 
medical waste incinerators, and municipal waste incinerators in part to cut 
the emissions of Hg to the atmosphere. Regulations for Hg emissions from 
coal-fired utility boilers are currently under review. Complicating this 
evaluation of various Hg emission reduction scenarios are uncertainties in the 
Hg emission inventories, atmospheric chemistry, and deposition 
parameterizations in contemporary deterministic Hg models. 

The EPA Office of Research and Development (ORD) developed a Hg 
research strategy that endeavors to answer relevant scientific questions such 
as: 

"How much methyl mercury in fish consumed by the U.S. population is 
contributed by U.S. emissions relative to other sources of mercury 
(such as natural sources, emissions from sources in other countries, 
and re-emissions from the global pool): how much and over what time 
period will levels of methyl mercury in fish in the U.S. decrease due to 
reductions in environmental releases from US. sources?" 

The ability to answer these kinds of policy questions requires innovative 
research into atmospheric, aquatic, and bioaccumulation processes. In terms 
of atmospheric processes, our ability to improve the performance of 
contemporary deterministic models is directly linked to our ability to make 
reliable automated high-resolution speciated Hg measurements. Over the last 
decade, improvements in ambient Hg measurement technologies have lead to 
dramatic new insights into atmospheric Hg dynamics and dry deposition 
mechanisms. These discoveries are currently reshaping our contemporary 
atmospheric Hg conceptual model. 

The purpose of this chapter is to describe the state-of-the-science with 
regard to ambient Hg measurement and modelling; their strengths, 
limitations, and recommendations for further work. 

MONITORING 

Monitoring of atmospheric Hg has been ongoing for more than three 
decades. Measurement methodologies have evolved from relatively crude 
daily manual collection of "total gaseous Hg" to semi-continuous 
measurement of the three environmentally relevant forms of Hg in the 
ambient air. These species include: elemental gaseous Hg (Hg°), divalent 
reactive gaseous mercury (RGM), and particulate phase Hg (Hg(p)). The 
behavior of each of the three species in the atmosphere is unique and 
dependent on their physical and chemical properties. Hg° has a high vapor 
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pressure, is relatively insoluble in water (4.9 x 10"5 g L"1 (Schroeder et al., 
1998)), and has a low deposition velocity on the order of 0.05-0.1 cm s"1. As 
a result, Hg° has a long atmospheric half life (weeks to months) and therefore 
can be transported on a global scale. RGM has a lower vapor pressure, is 
water soluble (66 g L"1 (5)), and is estimated to have a deposition velocity on 
the order of 1-5 cm s"1 (EPA-452/R-97-003, 1998; Lindberg et al , 1998). 
Brosset, as early as 1983 suggested that RGM was in most cases in the form 
of mercuric chloride emitted from coal-fired utility boilers and incinerators 
(Bloom et al., 1996). Hg(p) has a deposition velocity which is particle size 
dependent and ranges from 0.1-1 cm s"1 (Landis et al., 2002). RGM and 
Hg(p), although usually present in ambient air at a concentration three orders 
of magnitude less than Hg°, have higher deposition velocities and undergo 
both wet and dry deposition on local and regional scales. 

Elemental gaseous mercury (Hg°) 

Sampling and analysis of Hg° has historically capitalized on the fact that 
noble metals can be used to amalgamate Hg (Schroeder et al., 1985). Gold 
(Au) is widely used to preconcentrate Hg° during ambient monitoring that is 
subsequently released for quantification by thermally desorbing the 
amalgam. When Au traps are employed in monitoring a particulate filter is 
typically placed upstream to prevent aerosols from collecting in the trap. 
After a specified sampling interval, the Au trap is then heated to 
approximately 500°C to release Hg° which is detected by either cold vapor 
atomic fluorescence spectroscopy (CVAFS) (e.g., Tekran model 2537A) or 
cold vapor atomic absorption spectroscopy (CVAAS) (e.g., Opsis model 200, 
Nippon model WA-4). These types of instruments typically provide 5 minute 
integrated samples with detection limits of 0.1 ng m"3. 

In monitoring situations with elevated Hg° concentrations, fast response 
(1 Hz) methodologies using no sample preconcentration have been 
successfully applied. Zeeman background corrected CVAAS (Ohio Lumex 
model RA-915+) can provide continuous real time Hg° results with a 
detection limit of 2 ng m"3. Differential optical absorption spectroscopy 
(DOAS, Opsis, Inc.) is an open path method that can provide continuous real 
time Hg° results integrated over a path length ranging from 25 to 1000 meters 
with a detection limit of 9 ng m"3. Sampling for Hg° is now considered 
routine and data on ambient Hg° concentrations are widely available. 
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Reactive gaseous mercury (RGM) 

Source sampling at a medical and a municipal waste incinerator in Florida 
(Schrock et al., 2000) and numerous coal-fired utility boilers across the U.S. 
(Prestbo et al , 1995) in the mid 1990's revealed that 95±5%, 78±8%, and 
67±27% of the total Hg emitted from these sources was RGM, respectively. 
Subsequent modelling for the Lake Michigan Mass Balance Study (8) found 
that RGM dominated Hg dry deposition flux and contributed approximately 
40% of the total atmospheric deposition. The overall uncertainty in these 
RGM dry deposition contributions are unknown because at the time these 
data were collected there were no reliable ambient RGM measurement 
methodologies available and estimates of RGM emissions were utilized. The 
findings from these studies did illustrate the critical need to develop robust 
methods to measure ambient RGM. Quantifying RGM in ambient air proved 
to be a challenge because methodologies must be extremely specific since 
Hg° is typically present in the 1.4-3.0 ng m"3 range and RGM is typically 
present in the 1-100 pg m"3 range. Nevertheless, during the last five years 
much effort has been expended in developing suitable methodologies for 
sampling and analysis of RGM and considerable progress in methods 
development has been made. Currently used methods include: 

Cation-exchange membranes 

Cation-exchange membranes have been employed at several locations to 
sample ambient RGM (Bloom et al, 1996; Ebinghaus et al., 1999). Aerosols 
are collected by a Teflon pre-filter and RGM is collected onto two cation-
exchange membranes in series. After sampling the cation-exchange 
membranes are extracted with BrCl, reduced to Hg° with SnCk, purged from 
solution onto a Au trap, and analyzed using CVAFS. While the cation-
exchange membranes can be employed in many environmental conditions, 
their use is currently limited because of (i) concerns over RGM adsorption to 
aerosols collected on the pre-filter, and (ii) relatively high filter blanks (~200 
pg) that necessitate long sampling times (-24 hours) under ambient 
conditions and can result in high associated uncertainties. 

Refluxing mist chambers 

Refluxing mist chambers were originally developed and successfully used 
to measure ambient nitric acid (Cofer et al., 1985). 
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The mist chamber method was adapted and provided some of the first 
high resolution (1-2 hour) ambient RGM measurements (Schroeder et al., 
1985; Stratton et al., 2001). In this method ambient air is drawn into a glass 
chamber where it comes in contact with a fine mist of absorbing solution 
(dilute HC1 and NaCl) of aerosol-sized droplets that scrub soluble Hg 
species. A Teflon filter is employed as a hydrophobic barrier to prevent 
liquid droplets from escaping the chamber with the exhausted air stream. 
After sampling, the collected solution is reduced with SnCl2, the collected Hg 
is purged onto a Au trap, and analyzed using CVAFS. Mist chambers have 
limited widespread use because they cannot be used in cold environments 
(<0°C), sampling durations are limited by the evaporation rate of the 
absorbing solution, and sampling typically must be attended. In at least one 
study, a comparison between the mist chamber and annular denuder 
methodologies showed that the former yields significantly higher RGM 
concentrations than the annular denuder method. The present consensus is 
that this method may be prone to a positive artifact from the aqueous 
oxidation of Hg° present in the sampled ambient air by the absorbing solution 
and the entrainment of Hg(p) (Stratton et al., 2001; Landis et al , 2002). 

KCl-coated annular denuders 

Tubular denuders were first developed and used to remove gaseous 
ammonia to prevent neutralization of fine (<2.5 jjm) acid aerosols (17). Ferm 
(1979) first used NaC03-coated tubular denuders for quantification of 
gaseous nitric acid. A tubular denuder is a cylindrical tube that is chemically 
coated to remove selected gas-phase species that diffuse to the walls and 
react or adhere to the active surface during the passage of a laminar air 
stream. KCl-coated tubular denuders were first used to quantify RGM from 
incinerator stacks (Stevens et al., 1978) and were then adapted for ambient 
measurements (Xiao et al., 1997). The tubular denuder method is limited to a 
low flow rate (~1 L min"1) and requires the RGM to be extracted with an 
acidic solution, reduced to Hg° with SnCl2, purged onto a Au trap, and 
analyzed. (Possanzini et al., 1983) developed annular denuders to increase 
collection efficiencies for ambient nitric acid and sulfur dioxide that allowed 
higher sampling flow rates (10 L min"1). Higher sampling flow rates 
necessitated the incorporation of a size selective impactor inlet to remove 
coarse aerosols (<2.5jnm) that could deposit to the denuder surface. Fine 
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particles pass through the denuder in the laminar air stream unaffected 
because they have insufficient diffusion coefficients to deposit to the walls of 
the denuder (Dzubay et al., 1991). A KCl-coated annular denuder (Figure 1) 
methodology that used thermal decomposition to quantify the collected RGM 
was then developed (Landis et al , 2002). Etching both the outer surface of 
the annulus and the inner surface of the denuder tube dramatically increased 
its KCl holding capacity and produced a uniform coating. Thermally 
desorbing the quartz denuder at 500°C in a Hg-free air stream decomposes 
RGM and allows for quantification as Hg° without chemical extraction or 
sample preparation. Thermal desorption provides for rapid analysis in the 
field, minimizes the possibility of contamination, and allows the denuder to 
be immediately reused without further preparation. Currently, the KCl-coated 
quartz annular denuder method is the most commonly used and is generally 
accepted as the most appropriate procedure for collection of RGM. 

During sampling the annular denuders are heated to 50°C to prevent water 
vapor from hydrolyzing the KCl coating. Studies carried out to assess 
denuder performance have shown that the collocated precision of manual 
denuders is ±15% (Landis et al., 2002). It is currently believed that RGM is 
physically sorbed to the surface of the KCl coating rather than chemically 
bound. This is borne out by the fact that long sampling durations will result 
in diffusion of RGM along the axis of the coating and off the coated surface. 
Sampling durations up to 12 hours were found to have a collection efficiency 
of 93% while sampling between 12 and 24 hours resulted in a lowering of the 
collection efficiency to 83%. Studies in Barrow, Alaska have also revealed 
that adequate heating of the manual denuders during sampling in arctic 
environments is imperative to maintain optimum RGM collection efficiency. 

Particulate phase mercury (Hg(p)) 

Quantification of Hg(p) in ambient air is generally accomplished by 
collection onto quartz filter media followed by analysis by CVAFS or 
CVAAS. 

The quartz filters can either be extracted by microwave digestion in a 
HN03 solution that is subsequently oxidized with BrCl, reduced with SnCl2, 
and purged onto Au traps (Landis et al., 2002) or thermally decomposed and 
collected onto Au traps (Landis et al., 2002; Lu et al., 1998). 

The collection of Hg(p) samples has been the subject of debate over the 
last decade because of observed positive artifact formation (RGM sorption 
onto the particles or the filter) or negative artifacts (volatilization of Hg(p)) 
during sampling. 
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Figure 1. Annular denuder and inlet system for manual collection of RGM. 

The use of KC1 coated annular denuders to remove positive RGM artifact 
in the measurement of fine particle (<2.5 |um) Hg(p) has been demonstrated 
(Landis et al., 2002; Lynam et al., 2002). Both studies reported significantly 
higher Hg(p) concentrations on undenuded quartz filters when compared to 
denuded filters. This positive artifact was not quantitative and both studies 
indicated that the removal of RGM was imperative for the accurate 
measurement of Hg(p). The occurrence of negative Hg(p) artifacts has been 
reported (Malcolm et al., 2003) in the marine boundary layer when 
comparing a series of short term Hg(p) samples (2-3 hour) to longer term 
integrated samples (6-12 hours). The study recommends shorter sample 
durations to minimize the negative Hg(p) artifacts. 
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Semi-Continuous Measurement Methodologies for 
Mercury 

The development of semi-continuous measurement methods was spawned 
in response to the need for higher time resolved speciation data for 
understanding atmospheric Hg dynamics, quantifying atmospheric dry 
deposition, and investigating the impact of Hg source(s). 

Cold regions pyrolysis unit 

The cold regions pyrolysis unit was designed by Environment Canada 
scientists and first deployed at Alert to assess if any Hg remained in the 
ambient air during Hg° depletion events observed after polar sunrise, or 
whether deposition to the snow pack was occurring (Banic et al., 2003). The 
cold regions pyrolysis unit simultaneously monitors Hg° and total 
atmospheric Hg (TAM; comprised of Hg°, RGM, and Hg(p)) using two 
collocated Tekran 2537A mercury analyzers configured with a common 
inlet. A pyrolysis unit heats the incoming ambient air to 900°C is installed at 
the front end of one of the Tekran 2537A instruments converting inorganic 
and organometallic mercury species to Hg°. The collocated Tekran analyzer 
samples Hg° in the ambient air. One can then compare the concentrations of 
TAM and Hg° from both instruments. During a Hg depletion event Hg° in the 
ambient air decreases and if measurable quantities of TAM are detected with 
the pyrolysis unit these are likely to be oxidized Hg species which were 
converted to Hg° during pyrolysis. This unit is useful for limited applications 
mainly because it operates at a flow rate of 3 L min"1 which is insufficient to 
sample larger aerosols thereby leading to an unknown certainty in the Hg(p) 
portion of the measurement. 

Tekran speciation system 

The development of the Tekran 1130/1135/2537A system has 
revolutionized our ability to study Hg speciation in the ambient environment. 
The system can be operated under a wide temperature range (-40°C to 50°C) 
and can be tailored to sample ambient air for as little as 1 hour with method 
detection limits (MDL) that permit quantification of background ambient 
levels of RGM, Hg(p) and Hg . A detailed description of the instrument and 
how it functions may be found in Landis et al. (2002). 
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Figure 2. Schematic of Tekran 1130/1135 mercury speciation unit. 

Figure 2 illustrates the instrumentation which operates as follows; 
ambient air is sampled at a flow rate of 10 L min"1 through a heated impactor 
inlet and passes through a heated (50°C) KCl-coated annular denuder for 
RGM collection, a particulate filter unit for fine (>2.5 um) Hg(p) collection, 
and through a heated umbilical line to the model 2537A for Hg° collection 
and analysis. The minimum recommended sampling duration is 1-hour, 
which permits the collection of an integrated sample for RGM and Hg(p). 
During sample collection, Hg° is sampled and analyzed every 5-min using 
the Tekran 2537A. Sequentially, after completion of sampling, Hg(p) is 
desorbed from the filter and RGM is desorbed from the denuder by heating to 
800°C and 500°C, respectively. As the Hg(p) and RGM are thermally 
decomposed they are detected as Hg° by the 253 7A analyzer. The system is 
then cooled for 10 minutes and the sampling cycle is resumes. Thus, the 
Tekran 1130/1135/2537A instrumentation permits semi-continuous 
monitoring of the three Hg species which are currently believed to be the 
most important in the atmospheric cycling of Hg. This semi-continuous 
method is now considered state-of-the-art and is currently employed at 
numerous monitoring locations world wide in order to glean much needed 
information on Hg speciation. 
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What have we learned from Hg speciation measurements? 

The ability to measure semi-continuous Hg speciation has resulted in a 
dramatic increase in our knowledge of atmospheric Hg dynamics and source 
characterization. 

Polar Hg chemistry 

The existence of contamination by persistent toxic substances in the 
Arctic has prompted research on Hg in that ecosystem. In 1995, surface-level 
measurements at Alert in the Northwest Canadian Territories showed 
frequent episodic depletions in Hg° concentrations during Arctic spring 
following polar sunrise (Schroeder et al., 1998). At that time it was assumed 
that Hg° was being oxidized by an unknown mechanism to either Hg(p) or 
RGM, but the technology to continuously monitor these Hg species was not 
available. In 2000 scientists at the German research station Neumayer also 
observed Hg° depletion events in Antarctica (Ebinghaus et al , 2002). 

Semi-continuous Hg speciation monitoring was subsequently carried out 
in Alaska, Norway and Antarctica. Studies implemented in Barrow, Alaska 
in 2001 (Lindberg et al , 2001) and 2002 (Lindberg et al , 2002) used the 
Tekran 1130/1135/2537A speciation system to measure Hg depletion events. 
These studies confirmed the rapid transformation of Hg° to predominantly 
RGM after polar sunrise. The oxidation mechanism was hypothesized to be 
mediated by UV light and reactive halogens. RGM then deposited to the 
snow pack where it accumulated and was released in a bioavailable form 
during the spring snow melt. Monitoring at Ny-Alesund, Norway (Berg et al., 
2003), and Neumayer (Temme et al., 2003) and Terra Nova Bay (Sprovieri et 
al., 2002) Antarctica stations highlighted the extent of the Hg depletion 
events and their importance to the global Hg cycle. 

Speciation studies in the marine free troposphere 

EPA conducted two measurement campaigns off the Atlantic coast of 
Florida in 2000 using a DeHavilland Twin Otter aircraft to measure Hg°, 
RGM, and Hg(p) from 60 to 3,500 meters (Landis et al., 2001). 
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One sampling campaign was conducted in January when the synoptic 
flow was from west to east and another campaign was conducted in June 
when the synoptic flow was from east to west. A total of 21 research flights 
were undertaken to evaluate the potential for long range transport of Hg to 
Southern Florida. Figure 3 presents results from the January 2000 campaign 
that show Hg° concentrations decreased with altitude (even when corrected 
for decreased sensitivity of the Tekran 2537A instruments with altitude) 
while RGM increased with altitude in the marine free troposphere. Elevated 
concentrations of RGM in the free troposphere were thought to be a result of 
the oxidation of Hg° to RGM at high altitude. This finding led EPA to initiate 
automated Hg speciation measurements at the Mauna Loa Observatory 
(MLO), Hawaii (~3,400 meter elevation) in 2001, in part to investigate the 
potential for either homo- or heterogeneous oxidation of Hg° in the marine 
free troposphere (Landis et al., 2001). Some initial results from the Tekran 
1130/1135/2537A Hg speciation system are depicted in Figure 4 and reveal 
periods of anticorrelation between Hg° concentrations and RGM/Hg(p) 
during which concentrations of Hg° decrease while those of RGM and Hg(p) 
increase. The MLO observations are consistent with the results from the 
aircraft measurements indicating a significant Hg° oxidation mechanism(s) in 
the marine free troposphere. Future studies at MLO will incorporate semi-
continuous measurements of both gas and particle phase halides in order to 
gain more insight into potential mechanism(s) for Hg° oxidation in this 
environment. 

Mobile sources 

In the Hg report to Congress (EPA-452/R-97-003) EPA listed mobile 
sources as an important category for which Hg emissions estimates were 
unavailable. Hg is known to be a trace contaminant in crude oil (1505 ± 3278 
ng g"1; mean ± standard deviation), light distillates (1.3 ± 2.8 ng g"1), and 
utility fuel oil (0.7 ± 1.0 ng g"1) (Liang et al., 1996; Wilhelm et al., 2000). 

EPA and the Florida Department of Environmental Protection (FLDEP) 
conducted a study in 1998 at the Ft. McHenry tunnel in Baltimore, Maryland 
to develop source profiles from gasoline and diesel powered vehicles (Landis 
et al , 2004). The tunnel measurements indicate that gasoline powered 
vehicles were a source of Hg°, RGM, and Hg(p). The average Hg 
concentrations in the diesel tunnel were similar to ambient background 
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Figure 4. Mercury Speciation data from Mauna Loa Observatory, Hawaii (2001). 
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concentrations, while the gasoline tunnel concentrations were elevated for 
Hg°, RGM, and Hg(p). The tunnel profile observations are consistent with 
the fuel sample results from this study. Regular (87 octane) gasoline was 
found to have an average total Hg concentration of 284 ± 109 ng L"1 

compared to the average total Hg concentration of 62 ± 36 ng L*1 in diesel 
fuel. EPA is currently working to develop quantitative Hg emission factors 
for gasoline and light duty diesel powered vehicles. 

Chlor-alkali emissions 

A comprehensive Hg emission study from a Hg cell chlor-alkali plant 
(MCAP) was conducted in 2001 by EPA and a team of collaborators that 
determined the emission rate of Hg° (518 g day"1) and RGM (10 g day"1) 
from the facility using a combination of continuous and semi-continuous 
instrumentation (Kinsey et al., 2004; Landis et al., 2004). The overall Hg 
emission rate was significantly lower than the contemporary EPA emissions 
factors and the percentage of Hg emitted as RGM measured during this 
study was 2%, considerably lower than the estimate of 30% contained in 
many emission inventories (EPA-452/R-97-003, 1998, Petersen et al., 
1995). Nevertheless, the Hg emissions from the MCCAP had a considerable 
impact on near field Hg atmospheric dry deposition. A Lagrangian transport 
and deposition model estimated the mean annualized dry deposition within 
a 10 km radius of the facility due to emissions solely from the MCCAP to 
be 4.6 jug m"3 (Landis et al., 2004). A subsequent study of a European 
MCCAP found the relative emission fraction of RGM to be 1% (Wangberg 
et al., 2003). 

Medical waste incineration 

Stack testing conducted by EPA and FLDEP in 1995 found that Hg 
emissions from a large medical waste incinerator (MWI) were primarily in 
the form of RGM (95±5%) (Schrock et al., 2000). A comprehensive 
multimedia analysis subsequently prepared by FLDEP implicated medical 
and municipal waste incineration as the primary contributors to Hg 
contamination in the Florida Everglades (Atkeson et al., 2003). New EPA 
regulations on MWI facilities have drastically cut the number of operating 
units and mandates installation of "maximum achievable control technology" 
requiring 80% reduction in Hg emissions on most remaining units. 
Monitoring by the North Carolina Department of Environmental Protection 
(NCDEP) observed that a relatively small MWI could dramatically impact 
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near field ambient Hg concentrations (Crawford et al., 2004). NCDEP 
deployed a Tekran 1130/2537A monitoring system in Matthews, North 
Carolina approximately 0.5 Km from a MWI for 12 months in 2003. NCDEP 
reported a 2-hour annual Hg° average concentration of 3.9 ± 25.9 ng m"3 with 
a maximum observed value of 623.8 ng m"3 and a 2-hour annual RGM 
average concentration of 122 ± 634 pg m"3 with a maximum observed value 
of 13.5 ng m"3. These are among the highest RGM concentrations ever 
observed. 

Future methods development 

In spite of steady advances in ambient Hg monitoring methods 
accomplished over the last two decades, RGM and Hg(p) remain 
operationally defined "species" based upon simple fractionation and trapping 
of groups of related compounds. Identification of individual compounds that 
constitute RGM and Hg(p) would provide new insights and dramatically 
improve our understanding of atmospheric Hg chemistry, gas/aerosol 
interactions, wet and dry deposition phenomenon, and source/receptor 
relationships. 

Particulate phase mercury 

As described previously in this chapter, chemical extraction and thermal 
desorption of quartz filters followed by CVAFS or CVAAS are currently the 
preferred methods for Hg(p) analysis. The thermal method is attractive since 
it is faster and far less complicated than chemical extraction. In addition, the 
thermal method may also permit chemical identification of the component 
Hg compounds in the sample. Thermal decomposition methodologies have 
historically been used to quantify Hg content in ores and Hg-contaminated 
soils (Henry et al., 1972; Biester et al., 1999). In the latter study, temperature 
controlled continuous heating of the samples in a furnace coupled to a 
CVAAS allowed the identification of the different redox states of Hg species 
based on their characteristic release temperatures. However, in contrast to 
ores and soils where Hg is present in ppm concentrations and can therefore 
be easily quantified, Hg associated with ambient aerosols is typically present 
in the ppb range (Landis et al , 2002) and are prone to measurement artifacts. 
This makes quantification of true Hg(p) challenging and chemical 
identification impossible with conventional CVAFS or CVAAS analytical 
techniques. 
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A new method has been developed for quantification of Hg(p) collected 
on quartz filters using High Resolution Inductively Coupled Plasma Mass 
Spectrometry (HRICP-MS) (Klaue et al., 2004). Thermal release of Hg(p) 
into an argon carrier gas at a heating rate of 1°C s"1 from 25-750°C was 
measured by HRICP-MS. The released Hg(p) was quantified online by 
isotope dilution using an enriched double-spike of 200Hg and 201Hg generated 
by a continuous-flow high efficiency cold vapor generator. The accuracy of 
this method was evaluated using a NIST standard reference material 1633b, 
a bituminous coal fly ash and found to be in very good agreement with the 
certified value 0.1389 ± 0.0089 mg kg"1 (HRICP-MS) versus 0.141 ± 0.019 
mg kg"1 (NIST). The detection limit for this method was found to be 20 fg. 

The temperature release pattern of Hg from a PM2.5-10 sample obtained in 
Detroit, MI using this technique is shown in Figure 5. This release pattern 
shows that all of the Hg from this sample was evolved at a temperature 
below 350°C in a bimodal release pattern. Based on kinetic, thermodynamic 
considerations and mechanisms of vaporization, as well as previous work on 
contaminated soils; one can tentatively assign the first release peak as 
adsorbed Hg vapor and the second peak as an ionic form of mercury likely 
Hg(II). Thermal release of pure salts (e.g., HgCl2, HgS04, HgS, and HgO) 
has been attempted using this method and the temperature of peak release 
varied from 136°C-600°C (Lauretta et al, 2001). EPA is currently working 
to (i) refine and optimize the HRICP-MS ambient Hg(p) analysis method 
and (ii) develop a thermal decomposition library for known Hg compounds. 

MODELLING 

Deterministic modelling 

Deterministic models are routinely used as a tool to investigate the 
transport, transformation, and deposition of atmospheric Hg (Chapters 13 & 
14 this volume). The ability of these models (e.g., CMAQ, GEOS-CHEM, 
HYSPLIT, REMSAD) to reliably simulate Hg fate are dependent on the (i) 
quality of emission inventories, (ii) completeness and accuracy of the 
chemical kinetics module, and (iii) proper parameterization of gas/particle 
interaction and wet and dry deposition phenomena. 
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Figure 5. Thermal release profile for a PM2.5_i0 sample obtained in Detroit, Michigan. 

Other chapters in this volume delve into these relevant research areas. It 
is clear that ambient Hg monitoring has both helped to improve 
contemporary deterministic models as well as highlight their deficiencies. 

Emission inventories 

Deterministic models require detailed emissions inventories for all major 
Hg sources. In the EPA Mercury Report to Congress (EPA-452/R-97-003, 
1998) coal-fired utility boilers were identified as the largest contributor to 
Hg emissions in the US. In 1999, EPA issued an information collection 
request (ICR) for Hg emissions from these plants. As a result, Hg 
concentrations in coal used at 450 coal-fired utility boilers in the U.S. were 
quantified and speciated stack tests were performed at 80 of the plants. 
While these activities have yielded valuable information on the amount and 
speciation characteristics of Hg in stacks, recent ambient monitoring data 
suggest that rapid reduction of RGM to Hg° may occur in the exhaust plume 
(Edgerton et al., 2004) but this is yet to be replicated: if so, this would cast 
some doubt on the use of in stack Hg speciation data for emissions 
modelling. Previously discussed monitoring studies focused on mobile 
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sources, MCCAP, and MWI has also highlighted the need for additional 
work on anthropogenic Hg source characterization in the US. Emissions 
from Hg-enriched geological formations (Gustin et al., 2003; Nacht et al., 
2004), volcanoes (Pyle et al., 2003; Nriagu et al., 2003), and forest fires 
(Sigler et al., 2003) must also be better quantified to elucidate the relative 
magnitude and speciation of natural as well as re-emitted anthropogenic Hg 
sources. 

While Hg emissions from most developed countries are decreasing, 
emissions from developing countries have risen steadily from 1983-1992 at a 
rate of 4.5-5.5% (Pirrone et al., 1996). In 1995, 75% of total global 
anthropogenic Hg emissions were attributable to fuel combustion in China, 
India, and North and South Korea (Pacyna, E.G.; Pacyna, J.M.; 2002). As 
these developing countries economies continue to grow, Hg emissions are 
also expected to increase proportionately and will need to be quantified 
especially since Hg emissions have the potential for long range transport that 
can contribute to the depositional burden in other countries (Weiss-Penzias 
2003). 

Chemical kinetics 

Atmospheric Hg chemistry is complex. The earliest kinetic studies 
suggested that Hg° was not very reactive in the gas phase (k ~10"20 cm3 

molecule"1 s"1) and therefore likely had a lifetime of upwards of a year in the 
atmosphere (Hall, B.; 1995). Hg° depletion events measured at the Poles and 
Hg monitoring studies in the marine free troposphere have challenged the 
contemporary atmospheric Hg conceptual model, and have prompted a 
resurgence in laboratory kinetics studies (Sumner et al., chapter 9). Rate 
constants for reaction of Hg° with OH radical (k = 8.7 ± 2.8 x 10"14 cm3 

molecule"1 s"1), (Sommar et al., 2001) with CI radical (it = 1.0 ± 0.2 x 10"11 

cm3 molecule"1 s"1) and Br radical (k = 3.2 ± 0.3 x 10"12 cm3 molecule"1 s"1) 
(Ariya et al., 2002) in laboratory settings have been reported. Furthermore, 
evidence for the existence of HgBr, HgBrO/HgOBr and HgO has been 
observed upon BrO-initiated oxidation of Hg° (Raofie et al., 2004). Smog 
chamber experiments have also been carried out where Hg° has been reacted 
with 0 3 CI2, Br2, BrO, and CIO. The fastest rates were observed with CI 
radical, (k = 6.6 x 10"14 cm3 molecule"1 s"1) and Br radical (k = 3.0 - 9.7 x 10" 
13 cm3 molecule"1 s"1) (Spicer et al., 2002). Two rate constants for the 
reaction of Hg° with O3 were also found, A: < 2.5 x 10"18 cm3 molecule"1 s"1 

and 9 x 10"19 cm3 molecule"1 s"1 suggesting that further kinetics studies are 
necessary in order to obtain a better-resolved rate constant for this reaction. 
These lower reported rate constants suggest an atmospheric lifetime for Hg° 
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of days to weeks with respect to reaction with ozone adding credence to the 
observations of depletion of Hg° in anthropogenic plumes during transport in 
the Pacific Northwest (Weiss-Penzias et al., 2003). Further monitoring and 
laboratory kinetics work is necessary to identify important 
oxidation/reduction reactants and to generate relevant rate constants. 

Deposition parameterization 

Wet and dry deposition mechanisms are the removal pathways for 
atmospheric Hg. Deterministic models of wet deposition estimates have 
historically been compared to collected precipitation samples (e.g., Mercury 
Deposition Network (EPA-452/R-97-003, 1998)) and have performed 
relatively well. Modeled aerosol and gaseous dry deposition estimates are 
currently highly uncertain because of a dearth of information on dry 
deposition modelling parameterizations, little semi-continuous ambient 
monitoring data, and a lack of validated direct measurement methods to 
evaluate model performance. Dry deposition of RGM is still a largely 
unexplored component in Hg monitoring. Much of this stems from the fact 
that the surrogate surface methodology commonly used for dry deposition 
measurements are not appropriate for use with RGM. Clearly, the 
development of new dry deposition monitoring techniques in conjunction 
with automated Hg species monitoring are required to successfully validate a 
deterministic dry deposition model. 

Source Apportionment Modelling 

The application of receptor models provides another approach to 
understanding the impacts of Hg sources on specific receptor locations. 
Receptor models quantify the impact of air pollution sources by using 
multivariate statistical methods on a matrix of elements or compounds in 
atmospheric samples as tracers for the presence of materials from specific 
source emissions (Gordon, G.E.; 1985, Hopke, P.K., 1985). Receptor models 
can be applied to a variety of air pollution studies since the measured 
properties of aerosols or gases at any monitoring site can be related to the 
sum of independently contributing causal factors. The goal of receptor 
modelling is to "apportion" the sources into specific categories (e.g., 
combustion, incineration, metals smelting, etc.) and quantify their relative 
importances. Receptor models can be used to constrain the uncertainty in 
deterministic modelling estimates and help identify sources that may not be 
accurately represented in emission inventories. The following discussion will 
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describe source apportionment models currently being developed by EPA 
and its research collaborators that can be applied to Hg fate and transport 
research studies. 

Statistical receptor modelling 

The chemical mass balance model version 8.2 (CMB8.2) is now available 
from EPA. CMB8.2 is an effective variance-weighted least squares model 
that apportions sources using conserved source profiles. Inputs to the model 
are source profile abundances and the concentrations of species at a receptor 
site. It utilizes any number of samples as input. A site specific emissions 
inventory is necessary in order to determine which source profiles must be 
selected as well as which chemical parameters must be measured at local 
source emissions and in the ambient air at receptor locations. 

The UNMEX2 model is a multivariate receptor model which seeks to 
solve a general mixture problem where the data are assumed to be a linear 
combination of an unknown number of sources of unknown composition 
which contribute an unknown amount to each sample (Henry, R.C.; 2003). 
This model usually requires information on 100 samples for input; it does 
not use data that is below the method detection limit and it generates source 
profiles and their associated uncertainties. 

Positive matrix factorization (PMF) is a multi-linear model that usually 
requires at least 100 samples and uses data below the method detection limit 
(Paatero, P., 1997). Using this technique, sources are constrained to have 
non-negative species concentration and no sample can have a negative 
source contribution. The technique permits the incorporation of uncertainties 
for each data point, however, these uncertainties must be chosen judiciously 
so as to reflect the quality and reliability of each of the data points. This 
technique also generates source profiles as part of its output. 

Hybrid receptor modelling 

This type of modelling combines statistical receptor models with 
meteorological models to resolve types and geographical location of sources. 
EPA is currently collaborating with the University of Michigan to refine the 
Quantitative Transport Bias Analysis (QTBA) model (Keeler et al., 1989). 
QTBA utilizes air mass back trajectories and observed meteorological data 
along with the measured pollutant concentrations to identify the important 
source areas contributing to elevated Hg concentrations for a particular 
location or region. Alternatively, the contribution from various source types 
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identified by traditional receptor models can be combined with the 
trajectories to estimate the impact of each source type on a location or 
region. An example of QTBA model results are depicted in Figure 6. Source 
contribution probability fields for Hg(p) concentrations in the Midwest US 
were calculated from data collected at 3 monitoring sites ~ Eagle Harbor, 
Michigan; Taquamenon Falls, Michigan; and Brule River, Wisconsin 
(Keeler et al. 2003). 

Ancillary measurements 

To successfully apply receptor models to Hg monitoring studies requires 
a paradigm shift in approach to measurement. It is insufficient to embark on 
any Hg monitoring activity without also measuring a host of other gas and 
aerosol species. 

Event based sampling of Hg, trace elements, and major ions are 
recommended for wet deposition source apportionment (Dvonch et al., 
1999). SO2, CO, NO, NOx, 03, particulate matter mass, trace element 
aerosols, elemental carbon (EC), and organic carbon (OC) are recommended 
for Hg°, RGM, and Hg(p) source apportionment. 

Historically most receptor modelling studies involved daily integrated 
aerosol samples and criteria gas measurements (Stevens et al., 1980; Dzubay 
etal., 1982). 

However, with the advent of a host of new semi-continuous monitoring 
equipment it is now possible to conduct ambient source apportionment 
studies using 1-hour measurements. High resolution particulate mass 
measurements can be made using a tapered element oscillating microbalance 
(TEOM) (Rupprecht and Patashnick), a nephelometer (Radiance Research, 
TSI), or a beta guage (Kimoto). 

Semi-continuous OC/EC measurements can be made using nondispersive 
infrared analyzer (Sunset Laboratories), semi-continuous EC measurements 
can be made using a spectrum aethelometer (Magee Scientific), and semi-
continuous PM2.5 sulfate, nitrate, nitrite, phosphate, ammonium, sodium, 
calcium, potassium and magnesium measurements can be made using a 
ambient ion monitor sampler (AIMS, URG Corp.) that uses a liquid 
diffusion denuder to remove interfering gases (e.g., S02 and HNO3). 

Perhaps one of the most intriguing new monitoring instruments is the 
semi-continuous elements in aerosol sampler (SEAS) (Ondov Enterprizes) 
(Kidwell and Ondov, 2001; Kidwell and Ondov, 2004). The SEAS samples 
air at 90 L min"1, aerosols are grown by condensation of water vapor thereby 
effecting their separation from the air stream. Samples are collected as a 
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liquid slurry over 30-min sampling durations into a fraction collector. Unlike 
filter samples, the resulting slurry samples are suitable for analysis by 
HRICP-MS with minimal sample preparation. 

Figure 6. Atmospheric Hg(p) source region probability fields in the Southern Lake 
Superior region calculated using Quantitative Transport Bias Analysis. 

We have been able to quantify up to 40 trace elements in these 30-min 
integrated samples. Temporally resolved data for some selected trace 
elements obtained using the SEAS in a study by FLDEP in Tampa, Florida 
are illustrated in Figure 7. It is clear that multiple sources impacted the 
sampling site on May 13 that are easily discemable and will not require a 
statistical receptor model to apportion. This kind of high resolution data 
when used with meteorological data and limited source emission information 
(e.g., S02) can actually be used to calculate comprehensive source emission 
profiles (Park, S.S.). 
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5/15/02 5/13/02 

Figure 7. Time resolved data for selected trace elements in Tampa, Fl obtained 
using the SEAS. 

SUMMARY 

Ambient Hg measurement studies have played an important role in the 
development of our current understanding of the atmospheric Hg cycle by (i) 
characterizing emissions from numerous natural and anthropogenic sources, 
(ii) identifying important polar and free tropospheric Hg° oxidation 
mechanisms, (iii) correlating observed deposition and ambient concentrations 
to specific Hg source types, and (iv) providing data for deterministic model 
evaluation. Recent Hg measurements have highlighted deficiencies in the 
emission inventories, chemical kinetics modules, and deposition 
parameterizations used by contemporary deterministic models. 
Improvements in measurement methods to identify specific compounds 
contained in RGM and Hg(p), and to directly quantify Hg dry deposition will 
be required to help guide the development of improved atmospheric Hg 
chemical kinetics and deposition model parameterizations, respectively. 
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Statistical and hybrid receptor models currently offer the ability to 
investigate the impact of specific source types on a receptor locations without 
regard to current uncertainties is emission inventories, atmospheric Hg 
chemistry, and deposition phenomena. However, these models do require 
comprehensive measurement data to develop a data matrix capable of 
resolving and identifying the contributing causal factors (sources). Receptor 
modelling results also provide an opportunity to evaluate the accuracy of 
deterministic model results for specific source categories. 

The ability to globally deploy Hg speciation measurement technologies in 
a thoughtful and coordinated manner is presently lacking. There are no 
national or international ambient Hg speciation monitoring networks where 
receptor sites are selected at remote or anthropogenically impacted locations. 
Every attempt should be made to generate a comprehensive set of 
measurements through collaborative efforts and leveraging of resources and 
expertise. These monitoring networks are necessary to assess the success or 
failure of control strategies, to validate global Hg models, and to observe 
atmospheric Hg trends. 
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DISCLAIMER 

The United States Environmental Protection Agency through its Office of 
Research and Development partially funded and collaborated in the research 
described. It has been subject to Agency Review and approved for 
publication. Mention of trade names or commercial products does not 
constitute endorsement or recommendation for use. 
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INTRODUCTION 

Mercury occurs naturally in the Earth's crust principally as the ore, 
cinnabar, HgS. Mercury is quite different from other metals in several 
respects: (i) it is the only metal that is liquid at room temperature; (ii) it is 
the only metal that boils below 650°C; (iii) it is quite inert chemically, 
having a higher ionization potential than any other electropositive element 
with the sole exception of hydrogen; (iv) it exists in oxidation states of zero 
(Hg°) and 1 (Hg2+) in addition to the expected state of 2 (Hg2+). Mercury 
forms alloys ("amalgams") with many metals. Mercury and its chemical 
derivatives are extremely hazardous. Since the early 1960s, the growing 
awareness of environmental mercury pollution (e.g. the Minamata tragedy 
resulting from methyl-mercury poisoning) has stimulated the development of 
more accurate, precise and efficient methods of determining mercury and its 
compounds in a wide variety of matrices. 

Many of the environmental aspects of mercury and its compounds have 
been reviewed (UNEP 2002; Drasch et al, 2004; Pirrone et al , 2002). In 
recent years, new analytical techniques have become available and have 
been used in environmental studies and consequently the understanding of 
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mercury chemistry in natural systems has improved significantly. Mercury 
can exist in a large number of different physical and chemical forms with a 
wide range of properties. Conversion between these different forms provides 
the basis for mercury's complex distribution pattern in local and global 
cycles and for its biological enrichment and effects. The most important 
chemical forms are: elemental mercury (Hg°), divalent inorganic mercury 
(Hg2+), methylmercury (CH3Hg+), and dimethylmercury (CH3)2Hg). 

There is a general biogeochemical cycle by which monomethyl and 
mercury (II) compounds, dimethylmercury and mercury (0) may interchange 
in the atmospheric, aquatic, and terrestrial environments. Mercury vapour is 
released into the atmosphere from a number of natural sources and through 
anthropogenic emissions (mainly from combustion of fossil fuels). A small 
portion of Hg° is converted into water soluble species (probably Hg2+) which 
can, in part, be re-emitted to the atmosphere as Hg° by deposition on land or 
exchange at the air/water boundary. The atmospheric cycle entails retention 
of Hg° in the atmosphere for long periods and consequently it is transported 
over very long distances. The bottom sediment of oceans is thought to be 
ultimate sink where mercury is deposited in the form of highly insoluble 
HgS. Changes in speciation from inorganic to methylated forms is the first 
step in aquatic bioaccumulation processes. These processes are considered 
to occur in both the water column and sediments. The mechanism of 
synthesis of methylmercury is not very well understood. Although 
methylmercury is the dominant form of mercury in higher organisms, it 
represents only a very small amount of the total mercury in aquatic 
ecosystems and in the atmosphere. Methylation-demethylation reactions are 
assumed to be widespread in the environment and each ecosystem attains its 
own steady state equilibrium with respect to the individual species of 
mercury. However, owing to the bioaccumulation of methylmercury, 
methylation is more prevalent in the aquatic environment than 
demethylation. 

Once methylmercury is formed, it enters the food chain by rapid diffusion 
and tight binding to proteins in aquatic biota and attains its highest 
concentrations in the tissues of fish at the top of the aquatic food chain due 
to biomagnification through the trophic levels. The main factors that affect 
the levels of methylmercury in fish are the diet/trophic level of the species, 
age of the fish, microbial activity and mercury concentration in the upper 
layer of the local sediment, dissolved organic carbon content, salinity, pH, 
and redox potential. 

Speciation is therefore a term frequently used and in the case of mercury, 
(i) it rules the way Hg is transported from its sources to the local 
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environment of man and wildlife, (ii) it rules how mercury is bound in the 
environment and it therefore more or less available to cause adverse effects, 
and (iii) it rules one of the most important mercury transformation and build
up of MeHg in fish and other aquatic and terrestrial foods. 

The term "speciation" and "fractionation" in analytical chemistry were 
addressed by the International Union for Pure and Applied Chemistry 
(IUPAC) which published guidelines (Templeton et al., 2000) or 
recommendations for the definition of speciation analysis: 

• Speciation analysis is the analytical activity of identifying and/or 
measuring the quantities of one or more individual chemical species in a 
sample. 

• The chemical species are specific forms of an element defined as to isotopic 
composition, electronic or oxidation state, and/or complex or molecular 
structure. 

• The speciation of an element is the distribution of an element amongst 
defined chemical species in a system. In case that it is not possible to 
determine the concentration of the different individual chemical species that 
sum up the total concentration of an element in a given matrix, that means 
it is impossible to determine the speciation, it is a useful practice to do 
fractionation instead. 

• Fractionation is the process of classification of an analyte or a group of 
analytes from a certain sample according to physical (e.g. size, solubility) 
or chemical (e.g. bonding, reactivity) properties. 

During recent years new analytical techniques have become available that 
have contributed significantly to the understanding of mercury chemistry in 
natural systems. In particular, these include ultra sensitive and specific 
analytical equipment and contamination-free methodologies. These 
improvements eventually allow for the determination of total and major 
species of mercury to be made in air, water, sediments, and biota. 

Analytical methods are selected depending on the nature of the sample 
and, in particular, the concentration levels of mercury. The present review is 
an updated and extended version of a review published in 1996 (Horvat, 
1996) in order to meet the opbjectives of the present book. 
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PHYSICAL AND CHEMICAL PROPERTIES OF 
MERCURY SPECIES 

Metallic Mercury 

Elemental Mercury (Hg°) is usually referred to as mercury vapour when 
present in the atmosphere, or as metallic mercury in liquid form. Hg° is of 
considerable toxicological as well as of environmental importance because it 
has a relatively high vapour pressure (14 mg m"1 at 20 °C, 31 mg m"3 at 30 
°C) and appreciable water solubility (~ 60 jig.L1 at room temperature). Due 
to its high lipophilicity, elemental mercury dissolves readily in fatty 
compartments. Of equal significance is the fact that the vapour exists in a 
monatomic state. 

Inorganic ions of mercury 

Many salts of divalent mercury (Hg2+) are readily soluble in water, such 
as mercury sublimate (HgCl2: 62 g L"1 at 20°C), and, thereby, highly toxic. 
In contrast, the water solubility of HgS (cinnabar) is extremely low (~ 10 ng 
L"1), and, correspondingly, HgS is much less toxic than HgCk (Simon and 
Wuhl-Couturier, 2002). The extremely high affinity of Hg2+ for sulfhydryl 
groups of amino acids such as cysteine and methionine in enzymes explains 
its high toxicity. However, its affinity to SeH-groups is even greater, which 
may explain the protective role of selenium from mercury intoxication 
(Yaneda and Suzuki, 1997). 

Monovalent mercury is found only in dimeric salts such as Hg2Cl2 

(calomel), which is sparingly soluble in water and, again correspondingly 
much less toxic than HgCl2 (sublimate). 

Organic mercury compounds 

Organic mercury compounds consist of diverse chemical structures in 
which divalent mercury forms one covalent bond (R-Hg-X) or two (R-Hg-R) 
with carbon. For all practical purposes, organic mercury compounds are 
limited to the alkylmercurials monomethyl-Hg, monoethyl-Hg and dimethyl-
Hg, to the alkoxymercury compounds, and to the arylmercurials 
(phenylmercury). Organic mercury cations (R-Hg1+) form salts with 
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inorganic and organic acids (e. g., chlorides and acetates), and react readily 
with biologically important ligands, notably sulfhydryl groups. Organic 
mercurials also pass easily across biological membranes, perhaps since the 
halides (e. g., CH3HgCl) and dialkylmercury are lipid-soluble. The major 
difference among these various organomercury compounds is that the 
stability of carbon-mercury bonds in vivo varies considerably. Thus, 
alkylmercury compounds are much more resistant to biodegradation than 
either arylmercury or alkoxymercury compounds. 

Monomethylmercury compounds are of greatest concern today as these 
highly toxic compounds are formed by micro-organisms in sediments and 
bio-accumulated and bio-magnified in aquatic food chains, thus resulting in 
exposures of fish eating populations, often at levels exceeding what is 
regarded as a safe. The term "methylmercury" is used throughout this text to 
represent monomethylmercury compounds. In many cases the complete 
identity of these compounds is not known except for the 
monomethylmercury cation, CH3Hg+, which is associated either with a 
simple anion, like chloride, or a large charged molecule (e.g. a protein). 

A specific source of exposure is the use of thiomersal for preservation of 
vaccines and immunoglobulins (usually 25-50 \xg of mercury per injection) 
(Knezevic et al., 2004; Pichichero et al., 2002). Its metabolite, ethylmercury, 
behaves toxicologically much like methylmercury, but is less stable. Because 
of the possible health significance to infants, the use of thiomersal is being 
phased out. 

ANALYTICAL METHODS 

In general, determination of mercury involves the following steps: 

(a) sample collection; 
(b) sample pretreatment/preservation/storage; 
(c) liberation of mercury from its matrix; 
(d) extraction/clean-up/pre-concentration; 
(e) separation of mercury species of interest; 
(f) quantification. 

Over the last twenty years, thousands of papers dealing with 
determination of mercury and organomercury compounds in environmental 
samples have been published. This chapter is organized in such a manner 
that the principal information on mercury distribution in the environment is 
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given with emphasis on mercury speciation, with the identification of major 
gaps. However, cleaning of laboratory ware and calibration are common to 
all matrices and are described below. 

Cleaning procedures 

Rigorous cleaning procedures must be used for all laboratory ware and 
other equipment which comes into contact with samples. Reagents that are 
used for the analyses of total and organomercury species must be of suitable 
quality. The best materials for sample storage and sample processing are 
Pyrex and silica (quartz) glass, and Teflon (PTFE or FEP). Plastics such as 
polypropylene are not recommended since these materials can contribute to 
either contamination or losses of mercury. There are several cleaning 
procedures which are suitable: (1) aqua regia treatment followed by soaking 
in dilute (~5-10%) nitric acid for a week; (2) soaking in a hot oxidizing 
mixture of Kmn04 and K2S208, followed by NH4OCI rinsing and soaking for 
a week in 5M HNO3; (3) soaking in a 1:1 mixture of concentrated chromic 
and nitric acids for a few days; (4) soaking in BrCl (mixture of HCl and 
Kbr03); (5) Teflon is usually cleaned in hot concentrated HNO3 for 48 
hours, followed by soaking in dilute HNO3 (5%) (which is repeated twice). 
After such treatments, laboratory ware is usually rinsed with mercury-free 
deionized water or double distilled water, and stored in a mercury-free place, 
preferably sealed in mercury-free plastic bags. Some authors recommend 
storage of laboratory ware in dilute nitric or hydrochloric acids until use. 
Laboratory ware that is used for methylmercury analyses should be prepared 
with extreme caution. It has been shown that final soaking of laboratory 
ware, particularly Teflon, in hot (70°C) 1% HCl removes any traces of 
oxidizing compounds (e.g. chlorine) which may subsequently destroy 
methylmercury in solution. 

Calibration 

Inorganic Mercury 

The difficulty of preventing losses of low level mercury from aqueous 
solutions is well known. Losses during storage are due to adsorption on 
container walls and volatilization losses due to reduction of inorganic 
mercury to elemental mercury. Numerous papers have been written 
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describing various treatments of samples to prevent losses of inorganic 
mercury during storage (Carr and Wilkniss, 1973, Lo and Wai, 1975, Coyn 
and Callins, 1972) Normally, strong acids and oxidants (such as HN03, 
H2S04+Kmn04, K2Cr207, HCl and H202 and BrCl) are added as 
preservatives. Losses are very much dependent on the container materials 
used, the best materials being quartz, Pyrex glass and Teflon. Any working 
standard solution with a concentration below 10 ng/ml should be carefully 
prepared freshly on a daily basis. 

In a number of studies using the double amalgamation method the 
calibration of the analytical instrument is performed using the mercury 
saturated air calibration method (Dumarey et al., 1985). The elemental 
mercury is placed in a closed glass container, and the temperature is kept at a 
constant value, below room temperature. The temperature dependence of the 
saturated mercury vapour concentration is calculated from the ideal gas law. 
An appropriate volume of Hg vapour is taken by gas tight syringe and 
injected into the gas train through the chromatographic septum on the 
sampling gold trap. This approach has the advantage of preventing problems 
associated with the stability of aqueous mercury solutions and is ideal for 
calibration of methods for determination of total mercury in air. However, 
when total mercury is measured by the reduction-aeration method, 
calibration of the analytical instrument with aqueous standards is preferable 
because it acts as a control for the reduction amalgamation conditions and 
represents less danger for possible contamination in the case of damage of 
the calibration vessel. 

Organomercury standards 

There have been quite a few studies performed concerning the stability of 
organomercurials in standard solutions (Lansens et al., 1990; Meulemann et 
al., 1993). A decrease of methylmercury in aqueous solutions can be caused 
by adsorption onto the container walls. Losses of methylmercury chloride 
due to volatilization is unlikely to occur [Kd (gas-liquid distribution 
coefficient: C^ICmo) is 1.07xl0"5 at 20°C]. The stability is strongly 
dependent on the concentration, the container materials and the storage 
temperature. An aqueous methylmercury solution with a concentration of 10 
Hg.L , stored in Pyrex at low temperature (e.g. in a refrigerator) is stable for 
approximately one month. If Teflon containers are used, the solution is 
stable for several months if stored in the dark at room temperature. Some 
authors recommend storage of methylmercury solutions in 1% HCl. 
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Methylmercury standard solutions in organic solvents stored in Pyrex glass 
bottles (for GC analyses) are even more stable than aqueous solutions. 
Recently, a new CRM for calibration of Me202Hg was produced by the 
European Institute for Reference Materials and Measurements (Snell et al., 
2004) for calibration and quality control using ICP MS detection and isotope 
dilution analysis. 

Volatile organomercury compounds (in particular dimethlymercury) can 
also be prepared in the gas phase. This is of importance for the optimization 
of methodologies for organomercury speciation in air and dimethylmercury 
in water. An aliquot of vapour is removed from a temperature-stabilized 
vessel using a gas tight syringe. The concentration can be calculated from 
data on the partial pressure of the individual compound and the gas-law 
equation. 

Water 

Concentrations of total mercury in water samples are very low (at the ng 
L"l level or below), so that accurate analysis is still a major problem. The 
theoretical approach via stability calculations can be of great help in making 
rough estimates of the predominant mercury species under various 
conditions. Mercury compounds occurring in natural waters (Figure 1) are 
most often defined by their ability to be reduced to elemental mercury. In 
lake waters methylmercury species account for 1-30 % of total mercury. 
Most of the methylmercury is probably associated with dissolved organic 
carbon (DOC). Limited data are available on the formation constants 
between the methylmercury cation and DOC (Martell et al , 1998). Thiol 
groups (-RSH) have been shown, however, to have a higher capability to 
bind methylmercury in comparison with ligands containing oxygen and 
nitrogen donor atoms and the inorganic ions (CN", CI", OH"). Methyl 
mercury compounds in surface runoff waters, soil pore waters and ground 
waters are similar to the species in lake waters and are generally quite 
strongly associated with DOC. Dimethylmercury has rarely been reported in 
surface waters except in the deep ocean (Horvat et al., 2003; Cossa et al., 
1994; Vandal et al., 1998) and during some seasons in the slurry of salt 
marshes (Weber et al., 1998). Mercury in sea water exists mainly in the form 
of Hg complexed with CI" ions. Methylmercury concentrations in seawater 
are generally lower than in lake waters. Dissolved gaseous mercury vapour 
is also present in ocean waters (Horvat et al., 2003). The presence of 
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organomercury species, including dimethylmercury, was also detected in 
geothermal gases and waters (Hirner et al., 1998). 

WATER 

EVASION DEPOSITION 

Hg°(g) ** Hg>(aq) "-(CH^Hgte) 

. "1 \ y 
Hg2*and 

MeH9 lCH3Hg*1 
^^adso rbed _ ^ ^ k ^ ^ 

Major mercury species to be 
determined: 

- total Hg (dissolved and 
particulate) 

- monomethylmercury 
compounds (dissolved and 
particulate) 

- reactive Hg species 
- dissolved elemental Hg 
- dimethylmercury 

Figure I. Mercury species and transformation in water. 

Collection and handling of aqueous samples for low level determination 
of mercury must address factors such as whether or not the sample is 
representative of the sample, possible inter-conversion processes, 
contamination, as well as preservation and storage of the matrix before 
analysis. The measurement (sampling and analysis) protocol must be even 
more carefully designed if speciation of mercury forms in the aqueous 
samples is intended. There have been remarkable improvements in sampling 
and analytical techniques which have resulted in a dramatic increase in the 
reliability of data for mercury levels in water samples over the past 15 years. 
The stability of mercury in solution is affected by many factors. These 
include: (a) the concentration of mercury and its compounds, (b) the type of 
water sample, (c) the type of containers used, (d) the cleaning and pre-
treatment of the containers, and (e) the preservative added. 

Sampling and storage 

The main steps for water sample pretreatment, preservation, and storage 
for determination of various mercury compounds are shown in Figure 2. 
Contamination-free sampling devices (e.g. Teflon Go-Flo samplers) are 
commonly used. Alternatively, the water can be pumped through Teflon 
tubing using a peristaltic pump. Collection of surface waters is usually 
performed by hand, using arm-lenght plastic gloves. Samples are taken 
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upwind of a rubber raft or a fiberglass boat. Precipitation samples can be 
collected by automatic samplers, with in-line filtration if desired. Wide-
mouth Teflon jars have been favoured for sampling waters with low mercury 
concentrations. Containers and other sampling equipment which come into 
contact with water samples should be made of borosilicate glass, Teflon or 
silica glass. These materials have been found to be free from mercury 
contamination and therefore suitable for work at low, ambient levels. 
However, Teflon showed the best performance regarding both contamination 
and loss-free storage of aqueous samples. 

REACTIVE Hg SPECIES 
(Reduction by SnCl2 and 

purging) 

SAMPLING 
(Ultra clean protocols) 

AERATION 

SIMULTANEOUS 
DETERMINATION OF 
VARIOUS Hg SPECIES 
(Derivatization and cryo-

trapping) 

VOLATILE Hg SPECIES 
(Dissolved Hg° and 

(CH3)2Hg) 

i 
FILTRATION 

(Ultra clean, 0.45mn, Teflon, 
^ nitrocellulose class* 

PARTICULATE Hg 
SPECIES 

(Total Hg, CH3Hg+) 

* 
\ 

i 

T 

PRESERVATION 1 
(HC1 and/or HNO3, freezing) 

DISSOLVED Hg SPECIES 
(Total Hg, CHjHg4) 

Figure 2. Most common steps for determination of total mercury and its compounds in 
natural water samples. 

The most volatile mercury forms possibly present in the water are Hg° 
and dimethylmercury. They should be removed from the samples 
immediately after the sampling step by aeration with collection on Carbotrap 
or other suitable adsorption media for subsequent analyses in the laboratory 
(Mason, Fitzgerald 1993; Horvat et al., 2003). 

Measurement of "dissolved" mercury compounds requires removal of 
"particulate" materials from the sample by either filtration or centrifugation. 
Various types of filters can be employed: 0.45 um membrane filters 
(precipitation, sea water), disposable polystyrene units (Nalgen) with 
nitrocellulose membrane filters, and pretreated glass fibre filters. 

In order to store samples prior to analyses, samples should be preserved, 
generally by acidification, even though it has been shown that the Hg 
concentration in unpreserved precipitation samples is more stable than 
previously assumed (Bloom 1989). However, acidification is subject to two 
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limitations: (a) suspended matter has to be removed prior to acidification 
and (b) dimethylmercury and Hg° have to be removed, otherwise conversion 
of these species into methylmercury and mercury(II) may occur. In general, 
samples are processed immediately after removal of the particulate matter. 
However, if water samples do have to be stored for longer periods the 
mercury present may be stabilized by adding acid. For the analysis of 
organomercurials, preservation with oxidative reagents (as advised for total 
mercury analysis) should be avoided, since organomercurials are converted 
into inorganic mercury. Stabilization by HNO3 results in a decrease in 
methylmercury, while Hg(II) remains stable in the presence of this acid. 

HC1 was found the most appropriate acid for storing aqueous 
methylmercury solutions (Ahmed et al., 1987). Sulphuric acid can also be 
used for preservation of methylmercury solutions in distilled water although 
it is not suitable for natural water samples. Some authors claim that for 
methylmercury determinations, storage of unpreserved samples at low 
temperatures (or even deep-frozen) is better than adding acid (Bloom 1989; 
Horvat et al , 2003). 

Determination of total mercury 

As generally agreed, problems arising in the analysis of total mercury in 
natural water samples are not connected with the final measurement, but 
rather with difficulties associated with contamination-free sampling and 
potential losses due to volatilization and adsorption during storage. The best 
hope to overcome these problems would seem to be in immediate 
measurement at the sampling site. 

Analytical techniques suitable for total Hg determination in natural 
waters at the picogram level are either based on cold vapour atomic 
absorption (CV AAS), ICP-MS, plasma atomic emission (plasma-AES) or 
atomic fluorescence spectrometry (AFS). Of these, CV AAS is the most 
widespread method. In recent years, CV AFS and ICP-MS/ICP-AES 
techniques have become increasingly important, since the detection limits of 
the instruments is about 1 picogram, which is an order of magnitude better 
than CV AAS. Since the development of a simple, very sensitive (0.3 pg) 
and inexpensive CV AFS detector (Kvietkus et al., 1983; Bloom and 
Fitzgerald, 1988) many research groups are using it for mercury 
measurement of low level air and natural water samples. 

In nearly all analytical procedures used for measurement of Hg in natural 
waters the method of preconcentration on gold trap/amalgamatio is applied. 
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A schematic flow chart for determination of total mercury in natural water 
samples is shown in Figure 3. 

The sampling, filtration and preservation steps have been discussed in 
previous Chapter. Decomposition of all mercury species into Hg is 
necessary if total mercury is to be measured. In a large number of studies 
this was achieved by the oxidizing agent BrCl in HCl (Bloom 1989; Bloom 
and Crecelius 1983). Also, techniques based on UV oxidation in HCl media 
have successfully been applied (Ahmed et al., 1987; May et al., 1987). The 
use of other oxidative mixtures are limited due to relatively high reagent 
blanks. In the case of humic rich water samples, a combination of BrCl and 
UV oxidation is very effective and results in complete recovery. 

SAMPLING 
V 

FILTRATION 

u 
PRESERVATION 

li 
DECOMPOSITION 

(UV irradiation and/or cold oxidation with BrCl) 
u 

REDUCTION 

u 
AERATION 

U 
PRECONCENTRATION 

(double or single amalgamation on gold) 
u 

DETECTION 
I (CV AAS, CV AFS, plasma-AES, ICP-MS, etc.) | 

Figure 3. Principal steps for the determination of total mercury in water samples. 

After the decomposition step, an aliquot of the sample is transferred into 
a reduction cell and treated with a reducing agent and purged with a Hg-free 
gas flow. As reductant, SnCl2 solution is used, but an aqueous solution of 
NaBH4 may also be employed (Heraldsson et al., 1989, Iverfeld et al., 
1988). 
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Speciation of mercury in water 

A large number of articles dealing with the determination of 
methylmercury compounds in biological and sediment samples have been 
published. Only a few analytical techniques, however, have been developed 
for the reliable determination of organomercury species in water samples. In 
many studies, mercury compounds in aquatic environments are speciated 
according to their ability to be reduced to the elemental state. 
Dimethylmercury and Hg° (the most volatile mercury compounds) can be 
isolated by aeration and adsorption on a suitable adsorbent (Carbotrap or 
Tenax), coupled with noble metal amalgamation (for Hg°), immediately after 
sampling (Horvat et al , 2003). Alternatively, they can be directly analyzed 
by cryogenic trapping, separation on GC columns and detected by one or 
more suitable mercury detectors. ICP-MS is frequently used in recent years 
(Hintelmann and Ogrinc 2003; Stoichev et al., 2004; Monperrus et al., 
2004). Samples should not be acidified prior to such separations since 
dimethylmercury and Hg° are transformed into methylmercury and Hg(H), 
respectively. 

For specific organomercury compound determinations, a pre-separation 
and pre-concentration method, followed by a very sensitive detection system 
is necessary. In a typical extraction method, methylmercury halide (Br, CI" 
or I") is extracted into an organic solvent (benzene or toluene) after 
acidification. This is followed by derivatization to a water-soluble adduct of 
methylmercury-cysteine, which is extracted into the aqueous phase. After 
acidification, CH3HgX (X is a halide ion) is back-extracted into a small 
amount of organic solvent. An aliquot is then injected onto a GLC column 
and detected by ECD or any other suitably sensitive detector (such as a 
plasma emission detector). Packed or capillary columns can be used. More 
precise descriptions of chromatographic conditions are given in the section 
3.3 of this manuscript describing methylmercury determination in other 
environmental samples. There are quite a few modifications to this 
extraction procedure and these have been reviewed by Craig (Craig 1986). 
For example, the methylmercury compound may be transferred into organic 
solvent as dithizonates followed by clean-up steps and detection by GC-ECD 
(Akagi et al., 1991). Inorganic and organic mercury species can be pre-
concentrated on dithiocarbamate or sulphydril cotton-fibre adsorbent which 
is then extracted as described above (Lee and Mowrer 1989; Jones et al., 
1995). However, in some water samples artifact formation of methylmercury 
was observed during solid-phase extraction of water samples (Celo et al., 
2004). The common drawbacks of most of these extraction procedures are 
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the large sample requirements, low extraction yields, and non-specific 
separation of dimethylmercury, if present. 

There are also methods for determination of "total" organomercury 
compounds. Inorganic and organic mercury are pre-concentrated on a 
dithiocarbamate resin and are subsequently eluted with thiourea. Separation 
of organic and inorganic mercury is achieved by differential reduction and 
detection by CV AAS (Minagawa et al , 1979). Inorganic and organic 
mercury can also be separated using anion exchange resins]. Organic 
mercury is then decomposed (by UV irradiation) and measured by CV AAS. 
However, it has been shown that the levels obtained by this method do not 
necessarily correspond to methylmercury (owing to the lack of specificity of 
the protocol). The method has recently been improved by the introduction of 
more specific separations of organic and inorganic mercury species by water 
vapour distillation (Padberg and Stoeppler 1991). 

Another method based on aqueous-phase ethylation, room temperature 
pre-collection, separation by GC with CV AFS detection has been described 
(Bloom 1989). The method has been frequently adopted in laboratories 
involved in studies of the biogeochemical cycle of mercury. Ionic mercury 
species in the sample are ethylated according to the following reactions: 

[CH3Hg+] + [Hg2+] + 3NaB(C2H5)4 -> [CH3HgC2H5] + [Hg(C2H5)2] +3Na+ + 3B(C2H5)3 

Ethylated mercury species are volatile and therefore can be purged from 
solution at room-temperature and then collected on adsorbent materials such 
as Carbotrap or Tenax. After thermal release, individual mercury compounds 
are separated by cryogenic or isothermal GC. As the species are eluted they 
are thermally decomposed (pyrolized) at 900°C and are measured as Hg° 
using a CV AFS detector, which achieves very low detection limits (< 10 
pg). A CV AAS detector can also be used, but its detection limit is much 
higher, 167 pg (Rapsomanikis and Craig, 1991). 

In recent years ICP-MS is being more and more frequently used as it 
offers numerous advantages over AAS and AFS detectors. Instead of 
ethylation, propylation was recently shown to be an even more suitable 
derivatization procedure, being free from interferences caused by halide ions 
(Demuth and Heumann, 2001). Hydration was also proven to be a useful 
derivatization method, in particular when coupled with preconcentration by 
cryotrapping (Tseng et al., 1998; Stoichev et al., 2004, Monperrus et al., 
2004). 

In any case, the critical part of this procedure is the preparation of 
samples prior to derivatization. Methylmercury compounds must be removed 
from bound sites to facilitate the ethylation reaction. Interfering compounds 
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(such as sulphides) must also be removed. Two approaches have been used 
so far. The first is based on extraction of methylmercury compounds into 
methylene chloride and then back-extraction into water by solvent 
evaporation (Bloom 1989). The second is based on water vapour distillation. 
Distillation has advantages since it quantitatively releases methylmercury 
from sulphur and organic-rich water samples (Horvat et al., 1993). 

The analysis of different mercury compounds at environmental 
concentrations should be developed further. Reliable data can be obtained 
for monomethyl mercury compounds and dimethylmercury. There is, 
however, a need to identify biogeochemically important mercury fractions 
which are currently measured by operationally-defined rather than direct 
("analytically rigorous") protocols. 

Other environmental matrices 

Sampling and storage 

Sediments and soils: Mercury in these two compartments of the 
environment is associated with humic matter. In contaminated sites 
(particularly mining areas) it is mostly present as HgS. Following 
methylation, methylmercury does not usually build up in sediments to more 
than about 1.5% of the total mercury present. This appears to be an 
approximate equilibrium level between formation and removal. Methylation-
demethylation reactions are assumed to be widespread in the environment 
and each ecosystem attains its own steady state with respect to the individual 
species of mercury. Dimethylmercury is considered to be unstable in 
sediments, but is assumed to be stabilized by a conjunction of factors, such 
as high sulphide levels, salinity, anoxic conditions and constant inputs of 
methane into the media (Weber et al., 1998). 

Sediment and soil samples should also be prepared with caution since the 
percentage of methylmercury in these samples is very low (e.g. <2% of total 
mercury) and improper handling and storage may lead to inaccurate results. 
Moreover, changes of pH, redox potential, moisture, etc. may significantly 
influence the stability of methylmercury in sediments. Due to changes 
during sampling, conversion of mercury species may occur (methylation, 
demethylation, reduction), particularly in the case of sediments taken from 
the oxygen-depleted bottom of water bodies (Horvat et al., 2004). These 
samples are better analyzed fresh or, if long-term storage is unavoidable, 
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samples should be kept in the dark at low temperature, in an inert 
atmosphere and deep frozen. 

Biological samples: The highest levels found in fresh and marine 
organisms are found at the highest trophic levels, where mercury levels can 
exceed the "black list limit" of 0.5 mg kg-1 (IPCS/WHO, 1990). The 
percentage of methylmercury to total mercury in fish muscle varies from 80 
to 100 %, but in other organs its concentration is smaller (in liver and kidney 
up to 20 %). In other aquatic organisms, the percentage of methylmercury is 
more variable, depending on water depth, location, and the type of organism. 
Relatively high mercury and methylmercury concentrations have been 
reported for fish-eating marine birds. Birds feeding on wild vegetation 
generally have much lower mercury in their bodies. There have recently 
been many studies performed on terrestrial ecosystems (particularly in 
Canada, Sweden and the USA). Mercury also passes from vegetation into 
the food chains of fauna (Gnamus et al., 2000). 

Relatively little is known about the effects of storage on the stability of 
methylmercury in biological samples. Significant external contamination of 
samples with methylmercury is unlikely to occur; however extreme 
precautions are necessary to avoid contamination by inorganic mercury. 

Blood and hair samples are often analyzed in order to estimate exposure 
of humans to mercury and its compounds. Blood is a suspension of cellular 
components in a protein-containing medium in a ratio of approximately 
43:57. It should be taken by venipuncture. It is mandatory to collect blood 
without addition of any preservative, or of any coagulant, and this for two 
reasons. First of all because the preservative may contain a mercury 
compound or be contaminated with mercury impurities. Secondly because 
any preservative and/or anticoagulant is liable to break up the original 
mercury species. Most anticoagulants are either polyanions (e.g. heparin) or 
metal chelators (e.g. EDTA, citrate) and therefore have a high affinity for 
metal species. As a rule neither heparinised samples, nor EDTA , citrate or 
any other anticoagulant doped samples should be used. Add to this that when 
blood is collected with an anticoagulant it separates into plasma and red 
blood cells, which is different from serum and packed cells. Serum contains 
no fibrinogen. Packed cells consist not only of red blood cells but include all 
other cellular material as well. 

As speciation of the mercury species is the aim of the analysis, it is of 
little mean to analyze total blood, because of the very different nature of its 
constituents (serum and packed cells). The same applies to many real 
samples, which are complex mixtures. 
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After blood has been sampled without an anti-coagulant, it will clot 
spontaneously and separate into serum and packed cells. The process lasts 
15 to 30 minutes at room temperature. It is then submitted to centrifugation, 
what should be completed within 1 hour. This separation should be done as 
soon as possible to avoid haemolysis of blood. Haemolysed samples cannot 
be considered for analysis, the more so not for speciation analysis. The 
distribution of the different trace element species between serum and cells 
may vary by several order of magnitudes. Concentrations in the two phases 
are controlled by different mechanisms. The determination of trace element 
species in whole blood is, therefore, far less informative than their analysis 
in serum and packed cells separately. 

Serum and packed cells may be deep-frozen only once, as repeatedly 
frozen and thawed samples showed a remarkable decrease in methylmercury 
concentrations. There is also some evidence that methylmercury may be 
destroyed during lyophilization of blood samples (Horvat and Byrne 1992, la 
Fleur 1973). 

Analysis of human hair offers several advantages over analysis of blood 
samples: e.g. ease of sampling and sample storage, the concentration of 
methylmercury is approximately 250 times higher than in blood, and 
analysis of different longitudinal sections of hair can give information on the 
history of the exposure to methylmercury ingested through food. Adhering 
dust and grease should be removed by one of the following solvents: hexane, 
alcohol, acetone, water, diethylether, or detergents. IAEA and WHO 
(UNEPAVHO/IAEA 1987) recommend the use of only water and acetone. 
Long-term storage of human hair samples has shown that methylmercury is 
stable for a period of a few years if stored dry and in darkness at room 
temperature. 

Biological samples are preferably analyzed fresh or after lyophilization. 
Deep-freezing of fresh samples, especially with long storage, should be 
avoided, since it has been noticed that in some organisms methylmercury 
may decompose with repeated freezing and unfreezing (particularly in 
bivalves) (Horvat and Byrne 1992). Methylmercury and total mercury in 
lyophilized biological samples, such as biological certified reference 
materials (CRMs), are stable for years. CRMs are, however, sterilized either 
by autoclaving or by y-irradiation. This important step prevents 
bacteriological activity, which may otherwise lead to methylation and 
demethylation processes. In general, very little is known of the effects of 
sterilization on the stability of methylmercury compounds. More studies are 
needed to investigate the stability of organomercury compounds in 
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biological samples, particularly under various sample preparation and long-
term storage conditions. 

Determination of total mercury 

Sample pretreatment 

Most of the methods for the determination of total mercury in solid 
samples require preliminary digestion of the sample. They are classified as 
wet (oxidizing digestion) and dry (combustion/pyrolysis) decomposition 
methods. 

In order to quantitatively release mercury from the sample, wet oxidation 
procedures require one or more oxidizing agents in an acidic medium. Most 
common reagents that have been used include HN03, HCl, BrCl, H2S04, 
Hcl04, H2O2, V205, Kmn04, K2Cr207. Mixtures of various other reagents 
have also been used (Horvat 1989). It is important to note that these reagents 
should be of proper quality (low in mercury). Samples are normally digested 
in closed, semi-closed, and/or sealed containers at elevated temperatures 
(max. 90-100°C). Particular attention should be paid to preventing losses of 
mercury at elevated digestion temperatures. Therefore, closed or sealed 
digestion containers should be employed (Horvat et al., 1991). Nowadays, 
several laboratories follow procedures based on oxidative digestion (HNO3, 
H2S04 and BrCl) in semi-closed Teflon containers at 90°C for 12 hours. 
Frequently, incomplete digestion of the matrix has led to erroneous results. 
In the case of solid samples such as soli and sediments, it is strongly 
recommended to use acid digestion including HF in order to completely 
remove Hg from the inorganic matrix (Kocman et al., 2004). 

Combustion or pyrolysis procedures (dry ashing) are often advised in the 
literature as an alternative decomposition method. They can be performed 
under reductive (Aston and Riley 1972) or oxidative conditions (Nicholson 
1977; Dumarey and Dams 1984; Kosta and Byrne 1969; Byrne and Kosta 
1974). Normally, they are combined with a noble metal amalgamation or 
pre-concentration in oxidizing solution and/or other absorbent materials. 

The general advantage of these approaches is a rapid quantitative 
separation by a physicochemical process not requiring any chemical 
manipulation and the avoidance of chemical interferences that are connected 
with the reduction/aeration step (Horvat et al., 1991; Bartha and Krenyi, 
1982). 
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Instrumental methods 

For the determination of low level mercury concentrations a number of 
instrumental analytical methods can be used (Schroeder 1995, Drasch et al., 
2004). Among the most frequently employed are the following: CV AAS, 
CV AFS, ICP-MS, electrochemical methods, and neutron activation analyses 
(NAA). During the last two decades CV AAS and CV AFS have replaced 
most of other techniques. The relative detection limits of some techniques 
are presented in Table 1. It should be noted, however, that the detection 
limits reported are dependent on the overall analytical procedure including 
sample preparation prior to the final quantification step. 

Cold Vapour Atomic Absorption Spectrometry. Most of the procedures 
are based on the principle developed by Poluektov et al. (1964) (see also 
Hatch and Ott 1968). A reducing agent (SnCl2 or NaBFLj) is added to a 
reaction vessel containing the prepared sample. The Hg° vapour is then 
liberated from the sample solution and swept either directly into the cell of 
the spectrometer, or is pre-concentrated on a gold surface before being 
thermally desorbed prior to analysis. Such reduction-aeration procedures are 
easy to perform, rapid, selective, and accurate by comparison with many 
other techniques. A typical detection limit of a CV AAS system, with pre-
concentration on gold, is 0.05 ng/g. The method is fairly specific. However, 
a number of spectral interferences can occur due the presence of water 
vapour, NO2, S02, ozone and other organic and inorganic compounds 
(Schroeder 1982). Some of these interferences can be successfully removed 
by the Zeeman background correction. All mercury forms should be 
converted into Hg°, as the AAS can only detects mercury in its elemental 
form. 

Numerous analytical protocols have been developed and optimized by 
instrument producers world-wide. For example, solid sampling CV AAS has 
been increasingly used for the determination of total Hg in solid and liquid 
samples (Roos-Barraclough et al., 2002). CV AAS procedures are also 
frequently based on flow injection analysis (Murphy et al., 1996). 

Cold Vapour Atomic Fluorescence Spectrometry. With improvements in 
light sources in recent years, AFS has become increasingly popular. The 
basis of AFS determination of mercury is detection of the radiant energy 
emitted, perpendicular to the incident light beam. In this way the signal is 
measured relative to "zero" rather than as a small difference in a large signal 
(as in the case of AAS). Therefore, AFS achieves much better sensitivities 
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(less than 1 picogram) and linearity over a wider concentration range 
(Kvietkus et al., 1983). Care is needed to avoid quenching of the 
fluorescence signal by gaseous substances such as CO/CO2, O2, or N2. As in 
the case of AAS, it detects mercury in its elemental form only. 

In both methods, CV AAS and CV AFS, a reduction/aeration step is 
used. Apart from spectral interferences, there are a number of interferences 
dependent on the composition of the sample. They may cause non-specific 
absorption (volatile organic compounds), interfere with the reduction (bind 
ionic mercury in complexes or amalgamate Hg°), and interfere with the pre-
concentration of Hg on the adsorption trap (volatile halides and hydrides). A 
number of these interferences can be avoided by careful optimization of the 
analytical procedure. The most serious interferences may occur with the 
determination of mercury in geological samples (Horvat 1989, Horvat et al , 
1991, Bartha and Ikrenyi 1982), due to high concentrations of palladium, 
platinum, gold, silver, antimony, copper, zinc, or lead. By proper selection of 
the pH and the reducing agent (SnC^ or NaBHj) these interferences can be 
minimized or completely removed. 

Inductively-coupled plasma - mass spectrometry. ICP-MS has become 
increasingly used in mercury research studies and has been demonstrated to 
be a very powerful tool (Hintelmann and Ogrinc 2003). Introducing mercury 
in the form of gaseous species into a dry plasma greatly reduced occurrence 
of memory effects, which was one of the major problems for the effective 
use of ICP-MS initially. ICP-MS can achieve absolute detection limits of 
less than 100 pg of Hg. Moreover, the capability of ICP-MS to take 
advantage of special isotope dilution methods makes this technique suitable 
for very precise and accurate measurements. 

In addition, multiple stable tracer experiments to study the fate of Hg 
species in the environment and biological systems are available for 
investigation of multiple transformation processes simultaneously (Domuth 
and Heumann 2001; Stoichev et al , 2004; Tseng et al., 1998). 

Neutron Activation Analysis. This can be performed as non-destructive 
instrumental NAA (Das and van der Sloot 1976; Dams et al., 1970) or 
radiochemical NAA (Kosta and Byrne 1969; Byrne and Kosta 1974). ). ko 
standardization instrumental NAA is now available and can be used on a 
routine basis (Jacimovic and Horvat 2003). 
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Table I. Most frequently used methods for quantification of mercury and their relative 
detection limits, adopted from Horvat, 1996. 

Method 
Colorimetric 
methods 
AAS 

AFS 
NAA 

GC 

HPLC 

ICPMS 
ICP AES 
Photo-acoustic 
spectroscopy 
X ray fluorescence 
Gold-film analyzer 

graphite furnace (GF AAS) 
cold vapour (CV AAS) 
cold vapour (CV AFS) 
instrumental (INAA) 
radiochemical (RNAA) 
Electron capture detector 
Atomic emission detector 
Mass spectrometer 
CV AAS/AFS 
UV 
CVAAS 
CVAFS 
Electrochemical detectors 

Detection limits 

0.01-0.1 n g g 1 

1 ng g"1 

0 .01-1 n g g 1 

0.001 - 0.01 ng g"1 

1 - l O n g g 1 

0 .01-1 ngg 1 

0.01 - 0.05 ng g"1 

0.05 ng g 1 

0.01 ng g 1 

0.01 - 0.05 ng g"1 

0.1 ngmL-1 

0.5 ng mL"1 

0.08 ng mL'1 

0 .1 - lngmL- 1 

0.01 ngmL-1 

2 ng mL"1 

0.05 ng 

5 ng g"1 - 1 ng g"1 

0.05 tig g 1 

Good agreement of the results obtained by kO-INAA with other methods 
was observed in environmental samples such as soil, sediments and sewage 
sludge with elevated mercury values (> 1 mg/kg), while at lower 
concentration agreement is good in the absence of major interferences in ko-
INAA. In biological samples (plants, algae and tissues) the agreement is 
satisfactory at concentrations higher that 0.05 mg/kg. The sensitivity of ko-
INAA largely depends on the presence of other elements which interfere 
with the gamma line of 203Hg. Instrumental ko-NAA may suffer from spectral 
interferences and, when plastic irradiation vials are used, from volatilization 
losses, therefore the use of RMs with known values and chemical 
composition close to those of the samples analysed should be used for 
validation purposes. Because sample preparation and handling steps are 
minimal before the irradiation of the sample (almost no contamination 
problems), NAA has often been used as a reference method against which 
other methods were checked and compared. (Jacimovic and Horvat 2003). 
However, it requires very expensive facilities, well-trained personnel and 
lengthy procedures, and it is not suitable for use in the field. 
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Atomic Emission Spectrometry. In recent years several types of plasma 
sources, including direct current, inductively-coupled, and microwave -
induced gas (helium and argon) plasmas have been used for the 
determination of mercury (Fukushi et al., 1993). These methods are very 
sensitive, but compared to AAS and AFS they are too complex and 
expensive for routine work. 

Photo-acoustic spectroscopy. Mercury is first preconcentrated on a gold 
trap and after thermal release it is quantified by measuring the sound 
produced from fluorescent quenching when the sample vapour is irradiated 
with a modulated mercury vapour lamp. The detection limit is 0.05 ng. The 
method has been successfully used for detection of ultratrace levels of Hg in 
air and snow( de Mora et al., 1993; Patterson 1984). 

X-Ray Spectoscopy. X-ray fluorescence is convenient as the sample 
preparation is minimal, analysis is quick and non-destructive and it is 
indifferent to the chemical or physical state of the analyte. However, it is 
less sensitive than AAS and NAA and only detection limits in the \ig range 
can be achieved if the sample is directly measured. The sensitivity can be 
improved by pre-separation and pre-concentration of Hg (D'Silva and Fassel 
1972, Bennnun and Gomez, 1998). In vivo determination of mercury was 
investigated and applied (O'Meara et al , 2000). Synchrotron radiation XRF 
has successfully been applied to biological monitoring using hair. Its 
advantage is in studying mercury dynamics in a small sample (Shimijo et al., 
1997) 

Recently, X-ray absorption spectroscopy (XAS), in particular extended 
X-ray absorption fine structure (EXAFS) spectroscopy has been applied for 
mercury speciation in mercury-bearing mine wastes (Kim et al., 2000). 

Electrochemical Methods. The use of these methods is less popular and 
has been replaced by the other measurement techniques mentioned above. 
One of the important advantages is that, for example, using anodic stripping 
voltammetry (ASV) it is possible to separate Hg(I) and Hg(II) in aqueous 
solutions. However, the sensitivity is poor compared to other techniques for 
determination of total mercury (Sipos et al., 1980). 
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Mercury speciation 

In general, methods are classified according to the isolation technique 
and the detection system (Drasch et al., 2004, Sanchez Uria and Sanz Medel 
1998, Horvat and Schroeder 1995). Most methods for the 
isolation/separation of organomercury compounds have been based on 
solvent extraction, differential reduction, difference calculations between 
"total" and "ionic" mercury, derivatization, or on paper- and thin layer 
chromatography. The most common approaches to organomercury 
separation and detection are schematically presented in Figure 4. 

Separation and detection systems 

During the last twenty years hundreds of papers dealing with 
determination of organomercury compounds in environmental samples have 
been published. Most of them are based on the method originally developed 
by Westoo (Westoo 1966). In recent years, however, significant 
improvements of analytical methods in terms of specificity and sensitivity 
have been achieved. This has allowed the determination of mercury 
speciation in all environmental compartments. Only a brief overview is 
given here of methods which have been reported in review articles (Drach 
2004, Horvat, 1996). Instead, particular emphasis hasis placed on more 
recent analytical developments and future needs. 

The basis of most present methods was introduced by Japanese and 
Scandinavian workers (Westoo 1966, Sumino 1968). It involves the 
extraction of organomercury chloride from acidified homogeneous samples 
into benzene (however, the use of toluene is strongly recommended, for 
health and safety reasons). Organomercury compounds are then back-
extracted into an aqueous cysteine solution. The aqueous solution is then 
acidified and organomercury compounds are re-extracted with benzene or 
toluene. This double partitioning enables removal of many interferences 
(e.g. benzene-soluble thiols). Finally methylmercury is analyzed by gas 
chromatography with electron capture detection. Several modifications have 
been made to this protocol for the separation and identification of organic 
mercury in biological and other samples. For example, in the initial step the 
addition of copper (II) ions (or mercury(H)) enhances the removal of 
mercury bound to sulphur. Copper (II) was found superior to mercury(II) 
since it avoided the problem of decomposition of dimethylmercury, if 
present. The method has also been modified in terms of the quantity of 
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chemicals used. A semi-micro scale method developed by Uthe and co
workers (Uthe et al., 1972) has been widely applied. However, inorganic 
mercury cannot be determined by this procedure, unless a reagent is added to 
form, for example, alkyl- and aryl- derivatives, which can then be extracted 
and determined by GLC (Zarnegar and Muschak 1974). In general, solvent 
extraction procedures are time consuming, corrections for the recovery of 
the procedure vary from sample to sample, and with some sample types (e.g. 
those rich in lipids) phases are difficult to separate due to the presence of 
persistent emulsions, particularly during the separation of the aqueous 
cysteine phase. To overcome these problems methylmercury can be 
adsorbed on cysteine paper (instead of into cysteine solution) during the 
clean-up stage 8 Horvat et al. (1988). Using additional pre-separations prior 
to extraction such as volatilization of methylmercury in a microdiffusion cell 
(Zelenko and Kosta 1973) and distillation (Horvat et al., 1988; 1994) may 
also facilitate separation of phases during extraction. 

When speciation is required with insoluble samples (such as sediments 
and soils), it is difficult to estimate recovery. In such samples, recovery of 
spiked methylmercury is not equivalent to the methylmercury originally 
present. By comparing various isolation techniques for methylmercury 
compounds in sediment samples and soils it has been shown that 
conventional methods based on acid leaching of organomercury compounds 
prior to their extraction into an organic solvent are inadequate in most cases 
for releasing methylmercury from sediment samples. Improved recoveries 
have been achieved by extraction of methylmercury with nitric acid at 
elevated temperature or assisted by microwave energy (Lang et al , 2004). It 
is important to mention that some protocols may lead to artifact 
methylmercury production, especially in procedures where methylmercury is 
isolated at higher temperatures (Falter 1999). The quality of the results 
should therefore be regularly checked by the use of appropriate reference 
materials, if available, or by comparison of the results from different 
laboratories and/or the use of different analytical approaches. 

It is important to mention that the use of ICP-MS and isotope dilution 
analysis (IDA) overcomes problems associated with incomplete recoveries 
of organomercury species, particularly in biological samples. The key stage 
in the IDA procedure is the equilibration of the isotopically modified spike 
and the sample MeHg; if this is achiveved the spike material acts as an ideal 
internal standard. So far, such a protocol has been successfully applied to 
numerous environmental and biological samples (Clough et al., 2003; 
Hintelmann 1999; Falter 1999; Snell et al , 2000). 
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Sample collection 
i 

Sample pretreatment 

Liberation of MeHg from its matrix 
(acid leaching, alkaline dissolution, volatilization, distillation, super fluid 

extraction, microwave assistance) 

Extraction/clean-up/preconcentration 
(Solvent extraction, derivatization such as ethylation, butylation, hydration 

and iodination; cryogenic trapping; preconcentration on solid phases) 
I 

Separation of mercury species of interest 
(gas chromatography; HPLC; ion-exchange) 

i 
Quantification 

I (CV AAS, CVAFS, GC-ECD, AED, MS, ICP-MS) | 

CV AAS - cold vapour atomic absorption spectrometry 
CV AFS - cold vapour atomic fluorescence spectrometry 
GC-ECD - gas chromatography - electron capture detector 
AED - atomic emission detector 
ICP-MS - inductively coupled mass spectrometry 
HPLC - high performance liquid chromatography 

Figure 4. Steps for determination of organomercury compounds. 

Chromatographic conditions: Apart from the above mentioned problems 
associated with the extraction of organomercurials, problems also exist in 
the chromatography of organomercurial halides. Many investigators have 
recommended that columns packed with 5 % DEGS-PS on 100-120 mesh 
Supelcoport be used. Some other polar stationary phases have also been 
employed, e.g. PEGS, Carbowax 20M, Durapak, Carbowax 400, PDEAS, 
HIEFF-2AP, etc.. In order to prevent ion-exchange and adsorption processes 
on the column (which cause undesirable effects such as tailing, changing of 
the retention time and decrease of peak areas/heights) passivation of the 
packing material is needed with Hg (II) chloride in benzene (O'Reilly 1982). 
Although the more inert nature of capillary columns would be expected to 
minimize such effects, improved chromatographic performance over packed 
columns cannot be readily achieved. Some workers still prefer to use packed 
columns since the analytical protocols using capillary columns require 
additional research to optimize performance. The following capillary 
columns have so far been reported to give good results: OV-17 WCOT, 
Beijing Chemical Industry Works; Superox 20M FSOT, and OV 275. 
Several workers have chosen to derivatize mercury species to their 
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corresponding non-polar, alkylated analogues such as butyl derivatives, 
which can then be separated on non-polar packed or capillary columns 
(BulskaetaL, 1992). 

Detectors: Various detectors can be used in combination with GLC for 
the determination of mercury species. The electron capture detector (ECD) 
is a very sensitive detector with an absolute detection limit of approximately 
a few picograms. It does not, however, measure mercury directly, but 
responds to the halide ion attached to the CH3Hg+ ion. The identification of 
small methylmercury peaks can sometimes be subject to positive systematic 
error owing to co-eluting contaminants. The use of a plasma atomic emission 
detector, a mass spectrometric detector, CV AAS, CV AFS, or ICP - MS can 
avoid such problems, since mercury is measured directly. Miniaturised 
automated speciation analyzers have recently been developed for the 
determination of organomercury compounds, based on microwave induced 
plasma emission detector (Slaets and Adams 2000). 

Derivatization methods 

Many methods use the formation of volatile organomercury derivatives 
(through ethylation, propylation, butylation, hydration and iodination) in 
order to separate them from the bulk of the sample by simple room-
temperature aeration. The same ethylation method as described for water 
samples has also been applied to biological and sediment samples (Bloom 
1989). An aliquot of sample is subjected to ethylation by sodium 
tetraethylborate. Methylmercury is transformed into methylethylmercury and 
mercury (II) is transformed into diethylmercury. The two species can be 
determined simultaneously (Liang et al., 1994). Volatile ethylated mercury 
compounds, as well as elemental mercury and dimethylmercury, are 
removed from solution by aeration and are then trapped on an adsorbent 
(Carbotrap or Tenax). Mercury compounds are separated on a GC column, 
and pyrolized to elemental Hg° at 900°C for subsequent mercury 
determination by CV AFS, CV AAS, or ICP MS. As mentioned previously, 
very low detection limits may be achieved by CV AFS and ICP MS (6 pg/L 
for water and lpg/g for biota and sediment samples). Instead of sodium 
tetraethyl borate, sodium borohydride may also be used to form volatile 
methylmercury hydride, which is then quantified by gas chromatography in 
line with a Fourier transform infrared spectrophotometer (Fillipelli et al., 
1992). CH3I formed in a headspace vial may also be introduced onto a GC 
column and detected by microwave-induced plasma atomic emission 
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spectrometry (MIP-AES) or AFS detectors. Propylation and hydration have 
also been applied with great success as described above (Domuth and 
Heumann 2001; Logar et al , 2004). 

Differential reduction 

There are also a few methods that are based on differential reduction. In 
the method developed by Magos (Magos 1971) the inorganic mercury in an 
alkaline digested sample is selectively reduced by stannous chloride, while 
organomercury compounds are reduced to elemental mercury by a stannous 
chloride-cadmium chloride combination. Elemental mercury released can be 
measured by CV AAS. The method has been successfully applied to 
biological samples in toxicological, epidemiological and clinical studies. CV 
AAS has also been used for detection of organomercury compounds after 
pre-separation of organomercury by (a) anion exchange (May et al., 1987), 
(b) volatilization and trapping on cysteine paper (Zelenko and Kosta 1973) 
and (c) water vapour distillation (Horvat et al., 1986; 1993). Organomercury 
compounds must be destroyed by either UV-irradiation or acid digestion 
prior to detection by CV AAS. In most biological samples, the 
organomercury concentrations usually correspond to methylmercury. In 
some environmental samples such as sediment, soil, and water samples, the 
concentrations of organic mercury (particularly if separated by anion-
exchange) have been found to be much higher than those of methylmercury 
compounds. This is probably due to presence of some other organic mercury 
compounds which have not, as yet, been identified. 

Miscellaneous Methods 

The first practical method for differentiating between organic and 
inorganic mercury was a colorimetric method developed by Gage (1961). 
Organomercury compounds were extracted into an organic solvent and 
determined spectrophotometrically as dithizone complexes. The method 
basically suffers from low sensitivity. Simple extraction procedures have 
also been successfully used followed by AAS. High performance liquid 
chromatography (HPLC) has proven of use with reductive amperometric 
electrochemical detection, ultraviolet detection, inductively coupled plasma 
emission spectrometric detection, or AAS detection. NAA has been used for 
methylmercury determinations in fish, blood and hair samples after suitable 
preseparation procedures. Graphite furnace AAS has also been used for the 
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final determination of methylmercury in toluene extracts to which dithizone 
was added. An anodic stripping voltammetry technique has been developed 
for determination of methylmercury. However, the method has never been 
used for environmental samples. Methylmercury has also been extracted into 
dichloromethane (CH2C12). This was then evaporated down to 0.1 ml and 
subjected to GC with an atmospheric pressure active nitrogen detector 
(Horvat 1996). 

An enzymatic method for specific detection of organomercurials in 
bacterial cultures has been developed. It is based on the specific conversion 
of methylmercury (no other methyl-metallo groups are enzymatically 
converted) to methane by organomercurial lyase. Ethyl and phenylmercury 
can also be detected (Baldi and Fillipelli 1991). 

Determination of other organomercurials 

Among organomercury species currently of interest, ethylmercury (EtHg) 
is a compound that requires further attention as it is still used in Thiomersal 
for preservations of vaccines. It is important to analyze ethylmercury in 
vaccines, in wastewater from waste treatment plants in industries using 
ethylmercury, as well biological samples in order to understand 
ethylmercury uptake, distribution, excretion, and effects. In principle, 
methods developed for methylmercury can also be used for ethylmercury, 
except in protocols using derivatization by ethylation. In such cases 
propylation is recommended (Logar et al., 2004). 

Only a few investigations concerning the determination of other 
organomercurials used in agriculture and for other purposes (Horvat and 
Schroeder 1995) have been reported. Methoxyethyl- and 
ethoxyethylmercury have been examined by thin layer chromatography 
(TLC) and gas-liquid chromatography (GLC). It would appear that the only 
method that can separate and measure many of the compounds 
simultaneously is high performance liquid chromatography (HPLC) with UV 
detection (Hintelmann and Wilken 1993, Hempel et al., 1992). It offers 
several advantages. The separation of the compounds is performed at 
ambient temperatures, hence thermal decomposition does not occur. It offers 
the possibility to separate less volatile or non-volatile species such as 
mersalylic acid or the aromatic organomercurials, which usually present a 
problem for GLC. It is, however, very important to isolate these compounds 
from environmental samples quantitatively. Methyl- and ethylmercury can 
easily be isolated from soils by extraction from acidified samples. Several 
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extraction agents have been tested in order to release organomercurials from 
soils. Methyl- and phenylmercury can be extracted by potassium iodide-
ascorbic acid and oxalic acid with satisfactory yields, whereas ethylmercury 
is only partly extracted. No suitable extraction techniques have been found 
for methoxyethyl- and ethoxyethylmercury in soils, (due to decomposition of 
these compounds under acidic conditions). 

Fractionation of mercury in soils and sediments 

The biogeochemical and especially the ecotoxicological significance of 
Hg input is determined by its specific binding form and coupled reactivity 
rather than by its accumulation rate in the solid material. Consequently, 
these are the parameters that have to be determined in order to assess the 
potential for Hg transformation processes (such as methylation, reduction, 
demethylation), and to improve data for environmental risk assessment. Hg 
pyrolysis followed by AAS detection was developed to distinguish among 
cinnabar bound Hg, metallic Hg and matrix bound Hg (Biester et al., 2000, 
Bloom et al., 2003). Alternative approaches used for mercury fractionation 
are based on sequential extractions and leaching to provide information on 
the solubility and reactivity of Hg. Sequential extraction schemes developed 
by Bloom (Bloom et al , 2003) consists of six steps, including water soluble, 
'human stomach acid' soluble, organo-chelated, elemental Hg, mercuric 
sulfide and residual fraction. An additional step was incorporate into this 
scheme in order to provide information on the volatilization potential of 
mercury present in soil (Kocman et al., 2004). It is important to note that 
these schemes are based on the analytical protocols used and slight changes 
in may result in a different relative distribution of mercury fractions. 

Methylation/demethylation/reduction potential using tracers. In order to 
assess the potential for mercury transformation rates under various 
environmental conditions and matrices, analytical protocols using stable and 
radioactive isotopes of mercury were applied by different groups. As 
mentioned above enriched stable isotopes in combination with the ICP MS 
are increasingly used (Monperrus et al., 2004) . Multiple stable tracer 
experiments allow studies of the fate of Hg species in the environment and 
in biological systems. This concept allows the investigation of multiple 
transformation processes simultaneously (Monperrus et al., 2004; 
Hintelmann and Ogrinc 2003; Domuth and Heumann 2001). The use of 
radioisotopes to trace different transport and transformation processes is also 
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widespread; in the case of mercury the most frequently used radiotracer is 
203Hg (ti/2 = 46 d) (Guimares et al., 1995; Mauro et al., 2002). However, 
when adequate facilities are available 197Hg (ti/2 = 64.14 h) can be also 
employed successfully, as it was demonstrated in mercury methylation/de-
methylation studies in soils and sediments (Guevara et al., 2004). 
Demethylation was studied by the use of 14CH3Hg+, where the 14CH4 
produced indicates reductive demethylation, and 14C(>2 oxidative pathways 
of detoxification mechanisms (Hines et al., 2000; Oremland et al., 1991). 

QUALITY ASSURANCE AND QUALITY CONTROL 

Quality assurance refers to those procedures that ensure that analytical 
results are valid, traceable, reproducible, representative, complete and 
accurate, i.e. close to the "true value". It also includes measures developed 
to assess performance. It is generally accepted that mercury analylsis and 
speciatiom must be done by well trained staff who, in principle, should be 
involved in the measurement process from sampling to the production of 
final results, particularly if speciation of mercury is intended. The use of 
reference materials certified for mercury and its compounds plays an 
important role in method validation and demonstration of traceability. At 
present there are many reference materials certified for total mercury 
concentrations in various matrices (sediment, soil, ash, water, plants, and 
tissues) of different origin. Unfortunately, only a few reference materials are 
certified for methylmercury compounds (Horvat, 1999). 

It is understood that these materials are not sufficient to satisfy the 
quality assurance requirements in many laboratories performing 
methylmercury compounds analyses. Therefore, apart from the analysis of 
CRMs, the accuracy of analytical procedures for determination of 
methylmercury was tested by several intercomparison exercises on 
biological, soil, and sediment and water samples.. A review of these 
exercises has shown that the determination of total methylmercury 
compounds in samples such as soil, sediment, and water is difficult and is 
also method dependent. 

It is generally accepted that the use of CRMs represents only one aspect 
of the QA/QC programme and can only cover a limited number of 
environmental samples. For example, concentration levels of mercury in air 
and water are extremely low and even highly sophisticated equipment cannot 
guarantee accurate measurements. The reliability of the results depends on 
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the overall procedure including sampling, storage, and laboratory handling. 
One way to check the accuracy of the results is to participate in field 
intercomparison exercises or by comparison of the results obtained by 
various methods. Such exercises are now regularly organized by different 
international agencies, RM producers, and programmes. The results obtained 
are encouraging, demonstrating the comparability of the data sets being 
generated by diverse groups around the world. 

Further development and optimisation is needed for mercury analyses 
and speciation/fractionation in soils and sediments and "dynamic" 
measurements (transformation and transport measurements). It is suggested 
that "method specific" techniques should be avoided unless they provide 
information which is biogeochemically important. 

In conclusions, chemical metrology in mercury analysis and speciation 
needs to develop further in order to achieve comparability of results. 

Currently available matrix CRMs are not sufficient to establish 
comparability of chemical measurements due to poor coverage of 
concentrations and matrix matching. In order to demonstrate traceability to 
international standards calibration standards for Hg speciation with small 
uncertainties are urgently needed. Questions related to operationally defined 
parameters (RGM, reactive Hg in water etc.) need to be addressed from the 
metrological point of view in order to demonstrate comparability of results. 
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INTRODUCTION 

Mercury (Hg) is released to the atmosphere by both natural and 
anthropogenic processes. Natural sources include evasion from enriched 
geologic materials and volcanoes. Combustion processes, including burning 
of fossil fuels, non-ferrous metal production, and waste incineration account 
for most of the anthropogenic input. The concern over Hg in the atmosphere 
stems from its eventual deposition into aquatic ecosystems and subsequent 
conversion to methylated Hg. Methyl Hg can bioaccumulate, leading to high 
Hg levels in fish that are consumed by humans. This is a major concern 
because Hg is a human neurotoxin that has been linked to poisonings 
through contaminated food at many locations throughout the world. EPA has 
recently issued a report, "The Mercury Research Strategy", EPA/600/R-
00/73 (2000) that sets an aggressive agenda to improve knowledge about 
Hg's sources and behavior in the environment, the risks it poses to humans 
and ecosystems, and mitigation of those risks. This research strategy builds 
on the findings of an earlier report to Congress EPA-452R-97-003 (1997) 
that summarized knowledge and uncertainties regarding Hg in the 
environment. 
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These and other reports suggest the need for improved understanding of 
the chemical processes affecting Hg in the atmosphere. Lin and Pehkonen 
(Lin, C. and Pehkonen, 1999) reviewed atmospheric Hg chemistry in 1999 
and reported that "... many questions still remain unanswered". They point 
specifically to unidentified gas-phase transformation pathways as an 
important area for future research. 

Hg is generally thought to exist in three states in the atmosphere: 
elemental gaseous Hg (Hg°), reactive gaseous Hg (Hg(II)) and particle-phase 
Hg (Hg(p); in either oxidation state). Hg° is thought to dominate the 
atmospheric mercury burden.(4'5) Hg(p) is usually a small fraction of the total 
atmospheric Hg load, with the possible exception of the vicinity of some 
emission sources. Because the deposition of Hg is dependent on its 
atmospheric form, knowledge of the reactions which interconvert the various 
Hg forms is critical to understand and model Hg deposition. Knowledge of 
the reactions which transform Hg, and their rates, is also important in 
assessing the sources of Hg that affect deposition to sensitive areas. For 
example, Hg has been found at high levels in fish in the Everglades National 
Park in South Florida, the Great Lakes, and the Gulf of Mexico. Policy 
makers need to know if Hg deposition to such sensitive regions is due to 
reactive forms of Hg emitted locally, or to transformation of long-lived Hg° 
and deposition of the products accelerated by some specific local conditions. 
To address such questions, improved information on Hg reaction kinetics is 
needed. 

Here we report on a laboratory study that examined the reactions of Hg° 
with several potential atmospheric reactants, including halogen species, 
ozone (O3) and nitrate radical (N03). The reactions with halogen species 
may be relevant in polar regions, mid-latitude coastal areas, and in the upper 
troposphere. Additional studies of Hg reaction with bromine and chlorine 
atoms (Spicer et al., 2004) and the radicals BrO and CIO (Spicer, et al., 
2002) are reported elsewhere and underway in this laboratory. 

EXPERIMENTAL METHODS 

Reactions were studied in a 17.3 m3 environmental chamber that is 
equipped with fluorescent black lamps and sun lamps. The chamber has a 
surface to volume ratio of 2.5 m_1 and the internal surfaces are aluminum 
and Teflon. For some experiments, the chamber was fully lined with Teflon 
film to reduce interactions with the walls. One wall of the chamber is made 
of Teflon film, to allow the light from the radiation source (115 black lamps 
and sun lamps) to fully irradiate the chamber volume. Because of the Teflon 
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film wall, the chamber pressure must be maintained close to atmospheric 
pressure. As air is withdrawn from the chamber by the measurement 
systems, it is replaced by ultra high purity (UHP) air from two high capacity 
clean air generators (Aadco, Inc., model 737). The rate of dilution of the 
chamber contents is measured using the inert tracer sulfur hexafluoride 
(SF6), which is determined by gas chromatography (Shimadzu Mini II GC 
with electron capture detector). The chamber contains a mixing fan which 
was operated at low speed to assure uniform mixing of the gases in the 
chamber. 

Hg° was measured by two different approaches. For some experiments, it 
was observed that one Hg° measurement method produced more reliable 
results then another, as described in more detail elsewhere. (Spicer, C. et. al., 
2004) In these cases, the kinetic data were analyzed using the more reliable 
Hg° measurement method. Hg° was measured every five minutes using a 
Tekran 2537A vapor phase mercury analyzer. This instrument 
preconcentrates Hg from the sample air stream on one of two parallel gold 
traps and thermally desorbs the trap to a cold vapor atomic fluorescence 
spectrometer (CVAFS). The measurement approach has been described by 
Lindberg et al. (2000). We incorporated a Teflon filter (Whatman 7592-104) 
and a soda lime trap in the inlet line to ensure the instrument measured only 
Hg° during these experiments. 

Hg° was also monitored continuously using a Lumex Model RA-915+. 
This instrument employs differential Zeeman atomic absorption 
spectroscopy with high frequency modulation of the polarized light source. It 
provides rapid real-time response, with a range to 50,000 ng m~3 and a 
detection limit of 2 ng m"3 (ng m"3 = 0.1 part per trillion (ppt)). The sampling 
rate of the Lumex instrument was reduced to 3-5 L min-1 to lower the rate at 
which the chamber was diluted with clean air. The calibrations of the Tekran 
2537A and the Lumex RA-915+ were checked before most experiments by a 
Tekran Model 2505 primary calibration unit and an air stream containing a 
known amount of Hg from a low rate permeation device (VICI Metronics), 
respectively. The permeation rate of the device was confirmed by sampling 
emissions from the tube for one hour into dilute KMn04 solution and 
analyzing the solution for Hg by ICP-MS. 

In addition to measurements of Hg°, RGM was collected at either 5 or 10 
Lmin"1 using a KCl-coated annular denuder with an impactor inlet and 
thermally desorbed into the Tekran 2537A at 500°C as described by Landis 
(2002). For some experiments, Hg(p) was collected onto pre-fired quartz 
filters positioned downstream of the denuder and similarly thermally 
desorbed at 800°C into the Tekran 2537A. Particles larger than 2.5 micron in 
diameter were removed by the impactor inlet and not included in the Hg(p) 
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measurements. RGM and Hg deposition to the chamber surfaces were 
estimated by exposing 47 mm diameter quartz filters to the reaction mixtures 
in the environmental chamber during each experiment. The filters were 
thermally desorbed into the Tekran 2537A at 800°C and the mercury content 
extrapolated to the surface area of the environmental chamber. It should be 
noted that only the geometric surface area of the filter was considered. This 
treatment excludes any additional surface area due to the fibrous surface and 
pores of the filter. It is also expected that the Hg deposition rate to the Teflon 
wall material would differ from that to the quartz filter; as such, the measure 
of deposited Hg to the quartz filters is a first order approximation of the Hg 
deposited to the chamber walls. 

Br2 and Cl2 were monitored using atmospheric pressure chemical 
ionization tandem mass spectrometry (Perkin Elmer-Sciex API 365) in the 
negative ionization mode. The measurement approach for the halogens has 
been described elsewhere. (Spicer et al., 1998; Spicer et al., 2002a) The 
instrument was calibrated using emissions from certified permeation devices 
for Br2 and Cl2 (VICI Metronics). Dimethyl sulfide was also measured by 
APCI-MS/MS for some experiments, but using benzene as a charge transfer 
agent in the positive ionization mode (Kelly 1991). A certified permeation 
tube (VICI Metronics) was used for calibration. For most experiments in 
which dimethyl sulfide was monitored, a Nafion drier was used at the inlet to 
the APCI-MS/MS instrument to dry the sample to minimize the effect of 
water vapor on the sensitivity for dimethyl sulfide. For experiments 
conducted in 2004, dimethyl sulfide was measured in canister samples by 
GC-MSD. 

Ozone was monitored by the chemiluminescence from the reaction of 0 3 

with ethene (Bendix Model 8002) or by UV photometry (Thermo Electron 
Model 49). Although the UV photometry analyzer, which measures O3 
absorbance at a mercury emission line (254 nm), can suffer from Hg 
interference, the interference effect was negligible under the conditions of 
these experiments. Both 0 3 monitors were calibrated using an O3 generator 
and independent UV photometer (Dasibi Model 1008). 

Dimethyl sulfide and n-butane were measured by collection of air 
samples from the chamber in evacuated 1- or 6-L canisters followed by GC-
MSD analysis per Method TO-15 EPA/625/R-96/010b, (1999). Nitric oxide 
was measured by chemiluminescence using a Monitor Labs Model 8840 or 
Thermo Electron Model 42-S. Temperature and relative humidity (RH) were 
monitored by a thermocouple and condensation on a chilled mirror 
respectively (EG&G Model 911). Size-segregated particles were counted by 
optical light scattering (Climet Innovation CI-500). 

Test atmospheres were prepared in the 17.3 m3 environmental chamber 
after purging overnight with UHP air. Hg concentrations between 
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approximately 50 and 180 ng m"3 were achieved prior to each experimental 
run. For some experiments, water vapor was added to the chamber to achieve 
the desired RH by passing UHP air through a baffled water bath containing 
heated, distilled, deionized water, before entering the chamber. Hg° was 
introduced into the chamber via a timed injection from a 5 cm high emission 
rate permeation tube (VICI Metronics) at 100°C. Br2, was injected into the 
chamber in an air stream that passed over a 10 cm high emission rate 
permeation tube (VICI Metronics) at 30°C. CI2 (5830 parts per million 
(ppm), Scott Specialty Gas) and F2 (0.1% F2 in argon, Nova Gas 
Technologies) were injected using gas-tight syringes or known-volume 
transfer vessels. Sulfur hexafluoride (99.8%, Scott Specialty Gas) and n-
butane (99.8%, Matheson) were injected using a gas-tight syringe. A gas 
tight syringe was also used to transfer a known volume of dilute dimethyl 
sulfide to the chamber from a compressed gas cylinder (50 ppm, Scott 
Specialty Gas). Nitric oxide was injected from a 1000 ppm NO in N2 

cylinder (Matheson). The dilute NO was passed through a rotameter and into 
a stream of N2 to provide further dilution before mixing with the air in the 
chamber. Ozone was produced by an electrostatic generator (PSI Corp.) and 
introduced into the chamber in a flowing air stream. All chemicals were used 
as received. 

RESULTS AND DISCUSSION 

Experiments were carried out to estimate rate constants for the reactions 
of Hg° with the molecules O3, Cl2, Br2, F2, and with NO3. Experiments with 
the free radical NO3 employed a relative rate approach to determine the rate 
constant. We used a reference compound whose rate constant for reaction 
with NO3 is known. The removal rate of Hg° relative to the reference 
compound is used to estimate the rate constant of Hg° with the atom or free 
radical. The removal rate of Hg° and the reference compound may include 
loss due to the chemical reaction of interest, as well as loss due to dilution 
and deposition on the chamber surfaces. Dilution affects all species equally, 
but wall loss rates can vary from chemical to chemical and must be 
evaluated for both the target reactant and the reference compound. Dimethyl 
sulfide ((CH3)2S) was used as the reference compound in these experiments. 
Under the conditions of these experiments loss rates for Hg° and (CH3)2S 
measured in clean air in the dark chamber were indistinguishable from the 
dilution rate. 

The relative rate approach requires knowledge of the rate constant of the 
reference chemical with the reactants of interest. The rate constant used for 
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this purpose for the reaction of N03 with (CH3)2S was 1.0 x 10"12 

cm3molecule"1s"1.( DeMore et al., 1997). 
For the other reactants, the absolute reaction rate was determined using 

either measured (03 and CI2) or calculated (Br2 and F2) initial reactant 
concentrations. An example of data obtained during this study is shown in 
Figure 1. The figure shows the removal rate of the dilution tracer SF6 and 
Hg° as monitored by the Lumex instrument. For each species, the natural 
logarithm of the instrument signal is plotted as a function of time. In this 
example, the initial slope of the Hg° line after fluorine addition is used to 
define the overall loss rate of Hg°, and the slope of SF6 determines the 
dilution rate. Uncertainty in the measured rate constants were calculated as 
the 95% confidence interval for a single experiment or as the standard 
deviation of the mean rate constant. 
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Figure 1. Example plot of Ln SF6 and Ln Hg° for reaction of Hg° and F2. 

Reaction of Hg withC^ 

The reaction of O3 with Hg° (Reaction 1) was examined in four 
experiments, two of which were conducted when the chamber surfaces were 
fully lined with Teflon. An electrostatic O3 generator was used to inject O3 
into the chamber. Because these generators are known to produce trace 
concentrations of nitrate radical (N03) which can react with Hg°, (Spicer, C. 
W., 2002) 1 ppm of n-butane was added to the chamber before adding 03, to 
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scavenge any N03 radicals. In the first experiment, 48 ng/m3 of Hg° reacted 
with 75 parts per billion (ppb) 0 3 in clean dry air in the dark. No change in 
Hg° removal rate was detected after O3 was mixed into the chamber, even 
after four hours of reaction time. Based on our ability to detect small changes 
in the rate of Hg° removal above the dilution rate, we can estimate an upper 
limit for Reaction 1 of ki < 2.5 x 10~18 cm3-molecule-1s_1. Using a slightly 
higher O3 concentration (1 ppm) and comparable Hg° (45 ng/m3), a ki of 
9 x 10~19 cm3-molecule_1 s-1 was measured. 

Hg° + 0 3 -> Products 1 

Two additional investigations of Reaction 1 were carried out with higher 
O3 mixing ratios (9.5 and 14 ppm) in order to drive Reaction 1 at a rate that 
could be clearly distinguished above the dilution rate. The conditions and 
results of these experiments are summarized in Table 1. For the first 
experiment, O3 was added to the chamber followed by mercury vapor to start 
the reaction. An initial denuder sample was taken and the quartz filters 
(surrogate surfaces) were installed in the chamber before the addition of Hg°. 
Upon completion of the experiment, a final denuder sample was collected 
and the quartz filters removed from the chamber. 

Table 1. Experimental conditions and measured rate constants for the 
reaction of Hg° with 03. 

Initial 
Hg°(ng/m3) 

48 

45 

122(c) 

130(c) 

Initial O3 
(ppmv) 
0.075 

1 

14 

9.5 

k, 
(crn'mol'V1) 
< 2.5 x 1018 

9 x 1019 

4.7 x 10-19 

5.6 x 10"19 

Reacted 
Hg(ng) 

NM00 

NM 

583 

1401 

RGM 

(ng) 
NM 

NM 

90 

24 

Deposited 
Hg(ng) 

NM 

NM 

152 

405 

Hg(p) 
(ng/m3) 

NM 

NM 

NM 

1 

Difference 
(ng)(a) 

NM 

NM 

341 

971 

Difference = Reacted Hg - [RGM + Deposited Hg + Hg(p)] 
NM = not measured. 
Chamber walls fully lined with Teflon during this experiment. 

The final experiment was designed to minimize the Hg analyzer's 
exposure to the high O3 concentrations employed in these experiments since 
the high 0 3 concentrations in the chamber appeared to negatively impact the 
collection efficiency of the gold traps in one of the Tekran analyzers 
(passivation), as confirmed by the addition of Hg vapor to the injection port 
of the analyzer. For this experiment, Hg° and n-butane (NO3 sink) were 
added to the chamber and the initial denuder sample collected. Tekran data 
were obtained both with and without soda lime traps. The mercury analyzers 
were disconnected from the chamber, the dilution air flow reduced, and an 
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03 monitor connected to the chamber. Ozone was added to the chamber to a 
concentration of 9.5 ppm; once the concentration had stabilized, the O3 
monitor was disconnected from the chamber and all dilution air stopped. 
After a reaction time of approximately three hours, the Hg°, O3, and SF6 
analyzers were connected to the chamber. Tekran data were again obtained 
both with and without the soda lime traps. 

The data in Table 1 also show that, for the final two experiments, a 
significant amount of Hg° was lost during the experiment that cannot be 
accounted for by dilution. Of that "reacted Hg," a fraction (30-40%) could be 
accounted for as RGM, deposited RGM, or Hg(p); 60-70% of the reacted 
mercury could not be accounted for using the available measurement data. It 
should be noted that the value for deposited RGM was extrapolated from the 
small surface area of the filters to the large surface area of the chamber walls 
and that differences in the sticking coefficient of Hg to quartz and Teflon 
could account for this discrepancy. In any case, the data do indicate that 
deposition of the reaction products (RGM) is significant during these 
experiments. 

The recommended value for ki measured during these experiments is 
6.4 ± 2.3 x 10"19 cm3molecule"1s"1, where the estimated uncertainty is the 
standard deviation of the mean rate constant. Our findings are compared to 
previously reported values for ki in Table 2. Within the broad range of 
reported values, our results are consistent with previous studies, particularly 
with the values reported by Slemr et al. (1985) and Pal and Ariya (2004). 

Table 2. Reported values of Hg + 0 3 rate constant. 

ki Estimate 
(cm3 molecule'V1) 

4.2 x 10-19 

1.7 xlO-18 

4.9 x 10'18 

3 x 10-20 

7.5 ± 0.9 x lO"19 

6.4 ± 2.3 x 10"19(a) 

Reference 

Slemr etal., 1985 
Iverfeldt and Lindqvist 1986 

Schroeder et al., 1991 
Hall 1995 

Pal and Ariya 2004 
This work 

Estimated uncertainty reported as the standard deviation of the mean rate constant. 

Reaction of Hg withBr2 

Reaction 2 was investigated through two chamber experiments. The first 
experiment employed initial conditions of 93 ng m"3 Hg° and a nominal Br2 

concentration of 2 ppb at 35% RH. No loss of Hg° was observed above the 
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dilution rate. After two hours of reaction, the concentration of RGM in the 
chamber was the same as background levels within experimental uncertainty. 

Hg° + Br2 -» Products 2 

The second experiment was carried out with initial conditions of 55 
ng m"3 Hg° and approximately 1 ppb Br2 at 30% RH. One hour of reaction 
showed no evidence of Hg° loss beyond that due to dilution. Measurements 
of RGM, Hg(p), and deposited Hg were not conducted for the reaction of Br2 

withHg0. 
The results of these experiments are consistent with the findings of Ariya 

et al. (2002) who report an upper limit for the room temperature rate 
constant, k2, for the reaction of Br2 with Hg° (<0.9 + 0.2) x 10" 
16 cm3molecule"1s"1; these experiments were conducted in small (0.1 to 5 L) 
cells for which surface effects are expected to be important. The conclusion 
that the gas phase reaction of Br2 with Hg° is atmospherically unimportant is 
consistent with the results of this study and those reported by Ariya et al. 
(2002). 

Reaction of Hg° with Cl2 

During a preliminary scoping study, (Spicer et al., 2002b) one 
environmental chamber experiment was conducted to explore Reaction 3: 

Hg° + Cl2 -> Products 3 

A rate constant of 5 x 10"17 cm3molecule"1s"1 was estimated for this 
reaction, whereas values for this rate constant from unpublished work by 
Calhoun and Presbo cited in Seigneur et al. 2001 and Hall et al., 1991 as 
interpreted by Sliger et al., 2000 ranged from 4.0 10"18 cm3molecule"1s"1 to 
5.6 x 10"15 cm3molecule"1s"1. Recently, (Ariya et al., 2001) reported a value 
for this rate constant of 2.6 ± 0.2 x 10"18 cm3molecule"1s"1. The present study 
has attempted to reduce the uncertainty in this range of rate constants by 
conducting experiments in a much larger reaction vessel at much lower 
concentrations. For the present study, the chamber was lined with FEP 
Teflon film to minimize removal of halogens on the walls, and a surrogate 
surface was employed to estimate mercury deposition to the chamber 
surface. 

Three experiments were carried out to study the Reaction 3. In addition, 
three other experiments that employed Cl2 as a precursor of chlorine atoms 
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can provide some information on the Cl2 + Hg reaction. Results from the 
first three experiments are given in Table 3. Initial Hg° concentrations 
ranged from 75 to 180 ng/m3 (9 to 22 ppt) and initial Cl2 from 10 to 20 ppb. 
In separate experiments the Cl2 loss rate in the Teflon-lined chamber was 
shown to be 0.198 h"1, including a dilution rate of ~0.13 h"1, so the stability 
of Cl2 in the dark chamber was much improved over the scoping study. 
Reaction times for the three experiments listed in Table 3 were between 4 
and 5 hours. 

Table 3. Experimental conditions and measured rate constants for the reaction 
ofHg°withCl2. 

Initial 
Hg° 

(ng/m3) 

50 

ISO** 

80 w 

75(b) 

Initial 
Ch 

(ppbv) 
3 

10 

10 
20 

(crn'mol'V1) 

5 x 10"17 

9.8 x 10"18 

< 1 . 6 x l 0 - 1 7 

(c) 

Reacted 
Hg(ng) 

NA 

16 

0 
0 

RGM 

(ng) 

NA 

0.3 

— 
0.2 

Deposited 
Hg(ng) 

NA 

BDL 

BDL 
16 

Hg(p) 
(ng/m3) 

NA 

NA 

NA 
NA 

Difference 
(ng)U) 

NA 

15.3 

— 

— 

Difference = Reacted Hg - [RGM + Deposited Hg + Hg(p)] 
Chamber walls fully lined with Teflon during this experiment. 
Mercury monitors yielded inconsistent results. 

Two features of the data in Table 3 suggest that the reaction of Hg with 
Cl2 is very slow. First, the rate constants that could be estimated were 
9.8 x 10"18 cm3molecule"1s"1 and an upper limit estimate of <1.6 x 10"17 

cm3molecule"1s"1. A rate constant could not be determined for the third 
experiment because of inconsistencies with the mercury monitors. 

The second factor that indicates a very slow reaction is the mass of 
reacted Hg shown in the table. This is calculated using the initial Hg° 
concentration and the measured dilution rate to estimate the mass of Hg (in 
any form) that should be present at the end of the 4-5 hour reaction period, 
and subtracting the residual Hg measured at the end of the reaction period. In 
two of the three experiments all of the Hg was accounted for as residual 
gaseous Hg°, and in the other experiment only a trace amount of Hg (16 ng 
or 0.5% of the starting mass) may have reacted. 

One of the significant and previously unrecognized difficulties in 
conducting these experiments with Cl2 is a problem with the Tekran 
analyzers in the configuration we utilized. Figure 2 shows the Hg 
concentrations for one of the experiments, reported by the Tekran and the 
Lumex instruments. Cl2 was mixed into the chamber in the dark at 13:12 
EST. 
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Figure 2. Response of two different mercury analyzers to mercury 
in the presence of ppb Cl2 levels in air. 

The mercury concentration reported by a Lumex instrument showed no 
dramatic change when CI2 was injected into the chamber, but the Hg° level 
measured by the Tekran dropped from 63 ng m"3 to below 50 ng m"3 in just a 
few minutes. Additional studies of the effect of CI2 on the mercury response 
of the Tekran analyzer are reported elsewhere. (Spicer et al, 2004). Because 
of this phenomenon, the results from the Lumex instrument were given 
greater credence than the Tekran analyzer observations for experiments with 
Cl2. 

In addition to the three experiments dedicated to the CI2 reaction with 
Hg°, two other experiments provided data that can help elucidate this 
reaction. These experiments were carried out to study the reaction of atomic 
chlorine with Hg° reported elsewhere. (Spicer et al., 2004) The photolysis of 
CI2 was employed to generate CI atoms, and we were able to measure the 
rate of Hg° loss in the dark prior to the initiation of photolysis. For this set of 
experiments, higher CI2 concentrations were employed, and the reaction 
times were shorter, approximately 1 hour. Also, because the focus of these 
experiments was on the CI reaction, there was not time to collect the denuder 
samples and surrogate surface samples necessary to characterize RGM and 
deposited Hg for the Cl2 reaction. The results from the two experiments of 
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opportunity for Hg + CI2 are shown in Table 4. The two estimated rate 
constants are 2.5 x 10"18 and <5 x 10"18 cn^molecule'V1. 

Table 4. Results for Hg + CI2 reaction from the Two Experiments of Opportunity. 

Initial Hg° (ng/m3) 
65 

105 

Initial Cl2(ppbv) 
101 

67 

k3 (crn'mol'V1) 

<5 x 10"18 

2.5 ± 0.9 x 10"18(a) 

Estimated uncertainty reported as the 95% confidence interval. 

In summary, all of the rate constants obtained in these recent experiments 
are lower than the value estimated during the preliminary experiment 
(5 x 10"17 cm3molecule"1s"1). The new rate constants were obtained under 
experimental conditions that were better controlled than the earlier test, but 
there is still considerable scatter in the rate constant values reported in 
Tables 3 and 4. The estimates range from 2.5 x 10"18 to <1.6 x 10"17 cm3 

molecule" V1 (more than a factor of 6). In the current experiments, the 
combination of low reactant concentrations and the slow rate constant 
resulted in a very slow reaction rate that could not be measured with great 
precision under these conditions. There is considerable scatter in our 
estimate of k ,̂ but the result from our most reliable experiment (Table 4) 
with a value of 2.5 ± 0.9 x 10"18 cm3molecule"1s"1 (uncertainty reported as the 
95% confidence interval) is reasonably consistent with the Ariya et al. 
(2002) estimate of 2.6 ± 0.2 x 10"18 cm3 molecule"1 s"1. 

Reaction of Hg° with F2 

The reaction of Hg° with F2, Reaction 4, was studied in four experiments 
in the fully Teflon-lined chamber under dry conditions. Once the desired 
quantities of Hg and SF6 were added to the chamber, a 0.1% F2 (in argon) 
mixture was added to the chamber using a known-volume transfer vessel. 
The Lumex Hg° measurement data for the first experiment are shown in 
Figure 3. The Hg° decay resulting from the addition of F2 is clearly visible in 
the figure. We were not able to monitor the F2 concentration using APCI-
MS/MS, so the initial F2 concentrations were calculated based on the volume 
of the F2 mixture added to the chamber. The experimental conditions and 
measured rate constants for studies of Reaction 4 are summarized in Table 5. 

Hg° + F2 -> Products 4 
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Figure 3. Lumex Hg° measurement showing a 29 ppb F2 injection. 

Table 5. Results from Environmental Chamber Study of Hg° + F2 Reaction. 

Initial Hg° 
(ng/m3) 

78 

66 

44 

140 

45 

122 

90.55 

Initial F2 

(ppbv) 

29 

4 

4 

(3 x) ~4( d ) 

29 

4 

(2 x) 29 

ki 

(cm3mor1s'i) 
1.9 x 10"15 

1.3 x 10"15 

1.6 x 10"15 

(d) 

2.2 x lO'15 

2.1 x 10'15 

(e) 

Reacted 
Hg(ng) 

721 

910 
(b,c) 

716(e) 

688 
(c,c,0 

RGM 
(ng) 
12 

2 

6 

3 

Deposited 
Hg(ng) 

146 

177 

1078 

1034 

Hg(p) 
(ng/m3) 

10 

BDL 

2 

28 

Difference 
(ng)(a) 

553 

731 

-370 

-377 

(a) Difference = Reacted Hg - [RGM + Deposited Hg + Hg(p)] 
^ The denuder sample and quartz filters were collected before the second F2 injection. 
(c) UV irradiation occurred during this experiment. 
(d) Injections were only partly successful. No rate constant could be measured. 
(e) Multiple F2 injections were made during this experiment. 
<f) Too few data points available for reliable measurement 

During several of the experiments, F2 was injected more than once. For 
each injection, it was assumed that all F2 from the previous injection was no 
longer present in the chamber (either due to chemical transformation or 
deposition) since the Hg decay quickly returned to approximately the 
dilution rate after each injection. The measured rate constants from each 

with an average k4 of 1.8x 10"15 
experiment are quite consistent, 
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cm3molecule"1s"1. There are no known measurements of this rate constant in 
the literature to which this value may be compared. For each experiment, a 
substantial quantity of Hg was removed due to reaction, as shown in Table 5. 
Most of the recovered Hg was in the deposited form, but for the first two 
experiments, only 15-20% of the reacted Hg could be accounted for. 

At the end of the last two experiments, the reaction of fluorine (F) atoms 
with Hg was probed by irradiating the chamber with Hg and F2 present. One 
of these reactions is shown in Figure 4, which shows the Lumex trace during 
an injection of 29 ppb F2 followed quickly by UV irradiation. As soon as the 
UV lamps were turned on, the Hg decay stopped. We believe that this is due 
to the very rapid reaction of F atoms with water vapor. The experiment 
shown in Figure 4 was conducted under very dry conditions (RH < 10%), 
but even under these conditions the lifetime of F atoms with respect to 
reaction with water vapor is less than 10"6 seconds. Consequently, even at 
very low ambient humidities, and F atoms that may be formed in the 
atmosphere will react with waver vapor and the reaction of F atoms with Hg° 
in the atmosphere cannot be important. 

100 

Injection 

UV Lamps 
Off 

- 1 T — 
13:40 13:45 

Time, EDT 
13:35 13:40 13:45 13:50 13:55 

Time, EDT 

Figure 4. Lumex data during a F2 injection followed by UV irradiation. 
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Reaction of Hgu with N0 3 

During some initial tests in which 0 3 was added to the chamber, the 
dimethyl sulfide concentration decreased more rapidly than by dilution in the 
dark without halogen species present. The cause was the presence of trace 
levels of NOx in the chamber, which react with O3 to produce NO3. The NO3 
in turn reacts rapidly with dimethyl sulfide via reaction 5: 

(CH3)2S + N03 -> C2H5S + HNO3 5 

This presented the opportunity to estimate the rate constant for the 
reaction of Hg° with N03 (Reaction 6) utilizing dimethyl sulfide as the 
reference compound and the recommended rate constant*12) for reaction 5 of 
k5 = 1.0 x 10"12 cm3molecule~V1. 

Hg° + N03 -> Products 6 

We have used the relative rate approach, with dimethyl sulfide as the 
reference compound, to assess the reaction of NO3 with Hg° for portions of 
experiments in which NO3 was present. The three determinations of k6 (all 
upper limits) are < 7 x 10"15, < 1.3 x 10"14, and < 3 x 10"14 cnrWlecule'V1. 
The lowest upper limit for kg of < 7 x 10"15 is within a factor of two of the 
upper limit reported by Sommar et al. (1997) for k<5 of < 4.0 x 10"15 

cm3molecule"1s"1. Additional experiments are recommended to decrease the 
uncertainty in k6. 

SUMMARY 

This project has added to the current knowledge of atmospheric reactions 
of mercury through studies of selected reactions in a large environmental 
chamber using low concentrations of Hg° and other reactants. The reactants 
targeted for study include 03, the molecular halogens Br2, CI2, and F2, and 
NO3. The experiments with N03 made use of the relative rate method for 
estimating the rate constant for reaction with mercury. Table 6 provides the 
rate constants estimated in this study using our best judgment of the most 
reliable experiments to include in the estimate. 

Increases in RGM were observed in several of our experiments. This 
provides clear evidence that RGM can be produced by atmospheric 
transformations under ambient conditions. 
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Table 6. Rate constants estimated during this study. 

Reaction 

Hg° + 0 3 

Hg° + Br2 

Hg° + Cl2 

Hg° + F2 

Hg° + N03 

Best Value for k 
(cm3molecule"1s"1)(a) 

6.4 ± 2.3 x 10"19 

No reaction detected 

2.5 ± 0.9 x 10'18(b) 

1.8 ± 0.4 x 10"15 

< 7 x 10'15 

(a) Estimated uncertainty reported as the standard deviation of the mean rate constant. 
m Estimated uncertainty reported as the 95% confidence interval from the most reliable experiment. 
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Figure 5. Mercury mass balance results. 

RGM is known to be adsorptive and the losses due to deposition to the 
walls of our chamber were estimated in several of the experiments. 

In addition, Hg(p) was measured for some experiments. 
Because the amount of RGM that is lost during an experiment and during 

the subsequent RGM sampling period is unknown, our measurements should 
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be considered as somewhat qualitative reports of the fraction of reacted Hg 
that was converted to RGM. The question of RGM yield and the 
identification of RGM constituents from the different reactions is an 
important area for future research. Figure 5 shows results of Hg mass 
balance calculations based on the experimental data presented in Section 3 
for experiments in which RGM, deposited, and in some cases Hg(p) were 
measured. The top panel shows the absolute reacted Hg (black line) and the 
recovered Hg (RGM, Hg(p), and deposited) are stacked bars to indicate the 
fraction of the reacted Hg that was recovered in each experiment. The 
bottom panel shows the same data, but as the percent Hg recovered relative 
to the reacted Hg. For some of these experiments, Hg(p) was also measured. 
Except for two of the F2 experiments, not all of the initial Hg mass could be 
identified at completion of the experiment. 

The importance of the gas phase reactions studied here to the oxidation of 
Hg° can be addressed by estimating the Hg lifetime with respect to each 
reaction. Table 7 shows estimated Hg° lifetime for each reaction along with 
the assumed oxidant concentration used for the estimate. Based on these 
results, of the reactants studied here, ozone and the nitrate radical are the 
most likely to influence the Hg° lifetime in the atmosphere and play a role in 
the transformation of Hg° to RGM, or other forms (i.e., deposited or Hg(p)). 
The relative importance of each reactant may change significantly in remote 
locations, such as polar regions, and other reactants (e.g. Br, BrO) may 
become important. We have reported preliminary results (Spicer et al., 
2002b; Spicer et al, 2004, for the reaction of Hg° with Br, CI, BrO, and CIO 
and additional studies are underway. 

Table 7. Estimated HgO Lifetime due to Reaction. 

Reactant 

0 3 

ci2 

p2(a) 

N03
(b) 

Atmospheric 
Mixing Ratio 

35ppb 

lOppt 

lppt 

20ppt 

k 
(cm3molecule"1s"1) 

6.4 x 10"19 

2.5 x 10"18 

1.8 x 10'15 

<7 x lO-15 

Lifetime 

23 days 

56 years 

0.8 years 

>4 days 

No measurements of tropospheric F2 are known. 
Only important in the absence of sunlight due to fast NO3 photolysis. 
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INTRODUCTION 

The atmosphere is the most important pathway for the worldwide 
dispersion and transport of Hg (Fitzgerald et al, 1998; Mason et al., 1994). 
Understanding the global transport and atmospheric transformations of Hg is 
important because of the ability of Hg deposited to aquatic systems, to be 
converted to methylmercury (MeHg) and to bioaccumulate through all levels 
of the food chain. Most of the Hg in the atmosphere is elemental Hg (Hg°), 
which is relatively unreactive with the net average atmospheric residence 
time of around one year. In addition to Hg°, two other atmospheric Hg 
fractions have been operationally defined based on physicochemical 
properties - the gaseous ionic Hg11 fraction, which has been termed reactive 
gaseous Hg (RGHg), and particulate-bound Hg (Hg-P). The speciation of 
RGHg is not known in detail but based on laboratory studies and the 
methods of its collection (Landis et al., 2002; Sheu and Mason, 2001; 
Lindberg and Stratton, 1998; Ariya et al, 2002; Sheu and Mason, 2004), it is 
assumed to consist of gaseous neutral Hg11 complexes such as HgCl2, HgBr2, 
and HgOBr (Balabanov and Peterson, 2003; Kalizov et al., 2003). Such 
compounds are highly surface-reactive and substantially more water-soluble 
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than Hg . Estimates of dry deposition velocities for RGHg for the open 
ocean range from 0.5-4 cm s"1 (Laurier et al , 2003), estimated using the 
formulation of Shahin et al. (2002) and are much higher than those for Hg-P 
(0.1-0.5 cm s"1), which being mostly derived from high combustion sources, 
is associated with the fine particulate fraction (Bullock et al., 1997). In many 
locations, dry deposition could be as important as wet deposition in terms of 
being a Hg source to the Earth's surface. Global Hg models have identified 
wet and dry particle deposition and evasion of dissolved gaseous Hg from 
the ocean as critical pathways for global Hg cycling (Mason et al., 1994; 
Hudson et al., 1995; Lamborg et al , 1999; Shia et al , 1999). 

Natural sources of Hg to the atmosphere are mainly in the form of Hg° 
although emissions of Hg-P also occur (e.g., volcanoes, dust) while 
anthropogenic sources contribute all forms of Hg to the atmosphere 
(Ebinghaus et al., 1999). In addition, in situ oxidation of atmospheric Hg° in 
the gas phase could be a source of RGHg as Hg° can be oxidized by 
hydrogen peroxide (H202), albeit slowly (Tokos et al., 1998), the nitrate 
(NO3) radical (Sommar et al , 1997) and other reactive nitrogen 
intermediates, ozone (O3) (Hall, 1995), and the hydroxyl (OH) radical 
(Sommar et al., 2001). Given the typical atmospheric Hg concentrations of 
these oxidants, it is unlikely that these homogeneous reactions dominate the 
Hg° oxidation in general, based on estimates of the rate that is required for its 
removal via wet and dry deposition. However, the gas phase oxidation of 
Hg° by halogen atoms and molecules (CI, Br, Br2, Cl2; Lin and Pehkonen, 
1999; Sliger et al , 2000; Ariya et al, 2002), and potentially by other halogen 
compounds (e.g., BrCl, BrO), has been recently demonstrated. The reactions 
with atomic CI and Br have the larger rate constants (Ariya et al , 2002) and 
therefore oxidation by these mechanisms may proceed much faster than 
oxidation by 0 3 and OH, in certain locations such as the polar region, the 
marine boundary layer, and at high altitudes (Laurier et al., 2003; Lindberg 
et al., 2002; Landis and Stevens, see Chapter-7 in this book). 

Measurements of Hg° depletion events in surface-level Arctic air during 
the three month period following polar sunrise (Schroeder et al., 1998) 
provided the first indication of the importance of halogen-mediated reactions 
in Hg° oxidation. The fluctuation of total atmospheric Hg (primarily Hg°) 
strongly resembled the fluctuation of ambient O3 concentrations during the 
same period (Schroeder et al., 1998), suggesting that both species were 
removed by similar mechanisms. Many more recent studies (Ebinghaus et 
al., 2002; Temme et al., 2003; Lindberg et al., 2002) have confirmed that 
such rapid Hg depletion events commonly occur during polar sunrise, being 
driven by photochemical reactions, in both the Arctic and Antarctic and that 
the depletion of Hg° coincides with the increase in RGHg concentrations 
(Lindberg et al., 2002). The destruction of O3 during polar sunrise correlates 
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with the production of reactive halogen species (RXS). It is currently thought 
that 0 3 destruction is initiated by Br atoms and BrO, and to a lesser extent, 
by CI atoms (McConnell et al., 1992; Barrie et al., 1988; Foster et al , 2001; 
Figure 1). with the sea-salt particles that deposit to and accumulate in the 
snow pack during winter being the major source of the precursors of Br and 
CI atoms in polar regions, e.g., Br2 and BrCl (Finlayson-Pitts et al., 1990; 
Foster et al., 2001). Similar reactions could oxidize Hg° to RGHg. 

Figure 1. Proposed mechanisms for elemental oxidation in the marine 
boundary. 

Sources of reaction Initiation include: Photolysis of CFbbr; dark reaction of O3 with Br; and 
photoconversion of Br to gas phase Br2 (Caro's acid oxidation). 
Adapted from Vogt et al. (1996) and Sheu and Mason (2004). 

The X2 precursors of the RXS (Br, CI, BrO, CIO), such as Br2, BrCl, and 
Cl2, are also liberated from sea-salt particles in the marine boundary layer 
(MBL), and the subsequent O3 destruction, has also been measured and 
described (Mozurkewich, 1995; Vogt et al , 1996; Knipping et al , 2000; 
Galbally et al., 2000; Hirokawa et al , 1998) and observed in laboratory 
studies (Oum et al., 1998; Gabriel et al., 2002; Fickert et al , 1999). 
Additionally, high concentrations of Cl2 have also been detected in coastal 
air (Spicer et al., 1998). An important intermediate product of the 0 3 

destruction chain reaction, BrO, was detected in the ambient air over the 
Dead Sea and showed an inverse correlation with 0 3 (Hebestreit et al., 
1999). BrO is the precursor to HOBr, which directly interacts with salt 
surfaces to regenerate RXS (von Glasow et al, 2002; Vogt et al., 1996; 
Figure 1). Dickerson et al. (1999) reported large diurnal variations in 0 3 
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concentration in the marine boundary layer over the tropical Indian Ocean 
and found, in modelling their results, that the temporal trend of, and the 
magnitude of variation in, O3 concentrations were more compatible with the 
field data when halogen chemistry and RXS formation was included. The 
presence of RGHg in the MBL in remote locations, and evidence of a diurnal 
variation in concentration (e.g., Laurier et al., 2003; Hedgecock et al., 2001; 
2003) suggests that RGHg is being produced photochemically by reaction 
with RXS in conjunction with ozone destruction. Laboratory studies also 
confirm the potential importance of such reactions (Sheu and Mason, 2004; 
Ariya et al., layer, or in other regimes where there is the presence of 
halogen-containing aerosol. Principal oxidation reactions involve reactive 
halogen species such as Br and CI. The hydoxyl radical is also directly or 
indirectly involved in mercury oxidation. 

In addition to halogen-mediated Hg° oxidation at the Earth's surface, 
there is also accumulating evidence for Hg° depletion events in the upper 
atmosphere. Landis and Steven (see Chapter-7 in this book) discuss results 
from studies at Mauna Loa (3500m) and from aircraft studies off the coast of 
Florida (60-3500m). In earlier mass balance models it was assumed that dry 
deposition was not an important component. This was because, as discussed 
above, dry particulate Hg deposition is much less than wet deposition for 
most remote environments. However, scavenging of particulate Hg is likely 
to be an important contributor to wet deposition. For dry deposition of 
gaseous Hg, it is known that Hg° deposition does not normally occur. The 
more recent studies that have measured RGHg using accepted protocols have 
shown that, because of its high deposition velocity, RGHg deposition can 
rival that of wet deposition in locations where RGHg concentrations are in 
excess of about 20 pg m"3. The relative importance of wet versus dry 
deposition will be discussed further in this chapter. 

At the air/water interface, gas exchange of dissolved gaseous mercury 
(DGHg) is the main "sink", via evasion, for surface ocean Hg. DGHg 
consists of elemental Hg (Hg°) and dimethylmercury (DMHg) (Kim and 
Fitzgerald, 1988; Mason et al., 1995; Cossa et al., 1997; Lamborg et al., 
1999) with Hg° being the dominant form of DGHg in the surface ocean. 
Earlier studies focused on air-sea exchange for the open ocean, both the 
Atlantic (Cossa et al., 1997; Mason and Sullivan, 1999; Lamborg et al., 
1999) and Pacific Oceans (Kim and Fitzgerald, 1988; Mason and Fitzgerald 
1993). More recent studies have focused on coastal regions and the 
Mediterranean (Gardfeldt et al., 2003; Ferrara et al., 2003; Baeyens and 
Leermakers, 1998; Mason et al., 1999). Many 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. One potential reason 
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for this lack of balance is the relative paucity (both temporally and spatially) 
of DGHg data for the ocean and thus its potentially unrepresentative nature. 
Accordingly, it has recently been hypothesized that there is a substantial 
input of Hg to the ocean via dry deposition of RGHg (Mason and Sheu, 
2002). 

Based on the available evidence, it is proposed that salt particle-mediated 
halogen chemistry plays an important role in Hg chemistry in marine air, and 
in the deposition of Hg to open ocean and coastal waters. This chapter will 
review the details of our recent studies of Hg° oxidation in the marine 
boundary layer and compare and contrast these to data obtained by others in 
similar environments. The implications of such processes on the input of Hg 
to the ocean's surface waters is also discussed in the context of the overall 
air-sea exchange of Hg and the global Hg cycle. 

MERCURY SPECIATION IN THE MARINE 
ATMOSPHERE AND OCEAN SURFACE WATERS 

Mercury in the atmosphere is present in two oxidation states, as elemental 
Hg (Hg°) and as ionic Hg11 species. The dominant form is Hg° which is 
typically >95% of the total (Schroeder and Munthe, 1998). Concentrations 
range from around 1-2.5 ng m"3, typically, with higher concentrations present 
in impacted regions, and historically in some locations. Hg° is relatively 
insoluble (49.4 x 10"6 g/L at 20°C) and its major loss pathway from the 
atmosphere is through oxidation and subsequent removal by wet and dry 
deposition. As most water bodies are typically saturated with Hg° relative to 
the atmosphere, and the Henry's Law coefficient (H) for Hg° (729 Pa m3 

mol-1 at 20°C) is relatively high, dry deposition of Hg° to water is not an 
important removal mechanism. However, there is evidence for the uptake of 
Hg° by vegetation (St. Louis et al., 2001). Overall, based on global inter-
hemispheric Hg concentration differences, the residence time of Hg° in the 
atmosphere is about a year (Fitzgerald and Mason, 1997). However, given 
the recent identification of the rapid transformation of Hg° in some locations, 
as discussed above, this estimated residence time likely reflects the net 
lifetime of Hg° which could be oxidized and deposited and then re-emitted to 
the atmosphere numerous times prior to final removal to the other reservoirs. 

Particulate mercury (Hg-P) consists mainly of Hg(H) species adsorbed to 
surfaces or incorporated into particles during high level combustion and 
other processes. As a result, Hg-P resides predominantly in the fine 
particulate fraction (< 2.5 urn) fraction. The deposition velocity has been 
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estimated to be <0.5 cm s"1 typically and thus given the relatively low Hg-P 
concentrations (<30 pg m"3 for locations away from point source inputs) 
(Fitzgerald and Mason, 1997; Bullock, 2000), the input of Hg via dry 
deposition of Hg-P is not a major component of the overall flux. However, 
Hg-P is also scavenged by wet deposition. The residence time of Hg-P has 
been estimated to be from days to weeks (Bullock, 2000). It should be noted 
that earlier measurements of Hg-P using filters could have potentially over
estimated the Hg-P concentration if substantial amounts of RGHg were 
trapped by the Hg-P filter. However, since measured Hg-P concentrations 
over the ocean (< 5 pg m"3 typically) are low and less than those of RGHg, 
such an artifact does not appear to occur to any significant degree (Mason et 
al , 1992; Lamborg et al., 1999). 

Gaseous ionic mercury (Hg11) or reactive gaseous mercury (RGHg) refers 
to a group of compounds, such as HgCl2 and HgBr2> that can exist in the 
atmosphere in relatively low concentrations. Such compounds are highly 
soluble (e.g., HgCl2, 66 g/L at 20°C) and have a high deposition velocity -
typically >1 cms"1. Given the solubility and the low H (3.7 x 10"5 Pa m3 mol" 
1 at 20°C) for HgCl2, it is possible to estimate the dry deposition velocity 
using the modelling approach of Shahin et al. (2002), which relates the 
deposition velocity (k, cm s"1) to the diffusion coefficient of the species of 
interest (DA; cm2 s"1) and the wind speed at 10 m (uio, m s"1), with k = 
DA (0.98uio + 1.26). Values estimated for the Pacific Ocean during the 
2002 cruise using this approach ranged from <1 to 4 cm s"1 (Laurier et al , 
2003). 

While RGHg has been demonstrated to be emitted from point sources 
(Porcella et al., 1997) it can also be produced in situ via oxidation reactions 
(Sheu and Mason, 2004; Ariya et al , 2002). Concentrations are typically <20 
pg m"3 except in the region of point sources (Sheu et al., 2002), and in 
locations where active oxidation is occurring (polar sunrise, open ocean 
boundary layer, upper atmosphere) where concentrations >100 pg m"3 have 
been recorded (Lindberg et al., 2002; Landis and Steven in Chapter-7 of this 
book). Finally, MeHg exists in the atmosphere although its concentration in 
the air is low, and below the detection limit of most analytical methods 
(Mason and Benoit, 2003). It has been measured in wet deposition at low 
concentrations (<1% of total Hg, typically) and likely exists in the 
atmosphere at sub-pg m"3 levels, based on its concentration in rain. 

Mercury in surface waters also exists in two oxidation states, Hg°, as a 
dissolved gas, and Hg11. The ionic Hg exists both in the dissolved phase and 
attached to particulate matter, both living (phytoplankton, zooplankton) and 
detritus. In addition, in most surface waters, a small fraction of the total Hg 
is MeHg11, which also can be dissolved or particulate-associated. In the 
dissolved phase, both Hg11 and MeHg11 are complexed with inorganic and 
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organic ligands with only a small fraction of each existing as the free metal 
ion (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 
photochemically driven. Details of the reactions and the processes mediating 
them will be discussed in more detail below. 

MEASUREMENT METHODS 

Sampling Locations 

The open ocean atmospheric data discussed in this chapter was primarily 
collected on two ocean cruises. The first cruise on the RV Melville was in 
the North and equatorial Pacific Ocean in May/June 2002 (Laurier et al., 
2003). It started from Osaka, Japan (34°65'N, 135°42'E) on May 1st 2002 
and ended in Honolulu, Hawaii (24°15'N, 153°84'W) on June 4th 2002. All 
the data discussed here were collected aboard from 47°83'N, 162°50'E to 
22°75'N, 158°00'W during a two week sampling period (May 14th, May 
30th). The cruise track during this time consisted of a north-south transect 
around 170°E and then a west-east transect along 22-23°N (Laurier et al., 
2003). The second cruise took place in August 2003 aboard the RV Cape 
Hatteras from Norfolk, Virginia to Bermuda and then from Bermuda to 
Barbados. The cruise track was modified on route due to hurricane activity. 
Data from one period during the second leg of this cruise are presented. 

In addition to the ocean atmospheric sampling, atmospheric sampling has 
been done at the Chesapeake Biological Laboratory (CBL), which is situated 
on the mouth of the Patuxent River, a tributary to the Chesapeake Bay, in 
Maryland, USA. This site has been used for prior atmospheric measurements 
and for wet deposition collection (Mason et al., 2000; Mason et al., 1997a; 
Sheu et al., 2002; Sheu and Mason, 2001). Additional databases that are used 
to help constrain concentrations for box modelling purposes are from 
previous studies off Bermuda (Mason and Sheu, 2002) and in other locations 
on the shores of the Chesapeake Bay (Sheu et al., 2002; Mason et al., 
1997b). 

Water samples were collected on the open ocean cruises discussed above 
as well as on previous ocean cruises, as summarized by Mason et al. (2001). 
For the current paper, the focus will be on surface water dissolved gaseous 
mercury (DGHg) measurements, which for surface waters comprise mostly 
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Hg . These data are used to constrain estimates of Hg gas exchange. Total 
Hg and methylated Hg measurements were also made during these cruises. 

Sampling and Analytical Techniques 

Ancillary data on the cruises were measured by others, as detailed below, 
and by the ship's on-board equipment. For example, meteorological 
parameters, air temperature, relative humidity, barometric pressure, wind 
speed and wind direction were measured by the RV Melville's continuous 
underway data monitoring system with integration steps every 30 seconds. 
Ozone was measured using a Thermo Environmental Instruments, Model 
49C analyzer which was calibrated by an ozone standard generator (Model 
49CPS). Atmospheric Hg° and RGHg measurements were performed using 
the Tekran mercury speciation unit (Tekran 1130) coupled to a Tekran 
2537A analyzer (Tekran Inc., Toronto, Canada), as described by Landis et al. 
(2002). The precision of the instrument based on field comparisons of paired 
1130 speciation units is 15% (Landis et al., 2002). On the Melville, the 
speciation unit was set up on the front of the ship at ~ 15m above sea level. 
On the Cape Hatteras, the speciation denuder unit was set up on the top of 
the bridge also at ~15m, and the analytical equipment housed inside the 
bridge. At CBL, the Tekran is mounted on a pier over the water, 5-10 m 
above water level. 

With the Tekran instrument, Hg° is determined using a vapor-phase 
mercury analyzer (Model 25 3 7A) which consists of a gold amalgamation 
system coupled to a cold-vapor atomic fluorescence spectrometer (Bloom 
and Fitzgerald, 1988). The Tekran model 1130 denuder speciation unit was 
used for the RGHg measurements. The sampling time resolution was 5-min 
for Hg° and 2-h for RGHg. By pumping ambient air through the denuder, 
RGHg is adsorbed onto the KC1 coated denuder while Hg° is quantified in 
the analyzer. After a 2-h sampling period, the denuder is heated to 500°C and 
RGHg is thermally decomposed into mercury-free air and analyzed as Hg°. 
The particulate mercury was collected on a downstream quartz fiber filter 
and was not analyzed. In the earlier collections at CBL and on Bermuda, a 
cation exchange filter was used to collect RGHg (Sheu and Mason, 2001). 
The cation exchange sampling approach and the KC1 denuder approach were 
carefully tested at CBL, and on Bermuda, and shown to give similar results. 
Overall, results were within a factor of two which is acceptable given the 
low concentrations found during the comparisons (<50 pg m"3) and the 
differences in collection period (2 hours for dender and 12 hours for the filter 
packs) (Sheu and Mason, 2001). The acid-cleaned 5-stage Teflon filter 
holders used for collection contained 2 Teflon filters, mounted in front to 
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trap Hg-P, and 3 cation exchange membranes, used to collect the RGHg. All 
filters were analyzed for total Hg using conventional techniques i.e., BrCl 
oxidation, followed by SnCLj reduction, purge and trap collection and cold-
vapor atomic fluorescence spectrometry (CVAFS) detection (Sheu and 
Mason, 2001). 

The underway surface-water samples in the Pacific were collected using a 
"fish" sampler, which is a device used to sample in the surface water beside 
the ship while it is moving forward with the inlet away from the ship's 
contamination. Water was pumped on board the ship into a laminar flow 
hood using a peristaltic pump through acid-cleaned tubing. Such a system 
was also used on the previous cruises in the Atlantic (Mason et al., 2001) but 
not on the 2003 Atlantic cruise. For the 2003 cruise, the on-board seawater 
sampling system of the ship was used as it had been previously demonstrated 
to be suitable for contaminant-free Hg sampling (Mason et al., 2001). 
Samples were collected into 2 L Teflon bottles and were processed on board 
for DGHg immediately after collection, or at least within 3 hours after 
collection, in an onboard clean room. Sample collection and treatment were 
performed using ultra-clean techniques. All Teflon and plastic-ware had 
been acid washed prior to use. Cleaned Teflon bottles were stored filled with 
HC1 (1% v/v) and double-bagged until use. DGHg concentrations were 
measured using a Teflon bubbler head attachment that fitted directly onto the 
2 L Teflon bottles. Samples were bubbled for 40-min at 500 ml min"1 with 
Hg-free argon and the released DGHg was trapped on gold columns. 
Quantification, by CVAFS, was achieved by heating the gold trap in a 
stream of argon. 

Laboratory Experiments 

Photochemical oxidation experiments, both indoors and outdoors, were 
carried out, under static conditions, at CBL (Sheu and Mason, 2004) using 
high quality quartz cells as reactors. A 75W O3 free Xenon lamp (ORIEL 
6263) was used as the light source for the indoor experiments. For the 
outdoor experiments, the ambient sunlight was the light source. All the 
outdoor experiments were conducted on cloudless sunny days with moderate 
to high UV indices in June, 2001. Chemicals used in the experiments were 
prepared as discussed in Sheu and Mason 2004. A volume of 100 uL of 
gaseous Hg° was injected into the prepared cell at the start of the experiment. 
The cell was then irradiated. Each experiment therefore generated one data 
point. Dark controls involved wrapping the cells with aluminum foil. 
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Once the irradiation was stopped, the cell was flushed with high purity 
Argon (Ar) gas to collect the remaining gaseous Hg° in the reactor on a gold 
trap. Initial tests showed that none of the RGHg formed by oxidation was in 
the gas phase at the end of the experiment and so the cell was rinsed twice 
with IM HCl solution to remove any Hg adsorbed to the glass (Sheu and 
Mason, 2004). Mercury was quantified by CVAFS using dual gold trap 
amalgamation (Bloom and Fitzgerald, 1988). The gold traps were analyzed 
directly. The operational detection limit (DL) for the gas phase was 0.05 
pmole or <1% of the added Hg°. The Hg content in the HCl rinses were 
quantified by SnCl2-reduction CVAFS (Mason et al., 2001). Given typical 
DLs for the measurements of dissolved Hg of 0.1 pmole, this corresponds to 
a DL for oxidation of 1.5% conversion of the added Hg°. 

MERCURY OXIDATION IN THE MARINE 
BOUNDARY LAYER 

Open Ocean Studies 

The results from the cruise in the North Pacific in May-June 2002 
demonstrated that elevated RGHg concentrations (up to 100 pg m"3) exist in 

100 

20 30 40 50 

Ozone (ppbv) 

Figure 2. Plot of 2 hr average daily maximum reactive gaseous mercury 
concentration. 
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the marine boundary layer of the subtropical North Pacific and that the 
diurnal cycle in RGHg concentration coincides with that of UV radiation 
(Laurier et al., 2003). 

The maxima in RGHg concentration also occurred under conditions 
where O3 concentrations were low (<10 ppb), and coincided with the 
maximum of photochemical processes and maximum UV. 

The relationship between the maximum daily (sunrise to sunset) two hour 
average RGHg concentration and the corresponding ozone concentration is 
shown in Figure 2. 

The non-linear negative correlation suggests strongly that the factors 
leading to ozone depletion are those that result in significant RGHg 
formation. Furthermore, it appears that significant RGHg formation occurred 
only when ozone concentration was less than 10 ppbv (Laurier et al., 2003). 

9/2 9/3 9/4 9/5 9/6 9/7 

Dates (days) 

Figure 3. Concentrations of reactive gaseous mercury, elemental mercury and ozone, 
and UV radiation for 5 days (September 2-7,2003) during the cruise on the 

RV Cape Hatteras in the North Atlantic. 

Estimated rates of RGHg formation from the model and estimated dry 
deposition velocities (Laurier et al., 2003) are of the same order. The model 
results showed that formation rates of RGHg during the day were up to 1.2 x 
10"2 ng m"3 hr"1. For a 1000 m boundary layer, this corresponds to a 
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production of 12 ng m"2 hr"1. Given dry deposition velocities of 1-4 cm s"1 

during the cruise (Laurier et al , 2003), and the observed concentrations of 
RGHg, up to 90 pg m"3, the corresponding deposition flux is <1-10 ng m"2 hr" 
\ Thus, dry deposition of RGHg would rapidly deplete the MBL if no 
formation was occurring. Clearly, deposition alone can account for the 
nightly decrease in observed concentration when formation is not occurring 
to any significant extent and reduction of RGHg species does not need to be 
invoked to explain the field results, nor has it been demonstrated in the lab or 
field. Furthermore, since deposition rates are related to both production rates 
and wind speed, then low concentrations in the atmosphere and/or a small 
magnitude change in RGHg concentrations over a diurnal cycle does not 
necessarily mean that there is not substantial formation of RGHg occurring, 
but that the rate of formation is similar to the rate of deposition. 

In August 2003, samples were collected in a further field campaign on the 
RV Cape Hatteras from Norfolk, Virginia to Barbados, covering the 
temperate to subtropical North Atlantic. During the cruise there was 
evidence of a similar diurnal RGHg formation from with higher 
concentrations during the day. However, ozone concentrations were not as 
low as those encountered in the North Pacific 2002 cruise. Data for five days 
at the end of the cruise when the lowest ozone concentrations were 
encountered are shown in Figure 3. The UV radiation levels were similar to 
those found in the subtropical North Atlantic, but as comparison of Figures 2 
and 3 demonstrates, ozone levels were not as low and never fell below 10 
ppbv. There was, however, a daily minimum in ozone that corresponded to 
the daily maximum in RGHg. Overall, the highest RGHg concentration was 
about 4 times less than the maximum found in the Pacific. As mentioned 
above, the highest RGHg concentrations found in the North Pacific were 
during time of very low ozone (< 10 ppb) and indeed the magnitude of the 
RGHg values for the North Atlantic are comparable, for comparable ozone, 
with the North Pacific data (Figures 2 and 3). The average value was, 
however, about half that found during the period of maximum formation in 
the North Pacific. 

In contrast, Mason et al. (2001) and Sheu et al. (2002) found higher levels 
of RGHg during cruises off Bermuda and from weekly integrated 
measurements on Bermuda using the filter pack collection techniques. While 
these values were somewhat higher than those measured more recently using 
the Tekran (Fig. 3), these results do provide additional data to support the 
presence of RGHg in the MBL. In another study, Ebinghaus et al. (1999) 
found an average value for RGHg of 18 ± 4 pg m"3 sampling air of oceanic 
origin at Mace Head, Ireland. Clearly, more studies are needed to examine in 
more detail the factors controlling the formation of RGHg in marine air. 
However, in summary, while the open ocean measurements are limited, they 



CHARTER-10: AIR-SEA EXCHANGE 225 

do provide distinct evidence for photochemical oxidation of Hg in the MBL 
and, in conjunction with the results for the Mediterranean and those in 
coastal regions, discussed below, suggest that RGHg formation in the MBL 
is enhanced under conditions of extremely low ozone, which is similar to the 
results found in the polar regions (Lindberg et al., 2002). 

Coastal Ocean and Enclosed Seas 

Similar diurnal changes in RGHg in marine boundary layer air have been 
noted over the Mediterranean Sea during a cruise from 14 July to 5 August, 
2000 in both the Eastern and Western Basins on the R. V. Urania (Hedgecock 
et al , 2003; Sprovieri et al., 2003). As discussed in detail elsewhere in this 
book, the first leg of the Mediterranean study was stormy with rain and high 
seas, and RGHg concentrations were less than 15 pg m"3. In contrast, the 
second leg was much more typical of summertime Mediterranean weather. 
For this section of the cruise, higher RGHg concentrations were found, 
above 30 pg m"3, and there was an obvious diurnal cycle in concentration 
with a maximum during the period of highest photochemical production 
(Sprovieri et al., 2003). 

The southeast coast of the USA, as represented by the studies at CBL, on 
the shores of the Chesapeake Bay in Maryland, may represent another 
location where the importance of anthropogenic impacts cannot be ignored. 
Data now exists for a number of campaigns at CBL, starting with studies in 
1997 where RGHg concentrations were measured using ion exchange 
membranes (Mason et al., 1997; Table 1). The filter pack method required 
typically 12 hours of deployment per sample so that the resolution possible 
with the automated Tekran instrument was not obtained but it is clear that 
the average values and ranges found for the two techniques are similar. The 
large standard deviation of the average found for the more recent 
measurements using the Tekran reflect the fact that a diurnal cycle in RGHg 
concentration is often found, and that the variability is over a longer time 
frame than the measurement length (2 hours). Overall, there appears to be a 
decrease in both RGHg and Hg-P concentrations since measurements began 
in 1995. Clear diurnal trends were found during all studies - in 
February/March 2002 (maximum 2 hr average around 80 pg m"3; Mason and 
Sheu, 2002); during an intensive study in October 2002 (maximum 2 hr 
average around 90 pg m"3; Laurier, pers. comm.) and in continual and on
going collections since November 2003 (maximum 2 hr average on occasion 
between 100-120 pgm"3). 
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In October 2002, rain samples were collected during the period of RGHg 
measurement and the results confirm the notion that RGHg is rapidly 
removed from the atmosphere by precipitation (Laurier et al, in prep.). 
Similar results have been found by others (Malcolm and Keeler, 2002). Four 
periods of rain occurred and it was found in all cases that the concentration 
of total Hg in the first rain sample collected during the event was about twice 
that of subsequent rain samples. Also, after this initial decrease, the 
concentration in the rain appeared to be relatively constant. Rain 
concentrations for the initial samples ranged from 20 to 35 pM, with the 
latter concentrations being less than 20 pM. During the periods prior to the 
rain event, RGHg concentrations varied but were generally above 20 pg m"3. 

Table 1. Concentrations of reactive gaseous mercury and particulate mercury measured 
at the Chesapeake Biological Laboratory between 1995 and 2004. 

Date 

Summer 1995 
Winter 1995 
1997* 

1998* 
1999* 
2000* 
2-3/02 

10/02 

11/03-5/04 

Hg-P 
(Pg m"3) 
16±15 

21 ±20 
9 (2.3) 

21 (1.0) 
9.0 (0.7) 
9.0(1.3) 

-

-

-

RGHg 
(Pg m3) 

-

-

10(2.3) 
24(1.0) 

29 (0.6) 
12(0.7) 

10.6 ±11.2 

7.9 ±12 

9.5 ±11.4 

Method 

Filters 
Filters 

Filters 

Filters 
Filters 
Filters 
Tekran 

Tekran 

Tekran 

Reference 

Mason etal., 1997 
Mason etal., 1997 
Sheu and Mason, 2001 
Sheu and Mason, 2001 
Sheu, 2001 
Sheu, 2001 
Mason and Sheu, 2002 

Unpublished data 

Unpublished data 

* These data are for the median and the relative error (in brackets). 

The potential importance of scavenging in contributing to Hg in 
precipitation can be estimated, as done previously by Mason et al. (1997), 
although in that analysis they did not include scavenging of RGHg from the 
atmosphere by precipitation. The previous evaluation concluded that the 
measured amounts of Hg-P in air did not appear to be sufficient to account 
for the concentrations of Hg found in precipitation, indicating other sources 
and/or in-cloud processes as being important. That analysis is updated here, 
considering the total amount of Hg in the air that can be scavenged to be the 
sum of the RGHg and Hg-P concentrations. As seen in Table 1, RGHg and 
Hg-P concentrations at CBL are comparable, on average, and the combined 
total ranges from about 20-40 pg m"3. Based on this, the data (lines on the 
graph) in Figure 4 was generated for values of scavenged Hg of 15, 30 and 
40 pg m"3, and a cloud height of 10 km. In addition, the measured 
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concentrations of total Hg in rain for CBL are also plotted (Mason et al , 
2000). 

Overall, it appears reasonable to conclude that scavenging of RGHg and 
Hg-P from the atmosphere is sufficient to account for much of the Hg in 
rain, with the remaining Hg likely supplied by oxidation processes during 
cloud formation. Thus, RGHg is contributing Hg through both wet and dry 
deposition to surface waters. The relative importance of RGHg in 
contributing to Hg deposition is discussed more below. Suffice to note that 
for all the open ocean and coastal regions that we have studied, it is an 
important part of the Hg speciation in the atmosphere and in deposition and 
cannot be ignored. 

1000 
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1<H 

Precipitation Mercury Concentrations and Modeled 
Values based on Scavenging of RGHg and Hg-P 

• Data 
— ^ — 15pgm-3 
_ _ _ 30 pgm-3 
— - — 40 pgm-3 

0.01 0.1 1 
Rainfall Amount (cm) 

10 

Figure 4. Concentrations of mercury in wet deposition at the Chesapeake Biological 
Laboratory and modeled scenarios of the contribution of mercury scavenging 

from the atmosphere to mercury in wet deposition. 

Laboratory Studies 

While there have been a number of studies that have examined the 
oxidation of Hg° through homogeneous gas phase reactions (e.g., Lin and 
Pehkonen, 1999; Sliger et al., 2000; Ariya et al., 2002, Sommar et al , 1997; 
2001) there have been few studies of Hg° oxidation in the presence of halide 
surfaces. Sheu and Mason 2004 performed such experiments, as well as 
examining the oxidation of Hg° in the presence of various potential oxidants. 
There was essentially no reaction in the dark but reaction occurred in the 
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light in all treatments. As shown in Table 2, the rates of oxidation were 
relatively low in the presence of light, with or without the addition of water 
and nitrite solution (NOV)- Nitrite decomposes in the presence of light to 
form the hydroxyl radical (OH), which is known to oxidize Hg°, and was 
added to the chamber for this purpose. However, N02" can also be a sink for 
OH and the complex interaction between N-containing and O-containing 
species can result, depending on the conditions, in the net formation or net 
loss of ozone, and the OH radical (Seinfeld and Pandis, 1998). Given the 
results in Table 2, it is possible to conclude that the addition of NO2" did not 
enhance Hg° oxidation, but hindered it. More work should be done to 
examine these interactions, especially in the presence of salt surfaces. As 
seen in Table 2, in the presence of either a NaCl or NaBr salt surface coating 
in the reactor, the rate of oxidation was enhanced by one to two orders of 
magnitude, both in indoor experiments with artificial light and outdoors 
(Table 2). The rate of oxidation was slower in the presence of outdoor light 
and this likely reflects the lower light intensity during the experiments. 
Finally, Sheu and Mason 2004 showed that the removal of light of <324 nm 
completely stopped the reactions, even in the presence of the NaCl salt 
surface. The most important reactions (shown in Figure 1) that rely on the 
presence of short wavelength light are those involved in the formation of the 
OH radical, and in ozone destruction, and this likely accounts for the effect 
of wavelength on Hg° oxidation. 

Table 2. Summary of the pseudo-first order reaction rates for the indoor Xenon 
lamp-irradiated and outside (natural sunlight) gaseous Hg° oxidation experiments. 

Taken from Sheu and Mason 2004. 

Treatment 

Light alone 

Light+H20 

Light+N02" 

Light+NaCl 

Light+NaCl+H20 

Light+NaCl+N02-
Light+NaBr+N02" 

Indoor Experiments 
Reaction Rate 

7 x l 0 ' 4 

2.4 xlO"3 

7 x l 0 ' 4 

9.4 x 10'2 

1.0 xlO"1 

2.2 x 10'2 

5.5 xlO-1 

Outdoor Experiments 
Reaction Rate (min1) 

<10"4 

8X10"4 

3X10"4 

-

Sx lO^-SxlO" 3 

1.1- 1.5x 10"2 

-

While the experiments performed and discussed in Sheu and Mason 
(2004) were insufficient to examine in detail all the potential interactions 
that are known to exist with the photochemical reactions of nitrogen, oxygen 
and halide reactive species and intermediates, it did appear from the 
experiments that the role of nitrogen species was complex in that it could 
either enhance or hinder oxidation. It is known that NOx can react with 
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ozone, OH and with halogens, and thus given the complex reaction cycle 
proposed in Figure 1, it is not unreasonable to expect the impact of NOx to 
be variable, as likely is the presence and concentration of other oxidants 
(Seinfeld and Pandis, 1998). Clearly, more studies are required to accurately 
assess the role of various processes and oxidants - in the marine boundary 
layer, - in the coastal atmosphere, and - in other locations in the oxidation of 
Hg° as this process could be considered as a "short-cycling" process that 
alters the rate of the global distribution of Hg°. 

MERCURY IN SURFACE OCEAN WATERS 

Mercury exists in surface waters as both dissolved Hg° and as Hg11 

complexes. It has been shown that reduction of Hg11 to Hg° occurs in surface 
waters under a variety of conditions and that both biotic and abiotic 
processes are important. Recent studies, in both freshwater and saline waters, 
have focused on understanding the photochemical processes influencing 
DGHg concentrations and while progress has been made, the understanding 
is still incomplete (Amyot et al.} 1997; Rolfhus and Fitzgerald, 2001). 
However, there is now sufficient evidence to suggest that in most situations 
while there is net Hg° formation, there is also Hg° oxidation occurring 
(Amyot et al, 1997; Mason et al, 2001; Lalonde et al., 2001). Much of the 
lack of understanding of the oxidation processes is driven by the difficulty in 
performing the experiments with a relatively insoluble trace gas which has 
substantial gas exchange losses under most experimental conditions. 

A number of studies have shown that Hg11 reduction occurs in the 
presence of algae and bacteria (e.g., Mason et al., 1995; Lanzillotta et al., 
2004). It has been demonstrated that the extent of reduction can be affected 
by the addition of chemicals that block photosynthetic organisms and 
biochemical processes and Mason et al. (1995) concluded that bacteria and 
picoplankton (cyanobacteria) were the more important organisms involved in 
biotic reduction in environmental waters. Lanzillotta et al. (2004) showed 
that Hg11 reduction occurred in the presence of a marine diatom and that 
reduction also occurred in the filtered medium suggesting that these 
organisms release organic matter into the water that can play a role in the 
reduction processes. Thus, the role of organisms is to either directly reduce 
the Hg11 or to release organic matter into solution that leads to enhanced 
reduction. The reduction of Hg11 in the presence of organic matter has been 
shown by others. Costa and Liss 1999 found reduction enhanced in the light 
in the presence of humic acid although the increase in Hg° formation with 



230 CHARTER-10: AIR-SEA EXCHANGE 

increasing humic acid concentration was non-linear. This is likely a result of 
the adsorption of light by the humic acid present at high concentrations, and 
by the impact of complexation. It has been suggested that the reduction of 
Hg11 may occur through charge transfer reactions involving Hg-DOC 
complexes but while this may be a mechanism it is not the only, or perhaps 
most important, mechanism as organic matter complexation can also lead to 
a decrease in Hg11 reduction (Rolfhus and Fitzgerald, 2001). Overall, higher 
DOC concentrations remains one factor that likely explains the lower 
concentrations and rates of Hg° evasion from coastal and estuarine 
environments compared to the open ocean (Table 3). The potential for 
photochemical processes to dominate Hg11 reduction is demonstrated by the 
work of Lanzillotta and Ferrara 2001 which measured short-term changes in 
Hg° concentration at a coastal site and showed a strong diurnal cycle linked 
to photosynthetically active radiation with a linear relationship between the 
two variables both in the field and in laboratory studies. Similar results have 
been found in lakes (e.g., Amyot et al., 1997). 

Two primary recent studies of Hg° oxidation in seawater have 
documented this process and demonstrated the same overall result. Lalonde 
et al. (2001) showed that Hg° oxidation did not occur in the dark or in the 
light in distilled water, in the presence of CI" ions only, or in the presence of 
semiquinones alone. However, in the presence of both CI" and semiquinones, 
Hg° oxidation was relatively rapid. Furthermore, in the presence of CI" and 
fulvic acid oxidation also occurred, but the rate of reaction was slower. 
Mason et al. (2001) showed that in the presence of CI" and NO2", Hg° 
oxidation was rapid in the light and that the rate of reaction was enhanced in 
the presence of Br" compared to CI". All these experimental results are 
consistent with the reaction mechanisms described above in detail for 
atmospheric oxidation of Hg°. For example, N02" is photolysed to form OH 
(Seinfeld and Pandis, 1998) which can then initiate the reaction sequence 
with halogen ions to form RXS in solution, which then oxidizes Hg°. 
Furthermore, it is likely that the halide ions in solution stabilize the reaction 
products and intermediates, as the overall oxidation is a two electron transfer 
process and thus must involve the formation of a transient Hg1 intermediate. 
Lin and Pehkonen (1999) showed that Hg° is also oxidized by HOC1/OC1" 
suggesting that a variety of dissolved RXS species could be responsible for 
oxidation in natural waters. In the studies of Lalonde et al. (2001), it is likely 
that the photochemical degradation of the seimquinone, or the fulvic acid, 
released reactive oxygen intermediates which through a series of reactions 
likely led to the formation of RXS species. Thus, in both instances, an 
initiation reaction was required to provide the RXS species that oxidize Hg° 
and the halide present likely stabilized the reaction products through 
complexation. However, the HgX2 species formed as products are also likely 
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to be readily reduced unless further complexed by DOC, and thus the net rate 
of formation would depend on this. The presence of DOC will lead to Hg11 

complexation but this has been shown to enhance Hg11 reduction on 
occasion, rather than diminish it. Overall, in the high CI", low DOC 
environments of the open ocean it is likely that both oxidation and reduction 
occur rapidly, and as stated above, based on data gathered to date, it appears 
that overall there is net reduction. 

If both reactions occur, and can be considered pseudo first order because 
of the general excess of oxidant, then the ratio of the rate of reduction to that 
of oxidation at steady state is equal to the ratio of the reactive amount of Hg° 
to that of Hg11. It is reasonable to assume that all the Hg° is available for 
oxidation, but it is likely that not all the Hg11 is easily reduced. In fact, the 
method of measurement of "reactive Hg", based on SnC^ reduction of 
unamended seawater samples, have shown that only a small fraction of the 
total Hg in surface ocean and estuarine waters is easily reduced (<20%; 
Mason et al., 1998; 1999; 2001). This is similar to the concentration of Hg°. 
During the recent North Pacific Ocean cruise, the reactive Hg concentration 
was similar to that of Hg (Laurier et al., 2003) suggesting that the rates of 
oxidation and reduction were similar. In contrast, in the North Atlantic 
during the August 1993 cruise, the fraction of the total dissolved Hg as Hg° 
was 20-100% suggesting that under these conditions, net reduction was 
occurring and that oxidation must have been minimal during the sampling 
period. 

Estimations of fluxes of Hg° from the ocean to the atmosphere have 
generally been made based on available data, which is still limited. These 
data, summarized for some coastal and ocean studies in Table 3, have been 
used to extrapolate fluxes to the global scale. Exchange rates estimated from 
the Hg° concentration measured during cruises in the Atlantic Ocean and 
elsewhere suggest that fluxes can be much higher than estimated 
atmospheric wet deposition rates (Mason et al., 1995; 2001; Mason and 
Sullivan, 1999; Table 3). For example, for the South and equatorial Atlantic, 
estimated evasion rates during the cruise in May/June 1996 were 
substantially greater that estimates of wet deposition for this region 
(Lamborg et al., 1999; Mason et al., 1994; 2001). In the North Atlantic near 
Bermuda, estimated evasional fluxes were lower and showed no strong 
seasonal trend but were still greater than wet deposition (Mason et al., 2001). 
Clearly, these rates must represent a transient situation. 

While Hg° oxidation is possible in surface waters (Amyot et al., 1997; 
Lalonde et al , 2001; Mason et al , 2001), the flux estimates are based on 
actual measurements of Hg°, and as recent sample collections have been in 
the top meters of the ocean, these represent the steady state concentration 
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between oxidation and reduction processes. 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), although there is little open ocean data to 
support this notion. For coastal environments, such as the Scheldt estuary 
and Long Island Sound, there is evidence for a lower flux in winter 
compared to summer (Baeyens and Leermakers, 1998; Rolfhus and 
Fitzgerald, 2001). In their recent overall mass balance, Mason and Sheu 
(2002) increased the magnitude of oceanic Hg evasion compared to that 
proposed earlier (Mason et al., 1994) but the magnitude of the increase was 
constrained by that of the emission fluxes for the terrestrial environment, and 
by the magnitude of the dry deposition flux to the ocean (primarily that of 
RGHg). Mason and Sheu (2002) estimated an average flux of 13 Mmol yr"1 

(7.2 ug m"2 yr"1) for evasion from the ocean, and this value was constrained 
for seasonal and latitudinal differences. Recent data (e.g., Laurier et al., 
2003) does not suggest that this estimate needs to be substantially changed. 
While Mason and Sheu (2002) proposed a 30% increase over the estimate of 
Mason et al. (1994), it still may be an underestimate as the average (0.6 ug 
m"2 mnth"1) is at the low end of the flux estimates in Table 3. 

Table 3. The concentrations and estimated fluxes of elemental mercury for various 
water bodies. As fluxes are mostly from short-term measurements, they are 

scaled to a monthly rather than a yearly basis. 

Location 

Equatorial Pacific 

North Pacific 
Equatorial Pacific 2002 

N. Atlantic - summer 

S. Atlantic - summer 
Bermuda 
Long Island Sound, USA 
Scheldt Estuary, Belgium 
North Sea 

Chesapeake Bay, USA 

Lakes/Wetlands 

DGHg (pM) 

0.05-0.36 

0.13 ±0.07 
0.06 ± 0.03 

0.25-1.25 

1.24 ±0.81 
0.08-0.2 

0.04-0.55 
0.1-0.65 
0.06-0.8 
0.02-0.2 

-

Flux (Ug m"2 mth"1) 

0.7-7 

0.7-1.8 

12 

36 
2.7 
2.1 

1.2-2.4 
0.35-6.7 

0.8 

0.2-2 

References 

1 
9 

2 
3 
4 
5 
6 

7 
8 

References: #1= Mason and Fitzgerald, 1993; #2= Mason et al., 1998; #3= 
Lamborg et al., 1999; 4 = Mason et al., 2001; #5= Rolfhus and Fitzgerald, 2001; 
#6= Baeyens and Leermakers, 1998; #7= Mason et al., 1999; #8= Zhang and 
Lindberg, 1999 and reference therein; #9 = Laurier et al., 2003. 
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As discussed below, this estimate reflects evasion from the surface ocean 
but because of Hg° oxidation and RGHg formation in the MBL, the next 
evasion to the global atmosphere is less than this. 

AIR-WATER EXCHANGE AND THE GLOBAL 
MERCURY CYCLE 

It can be concluded based on the studies discussed above that Hg° is 
relatively easily oxidized in the atmosphere under the right conditions, and 
that these conditions often exist in the marine boundary layer. In general, it 
appears that conditions conducive to ozone destruction, specifically those 
that involve the formation of RXS, can also lead to Hg° oxidation, although 
the data available to date suggest that other secondary reactions, such as 
those with N-containing radicals, can also be important in modulating Hg° 
oxidation. Overall, current modelling efforts which include the primary 
reactions for which rate constants have been measured, can reproduce field 
data with relative accuracy suggesting that the major aspects of the 
atmospheric chemistry is now understood. 

Furthermore, it appears that the formation of RGHg that occurs in the 
boundary layer over the ocean, and in coastal areas, can be an important flux 
of mercury to these systems, rivaling that of wet deposition. The data from 
the studies in Maryland suggest that for coastal sites such as CBL, the RGHg 
dry deposition flux is comparable to that of wet deposition, and that the 
particulate flux is about 10% of the total input. For example, Sheu et al. 
(2002) estimated that the dry RGHg flux was 11.5 ug m"2 yr"1 for 1998 and 
wet deposition was 12.5 ug m"2 yr"1. The more recent measurements 
(2003/04) suggest that the dry deposition flux is currently lower, around 6 ug 
m"2 yr"1. It is not known if wet deposition fluxes have also decreased over the 
same period but given the importance of RGHg scavenging to Hg in rain, 
this is to be expected. Based on 5 years of data between 1995 and 2000, 
however, Mason et al. (2000) concluded that there was not a statistically 
significant trend in the yearly wet deposition flux. However, longer term 
studies at other sites in the USA have noted a decrease in Hg in wet 
deposition in the last decade. 

Another coastal site which has data on atmospheric Hg speciation and Hg 
in wet deposition is Mace Head in Ireland. Pirrone et al. (2001) report 
median concentrations of RGHg and Hg-P of 19.1 and 2.9 pg m"3 and a 
median concentration in wet deposition of 3.8 ng/L. Given these data, it can 
be concluded that dry deposition of RGHg is higher than that of wet 
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deposition at this location and that dry particulate deposition is a small 
fraction of the total flux. In contrast to the data from CBL, where the 
concentrations of RGHg and Hg-P are similar, the RGHg concentration is 
about six times that of Hg-P at Mace Head. This contrasts the other 
background European stations where concentrations of RGHg and Hg-P are 
comparable, or where Hg-P is higher than RGHg. Thus, given our 
understanding of the fate and transport of RGHg and Hg-P, there must be 
some non-terrestrial source of RGHg at Mace Head. It is reasonable to 
conclude that the ocean boundary layer is the source given that the wind 
direction at Mace Head is predominantly oceanic. 

The results from the cruise in the North Pacific can be combined with 
those for the North Atlantic to estimate the flux of RGHg to the ocean 
surface. In the temperate North Pacific RGHg concentrations were lower but 
because of higher wind speeds, deposition velocities were higher. Overall, 
however, fluxes were highest during the day in the equatorial region. The 
average RGHg flux for the equatorial region was around 16 ng m"2 d"1 while 
further north the flux was around 6 ng m"2 d"1. Based on these data, and the 
data from the North Atlantic 2003 cruise, and the estimated coastal fluxes, 
and taking into account seasonal variability in flux, an overall global 
estimate of 4.8 ug m"2 yr"1 is derived, or 8.6 Mmol yr"1. A more simplistic 
estimation can be based on the average open ocean RGHg concentration 
from the studies to date (10 pg m"3) and an average dry deposition velocity of 
1.5 cm s"1. This yields a global flux of 8.5 Mmol yr"1, which is comparable to 
the above estimate. Mason and Sheu 2002 concluded on the basis of more 
limited data that the flux was 5.7 Mmol yr"1 and the current analysis suggests 
that this earlier value is an underestimate. If the formation and deposition of 
RGHg is higher than previously estimated, then, as a result of mass balance 
estimations, the net flux of Hg° to the global atmosphere via gas evasion 
from the ocean surface may be less than previously estimated (7.3 Mmol yr" 
l; Mason and Sheu, 2002). The overall outcome of such a scenario is that the 
overall residence time of Hg in the upper ocean is actually longer than 
previously estimated. If so, then the response time of the upper ocean to 
changes in atmospheric Hg concentrations will be slower, and it may not be 
reasonable to expect the surface ocean concentration to respond rapidly to 
changes in atmospheric Hg concentration. 

Given a wet deposition flux of about 10 Mmol yr"1 (Mason and Sheu, 
2002), it can be concluded that the dry deposition of RGHg to the ocean is an 
important flux, being almost as large as the wet deposition flux, as found for 
coastal sites (Sheu et al., 2002). Finally, it is clear that formation of reactive 
gaseous mercury via atmospheric reactions over the ocean rivals the input of 
reactive gaseous mercury from anthropogenic activities (~4.4 Mmol/yr; 
Mason and Sheu, 2002). Substantial conversion of elemental mercury in 
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remote regions of the world, and subsequent deposition to sensitive 
ecosystems has important managerial implications for the regulation of Hg 
emissions from anthropogenic sources. 
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INTRODUCTION 

Natural terrestrial sources of atmospheric mercury (Hg) include 
geologically enriched substrate, volcanoes, geothermal areas, forest fires, 
vegetation, and "background soils" (soils that have low concentrations of Hg 
(O.lug Hg/g) and have not been enriched by geologic processes). Emissions 
from the latter three are probably dominated by re-emission of previously 
deposited atmospheric Hg derived from anthropogenic and natural sources. 
Natural terrestrial sinks include soils, plant foliage, and regions where the 
atmospheric chemistry facilitates formation of reactive gaseous Hg (RGM) 
(i.e. Polar Regions). 

Modeled estimates of natural source emissions in the literature range 
from 800 to 3000 Mg/y (Nriagu, 1989; Lindqvist et al., 1991; Mason et al, 
1994; Mason and Sheu, 2002; Lamborg et al., 2002; Seigneur et al., 2001; 
Bergan et al., 1999) (Table 1). Most of these were derived by difference, 
using measured air Hg concentrations, wet deposition rates, and 
anthropogenic emissions estimates in mass balance models, and are based on 
precious few (if any) actual flux measurements from substrate. Mercury is 
also known to be dry deposited although this is often not considered. 
Lindberg et al. (1998) used measured terrestrial flux data to develop an 
estimate of emissions from forests and background soils ranging from 1400 
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to 3400 Mg/y. However, their estimate did not include Hg fluxes from 
naturally geologically enriched substrates, volcanoes, geothermal systems 
and fires; which, as new data described below demonstrates, will add 
significantly to the emissions. 

Point source anthropogenic emission estimates remain highly uncertain 
(up to 50%) (Pai et al , 1998; Pacyna et al., 2001); yet, the range applied in 
global mass balance models is more limited than that for natural sources 
(-2000 to 2400 Mg/y) (Bergan et al., 1999; Mason and Sheu, 2002; 
Lamborg et al , 2002; Seigneur et al , 2004) (Table 1). Dastoor and Larocque 
(2004) concluded that known anthropogenic emissions can account for only 
~l/3 of the measured concentration of gaseous elemental Hg (Hg°) at ground 
level, and suggested that natural sources and re-emission account for 2/3 of 
the total estimated 6400 Mg emitted each year. Pirrone et al. (2001) 
suggested that natural and anthropogenic emissions in Europe were 
approximately equal. 

Table 1. Summary of recent Global flux estimates for the sources and sinks of 
atmospheric mercury. 

Source 

Anthropogenic 

Natural terrestrial 

Re-emission 
Total emissions 

Sink 
Oceans 
Wet and dry 
deposition 

Range in 
emissions Mg/y 

2000 to 2400 

800 to 3000 

? 
6000 to 6600 

Deposition, Mg/y 
500, 1230 
3000 

References 

Bergan et al , 1999; Mason and Sheu, 2002; 
Lamborg et al., 2002; Seigneur et al., 2004 
Nriagu, 1989; Lindqvist et al., 1991; 
Masonet al., 1994; Mason and Sheu, 2002; 
Lamborg et al., 2002; Seigneur et al., 2001; 
Bergan etal., 1999 

Bergan et al., 1999; Mason and Sheu, 2002; 
Lamborg et al., 2002; Seigneur et al., 2004 

Lamborg et al., 2002; Mason and Sheu; 2002 
Mason and Sheu, 2002 

Global estimates for wet deposition to the continents are 2000 Mg/yr with 
dry deposition estimates at 1000 Mg/yr (Mason and Sheu, 2002) (Table 1). 
This is not enough to balance the estimated 6000 to 6600 Mg/y (Bergan et 
al., 1999; Mason and Sheu, 2002; Lamborg et al., 2002; Seigneur et al , 
2004) emitted. 

The arctic sink (see below) appears to account for only a few hundred 
Mg/y (Schroeder et al., 2003). Recent models indicate that the ocean could 
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be a sink; however, as Mason and Sheu (2002) point out, there is limited and 
variable data for assessing the role of the ocean in the Hg biogeochemical 
cycle. Mason et al. (1994) first suggested that the net ocean flux was zero; 
however, Mason and Sheu (2002) revised this estimate, based on new data 
on concentrations of RGM in the marine boundary layer, and concluded that 
the ocean is a net sink (-500 Mg/y). Lamborg et al. (2002) assumed 
significantly lower ocean evasion rates than Mason and Sheu (2002) (820 
Mg/y versus 2665 Mg/y, respectively), and suggested the ocean is a net sink 
(1230 Mg/y). These differences in numbers illustrate that the quantitative 
role of the ocean remains uncertain. 

Based on current data and the uncertainty associated with flux estimates, 
we appear to have too many sources and not enough sinks for atmospheric 
Hg. If air concentrations are not increasing, then we must be missing or 
underestimating some important sinks, or perhaps Hg is constantly recycled 
between terrestrial ecosystems and the atmosphere. The latter process would 
give Hg the overall appearance of exhibiting a long residence time when it 
actually is rather short for any particular atom. In this paper we will 
summarize our current understanding of natural terrestrial sources and sinks 
for atmospheric Hg. Advances in our ability to measure atmospheric Hg 
concentrations and speciation have allowed us to improve the estimates of 
emissions from geologically enriched substrates, assess the potential 
significance of atmospheric Hg exchange with background soils, and 
allowed us to generate data that will help us understand the significance of 
vegetation in Hg cycling. 

ASSESSMENT OF THE SIGNIFICANCE OF 
GEOLOGIC SOURCES 

Natural geologic sources of Hg include volcanic emissions, enhanced Hg 
flux from zones of high crustal heat flow, areas of fossil and current 
geothermal activity, and volatilization from substrate naturally enriched in 
Hg (which may include areas of precious and base metal mineralization) 
(Table 2). These natural sources tend to be concentrated within, but are not 
limited to, three broad global belts that include plate tectonic boundaries (cf. 
Pennington, 1959; Jonhanssan and Boyle, 1972). 

Volcanic emissions. Volcanic emission estimates are typically based on a 
few measured Hg/S02 mass ratios, which are then scaled up using S02 
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concentrations derived for volcanic systems. Hg/S02 ratios span four orders 
of magnitude (Pyle and Mather, 2003). 

The wide range in the data is due to the fact that Hg content of volcanic 
gases can vary as a function of the eruptive phase of the system and geologic 
setting (Pyle and Mather, 2003; Varenkamp and Buseck, 1981; 1984; 1986). 

Table 2. Summary of estimated fluxes of Hg for terrestrial sources and sinks. 

Source 

Volcanoes 

Geothermal 
Naturally enriched substrate 
Background soils (re-
emission and natural) 
Vegetated ecosystems 

Forest fires 

Sink 
Litterfall sink 
Arctic sink 

Background soils 

Range in emissions, 
Mg/y 

94-700 

60 
>1500 

? 

Forests-850 to 2000 
Grasslands- 800 to 

2300 
200 to 1000 

2400 to 6000 
100-300 

? 

References 

Nriagu and Becker, 2003; 
Mather and Pyle, 2003 
Varenkamp and Busek, 1984 
This paper 

Lindberg et al., 1998 
Obrist et al., 2004 

Brunke et al., 2001; Friedli 
etal.,2001 

Lindberg et al., 2004 
Lindberg et al., 2002b; 
Schroeder et al., 2003; Skov 
et al., 2004 

Estimates for volcanic emissions range from 1 to -700 Mg/yr (Nriagu, 
1989; Fitzgerald and Lamborg, 2003; Varenkamp and Buseck, 1986; Ferrara 
et al., 2000; Nriagu and Becker, 2003; Pyle and Mather, 2003). Pyle and 
Mather (2003) suggested that lower estimates were not accurate due to 
inappropriate extrapolation of data collected from low temperature degassing 
systems to active volcanoes. They suggested that 700 Mg/y was a more 
reasonable estimate of emissions with continuous degassing accounting for 
10% of the flux, 75% being accounted for by small sporadic eruptions, and 
rare large events accounting for 15%. In contrast, Nriagu and Becker (2003) 
suggested that 94 Mg/y were emitted. As demonstrated by recent discussion 
(cf. Nriagu and Becker, 2004; Mather and Pyle, 2004) these estimates are 
highly uncertain. 
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Emissions from geothermal areas 

In geothermal areas, Hg releases to the atmosphere will occur via three 
processes: evaporation from substrate enriched in Hg, volatile loss driven by 
high heat flow, and emission as a gaseous phase from fumaroles and hot 
springs. Emissions from geothermal systems are highly variable because 
factors such as the age and type of geothermal system as well as the host 
rock type will influence the amount of Hg released. For example, at the 
Steamboat Springs geothermal area, Nevada, USA, average Hg emissions 
from substrate (over the 8 km2) were quite high (180 ng/m2h) although soil 
Hg concentrations for the dominant substrate type were fairly low (1.9 + 2.0 
p.g Hg/g) (Coolbaugh et al., 2002). The elevated soil flux was hypothesized 
to be due to the high heat flow in the area. Limited data for fumarole gases in 
this area indicated that concentrations ranged from 3040 to 100,000 ng/m3 

and were responsible for a small component of the total emissions (0.3 kg/y 
out of ~12 kg/y). Engle et al. (2004) found substrate Hg fluxes at Lassen 
National Park, California, USA, to be elevated (mean area flux from 
background soils was ~10 ng/m2h) and suggested that subsurface heat flux 
was driving Hg through the soils. Based on measurement of fumarole gas 
concentrations, they estimated geothermal gas emissions of 2 to 9 kg Hg/yr, 
which are slightly less than estimated substrate emissions of 10 to 20 kg/y 
from 637 km2. In contrast, recent work at Yellowstone National Park, WY, 
USA, indicated that in the caldera (2284 km2), soil fluxes were only high in 
association with areas altered by acidic hydrothermal fluids (Engle et al., 
2004). Fluxes measured from substrate with background Hg concentrations 
were extremely low, with no evidence of heat driving additional Hg from the 
substrate. The Yellowstone hydrothermal system is associated with a mantle 
hot spot and heat has been moving through substrate in the area for hundreds 
of thousands of years. It is possible here that much of the Hg may have been 
released in previous eruptions and during earlier heating events, or that there 
is not much Hg associated with the host rocks (Engle et al., 2004). 

Varenkamp and Busek (1984) estimated that geothermal sources 
contributed roughly 60 Mg/y to the atmosphere based on the average Hg 
content in hot springs and global convective heat transport. Their estimate 
did not include volatilization from naturally enriched soils or fumaroles, 
which could be a more significant source than hot springs. Because of the 
variability from system to system, their estimate is highly uncertain. Scaling 
up geothermal emissions to obtain a global estimate is difficult without 
additional flux data from a variety of representative systems. 
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Emissions from naturally Hg-enriched soils 

In order to scale up emissions from substrate geologically enriched in Hg, 
the factors controlling emissions must be understood. Process level 
information is now being developed with this objective. Gustin (2003) 
summarized the current understanding of the controlling mechanisms, and 
separated them into two groups: those that control the magnitude of the flux, 
and those that control seasonal and diel variations in flux. Substrate Hg 
concentration, rock type, the presence and type of hydrothermal alteration, 
and the presence of heat sources and geologic structures will influence the 
overall magnitude of emissions. Meteorological parameters, especially 
increases in light (Gustin et al., 2002), temperature (Lindberg et al., 1979; 
Gustin et al , 1997), and precipitation (Lindberg et al., 1999), as well as soil 
moisture (Gustin et al., 2004), will enhance Hg emissions and dictate diel 
trends. The potential for constituents of ambient air, to enhance Hg release 
from soils by a simple exchange process was suggested by Zhang and 
Lindberg (1999). Recent research by Engle et al. (2004) has demonstrated 
that atmospheric ozone will enhance Hg release from enriched soils. 

Scaling up emissions for areas naturally enriched in Hg is usually done 
by making in situ flux measurements from representative substrate in an area 
and then developing algorithms between Hg flux and environmental 
parameters that allow for extrapolation of Hg fluxes to larger areas. Reported 
area average Hg fluxes, determined for naturally Hg-enriched terrains 
ranging in size from ~1 to 900 km2, are 2 to 440 ng/m2 hr (2 to 110 kg/yr) 
(Gustin, 2003). The magnitude of these flux estimates depends on the 
proportion of the surface area with high Hg-enrichment relative to that of the 
entire area studied. Mercury flux from substrate has been found to the 
strongly correlated with substrate Hg concentrations (Rasmussen et al., 
1998; Coolbaugh et al., 2002; Zehner and Gustin, 2002). Typically, areas 
with high Hg concentrations in substrate are surrounded by areas with lower 
levels of enrichment that grade into regions with substrate of background 
concentrations. When emissions are scaled up for areas including 
predominantly the mineralized zone with high Hg concentrations, area 
average fluxes are quite high (i.e. Knoxville District, CA, USA, 114 ng/m2 h, 
37 km2 (Gustin et al., 2003); Almaden, Spain, -200 to 1500 ng/m2h, ~1 km2 

(Ferrara et al., 1998)). If the area of scaling includes zones of concentrated 
Hg mineralization, the surrounding area with low levels of Hg enrichment 
and some background soils, the area average flux becomes less due to the 
lower fluxes from the background terrain (i.e. Medicine Lake, CA, USA, 2 
ng/m2 h, 242 m2 (Coolbaugh et al , 2002); Flowery Peak, NV, USA, 18.5 
ng/m2 h, 251 m2 (Engle and Gustin, 2002)). In areas typical of the Hg global 
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belts there are zones of concentrated Hg enrichment surrounded by vast 
areas of substrate with low and background Hg concentrations. When scaling 
most of the emissions occurs from the terrain covered by the latter two 
substrates because they cover a larger surface area (Gustin, 2003). 

In order to understand the significance of natural source emissions we 
need to develop defensible approaches to scale the spatially limited 
measured fluxes to larger areas. This is difficult, and only one rigorous 
attempt has been reported in the literature. Zehner and Gustin (2002) 
estimated area average Hg emissions for the state of Nevada, USA, which is 
located within one of the global mercuriferous belts. Their GIS approach 
entailed the use of a detailed geologic map of the state, the average Hg 
concentration for specific rock types published in the literature, a database of 
~71,000 Hg concentrations in substrate, an algorithm developed from field 
data (n=303) relating Hg flux to soil Hg concentration (1^=0.71 for a log-log 
plot, p<0.005), and delineation of areas of hydrothermal alteration using 
LANDSAT imagery. Based on their compiled data, the mean area average 
flux for the state ranged from ~3 to 4 ng/m2h depending on assumptions 
made regarding the proportion of wet and dry deposition, and re-emission 
amounts (30-50%). They estimated an overall net emission of 10 Mg/y 
which is -1/4 of that thought to be contributed to the atmosphere by coal-
fired utility plants in the United States (EPA, 1997). If one scales up their 
minimum estimate for Nevada to the land area of the global mecuriferous 
belts given in Lindqvist et al. (1991), a global geologic substrate emission 
estimate of ~ 1500 Mg/y is obtained. This should be considered a minimum 
estimate, however, because not all Hg enriched areas are located within these 
global belts. Early global models applied a value of ~1 ng/m2h to these broad 
belts which resulted in a global estimate of 500 Mg Hg/y (cf. Lindqvist et al., 
1991). Based on measured fluxes reported by Zhang et al. (2001) and Nacht 
and Gustin (2004) for background substrates, the flux of 1 ng/m2h is more 
representative of emissions from terrestrial landscapes with background Hg 
concentrations. 

THE ROLE OF BACKGROUND SOILS 

In areas without natural Hg-enrichment by geologic processes after rock 
formation, Hg in the surface soils consists of a fraction that exists in the 
parent rock material (USGS, 1970), plus that deposited from the atmosphere 
over time. For example, Obrist et al. (2004) reported that in tall grass prairie 
soils the top 1 cm had Hg concentrations of 20 + 1.4 ng Hg/g while 
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concentrations at 170 cm were 3.7 + 0.2 ng Hg/g. The concentration at depth 
represents the natural geologic signature of the substrate, and the surface 
concentration, the natural signature plus enrichment from atmospheric 
deposition directly to the soil and to the overlying vegetation. Atmospheric 
deposition can include dry deposition of Hg° and RGM and wet deposition 
of what is thought to be predominantly RGM (Schroeder and Munthe, 1998). 
In the past the contribution from wet deposition was considered the major 
input. It has been suggested that dry deposition of gaseous elemental Hg° to 
soils could be important (cf. Engle et al., 2001; Kim et al., 1995) and with 
the developed capability to measure RGM (cf. Landis et al , 2002), which 
has a high deposition velocity (Lindberg and Stratton, 1998), we are 
beginning to realize that the oxidation of Hg° to RGM, and its subsequent 
dry deposition could be an important process. 

Only recently has work been systematically done to investigate the 
potential for background soils to be a source or sink of Hg°. Laboratory 
studies, using cleaned air (stripped constituents other than nitrogen and 
oxygen), have revealed a very low range in Hg° compensation point air 
concentrations for soil types with different characteristics (0.1 to 2.4 ng/m3) 
(Xin et al , in prep). At air concentrations above the compensation point Hg° 
is deposited to substrate, while below that concentration Hg° is emitted. 
However, when similar experiments are done using ambient air, the data are 
noisy, resulting in poor regression coefficients for air Hg concentration versus 
flux, and a higher range for the compensation point (3 to 9 ng/m3). These 
observations suggest that in cleaned air, soil physicochemical properties are 
influencing the compensation point, while in ambient air the compensation 
point is also influenced by atmospheric chemistry. Engle et al. (2004) have 
demonstrated in the laboratory that Hg° is liberated from soils when they 
interact with air containing ozone. In addition to heterogeneous reactions 
between soils and the atmosphere, precipitation, light and increased 
temperature promote the release of Hg from background soils, as they do for 
Hg enriched substrates (Gustin et al , 2002; Zhang et al., 2001; Gustin et al., 
2004). Once deposited, atmospheric Hg can also become sequestered in 
surface soils, and its residence time will vary and cannot be generalized. It 
can be re-emitted by processes described above, removed from the soil 
surface by processes such as transport via erosion or burial, or it can become 
strongly adsorbed to soil mineral or organic constituents. The potential for 
sequestration in the soil and re-emission is being investigated as part of the 
METALLICUS (Mercury Experiment to Assess Atmospheric Loading in 
Canada and the United States) project (cf. Hintleman et al. 2002). This 
project, now in its 5th year, uses stable Hg isotope spikes to different 
ecosystem compartments to see how Hg moves through the system. Lindberg 
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et al. (2003) estimated that short-term re-emission, immediately following 
deposition, removed ~10 to 40% of the Hg added as HgCl2, with the 
percentage dependant upon the surface (the highest re-emission rates occurred 
for deposition to water surfaces). 

Thus, these new data indicate that background soils can accumulate Hg° 
by direct dry deposition, and a variety of physicochemical parameters, 
including light, moisture, and atmospheric chemistry can facilitate re-
emission. Data from the METALLICUS project suggests that RGM 
deposited in precipitation, as Hg (II), may be rapidly re-emitted once 
deposited. This process of cycling of Hg between background substrate and 
the atmosphere would significantly affect the ability of simple mass balance 
models to successfully model the global Hg cycle. 

THE ROLE OF VEGETATION 

Vegetation has been demonstrated to function as a sink and source for 
atmospheric Hg. Foliar uptake of Hg° has been suggested to be an important 
pathway for atmospheric Hg to enter terrestrial ecosystems, and may 
represent a significant unrecognized sink within the biogeochemical cycle 
(Lindberg et al., 1992; Ericksen et al, 2003; Lindberg, 1996). Frescholtz et 
al. (2003), using multiple plant growth chambers and different air and soil 
Hg exposure concentrations, demonstrated that Hg° was accumulated by 
aspen foliage as a function of air concentration and time. They showed that 
air concentrations were the dominant factor controlling foliage 
concentrations and that soil Hg concentration exerted a minor influence. 
Mosbaek et al. (1988) also demonstrated that the atmosphere was the 
primary source of Hg in three crop species. 

Atmospheric Hg accumulated in foliage could then be transferred to 
terrestrial and aquatic ecosystems by way of litterfall. Mass balance data 
collected in forested ecosystems suggests that litterfall is the largest single 
flux of Hg and methyl Hg to forested systems (Iverfeldt, 1991; Johnson and 
Lindberg, 1995; Munthe et al., 1995; St Louis et al, 2001). Some authors 
(e.g. Driscoll et al., 1994; Johnson and Lindberg, 1995; Rea et al., 2002; 
Ericksen et al., 2003) have suggested that dry deposition to the forested 
landscape can be estimated from simple measures of throughfall (includes 
dry deposited RGM+Hgp) plus litterfall. A very crude estimate of the global 
flux of Hg in litterfall was made by Lindberg et al. (2004) assuming a range 
of Hg concentrations in background foliage of ~20-50 ng/g (e.g. Friedli et 
al , 2001; Lindberg, 1996; Rea et al, 2002; Frescholtz et al., 2003) and 
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global litterfall rates (e.g. Matthews, 1997). This Hg dry deposition flux, if 
real, could represent an additional Hg sink on the order of ~2400 to 6000 
T/y. Some of this additional sink is temporary, of course, with the ultimate 
net sink depending on the rate of Hg sequestration in soils. However, since 
Hg sequestered in soils resides initially in the organic horizon, it too is 
subject to some degree of re-emission, either slowly by evasion, or quickly 
by fire or other types of disturbance. 

Laboratory studies have demonstrated, depending on air and soil Hg 
concentrations, plants can emit Hg to the atmosphere. To predict whether Hg 
will be deposited or emitted from foliar surfaces, compensation point 
concentrations need to be identified for various plant species under different 
conditions. At concentrations above the compensation point atmospheric Hg° 
will be deposited to the leaf surface and below this concentration Hg° will be 
emitted. Ericksen and Gustin (2003) demonstrated a compensation point of 3 
to 4 ng/m3 in the light and 2 to 3 ng/m3 in the dark for aspen saplings using a 
single plant gas exchange chamber. A higher range was determined for red 
maple, white oak and Norway spruce (10 to 25 ng/m3) by Hanson et al. 
(1995). Work is ongoing to determine the compensation point for a variety 
of other plant species. 

Deposition and emission fluxes of Hg to terrestrial and aquatic vegetated 
systems have been measured in field studies (Lindberg et al , 1998; 2002a; 
Lee et al., 2002). Lindberg et al. (1998) determined that the net flux was 
emission for a mature deciduous forest and a pine plantation (mean 20-30 
ng/m2 hr) growing in soils with low Hg concentrations (~50 - 500 ng/g). 
Lindberg et al. (1998), 2002a suggested that emissions from forests alone 
could range from 850 to 2000 Mg/y (Table 2). Obrist et al. (2004) measured 
Hg fluxes over a year in large mesocosms containing intact monoliths of tall 
grass prairie (soil Hg = 4 to 20 ng/g), and determined that the annual net 
exchange was 61+25 ug/m2 with some deposition occurring only in the 
winter months. They scaled up measured Hg° fluxes to the area of the 
world's grasslands (~3.75 x 107 km2 (DeFries and Townshend, 1994)), and 
found that Hg emissions to the atmosphere could be ~ 800 to 2300 tons year" 
\ It is unclear however, for these two estimates how much Hg was moved 
from the soil through the plant to the atmosphere for fluxes associated with 
foliar surfaces were not directly measured. Mercury being moved from the 
soil to the atmosphere by plants can be new Hg derived from the soil pool 
and re-emission of previously deposited atmospheric Hg. 

The presence of a foliar canopy can reduce substrate emissions. In 
controlled mesocosm studies, using Hg contaminated soils (12.3 ug Hg/g), 
during leaf-out, it was clearly demonstrated that Hg flux declined as the soil 
was shaded by the developing leaf canopy (Gustin et al., in review). Under 
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the full canopy, Hg flux was reduced 1.2 to 1.5 times relative to that 
occurring from bare soil. Zhang et al. (2001) compared Hg emissions 
occurring from soils in shaded versus open field sites and found that fluxes 
were reduced in the shaded site. Gustin et al. (in review) determined that 
reduction of light on the soil due to the plant canopy was the primary factor 
causing the reduced flux. 

Thus, plants can assimilate atmospheric Hg° in their tissue, they can 
move gaseous Hg° from soil pools to the atmosphere (thereby enhancing the 
net emission over that of bare soils), and they can reduce Hg° emissions from 
soils by way of shading the soil surface. The relative significance of these 
processes is highly uncertain, and cannot readily be considered in global 
models. 

Because the volatility of Hg is well known and its accumulation in 
foliage has been demonstrated, it should come as no surprise that biomass 
burning has recently been suggested to be a significant source of 
atmospheric Hg. New aircraft measurements of Hg, CO and CO2 in plumes 
have been applied for making estimates of Hg released during biomass 
burning. Mercury emissions of 200 to 1000 Mg/y, were estimated by Brunke 
et al. (2001) and Friedli et al (2001). Biwas et al. (2003) suggested that soil 
burning released a more significant amount than biomass, and estimated that 
100 Mg/y was removed by this process. 

THE POLES AND OTHER NEW SINKS 

New laboratory and modelling studies of the role of reactive halogens, 
especially bromine (e.g. Ariya et al., 2002; Calvert and Lindberg, 2003) 
clearly indicate their ability to oxidize Hg° from the global pool to more 
reactive and shorter-lived airborne Hg (II) species. This process has been 
observed during the polar winter and spring after polar sunrise where Hg° 
becomes depleted in the atmosphere, and simultaneously, RGM and 
particulate Hg concentrations increase with subsequent increases in Hg 
concentrations in snow (Lindberg et al., 2002b). Initially the atmospheric Hg 
depletion events measured in the Arctic were postulated to be an important 
Hg sink (e.g. Schroeder et al., 1998; Lindberg et al., 2002b; Ebinghaus et al., 
2002). However, estimates of the size of this net sink (perhaps a few hundred 
T/y after accounting for re-emissions (e.g. Lindberg et al , 2002b; Schroeder 
et. al., 2003; Skov et al., 2004) suggest that this may not be a large enough 
sink to offset the various new sources recently quantified. New data suggests 
that Polar warming could alter this cycle dramatically (e.g. Schroeder et. al., 
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2003), increasing the area over which depletion event occur (Lindberg et al , 
2002b). Other evidence suggests that similar halogen reactions, mediated by 
oxidants such as hydroxyl radical (e.g. Weiss-Penzias et. al., 2003), and 
oxidation and dry deposition of gaseous Hg (II) over the oceans in more 
temperate regions of the globe (e.g. Mason and Sheu, 2002) may contribute 
to a shorter residence time of Hg than predicted. The magnitude of the latter 
potentially important sink throughout the marine boundary layer as 
suggested by Mason and Sheu (2002) remains to be quantified. 

Finally, the recent reporting of a highly enriched layer of aerosol Hg at 
the tropopause (associated with elevated halogens, e.g. Murphy and 
Thompson 2000), makes one question whether stratosphere/troposphere 
cycling should be included in the global cycle. 

CONCLUSIONS 

Current emissions estimates for Hg inputs to the atmosphere are on the 
order of 6000 to 6600 Mg/y, with natural source estimates ranging from 800 
to 3400 Mg/y, and anthropogenic sources estimates ranging from 2000 to 
2400 Mg/y (Table 1). Re-emission of previously deposited Hg derived from 
natural and anthropogenic sources is an unqualified source that would add 
to the atmospheric pool. As discussed above, there is significant uncertainty 
associated with these estimates. If air concentrations are not increasing, dry 
and wet Hg deposition estimates (~3000 Mg/y) do not balance the estimated 
inputs. The role of the ocean as a source or sink is uncertain and based on 
limited and variable data. Litterfall could be an important unaccounted for 
sink (though temporary); however, plants may also move Hg from the soil to 
the atmosphere, and the relative significance of these two processes is not 
known. In addition, the significance of the role of background soils as a sink, 
source or temporary resting place for Hg is not known. Based on recent work 
it appears that Hg can be fairly rapidly cycled between terrestrial surfaces 
and the atmosphere. This would cause us to have to rethink the year long 
residence time that is usually attributed to Hg and revolutionize our thinking 
with the respect to the whole Hg biogeochemical cycle. Investigations of soil 
compensation points suggest that the balance between deposition and 
emission can occur at low air concentrations. This work along with the 
ongoing work to characterize the significance of re-emission is critical for 
understanding whether simple mass balance models are adequate for 
characterizing global Hg fluxes. 
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Because of the large range of uncertainties in estimates of the 
significance of natural sources or sinks (Table 2), and our incomplete 
understanding of processes controlling Hg cycling, the question of whether 
the true net flux of Hg is directed towards or away from the Earth's surface 
may not yet be answered. Recent research is pointing towards a more rapid 
recycling between terrestrial surfaces and the atmosphere than has 
previously been realized, leading us to speculate that the atmospheric 
residence time is much shorter than models predict. If this is true, global 
reductions of Hg emissions to the atmosphere should have significant 
impacts on Hg cycling. However, reductions of industrial emissions will be 
offset by the degree to which previous deposition is being re-emitted. New 
isotope manipulation data suggest that deposited Hg is rapidly re-emitted at 
rates, which decrease over time (Lindberg et al. 2003). New point source 
controls will initially be most effective in reducing the deposition of the most 
reactive forms of Hg emitted, and it may require years after major controls to 
see significant reductions of the overall global pool of Hg° because of 
recycling. 
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INTRODUCTION 

Mercury is a fascinating fluid metal that exists as liquid at 25° C and has 
the lowest known critical temperature (1478 ° C) (Hensel and Warren, 
1999). The dominant form of mercury in atmosphere is the gaseous 
elemental mercury (Hg°(g)) and it is assumed to have a relatively long 
lifetime (Seiler et al., 1980; Slemr et al, 1985; Lindqvist and Rodhe, 1985). 
It is speculated that there is about 6,000 tonnes of mercury in the 
atmosphere, predominantly from anthropogenic origin, such as fuel and coal 
combustion and waste incineration (UNEP, 2002). Natural emissions, 
including those from volcanic eruptions, soils, lakes, open water and forest 
fires, contribute less significantly than anthropogenic sources (ca., 2000 
tonnes/yr (Mason et al., 1994) in contrast to 4000 tonnes/yr (Porcella et al., 
1997). However, there are significant uncertainties in natural emission 
inventories (Mason et al., 1994; Gardfeldt, 2003). Atmospheric 
transformation of mercury can indeed play an important role in the global 
cycling of this toxic element, as the atmosphere is the fastest moving fluid in 
the Earth's ecosystem. The atmosphere provides an efficient platform for 
chemical and physical transformation, as well as short and long-term 
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transport of this pollutant around the globe. The background concentration of 
atmospheric Hg, which is mainly elemental mercury, in the lower 
troposphere of the Northern Hemisphere and Southern Hemisphere is around 
1.7 and 1.3 ng m"3, respectively (Slemr, 1996; Slemr et al., 2002; Ebinghaus 
et al., 2002a). Recently it has been reported (Temme et al., 2003) that the 
fast oxidation of gaseous elemental mercury leads to variable Hg° 
concentrations during the Antarctic summer, accompanied by elevated 
concentrations, up to more than 300 pg m"3, of reactive gaseous mercury. 

A major interest in the understanding of atmospheric transformation 
stems from its potential impact on mercury bioaccumulation. Mercury 
speciation in the atmosphere has a significant influence on its deposition on 
environmental surfaces. Solubility and deposition of elemental mercury is 
quite distinct from Hg+2 (see Table 1), and thus deposition rates on the 
Earth's surface vary substantially. 

Table 1. Selected physical and chemical properties of mercury compounds. 

Physical state 
(colour, phase, 
etc) 

AH (enthalpy of 
formation) 

AG 

Melting point 
(°C) 

Water solubility 

Density 

Ionization 
energy 

Oxidation States 
Atomic mass 

Vapour pressure 

Hg°* 
Silver 

coloured 
liquid 

0.0 

0.0 

-38.72°C 

Insoluble 

13579.04 
kg/m3 

1007.1 
kJ/mol 

2,1 
200.59 

0.0002Pa 
@ 

-38.72°C 

HgCI2 

White 
crystalline 

solid 

-224.3 
kJ/mol 
-178.6 
kJ/mol 

278°C 

Soluble 

5600 kg/m3 

11.38eV 
(1 098.0 
kJ/mol) 

1 
271.495 

1.3mmHg 
(173.32 Pa) 

@236°C 

Hg(CH3)2 

Colourless 
liquid 

162.2 kJ/mol 

-43°C 

Insoluble 

2961 
kg/m3 

9.10 eV 
(878.0 
kJ/mol) 

230.66 

62.3 mmHg 
(8 305.98 Pa) 

@25°C 

HgBr2 

White 
crystalline 

solid 

-169.45 
kJ/mol 

-153.10 
kJ/mol 

238°C 

Slightly 
soluble 
6050 
kg/m3 

10.560 eV 
(1018.9 
kJ/mol) 

1 
360.398 

120.3 mm 
Hg (16040 

Pa) 
@238°C 

HgBr 

White 
crystalline 

solid 

-206.90 
kJ/mol 

-181.075 
kJ/mol 
345°C 

(sublimation 
point) 

7307 kg/m3 

0 
280.49 

HgO 
Yellow or 

red 
crystalline 

solid 
-90.79 
kJ/mol 

500°C 

Insoluble 

11140 
kg/m3 

0 
216.589 

* Electronic configuration 5s2p6d10 6s2 

Methyl mercury has been shown to be biomagnified along food chains. 
The extent of methylation depends on a constant supply of inorganic 
mercury from the atmosphere (Mason and Sheu, 2002). Indeed, atmospheric 
deposition is considered to be a major source of mercury in most remote 
aquatic systems (Mason et al., 1994; Nriagu and Pacyna, 1988). It is 
noteworthy that the physicochemical-biological processes that dictate the 
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bioaccumulation of mercury in the food chain have yet to be fully 
characterized (Morel et al., 1998). Consequently, the extent of incorporation 
of oxidized mercury produced via atmospheric chemical reactions into the 
food chain has yet to be evaluated. Figure 1 depicts a simplified schematic of 
mercury cycling in the Earth's ecosystem and Table 1 illustrates some 
general physical and chemical properties of mercury compounds of 
atmospheric interest. 

Xj/XYZ/ttjOyHOBr 
( t o 

X/Y/HO/XO 

WW 

Hg(HVHg(D 
NO3.O3 

Water (ocean/lake) 
j HgOO 

HgOD 

0 > 

Hg° 

Reduction/ 
Volatilization 

Hg< 

Bioaccumulation 

Hg(n) CH3Hg 

Figure 1. Simplified schematic of Hg cycling in the Earth's ecosystem. 

Hg° is emitted to the atmosphere from a variety of natural and 
anthropogenic sources and is removed through dry and wet deposition 
processes (Lindqvist and Rodhe, 1985). Hg° exists in ambient air both in the 
vapour and particle phase associated with aerosols. Interestingly, in the high-
Arctic region (Schroeder et al., 1998), Arctic (Lindberg et al., 2002), and 
sub-Arctic (Poissant, 2001), the rapid depletion of mercury has been 
observed. Nearly complete depletions of ozone in the boundary layer 
occurred over large areas, and evidence of reactive halogens have been 
observed during most mercury depletion events (MDEs) (Barrie et al., 1988; 
Jobson et al., 1994; Ariya et al., 1998; 1999). Upon reaction with 
atmospheric oxidants, elemental mercury can be transformed to its oxidized 
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forms, which are also more bio-accumulative than elemental mercury 
(Gardfeldt et al., 2001). Observed ozone depletion events at the ground are 
suggested to be driven by sunlight and bromine atoms derived from reactions 
of atmospheric reactive halogens with marine sea salt in surface snow and 
ice (Barrie et al., 1988; Jobson et al., 1994; Ariya et al , 1998; 1999 and 
2004). Soon after, mercury depletion was found to be wide spread. Such 
depletion events have also been observed in the Antarctic (Ebinghaus et al., 
2002b), where they are influenced by the photochemical oxidation of 
elemental mercury in the troposphere involving sea salt on snow/icepack or 
aerosols (Schroeder and Barrie, 1998; Schroeder et al., 1999; Lu et al., 
2001). 

Unlike the reactions of Hg° in solution, experimental data of the gas-
phase reactions of elemental mercury with some atmospheric oxidants are 
limited due to the low concentrations of species at atmospheric conditions, 
the low volatility of products, and the strong effects of water vapour and 
surface on kinetics. Existence of a dark heterogeneous reaction leading to the 
formation of Br2 via the oxidation of Br" by O3 has been investigated (Oum 
et al., 1998). Molecular halogens are photochemically dissociated during 
polar sunrise, resulting in the production of corresponding atomic species. 
The halogen atoms further react with ozone, forming halogen oxide radicals 
(BrO /CIO), which undergo reactions with elemental mercury and transfer 
them to the oxidized Hg+2 species (Raofie and Ariya, 2004). The primary 
halogen atoms (Br/CI) and molecular halogens (Br2/Cl2) may also oxidize 
elemental mercury to HgBr2, and HgCl2, respectively (Ariya et al., 2002a). 
The possible reactions of elemental Hg° with a variety of atmospheric 
oxidants and reductants were evaluated using their thermodynamic data by 
researchers (Schroeder et al., 1991), who then suggested that 0 3 and Cl2 may 
be important oxidants of Hg°, while S02 and CO may be important 
reductants of Hg+2. Both oxidation of Hg° and reduction of Hg+2 by H202 are 
thermodynamically favourable, although literature (Wigfield and Perkins, 
1985) indicates the incapability of the oxidation of Hg° by H202. 

There have been several excellent review articles on mercury 
transformation in atmosphere (Linqivist et al., 1999; Schroeder et al., 1991; 
Lin and Pehkonen, 1999), particularly on its properties, sources, sinks, and 
fluxes of mercury. As such, in the light of recent laboratory and 
computational studies, we will attempt to focus instead on a comprehensive 
review of the kinetic, product studies and thermochemical calculations of 
gaseous elemental mercury reactions with atmospheric oxidants. We will 
outline major gaps and some future research directions. 
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Kinetic and product analysis 

The rate of the atmospheric chemical transformation of elemental 
mercury towards a given oxidant is dependent on two factors. The first factor 
is the reactivity of mercury toward a given oxidant at environmentally 
relevant conditions, such as temperature, pressure, oxygen concentration, 
and relative humidity. The second factor is the concentration (or mixing 
ratio) of the given oxidant in atmosphere. The existing mercury kinetic 
reactions have been obtained using steady state reaction chamber or fast flow 
tubes. Both relative and absolute techniques were used in laboratory studies. 
The latter refers to an experimental setup in which the reactant destruction or 
product formation is monitored as a function of time. There are several 
absolute studies of gas-phase reactions of mercury with various atmospheric 
oxidants namely for CI + Hg (Home et al., 1968) for CI2 and Br2+ Hg (Ariya 
et al., 2002a), for 0 3 + Hg (Pal and Ariya, 2004a) and for HO + Hg (Bauer et 
al., 2003). An alternative to absolute measurement is the relative technique. 
It refers to two competing reactions, one of which is known and used as 
reference. If there are no secondary reactions leading to further decay 
reactants or reformation of them, one then can express the kinetics of the 
reaction of interest using a very simple kinetic expression: 

X + Hg° -> products (Rl) 
X + Ref -> products (R2) 

If both mercury and reference molecules are removed solely by the 
reaction with oxidant "X", the integrated relative rate equation is expressed 
as: 

ln{[Hg0]0/[Hg0]t} = kEg/ £Ref ln{[Ref]o/[Ref]t} (I) 

where [ ]o and [ ]t are the corresponding initial concentrations and the 
concentrations after time t of Hg° and the reference compounds, kug and &Ref 
are the rate constants for reactions (Rl) and (R2), respectively. A plot of 
ln{[Hg°]0/[Hg0]t} vs. ln{[Ref]o/[Ref]t} should give a straight line of slope kHg 

/ kRef and a zero intercept. Both absolute and relative techniques have 
advantages and disadvantages. The disadvantage of the relative rate is that 
the calculated absolute rate is only as good as the original value of the 
reaction rate constant for the reference molecule used, and this why most 
detailed relative rate studies include several reference molecules to 
overcome this challenge. In addition, one should perform experiments to 
assure that the extent of side or secondary reactions are negligible and indeed 
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the calculated rates are accurate. To do so, several experiments should be 
performed under various experimental conditions (e.g., various 
concentration/pressure of reactants, reactions in different bath gases and at 
different pressure, different temperature, using scavengers, etc). An 
advantage of a detailed relative study is the fact that one can readily perform 
the experiments under tropospheric conditions, and also the reaction 
chambers can be coupled for simultaneous analysis to several state-of-the-art 
instruments that allows detailed product analysis as well as kinetics. The 
advantage of the absolute method is clearly the fact that there is no need for 
incorporation of errors due to the reference molecule. However, in many 
absolute studies, one can follow merely one or two reactants, and 
considering the complexity of mercury reactions, and the extent of secondary 
reactions, the calculated values may be biased. Another challenge is that 
some absolute studies are performed at lower pressure than tropospheric 
boundary layer pressure (~ 740 Torr), and hence the data obtained under 
such conditions should be properly corrected for the ambient tropospheric 
situation. Particularly in the case of complex mercury adduct reactions, and 
given the lack of detailed product analysis, and different carrier gases, the 
absolute kinetic studies following one reactant or product, and not having a 
detailed chemical behaviour of the reaction mixture, may not be the best way 
to perform experiments. However, in the ideal scenario, both relative and 
absolute techniques should yield identical values within experimental 
uncertainties (Pal and Ariya, 2004a). 

REACTIONS WITH ATMOSPHERIC OXIDANTS 

Most atmospheric oxidation reactions are likely to react via multi-step 
reaction mechanisms involving the formation of various intermediates that 
may be thermodynamically favourable even if formation of products is 
unfavourable, leading to reasonably fast reaction rates. Figure 2 represents 
the calculated lifetime of the major atmospheric oxidants with elemental 
mercury, based on the estimated oxidant concentrations. It is of note that 
significant concentrations of halogens are observed predominantly over the 
marine boundary layer and not generally over the continents, with the 
exception of high halide source regions such as salt lakes, and some 
industrial regions where halogens are widely used. 
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Hg°+HO 

Hydroxyl radical (HO) is considered to be the dominant daytime cleanser 
of the atmosphere. 

O 1°* 1 

03-Slemr(1985) 

0 3 - Pal and Ariya (2004) 

BrO • Raofte and Ariya (2003) 

l/ ^ l̂upperMmKJ 

^ \ 0 3 - Hall (1995) 

Cl2 - Ariya et al. (2002) 

HO-Milleretal. (2001) 

CI - Home etal. (1968) 

HO-Sommer etal. (2001) 
HO - Pal and Ariya (2004) 

HO • Bauer et al. (2003) (upper iimtt) 

CI-Ariya etal. (2002) 

Lifetime [s] 

Figure 2. Approximate lifetime of mercury at different oxidant concentrations.* 

* Note: That to date halogens and halogen oxides have been mainly observed in the marine 
boundary layer or coastal regions, nitrate radicals are observed only at nighttime. 

The major formation pathway in the troposphere is considered to involve 
photolysis of ozone followed by the reaction with water vapour: 

0 3 + hu (predominantly X < 320 nm)-» O^D) + 0 2 

0(1D) + H 2 0 ^ 2 H O 
(1) 
(2) 

In addition to the photolysis pathway, there are some dark reactions 
(ozonolysis) that have been proposed to be of significance at night or during 
the winter (Ariya, et al., 2000). Typical background concentrations of ozone 
range from 20-30 ppbv (1 ppbv = 2.45x1010 cm"3) and can peak to a few 
hundred ppb during smog situations (Finalyson-Pitts and Pitts, 1997). 

To date, there is very limited kinetic data on HO + Hg°(g) as shown in 
Table 2. The results of Sommar et al. (2001) are in excellent agreement with 
the recent results of Pal and Ariya (2004), and in contrast with Miller et al. 
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(2001). The values of pre-exponential factors were found to be 3.55x10" 
and 2.83xl0"14 using ethane and cyclopropane, respectively. The (E/R) 
values were also calculated to be -(294+16) and -(322+24) for this reaction, 
using ethane and cyclopropane, correspondingly. Hence, hydroxyl initiated 
reactions of elemental mercury seem to possess a slight negative temperature 
dependence. Hence, assuming a typical tropospheric HO concentration of 1 
x 106 radicals cm"3, the tropospheric lifetime of mercury against reaction 
with HO radical was calculated to be over 3 months using the estimated rate 
constant (9.3 x 10"14 cm3 molecule"1 s"1) at 298 K. 

Table 2. Available literature room temperature (296 ± 2 K) rate constant for selected 
atmospheric reactions. 

Reaction 

Hg° + 0 3 -» products 

Hg° + H O - » products 

Hg° + CI -> products 

Hg° + Cl2 -» products 

Hg° + Br -> products 

Hg° + BrO -> products 

Hg° + Br2 -> products 
Hg° + N03 -> products 

Hg° + H202 -> products 

Hg(CH3)2 + HO -> products 

Hg(CH3)2 + CI -> products 

Hg(CH3)2 + N03 -> products 

Rate constants 
(molecule 
cm3 s"1) 

(3±2)xl0- 2 0 

(7 .5±0.9)x l0 1 9 

(8.7 ± 2.8) x 10"14 

(1 .6±0.2)x l0 1 2 

(9.3±1.3)xl01 4 

<1013 

( 1 .0±0 .2 )x lO n 

(1.5) x lO 1 1 

(2.7 +0.2) x 10-18 

(3.2±0.3)xl0"12 

(2.7) x 10'13 

1 xl0"1 5<k 
< 1 x 10'13 

< ( 9 ± 2 ) x l 0 1 7 

< 4 x 10"15 

< 8 x 10"19 

(1.97 ± 0.23) xlO"11 

(2.75 ± 0.3) xlO'10 

(7.4±2.6)xl0*14 

Reference 

Hall (1995) 
Pal and Ariya, (2004) 

Sommaretal. (2001) 
Miller etal. (2001) 
Pal and Ariya, (2004) 

Bauer et al. (2003) 

Ariya et al. (2002) 
Home etal. (1968) 
Ariya et al. (2002) 
Ariya et al. (2002) 
Grieg etal. (1970) 

Raofie and Ariya 
(2003) 
Ariya et al. (2002) 
Sommaretal. (1997) 

Tokos etal. (1998) 

Nikietal. (1983a) 

Niki etal. (1983b) 

Sommaretal. (1996) 

Comments 

Temperature 
dependence is 
evaluated 

70 °C 
Temperature 
dependence is 
evaluated 
at 100 and 400 
Ton* He and air 

120- 170 °C 

120-170 °C 
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This calculated lifetime hints at the importance of HO radicals as an 
effective oxidant of tropospheric mercury, however it suggests that the 
observed rapid Arctic mercury depletion cannot be explained by HO 
chemistry. 

O3 + Hg"(g) 

Ozone is an important atmospheric constituent and due to its atmospheric 
abundance, O3 + Hg° has been a target of several laboratory studies. In all 
existing studies relative rate techniques have been used. Therefore, it is 
important to evaluate the direct impact of 03-initiated oxidation reactions of 
mercury on human health and the chemistry of global atmosphere. The 
kinetics of several aqueous phase reactions of elemental mercury with 0 3 

were identified (Iverfeldt and Lindqvist, 1986; Munthe, 1992). The 
corresponding gas phase reaction has also been reported (Hall, 1995; 
P'yankov, 1949). The kinetic rate constant of 4.9 x 10"18 to 4.2 x 10"19 

cm3molec"1s"1 (at 293 K) for the gas phase reaction of Hg° and O3 has been 
estimated (Slemr et al., 1985; Schroeder et al , 1991; Iverfeldt and Lindqvist, 
1986) using the experimental data of P'yankov (1949). In 1995, Hall re
investigated the kinetics of gas-phase oxidation of Hg° by 0 3 and the rate 
constant found was 3.0 x 10"20 cm3molec"1s"1. Recent studies of Pal and Ariya 
(2004) provided temperature dependent kinetics of this reaction, with a room 
temperature rate constant of 7.5 x 10"19 cm3 moelcule"1 s"1. Although the 
existing range of the rate value is indeed large, they all point to the fact that 
the lifetime of mercury upon reactions with ozone is indeed large (> one 
month) and is sufficient for long-range transport. However, one should not 
overrule the possibility of a shorter lifetime when ozone concentration is 
substantially higher (for instance close to urban sites). 

N 0 3 + Hg"(g) 

The nitrate radical, NO3, is an important intermediate in the night time 
chemistry of the atmosphere. Upon sunrise, nitrate ions undergo photolysis 
to NO2 or NO (Finlayson-Pitts and Pitts, 1997). Temperature dependent 
kinetics of elemental mercury, as well as dimethyl mercury, with NO3 have 
been studied (Table 2 and Figure 2). Sommar et al. (1997) employed a fast 
flow-discharge technique to study these reactions and obtained a second 
order rate constant value of 4 x 10 "15 cm3 molec"1 s"1. It is of note that since 
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nitrate reactions are only valid at night, this estimated lifetime should be 
considered as the upper limit. The observed nitrate concentrations are much 
more erratic and variable than HO and ozone and hence more detailed 
research in measurement, laboratory and modelling are required prior to 
proper evaluation of the importance of N03 in the oxidation of elemental 
mercury. 

X2/X/XO (X = CI, Br, and I) + Hgu
(g) 

There is very limited data on reactions of halogens and halogen oxides 
with mercury, due to the complexity of these reactions in terms of side and 
heterogeneous reactions. In this section, we mainly deal with the 
experimental studies. In the following section ab-initio studies of halogen 
and halogen oxides with mercury will be discussed. Very few experimental 
studies dealing with the gas phase reactions between elemental mercury and 
halogen-containing molecules have been reported (Table 2). For instance, 
methyl iodide has been shown to be non-reactive toward Hg° under 
atmospheric conditions (k < 1 x 10"21 cm3 molecules"1 s"1) (Tokos et al , 
1998). In others, molecular chlorine was suggested to have a relatively 
modest reaction rate, 4 x 10"16 cm3 molecules"1 s"1 (Menke and Wallis, 1980; 
Medhekar et al , 1979; Skare and Johansson, 1992; Schroeder et al., 1991; 
Seigneur et al., 1994), though the reaction was found to be strongly surface 
catalysed, (Medhekar et al., 1979; Skare and Johansson, 1992) and this value 
should be considered as an upper limit. Recently, lower values ((2.7 + 0.2) x 
10"18) for reactions of molecular chlorine (Ariya et al., 2002a) have been 
reported. The early studies of atomic halogens are limited to one, where the 
kinetics of the reaction between gaseous mercury and chlorine atoms was 
followed by monitoring HgCl using time resolved absorption spectroscopy 
in the temperature range 383 - 443 K (Home et al., 1968): 

Hg* + CFCI3 -> Hg + CF3 + CI (3) 
Hg + Cl->HgCl (4) 
HgCl + HgCl-»Hg2Cl2 (5) 

The extinction coefficient of HgCl was evaluated first and the 
recombination rate constant, £3 was determined to be 5.0xl0"10 and 3.2xl0"10 

cm3 molecules"1 s"1 in 720 Torr CF3CI and in a mixture of 10 Torr 
CF3CI+7IO Torr Ar as a bath gas, respectively. The rate constant, k2 for the 
reaction of mercury with chlorine atoms was then derived to be 5.0xl0"n 
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cm3 molecules"1 s"1 (720 Torr CF3C1) and 1.5xlO"11 cm3 molecules"1 s"1 (10 
Torr CF3CI+7IO Torr Ar) using corresponding values of £3. The authors 
(Home et al., 1968) have mentioned that ki has an uncertainty of a factor of 
three because of the accumulation of experimental errors in evaluating the 
separate terms. Recently extensive kinetic and product studies on the 
reactions of gaseous Hg° with molecular and atomic halogens (X/X2 where X 
= CI, Br) have been performed at atmospheric pressure (750±1 Torr) and 
room temperature (298±1 K) in air and N2 (Ariya et al., 2002a). Kinetics of 
the reactions with X/X2 were studied using relative and absolute techniques 
by cold vapour atomic absorption spectroscopy (CVAAS) and gas 
chromatography with mass spectroscopic detection (GC-MS). The measured 
rate constants for the reactions of Hg° with Cl2, CI, Br2, and Br were 
(2.6±0.2)xl0"18, (1.0±0.2)xl0"n, <(0.9±0.2)xl0"16 and (3.2±0.3)xl0"12 cm3 

molecule"1 s"1, respectively. Chlorine and bromine radicals were generated 
using UV and visible photolysis of molecular chlorine and bromine, 
respectively, in addition to UV (300 < X < 400 nm) photolyis of chloroacetyl 
chloride and dibromomethane, for generation of CI and Br. The reaction 
products were analyzed in the gas-phase from the suspended aerosols and 
from the wall of the reactor using MS, GC-MS and inductively coupled 
plasma mass spectrometry (ICP-MS). The major products identified were 
HgCl2 and HgBr2 adsorbed on the wall. Suspended aerosols, collected on the 
micron filters, contributed less than 0.5% of the reaction products under our 
experimental conditions. 

Reactions of mercury with halogen oxide radicals drew major attention in 
the light of satellite "BrO" column measurements as well as simultaneous 
mercury and ozone depletion in the planetary boundary layer (Richter et al., 
1998; 2002; Miiller et al; 2002; van Roozendael et al , 2002). Experimental 
studies of XO reactions are very scarce. To our knowledge there is only one 
published laboratory kinetic study on the reaction of BrO with elemental 
mercury (Raofie and Ariya, 2003) during which, using the relative rate 
methods, the room temperature bimolecular rate constant for BrO + Hg°(g) 
was estimated to lie within the range 10"15 < k < 10"13 cm3 molecule"1 s"1. This 
estimated value renders BrO a significant potential contributor to mercury 
depletion events in the Arctic. Recently, a report was published on the first 
experimental product study of BrO-initiated oxidation of elemental mercury 
at atmospheric pressure of ~ 740 Torr and T = 296±2 K (Raofie and Ariya, 
2004). The authors used chemical ionization and electron impact mass 
spectrometry, gas chromatography coupled to a mass spectrometer, a 
MALDI-TOF mass spectrometer, a cold vapour atomic fluorescence 
spectrometer, and high-resolution transmission electron microscopy coupled 
to energy dispersive spectrometry. BrO radicals were formed using visible 
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and UV photolysis of Br2 and CH2Br2 in the presence of ozone. They 
analyzed the products in the gas phase, on suspended aerosols and on wall 
deposits, and identified HgBr, HgOBr or HgBrO, and HgO as reaction 
products. Experimentally, they were unable to distinguish between HgBrO 
and HgOBr. Mercury aerosols with a characteristic width of approximately 
0.2 micrometers were observed as products (Figure 3). The existence of 
stable Hg1+ in form of HgBr, along with Hg2+ upon BrO-initiated oxidation 
of Hg°, suggests that in field studies it is fundamental to selectively quantify 
various mercury species in mercury aerosols and deposits. 

Figure 3. Mercury aerosols: (top) HRTEM (high resolution transmission electron 
microscopy) image of air-dried product collected from the gas-aerosol, dispersed onto carbon 
supported Cu grid; (bottom) EDS spectrum showing the chemical composition of the product 

collected from the gas-aerosol (adapted from Raofie and Ariya, EST, 2004). 

The majority of mercury containing products were identified as deposits, 
however, aerosols accounted for a substantial portion of products. It is 
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noteworthy that we anticipate the possibility of transformation of Hg to 
Hg2+ at high humidity levels. Since the hygroscopic nature of Hg1+ is 
different from Hg2+, one suspects a difference in methylation rates for Hg1+ 

in comparison to Hg2+ in aquatic systems that may potentially affect mercury 
bioaccumulation. 

There is new modelling work that has incorporated the recent kinetic data 
on halogens to evaluate the observations (Ariya and Ryhzkhov, 2003; Ariya 
et al , 2004). These studies, which include the novel kinetic data and multi-
scale modelling, show that Br atoms and BrO radicals are the most effective 
halogens driving mercury oxidation, even considering the reduction back to 
Hg° of oxidized mercury deposited in snow pack and subsequent diffusion to 
the atmosphere. They found that the reduction cannot compensate for the 
total deposition and thus a net accumulation occurs. Using a unique global 
atmospheric mercury model to estimate halogen driven mercury depletion 
events, they estimate a 44% increase in the net deposition of mercury in the 
Arctic. Over a one-year cycle, we estimate an accumulation of 325 Tons of 
mercury in the Arctic (Ariya et al., 2004). Interesting, some modelling 
studies have been developed on the importance of iodine chemistry and its 
potential impact on mercury depletion events (Calvert and Lindberg, 
2004a,b). Since there is no existing laboratory study on kinetics and products 
of I2, I and IO with elemental mercury, we encourage additional studies in 
this domain to evaluate further the implications of iodine chemistry in the 
troposphere. 

REACTIONS OF ELEMENTAL MERCURY WITH 
OTHER ATMOSPHERIC OXIDANTS 

The oxidation of Hg° by H202 has been performed by Tokos et al. (1998), 
who found the reaction to be thermodynamically favourable. They obtained 
a value of 8.5 x 10"19 cm3 molecule"1 s"1 for such bimolecular reactions. The 
reaction of Hg° with 0 2 is unlikely to proceed at a significant rate (k < 1 x 
10" cm molecule" s"), as Hg was found to be the dominant form of 
mercury in the ambient atmosphere. Hall and Bloom (1993) have 
investigated the reaction of Hg° with HC1 by performing experiments in 
darkness and sunlight at different temperatures. The above-mentioned values 
render these reactions unlikely drivers of the rapid atmospheric chemistry, 
however, these reactions and their products can be of significance in 
condensed phase atmospheric chemistry, and hence we recommend further 
detailed studies. 
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METHODOLOGY USED IN MERCURY KINETIC 
STUDIES 

Atomic absorption and fluorescence spectroscopy 

Cold vapour atomic absorption spectroscopy (CVAAS) (e.g. Goulden and 
Anthony, 1980) and cold vapour atomic fluorescence spectroscopy (CVAFS) 
are the most common instruments employed in both field and laboratory 
mercury studies. Several types of coupling including Zeeman-modulated 
CVAAS have been used in mercury kinetic studies (Sommar et al., 1996). 
CVAFS, in contrast to CVAAS, has not gained widespread general use for 
routine elemental analysis, but it has been a great tool for elemental mercury 
due its high sensitivity for this element. 

Mass spectroscopy techniques 

Gas chromatograph with mass selective detection (GC-MSD) 
studies 

Concentrations of mercury can be monitored using quadrupole mass 
spectrometer separation on a gas chromatograph using a variety of gas 
chromatography columns (e.g, cross-linked phenyl-methyl-siloxane column). 
Analysis can be performed using the scanning or single ion monitoring 
(SIM) modes (Ariya et al, 2001; Pal and Ariya, 2004; Raofie and Ariya 
2004). 

Direct mass spectrometry 

Reaction products can be collected in a tube, which will then be 
evaporated to the chemical ionization (CI), electron spray (ES), or electron 
impact (EI) ion source of mass spectrometry, depending on the targeted 
experiment (Ariya et al., 2002a; Pal and Ariya, 2004 a, b; Raofie and Ariya, 
2004). Reaction products are generally pre-concentrated in a trap cooled by 
liquid nitrogen or dissolved in small volume of solvent before analysis. 



CHAPTER-12: CHEMICAL TRANSFORMA TION OF GEM 275 

Inductively coupled plasma mass spectrometer (ICP-MS) 

ICP-MS is a common technique for mercury analysis, including mercury 
isotopic studies (Hintelmann et al., 1997). For kinetic studies, reaction 
products of oxidant initiated oxidation of elemental mercury can be collected 
using mixtures of HNO3 or H2O2. The samples can be diluted and heated to 
high temperature (ca. 350-400 K) for a period of time to decompose the 
washing agents. Mercury containing compounds can then be analyzed by 
ICP-MS. Coupling of CVAFS with high resolution ICP-MS can provide a 
powerful technique for in-depth analysis of reaction products. 

Derivatization following identification 

This method is targeted specifically to separate divalent mercury species. 
It is based on the qualitative conversion of Hg+2 to HgCl2, and then to the 
more volatile organomercury compound, n-Bu2Hg that can be analyzed by 
most mass spectroscopy techniques or even with gas chromatography 
coupled to mass spectrometry or even flame ionization detection on selective 
columns: 

Hg2+ + HC1 -> HgCl2 + 2 H + (6) 

HgCl2 + 2 n-Bu2MgCl -> n-Bu2Hg + 2MgCl2 (7) 

It should be noted that Hg2X2 is not derivatized under these conditions, 
and hence it is a good way to distinguish between Hg+1 and Hg+2 

Transmission electron microscopy coupled to energy dispersive 
spectroscopy 

This method is targeted to study the size distribution and morphology of 
mercury condensed products, including aerosols, in addition to some 
elemental analysis characterization. Reaction products can be collected on 
microscope grids and products can be analyzed using high-resolution 
transmission electron microscope. The chemical composition can be 
qualitatively determined by energy dispersive spectroscopy (Raofie and 
Ariya, 2004) 
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Matrix-assisted laser desorption ionization time of flight mass 
spectrometry (MALDI-TOF-MS) 

The reaction products can be collected using different trapping systems 
(e.g., Raofie and Ariya, 2004). The collected products can be analyzed using 
MALDI-TOF-MS. Several matrices and ionizations can be employed (Karas 
and Kruger, 2003). The matrix generally has resonance absorption at laser 
energy and thus absorbs the energy, causing rapid heating of the matrix. This 
rapid heating results in expulsion and soft ionization of the sample molecules 
without fragmentation. 

Laser induced fluorescence (LIF) spectroscopy 

LIF technique was used to perform kinetic studies of HO + Hg°(g) (Bauer 
et al , 2003). They used single and sequential two-photon laser induced 
fluorescence (LIF) techniques for the detection of elemental mercury. Single 
photon LIF involves excitation of the 63Pi-61So transition at 253.7 nm, 
followed by observation of resonance fluorescence. The second technique 

3 1 
includes sequential two-photons, following the initial 6 Pi-6 So excitation 

with a second excitation to the 7lSo or 73Si levels. To do so, they used two 
independently tuneable diode laser systems and simultaneous detection of 
two fluorescence wavelengths. 

Other techniques 

UV absorption spectrophotometery (e.g., Keeler et al. 1995), atomic 
emission spectrometry (Pirrone et al., 2001; Sommar et al., 1998; 1999) 
coupled to CVAFS, as well as Gas chromatography techniques are among 
techniques used in the field measurement of mercury species or aqueous 
phase kinetic reactions. 

EXPERIMENTAL CHALLENGES OF MERCURY 
REACTIONS IN THE GAS PHASE 

Indeed, many gaseous reactions of mercury with atmospherically 
important oxidants are difficult to investigate experimentally due to the low 
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concentrations of species at atmospheric conditions, the low volatility of 
products, side reactions and the strong effects of water vapour and surfaces 
on kinetics. In the following sections, we separated surface catalyzed 
reactions from other secondary reactions, due to their particular importance 
in providing biased kinetic data. 

Surface catalyzed reactions 

The term heterogeneous reaction refers to a reaction in which reactants 
react in two or more phases. Thus, in the case of gaseous reactions, if there is 
a reaction with the wall the reaction product deposits on walls and on 
aerosols (condensed matter suspended in air or diluent gas). One of the 
major challenges with a mercury system is to ensure that one studies entirely 
the unique gas phase reaction of interest, as opposed to a mixture of several 
reactions. Reactions on surfaces, or catalyzed by surfaces, have been a long
time challenge of gas phase experimental physical chemists. There are 
several means to overcome this challenge, including using less reactive 
surfaces and changing the surface-to-volume ratio of reaction chambers, 
generally using large reaction vessels. Inactive surfaces, such as Teflon or 
Teflon coated chambers, preferably with large volumes, are among the most 
common setups. It is of note that unfortunately, Teflon surfaces are porous 
and in the case of toxic molecules, require careful handling. One should 
hence pay particular attention to assure homogeneity of Teflon coated 
surfaces that undergo substantial damage and non-homogeneity after 
continuous usage of the reaction chamber. An alternative pathway to 
minimize undesired wall reactions corresponds to the deactivation of walls 
using various types of coatings (Coquet and Ariya, 2000; Ariya et al., 
2002a). The loss of reactants in the absence of initiators is more pronounced 
in non-treated Pyrex flasks than treated walls. For instance, applying the 
DMDCS coating led to more than a two-fold decrease of the adsorption rate 
of mercury (Ariya et al., 2002a). In addition, another potential problem is 
desorption of reactants that are adsorbed on the surfaces back to the gas 
phase, biasing kinetic analysis. Hence prior to, and during the kinetic 
analysis, one needs to examine the setup very carefully to assure that 
adsorption/desorption processes are significantly slower than the reaction of 
interest. Another challenge with mercury and oxidant systems lies with the 
fact that some of the reaction products can produce reactive surfaces for 
further catalysis leading to gas phase, and gas-phase + heterogeneous 
reaction rates. Careful analysis of experimental data, and variation of 
experimental conditions including concentration, surface to volume ratio, 
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photolysis time, and aging of samples are required to properly obtain kinetic 
values. 

Secondary reactions 

A challenge in generation of any radical is to avoid production, or at least 
minimize the scope, of other side reactions. For instance, in generation of 
HO using CH3ONO as the HO initiator, one will also generate H02, and 
depending on the NO condition, one may also generate O3, which in turn 
reacts further with elemental mercury (Pal and Ariya, 2004a). There are 
several interesting experimental procedures that have been suggested to 
assure that one investigates only the reaction of interest. It is of note, 
however, that it is unlikely to disregard all the side reactions, but we argue 
that it may be sufficient, if one performs the reactions under conditions 
where side reactions are significantly less important than the reaction of 
interest ( « experimental uncertainties). 

Impact of water vapour 

Hg° oxidation processes are observed to be accelerated in the presence of 
water, hinting at some catalysis reactions, although no specific pathways 
were suggested (Lindqvist and Rodhe, 1985). We encourage further detailed 
experimental studies on the impact of water on the kinetics as well as the 
product distribution of oxidant initiated reactions of mercury. 

AB INITIO THERMOCHEMISTRY 

The possibility of theoretically predicting the thermochemistry of 
mercury-containing species of atmospheric interest is of strong importance 
due to the paucity of accurate experimental information. Obtaining accurate 
ab initio results for quantities like heats of formation, reaction enthalpies, 
and activation energies are particularly challenging in these cases, however, 
due to the large nuclear charge and number of electrons intrinsic to mercury. 
In particular, the treatment of the extensive relativistic effects due to the 
former can present major additional sources of error not generally present in 
calculations involving only elements of the first few rows of the periodic 
table. Scalar relativistic effects (e.g., the mass velocity and Darwin terms in 
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the Breit-Pauli Hamiltonian) can be accurately recovered using all-electron 
methods, such as implementations of the Douglas-Kroll-Hess (DK) 
Hamiltonian (Jansen and Hess, 1989), which is available in several 
commonly used electronic structure programs. For heavy elements such as 
mercury, however, these methods can lead to the use of very large 1-particle 
basis sets, which result in relatively high computational costs for accurate 
results. The accurate treatment of spin-orbit relativistic effects in all-electron 
work is especially difficult for heavy elements. On the other hand, a nearly 
effortless way to recover relativistic effects involves the use of relativistic 
effective core potentials (RECPs) or pseudopotentials (PPs). For this reason 
nearly all of the previous ab initio work on atmospheric mercury compounds 
have utilized relativistic PPs. The accuracy of this approximation does 
depend, however, on the method of PP adjustment, and there are several 
choices available for Hg. These include the older Los Alamos ECP 
implemented in the small LANL2DZ basis set (Hay and Wadt, 1985), the so-
called SKBJ ECPs (Stevens et al., 1992), and the energy consistent 
pseudopotentials developed by the Stuttgart/Koln groups (Haussermann et 
al., 1993). The latter have been shown to lead to very accurate results for 
various mercury-containing species. In addition, the accuracy of any PP can 
also be critically dependent on the number of electrons replaced in the core 
(Dolg, 1996). With large-core PP's only a minimal number of valence 
electrons are retained, while small-core PP's retain both the valence and 
semi-core electrons. Fortunately, for mercury nearly all of the commonly 
used PPs are of the more accurate small-core variety, i.e., 60 electrons are 
replaced in the core leaving 20 electrons (5s, 5p, 5d, and 6s) explicitly 
treated in the valence space. 

Unlike all-electron work, the choice of a particular relativistic PP often 
dictates the basis set that will be used in the calculations, i.e., the one that 
accompanies the PP. Unfortunately these are often only of double-^ quality 
and thus not appropriate for accurate thermochemical studies. Some larger 
basis sets have been reported for Hg in conjunction with Stuttgart/Koln PPs 
(Schwerdtfeger et al., 2001), but these lack the important property of being 
systematically extendable towards the complete basis set (CBS) limit. 
Recently a new series of basis sets have been developed for Hg (as well as 
the main group elements) in conjunction with Stuttgart/Koln relativistic PPs 
(Peterson et al., 2003; Peterson, 2004). These are analogous to the all-
electron correlation consistent family of Gaussian basis sets developed by 
Dunning and co-workers (Dunning, 1989; Wilson et al., 1999; Dunning et 
al., 2003) and are designed to systematically approach the CBS limit. This 
property provides the possibility to decouple the errors due to using 
incomplete basis sets from the errors intrinsic to the chosen electron 
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correlation method. As shown below, the systematic convergence of these 
sets is very important for accurate thermochemistry studies involving Hg. 

In the case of compounds containing only elements in the first few 
periods of the periodic table, ab initio calculations of thermochemical 
quantities to within chemical accuracy (1 kcal/mol) have been reported in 
numerous studies (c.f., Feller et al , 2003 and references therein) Some of 
these methods, e.g., the Gaussian-X model chemistry approaches (Curtiss et 
al., 1998), rely on a large training set of molecules with experimentally 
determined thermochemical properties in order to apply empirical 
corrections. Unfortunately in the case of mercury chemistry, this type of 
parameterization is not currently possible due mainly to the lack of sufficient 
experimental data. This also has negative implications for the effective use 
of isodesmic-type approaches. Another method, however, that has been used 
extensively in one of our laboratories (c.f., Feller at al., 2003; Balabanov and 
Peterson, 2003), as well as the closely related work by Martin and co
workers (Boese et al., 2004) involves a composite theoretical approach 
without recourse to empirical parameters, and as such while computationally 
more expensive, is completely amenable to mercury-containing species. This 
approach utilizes high-level ab initio electronic structure methods, typically 
singles and doubles coupled cluster theory with a perturbative treatment of 
connected triple excitations, CCSD(T) (Raghavachari et al.,1998), with 
explicit extrapolations of the 1-particle basis set to the CBS limit. All other 
major sources of error in the calculations, e.g., core-valence electron 
correlation, relativistic effects, etc., are then systematically and accurately 
accounted for. 

The results are thermochemical properties with a very high inherent 
accuracy only limited essentially by the intrinsic errors in the CCSD(T) 
method, which for systems dominated by a single electronic configuration 
(which include all of the molecules noted below) closely mimics that of full 
configuration interaction (FCI). 

Recently this composite approach has been used to accurately predict the 
thermochemical properties of a variety of mercury oxides and halides, 
including HgO, HgCl2, HgBr2, and BrHgO (Balabanov and Peterson, 2003; 
Shepler and Peterson, 2003). In each case the equilibrium geometries and 
total energies were computed with the CCSD(T) method with a series of 
correlation consistent-type basis sets ranging from double- to quintuple-^ 
quality. Small-core relativistic PPs of the Stuttgart/Koln variety were used 
on both Br and Hg (Haussermann et al., 1993; Peterson et al., 2003), which 
were matched to newly developed cc-pV«Z-PP basis sets («=D - 5) 
(Peterson et al., 2003; Peterson, 2004). Since the species studied were fairly 
ionic in nature, extra diffuse-functions were also included that were taken 
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from the aug-cc-pVnZ-PP basis sets. Standard all-electron aug-cc-pVnZ 
basis sets for oxygen (Dunning, 1989; Kendall et al., 1992) and aug-cc-
pV(«+d)Z sets for CI were used (Dunning et al., 2001). The CBS limits of 
the total energies were then obtained using two different basis set 
extrapolation formulas (Peterson et al., 1999): 

E(n) = ECBS+Ae-(n-lKBe^n-l)2 

A 
E(n) = ECBS + - 3 

n 

(Eq. 1) 

(Eq.2) 

The final CBS limits [using «=3-5 for Eq.(l) and «=4-5 for Eq.(2)] were 
obtained by averaging the results of Eqs.(l) and (2) and the spread in these 
two results provided an estimate of the uncertainty in the basis set 
extrapolation. Table 3 shows some typical results from Balabanov and 
Peterson (2003) and Shepler and Peterson (2003) for HgO, HgCl2, HgBr2, 
and HgBrO. It is readily apparent from these results that basis set 
incompleteness can represent a significant source of error. In particular, the 
large basis set superposition error (BSSE) present in the double-^ (DZ) basis 
sets can lead to anomolously good agreement with the CBS limit in some 
cases and very poor agreement in others. 

The results shown in Table 3 also demonstrate that the choice of Eq. (1) 
or (2), i.e., CBS1 or CBS2, respectively, do not differ by more than 0.1 - 0.3 
kcal/mol for these species when large basis sets are used. 

Table 3. Dependence on basis set of CCSD(T) electronic energy differences for 
selected mercury reactions.(a) 

HgCK1!") ->Hg + 0(3P) 

Hg+Br2 -»HgBr+Br 

-> HgBr2 

Hg+Cl2 ->HgCl+Cl 

-> HgCl2 

Hg+BrO ->HgBr+0 

-» HgO+Br 

->BrHgO 

AEC(DZ) 

-5.75 

26.51 

-42.30 

27.71 

-49.84 

33.15 

52.79 

-19.34 

AEe(TZ) 

0.04 

31.64 

-40.11 

33.97 

-46.84 

38.56 

54.20 

-17.97 

AEe 

(QZ) 

1.59 

32.68 

-41.35. 

35.08 

-47.96 

39.11 

54.84 

-18.97 

AEe 
(5Z) 

2.17 

33.19 

-41.64 

35.73 

-48.25 

39.40 

55.04 

-19.25 

AEe 

(CBS1) 

2.5 

33.5 

-41.8 

36.1 

-48.4 

39.6 

55.2 

-19.4 

AEe 

(CBS2) 

2.8 

33.7 

-42.0 

36.4 

-48.6 

39.7 

55.3 

-19.6 
(a) Relativistic pseudopotentials for Hg and Br were taken from Haussermann et al. (1993) and Peterson 
et al. (2003), respectively. See Shepler and Peterson (2003) and Balabanov and Peterson (2003) for 
details. 
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The resulting CCSD(T)/CBS limit electronic energy differences were 
then combined with contributions from: 

(a) AEZPE : zero-point vibrational energy, 
(b) AECv : core-valence correlation, 
(c) AESR : residual scalar relativistic effects from O and CI, 
(d) AEpp : corrections for the pseudopotential approximation, and 
(e) AESo : molecular and atomic spin-orbit coupling. 

Representative results are shown in Table 4. The zero-point vibrational 
corrections were obtained from anharmonic (diatomic) and harmonic 
(triatomic) large basis set CCSD(T) calculations. For the majority of 
mercury compounds, however, calculating this correction at lower levels of 
theory, e.g., density functional theory (DFT) or even Hartree-Fock (HF), 
would not be expected to result in appreciable errors in the final 
thermochemical properties. From Table 4 it can be observed that accounting 
for core-valence electron correlation can impact the final calculated 
enthalpies by nearly 1 kcal/mol. 

It should be noted that these calculations require that the basis set be 
augmented to provide additional basis functions appropriate for core or semi-

Table 4. Calculated energetic contributions3 and resulting (0 K) enthalpies of reaction, AHr 

(kcal/mol), for selected mercury reactions. 

HgO^I^^Hg+O^P) 

Hg4-Br2 -»HgBr+Br 

->HgBr2 

Hg+Cl2 ->HgCl+Cl 

->HgCl2 

Hg+BrO - • HgBrfO 

->HgCWBr 

-•BrHgO 

AEe 

(CBS) 

2.66 

33.62 

-41.89 

36.27 

-48.49 

39.64 

55.22 

-19.49 

AEzp 
E 

-0.64 

-0.20 

0.47 

-0.39 

0.59 

-0.78 

-0.40 

0.52 

AECv 

0.02 

0.68 

0.00 

0.73 

0.31 

0.26 

0.04 

-0.40 

AESR 

— 
... 
— 
0.05 

0.30 

0.09 

0.12 

0.22 

AEpp 

-0.52 

-0.53 

-1.31 

-0.70 

-1.38 

-0.76 

-0.56 

-1.55 

AEso 

2.4 

-3.01 

0.31 

-0.84 

0.02 

1.00 

^.27 

0.55 

AHr 

3.9 

30.6 

-42.4 

35.1 

-48.7 

39.5 

50.2 

-20.2 

Expt.b 

64±15 

29.4419.13 
^2.42±2.05 

32.89£2.29 
-49.44±1.52 

39.21±9.52 

-8.1±15.5 

... 
aAEe = CCSD(T) electronic energy difference, AEZPE = zero-point energy contribution, 
AECV = core-valence correlation contribution, AESR = scalar relativity correction (MVD), 
AEpp = correction for pseudopotential approximation, AEso = molecular and atomic spin-orbit 

coupling contributions. See the text and Shepler and Peterson (2003) and Balabanov 
and Peterson (2003). 

bChase(1998) 
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core correlation since most basis sets are only designed for valence electron 
correlation only. 

The present work utilized core-valence basis sets analogous to the cc-
pwCVnZ sets reported recently (Peterson and Dunning, 2002) for the second 
row main group elements. 

Of the remaining corrections, the largest in magnitude are AEPP and AESo 
The former is obtained by comparing CCSD(T) calculations on each species 
with both the PP approach and all-electron DK calculations with analogous 
triple-^ quality basis sets developed in our laboratory. As seen in Table 4, the 
older Haussermann et al. (1993) PP for Hg that was used in this work results 
in errors ranging from 0.5 - 1.6 kcal/mol. Obviously it is important to take 
this into account for accurate studies. Last, the effect of spin-orbit coupling 
is observed to also be relatively large in magnitude. Most of AESo can be 
attributed to the zero-field splittings in the atomic asymptotes, which can be 
obtained from available experimental data (Moore, 1971), but large 
molecular SO effects were also calculated, e.g., over 2 kcal/mol for HgO and 
over 1 kcal/mol for BrO. In the present work the effects of SO coupling were 
obtained using the SO parameters from the PPs and diagonalizing a small SO 
Hamiltonian in a basis of several pure spin electronic eigenstates of differing 
multiplicities as implemented in the MOLPRO program suite (Berning et al., 
2000). In addition, larger spin-orbit CI calculations have been carried out 
with the COLUMBUS program (Yabushita et al., 1999), which is also based on 
one-component molecular orbitals. 

The final calculated reaction enthalpies displayed in Table 4 are generally 
well within the experimental uncertainties, except for the cases involving 
HgO, whose experimental value has previously been called into question 
(Shepler and Peterson, 2003). The enthalpies for the reactions leading to 
HgBr have the largest experimental uncertainties due primarily to the large 
uncertainty in the heat of formation of HgBr (Chase, 1998). The calculated 
values in Table 4 for these reactions are in excellent agreement with 
experiment and have expected uncertainties that are smaller by nearly an 
order of magnitude. 

Of the other recent studies involving the ab initio thermochemistry of 
atmospheric mercury species, the works of Tossell (2003), Wilcox et al. 
(2003), and Khalizov et al. (2003) are fairly representative. References to 
earlier work can be found in these papers, as well as in Balabanov and 
Peterson (2003) and Shepler and Peterson (2003). Tossell has reported 
reaction enthalpies for several reactions involving Hg using the double-^ 
quality basis sets accompanying the SKBJ RECPs (Stevens et al., 1992) and 
the MP2, QCISD, and CCSD(T) electron correlation methods. Compared to 
the accurate results shown in Table 4, this choice of basis set/ECP results in 
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an underestimation of the reaction enthalpies by about 10 kcal/mol at the 
CCSD(T) level of theory. The differences between the relatively inexpensive 
MP2 method and CCSD(T) range from 2 - 1 1 kcal/mol, while the effect of 
the triple excitations, i.e., the difference between CCSD and CCSD(T), also 
ranges from 2 - 1 1 kcal/mol. The basis set and correlation errors are often in 
different directions, which can make an accuracy assessment very difficult 
when using small basis sets and low levels of theory. The work of Khalizov 
et al (2003) demonstrates the inadequacy of the B3LYP method for the 
reliable prediction of the thermochemistry of reactions involving mercury; 
the B3LYP reaction enthalpies calculated with triple- and quadruple-^ 
quality basis sets were shown to differ from the analogous CCSD(T) results 
by nearly a factor of two for reactions such as Hg + Br2 and Hg + Br. The 
B3LYP/LANL2DZ level of theory exhibited very large deviations from the 
large basis set CCSD(T) results. Finally, the study of Wilcox et al. (2003) on 
HgCl and HgCl + HC1 also clearly demonstrates how the choice of PP/basis 
set can affect the accuracy of the results. They reported calculated enthalpies 
using both the SKBJ and Haussermann et al. PPs with their accompanying 
basis sets. For the dissociation of HgCl, the QCISD values differed by nearly 
8 kcal/mol. On the other hand, the reaction enthalpies for the HgCl+HCl 
reaction differed by just 4 kcal/mol. Of course, some of these effects are due 
to the different basis sets accompanying each PP as well as the different 
methods of adjusting the relativistic, spin-averaged PP parameters 
themselves. In particular, for HgCl the QCISD/SKB J results compared better 
to experiment while in the case of the HgCl+HCl reaction, the Haussermann 
PP results appeared to be more accurate. Obviously from these examples, 
without a careful study of the major contributions to an ab initio enthalpy, 
e.g., correlation method, basis set, relativistic effects, etc., it is very difficult 
to assess the accuracy of a given result. In particular, a fortuitous 
cancellation of errors that is present for one reaction system should not be 
relied upon to occur for another reaction without a careful analysis. 

Ab initio kinetics 

From an ab initio point of view, most of the factors important for accurate 
thermochemistry, e.g., choice of electron correlation method, treatment of 
relativistic effects, basis set truncation errors, etc., are also responsible for 
obtaining accurate kinetic data since the latter depends intimately on the 
underlying potential energy surface. A rigorous calculation of the rate 
coefficient for a given reaction generally involves either quantum scattering 
or classical trajectory calculations, which in turn require a global or 
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semiglobal potential energy surface (PES) calculated by ab initio methods. 
While these treatments are feasible for relatively small systems (depending 
on the required accuracy of the underlying PES), most studies employ more 
approximate treatments of the reaction dynamics, e.g., transition state theory 
(TST) or RRKM theory (Rice-Ramsberger-Kassel-Marcus theory). 

For bimolecular reactions involving a barrier, transition state theory is 
often used. The basic tenet is that there exists a critical configuration lying 
between reactants and products where at that configuration all trajectories 
arising from reactants are assumed to irreversibly lead to products (Steinfeld 
et al , 1989; Truhlar et al., 1996). In conventional transition state theory 
(TST), this critical configuration is assigned to the top of the reaction barrier, 
i.e., the transition state. In addition to the "no recrossing" assumption, the 
reaction coordinate is generally assumed to be separable from the other 
degrees of freedom and is treated classically as a translation. In TST 
calculations the only ab initio data required are the equilibrium structures 
and harmonic vibrational frequencies of the reactants and the transition state, 
as well as the barrier height. Simple corrections for tunneling can also be 
applied that do not require any additional information. The critical quantity 
of interest, the barrier height (AEb), is as much a challenge to ab initio theory 
(if not more) as calculating accurate reaction or bond dissociation enthalpies 
discussed above. Often the sensitivity to the choice of electron correlation 
method is even more critical since transition states can involve highly 
stretched bonds where the electronic wave function is no longer strongly 
dominated by a single electronic configuration. Obtaining an accurate AEb is 
essential for calculating reliable rate constants since even a 1 kcal/mol error 
in the barrier height can lead to nearly an order of magnitude error in the 
resulting rate constant. The composite approach described in detail above for 
ab initio thermochemistry can be applied straightforwardly in the calculation 
of reliable reaction barrier heights. Even with an accurate calculation of the 
barrier height, however, conventional TST can still strongly overestimate the 
rate constant since the occurence of trajectories that originate with reactants, 
pass through the transition state, but return back to reactants, i.e., recrossing 
trajectories, can be common. Thus the TST rate constant is an upper bound 
to the exact classical rate constant. In variational transition state theory 
(VTST), the position of the dividing surface between reactants and products 
is varied to yield the smallest rate constant, thus minimizing the number of 
recrossing trajectories. In canonical VTST, this procedure corresponds to 
placing the transition state where the free energy is a maximum, while in 
microcanonical VTST the location of the dividing surface (for a particular 
energy of the reactants) corresponds to a minimum in the transition state's 
sum of states. The additional computational burden of carrying out VTST 
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calculations, however, is the calculation of the reaction path (structures) 
between the TS and reactants, with vibrational frequencies at each or 
selected points along this path. This can be a significant additional 
computational expense, but often the vibrational frequencies along the 
reaction path can be calculated at a lower level of theory than what was used 
for the reactants and transition state, which can still yield much improved 
rate constants compared to just the conventional TST results. The easily 
accessible POLYRATE program (Corchado et al , POLYRATE 8.5.1) can be 
used for a large variety of VTST calculations. 

For reactions that proceed without a barrier, e.g., unimolecular 
dissociation or recombination reactions, RRKM theory is often employed. 
The use of RRKM involves two central approximations (c.f, Steinfeld et al. 
1989 and Gilbert and Smith 1990 and references therein): 

(i) as with transition state theory, RRKM assumes the existence of a 
critical configuration between reactants and products which is not 
recrossed and 

(ii) the energy of the excited reactant is distributed randomly 
throughout all the available molecular states. 

To satisfy the first approximation, it is generally very important to 
employ the variational version, which is equivalent to a microcanonical 
VTST calculation. So as above, one needs to calculate structures and 
vibrational frequencies along the reaction path. In order to satisfy the second 
criterion, the reactant must be a molecule large enough to provide efficient 
intramolecular vibrational energy redistribution. Hence, the use of RRKM 
for atom-atom recombination reactions is probably quite suspect. In these 
cases, quasiclassical trajectory calculations would seem to be the most 
reliable method. For reaction rate constant calculations for barrierless 
reactions using RRKM and VTST-like methods, the Variflex program 
(Klippenstien et al., 1999) is a convenient choice for polyatomic systems, 
since it also allows several options for the calculation of pressure effects on 
the the rate constant (standard VTST yields only a high pressure limit rate 
constant). 

FUTURE DIRECTIONS AND CONCLUDING 
REMARKS 

Recent kinetic data indicate that the atmospheric lifetime of elemental 
mercury over marine boundary layer (such as the Arctic) can be shorter than 
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previously believed. However, over continental regions, in absence of rapid 
halogen reactions, the regional and global transport of mercury seem to be 
feasible even in the light of recent kinetic studies, which confirm mercury as 
a global pollutant. Despite the novel positive trend in laboratory and 
theoretical studies of gas-phase elemental mercury, chemical reaction studies 
of elemental mercury are still relatively scarce. It is essential to provide 
kinetic, product, and thermochemical studies on complex reactions, 
particularly in the presence of important atmospheric partners including 
organic radicals. There are some limited studies on the kinetics of gas-phase 
elemental mercury oxidation on surfaces, e.g., on titania particles (Lee et al., 
2004), and on powdered activated carbon (Flora et al., 1998). There are also 
limited available literatures on uptake kinetics of elemental mercury by 
surfaces such as virgin and sulfur-impregnated activated carbons (Vidic et 
al., 1998). However, experimental studies on uptake or kinetics of 
heterogeneous reactions of mercury on various environmentally relevant 
surfaces such as ice, snow, and aerosols, are desired. Microbiological 
transformations of mercury in aquatic systems have been suggested. In the 
light of new evidence on the role of biological aerosols (Ariya et al , 2002b), 
the redox reaction of mercury on and in bioaerosols can be an area of interest 
for future research. 
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INTRODUCTION 

Only five years ago a chapter in a book such as this with the above title 
would either have been extremely short, or simply not included. The 
inclusion of this chapter is evidence of the progress made in fields as diverse 
as analytical methods and instrumentation, chemical kinetics and 
atmospheric chemistry modelling, as well as of the ever increasing interest in 
mercury (Hg) within both the scientific and environmental policy 
communities. The reason for the current interest in Marine Boundary Layer 
(MBL) processes and their influence on Hg was the discovery of higher than 
expected concentrations of Reactive Gaseous Mercury (RGM or RGHg or 
Hgn

(g)) at coastal sites (Mason et al., 2001, Wangberg et al., 2001) and in the 
MBL of both seas (Sprovieri et al., 2003) and oceans (Mason et al., 2001, 
Laurier et al., 2003). The Hgn

(g) concentration was also found to vary 
diurnally with a maximum occurring with maximum solar radiation intensity 
and a minimum at night. Hgn

(g) is not a single compound, it is an 
operationally defined quantity which refers to the oxidised inorganic 
mercury compounds present in the gas phase which are collected on KC1 
denuders, see chapter 7. The most probable components of Hgn

(g) are 
HgCl2and HgBr2, possibly with HgO and Hg(OH)2. Hgn

(g) is fundamental to 
Hg cycling because its chemical and physical characteristics differ so greatly 
from those of Hg°(g). Where Hg°(g) is volatile and sparingly soluble, the 
compounds which make up Hg11 )̂ are far less volatile and far more soluble, 
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thus Hg deposition is almost totally dominated by Hgn
(g) whilst Hg emission, 

even industrial emission, is predominantly Hg0(g). Modelling studies had 
suggested that the sea salt aerosol could be important in Hg cycling in the 
MBL because of its ability to form a range of Hgn complexes due to its high 
chloride ion content (Pirrone et al., 2000). Further modelling studies 
suggested that Hgn produced in the gas phase (Hg° from the reaction of Hg° 
+ 03) could be scavenged and then cycled via the sea salt aerosol to HgCl2, 
which is more volatile than HgO, thus providing an MBL source of Hgn

(g), 
(Hedgecock and Pirrone, 2001). 

The development of our understanding of Hg chemical and physical 
processes in the MBL, is intertwined with the study of Hg in the Arctic, and 
has gained very much from the study, both in the field and modelling, of 
tropospheric O3 in remote areas, specifically the Arctic and the remote MBL. 

Taking things in chronological order, it was in the late 80s that ozone 
depletion events were first reported during polar spring, (Bottenheim et al, 
1986), these events were linked to photochemical processes, (Barrie et al., 
1988). In the years that followed there were a number of field and theoretical 
investigations into the mechanism behind the rapid O3 destruction, which 
pointed to the involvement of bromine containing radicals, (Fan and Jacob, 
1992, Barrie and Piatt, 1997, Foster et al, 2001). Measurements of Hg°(g) 

over a number of years at Alert in Canada showed that when O3 depletion 
events occurred, the concentration of Hg°(g) also decreased rapidly, often to 
below the detection limit of the measurement techniques employed 
(Schroeder et al, 1998). This observation led to the suggestion that it was 
likely to be the Br radical compounds which were responsible for the Hg 
depletion events. At around the same time model studies were performed to 
see what effect, if any, the halogen radical chemistry seen in the Arctic may 
have in the MBL, (Vogt et al, 1996, Sander and Crutzen, 1996). Model 
predictions suggested that halogen compounds (Br2 and BrCl) would be 
released to the atmosphere as a result of the acidification of the sea salt 
aerosol, and that the radicals produced by their photolysis would destroy O3. 

Since then the phenomenon known as 'Sunrise Ozone Destruction' has 
been observed in the sub-tropical Pacific (Nagao et al., 1999), and a number 
of studies have observed depletion of Br containing species in 
supermicrometer sea-salt aerosol, and enrichment of the same species in 
submicron marine aerosol, (Sander et al., 2003). The link between 0 3 

destruction at polar dawn with Hg0
(g) depletion and the measurement of 

elevated RGM concentrations in marine air masses hinted that Hg° oxidation 
processes were also at work in the MBL. The recent measurement of the 
reaction rates of Hg°(g) + OH(g) (Sommar et al., 2001) and subsequently of 
Hg°(g) + Br(g) (Ariya et al., 2002), have been included in a box model, 
AMCOTS (Atmospheric Mercury Chemistry Over The Sea, Hedgecock and 
Pirrone, 2004)) of multiphase MBL photochemistry along with previously 
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known Hg gas and aqueous phase chemistry (Pleijel and Munthe, 1995, Lin 
and Pekhonen, 1999). The AMCOTS results can be compared directly to 
results from measurement campaigns, (Hedgecock et al., 2003, Hedgecock 
and Pirrone, 2004). The high measured concentrations of RGM coupled with 
the modelling support have meant that the cycle of Hg in the MBL, its 
emission, transport, chemistry and deposition have had to be reconsidered, 
and the role of the ocean-atmosphere in the global Hg cycle and the global 
Hg budget reassessed (Mason and Sheu, 2002). 

The MBL chemistry of Hg therefore cannot be removed from the 
transport and physical processes which ultimately have an influence on the 
concentrations of Hg species in the MBL. Where Hg in the MBL comes 
from, and which chemical species are emitted or transported with it, can 
directly or indirectly affect Hg chemistry. The scavenging of Hg compounds 
by deliquesced aerosol particles or rain droplets, and the dry deposition of 
oxidised Hg compounds not only exert a major influence over the 
concentrations of Hg species in the MBL but also on the marine 
emission/deposition budget. The chemistry of Hg is however not only the 
central theme of this chapter, but also the central process which links 
emissions to deposition, governs the lifetime of Hg°(g) in the MBL, and 
therefore the influence that marine emissions may have on the global Hg 
budget. 

THE CHEMISTRY OF Hg IN THE MBL 

The Gas Phase 

One of gas phase elemental mercury's defining characteristics under 
typical atmospheric conditions of temperature and pressure, and in the 
presence of typical concentrations of the common tropospheric oxidants, is 
its general lack of reactivity. Hg°(g) reacts extremely slowly with 03, H202, 
HC1, and Cl2, the rates range from3xl0"20to2.6xl0"18 cm3molecules"1s"1 (see 
table 1). These gases are present at trace concentrations in the parts per 
billion (ppb = nmol mol"1) to parts per trillion (ppt = pmol mol") range. 
Recently however it has been found that Hg°(g) reacts much faster with 
certain radicals present in the troposphere, notably OH, Br and CI, the 
concentrations of which are generally very low indeed, so low in fact that 
direct measurement is very difficult in the field. The concentrations of these 
radicals are inferred to range from effectively zero to 106 -107 molecules cm" 
3; at 25°C and 1 atmosphere there are in total roughly 2.5x1019 molecules 
cm"3. These maximum radical concentrations, because of their photolytic 
production mechanisms, occur with maximum incident solar radiation, and 
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their average concentrations are therefore far lower. The reaction between 
Hg°(g) and N03 has also been measured (Sommar et al., 1997) but only an 
upper limit (k = 4xl0"15 cm3molecule"1s"1) was reported. N03 is a night time 
oxidant and given the experimental evidence which shows a daytime Hgn

(g) 
maximum it seems unlikely that his reaction plays an important role in the 
MBL. The reactions with OH, Br and CI radicals are nonetheless important 
in Hg cycling because even though their concentrations are low, the relative 
rapidity with which they oxidise Hg°(g) compared to other more abundant 
atmospheric oxidants, mean that these reactions account for the major part of 
the tropospheric oxidation of Hg°(g) where they are present. The halogen 
radicals are found in greater than average abundance during the polar 
springtime 'Bromine explosion', and also, but to a lesser extent in the MBL 
and above salt lakes. The OH radical on the other hand is generally more 
abundant where 0 3 concentrations are high, as it is produced mainly by the 
reaction between water vapour and the O (*D) atom produced by one of the 
photolysis pathways of 03. The measurement of the rates of reaction 
between Hg°(g) and radical species has only begun recently, and it is only 
right to point out that not all the measured reaction rates have been 
independently confirmed, and that there is not unanimous agreement over 
the results obtained. Comparison between modelling studies and field 
campaign measurements have in some cases provided some corroboration 
using the measured reaction rates, but in others have called into question the 
accuracy of some of the rate constants. 

The Aqueous Phase 

The atmospheric aqueous phase, cloud and fog droplets and deliquescent 
aerosol particles play an extremely important role in Hg chemistry and not 
just in the MBL. As mentioned in the introduction Hgn

(g) is much more 
soluble and less volatile than Hg0

(g), therefore most deposited Hg is Hgn, and 
wet deposition is often the major Hg deposition process. Hg (g) is rapidly 
scavenged in the presence of an atmospheric aqueous phase, Hg°(g) is also 
scavenged to a certain extent and both oxidation and reduction processes 
occur in the aqueous phase. In the absence of the radicals which oxidise Hg 
in the gas phase, Hg oxidation proceeds much more rapidly in the aqueous 
phase than the gas phase, predominantly via the reaction with HOCl(aq/OCr 
(aq) and 03(aq), see Table 1. There is some debate whether oxidised Hg 
compounds can be reduced in environmental aqueous systems by reaction 
with H02(aq/02(aq); Pehkonen and Lin (1997) sustained that reduction 
occurred with a rate constant of l.lx 104 M"1 s"1, while Gardfeldt, and Jonsson 
(2003) suggest that the reaction does not proceed under environmental 
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conditions. The influence of the inclusion or not of this reduction pathway 
on modelled Hg concentrations in rain has been studied by Bullock (2005) 
(see Chapter-14). The thermal decomposition of HgS03 also yields 
elemental Hg (Table 1). Apart from the redox chemistry which occurs in the 
aqueous phase, the ionic composition of the droplets or aerosols make a 
difference to the quantity of Hg (aq) which can feasibly be associated with the 
particles. Modelling studies showed that because of the greater number of 
potential complexes between Hg""^ and Cr(aq) (and other halides) compared 
to OH (aq) or S03

2"(aq), that is: HgCf(aq), HgCl2(aq), HgCl3(aq) and HgCl4
2"(aq), 

that higher Hgn
(aq) concentrations, by a factor of 100, could be found in 

droplets with high halide ion concentrations (Forlano et al., 2000). Although 
this is not generally important in fog and cloud droplets it is potentially very 
important for sea salt aerosol particles. 

The high halide ion concentration found in sea salt particles potentially 
also has an effect on the speciation of Hgn

(g) found in the MBL. HgO has a 
very high Henry's Law constant and HgO produced by the gas phase 
oxidation of Hg°(g) by OH(g) or 03(g), (if it is HgO produced in the reaction, 
product studies are difficult with Hgn

(g) species because they tend to 
condense on to any available surface), would be rapidly scavenged by the 
sea salt particles. It would then react with H+

(aq) to give Hg"""^ which would 
be complexed as discussed above. Modelling studies show that as the Hg 
chloride complex concentrations increase the imbalance between the 
aqueous and gas phase concentrations of HgCl2 results in net outgassing of 
HgCl2 from the particles. 

Mass Transfer 

Mass transfer of any species between droplets or deliquesced aerosol 
particles depends on the Henry's Law constant, the temperature, the droplet 
radius, the accommodation coefficient of the species involved and the liquid 
water content (LWC) of the atmosphere. For Hgn

(g) species the general 
direction of the transfer, because of high their Henry's Law constants, is from 
the gas phase to the aqueous phase. This is certainly the case when the LWC 
is high, such as in fogs or clouds. However, as described above when the 
only liquid water is deliquesced aerosol particles, and they high 
concentrations of halide ions (sea salt aerosol can have Cr(aq) concentrations 
over 5M) it is possible that Hg11 species such as HgCl2 pass from the aqueous 
to the gas phase. Hg0

(g) however is relatively insoluble and has a low Henry's 
Law constant, see Table 1, and its aqueous phase concentration is low. The 
equilibrium concentration in the aqueous phase is determined by the Henry's 
Law constant, the rate at which equilibrium is reached, however, depends on 
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Table 1. The Hg chemistry included in AMCOTS. 

Mercury Reactions and Equilibria 
Hg°(g) + 03(g) -> HgO(g) 

Hg0
(g) + O3(g)->HgO(g) 

Hg°(g) + H202(g)->HgO(g) 

H g ^ + OHfcj^HgOcg) 
H g ^ + H C l ^ - ^ H g C l ^ ) 

Hg°(g) + Cl2(g)^HgCl2(g) 

Hg0
(g) + Cl<g)->->HgCl2(g) 

Hg°(g) + Br2(g) -> HgBr2(g) 

Hg°(g) + Br(g)->->HgBr2(g) 

Hg (aq) + 03(aq) —» HgO(aq) 

HgO(aq) + H^aq) —» Hg (aq) + OH (aq) 

Hg^aq) + OH-(aq) -> HgOH+
(aq) 

HgOH+
(aq) + OH (aq) -> Hg(OH)2(aq) 

HgOH+
(aq) + CI (aq) -> HgOHCl(aq) 

Hg (aq) + CI (aq) —» HgCl (aq) 

HgCl (aq) + CI (aq) —» HgCl2(aq) 

HgCl2(aq) + Cl"(aq) —> HgCfe'Caq) 

HgCl3 (aq) + CI (aq) —» HgCU (aq) 

Hg (aq) + Br (aq) —» HgBr (aq) 

HgBr+(aq) + Br"(aq) —» HgBr2(aq) 

HgBr2(aq) + Br'(aq) —> HgB^aq) 
HgBr3 (aq) + Br (aq) —» HgBr4 (aq) 

Hg (aq) + S03"(aq) —> HgS03(aq) 

HgSO^aq) + S03""(aq) "» Hg(S03)2""(aq) 

HgS03(aq) - » Hg°(aq) + products 

Hg (aq) + OH(aq) —> Hg (aq) + OH (aq) 

Hg (aq) + OH(aq) - » Hg (aq) + OH (aq) 

Hg (aq) + 0 2 (aq) ~> Hg (aq) + O^aq) 

Hg^(aq) + H02(aq) —> Hg (aq) + O^aq) + H (aq) 

Hg (aq) + 0 2 (aq) —> Hg(aq) + O^aq) 

Hg+(aq) + H02(aq) —> Hg (aq) + 02(aq) + n (aq) 

Hg(aq) + 0 2 (aq) —> Hg (aq) + O^aq) 

Hg (aq) + H02(aq) —> Hg+(aq) + O^aq) + H^aq) 

Hg(aq) + HOCl(aq) —> Hg (aq) + CI (aq) + OH (aq) 

Hg(aq) + CIO (aq) ~> Hg (aq) + CI (aq) + OH (aq) 

H g ^ H g ^ a q ) 

HgO(g) <r> HgO(aq) 

HgCl2(g) O HgCl2(aq) 

HgBr2(g) ^ HgBr2(aq) 

HgO(g) —> deposition 

HgCl2(g) —> deposition 
HgBr2(g) -> deposition 

korK(298K) 
3.0xlO"2U cm3 molec"1 s"1 

7.5xl0"iy cm3 molec"1 s"1 

8.5xlOiy cm3 molec j s"1 

8.7xl0"14 cm3 molec"1 s"1 

lxlO"iy cm3 molec"1 s"1 

2.6xl0"18cm3molec1s1 

lxlO"11 cm3 molec1 s 1 

9X10"1'cm3 molec"1 s"1 

3.2xl0"12 cm3 molec"1 s"1 

4.7x10' M_1 S"1 

lxlO^M's"1 

3.9xl0luMx 

l ^ x ^ M 1 

2.7x 10' M"1 

5.8 x 10b M"1 

2.5 x 10b M"1 

6.7 M"1 

13 M"1 

l . lx lO 'M" 1 

2.5 x 108 M"1 

1.5 x ^ M 1 

23 M"1 

Z l x l O ^ M " 1 

1.0 x HTM"1 

0.0106 s"1 

2.0 x 10y M 1 s"1 

l . O x l O ^ M ' s 1 

l . l x H f M V 1 

1.1x10* NT's-1 

fast 

fast 

0 

0 
2.09 x 10b M"1 s"1 

l ^ x l O ' M V 1 

0.13 Matm1 

2.69 x 1012 M atmA 

2.75 x 105 M atm"1 

2.75 x 10b M atm"1 

2.0 cm s"1 

2.0 cm s"1 

2.0 cm s'1 

Reference 
(a) 

(b) 

(c) 
(d) 

(e) 

(f) 
(f) 

0) 
(f) 

(g) 
(h) 

(h) 

(h) 

(h) 

(h) 
(h) 

(i) 

(i) 

(i) 

(i) 

(i) 

(i) 

(i) 

a) W 
(1) 

(1) 
(m) 

(m) 

(m) 

(m) 

(n) 

(n) 

(o) 

(o) 

(p) 

(p) 

(P) 

(q) 
(r) 

(r) 

(q) 

(a) Hall (1995), (b) Pal and Ariya (2004), (c) Tokos et al. (1998), (d) Sommar et al., (2001), (e) Hall 
and Bloom (1993), (f) Ariya et al. (2002), (g) Munthe (1992), (h) Pleijel and Munthe (1995), (i) 
Clever et al. (1985), Van Loon et al. (2001), (k) Van Loon et al. (2000), (1) On and Pehkonen (1997), 
(m) Pehkonen and Lin (1997), (n) Gardfeldt, and Jonsson (2003), (o) Lin and Pehkonen (1999), (p) 
Schroeder and Munthe (1998), (q) Hedgecock and Pirrone, 2004, (r) Hedgecock and Pirrone, 2001. 
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a number of factors as shown below. The rate of change of the aqueous 
phase concentration is given in equation 1, following the notation of 
Sander (1999), 

,oo " £a,surf 

/kHRT) (1) 
where ca is the aqueous phase concentration of the species (mol m" 

aq)' 

ca,surf the aqueous phase concentration at the surface (mol m" aq), 
cg,oo the background gas phase concentration (mol m"3air), kH the 
Henry's Law constant (mol m"3

aq Pa"1), R the gas constant (J mol"1 

K"1) and T the temperature (K). kmt is the mass transfer coefficient, 
defined as: 

km = (r2/3Dg + 4r/3av)4 (2) 

where r is the droplet radius (m), Dg the gas phase diffusivity (mV1), v the 
mean molecular velocity (ms1) and a the accommodation coefficient 
(dimensionless). km is expressed in s"1, but contains the conversion m3

air to 
m3

aq, Sander (1999). 
As can be seen from equation 2, the mass transfer coefficient is inversely 

proportional to the square of the droplet radius, hence the very small aerosol 
droplets reach aqueous phase equilibrium rapidly. Larger droplets such as 
cloud or rain droplets take significantly longer. Some droplets may not reach 
equilibrium during the lifetime of a cloud or if they are precipitating, thus 
chemical models tend to model mass transfer as a kinetic rather than 
equilibrium process. 

General MBL Photochemistry 

Mass transfer between phases turns out to be very important in MBL 
photochemistry in general. The chemistry of the MBL is distinguished from 
other parts of the atmosphere by its constantly high relatively humidity, 
usually above the deliquescence point of sea salt and non-sea-salt (nss) 
sulphate aerosols, and almost always higher than the crystallization point, 
this means that aerosol emitted from the sea surface as liquid droplets remain 
liquid and do not crystallize. The sea-salt aerosol droplets are characterised 
by high concentrations of CI" and Br" ions; the acidification of freshly 
produced sea salt aerosol, which is slightly alkaline, triggers a series of 
chemical responses in the aerosol, such as the acid displacement of HCl and 
the production of neutral, relatively insoluble Br containing species in the 
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HOBr(aq) + CI (aq) + H (aq) 

BrCl(aq) + Br-(aq) 

Br2(aq) 

Br2(g) + hv 
Br(g) + 03(g) 

BrO(g) + H02(g) 

- • 

-> 
— • 

— • 

—> 

- • 

BrCl(aq) + H20(aq) 
Br2(aq) + Cl-(aq) 
Br2(g) 
Br(g) + Br(g) 

BrO(g) + 02(g) 

HOBr(g)+02(g) 

aqueous phase which then pass from the aqueous to the gas phase according 
to their Henry's Law constant. 

The release of halogen containing species from aerosol particles is the 
key to the difference between Hg chemistry in the MBL and elsewhere in the 
troposphere. The conversion of bromide ions present in sea salt particles to 
less soluble and volatile Br containing species, particularly Br2 and BrCl, 
which degas from the aerosol, is initiated by its reaction with 03(aq), OH(aq), 
N03(aq), N205(g) or HS05"(aq), (Sander et al., 2003; von Glasow et al., 2002). 
Vogt et al., 1996 proposed an autocatalytic cycle starting from the reaction 
of HOBr with CI" in the presence of acid as shown below (from Sander et al., 
2003); 

(3) 
(4) 
(5) 
(6) 
(7) 
(8) 

HOBr(g) -+ HOBr(aq) (9) 
which leads to the net reaction; 
BrVq) + H+

(aq) + 03(g) + H02(g) + hv - • Br(g) + 202(g) + H20(aq) (10) 

or alternatively expressed, see von Glasow et al. (2002); 
2H02(g) + H+

(aq) + 203(g) + Br(aq) + hv - • HOBr(g) + 402(g) + H20(aq) (11) 

It is the release of Br containing compounds which is of most interest for 
Hg chemistry. The difference in the release mechanisms of Br and CI from 
the sea salt aerosol results in CI being released to a large extent as HC1, 
whilst Br is emitted mostly as Br2 or BrCl. HC1 is stable chemically and 
photolytically, whereas Br2 and BrCl are rapidly photolysed to their atomic 
constituents. The gas phase concentration of reactive Br compounds is 
therefore higher than the concentration of reactive CI compounds, with the 
result that the Br compounds have more influence on Hg chemistry than CI 
compounds, even thought the reaction with the CI atom is the fastest of the 
known reactions between Hg°(g) and the halogen atoms and compounds 
(Arya et al., 2002). 

Modelling MBL Chemistry 

A number of box and 1-dimensional modelling studies of MBL chemistry 
have been published in recent years, most of which concentrate on the role of 
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the marine aerosol in the production of reactive halogen compounds (Sander 
and Crutzen,1996, Vogt et ah, 1996; Toyota et al., 2001; von Glasow et al., 
2002; Toyota et al., 2003). These models have increased in complexity and 
now take into account both sea salt and non-sea-salt sulphate particles, some 
including particle size distributions, and sea salt aerosol production. The 
chemistry in these models focuses on halogen gas and aqueous phase 
chemistry but also include NOx, HOx and SOx chemistry. Non-methane 
hydrocarbons are included in all the models with varying levels of detail. 
The most complex treatment is given in Toyota et al. (2003). The AMCOTS 
model uses the reaction database from von Glasow et al. (2002) which 
includes CH4, C2H6, C2H4, and their reaction products in the gas phase and 
where the products are soluble, the aqueous phase. 

The rate and extent of halogen release from sea salt aerosols under 
varying atmospheric conditions is discussed in more detail below, but in 
terms of Hg chemistry; for more general information the reader is referred to 
von Glasow et al. (2002), Sander et al. (2003), Toyota et al. (2003), and 
references therein. 

FACTORS INFLUENCING THE RATE OF Hgu(g) 
OXIDATION IN THE MBL 

Br production 

In clean MBL air, with low levels of NOx and 03, the concentration of 
OH is low and the major Hg°(g) oxidant species will be Br(g). Therefore the 
factors which influence Br(g) concentrations will have a direct effect on the 
rate at which Hg°(g) is oxidised and thus the concentration of Hgn(g). Among 
the more important factors influencing the rate and extent of halogen 
activation in the MBL are the wind speed, the temperature, the intensity of 
solar radiation and latitude. 

Wind speed, which determines the production of sea salt aerosol particles, 
has a direct effect on atmospheric sea salt LWC. Increasing sea salt LWC 
increases the scavenging rate of Hgn

(g) and can therefore lower the gas phase 
concentration. However, increased sea salt LWC also potentially supplies 
more Br(g) to the MBL increasing its capacity to oxidise Hg0

(g), but increases 
in the aerosol numbers, and/or size, increase the buffering capacity of the 
MBL because freshly produced sea salt aerosol is alkaline, and therefore the 
acid dependent halogen activation mechanism takes longer to start. A 
theoretical box model study of the lifetime of Hg°(g) in the MBL showed that 
up to a threefold increase in sea salt LWC (from 3xl0"H to 9xlOn 

m3
aq/m

3
air) increased the rate of Hg°(g) oxidation, whereas decreasing the sea 
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salt LWC decreased the rate (Hedgecock and Pirrone, 2004). One of the 
problems with a box model study is that a constant aerosol loading is 
assumed to the top of the model volume, which is not the case given that 
production occurs at the surface. Both model and experimental studies need 
to confront this aspect of MBL chemistry. 

From the net equations 
describing Br release 
from the sea salt aerosol 
above, it can be seen that 
acid is consumed, and 
therefore the originally 
alkaline sea salt particles 
need to take up acidic 
gases from the 
atmosphere to initiate the 
process. The air 
temperature influences 
the solubility of gases, 
thus lower temperatures 
favour the more rapid 
uptake of acidic gases, 
accelerating the rate of 
acidification of the sea 
salt particles and halogen 
activation (von Glasow et 
al., 2002). 

The intensity of solar 
irradiation is important 
both for the photolysis of 
Br containing compounds, 
but also for the 
production of H02(g> 
which is the major sink 
for BrO(g) in the MBL. 
Because the oxidation of 
Hg°(g) depends on 

(a) January 

100 n -

0° 10° 20° 30° 40° 50° 60° 

Latitude (°N) 

(b) July 

100 
c o 

CL 
CD 

O 

X 

0° 10° 20° 30° 40° 50° 60° 
photolytically produced 
oxidants the rate naturally 
depends on both latitude 
and time of year, Figures 
la and b, (Hedgecock and 
Pirrone, 2004). 

Hedgecock and Pirrone (2004) also showed that some cloud cover could 

Latitude (°N) 
Figure L The modelled percentage depletion of 

Hg0^) after 1 week as a function of latitude for the 
months of January and July. 



CHAPTER-13: MODELLING CHEMICAL AND PHYSICAL PROCESSES 305 

clear 10 20 40 

Cloud Optical Depth 
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60 

actually enhance the rate at which Hg°(g) is oxidised in the MBL. Figure 2 
shows an example of this phenomenon, the Hg°(g) depletion was modelled for 
January at a latitude of 10° N, and it can be clearly seen that increasing the 
cloud cover up to an optical 
depth of 20 increases Hg°(g) (a) January 30° N 
depletion with respect to the 
clear sky simulations. 

The reason for this is that 
the attenuation of the 
incoming solar radiation 
produced by clouds is not 
equal over the UV-visible 
spectrum, it is more marked 
at shorter than at longer 
wavelengths. Br2 and BrCl 
photolysis begins earlier in 
the morning and ceases later 
in the evening than 0 3 

photolysis because the solar 
spectrum in the lower 
troposphere is shifted to the 
red at high solar zenith 
angles. 

This accounts for the 
earlier build-up of Br(g) in the 
MBL, because in the 
early morning the longer path 
which sunlight travels 
through the atmosphere 
means that Br2 photolysis 
commences earlier. In fact 
the Br produced reacts with 
0 3 to produce BrO, a 
phenomenon called 'sunrise 
ozone destruction1, (Nagao et 
al., 1999). The concentration 
of BrO in fact peaks at dawn 
and dusk, it has a minimum around midday when H02(g) concentrations are 
at their maximum (von Glasow et al., 2002). 

This increase in Hg0
(g) oxidation rate occurs only at certain latitudes and 

at certain times of the year, and only up to a certain cloud optical depth, after 
which the rate of oxidation decreases. 

100 T— 

c 
,0 

Q-
0 

• D 

O 

X 

Cloud Optical Depth 

Figure 2. The influence of cloud optical depth on 
Hg°(g) depletion at 10 ° N during January, after one 

week of model simulation. 
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OH production 

As well as Br(g), OH(g) is potentially a major contributor to the production 
of Hgn

(g) in the MBL. In the clean MBL it is likely to be significantly less 
important than Br(g) due to the low 0 3 concentrations found and the low 
concentrations of possible 0 3 precursors such as NOx. However, in regions 
where the MBL is influenced by continental air masses which contain urban 
or industrial NOx emissions, it is possible that conditions are amenable to 
OH(g) production. Such conditions would also result in higher H02(g) 
concentrations than in the clean MBL, thus suppressing BrO(g), which, 
because BrO photolysis is the main source of Br(g), reduces the role of Br(g) at 
the same time. 

A prime example of a region where the MBL is directly affected by 
continental emissions is the Mediterranean Sea. A combination of 
meteorological factors, boundary layer air flow is slow but generally from 
north to south, high levels of solar irradiation, stable anticyclonic conditions 
and little rain, provide all the ingredients in the Mediterranean summer for 
0 3 production. Concentrations of 0 3 at ground level across the whole 
Mediterranean regularly exceed the European 8 hour exposure limit (Nolle et 
al., 2002; Lelieveld et al., 2002). It is probable that the contribution of OH(g) 

to the MBL oxidation of Hg°(g) under such conditions is greater than that of 
Br(g), partly because of the higher OH(g) concentration and partly because of 
the effect that higher H02(g) concentrations would have on the production of 
Br(g) as described above. This hypothesis is supported by recent modelling 
studies as described below. 

Hgn
(g) IN THE MBL: MODELLING vs. 

MEASUREMENTS 

The first measurements of RGM in the MBL (rather than at coastal sites) 
were made during three cruises between 1999 and 2000 near to the Bermuda 
Time Series Station (BATS; 31.678N, 64.178W), in the North Atlantic, 
(Mason et al, 2001), using the filter pack technique (Sheu and Mason, 2001) 
and in the Mediterranean in 2000 (Sprovieri et al., 2003), using the annular 
denuder technique (Landis et al., 2002). Since then there have been further 
measurement campaigns in the North Pacific in 2002 (Laurier et al., 2003), 
and in the Mediterranean in 2003 and 2004 (F. Sprovieri, private 
communication), during these cruises Hg°(g) and Hgn

(g) were measured using 
the same techniques and the same type of instrument: the Tekran 1130 
speciation unit coupled with to the Tekran 2537A analyser (Tekran Inc., 
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Toronto, Canada). The time resolution of the measurements was two or four 
hours. 

The first attempt to model MBL Hgn
(g) concentrations used measured 

Hg°(g) concentrations and ancillary data obtained during from the first 
Mediterranean cruise campaign in 2000 as input and using a box model of 
MBL photochemistry with Hg chemistry included, sought to reproduce the 
measured Hgn

(g) concentrations. The box model itself is described in 
Hedgecock and Pirrone (2001), and the results of the comparison between 
modelled and measured Hgn

(g) concentrations in Hedgecock et al. (2003). 
That original model did not include the reaction of Hg0

(g) with Br(g), as the 
rate constant was determined after the modelling studies were performed and 
the model unsurprisingly underestimated somewhat the Hgn

(g) 

concentrations, although the minima and the diurnal variation in Hgn
(g) was 

reproduced reasonably well. 

100 200 300 400 500 
Time / hours from 00:00 14th July 2000 

600 

Figure 3. Measured (dark line with diamonds) and modelled with z(surface mixed 

iayer) set at 300m (light line) RGM values (pg m-3) from the Mediterranean 
campaign. 

Later studies included the Hg°(g) + Br(g) reaction and, in order to simulate 
halogen activation more accurately, both the sea salt and non-sea-salt 
sulphate aerosols were included (Hedgecock and Pirrone, 2004); the 
previous model included only the sea salt aerosol. 

This latest version of the box model, AMCOTS, (Atmospheric Mercury 
Chemistry Over The Sea) is being used (work in progress) to re-analyse the 
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data from the Mediterranean campaign aboard the R.V. Urania in 2000, and 
the north Pacific campaign aboard the R.V. Melville in 2002. This new 
version of the model uses the measured Hg°(g) concentrations and ancillary 
chemical and meteorological data, to model the Hgn

(g) concentration, 
similarly to Hedgecock et al. (2003). Some preliminary results for the 
Mediterranean are shown in Figure 3. 

Two things need to be mentioned regarding the application of a box 
model to measured data, the first is that precipitation and sea surface 
conditions, are not taken into account. Both increased sea salt aerosol and 
precipitation increase the rate at which Hgn

(g) is scavenged, due to the 
increased atmospheric liquid water content. The first period of the 
oceanographic campaign was characterised by rough seas and rain, which 
accounts for the model's overestimation of the Hg (g) concentration (Figure 
3). The second, is that a box model requires that the box height is included as 
input in order to calculate the rate of dry deposition and emission to and 
from the sea surface. Typical values of the MBL height (ZMBL) are 1000m for 
the remote MBL (such as the Pacific, Sander et al., 1996) and 400m for the 
summertime Mediterranean (Kallos et al., 1998) respectively. However the 
height of the capping inversion over the MBL does not always correspond to 
the height of the surface mixed layer, (Garratt, 1992), and in a model of 
MBL aerosol formation from biogenic iodine emissions, O'Dowd et al. 
(2002) used a globally averaged value of 300m for the height of the surface 
mixed layer. The mixed layer height also varies near the coast when 
advection of air across the coastline results in a thermal internal boundary 
layer (Garratt, 1992). The height of the boundary layer over the 
Mediterranean Sea is relatively stable but variations between day and night 
do occur. The actual height of the surface mixed layer is not simple to 
determine, (Seibert et al., 2000), and in the absence of appropriate 
measurements meteorological models which calculate advection and 
transport could be one means of providing an estimate from the surface 
mixed layer height. Unfortunately complex chemical models such as 
AMCOTS with over 200 chemical species and 900 reactions are too 
computationally expensive to be linked directly to meteorological / 
dispersion models to perform regional simulations over the periods of 
measurement campaigns. However, models such as the Regional 
Atmospheric Modelling System (RAMS) (ATMET, 2004) can be used to 
estimate the height of the mixing layer, using variation in Turbulent Kinetic 
Energy (TKE), the virtual potential temperature (6V) or the relative humidity. 
Simulations using nested grids for the period and area of the last half of the 
Urania cruise suggest that the mixing layer height varied between less than 
150m to around 350m. 

Figure 4 shows the results assuming that the mixing layer height (zsurface 

mixed layer) varies as indicated by the RAMS TKE values for the second period 
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of the Mediterranean campaign in 2000. The model output is averaged over 
four hours to correspond to the sampling time used in the measurements. 

One of the main reasons for attempting to model measured Hgn
(g) is partly 

to see if known Hg chemistry is comprehensive enough to make sense of the 
observations. In fact the first modelling studies (Hedgecock and Pirrone, 
2001; Hedgecock et al., 2003) Hgn

(g) concentrations were underestimated. 
Modelling studies also help to identify the predominant oxidation 

pathways, because the model uses measured data to recreate the chemistry, 
allowing reaction rates to be followed individually during the simulation. 
This last approach has recently identified what appears to be a difference 
between open ocean and closed sea oxidation of Hg°(g). Preliminary 
simulations for the Pacific data (Laurier et al, 2003) and Mediterranean data 
(Sprovieri et al, 2003) indicate that although Br was the most important 
oxidant in the Pacific whilst in the Mediterranean most oxidation was the 
result of the reaction with OH(g). This is most likely to be due to the higher 
03(g) concentrations and temperatures in the Mediterranean, however it is too 
soon to draw hard and fast conclusions. 

300 350 400 450 500 
th 

550 600 

Time / hours from 00:00 14™ July 2000 

Figure 4. Measured (dark line with diamonds) and modelled (light line) RGM values 
(pg m~3) from the Mediterranean campaign, with Z(surface mixed iayer) temporal variation 

calculated using RAMS. 
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IMPLICATIONS OF Hg CHEMISTRY IN THE MBL 

The relatively new discovery of Hgn
(g) formation in the MBL is changing 

some of the assumptions previously made about atmospheric Hg, its cycling 
between air and sea, its emission from the world's oceans and the global Hg 
budget. A few of the more important of these are briefly described here, a 
fuller discussion may be found in the relevant chapters of this book and the 
literature cited below. 

The lifetime of Hgu
(g) in the MBL 

The AMCOTS model has been used to estimate the atmospheric lifetime 
of Hg°(g) in the MBL, (Hedgecock and Pirrone, 2004). Using the approach of 
Seinfield and Pandis, (1998) the atmospheric lifetime (x) of Hg°(g) is the sum 
of the inverse of the oxidation reaction rates (rate constant multiplied by 
concentration: 

T = {k(Hg0+O3).[O3] + k(Hg°+OH).[OH] + kCHg^BO.EBr]}"1 s (12) 

thus 

x_1 = 3xl02 0 [03] + 8.7xl0"14 [OH] + 3.2xl012 [Br] s1 (13) 

from AMCOTS, the modelled one week average concentrations of the 
oxidants found using average cloud optical depths for summer, at 10, 40 and 
60° N were 21 ppb 03, OH in the range 5-20xl05 molecules cm3, and Br 
around 3xl05 molecules cm"3, 

x -1 = 2xl0~8 + 8.7xl0"8 + lxlO"6 

thus, x = 10.5 days, (14) 

alternatively the lifetime with respect to the individual reactions under the 
model conditions are: (Hg0+O3) = 578 days, (Hg°+OH) = 133 days and 
(Hg°+Br) = 11.5 days days. Using the newly measured value for Hg0+O3 

(Pal and Ariya, 2004) the calculation gives: 

x -1 = 7.5xl019 [03] + 8.7xl014 [OH] + 3.2xl012 [Br] s1 (15) 
x -1 = 3.9xl0"7 + 8.7xl0"8 + lxlO'6 (16) 

thus, x = 7.8 days, (Hg0+O3) = 29 days, (Hg°+OH) = 133 days and 
(Hg°+Br) = 11.5 days. 
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Such a short lifetime for Hg°(g) is not found in other parts of the 
atmosphere and has implications for the cycle of Hg in the marine 
troposphere as discussed below. 

Marine emissions of Hg° and the global Hg budget 

The world's oceans are a source of Hg° as well as a receptor for Hgn. The 
potentially rapid cycling of Hg in the MBL seems to conflict with the well 
known fact that the hemispherical background concentration of Hg°(g) is both 
uniform and constant. The depletion in Hg0

(g) concentrations simulated by 
Hedgecock and Pirrone (2004) are not seen in the field and imply that the Hg 
being lost via oxidation and deposition is constantly being replaced. 
Therefore Hedgecock and Pirrone (2004) included emissions in their model 
to maintain a stable Hg°(g) concentration and calculated the emission rates 
under typical conditions of cloud cover, and temperature for different 
seasons at different latitudes. The emission rates obtained were of the same 
order of magnitude as the measured data available in the literature, 
illustrating that oxidation in the MBL is not incompatible with stable 
background concentrations. It should also be borne in mind that 
replenishment of Hg°(g) in the MBL may be partially due to exchange with 
the free troposphere as is the case for O3. 

Model improvements required 

The next steps in improving MBL Hg chemistry models will include 
moving to 1 or more dimensional models which allow the variation with 
height of atmospheric LWC, aerosol pH, and particularly halogen species 
concentrations. This should serve to avoid the problems of varying surface 
mixed layer height, and ideally if combined with height resolved 
measurements of Hg0

(g) and Hgn
(g), allow the determination of the relative 

influences of Hg replenishment from ocean surface emissions and 
entrainment of Hg from the free troposphere. It will also require that there be 
some representation of sea salt aerosol production and its advection in the 
MBL. 

Currently AMCOTS uses two mono-disperse distributions to describe the 
sea salt and sulphate aerosol particles. This is another point where MBL 
photochemical models have progressed by beginning to use size segregated 
bins to describe the aerosol population (Toyota et al., 2001, von Glasow et 
al., 2002), although even this method averages aqueous phase concentrations 
over size bins, it is nonetheless better than averaging concentrations over the 
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whole aerosol population. Inclusion of a full description of MBL and Hg 
chemistry in 3-d meteorological / dispersion models is hindered by the time 
that the calculations would require. They are also a less appropriate tool for 
sensitivity studies because the meteorological model input data cannot be 
changed simply parameter by parameter in the same way that it can with box 
and 1-d models. 

Useful data 

There are two specific sets of data which would improve the 
understanding of MBL Hg chemistry in particular but also Hg chemistry in 
general. The first is reaction rate data. There is still no real consensus on the 
rates, or mechanisms, or products of the potentially most important Hg0

(g) 
oxidation reactions. This is partly because interest in determining these rates 
is recent, as the number of experimental and theoretical studies published in 
the last two to three years shows, and partly due to practical difficulties in 
performing the experiments. It should be mentioned also that Hgn

(g) and 
Hgn

(aq) reduction reactions, chemical and photolytic could play an important 
role in atmospheric Hg chemistry, but few data are available. The aqueous 
phase photo-reduction of Hgn compounds in particular is important for 
modelling emissions and to establish the magnitude of sea-air exchange 
resulting from Hg11 deposition and Hg° emission. The other type of data 
which would prove extremely useful is speciated Hgn

(g) measurements. At 
present it is not possible to distinguish HgO, from HgCl2 and HgBr2 using 
highly time resolved techniques in the field. Should this become practically 
feasible one of the major obstacles to being certain that atmospheric Hg 
chemistry is understood would be overcome. 

Planning measurement campaigns 

The ancillary data obtained during measurement campaigns is of 
fundamental importance to the interpretation and modelling of Hg compound 
concentration measurements. The current knowledge of atmospheric Hg 
chemistry means that without 0 3 concentration data, UV-A and UV-B 
intensities, relative humidity, and temperature, the data pertaining to Hg is 
almost very difficult to interpret and therefore effectively useless. 
Measurements of S02 and CO as indicators of anthropogenic influence on air 
masses is also useful. Specific data that would be of particular use in 
interpreting data from the MBL are the atmospheric LWC and size-resolved 
aerosol Hg concentrations. If these measurements could be performed at 
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different altitudes the results would almost certainly be fascinating. The 
practical complexities involved however are numerous. 

CONCLUSIONS 

Hg chemistry in the MBL is now rightly a part of the wider research 
effort to understand the atmospheric cycling of Hg, as it is via the 
atmosphere that Hg is transported from emission source to receptor site. The 
deposition and subsequent uptake of Hg by plants and animals can represent 
a major problem to their well-being, particularly to higher animals, as 
discussed elsewhere in this book. The transport of Hg°(g), the overall impact 
of marine Hg° emissions, the deposition of Hgn to open oceans, and perhaps 
more importantly to coastal areas, are all directly influenced by Hg 
chemistry in the MBL. 

The lifetime of Hg°(g) in the MBL depends on sea salt aerosol production 
and loading, and therefore wind speed, on incoming solar radiation thus on 
latitude, time of year and cloud cover, air temperature and the chemical 
composition of the MBL. There may therefore be great variability in the 
lifetime of Hg0

(g), but it can be short which would preclude long range 
transport, and suggest that a multi-hop mechanism is more likely. 

Emissions (or re-emissions) of Hg° from the sea contribute to the 
atmospheric burden of Hg, however oxidation in the MBL and re-deposition 
could mitigate the effect of these emissions. It should not be forgotten 
however that the conditions which favour atmospheric oxidation may also 
favour photo-reduction in marine waters. 

The potential impact on coastal environments that the deposition of Hg11 

resulting from the confluence of more polluted continental air and cleaner 
but possibly more highly oxidising marine air is an aspect of MBL Hg 
chemistry which merits further investigation. 

The increased understanding of Hg chemistry in the MBL, just as in so 
many fields of study, increases the number of questions for which an answer 
may soon be found. In spite of rapid progress many of the conclusions 
reached with the help of a better understanding of MBL Hg chemistry are 
still qualitative; clearly the next steps will be towards quantitative answers, 
particularly regarding deposition / emission in the open ocean, and 
deposition in coastal areas. 
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INTRODUCTION 

It is known that atmospheric deposition contributes the majority of the Hg 
found in nearly all contaminated ecosystems, and in some cases it is the only 
source. In recent years, a number of numerical simulation models of 
atmospheric mercury have been developed to help understand the 
atmospheric pathway of mercury and to help formulate effective emission 
reduction strategies to reduce atmospheric deposition to specific nations, 
regions and watersheds (Cohen et al., 2004; Dastoor and Larocque, 2004; 
Christensen et al., 2003; Bullock and Brehme, 2002; Travnikov and 
Ryaboshapko, 2002; Berg et al., 2001; Lee et al., 2001; Petersen et al., 2001; 
Seigneur et al., 2001; Xu et al., 2000). Mercury deposition to specific fresh
water systems has been the subject of most interest as compared to 
deposition to oceanic areas, and the models used thus far for emission 
reduction strategy development have tended to be continental-scale models 
with oceanic areas at the model boundary. 

Elemental Hg (Hg°) emitted to air is believed to remain in the atmosphere 
for a period of time on the order of one year (Schroeder and Munthe, 1998). 
There are also a number of oxidized compounds of mercury known to exist 
in air. Most atmospheric mercury models simulate two additional species: 
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reactive gaseous mercury (RGM) and particulate Hg. These oxidized Hg 
species are more subject to atmospheric deposition than Hg° and they have 
significantly shorter atmospheric lifetimes (Schroeder and Munthe, 1998). 
Recent research has discovered certain phenomena in the Arctic (Schroeder 
et al., 1998) and at high altitude (Landis, 2004) that appear to involve 
atmospheric oxidation of Hg° on time scales of days or even hours, which 
would suggest the average atmospheric lifetime of Hg° emitted to air might 
be somewhat shorter than one year if that Hg° is transported to certain 
locations. Nonetheless, a lifetime of only 5 to 7 days would be required for 
significant intercontinental transport of Hg° to occur. 

Thus, any model of atmospheric mercury in continental air masses must 
also consider the various forms of mercury being transported in from the 
marine environments at its lateral boundaries. 

There are a few special considerations for modelling the behavior of Hg 
in continental air masses. First, the continents are where most humans live. 
Nearly all direct anthropogenic emissions of mercury occur in continental 
areas. Oxidized forms of mercury are more rapidly deposited from the 
atmosphere and a significant fraction of anthropogenic Hg emissions are in 
the oxidized form, especially those from combustion sources (Pacyna and 
Pacyna, 2002; Pacyna et al., 2003). Thus, the continents are where our 
industrial emissions have the most concentrated and significant impacts. 
Also, the surface underlying a continental air mass can be land or water, and 
land surfaces usually include vegetation which can have widely varying 
effects on atmospheric deposition processes depending on the season of the 
year. The effect of vegetation on atmospheric processes can even vary 
depending on current meteorological conditions or those in the recent past 
(e.g., leaf area index and evapotranspiration). Continental water bodies are 
not as deep as most oceans and their water temperatures can vary more 
widely from season to season. They also freeze and thaw more rapidly. 
Finally, unlike oceans, continents have topographic relief. Mountains and 
valleys can create complex atmospheric flow patterns that require fine-scale 
(spatial and temporal) modelling to resolve. 

Since oceans cover two-thirds of the earth's surface, the behavior of 
mercury in marine environments is an important factor in its atmospheric 
lifetime and the concentration of the various forms of mercury in air and 
cloud water that might be expected at the horizontal boundaries of the 
continental-scale models. This chapter will focus on modelling mercury in 
continental air masses, but the importance of the marine environment to the 
global distribution of mercury and its eventual deposition to fresh-water 
systems should not be discounted. 
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GENERAL MODELLING CONCEPTS 

Numerical simulation models for air pollutants are developed with the 
intent that they address all of the current knowledge regarding emission 
sources, transport and diffusion, chemical and physical transformations, and 
removal processes. However, many of the meteorological processes known 
to affect mercury occur on rather small spatial and temporal scales (e.g., 
convective clouds) and it is currently impractical to model them in full detail 
over continental model domains, much less the entire global mercury cycle. 
A compromise between model domain size and temporal/spatial resolution is 
required. As the calculating power of computing equipment has increased, 
this compromise has become less difficult. However, it is still necessary to 
use limited-area models in order to simulate atmospheric mercury at the 
level of spatial detail required to resolve the atmospheric flow patterns (e.g., 
land/sea-breeze circulations) and cloud elements in which important mercury 
transport and transformations are known to occur. Albert Einstein is quoted 
as having said "Make everything as simple as possible, but not simpler." 

This advice certainly applies to modelling atmospheric mercury. But, 
with our scientific understanding of atmospheric mercury continuing to 
evolve, the level of spatial/temporal detail necessary to resolve all important 
processes may change with each new discovery. 

The individual atmospheric mercury models that have been developed 
thus far fall across a wide range of the simple-complex scale. Models that 
encompass the entire global domain of the mercury cycle must simulate 
several years in order to accumulate a global background air concentration of 
Hg° and they tend to neglect small-scale air circulations, planetary boundary 
layer (PBL) structure, and cloud-water physicochemistry in their 
simulations. Those models that manage to resolve these complex 
atmospheric processes in high detail are only applicable up to the regional 
spatial scale, at best, and can only be used to simulate a few weeks or 
months of time on the most powerful computing systems. This compromise 
between model complexity and domain size is made based on a desire to 
minimize "modelling uncertainty", which occurs when the model is not 
accurately treating accepted scientific fact in its calculation of a numerical 
simulation. 

A different type of uncertainty that must always be considered when 
atmospheric mercury modelling is applied, especially for assessment 
purposes, is "scientific uncertainty". This is true regardless of the complexity 
of the models being used or the quality of their input data. Some future 
scientific discovery regarding sources of atmospheric mercury, its 
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atmospheric composition or behavior, or its modes of deposition could make 
the results of any modelling assessment performed today scientifically 
indefensible and obsolete. Modelling for the purposes of scientific research 
is performed in anticipation of such discoveries, and it plays an important 
role in the support and direction of the field research through which these 
discoveries may be made. Model simulations are also used to develop public 
policy, and this implies a certain level of confidence in the current science 
that should not be misunderstood. Policy decisions are made with the best 
information available at the time, and mercury policy decisions are no 
exception. Our current scientific understanding of atmospheric mercury is 
incomplete and improved knowledge will lead to more complete scientific 
certainty. As the noted historian Daniel Boorstin once said, "The greatest 
obstacle to discovery is not ignorance - it is the illusion of knowledge." 

BASIC SIMULATION MODEL STRUCTURES 

There are two basic types of numerical model structures currently being 
used for the simulation of long-range atmospheric mercury transport and 
deposition, Lagrangian and Eulerian. 

Lagrangian modelling 

In Lagrangian modelling, the model's reference frame moves with the 
entity or substance being modeled. Individual parcels of air and the mercury 
contained in them are resolved and their motion and physicochemical 
processes are simulated based on pre-defined meteorological information. 
Usually, these parcels are defined as originating at the location of each air 
emission source in the inventory being used. They are "released" from each 
source at specific time intervals with the mercury mass loading in each 
parcel upon release determined by multiplying the time interval by the 
mercury emission flux rate for the source in question. Modelers commonly 
refer to these as "puff models. Rather than the continuous pollution 
elements that are simulated by Gaussian-plume models for short-range 
single-source applications, Lagrangian models simulate a train of discrete 
emission parcels that, when totaled together, resemble a continuous plume. 

Chemical and physical reactions of mercury are simulated in most 
Lagrangian models one parcel at a time with no interaction with the other 
pollutant parcels present in the simulation. If one parcel contains twice the 



CHAPTER-14: MODELLING HG TRANSPORT 323 

amount of mercury as a second one under the same meteorological 
conditions and with the same air concentrations for all other reactants, the 
simulated rate of all reactions and depositions for the first parcel will be 
exactly twice those for the second one. This "linear" chemistry assumption is 
currently acceptable for atmospheric mercury simulation because; 1) the 
chemical and physical reactions of mercury that have been identified thus far 
have all been found to be either first-order or zero-order reactions, and 2) the 
concentrations of mercury are normally so much smaller than the 
concentrations of its reactants that significant depletion of reactants does not 
occur. However, many of the chemical species known to react with mercury 
are the products of photochemical reactions that are known to be non-linear. 
Therefore, Lagrangian modelling is dependent on some sort of previous 
determination of the air concentrations of these reactants. Also, limited-area 
modelling with a Lagrangian modelling framework requires the simulation 
of synthetic sources to account for mercury transporting or diffusing into the 
model domain across the lateral and top boundaries. 

Eulerian modelling 

In Eulerian modelling, the model's reference frame is fixed and the entity 
or substance being modeled moves through this reference frame. Eulerian 
models are often referred to as "fixed grid" models. The atmosphere is 
defined as a three-dimensional stationary array of finite volume elements. 
Physical and chemical variables in the model are simulated as if they each 
have only one value all throughout a particular volume element at any 
particular point in time. 

Transport and diffusion of atmospheric constituents are simulated by 
transfers from one volume element to another, normally to an adjacent 
element except when special techniques are employed to negate artificial 
numerical diffusion. Eulerian modelling has been used since the mid 20th 

century to simulate physical meteorology. Nearly all current weather forecast 
models use this type of modelling framework. Over the years, 
meteorological modelers have striven to reduce the size of the volume 
elements to better resolve pressure, wind, temperature, humidity and clouds 
as they exist in the real atmosphere, knowing that volume averaging of these 
physical parameters was a primary source of modelling uncertainty in their 
simulations. The same is true for atmospheric chemistry modelling. 
Simulating a single air concentration for each chemical constituent 
throughout the entire expanse of a large volume element obviously deviates 
from reality. 



324 CHAPTER-14: MODELLING HG TRANSPORT 

The numerical methods used to simulate the motion of a substance from 
one volume element to another require that this motion or diffusion be 
calculated in small increments of time. These "time steps" must be kept 
below a certain length to avoid instabilities in the mathematical calculations 
that can cause artificial numerical errors to amplify. Reducing all three 
dimensions of the volume elements by one-half creates eight times as many 
volume elements to simulate. It also requires that the time step for pollutant 
transport be reduced by one-half, resulting in another doubling of the 
calculations required to simulate a particular period of time. In essence, 
doubling the fineness of the model's spatial resolution produces a 16-fold 
increase in the number of calculations that have to be made. 

Regardless of these difficulties, an Eulerian modelling framework is 
required for the realistic simulation of complex, non-linear chemistry. Even 
where simple chemistry is involved, if a pollutant is released to air from a 
large number of sources, or is released from a diffuse source over a large 
area (e.g., oceanic emissions), an Eulerian modelling framework may be the 
most efficient option due to the large number of discrete pollutant parcels 
that a Lagrangian model would have to track and simulate. 

MERCURY EMISSIONS INTO CONTINENTAL AIR 
MASSES 

As mentioned before, most direct anthropogenic emissions of mercury 
occur in continental areas, and a significant fraction of anthropogenic 
emissions are in the oxidized forms that deposit from the atmosphere most 
rapidly. Model simulations of the atmospheric fate and transport of mercury 
suggest that the speciation of the mercury emissions governs mercury 
deposition patterns in industrial source areas, while in remote areas the 
atmospheric chemistry of mercury determines those deposition patterns (Pai 
et al., 1999). Clearly, it is important to ensure that numerical models of 
atmospheric mercury include a proper treatment of mercury transformations, 
but in continental air masses the speciation of emissions is more important 
than anywhere else. When modelling mercury deposition from continental 
air masses, an accurate inventory of industrial emissions of oxidized mercury 
is most critical to achieving accuracy in the simulated wet and dry deposition 
of total mercury to nearby sensitive watersheds. 

Because of the strong diel (day-night cycle) fluctuations in the PBL 
structure of continental air masses, the transport and diffusion characteristics 
of any air pollutant emitted into them are highly dependent on the time of 
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day and height of the emission. When daytime surface heating is at a 
maximum, strong convective vertical mixing occurs between the surface and 
the PBL top which may be 2 km or more above the surface. Under these 
conditions, even pollutant emissions from tall stacks can rapidly mix down 
to the surface and lead to localized increases in air contaminant 
concentrations. However, vertical homogenization of the air within this deep 
PBL tends to rapidly dilute pollutant air concentrations. Therefore, deep and 
rapid mixing with the PBL formed under conditions of strong solar heating 
does not necessarily lead to the highest surface-level air concentrations near 
emission sources. 

Under the opposite conditions of nighttime surface cooling, a vertically 
stratified nocturnal boundary layer develops over the surface. Emissions near 
the surface within this shallow layer of temperature inversion (increasing 
temperature with height) will not be mixed vertically and will remain near 
the surface. Winds also tend to be rather light within this nocturnal boundary 
layer, leading to high pollutant concentrations in the locality of an emission 
source. Elevated and buoyant emissions which are released or rise above the 
top of this nocturnal boundary layer will exhibit vertical mixing to some 
degree dependent on the PBL structure left behind from the previous day, 
but downward mixing will be limited by the top of the nocturnal inversion 
layer. Under this condition, pollutant emissions can travel very long 
distances aloft during the night with little or no surface-level air 
concentration from the source in question. 

Similar vertical thermal structures can exist in marine air masses, but they 
are rarely as intense and do not have such strong diel cycles as those found 
in continental air masses. For this reason, simulations of pollutant transport 
and diffusion in continental air masses depend more strongly on detailed 
information regarding the time of day and effective stack height, which is the 
sum of physical stack height and plume rise, of pollutant emissions. 

A variety of mercury emission inventories have been developed, but only 
a portion of them are useful for numerical simulation modelling applications. 
Inventories where the emission flux is defined as national totals, or as totals 
for large political regions like state or provinces, are rarely useful for 
atmospheric simulation modelling. The spatial resolution of emissions 
information provided in this form is simply insufficient. In a technical sense, 
these emission inventories are simply data sets which are used as inputs to 
numerical simulation models and are not really a part of the models 
themselves. Nonetheless, the various assumptions and simplifications that 
are made during the course of compiling these emission inventories can have 
profound effects on the results of model simulations. Emission sources are 
nearly always grouped or categorized based on industrial activity or physical 
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characteristics of the emission source. But the definitions for these groups 
and categories of sources can vary quite significantly between individual 
inventories. Instead of describing the emissions of Hg°, RGM and particulate 
Hg for each source, most current inventories provide only total mercury 
emission rates. The critical estimation of the speciation of those mercury 
emissions are usually left for the modeler to perform based on the type or 
category of the source in question. Beginning with their 1999 base year, 
mercury emission inventory developers at the U.S. EPA began to prescribe 
speciation profiles for each source type and category in their inventory. 

To be used for simulation purposes, mercury emission inventories must 
contain descriptions of each major source of mercury providing its 
geographic coordinates (e.g., latitude and longitude) for locating the source 
within the modelling domain and exhaust characteristics (e.g., stack height, 
exhaust temperature) for estimating the effective height of emission in 
addition to basic mercury emission flux rates. Most emission inventories 
provide no temporal resolution at all for the emission flux rates and simply 
provide a single mass per time quantity for each source element in the 
inventory. Rarely do these inventories provide an indication of the fraction 
of the total emissions applicable to each hour of the day, day of the week, or 
month/season of the year. Smaller anthropogenic sources of mercury that are 
not accounted for individually during inventory development are typically 
described as "area sources" and are accounted for as a group for each state, 
province, or other political division. Since the geographic size and shape of 
these political divisions may vary widely, the modeler is faced with a 
spatially allocation problem that has no standard solution. Sometimes the 
geometric centroid of the political division is used as the simulated emission 
point for a single integrated area source. Sometimes the flux rate indicated 
for the area source is spatially distributed among the model grid points or 
grid cells falling within the boundaries of the political division. Whatever the 
case, the spatial resolution of the emission inventory is usually inferior to 
that of the model and additional modelling uncertainty results from the 
spatial allocation. 

There is one strictly terrestrial mercury air emission source type that can 
be significant in comparison to industrial sources and is sometimes 
considered natural, but is in fact largely anthropogenic; that being forest fires 
(Friedli et al., 2003; Friedli et al., 2001). Not only are many forest fires 
intentionally set, but much of the mercury emitted from them is actually 
anthropogenic mercury accumulated in forest soils from atmospheric 
deposition over the decades or centuries since the last forest fire at that 
location. Intentional agricultural fires (prescribed burning) also fall into this 
category, but in this case there is good reason to expect the amount of 
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mercury accumulated in the underlying soils to be less important than in 
forest fires due to the shorter accumulation period since the last burning. 
Being a combustion source, one might expect a significant fraction of the 
mercury emitted from these fires to be in oxidized form. However, recent 
measurements of Hg emitted from forest fires in the Cascade Mountains in 
Washington State showed 95% or more to be in the form of Hg° gas with the 
remainder found in the particulate fraction of the smoke (Friedli et al., 2003). 

There is currently no comprehensive mercury emission inventory for 
modelers to account for individual forest and agricultural fires in their 
simulations, and no generally-accepted method to estimate long-term 
average emission rates from such sources. This is certainly a subject in need 
of additional research. 

Emissions of mercury to continental air from water bodies, soils, and 
vegetation are also anthropogenic to a large degree since much of the 
mercury in those media was deposited over time from anthropogenic 
sources. However, nearly all of these emissions are believed to be in the 
form of Hg° (Vette et al , 2002; Grigal, 2002). Truly natural emissions of 
mercury from geologic formations are also believed to be mostly Hg° 
(Gustin et al., 2002). Continental-scale modelling has shown that industrial 
Hg° emissions do not add significantly to the Hg° air concentration except in 
intense source regions and the effect of Hg° air concentrations on the 
simulated deposition of total mercury is mostly influenced by the air 
concentration at the lateral model boundaries (U.S. EPA, 1997). Except 
where natural substrates are exceptionally rich in mercury, it follows that 
natural emissions of Hg° may also be factored into continental-scale 
modelling by the background Hg° air concentration. Nonetheless, the 
processes that govern the exchange of mercury between the atmosphere and 
the various natural surfaces below it need to be studied and understood so 
that, eventually, these processes and sources of natural and recycled mercury 
can be included more explicitly in atmospheric modelling. 

ATMOSPHERIC MERCURY CHEMISTRY 

Nearly all contemporary models of atmospheric mercury attempt to 
simulate generally the same gas-phase reactions in air and aqueous-phase 
reactions in cloud water that have been identified and studied through 
laboratory investigation. Some of these chemical reactions were first 
identified and studied many years ago, but modern laboratory techniques 
developed only in past few years have allowed much improved 
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determination of the rate of these reactions under various conditions. Some 
models ignore the slower, less significant reactions of mercury in order to 
concentrate efforts on simulating the reactions that are believed to be most 
important (Ryaboshapko et al, 2002). Laboratory investigation of mercury 
chemistry is continuing and it sometimes results in significantly revised 
estimates of reaction rate for particular reactions and considerable debate 
among the modelling community as to which rate determination to accept as 
most accurate. 

In just the past few years, a number of scientific papers have been 
published describing chemical reactions of mercury in air and in cloud water. 
Some provide information about chemical reactions that were suspected for 
some time to occur in the atmosphere, but for which no reaction rate 
determinations had been published before (Ariya et ah, 2002). Some suggest 
significantly different values for reactions rates that had been published 
previously (Van Loon et al., 2000). One even suggests the existence of an 
unusual form of water-soluble mercury that had never been considered 
before, a Hg°-SC>2 complex (Van Loon et al., 2001), while another provides 
evidence that a chemical reaction previously included in many atmospheric 
mercury models does not actually occur in atmospheric water (Gardfeldt and 
Jonsson, 2003). 

Atmospheric measurements taken in recent years have identified 
previously unknown chemical phenomena regarding mercury. It is only since 
the late 1990's that gaseous elemental mercury depletion events (GEMDEs) 
have been recognized to occur in northern Canada (Schroeder et al., 1998). 
Subsequent research has improved our understanding of GEMDEs and has 
found them to occur at various circumpolar locations (Lindberg et al., 2002; 
Ebinghaus et al , 2002; Sommar et al, 2004). We are only just now 
beginning to understand how GEMDEs occur and how they may influence 
the global cycling of mercury (Bottenheim et al., 2002). Ongoing 
observations of RGM and particulate Hg at high altitude, both aloft and on 
mountain tops, suggest that chemical oxidation of mercury is occurring on in 
the middle and/or upper atmosphere for reasons that are not yet understood 
(Landis, 2004). 

These new and revised chemical rate determinations and observations of 
unexplained atmospheric phenomena are certainly keeping the chemistry 
formulations of atmospheric mercury simulation models in a state of 
uncertainty and change. This should be considered a good thing, as it 
indicates progress is being made in developing our understanding of the 
behavior of atmospheric mercury and the sources most likely responsible for 
observed atmospheric mercury deposition and ecosystem contamination in 
continental areas. 
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MODELLING MERCURY WITH THE COMMUNITY 
MULTI-SCALE AIR QUALITY MODEL 

The Community Multiscale Air Quality model (CMAQ) is an Eulerian 
type model used to simulate the transport, transformation and deposition of 
air pollutants and their precursors (Byun and Ching, 1999). The pollutants 
simulated by the standard version of CMAQ include tropospheric ozone, 
acidic and nutrient substances, and aerosol matter of various composition 
and particle size. The standard version was used as the basis for development 
of the mercury version of CMAQ (CMAQ-Hg) which has been applied to 
simulate continental domains in North America and Europe. A complete 
description of all special CMAQ model formulations for the simulation of 
atmospheric mercury is given in Bullock and Brehme (2002). Basic transport 
and diffusion simulation in the CMAQ-Hg was kept the same as in the 
standard CMAQ. All pollutant species normally simulated by the standard 
CMAQ are also simulated in CMAQ-Hg along with mercury and molecular 
chlorine gas. Descriptions of the standard CMAQ are found in Byun and 
Ching (1999). 

The CMAQ-Hg modelling domain is variable in size and spatial 
resolution. Horizontal spacing of grid points in mercury simulations 
performed thus far has been 36 km in both dimensions. Two vertical layer 
structures have been employed using 14 and 21 layers of varying thickness 
from the surface to the 10 kPa pressure level, with the finest resolution near 
the surface. All CMAQ-Hg simulations performed thus far have used the 
Carbon Bond-IV (CB-IV) gaseous chemistry mechanism from the standard 
model plus special chemistry treatments for mercury and molecular chlorine 
gas which is a significant oxidizing agent for mercury in air and cloud water. 
Meteorology has been defined using the Fifth-Generation Pennsylvania State 
University / National Center for Atmospheric Research (NCAR) Mesoscale 
Model (Grell et al., 1994), commonly referred to as "MM5", employing the 
surface energy flux and the planetary boundary layer model of Pleim and 
Xiu(1995). 

The CMAQ-Hg simulates mercury in three separate forms; (1) gaseous 
Hg°, (2) RGM, and (3) particulate Hg. Particulate Hg is resolved in two 
particle size modes; the super-fine Aitken mode and the fine-particle 
accumulation mode. A treatment for coarse-mode particulate Hg is currently 
under development. Four gas-phase oxidation reactions for mercury are 
simulated in the CMAQ-Hg as shown in Table 1. The Hg2+ products of these 
reactions are modeled in CMAQ-Hg as either RGM or particulate Hg based 
on the vapor pressure of the compounds that are assumed to be produced. 
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Reduction of Hg species to Hg is simulated only in the cloud chemistry 
mechanism. While some chemical reduction of Hg2+ to Hg° may occur in the 
gas phase, the mechanism and rate for this type of reaction remains poorly 
understood. In general, gas-phase reactions of mercury appear to be of minor 
importance to its oxidation state as compared to its aqueous-phase reactions. 

Chlorine photolysis is known to occur at a rather rapid rate, similar to 
nitrogen dioxide, a gas-phase species simulated in the standard CMAQ and 
in CMAQ-Hg. The Cl2 photolysis rate in CMAQ-Hg is referenced to the 
CMAQ photolysis rate for N02 with a proportionality factor of 0.295. This 
referencing is based on efforts at the University of Texas to expand the CB-
IV mechanism to include Cl2 and is based on their analysis of updated 
actinic flux data for Cl2 and N02 (Finlayson-Pitts and Pitts, 2000). 

Figure 1. Schematic representation of the aqueous mercury chemical mechanisms. 

The cloud chemistry mechanism for mercury in CMAQ-Hg is illustrated 
in Figure 1. It simulates gas/liquid partitioning, aqueous chemistry and 
reversible sorption of Hg2+ complexes to elemental carbon aerosol (ECA) 
suspended in cloud water, and was developed based on the approach of 
Pleijel and Munthe (1995). This aqueous chemistry mechanism involving 
Hg°, the Hg2+ ion, and six Hg2+ compounds is simulated simultaneously with 
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the pre-existing aqueous chemistry from the original CMAQ. Gas/liquid 
partitioning of Hg° and RGM is simulated using Henry's law equilibrium 
assumptions. RGM is assumed to partition based on the Henry's constant for 
mercuric chloride (HgCl2). 

Particulate mercury is assumed to be completely incorporated into cloud 
water and composed of Hg2+ sorbed to ECA at the start of the CMAQ 
operator splitting technique that is employed to simulate cloud chemistry and 
wet deposition (Byun and Ching, 1999). All aqueous chemical reactions for 
mercury and their rate constants are shown in Table 1. 

Table 1. 

No. 

Chemical reactions for mercury and their rate constants used in CMAQ model. 

Reaction korK Ref. 

Gaseous-phase reaction ofHg 

RGl 
RG2 
RG3 
RG4 

Hg0(g) + O3(g) TPM 
Hg°(g) + Cl2(g) RGM 
Hg°tt, + H202tt) TPM 
H g ^ + O H u - T P M 

3.0 xio20cm3 molecules"1 s"1 

4.8 xio1 8 cm3 molecules"1 s"1 

8.5 xio19cm3 molecules"1 s"1 

8.7 xio1 4 cm3 molecules*1 s"1 

1 
2 
3 
4 

Aqueous-phase reactions ofHg 

RAl 
RA2 
RA3 
RA4 
RA5 
RA6 
RA7 

Hg°(aq) + 03(aq) ~> Hg2+
(aq) + products 

HgS03(aq) ~> Hg°(aq) + products 
Hg(OH)2(aq) + hv -+ Hg0

(aq) + products 
Hg°(aq) + OHcaq) -»• Hg2+raq) + products 
Hĝ Caq) + H02(aq) ~» Hg (aq) + products 
Hg°(aq) + HOCl(aq) - • Hg2+

(aq) + products 
Hg°(aq) + OCl'(aq) ~* Hg2+

(aq) + products 

4 .7xl0 7 M"V 
Txg((31.971xT)-12595)n- g-l 

6.0 xlO'7 s"1 (maximum)f 

2.0xi09M"1s"1 

l.lxio-'M's"1 

2.09xl06M-Is-1 

l^xlO^^s" 1 

5 
6 
7 
8 
9 
10 
10 

Aqueous-phase chem ical equilibria for Hg 

El 
E2 
E3 
E4 
E5 
E6 

Hg2+ + S 0 3
2 ~ H g S 0 3 

HgS0 3 + S03
2" «-» Hg(S03)2

2" 
Hg2+ + 2C1 "~HgCl 2 

Hg2+ + OH ~ H g O H + 

HgOH* + OH " ~ H g ( O H ) 2 

HgOH+ + C l < - H g O H C l 

2.0xl013M 
4.0xlO"12M 
1.0xlO"14M2 

2.51xiOnM 
6.31 xlO"12M 
3.72xl0"8M 

11 
11 
12 
11 
11 
11 

Henry's equilibria for Hg 

HI 
H2 

H g (g) <=> H g (aq) 
HgCl2(g) O HgCl2(aq) 

1.1 xiO^Matm"1 

1.4xl06Matm-' 
13 
14 

* Rate constant for RA3 is scaled to the cosine of solar zenith angle 
References: (1) Hall (1995); (2) Calhoun and Prestbo (2001); (3) Tokos et al. (1998); (4) 
Sommar et al. (2001); (5) Munthe (1992); (6) Van Loon et al. (2000); (7) adapted from 
Xiao et al. (1994); (8) Lin and Pehkonen (1997); (9) Pehkonen and Lin (1998); (10) Lin 
and Pehkonen (1998); (11) Smith and Martell (1976); (12) Lin and Pehkonen (1999); (13) 
Sanemasa (1975); (14) Lindqvist and Rodhe (1985) 
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Chemical equilibria used in the aqueous mechanism are also in Table 1, 
as are the Henry's constants used for gas/liquid partitioning. Sorbed aqueous 
Hg2+ complexes are not subject to aqueous chemical reduction to the 
elemental form and subsequent out gassing from cloud droplets (Seigneur et 
al., 1998). Thus, sorption to ECA can affect the amount of mercury in cloud 
water subject to removal by precipitation. 

Upon completion of the CMAQ operator splitting function for cloud 
chemistry and wet deposition, all aqueous chemical species are transferred 
back to the gas phase for the simulation of transport and dry deposition. This 
transfer is necessary because the current versions of the CMAQ and CMAQ-
Hg have no explicit simulation of cloud water transport. Cloud water 
concentration is estimated at the beginning of each aqueous chemistry time 
loop based on the previous MM5 meteorological model simulation. Given 
the assumptions of Henry's equilibrium for all gaseous species and complete 
incorporation of particulate Hg into cloud water at the beginning of the cloud 
chemistry time loop, the effect on the aqueous chemistry simulation from 
this transfer to the gas phase is minimal. Methods for explicit simulation of 
the transport of cloud water and its chemical constituents by the CMAQ 
modelling system are currently under development. In the mean time, 
dissolved Hg° is transferred as gaseous Hg°, all dissolved Hg2+ species are 
transferred collectively as RGM, and all Hg2+ species sorbed to ECA are 
transferred collectively as particulate Hg. 

It should be noted that emissions of sea salt aerosol and other sources of 
chloride ion (CI) in cloud water are not yet defined for the standard version 
of CMAQ. A minimum aqueous CI" concentration of 1.0 xlO"3 g r1 is 
assumed in the current form of CMAQ-Hg based on the value of 2.5 xlO"3 g 
l"1 previously adopted for long-range mercury transport model 
intercomparison (Ryaboshapko et al., 2002). The speciation of dissolved 
Hg2+ compounds in cloud water is dependent on CI" concentration. A top 
priority for future development of CMAQ is the addition of sea salt and 
crustal aerosol emissions. 

The CMAQ-Hg model parameterization for the sorption and desorption 
of aqueous Hg2+ species to ECA suspended in cloud water is adapted from 
previous work by Seigneur et al. (1998). A complete description of the 
CMAQ-Hg treatment of Hg2+ sorption in the aqueous media is available in 
Bullock and Brehme 2002. 

The CMAQ-Hg model simulates the wet deposition of Hg°, RGM, and 
particulate Hg in the same manner as for all other aqueous pollutant species 
previously resolved in the standard CMAQ model. The cloud-water 
concentration of each pollutant is deposited to the surface based on the 
simulated rate of precipitation falling from each clouded grid volume during 
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the cloud chemistry time splitting operation. The cloud water concentration 
of Hg° is relatively low compared to the total dissolved and sorbed Hg2+, and 
the simulated wet deposition of Hg° is minor compared to that of RGM and 
particulate Hg. 

The cloud-water concentration of RGM is calculated as the sum of the 
dissolved-phase concentrations of all seven Hg2+ species in the aqueous 
chemistry mechanism. The cloud-water concentration of particulate Hg is 
calculated as the sum of the concentrations of all sorbed Hg2+ species. 

Dry deposition of Hg° is assumed to be negligible in comparison to that 
of RGM and particulate Hg. It may actually be a minor compensation to 
emission fluxes of Hg° from geology, vegetation and water bodies such that 
dry evasion of Hg° might well be occurring instead. The dry deposition 
velocity for Hg° is currently set to zero the CMAQ-Hg model. RGM dry 
deposition is known to occur very readily, especially to lush vegetation and 
to water surfaces. The standard CMAQ dry deposition parameterization for 
gaseous nitric acid is also used for RGM. Dry deposition of particulate Hg is 
simulated based on pre-existing deposition velocity formulations in the 
standard CMAQ for the two modeled particle size modes. 

MODELLING ACCURACY 

An inter-comparison of mercury cloud-chemistry models was organized 
in 2000 at the Meteorological Synthesizing Center - East (MSC-East) in 
Moscow, Russia, with the participation of atmospheric mercury model 
developers from Germany, Russia, Sweden, and the U.S. (Ryaboshapko et 
al., 2001). Five mercury chemistry models, including CMAQ-Hg, were 
compared using the same hypothetical conditions for a cloud/fog volume. 
The same cloud microphysical parameters (i.e., liquid water content, droplet 
size, temperature and pressure) and initial conditions for chemistry in air and 
cloud water were used by all models, including identical initial 
concentrations in air and cloud water for three forms of mercury, Hg°, RGM 
(assumed to HgC^), and particulate Hg. The results showed considerable 
variation among the models in their simulated accumulation of these three 
forms of mercury in cloud water during the 48-hour simulation period. With 
the exception of one model which used a rather different overall chemical 
system for mercury, it was not expected at the outset of the study that there 
would be a large amount of variation between the simulations. However, 
further investigation found a number of differences between the models in 
the exact set of reactions they simulated and the rate constants they 
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employed for each reaction. There was also considerable difference in the 
way each model treated the association of aqueous Hg2+ with suspended 
particulate matter in cloud water. Overall, the results suggested that further 
basic research is critically needed to reduce uncertainties in the formulation 
of Hg chemistry models. 

This international atmospheric mercury model inter-comparison activity 
is continuing, and a second phase of study involving full-scale model 
simulations for Europe has been conducted by participants from Bulgaria, 
Canada, Denmark, Germany, Russia, and the U.S. (Ryaboshapko et al., 
2003). In addition to comparing results between the various models, these 
full-scale model simulations have been compared to observations of surface-
level air concentration of total gaseous mercury (TPM), RGM and 
particulate Hg taken at five locations during 11 days in June/July of 1995 
and 14 days in November 1999 (Ryaboshapko et al., 2003). Six of the 
models applied were Eulerian in structure and one was Lagrangian. All 
models used the same mercury emission inventories for input. 

The air concentrations of Hg° assumed to be present at the lateral 
boundaries of the Eulerian models and super-imposed across the model 
domain of the Lagrangian model were a strong factor in each model's 
simulated total gaseous mercury (TGM) air concentration pattern over 
Europe, and each simulation of this species agreed quite well with 
observations in a statistical sense. However, for the RGM fraction of TGM, 
it was found that the models were only able to match observations of air 
concentration within a factor of 4 on average, and the difference was found 
to exceed an order of magnitude for some individual samples. The agreement 
between models and measurements for TPM was generally within a factor of 
2, and most of the models were able to reproduce observed peaks in TPM air 
concentration at the proper time, if not at the proper amplitude. Ryaboshapko 
et al. (2003) concluded that the models had shown some skill in reproducing 
general TGM conditions, but our knowledge of the physico-chemical 
processes of RGM is still incomplete and sufficiently accurate 
parameterizations for this species have not yet been incorporated into the 
models. 

A third phase of the MSC-East model inter-comparison study is now in 
the final stages of completion where simulations of monthly wet deposition 
flux are being compared to observations at nine locations in Europe. These 
results are not yet available for publication, but a comparison of simulated 
weekly wet deposition flux to observations at eleven sites in the U.S. has 
been conducted by the U.S. EPA using the same full-scale model it later 
applied for the European study (Bullock and Brehme, 2002). In the earlier 
study, the Community Multi-scale Air Quality (CMAQ) model was used to 
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Figures 2 and 3 show comparisons of simulated weekly Hg wet 
deposition versus observations from the Mercury Deposition Network 
(MDN) taken during the Spring and Summer test periods, respectively. 

I 9 U U " 

1250 -

1000 -

750 • 

500 -

250 -

0 -

• 

• 

• 

• 

• 

• 

• 
—i 

*r + 

1 

• 

1 

y = 0.8631 x 

• S 

y y " ' ' l = 0.7033* + 74.657 
X y

y R2 = 0.4895 

1 i 

0 250 500 750 1000 1250 1500 
Observed (ng Hg per square meter) 

Figure 2. Scatter of the CMAQ - simulated versus MDN-observed weekly wet 
deposition flux of total mercury for the period 4 April to 2 May 1995. 
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Figure 3. Scatter plot of the CMAQ-simulated versus MDN-observed weekly wet 
deposition flux of total mercury for the period 20 June to 18 July 1995. 
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simulate mercury for two 4-week periods in 1995 over the central and 
eastern U.S. and adjacent parts of southern Canada. 
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Figure 4. Scatter plot of the MM5-simulated versus MDN-observed weekly precipitation 
amount the period 4 April to 2 May 1995. 
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Figure 5. Scatter plot of the MM5-simulated versus MDN-observed weekly precipitation 
amount for the period 20 June to 18 July 1995. 



CHAPTER-14: MODELLING HG TRANSPORT 337 

The results in Figure 2 differ slightly from the Spring-period results 
published in Bullock and Brehme (2002) and show a slight increase in model 
accuracy due to correction of a slight error in the results analysis. Figure 2 
indicates moderate model skill, but Figure 3 shows rather poor model 
performance. 

Figures 4 and 5 show comparisons of simulated versus observed weekly 
precipitation amount during the Spring and Summer periods, respectively. 

Precipitation rate and all other meteorological variables for CMAQ 
simulations are derived from previous applications of the MM5 
meteorological model. 

Figure 5 shows that the precipitation inputs for the CMAQ atmospheric 
mercury simulation of the Summer period were highly inaccurate. 
Obviously, the accuracy of CMAQ simulations of the wet deposition of Hg 
is dependent on an accurate definition of precipitation. 

Comprehensive evaluation of this or any other atmospheric mercury 
model is currently not feasible due to a lack of measurements of the dry 
deposition flux of mercury. Without a confident definition of the true 
atmospheric deposition flux of Hg by both wet and dry processes, we cannot 
determine with confidence that any model is an accurate reflection of real 
atmospheric processes. A model could be simulating the wet deposition flux 
in the correct amount only because it has grossly over-represented the dry 
flux and has therefore left too little pollutant in air to be wet deposited. 
Likewise, it could be simulating too much wet deposition because the dry 
deposition flux was under-represented and the simulated air concentrations 
are too high. Air concentration measurements for each of the pertinent 
mercury species could certainly help to constrain this problem. However, we 
have no reason to believe that mercury contamination of aquatic ecosystems 
is due only to the wet deposition of atmospheric mercury. 

Until we can assess model performance regarding the total atmospheric 
deposition of mercury, we gain insight into only a fraction of the problem, 
and we cannot know the size of that fraction. 

SUMMARY 

Atmospheric simulation models are being used widely to inform 
governmental policy makers about current scientific indications regarding 
the most effective mercury emission control options to reduce atmospheric 
deposition. Unfortunately, these models do not always agree as to the 
sources responsible for the deposition observed in particular areas. This 
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disagreement between models does not appear to come only from differences 
in the sets of chemical and physical reactions of mercury they simulate. 
Uncertainty regarding actual air concentrations of Hg°, RGM and particulate 
Hg at high altitudes and over remote locations requires continental-scale 
modelers to adopt boundary air concentration values that are based either on 
lower-resolution global-scale models or on very sparse observational data. 
Uncertainty about exchanges of mercury between the atmosphere and the 
various surfaces beneath it requires still more assumptions to be made. 
Obviously, these types of assumptions provide ample opportunity for model 
simulations to differ. The current lack of measurement data to support 
comprehensive model evaluation will certainly need to be addressed if we 
are to know which models, with all of their attendant assumptions, are the 
most accurate reflections of reality. 
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DISCLAIMER 

The research presented here was performed under the Memorandum 
of Understanding between the U.S. Environmental Protection Agency 
(EPA) and the U.S. Department of Commerce's National Oceanic and 
Atmospheric Administration (NOAA) and under agreement number 
DW13921548. Although it has been reviewed by EPA and NOAA and 
approved for publication, it does not necessarily reflect their policies or 
views. 
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INTRODUCTION 

Non-occupational exposures of the human population to mercury occur 
predominantly as methylmercury from fish and shellfish consumption and as 
inorganic mercury among the segment of the population for whom silver-
mercury amalgams have been used in dental restorations. These sources of 
exposure are sufficiently common as to constitute the background onto which 
additional sporadic exposures are added. Examples of the latter include mercury 
in cosmetics, folk remedies, cultural practices, accidents, and forensic or use of 
mercury as a poison. 

Occupational exposures which cover a wide range of types of work (e.g., 
chloralkali factory workers, dentists, dental technicians, gold miners) are 
predominantly to inorganic mercury, mercury vapors, and various mercury salts. 
The rare occupational exposure to organo-mercurials has proven extremely 
dangerous. However, organo-mercurial residues have been identified in 
environmental samples at former mercury plants where organo-mercurials for 
pesticide use were produced (Hempel et al., 1995). 

This chapter provides an overview of reports on sources of mercury in the 
Americas during the past 30 years. The descriptions are for specified subgroups 
and usually provide no indication of the prevalence of the exposures in the 
general population. The usual situation relies on reported mercury exposures in a 
geographic location, a cohort, an occupation, a poisoning episode, or in some 
other subgroup. 
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Based on this collage of data describing the magnitude of mercury exposures 
in the Americas, an estimate of the sources and pervasiveness of the mercury 
exposures emerges. This chapter does not compare exposure estimates with risk 
values for methylmercury (e.g., NAS/NRC, 2000; Rice et al , 2003; JECFA, 
2003). 

BIOLOGICAL INDICATORS OF MERCURY 
EXPOSURE 

Biomarkers of Mercury Exposure 

Environmental data describing mercury concentrations in media including 
air, water, sediments, biota, etc. indicate the magnitude of contamination of 
various routes of mercury exposure. In risk assessments relating mercury 
exposure to health effects, dose-response for a group of individuals may include 
consideration of biomarkers of exposure to the prevalence of adverse health 
effects. Chemical analyses of body fluids and tissues provide an indication of the 
chemical species of mercury to which the person was exposed, the magnitude, 
the time and duration of the exposure. Whole blood, urine, and hair are the body 
fluids and products typically analyzed to determine their mercury concentration 
to provide an indication of the person's mercury exposures. These three tissues 
provide diverse information. For example, blood mercury typically is used to 
indicate exposure to organic mercury, almost always dominated by 
methylmercury. Urinary mercury is an indicator of exposure to inorganic 
mercury. Hair mercury is dominated by exposure to methylmercury. Because 
mercury can deposit on hair from surface contamination, total mercury content 
of hair may not be a reflection of mercury excreted from the body, but may be 
dominated by mercury from surface contamination. In depth review articles on 
this topic include: Risher et al. (2002), Mason et al. (2001). Veiga (2004) 
provides guidance on practical aspects of collection of environmental and human 
biological samples for evaluation of exposure to mercury vapor, inorganic 
mercury and methylmercury. Veiga (2004) also reviews in-depth methodologies 
for analyses that provide both total and chemically speciated mercury 
concentrations. A brief overview of the relationship of chemical species of 
mercury to mercury concentrations in biological materials used as biomarkers of 
exposure follows. 
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Chemical Forms of Mercury to Which People Are Commonly 
Exposed 

Methylmercury. More than 95% of methylmercury present in diet is absorbed 
from the gastrointestinal tract. The half-life of total blood mercury in human 
adults is generally given as approximately 70 days, however, individual values 
as long as 250 days have been reported by Birke et al. (1972). Based on data 
from 48 patients al-Shahristani and Shihab (1974) reported that biological half-
times of blood mercury varied between 37 and 189 days, with an average of 72 
days. The half-life of methylmercury in blood has been estimated to be 44 days 
based on single exposure intravenous injection of radio-labeled methylmercury 
(Smith et al., 1994). Based on results from Kershaw et al. (1980) elimination of 
methylmercury from blood had a biphasic half-time of 7.6 hours (range 4.9 
hours to 9.5 hours) and 52 days (range 39 days to 66 days) following 
consumption of single serving of high-mercury fish (Kershaw et al., 1980). 
Sherlock et al. 1984 reported a half-time of 50 days (range 42 to 70 days) for 
methylmercury from consumption of fish over a period of several weeks in a 
group of adult volunteers. 

Among the general population in the United States when total blood mercury 
exceeded ~ 4 ug/L more than 90% of the mercury present was organic mercury 
(Mahaffey et al., 2004). The source of organic mercury for the general 
population is methylmercury from the consumption offish and shellfish. 

Inorganic mercury. Blood inorganic mercury concentrations have been used 
to detect acute, high dose exposures. At high exposures the cell-to-plasma ratio 
ranges from a high of two to less than one (Goyer and Clarkson, 2001; Mason et 
al., 2001). Alternately monitoring of urine is the indicator for exposure to 
chronic, low-to-moderate inorganic mercury exposure (Mason et al., 2001). 
Health risks associated with various values are discussed elsewhere. The 
distribution of inorganic mercury concentrations is discussed below. 

The half-life of inorganic mercury in blood is about three days based on 
experimental studies with radio-labeled mercury (Cherian et al., 1978). A second 
slower half-life of about two to three weeks has been indicated based on studies 
in chloralkali workers whose exposures were terminated (Barregard et al., 1992). 
Urinary levels are used to monitor sustained exposure to inorganic mercury. 

Mercury vapor. An excellent recent review of the health effects of mercury 
vapor is provided in the UNBDO Protocols for Environmental and Health 
Assessment of Mercury Released by Artisanal and Small-Scale Gold Miners 
(Veiga, 2004). Inhalation of mercury vapor is the most significant form of 
mercury exposure for mining and gold shop workers engaged in these types of 
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mining operations. Once inside the lungs mercury is oxidized forming Hg (II) 
complexes which are soluble in many body fluids. 

The half-time of Hg in blood absorbed as a vapor is 2 to 4 days after which 
90% is excreted through urine and feces followed by a second phase with a half-
time of 15-30 days (WHO, 1991). Between passage of elemental mercury 
through the alveolar membrane and complete oxidation, mercury accumulates in 
the central nervous system (Mitra, 1986). During this process mercury can 
irreversibly damage the central nervous system. At exposures of moderate 
duration, the kidneys are also affected. Short-term exposure to high levels of 
mercury vapor produces chest pain, dyspnea, cough impaired pulmonary 
function, interstitial pneumonitis (Veiga, 2004; WHO, 1991). Occupational 
exposures to mercury vapor have caused psychiatric symptom, hallucinations, 
erethism (exaggerated emotional response), insomnia, and muscular tremors 
(WHO, 1991). 

Ethylmercury, Phenylmercury and Other Mercury Compouncb]zihy\m&cwy 
has been added as a preservative to vaccines and biologicals since the 1930s 
(Midthun, 2004). The metabolism of ethylmercury administered by 
intramuscular injection (as it would be used in vaccines) differs from 
methylmercury based on studies with primates (Burbacher et al, 2004). 
Compared with methlymercury, ethylmercury derived from thimerosal has a 
shorter terminal half-life in both blood and brain. In young monkeys, Burbacher 
et al. (2004) found minimal accumulation of total blood mercury from 
ethylmercury derived from tihimerosal, but found that the brain-to-blood partition 
ratio for ethyl mercury was higher than that for methylmercury. Earlier work by 
Pichichero et al. (2002) had reported that the blood half-life for ethylmercury in 
human infants was 7 days, substantially shorter than the half-life of 
methylmercury. Measurement of blood mercury levels in infants 48 to 72 hours 
after hepatitis B vaccinations at birth showed a substantial elevation in their 
blood mercury concentration (Stajich et al., 2000). 

Phenylmercury is absorbed from the gastrointestinal tract and excreted in the 
urine based on studies with adult volunteers. This form of mercury has been 
used as a preservative in cosmetics and has been used as an anti-infection agent 
in products such as mouth washes (Lauwerys et al., 1977). A study with adult 
human volunteers (Lauwerys et al., 1977) showed use of these products resulted 
in a marked increased urinary mercury excretion and an increase in blood 
mercury concentration with even very short-term use. Use of hand soap 
containing phenylmercuric borate was associated with increased urinary mercury 
among adult male and female health professionals using the soap as a 
disinfectant in hand cleaning (Peters-Haefeli et al., 1976). It was estimated that 
use of hand soap containing 0.04% phenylmercuric borate increased daily 
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mercury absorption between 30 to 100 jxg Hg/24 hours, in part due to hand-to-
mouth transfer of mercury. 

Biological Media Used to Indicate Mercury Exposure 

Blood Mercury. Blood mercury concentration is the preferred biomarker for 
exposure to methylmercury. When blood mercury exceeded ~ 4 ug/L, more than 
90% of mercury in blood was present as organic or methylmercury in adult 
women in a sample representative of the United States population (Mahaffey et 
al., 2004). At lower blood mercury concentrations in the range of 1 ug/L to 2 
ug/L blood mercury indicates exposures to both inorganic mercury and 
methylmercury (Mahaffey et al., 2004; Morrissette et al., 2004). Whether the 
inorganic form or methyl form predominates, depends on the relative 
contribution to the total mercury burden of fish consumption vs. dental 
amalgams. 

In occupational settings where there is high exposure to mercury vapor, blood 
inorganic mercury has been found to be elevated and closely correlated with 
urinary mercury (e.g., data on chlor-alkali workers - see Smith et al , 1970). 
These findings were reported from subjects whose exposures ranged to levels far 
higher than observed in the general population in the Americas; i.e., > 20-30 
ug/L whole blood. Exposure to mercury vapor may occur non-occupationally in 
mercury spills or in ritualistic use of mercury (see 4.7 below). 

Urinary mercury. Urine mercury concentration is usually expressed in ug/L. 
Frequently mercury concentrations are adjusted for creatinine excretion. 
Creatinine is excreted by the kidneys and is a breakdown produce of creatine 
which is a constituent of muscle. Creatinine excretion depends on muscle mass 
so values for a person are relatively constant depending on age and lean body 
mass. Creatinine concentrations are usually expressed in mg/dL. Urinary values 
expressed simply in volume (per L) are subject to dilution and consequently 
more variable with the quantity of fluids consumed. 

The half-life of urinary excretion of mercury has been reported to range from 
as short as 20 days to as long as 90 days (Mason et al., 2001). Based on likely 
half-lives of 40 to 90 days, urinary mercury is an integrated marker of exposure 
over previous months (Mason et al., 2001). 

Reference published for urinary mercury, e.g., Iyenger and Woittiez (1988) 
indicated the 95% upper confidence limit was < 20 ug/L. Among the 1748 
women aged 16-49 years who participated in the 1999-2000 NHANES, the 95th 

percentile value was 5 ug/L or 3.27 ug Hg/g creatinine (CDC, 2003). 
Urinary mercury is the preferred biomarker for exposure to inorganic mercury 
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and over time increases in response to exposure to low levels of mercury vapor. 
Mercury concentrations in the urine will also increase with exposure to other 
mercurials including phenylmercury. Inorganic mercury can also arise from 
demethylation of methylmercury. An increase in urinary inorganic mercury can 
be shown in subjects with a high methylmercury intake (Carta et al., 2003; 
Johnsson et al, 2004). 

Hair mercury. Growth, morphology and histochemistry of human hair have 
been reviewed in detail (Swift, 1997). Hair is approximately 95% proteinaceous 
and 5% a mixture of lipids, glycoproteins, remnants of nucleic acids, and in the 
case of pigmented hairs of melanin and phaeomelanin. Hair contains a central 
core of closely packed spindle-shaped cortical cells, each filled with macrofibrils 
which, in turn, consists of microfibril/matrix composit. The amino acid 
composition of hair is high in those amino acids with side-chains (particularly, 
those containing cystine, cysteine, tyrosine, and tryptophan). The cortical core is 
covered by some sheet-like cells of the cuticle. The surfaces of all of the hair 
shaft have a thin layer of lipids which is covalently attached to the underlying 
protein. 

As hair grows methylmercury is incorporated into hair. There is a general 
view that hair grows about 1 cm per month, although there is evidently 
substantial variability around this value. Hair mercury analyses are complicated 
by the problem of deposition of mercury onto the hair after it has been formed 
from external sources including cosmetics (e.g., dyes and Hg° vapors). 

Hair mercury is predominantly methylmercury, but the percent of total hair 
mercury that is methylmercury has been reported to be 80% (WHO, 1990) to 
values ranging from 90% to 98% (Dolbec et al., 2000). Generally hair is thought 
to be 250 to 300 times more concentrated in mercury than is blood (WHO, 1990; 
Veiga, 2004), although lower values have also been given including a range of 
150 to 200 (Gill et al , 2002). A far wider range of individual values exists. For 
example, Dolbec et al. (2000) reported hair to blood ratios ranging between 81 
and 624. The extent to which this ratio is applicable across all age and 
ethnic/racial groups remain to be confirmed. Seidel et al. (2001) have noted many 
problems with commercial laboratories performing hair analyses for trace 
elements. 

Inorganic mercury is not considered to be excreted in hair, although inorganic 
mercury can be a surface contaminant on hair. Hair is not considered as good an 
indicator of exposure to mercury vapor (Veiga, 2004) or to inorganic mercury 
(Veiga, 2004) as is urine. 
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Biological Variation by Age, Gender and Physiological 
Status 

Because concentrations of mercury in human tissues are determined by 
environmental exposures to mercury, it is difficult to describe biological 
variation by age, gender, and physiological status, with a few exceptions. The 
generalities are that exposures depend more on the work habits and food 
consumption habits of the population being described. If mercury exposures are 
unusually high in a particular occupation, for example dentistry, the sex 
distribution of professionals in that occupation will, of course, greatly influence 
sex-related differences in that particular 
occupational exposure. With regard to methylmercury, if methylmercury were 
closely tied to caloric intakes per kilogram of body weight, men would 
consistently have higher exposures to methylmercury than women. However, 
methylmercury exposure is closely linked to consumption offish and shellfish, 
in general, and to consumption of high-trophic level piscivorous fish, in 
particular. Consequently eating patterns of particular species offish and shellfish 
predict dietary intakes of methylmercury. 

Generally men have higher intakes of methylmercury on a per kilogram body 
weight basis than do women, as well as having higher hair and blood mercury 
concentrations. Higher mercury exposures among men have been identified in 
some data sets (e.g., Dolbec, et al, 2000). However, the gender-associated 
difference is not consistent. For example, Kosatsky et al. (2000) found no 
association between gender and mercury exposure among sports fish consumers. 

Some major data sets report an increase in blood mercury concentrations with 
age among women of reproductive age. Examples of data sets in which blood 
mercury levels increased with age are results from the 1709 women ages 16 
through 49 who were examinees in the 1999-2000 National Health and Nutrition 
Examination Survey in the United States (Mahaffey et al., 2004) and the cord 
blood mercury data for a group of ~1100 southern Quebec, Canadian women 
reported by Rhiands et al. (1999). Other data sets indicate no increase in 
concentration of mercury with age (among others see Kosatsky et al., 2000). 

One pattern that has consistently been identified in data from multiple 
sources is the ratio of cord blood mercury concentration to maternal blood 
mercury concentration. Cord blood averages 70% to 80% higher than maternal 
blood based on analyses of matched cord maternal pairs (Sterns and Smith, 
2003). In addition to the data sets included in the analyses by Sterns and Smith 
(2003), several published subsequently from diverse parts of the world have 
provided subsequent confirmation of this ratio. Among others see: Muckle et al. 
(2001) among the northern Quebec Inuits; Morrisette et al. (2004), among 
women living along the St. Lawrence River; Sakamoto et al. (2004) among 
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Japanese women. 
Blood mercury levels among children have to be interpreted with knowledge 

of the child's age and degree of mercury exposure. At birth newborns have 
higher blood mercury concentrations than their mothers. These blood mercury 
concentrations appear to decline rapidly in populations with low mercury 
exposures. 

For example, in the NHANES data (Schober et al., 2003), children's blood 
concentrations were approximately one-fourth as high as those of adult female 
examinees. Hair mercury concentrations among l-through-5 year-old children 
were less than one-half those of the women ages 16-through-49 years 
(McDowell et al., 2004). By contrast, under conditions when methylmercury 
exposures are substantially higher, children's mercury concentrations do not 
differ very much from those of adults. For example, Santos et al. (2002) found 
mean hair mercury concentrations of children aged 7 to 12 years were 14.4 jxg/g, 
compared with 15.7 ug/g for adult women aged 14 to 44 years, and 14.1 ug/g for 
all other people in their sample. 

HUMAN DATA INDICATING MERCURY EXPOSURE 
IN THE AMERICAS 

Most reports on mercury exposure have aimed to evaluate populations 
thought to be at risk of exposure to amounts of mercury thought to be 
problematic. Efforts to identify data that provide reference ranges for the 
population not considered at unusual risk of exposure and located in the 
Americas are few. General population data for the entire age and gender range 
appear not to be available for any country in the Americas. 

United States of America 

The recent United States data on blood mercury and hair mercury 
concentrations are limited to women of childbearing age and children. Data on 
adult males will be reported only beginning with examinees who participated in 
the National Health and Examination Surveys (NHANES) in 2003 and later. 
These data are unlikely to be published until late 2005 or 2006. Estimates of 
exposures to people considered to have no unusual risk of mercury exposure can 
be inferred by looking at data from groups selected as "controls" when 
evaluating "exposed" groups. 
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Surveys among the General Population 

The largest study of men from the general population is that of Kingman et 
al. (1998) who analyzed urine and blood mercury concentration among 1127 
Vietnam-era United states Air Force pilots (all men, average age 53 years at the 
time of blood collection) for whom extensive dental records were available. 
Blood values were determined for total mercury, inorganic mercury and 
organic/methylmercury. The mean total blood mercury concentration was 3.1 
ug/L with a range of "zero" (i.e., detection limit of 0.2 ug/L) to 44 ug/L. Overall, 
75% of total blood mercury was present as organic or methylmercury. Less than 
1% of the variability in total blood mercury was attributable to variation in the 
number and size of silver-mercury amalgam dental restorations. Dietary data on 
the former pilots were very limited, so typical patterns offish consumption were 
not reported. 

Table 1. Total Blood Mercury (ug/L) for Women Ages 16-49 Years 
among the 1999-2000 NHANES Examinees (Mahaffey et al., 2004). 

Total 

Age (years) 

16-19 

20-29 

30-39 

40-49 

Sample 
Persons 

1709 

513 

437 

405 

354 

Geometric 
Mean 

1.02 

0.63 

0.87 

1.09 

1.32 

Percentiles Selected 
95% CI 

0.85-1.20 

0.49-0.76 

0.68-1.06 

0.84-1.35 

1.04-1.60 

50th 

0.94 

0.58 

0.79 

0.97 

1.24 

90th 

4.84 

2.47 

4.79 

5.07 

5.31 

95th 

7.13 

3.28 

6.43 

8.95 

7.13 

Table 2. Blood Organic Mercury Concentrations (ug/L) for Women Ages 16-49 
Years among the 1999-2000 NHANES Examinees (Mahaffey et al., 2004). 

Total 

Age (Years) 

16-19 

20-29 

30-39 

40-49 

Sample 
Persons 

1707 

513 

436 

405 

363 

Geometric 
Mean 

0.80 

0.49 

0.70 

0.83 

1.02 

Selected Percentiles 
95% CI 

0.34-0.66 

0.40-0.58 

0.54-0.87 

0.61-1.04 

0.79-1.24 

50th 

0.60 

ND 

0.44 

0.61 

0.90 

90th 

4.44 

2.03 

4.50 

4.65 

4.93 

95th 

6.73 

2.88 

6.10 

8.62 

6.73 
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In the United States the Centers for Disease Control conducts the NHANES 
which provides medical examinations, biochemistry assessments for exposure to 
environmental contaminants, dietary and medical histories, clinical chemistry 
profiles, and a large number of other specialized tests to approximately 8,000 
persons per year. This survey is conducted in approximately 25 to 30 
communities per year and these communities are selected so that if treated by 
appropriate population statistics, the data can provide a profile that is 
representative of the United States as a whole. 

Among adult women of childbearing age (considered being 16 years through 
49 years) and young children ages one through six years (beginning with the 
years 1999 and 2000), biomarkers of mercury exposure were measured. These 
included hair mercury (total and inorganic), blood mercury (total and inorganic), 
and urinary mercury (total only and among adult women only). Organic mercury 
was calculated by differences and chemical speciation of samples indicated that 
the predominant chemical species was methylmercury (Schober et al., 2003; 
Mahaffey et al., 2004). Although adult men, children older than six years, and 
women older than 49 years were included among the NHANES examinees, 
mercury measurements were not included for the age and gender groups during 
the 1999 and 2000 years of the survey. These groups have been added beginning 
in 2003. Blood mercury concentration data are shown in Table 1 which indicates 
the geometric mean, 95% CI, 50th, 90th and 95th percentiles for blood total 
mercury by age group. Organic blood mercury concentrations, almost entirely 
methylmercury, are shown in Table 2. Children in the age 1 -to-6 year age range 
have much lower blood mercury concentrations than did the adult women. Table 
3 shows hair mercury concentrations for adult women and children who were 
examinees in the 1999 and 2000 NHANES. 

Table 3. Mean and Selected Percentiles of Hair Mercury (Hg) Concentrations for 
Children Aged 1-6 Years and Women Aged 16-49 years - National Health and Nutrition 

Examination Survey, United States, 1999 (McDowell et al., 2004). 

HairHg 

Children 

Women 

No. 

838 

1726 

Mean 
(95% CI) 

0.22 
(0.18,0.25) 

0.47 
(0.35,0.58) 

Selected Percentiles 
10th 

(95% CI) 

0.03 
(0.01,0.05 

0.04 
(0.02,0.05) 

25th 

(95% CI) 

0.06 
(0.05,0.07) 

0.09 
(0.07,0.11) 

50th 

(95% CI) 

0.11 
(0.10,0.13) 

0.19 
(0.14,0.24) 

75th 

(95% CI) 

0.21 
(0.15,0.27) 

0.42 
(0.29,0.55) 

90th 

(95% CI) 

0.41 
(0.33,0.49) 

1.11 
(0.54,1.68) 

95th 

(95% CI) 

0.65 
(0.52,0.76) 

1.73 
(1.44,2.02) 

Surveys from Individual States 

Analyses of blood and hair samples for mercury indicate a range of exposures 
present under localized conditions. The upper end of this exposure distribution 
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extends into concentrations reported to be 50 ug/L to 70 ug/L for blood; hair 
values occasionally > 10 ppm with average values typically in the 1 ppm to 3 
ppm range. This information has been provided in detail in US EPA's Mercury 
Study Report to Congress (US EPA, 1997), Volume 4, Section 6.4.4 (blood 
mercury) and Section 6.5.2 (hair mercury). Blood mercury concentration was 
associated with increased consumption offish, particularly species known to be 
high in methylmercury or species containing < 1 ppm mercury but consumed 
routinely. 

More recent data are not dissimilar, although from geographically diverse 
areas. For example, hair mercury concentration of a group of 16 rural Alaskan 
subsistence food users from Napakiak, a small Yup'ik Eskimo in southwest 
Alaska was compared with a group of non-subsistence non-Yup'ik adults from 
the urban interior city of Fairbanks, Alaska (Rothschild and Duffy, 2002). The 
mean methylmercury concentration in hair for the Yup'iks was 1.45 ppm (range 
0.32-4.00 ppm), which was higher than that of the Fairbank dwellers whose 
mean was 0.19 ppm (range 0.03 to 0.43 ppm). Pregnant women (mainly during 
their first trimester) from the eastern United States' State of New Jersey had hair 
and blood samples analyzed for total mercury (Stern et al, 2001). Between 85% 
and 90% of women had hair mercury levels < 1.0 ug/g, and 1% to 2% had 
values > 4.0 ug/g. 

Exposures at the Higher End of the Continuum of the General 
Population in the United States and Territories 

There is a continuum of exposure to mercury with higher exposures found 
among people with particular characteristics including geographic locations 
(e.g., island populations), ethnic groups with food habits which prefer fish (e.g., 
Asian populations), occupations (e.g., dentists, gold miners), and life styles (e.g., 
affluent patients who have been consuming a high-fish diet for promotion of 
cardiovascular health). These groups' mercury exposures will be quite different 
from those identified by either the NHANES data or general data reported in 
state surveys. 

Data from the NHANES provide an estimate for the United States 
population. It maybe important, however, that frequency offish consumption -
the primary determinant of methylmercury exposure - was not a selection factor 
for inclusion in the survey. This may or may not affect the validity of 
extrapolation of the NHANES data in making population estimates. The initial 
reports from 1999-2000 NHANES were based on 26 communities. Additional 
two-year cycles of the NHANES will add between 25 and 30 communities with 
each cycle. Currently the 2001/2002 data are being statistically analyzed and the 
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2003 and early 2004 samples have been completed with the 2004 survey 
underway. 

These additional years of data from NHANES will strengthen our data base 
and provide greater ability to better describe subpopulations. Nonetheless, based 
on reports from case series, communities and medical practices, it is already 
known that much higher exposures to methylmercury in the United States have 
been documented than were identified among the 1999-2000 NHANES 
examinees. As physicians have become more aware of mercury as a health 
concern for the general population, obtaining mercury measurements on 
patients' blood samples have increased resulting in expanded awareness of the 
magnitude of mercury exposure in groups not typically considered to be at 
elevated risk of exposure to methylmercury. 

Some health departments in the United States (e.g., the State of North 
Carolina) have begun to offer screening for blood mercury to people who may be 
concerned that their mercury exposures are elevated. For example, in Louisiana 
the State Office of Public Health began offering to measure blood mercury levels 
and reported screening values for 313 participants (Bellanger et al., 2000) whose 
blood values ranged from < 0.3 ug/l to 35 ug/L with 1.9% > 20 ug/L. Higher 
values were reported among commercial fishermen and their families. Blood 
mercury values were twice as high among people who ate fish at least once a 
week compared with people who ate fish twice a month or less. Elevated blood 
mercury concentrations have been found among gamefish consumers in 
Arkansas (Burge and Evans, 1994). 

High blood mercury concentrations (e.g., > 80 ug/L) have been reported 
among high-income individuals who choose to consume diets that contain large 
amounts of fish in the view that such diets will be advantageous to their health. 
Others pursue these diets for culinary preference. For example, Hightower and 
Moore (2003) reported blood mercury concentrations from a private practice 
patient population in San Francisco. From a total of 116 patients evaluated, 89% 
had blood mercury concentration >5 ug/L, and 16% had concentrations >20 
ug/L. Four individuals in this group had blood mercury levels more than 50 
ug/L. Following the 2003 publication Hightower tested an additional 107 
patients whose average blood mercury concentration was 21 ug/L (Hightower, 
2004). Saint-Phard et al. (2004) reported a case series from University of 
Colorado in which patients with elevated blood mercury (range 27 ug/L to 96 
ug/L) associated with fish consumption had neurological symptoms (i.e., 
including paresthesias of the extremities and or electrodiagnostic evidence of 
sensorimotor peripheral neuropathy). 

In addition to these cases, other clinics and individual physicians have 
identified individuals with blood, hair, and urinary mercury values considerably 
higher than those reported among NHANES examinees. Among others see Kales 
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and Goldman (2002). In addition to methylmercury ingested from frequent 
consumption of fish containing high concentrations of methylmercury, other 
medical reports indicate exposures to inorganic mercury from folk remedies, 
cosmetics, gold smelting. It is important to know that the highest blood value 
reported from 1999-2000 NHANES was 35 ug/L of which only about 50% of 
the total mercury present was organic mercury (Mahaffey et al., 2004). 

Residents of those states and territories of the United States (e.g., Hawaii, 
Puerto Rico) who have geographic proximity to a steady supply of fresh fish 
have greater intake of methylmercury than the more inland populations. For 
example, Ortiz-Roque and Lopez-Rivera (2004) investigated blood mercury 
concentrations and seafood consumption frequency among reproductive-age 
women in two areas of Puerto Rico. 

Overall-United-States data from NHANES indicated 30-day consumption of 
fish and shellfish at the 50th percentile was 1.54 meals (95% CI: 1.25-1.82) and 
at the 90th percentile 10.81 meals(95%CI: 7.15-14.47) (Schoeber et al., 2003). 
Average Puerto Rican total seafood consumption was 12.1 meals/30 days in NE 
Puerto Rico and 21.2 meals/30 days in Vierques, an island municipality. That is 
to say that average Puerto Rican fish and shellfish consumption was higher than 
90th percentile intake for the overall United States. The percent of women whose 
mercury intake exceeded the RfD was 6.6 in NE Puerto Rico and 26.8 in 
Vieques. Among Viequenses three of the 41 women had hair mercury 
concentrations higher than 12 ppm which is the lower bound of the benchmark 
dose for mercury, an effect level (Ortiz-Roque and Lopez-Rivera, 2004). 

Canada 

Northern Canada 

Canadian data on mercury exposure can generally be separated into studies of 
northern Canada and studies from more southern Canadian regions. A 
comprehensive review of the Arctic studies by Van Oostdam et al. (1999) 
provided an in-depth analysis of the cultural and nutritional significance of 
wildlife as food for indigenous people, as well as a consideration of a range of 
contaminants including organochlorines, heavy metals, and radionuclides. A 
monitoring program providing data on mercury levels among the Cree population 
of James Bay, Quebec in 1988 and in 1993/1994 indicated that the proportion of 
the Cree population with total hair mercury concentrations > 15.0 ug/g decreased 
from 14.2% in 1988 to 2.7% in 1993/1994 (Dumont et al., 1998). 

Inuit inhabitants of northern Canada in a region called Nanavik consume in 
their traditional diet large amounts of marine foods. Muckle et al. (2001) reported 
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cord blood, maternal blood, and maternal hair mercury concentrations averaged 
18.5 ug/L, 10.4 jug/L, and 3.7 ug/g. Time trends in cord blood mercury reported 
by Dallaire et al. (2003) describe concentrations of Inuit infants born between 
1994 and 2001, indicate mean cord blood concentrations declined from 
approximately 20 ug/L in 1993 to approximately 8 ugl/L in 1999. This decrease 
does not appear to depend on a decline in fish consumption based on co-3 fatty 
acid level, an indicator offish intake. 

Southern Canada 

Reports on blood and hair mercury concentrations in southern Canada 
indicate much lower mercury exposures in general than observed in northern 
Canada (see Table 4). 

Rhainds et al. (1999) data on newborns' after adjustment of mercury 
concentration for differences in the cord blood to maternal blood ratio using 1.7 
to 1.0 (Sterns and Smith, 2003) indicated maternal blood mercury concentrations 
averaged < 1 ug/L. Comparing regions of Quebec, blood mercury concentrations 
were associated with residency area with coastal > urban > suburban > rural. 
Morrissette et al. (2004) identified a similar exposure range for women early in 
pregnancy. Speciation of blood samples indicated about half of the mercury in 
blood at this exposure range was inorganic mercury. 

Table 4. Mercury Concentrations (ug/g wet weight) in Traditional Foods Consumed by 
Canadian Aboriginal Peoples (modified from Chan, 1998). 

Food Group 

Marine Mammal 
Meat 
Marine Mammal 
Blubber 

Terrestrial 
Mammal Meat 

Terrestrial 
Mammal Organs 
Fish 

Birds 

Plants 

Number 
of Sites 

32 

6 

6 

14 

799 
24 

8 

Number of 
Samples 

764 

71 

19 

254 

31,441 

216 

14 

Arithmetic 
Mean 

0.85 

0.08 

0.03 

0.86 

0.46 

0.38 
0.02 

Standard 
Deviation 

1.05 

0.05 

0.02 

0.90 

0.52 

0.59 

0.02 

Maximum 

33.4 

0.13 

0.17 

3.06 

12.3 
4.4 

0.05 

Mahaffey and Mergler (1998) found that increased consumption of lake fish 
was associated with higher blood mercury concentrations among 289 residents 
of Southwest Quebec, but with one exception total blood mercury concentrations 
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were < 5 ug/L. One individual, however, had a blood mercury concentration of 
~70 ug/L greatly exceeding all of the other subjects. 

Among groups who consume sports fish, methylmercury exposures are 
somewhat higher. Kosatsky et al. (2000) compared blood mercury 
concentrations among those who ate sports fish at least once a week and reported 
a geometric mean blood mercury concentration of 3.03 ±2.43 ug/L compared 
with blood mercury of 1.44±2.23 ug/L for those eating sports fish less than once 
a week. The highest blood mercury concentrations were associated with 
consumption of high-food-chain piscivorous fish. 

The wide variation in blood mercury concentrations, however, indicates some 
consumers offish with higher mercury levels. Hair mercury concentrations also 
reflected these differences. Evaluation of the patterns of fish consumption 
among the sports fishers (Kosatsky et al., 2000) showed a strong correlation 
between blood mercury and hair mercury. A small group of sports fishers of 
recent Asian immigration (from Vietnam and Bangladesh) had higher hair 
mercury concentrations than the high-level, native-born Canadians (Kosatsky et 
al , 1999b). 

Brazil 

Amazon River Basin and Tributaries 

Widespread use of mercury to amalgam gold by miners in the Amazon River 
Basin and its tributaries over past decades has resulted in severe contamination 
with inorganic mercury. The process of producing a mercury-gold amalgam and 
using torches to drive off the mercury in open air with no worker protection has 
resulted in severe mercury poisoning among miners. The condensed mercury 
vapor and inorganic residue are then dumped into the Amazon River Basin and 
its tributaries. This topic is covered in detailed reviews by many others including 
Eisler(2004). 

To summarize briefly twenty-five years of significant data on the impact of 
use of mercury in gold mining and its impact on the people living in the region, 
hair mercury concentrations among riparian river people are highly elevated, but 
variable depending on the amount and species of fish consumed. Seasonal 
variation is also found because the species offish that are available changes with 
the season (Dolbec et al., 2001). 

Mean or median hair mercury concentrations between 2 ug/g and 20 ug/g 
have been reported (Akagi et al., 1995; Barbosa et al., 1998; Lebel et al , 1998; 
Dolbec et al., 2000). Harada et al. (2001) evaluated three fishing villages located 
several hundred kilometers downstream from the gold mining areas. Eighty 
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percent of subj ects had hair mercury concentrations > 10 ppm. Similar exposures 
are reported by Dorea et al. (2003) who evaluated adult women of childbearing 
age living in locations of the Rio Negro basin that were not impacted by gold 
mining. These women consumed an estimated fish intake of 170 grams per day. 

The mean mercury concentration in the individual fish species varied 
between 0.04 and 0.59 ug/g, but 27% of samples had concentrations > 0.50 ug/g 
and 7% were > 1.00 ug/g. The women's hair mercury concentrations ranged 
between 6.5 and 32.6 ug/g, with 82% of women's values > 10 ug/g. 

Sing et al. (2003) have studied Yanomama Indian villagers living near mined 
and unmined rivers beginning in 1994. Re-evaluating these villagers indicated 
average blood mercury concentration between 21.2 ug/L and 43.1 ug/L. Mercury 
concentrations in piscivorous fish (piranha) from the mined Catrimani River 
ranged from 0.23 to 1.08 ppm. High mercury concentrations were also observed 
in fish and villagers along the unmined Ajarani and Pacu Rivers. 

Santos et al. (2002) conducted a cross-sectional study among the Munduruku 
Indians living in the State of Para, Brazil. Mean hair mercury concentrations 
were 14.4 ug/g for children aged 7 to 12years, 15.7 ug/g for women aged 14 to 
44 years, and 14.1 ug/g for all other people. Although the mercury 
concentrations of the fish were < 0.5 ug/g, the amount offish consumed resulted 
in hair mercury concentrations for the women of childbearing age being higher 
than considered without risk by the World Health Organization 1990. 

Hair mercury in these Amazonian fish-eating populations has been 
chemically speciated between inorganic mercury and organic mercury. In a 
Negro River fish-eating population who consumes fish at least twice a day, total 
hair mercury ranged from 1.5 ug/g to 59.0 ug/g (Barbosa et al., 2001). The mean 
percentage of methylmercury was 71.3% (range 34% to 100%) of total mercury 
in hair. The percent methylmercury was comparable across age and sex groups. 
Among women of reproductive age, 65% had hair mercury concentrations > 10 

Other Regions of Brazil 

Regions of Brazil away from the Amazon have reported far lower mercury 
exposures. For example, a coastal region of Brazil was evaluated because of 
possible mercury contamination due to a chlor-alkali plant installed along one of 
the tributaries of the channel (Nilson et al., 2001). Hair mercury concentrations 
in this area were 1.9 ug/g total mercury and 1.2 ug/g methylmercury. Local fish 
contained 0.026 total mercury and 0.019 methylmercury. 
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Argentina 

Study of mercury in marine mammals in coastal waters indicates mercury 
contamination (Marcovecchio et al., 1994). Importance of local sources of 
contamination illustrated by the distribution of mercury from a mercury cell 
chlor-alkali factory that had operated for more than 40 years and dischaged plant 
effluents near the main irrigation channel for agricultural land showed 
accumulation of mercury in river bed sediments (Arribere et al., 2003). 

Bolivia 

Higher hair mercury concentrations among examinees in Japanese immigrant 
settlements in Bolivia compared with other groups in Brazil and Paraguay 
related to higher fish consumption among the Japanese immigrants (Tsugane and 
Knodo, 1987). 

Chile 

An overview of mercury contamination in Chile is recently available 
(Barrios-Guerra, 2004) that includes a description of industrial sources of 
mercury in Chile. Hair mercury concentrations among 59 pregnant and nursing 
women with normal to high fish and seafood consumption living in fishing 
villages distributed throughout the coastal zone of Chile were compared with an 
inland Chilean town (Bruhn et al., 1994). Total hair mercury content of the 
women in the coastal villages was 2.0± 1.4 ug/g compared with the control 
group's mean value of 0.4 ± 0.2 ug/g. 

French Guiana 

An investigation of 500 individuals from 13 health centers indicated that 
consumption of methylmercury from fish consumption (especially freshwater 
fish) in diet played a predominant role in the total mercury burden and that in 
some communities hair mercury concentrations exceeded 10 ug/g (Cordier et al., 
1998). In their overall sample 12% exceeded 10 ug/g, but in some Amerindian 
communities up to 79% of the children had hair mercury concentrations > 10 
ug/g. These investigators also identified some high exposures to inorganic 
mercury associated with use of mercury for religious rituals. 
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SOURCES OF MERCURY EXPOSURE 

Mercury in Foods and Products 

Chemical species of Mercury 

Methylmercury is bound to the amino acids in fish muscle and cannot be 
removed by food preparation or cooking (Morgan et al , 1997). Estimates of 
exposure to mercury through diet can be determined by chemical analyses of 
food (Gunderson, 1995; Larsen et al., 2002; Nakagawa et al.; 1997; Sanzo et al, 
2001; Urieta et al., 1996; Ysart et al., 2000). Within the diet consumed by 
populations who do not include marine mammals in their diets (marine mammals 
are discussed separately below), fish and shellfish contain the highest mercury 
concentrations (Larsen et al. 2002; Urieta et al , 1996; Ysert et al., 2000), 
although trace amounts of total mercury may be detected in other dietary 
components (e.g., eggs, organ meats such as kidney (Larsen et al., 2002), or offal 
(Ysart et al., 2000). Diets are usually analyzed for total mercury without 
chemical speciation to differentiate between organic mercury, specifically 
methylmercury, and inorganic mercury. Based on total diet data for the United 
States, in which only total mercury is measured routinely, mercury is identified 
consistently only in the fish and shellfish components of diet. Macintosh et al. 
(1996) indicated that dietary mercury exposures at the upper end of the 
established distribution for approximately 120,000 adults were dominated by the 
consumption offish products (87% of total mercury intake), principally canned 
tuna (65%), in the Nurses' Health Study and Health Professional Follow-Up 
Study. The organic mercury in fish and shellfish has been repeatedly speciated 
and is methylmercury (Bloom, 1992; Falter and Scholer, 1994; Haxton et al., 
1979; Kannan et al, 1998). 

Mercury present in fish is approximately 85% methylmercury and higher for 
fish muscle (e.g., Storelli et al.; 2000,2002). In nonmuscle tissues (e.g., organs 
such as kidney or liver), the fraction of total mercury that is methylmercury is 
substantially less than 80% to 90%. The fraction of mercury in shellfish that is 
methylmercury varies even within a species. For example, Ipolyi et al. (2004) 
found that the percent methylmercury in mussels varied between 33% and ~ 
90%. 

Mercury Concentrations in Fish and Shellfish. Mercury concentration in fish 
is determined by the feeding habits of the fish, the mercury concentration in 
tissues of its prey, the fish's age, and place in the food chain. Some highly 
migratory species such as tuna appear to be more consistent in their mercury 
concentration at a particular age and size than do species that remain in a much 
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more restricted geographic range that can be more readily influenced by local 
conditions. Reference to some of the larger or more detailed data sets on mercury 
concentrations in fish and shellfish includes the following for particular 
countries in the Americas: 

USA Bahnicketal., 1994 
Halletal., 1978 
Adams and McMichael, 2001 

Canada Jensen et al., 1997 Canadian Arctic Contaminants 
Assessment Report 
Chan, 1998 Data Base for Environmental Contaminants in 
Traditional Foods 

Brazil Bidone et al., 1997 Tapajos River Basin, Para 
Boischio and Henshel, 2000 Madeira River 
Dolbec et al., 2001 Tapajos River Basin, Para 
Dos Santos et al, 2000 Tapajos River Basin, Para 
Niercheski et al., 1997 Patos and Mirim Lagoons 
Passos et al, 2003 Tapajos River Basin, Para 

The concentration of methylmercury in fish and shellfish species ranges from 
< 0.1 ppm for shellfish species to > 1 ppm for high-end predatory fish including 
ocean fish [such as tuna (Storelli and Marcotrigiano, 2000), marlin (Schultz et 
al , 1976), and sharks (Penedo de Pinho et ala., 2002)] and freshwater fish [e.g., 
walleye and northern pikes (Gilmour and Riedel, 2000; Jewett et al., 2003)]. 
Consequently mercury intake depends on the species offish consumed, as well 
as the quantity of fish eaten. 

Mercury in Marine Mammals. Most of the traditionally harvested fish and 
land/marine mammals consumed by the northern Canadian indigenous peoples 
are long-lived and are from the higher trophic levels of the food chain which 
contain greater concentrations of methylmercury than are found in nonpredatory 
fish (Jensen et al , 1997). Several extensive data sets on mercury concentrations 
in marine mammals consumed by indigenous populations living in the 
circumpolar regions have been published (Wagemann et al , 1996 and 1998; 
Caurant et al., 1996; Dietz et al , 1996). Analyses that determined chemically 
speciated mercury have shown that mercury present in muscle tissue is largely 
(>75%) organic mercury (i.e., methylmercury ) (Caurant et al., 1996). By 
contrast, mercury present in organs such as liver and kidney is predominantly in 
an inorganic form (Caurant et al., 1996). Traditional diets of indigenous peoples 
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living in northern communities differ from one another (e.g., Dene Communities 
in contrast with Inuit Communities) with substantial differences in their 
methylmercury content (Table 5). Jensen et al. (1997) in the Canadian Arctic 
Contaminants Assessment Report identified wide variability in the consumption 
of fish and marine mammals by various aboriginal groups. 

Table 5. Estimated Daily Intake of Mercury Using Contaminant Data Base and Dietary 
Information from Dene and Inuit Communities in Canada (adapted from Chan, 1998). 

Food Group 

Marine Mammal Meat 

Marine Mammal 
Blubber 

Terrestrial Mammal 
Meat 

Terrestrial Mammal 
Organs 

Fish 

Birds 

Plants 

Total 

Dene Community 

Food 
(g/day) 

0 

0 

205 

23 

80 

8 

2 

318 

Mercury 
(ug/day) 

0 

0 

6 

20 

13 

1 

0 

40 

Inuit Community 

Food 
(g/day) 

199 

30 

147 

1 

1 

2 

2 

423 

Mercury 
(fig/day) 

170 

2 

4 

1 

1 

1 

0 

185 

Quantity of Fish, Shellfish and Marine Mammals Consumed Dietary intakes 
of fish and shellfish are enormously variable across countries in the Americas 
ranging from no intake to several hundred grams per day. 

Consumption of marine mammals appears limited to indigenous peoples 
living in circumpolar regions. Even within the population of one country, fish 
and shellfish consumption vary substantially. In the United States less than 15% 
of the population consumes fish or shellfish on a weekly basis, yet a few percent 
of people consume fish several times a week. In the Amazon region whose 
riverine population's mercury exposure has been documented, the fish 
consumption of the urban areas has also been found to be substantial. Giugliano 
et al. (1978 - cited in Boischio and Henshel, 2000) estimated daily fish 
consumption per capita to be approximately 100 to 150 grams offish among an 
urban population based on 1200 households in Manaus, Amazonas. However, 
the species offish consumed differed from those of the riverine peoples. 

An analysis of the patterns offish species consumed (herbivores, omnivores, 
phanktophagus, piscivore) and the mercury concentration of these species has 
been used to predict mercury exposure for the Madeira River people by Boischio 
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and Henshel (2000). 

Table 6. Hair and Blood Mercury Concentrations in Southern Canadians. 

1 Group 
During 1993 to 1995 10 
hospitals in southern Quebec 
monitored umbilical cord 
blood samples from 1109 
newborns. 
Montreal area sports fishers 
with fish consumption of 18.3 
kgfyr of sports fish vs. 
reference group consuming 
3.3 kg/yr of sports fish. 
St. Lawrence River fish 
consumers of Asian origin 
(Bangladeshi and 
Vietnamese) and a reference 
group of high-level sports fish 
consumers. 

St. Lawrence River sportsfish 
consumers comparison 
between those who ate sports 
fish at least once a week and 
those eating sports fish less 
than once weekly. 

Population in Southwest 
Quebec living near the Upper 
St. Lawrence River System.. 

Pregnant women living along 
the St. Lawrence River. 1st 

trimester of pregnancy. 
Market fish were the source of 
mercury exposure. 

Reference 
Rhaindsetal., 1999 

Kosatskyetal, 1999a 

Kosatskyetal., 1999b 

Kosatsky et al., 2000 

Mahaffey and 
Mergler, 1998 

Morrissette et al., 
2004. 

Findings 
Mean mercury in cord blood 4.82 nmol/L 
(CI 4.56-5.08) or 0.96 ugO.. Using a 
cord:maternal ratio of 1.7:1.0 and 
converting to îg/L this corresponds to a 
maternal mercury concentration of 0.56. 
Hair mercury median concentration of 
0.73 jug/g for sports fishers (n=25). 
Highest value, 4.4 ppm. Vs. 0.23 \ig/g 
(n=15). Highest value 0.82 ng/g. 

Hair mercury concentrations for 
Vietnamese males (n=9). Median 1.23 
|ig/g, 90th percentile 4.62 ng/g, and 
Bangladeshi males, median 1.07 pg/g, 90th 

percentile 2.29 jug/g, and high-end sports 
fish consumers, median 0.73 ng/g, 90th 

percentile 1.88 jug/g. 
Persons consuming sports fish at least 
once a week (n=60). Hair mercury 
geometric mean, 0.82±2.54 ng/g and 
blood mercury geometric mean of 3.03 
±2.43 ng/L. Consuming sportsfish < 
once/week (n=72) hair mercury geometric 
mean 0.38±2.38 jig/g and blood Hg of 
1.44±2.23ng/L. 
Persons consuming sports fish 2 or more 
times/week 
Increased consumption of lake fish 
associated with higher blood mercury 
among 289 residents. Total blood Hg < 5 
Hg/L except for one individual with a 
bloodHgof70|ng/L. 
First trimester of pregnancy (n=39). Total 
blood Hg. Geometric mean (GM): 0.85 
pg/L. Arithmetic mean (AM)= 0.99 pg/L. 
5th -95th, 0.40-2.20 jig/L. 
Organic blood Hg. 
GM: 0.36 \ig/L. 
AM: 0.48 ng/L 
5th-95th: n.d.-1.20 îg/L 
Inorganic blood Hg 
GM: 0.45 iig/L 
AM:0.51ng/L 
5th - 95th: n.d.-1.80 
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Among the fish species described mean mercury concentrations ranged from 
0.06 ppm to 1.44 ppm. In most of the Amazonian studies, piscivorous fish 
species have mercury concentrations > 0.5 ppm (Lodenius and Malm, 1998). 

Other estimates offish intake in Amazonia provided by Boischio and Hensel 
(2000) ranged between 90 grams/day and 370 grams/day. In view of the wide 
range in quantities of fish consumed and differences in the mercury 
concentration in the fish, it is more informative to consider the data on hair and 
blood mercury concentrations reported from Amazonian communities. 

Cosmetics 

Use of "beauty" and skin-lightening creams or lotions have been reported 
worldwide [e.g., Sin and Tsang (2003) from Hong Kong; Al-Saleh et al. (2003) 
from Saudi Arabia; Adebajo 2002 from Nigeria]. These include various 
"beauty" lotions containing inorganic mercury which are also found in the 
Americas. One product has been well described and found to contain between 
6% and 10% mercury by weight (Balluz et al., 1997), was distributed across the 
Mexican-US border, and was associated with an increase in urinary excretion 
(Weldon et al., 2000) of inorganic mercury to levels > 100 jxg/L (reference 
range: 0 to 20 ug/L) among users of this product which contained "calomel" or 
mercurous chloride [Hg2Cl2] (CDC, 1996). These products are commonly 
available. For example the Mexican Secretary of Health seized 35,000 containers 
of this product in one state in Mexico (CDC, 1996). 

In the United States mercury compounds can only be used as preservatives in 
eye-area cosmetics at concentrations not exceeding 65 ppm mercury (CDC 
1996). Balluz et al. (1997) point out that standards for production and regulation 
of cosmetic products vary worldwide. Ingredients that are restricted in one 
country may be entirely legal in another. 

Dental Amalgams 

An alloy of silver, copper, tin and 50% inorganic mercury has been used in 
dental practices as a restorative material to fill teeth. Mercury released from 
these amalgam fillings occurs in multiple forms: elemental mercury vapor, 
metallic ions, and/or fine particles. Results indicate that placement of mercury-
containing amalgams in teeth result in an increased body burden of mercury in 
body tissues (US DHHA, 1993; Henderson, 1995; Weiner and Nylander, 1993). 
Barregard et al. (1995) and Francis et al., (1982) indicate that individual 
variation in habits can influence the amount of mercury released from mercury 
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amalgams including bruxism and gum chewing. 
The controversy regarding whether or not mercury from silver-mercury 

amalgams produces adverse health effects has been a topic for more than 150 
years and has been the subject of a substantial literature including more than 110 
review articles based on a search of Pub Med. Among many others see Ekstrand 
et al. (1998), Dunne et al. (1997), Eley (1997a and b), and Jones et al. (1999). 
Currently a clinical trial is underway (Children's Amalgam Trial Study Group, 
2003) to investigate the effect of amalgam restorations on change in IQ scores 
and other neuropsychological assessments and renal functioning. 

There is a consensus, however, that dental workers need to be protected from 
exposure to mercury vapors in dental clinics (Chang et al., 1992). Dental 
associations have provided practice information to provide guidance to dentists 
and their staff members for safe handling of mercury and dental amalgam (ADA 
Council on Scientific Affairs, 2003). Guidance is also provided to reduce release 
of mercury from dental offices into the environment. 

Drugs, Biologicals and Folk Remedies 

Drugs and Biologicals 

Ethylmercury under the trade name thimerosal has been used as a 
preservative in vaccines since the 1930s (Midthun, 2004) and biological 
products (ophthalmic solutions, optic suspension, creams) for at least a century. 
Many vaccines contained a preservative because they were marketed for use in 
multi-dose vials. Mercury exposures via this route of administration differ 
because these are administered by injection resulting in a high, bolus dose 
producing a high blood mercury concentration. Beginning in the mid-1990s in 
the United States there has been an intense controversy regarding the 
neurodevelopmental effects of greater exposure to ethylmercury in vaccines as 
part of an accelerated immunization schedule for infants. This controversy 
continues. The most recent health assessment was reported from the United 
States National Academy of Sciences' Institute of Medicine (NAS, 2004). A 
neurodevelopmental follow-up study is underway in Italy with resulted expected 
in 2006 (Wharton, 2004). 

Thimerosal has been removed from a large number of vaccines (CDC, 1999). 
It should be noted, however, that mercury continues to be used in biologicals 
sold in the United States and quite likely also in other countries in the Americas. 
Mercury containing ingredients currently used in biologies in the United States 
include thimerosal, phenylmercuric acetate, phenylmercuric nitrate, mercuric 
acetate, mercuric nitrate, merbromin, and mercuric oxide (http://www.fda.gov/ 

http://www.fda.gov/
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cder/ fdama/mercury300.htm). This information was derived from submissions 
made in response to the Food and Drug Administration Modernization Act of 
1997 which required US FDA to review the risks of all mercury-containing food 
and drugs. These products include vaccines, ophthalmic solutions, nasal sprays, 
and immune globulins. 

Sanitizers and Antifungals 

Phenylmercury compounds are part of a broad class of aryl and alkoxyl aryl 
mercurials that have been used world wide as disinfectants and fungicides 
(Gotelli et al., 1985). A massive exposure to infants was discovered in Buenos 
Aires in 1980 following use of phenylmercury by a commercial diaper service. 
Urinary mercury concentrations for the exposed infants were 20-times higher 
than the control infants and inorganic mercury accounted for more than 90 % of 
the total mercury (Gotelli et al, 1985). Zaidi et al, (1995) reported mercury 
compounds included as disinfectants in hospitals in the state of Yucatan , 
Mexico. Use of phenylmercuric borate (0.04%) along with hexachlorophene as 
a hand disinfectant in soap resulted in increased urinary mercury compared with 
control subjects. It was concluded that the absorption of mercury from the 
phenylmercuric borate-containing soap occurred partly by transfer from the 
hands to the oral cavity (Peters-Haefeli et al., 1976). 

Organo-mercurial Pesticides 

Although these are banned from commerce, use of mercury compounds in 
farming may continue (Camara and Corey, 1994). For example, the Ministry of 
Agriculture/Plant Health Protection banned the use of all mercury-containing 
compounds in Brazil in 1980, however, the importance has been emphasized for 
continuance of programs for surveillance, particularly for problems arising as a 
result of accidents or from the importation, production, sale, and uses of 
officially banned products (Camara and Corey, 1994). 

Miscellaneous sources of inorganic mercury 

Ingestion of small quantities of elemental mercury is commonly reported to 
poison control centers. For example, nearly 3,000 cases of mercury exposure 
were reported to the American Association of Poison Control Centers Toxic 
Exposure Surveillance System in 1996 (Litovitz et al., 1996). However, 
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elemental mercury may be deliberately ingested. Elemental mercury is part of 
various folk remedies, particularly for gastroenteritis (Geffher and Sandler, 
1980), and may produce medial complications depending on the quantity 
ingested (McKinney, 1999). 

In the Americas ethnic and folk uses of mercury are associated with cultural 
practices known as "Santeria," "Espiritismo" and "voodoo." Santeria, for 
example, is a religion that developed in Cuba from the sixteenth to the 
nineteenth century as a syncretism of African religions, Roman Catholicism, and 
French spiritism (Lefever, 1996). It's practice and beliefs have been transferred 
to many communities in the Americas including the United States. Espisitismo is 
a spiritual belief system indigenous to Puerto Rico and other Caribbean islands 
(Bird and Canino, 1981). Mercury in the form of metallic mercury (Forman et 
al., 2000) is sold in botanicas, stores that specialize in selling religious items 
used in Espiritismo, voodoo, and Santeria (Zagas and Ozuah, 1996). Mercury is 
used in several ways: carried in sealed pouches, sprinkled in the home, carried in 
pockets, sprinkled in the car, or consumed in small quantities (Zayas and Ozuah, 
1996). A cluster of cases in New York has been described in which vapors of 
metallic mercury from mercury to be used in mercury -filled ampulets prepared 
for practioners of Santeria were the source of elevated urinary mercury levels 
(US EPA, 2002; Forman et al., 2000). The extent of this practice is not known. 
In the United States analyses for inorganic mercury is now being included in 
housing surveys in addition to inorganic lead used to identify lead-based paints. 

Spills of inorganic mercury occur in homes from accidents, measuring 
devices in homes (e.g., gas meters), and deliberate contamination. The actual 
number is unknown. An analysis of the number that were reported to hazardous 
substance authorities was provided by the Agency for Hazardous Substances and 
Disease Registry (ATSDR) in 2002 (Zeitz et al., 2002). Reporting on 406 events 
that occurred between 1993 and 1998 in which mercury was the only substance 
released, there were reports of adverse health effects and elevated blood mercury 
levels in some individuals. Evacuations were ordered in 22% of the spills 
causing an economic and public health impact. 

Occupational 

Mining 

In the Americas Artisanal gold mining typically encompasses small, medium, 
informal, legal, and illegal miners who use rudimentary processes to extract gold 
ore (Veiga, 2004). The number of Artisanal gold miners in Latin America is 
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estimated to be between ~ 500,000 and just over 1 million who mine between 
115 and 188 tonnes of gold annually Table 7 (Veiga, 1997). 

Although use of mercury in mineral processing is illegal in most countries, 
mercury amalgamation is the preferred method employed by small Artisanal 
miners (Veiga, 2004). Mining operations expose miners directly to mercury 
vapor from burning of mercury amalgam or gold burning to separate gold from 
mercury. Secondary exposures to methylmercury from consumption of locally 
obtained fish contaminated with methylmercury incorporated from mercury 
discharged into the environment effects miners and the entire community. 
Consequently the number of people impacted by the mining operations exceeds 
the number directly involved in mining. 

Table 7. Artisanal Gold Miners in Latin America from Veiga (1997). 

Country 

Brazil 
Colombia 
Peru 
Ecuador 

Venezuela 

Suriname 
Bolivia 
Mexico 
Chile 
French Guyana 
Guyana 
Nicaragua 
Dominican Republic 
Others 
Total 

Gold (tonnes) 

30-50 
20-30 
20-30 
10-20 
10-15 

5-10 
5 - 7 
4 - 5 
3 - 5 
2 - 4 
3 - 4 
1-2 

0.5-1 
2 - 5 

115.5-188 

Number of Miners 

200,000 - 400,000 
100,000-200,000 
100,000-200,000 
50,000 - 80,000 
30,000 - 40,000 

15,000-30,000 
10,000-20,000 

10,000-15,000 
6,000-10,000 
5,000-10,000 
6,000-10,000 
3,000 - 6,000 
2,000 - 3,000 
6,000-15,000 

543,000-1,039,000 

Inorganic mercury is not strongly absorbed through the skin and is minimally 
absorbed from the gastrointestinal tract. The exposure danger is through 
inhalation of mercury vapor as the gold-mercury amalgam is retorted or simply 
burnt openly in pans. Specifics on the methods of retorting and reducing 
exposures are covered by Veiga (2004). 

The gold dore that results when the amalgam is retorted rather than burnt is 
sold in villages to gold shops that melt the gold dore to rid it of its impurities. 
This dore contains mercury impurities that are then released into gold shops and 
distribute mercury vapors into the urban atmosphere (Veiga, 2004). 
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Chloralkali Factories 

The chlor-alkali electrolysis process produces chlorine, hydrogen and sodium 
hydroxide (caustic) solution. In some countries chlorine is the product of 
commercial importance and is used as a bleaching agent for the textile and paper 
industries and for general cleaning and disinfection. Since the 1950s, chlorine 
has become an increasingly important raw material for synthetic organic 
chemistry and is an essential component of a multitude of end products. Plants 
utilize either the diaphragm cell process or mercury cell process. The 
environmental concern with these plants is release of mercury emissions from 
the plants, so called "fugitive sources" (Lecloux, 2003; Wangberg et al., 2003; 
http://www.epa.gov/ttn/oarpg/) and in particular identification of the atmospheric 
mercury species/fractions measured in the plume from the chlor-alkali plant 
emissions. 

Smith et al. (1970) conducted an extensive assessment of 642 workers in 21 
chloralkali plants in the United States and Canada. Time weighted average 
exposures to mercury ranged from near zero to 270 ug/m3 with 85% of the group 
< 100 ug/m3. When exposures exceeded 100 ug/m3 symptoms included loss of 
appetite and weight, tremors, insomnia, and other indicators of early effects on 
the nervous system. Even among controls urinary mercury concentrations were 
much higher than general population values reported in current values 
(i.e.,United States, non-occupational, post 2000). Approximately 65% of the 
control group had urinary mercury concentrations > 10 ug/L. Worker values 
exceeded 1,000 ug/L for 7% to 8% of subjects. 

Reports from other countries indicate neurological and renal effects of 
exposure to inorganic mercury and mercury vapor. Specifically cerebral effects 
of long-term exposures to mercury vapor (Pikivi and Tolonen, 1989) are shown 
by abnormalities in electroencephalography. Increased urinary excretion of renal 
enzymes has been found in chlor-alkali workers exposed to inorganic mercury 
compared with age-matched controls when urinary mercury values averaged 35 
ug/g creatinine (Barregard et al , 1988). Albers et al. (1982) have described 
plyneuropathy among chlor-alkali plant workers chronically exposed to 
inorganic mercury vapor. They concluded that elemental mercury exposure was 
associated with a sensorimotor polyneuropathy of the axonal type and that the 
degree of neurologic impairment appeared related to the magnitude of mercury 
exposure. 

A number of chlor-alkali factories have been closed. For example, in the 
United States a 1992 report indicated 52 chlor-alkali plants in operation in 23 
states (US EPA, 1992). 

In the announcement of the final rule to reduce toxic air pollutants from 
mercury cell chlor-alkali plants, there were nine facilities located in eight states ( 

http://www.epa.gov/ttn/oarpg/
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http://www.epa.gov/ttn/oarpg/tl 3/fact_sheets/mccap_fs.pdf). However, closed 
chlor-alkali plants can continue to release inorganic mercury into the 
environment over time. An environmental assessment in the Upper Negro River 
valley area in Argentina in the vicinity of a closed chlor-alkali plant (Arribere et 
al., 2003) indicated, however, that because the drainage areas near the plant had 
not become permanently flooded biomagnitication of mercury in the food chain 
was not occurring. 

Other Industries 

Industries in which occupational exposure to mercury may occur include 
chemical and drug synthesis, hospitals, laboratories, instrument manufacture, 
and battery manufacture (USA, National Institute for Occupational Safety and 
Health, 1977). Jobs and processes involving mercury exposure include 
manufacture of measuring instruments (barometers, thermometers, etc.), mercury 
arc lamps, mercury switches, fluorescent lamps, mercury boilers, mirrors, 
electric rectifiers, paints, explosives, photographs, disinfectants, and fur 
processing. Occupational mercury exposure can also result from the synthesis 
and use of metallic mercury, mercury salts, mercury catalysts (in making 
urethane and epoxy resins) mercury fulminate, Millon's reagent, 
pharmaceuticals, and antimicrobial agents [USA (Occupational Safety and 
Health Administration (OSHA, 1989)]. Within the USA Campbell et al. 1992 
reported that about 70,000 workers are annually exposed to mercury. Inorganic 
mercury accounts for nearly all occupational exposures with airborne elemental 
mercury vapor the main pathway of concern in most industries, in particular 
those with the greatest number of mercury exposures. 

SUMMARY 

Mercury exposures in the Americas are highly varied ranging from 
analytically non-detectable to very high levels producing clinical poisoning. 
Methylmercury is the dominant chemical form of mercury for people who 
consume fish and shellfish. Who within the population consumes a high 
percentage of their dietary protein from fish/shellfish differs with social, 
economic, cultural and geographic conditions. The highest exposures to 
methylmercury in the Americas have been found among affluent, urban dwellers 
who consumed fish in pursuit of health (Hightower and Moore, 2003), among 
remote villagers in the Amazon who have an environment in which the fish are 
seriously contaminated with mercury (Dolbec et al., 2001), and among Inuit 

http://www.epa.gov/ttn/oarpg/tl
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villagers who consume marine mammals (Chan, 1998; van Oostdam et al., 1999) 
as part of their cultural traditions. 

Among the general population of countries ranging from Canada to the USA 
to Chile exposure to methylmercury depends on both the quantity and species of 
fish consumed. General population survey data are available only for the United 
States and these data indicate that for the overall general population, 9% of 
women of childbearing age consume fish weekly (Mahaffey et al., 2004). Within 
the general population, approximately 3% of women consume fish daily. Groups 
at greater than average risk of methylmercury exposure from routine 
consumption of fish are persons of Asian or island ethnicity, coastal and/or 
island populations, individuals following "health" promoting diets, and some 
indigenous tribal groups. Their higher methylmercury exposure results from the 
greater overall quantities offish consumed and/or the consumption offish with 
relatively high mercury concentrations. 

Within regions such as the Amazon having wide-spread mercury 
contamination secondary to release of inorganic mercury from mining 
operations, elevated mercury exposures with hair mercury concentrations 
frequently exceed 10 ppm hair mercury. In these regions choice offish species to 
minimize mercury intake has been shown (Dorea et al., 2003; Passos et al , 
2003) to be a possible means of reducing methylmercury exposures in a region 
where fish is the main routinely available source of protein. 

Non-occupational inorganic mercury exposures, for the portion of the 
population who experience these, occur from mercury released from dental 
amalgams. Occupational exposures to inorganic mercury include persons 
working in dental professions, the chlor-alkali industry, and fluorescent bulb 
production and recycling. Statistics on the number of workers employed in the 
Americas in occupations that utilize mercury need to be summarized. 

Far higher exposures to mercury vapor occur among artisanal miners, their 
families, and in communities associated with gold mining and gold ore 
processing. These exposures have been reported to be of a magnitude that 
produces overt clinical toxicity within a few months to a few years. Because of 
contamination of the surrounding ecosystems with mercury-laden waste from 
these mining operations, vast geographic areas surrounding mining activities 
have been grossly contaminated with mercury. Elevated mercury levels in the 
food chain result. Because people engaged in mining also may consume fish in 
their diets, a combined methylmercury and inorganic mercury pattern of 
exposure has been documented in Latin American countries. 

Against this substantial background of methylmercury and inorganic/mercury 
vapor exposures, there are far less common exposures to organo-mercurials 
including phenylmercury and ethylmercury. Such compounds are found in 
"beauty" preparations, creams, topical preparations to treat skin conditions. 
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These compounds have produced poisoning among the unwary. 
Biomonitoring of mercury concentrations in blood, hair, and urine are used to 

identify the magnitude and patterns of mercury exposure. Combined with 
dietary, occupational, cultural, and socio-demographic data such information can 
be used to identify sources of mercury exposure for individuals and populations. 
Such information can provide governments, public health authorities, medical 
organizations, physicians, and individuals with the links to stop or reduce 
exposures to mercury and mercurial compounds. 
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DISCLAIMER 

The statements in this publication are the professional views and opinions 
of the author and should not be interpreted to be the policies of the United 
States Environmental Protection Agency. 
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INTRODUCTION 

Mercury (Hg) is a toxic heavy metal. It occurs in several physical and 
chemical forms. The most important from a toxicological point of view are 
the metallic (elemental) form (Hg°), and methylmercury (MeHg). Mercury is 
emitted to the atmosphere, mainly as Hg° by natural evaporation and from 
man-made sources. It is converted to soluble forms (e.g. Hg2+) and deposited 
by rain into soil and water. Mercury is methylated non-enzymatically or by 
microbes. The methylmercury compounds bioaccumulate up the aquatic 
food chain and reach the human sea-food diet (WHO 1990; WHO 1991). 

Inhalation of Hg° vapour, and ingestion of MeHg via fish are the most 
important routes of human exposure to mercury. In the general population, 
the major source of inhaled Hg°is Hg released from dental amalgam fillings. 
In European occupational settings, like chloralkali plants, mercury mines, the 
exposure levels are much higher (Sallsten et al., 1990; Boffetta et al., 1998; 
Pranjic et al., 2003; Jarosinska et al., 2004). 

In addition to Hg°, low amounts of inorganic divalent Hg may be present 
in diet. Exposure to ethyl mercury (EtHg) may occur from certain medical 
products (e.g. vaccines and immunoglobulins containing tiomersal), since 
EtHg is used as a preservative (Pichichero et al., 2002; Magos et al , 2003). 
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INORGANIC MERCURY 

A major source of exposure to inorganic mercury in the general 
population is Hg° from dental amalgam fillings. Inhaled Hg° is rapidly 
absorbed in blood, and about 80 % is retained. Elimination occurs via 
urinary and faecal excretion. Urinary mercury (U-Hg) reflects kidney Hg and 
at steady state also the body burden, and it is widely used for assessment of 
exposure to inorganic Hg in humans (WHO, 1991). The half time for U-Hg 
is about two months, thereby reflecting the exposure in the past year. In 
order to decrease the impact of urinary flow rate, U-Hg is generally 
expressed in p,g/g creatinine. In spite of this there is a normal day-to-day 
variability. The fact that women have a lower mean creatinine excretion rate 
results in lower average U-Hg in jxg/g than in men, even when men and 
women have the same Hg excretion rate. 

Another source of inorganic Hg in humans is demethylation of MeHg. 
Therefore, an increase of U-Hg is often shown in subjects with a high MeHg 
intake (Carta et al., 2003; Johnsson et al, 2004). 

URINARY MERCURY CONCENTRATIONS 

Some recent studies, stratified by country have been summarized in Table 
1. In subjects who have no dental amalgam filling, and eat fish less than once 
a week, typical levels are only about 0.2 ug/gC. In subjects with a moderate 
number of amalgam fillings, or a high fish consumption, median U-Hg is 
about 1 |Lig/gC. Women tend to have slightly higher concentrations than men. 
Levels in adults and children are similar, 

The increase of U-Hg with the number of amalgam fillings or the number 
of amalgam surfaces is well known and was shown in a large number of 
studies in the 1990s (Akesson, 1991). Similar findings are shown in those 
recent studies in Europe, where amalgam status was examined, Table 1. 
Thus, there is a tendency towards higher exposure to Hg° and higher U-Hg in 
countries where the average number of amalgam fillings in the population is 
high. This is the case for example in the Scandinavian countries, where 
public dental care was free and well organized at schools, and amalgam was 
the standard treatment for caries. 

A typical increase of urinary Hg by amount of dental amalgam is shown 
in Figure 1. 
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Median U-Hg 
(pg/gC) 

1.2 -, 

Figure 1. Urinary Hg excretion in ug/g creatinine versus dental amalgam in the GerESIII 
study. The study included a random sample (proportionately stratified for age, gender and 

community size) of 4800 Germans, 18-69 years of age. 
The data are taken from (Becker, 2003). 

What has been less often described is the effect of fish consumption on 
U-Hg excretion. This is not caused by the small amount of inorganic Hg 
present in fish (generally about 5 %), but it is rather the result of 
demethylation of MeHg (Apostoli et al, 2002; Carta et al., 2003; Barregard 
et al, 2003; Johnsson et al, 2004). The effect of fish intake is shown by the 
positive associations between reported number of fish meals and U-Hg 
concentrations in an Italian population study (Figure 2). It also explains 
differences between countries, as shown in a recent EU-funded study, where 
sampling was identical and samples from Sweden and Italy were analysed in 
the same laboratory (Barregard et al., 2003). In that study the higher average 
MeHg intake from fish in Italy resulted in U-Hg levels of the general 
population without amalgam fillings that were about 5 times higher 
compared to Sweden and Poland (Barregard et al., 2003; Jarosinska et al., 
2004; see Table 1). This effect is also shown by the clear association 
between hair-Hg, an indicator of MeHg exposure, and U-Hg in subjects 
without amalgam fillings (Johnsson et al., 2004). 
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1/month 2/month 1/week or more 

Fish meals 

Figure 2. Urinary mercury (Hg) excretion in jj.g/g creatinine versus fish consumption 
in an Italian population study of 374 subjects from from four cities. 

Data are taken from (Soleo, 2003). 

The contribution from ambient air is generally negligible. Typical 
outdoor air-Hg concentrations in Europe are 2-5 ng/m3. Assuming no 
additional indoor sources, inhalation of 15-20 m3 per day, and 80 % 
absorption, will result in an uptake of less than 0.1 p,g/day (Barregard et al., 
2003). This is much less than the uptake from amalgam fillings, which is 
typically at least 10-100 times higher (WHO, 1991). 

The time trends for U-Hg in Europe depend on time trends in occurrence 
of amalgam fillings, time trends in fish consumption, and time trends in 
MeHg concentrations in fish. Clear declining trends have been shown in 
Germany, and Sweden (Seifert et al., 2000; Becker et al, 2003; Akesson et 
al., 1990; Barregard et al., 2003). 

OCCURRENCE OF HIGH LEVELS 

Most big population studies have shown that high U-Hg levels are found 
in a small fraction of the general population, as shown by the maximum 
concntrations indicated in Table 1. Although, in most reports the reasons for 
extreme levels have not been clarified, some information is available. In a 
study of German children, very high concentrations were found in some 
children who used ointments containing mercury (Gabrio et al., 2003). A 
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closer study revealed that U-Hg was high in most of the members of the 
family, immigrated from Kosovo, where there is less control of such 
products than in Germany. Some studies showed that U-Hg levels were 
statistically associated with use of chewing gum in subjects with amalgam 
rilling. A previous reports showed that long term intense chewing on 
amalgams may result in U-Hg concentrations of 25 n-g/gC (Sallsten, 1996). 
The impact of high intake of MeHg from seafood was clearly shown in a 
study from Sardinia, where the median U-Hg was 6.5 jxg/gC (maximum 21.5 
jag/gC) in 22 men with a high consumption of tuna with high Hg content, 
around 1.5 jxg/g (Carta et al., 2002; 2003), see Figure 3. 

Median U-Hg 

1-2 3 -4 5 -7 
Tuna meals per week 

Figure 3. Urinary mercury (Hg) excretion in ug/g creatinine versus fish consumption in 22 
consumers of tuna fish with high (about 1.5 ug/g) mercury concentrations. 

The data are taken from (Carta, 2002; 2003). 

The effect of methyl mercury exposure on urinary mercury excretion is 
also indirectly shown by a close intra-individual association between U-Hg 
and hair-Hg in Swedish anglers consuming freshwater fish (Johnsson et ah, 
2004b). 

Population studies generally show a lognormal distribution of U-Hg. The 
large studies give a reasonable estimate of the right tail of the distribution, 
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e.g. the GerESIII Study from Germany including nearly 5000 adults showing 
a 98-percentile of 2.8 ug/gC in 1998. In a Swedish study, data from about 
2000 subjects in 1990, all with amalgam fillings, showed a 99-percentile of 
10 ug/gC (Barregard et al., 1995). In Italian subjects the 95-pecentiles were 
about 5 g/gC, and the 99-percentiles 10-15 ug/gC (Apostoli et al., 2002; 
Soleo et al., 2003; Barregard et al., 2003). In the large population studies, or 
in case reports, maximum U-Hg concentrations of 25ug/gC or higher have 
been reported, i.e levels that have been shown to have subtle effects on 
humans, e.g. on kidney function. Such cases seem to be rare, however. 

In summary, median U-Hg levels in Europe are relatively low, and there 
is a declining trend. Dental amalgam and demethylation of MeHg from fish 
are the dominating sources. High levels occur in people chewing intensely 
on amalgam fillings, having a high MeHg intake, or using skin creams 
containing mercury. 

METHYL MERCURY 

For most people the source of exposure to methyl mercury is fish, 
although for some populations marine mammals are also important. Most of 
the mercury content in fish, about 90-95 % (Kehrig et al., 1998; Evens et al., 
2001) is in the form of MeHg, the rest being inorganic Hg. The Hg content 
of fish is highly variable, the highest concentrations in fish eaten in Europe 
being found in predatory species like swordfish, shark, some big tuna 
species, and in piscivorous freshwater fish like pike and perch. In Europe 
there is a limit for mercury in fish of 0.5 ug/g, except for certain species like 
pike and eel, where the limit is 1 (xg/g (European Commission, 2001). 

MeHg intake is a function of the amount of fish consumed and the Hg 
content of the fish species eaten. Populations living in coastal areas, rivers or 
lakes where fishing is common on average have higher fish consumption 
than inland populations. The same is true for fishermen and anglers. Some 
intake estimates for mercury from fish have been made for average 
populations indicating, higher intake in coastal Spain and Croatia than in 
Germany and Scandinavian countries (European Commission, 2002). 

MeHg in food is almost completely (> 90 %) absorbed in the gut. MeHg 
in blood peaks rapidly, and distributes relatively uniformly to most tissue. It 
readily passes the blood-brain barrier. In blood, most MeHg is found in red 
blood cells, with concentrations 10-20 times higher than in plasma (WHO, 
1990; Clarkson, 2002). MeHg is secreted into bile and partly reabsorbed into 
the portal circulation and thereby returned to the liver. Most of the MeHg is 
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eliminated by demethylation and excretion of the inorganic form (mainly 
Hg2+) in faeces. The demethylation of MeHg takes place in several organs, 
e.g. liver, spleen, lymph nodes, and in the intestines (by the microflora). The 
fraction of total mercury present as in tissue as inorganic Hg, after exposure 
to MeHg depends on the duration of exposure and the time after cessation of 
exposure to MeHg (Carrier et al., 2001). Excretion of inorganic Hg in urine 
is small in the early phase after exposure but increase with time. The half 
time of MeHg in blood and in most organs is about 2 months. Demethylation 
also takes place in the brain, where the inorganic fraction may have a long 
half time, binding to SH-groups and selenium (WHO, 1990; Clarkson, 
2002). 

Hair-Hg is used for biological monitoring of exposure to MeHg, and 
reflects past exposures, up to a year or more, depending on the length of the 
hair. Hair incorporates Hg from blood when formed, and grows with about 1 
cm per month. Thus, the mercury content in the part of a hair strand closest 
to the scalp reflects the recent blood Hg levels (WHO, 1990). The possibility 
of external contamination of hair should be taken into account, as well as the 
potential leaching of mercury from the hair at permanent treatment. 

HAIR MERCURY CONCENTRATIONS 

As shown in Table 2, typical hair-Hg concentrations in central and 
northern Europe are 0.2-0.4 ng/g (Rosborg et al., 2003; Bjornberg et al., 
2003; Benes et al., 2003; Lindow et al., 2003; Gebel et al., 1998; Pesch et al., 
2002; Hac et al., 2000) in subjects not regularly consuming freshwater fish. 
Studies from the UK show concentrations around 0.5 |iig/g (Ritchie et al., 
2002; Lindow et al., 2003). In groups who consume freshwater fish 
regularly, typical levels are 1-2 jj,g/g (Salonen et al., 2000; Johnsson et al., 
2004a). 

In the Mediterranian, hair-Hg levels are typically higher than in central 
and northern Europe, with a median of 1-2 îg/g in the general population on 
the Italian coast (n=140), and 4 p,g/g (n=19) in fishermen (Horvat et al., 
2004; personal communication). In regular tuna eaters from Sardinia the 
median hair-Hg was 9.6 (n=8, Carta et al., 2003). Older studies on 
Thyrrenian coast in Italy and on the island of Madeira also showed high hair 
mercury concentrations in fishermen and their families (Renzoni et al., 1998; 
Murata et al., 1999). In addition to the data given in Table 2, recent results 
from pregnant women in the Friuli-Venezia region of Italy show mean hair-
Hg concentrations in pregnant women of about 1 |a,g/g, and population 
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studies on Greek islands in the Eastern Aegean show median hair-Hg 
concentrations of 1-1.5 jxg/g (M. Horvat, personal communication). 

Many studies have shown a relation between hair mercury and fish intake 
(Figure 4). 

In the Arctic, the levels are highly variable depending on communities, 
but in general higher than in Europe. 

A study of Inuits in Canada showed a median concentrations of 4 (xg/g 
(Muckle et al., 2001), while Inuits in Greenland had median concentrations 
of 5-15 jig/g (Weihe et al , 2002). 
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Median hair-Hg 
(Mg/g) 
4 

3.5 

3 

2.5 
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1.5 
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0 
<1/month at least 1/month at least 1/week at least 2/week 

Freshwater fish 

Figure 4. Association between self-reported freshwater fish consumption and hair mercury 
concentrations in Swedish anglers. Data taken from (Johnsson, 2004). 

In the Faroe Islands, the levels in children and adults have decreased to 1-
2 jug/g around the year 2000 (Dewailly et al., 2003; Murata et al., 2004). 

There is a clear downward trend in hair Hg in the Faroe Islands (Dewailly 
et al., 2003). For the rest of Europe and the Arctic, the time trend is unclear. 

OCCURRENCE OF HIGH LEVELS 

Obviously high hair-Hg levels are found in people consuming either large 
amounts of fish with moderate Hg levels, or at least a weekly fish meal with 
high Hg content. The groups with the highest exposure seem to be the inutis 
in the Arctic, the Sardinians regularly consuming large tuna, and the 
Mediterranian fishermen. The median concentrations in these groups are 
shown in Table 2. 
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The maximum concentrations obviously depend on the sizes of the 
groups sampled. The maximum concentration in 108 pregnant iniuts from 
Canada was 18.5 ug/g (Muckle et al., 2001). In 43 Inuit children from 
Greenland it was 18.4 ug/g, and in 31 mothers from the same area the 
maximum hair mercury concentration was 32.9 ug/g (Weihe et al., 2002). 
Similar maximum hair Hg concentrations were also found in regular 
consumers of Swedish freswater fish (maximum 18.5 ug/g; Johnsson et al., 
2004) or tuna caught outside Sardinia (34.5 ug/g; Carta et al., 2003). 

The maximum concentrations found in random samples in Germany 
(N=500; Gebel et al., 1998; Pesch et al., 2002) and the Czech Republic 
(N=3500; Benes et al., 2002) populations, respectively were below 2 ug/g. 

In adults, the proposed reference dose of 0.1 ug/kg body weight is 
equivalent to a hair mercury concentrations of about 1.1 ug/g at long term 
stable exposure. This level is exceeded in most people in coastal areas of the 
Mediterranian countries. In people who consume large amounts of seafood 
with high mercury content, hair Hg concentrations may also exceed 10 ug/g, 
the lower limit of the benchmark dose (BMDL) for toxic effects on the 
developing brain. This is especially the case for some Inuit populations in 
the Arctic. 

BLOOD MERCURY CONCENTRATIONS 

Blood mercury reflects exposure to methyl mercury (most of it in the red 
blood cells) as well as inorganic mercury (divided about equally between 
plasma and red blood cells). Many studies have been performed on blood 
mercury in Europe, but no population studies as large as those on U-Hg or 
hair-Hg, and few studies on children. One reason is the invasiveness of blood 
sampling, and the other one is the fact that the analysis of blood Hg is 
somewhat more difficult than analysis of U-Hg. This is in particular the case 
if speciation of inorganic/organic Hg or inorganic/MeHg is to be performed. 
In case of exposure to MeHg, the blood mercury concentrations is typically 
1/250 of the hair mercury concentration. 

The blood Hg level is an excellent indicator of recent exposure to 
inorganic Hg or MeHg, if speciation is performed. The same is true for total 
B-Hg if exposure to inorganic Hg or MeHg is high. In general population 
samples where there is a low exposure to inorganic Hg as well as MeHg, U-
Hg as indicator of inorganic Hg exposure, and hair-Hg as indicator of MeHg 
exposure have the advantage of better discrimination of the two major types 
of Hg exposure. For newborns the situation is different. The determination of 
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Hg in cord blood gives better information about the exposure levels for the 
foetus during the last period of the pregnancy than does the mother's hair-
Hg. 

In the present summary, focussed on the general population of Europe, 
having a mixed exposure to inorganic Hg and MeHg, the main indicators 
chosen were U-Hg and hair-Hg. 

CONCLUSIONS 

The major sources of mercury exposure in the European population are 
elemental mercury from dental amalgam and methyl mercury from seafood. 
The variability in these exposure sources is well shown in the ranges of 
urinary and hair mercury levels. In rare cases the exposure to inorganic 
mercury may affect human health. For methyl mercury, the intake is higher 
than the recommended reference doses in large parts of the populations in 
Europe and the Arctic. In some populations it is clearly at a level with 
exposures that has been shown to affect human health. Measure should be 
taken to reduce exposure, especially in pregnant women. 
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INTRODUCTION 

Fetuses and neonates are known to be high-risk groups for 
methylmercury (MeHg) exposure (Amin-Zaki et al., 1981). In the epidemics 
in Minamata and Niigata, Japan and in Iraq, many infants were congenitally 
affected by MeHg (Amin-Zaki et al., 1981; National Research Council, 
2000). The clinical reports of patients in the Minamata district indicated that 
the infant victims showed symptoms such as severe cerebral palsy, while 
their mothers had only mild manifestations of the poisoning (WHO, 1990). 
The cause was fish contaminated by man-made environmental MeHg 
pollution. However, the main problem today is MeHg exposure through fish 
consumption as a widespread environmental neurotoxicant. In the natural 
course of events, most human exposure to MeHg is through fish/shellfish 
consumption. Generally, the larger fish and sea mammals at the top of the 
food chain, such as shark, tuna and whale, contain higher levels of MeHg 
than the smaller ones. The higher mercury accumulation and higher 
susceptibility to toxicity in the fetus than in the mothers during gestation is 
well established (WHO, 1990; National Research Council, 2000). Therefore, 
the effect of MeHg exposure on pregnant women remains an important issue 
for elucidation, especially for the Japanese and some Asian populations 
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which consume much fish/shellfish. In this paper we first report on fetal 
MeHg exposure through the placenta in pregnant Japanese women 
(Sakamoto et al., 2004) and current methylmercury exposure levels in the 
population of Japan (Yasutake et al., 2004). The Japanese are known around 
the world as a population which consumes a large amount of fish/shellfish. 
Not only Japanese but some other Asian people also depend on marine 
products for their protein and other nutrients. The MeHg exposure status in 
Japan will provide important information about MeHg exposure in other 
Asian populations. Further, we summarized the data on hair mercury 
concentrations in some populations without any particular exposure to 
mercury in Asia and Oceania. 

MATERIALS AND METHODS 

MeHg exposure to fetus through placenta 

The mercury concentration in red blood cells (RBC-Hg) is the best 
biomarker of MeHg exposure (Swedish Expert Group, 1971; WHO, 1990; 
Svensson et al , 1992). Additionally, more than 90% of Hg in RBC is known 
to be in the methyl form in high fish-consuming populations (Kreshaw et al., 
1980). Further, hematocrit (Htc) values are quite different between mother 
and fetus at parturition (Table 1). Therefore, we used total Hg concentrations 
not in whole blood but in RBC to reveal the MeHg levels in mothers and 
fetuses in the present study. Sixty-three healthy pregnant Japanese women, 
ranging in age from 21 to 41 yr (average 29.6 ± 4.4), planning to deliver in 
Munakata Suikokai General Hospital, Munakata City, Fukuoka, Japan, gave 
informed consent to take part in the present trial. Blood samples were 
collected from the mothers and the umbilical cord. The samples included 13 
ml of venous umbilical cord blood at birth and 10 ml of venous maternal 
blood 1 day after parturition before breakfast. Both blood samples were 
obtained by venipuncture with a small amount of heparin-Na and centrifuged 
at 3000 rpm for 10 min to separate red blood cells (RBC) and plasma. 
Samples were stored at -80°C until analysis. This study was approved by the 
Ethics Committee of the National Institute for Minamata Disease (NIMD). 
Total Hg in 0.5 g of RBC was determined by cold vapor atomic absorption 
spectrophotometry (CVAAS) according to the method of Akagi and 
Nishimura (1991). The method involves sample digestion with HN03, 
HC104 and H2S04 followed by reduction to Hg° by SnCl2. The detection 
limit was 0.1 ng/g. Accuracy was ensured using certified reference material 
(DORM-2; dogfish muscle prepared by the National Research Council, 
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Canada) as the quality control material; the Hg concentration obtained 
averaged 4.53 ng/g, as compared to the assigned value of 4.64 ± 0.26 ng/g. 
The total analytical precision of this analysis was estimated to be 3.9%. 

CURRENT HAIR MERCURY LEVEL IN GENERAL 
POPULATIONS IN JAPAN 

Hair samples were collected in 2000-2002 at beauty parlors and barber 
shops across Japan: in Miyagi (M=561, F=624), Chiba (M=253, F=232), 
Nagano (M=342, F=311), Wakayama (M=413, F=299), Tottori (M=611, 
F=207), Hiroshima (M=440, F=561), Fukuoka (M=474, F=570), Kumamoto 
(M=385, F=326), Minamata (M=389, F=648), Okinawa (M=406, F=613). 
Survey questionnaires were distributed at the time on fish consumption 
(amount and species), age, sex, hair-dye and artificial hair permanent wave 
treatment. About 60 to 70% of the visitor of a beauty parlors and barbershop 
approved to take part in the present trial. The hair samples were also 
collected at a primary school in each district to obtain samples from children. 
The age of the overall ranged from 0 to 95, with 92.4% ranged between the 
ages of 5 to 74. This study had been agreed by NIMD Board of Ethics. For 
mercury analysis, hair samples weighing from 0.1 to lg each person, were 
washed well with detergent, and rinsed twice with acetone to dry. The dried 
hair was then cut into small pieces (<2 mm) with scissors. Aliquots of 
samples (15 to 20 mg) were dissolved in 0.5 ml of 2N NaOH with heating at 
60°C for 1 hour. Ten or twenty ul of the solution was used to analyze the 
total mercury levels by oxygen combustion-gold amalgamation methods 
using an atomic absorption detector MD-1 (Nippon Instrument Co., Ltd., 
Osaka). 2.5 |LIM mercuric chloride (0.5 fig/ml) in 0.5 M L-cysteine/0.2% 
bovine serum albumin solution was used as an external standard. 

HAIR MERCURY LEVELS IN SOME GENERAL 
POPULATIONS OF ASIA AND OCEANIA 

NIMD has conducted many surveys in mercury contaminated sites. In 
the surveys, we collected the data in control populations without any 
particular contamination. We summarized the data by the survey of NIMD 
and other scientists as general hair mercury levels in some general 
populations in Asia and Oceania. 
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Various hair sampling areas. Shen Yang, China; A large and old 
industrial city, about 200 km from the Yellow Sea. Samples were collected 
from 55 mothers in a nursery school in 1999 (Liu et al., not published). 

Zhoushan islands, China; Islands near Shanghai surrounded by sea with 
fishing as the main industry. Samples were collected from 28 males and 19 
females in 2003. (Liu et al , not published). 

Gui Yang, China; An inland medium-sized city located more than 500 
km from the sea. Samples were collected from 28 inhabitants as a control at 
the mercury-contaminated site of Gui Zou Province in 1998 (Yasuda et al., 
2002). 

Sihanoukville, Cambodia; A small resort town facing the sea. Samples 
were collected from 18 males in 1999 (NMD Mission Report, 1999). 

Hoa Binh, Vietnam; A small town about 200 km from the Gulf of 
Tonkin. The samples were collected from 384 males and 329 females in 
2000-2003 (Loi, 2003). 

Deder Bubu, Kyrgyzstan; A small inland village in an area completely 
isolated from the sea. Samples were collected from 51 males and 40 females 
in 1997 (NIMD Mission Report, 1997). 

Kojar, Kyrgyzstan; A medium-sized town near Deder Bubu in an area 
completely cut off from the sea. Samples were collected from 57 males and 
99 females in 1997 (NIMD Mission Report, 1997). 

Harbin, China and Medan, Indonesia; Harbin is a large northern city 
approximately 600 km from the coast. Medan is also a big city about 30 km 
from the coast. Samples were collected from 64 males in Harbin and 55 
males in Medan. (Feng et al , 1998). 

Hong Kong; Samples were collected from 166 husbands and 35 wives in 
an IVF(in vitro fertilization) Center (H.K.) from 1994 to 1996. (Dickman 
and Leung., 1998). 

Davao, Philippines; Davao is a central city in a major island of 
Mindanao, Philippines. Forty two samples were collected in 1999 as a 
control of the gold mining area of Diwalwal. (Drasch et al., 2001) 

Bangladesh; Samples were collected from 219 males from 6 different 
regions in Bangladesh in 1991. (Holsbeek et al., 1996) 

Papua New Guinea; Samples were collected from 210 inhabitants from 
Lake Murray (n=114), Suki (n=51) and Rumginae (n=45) in Papua New 
Guinea (Kyle and Ghani, 1982). 
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RESULTS AND DISCUSSION 

MeHg exposure to fetus through placenta 

Table 1 presents the Japanese subject characteristics and values, including 
maternal and fetal mercury concentrations in red blood cells and hematocrit 
values. In all 63 cases fetal RBC-Hg were higher than maternal RBC-Hg. 

Table 1. Japanese subject characteristics (n=63) and values, including maternal and fetal 
mercury concentrations in red blood cells and hematocrit values. 

Category 

Maternal age (years) 

Maternal RBCs Hg (ng/g) 

Maternal Htc value 

Fetal RBCs Hg (ng/g) 

Fetal Htc value 

Fetus/Mother RBCs Hg ratio 

Mean (Geomean) 

29.6 

9.12(8.41) 

31.5 

14.7(13.4) 

45.2 

1.6 

SD 

4.37 

3.63 

3.18 

6.37 

3.64 

0.27 

Min 

21 

3.76 

23.9 

4.92 

38.1 

1.08 

Max 

41 

19.1 

38.4 

35.4 

53.7 

2.19 

The geometric mean of fetal RBC-Hg was 14.7 ng/g for fetuses which 
was significantly (p<0.01) higher than that for mothers (8.41 ng/g). A strong 
correlation was observed in RBC-Hg between mothers and fetuses (r = 0.92, 
p<0.001; Figure 1), the average fetal/maternal RBC ratio was 1.6 (Figure 2). 
This suggests that MeHg is actively transferred to the fetus across the 
placenta via a neutral amino acid carrier, as demonstrated by previous 
studies (Kajiwara et al. 1996; Ashner and Clarkson, 1988). 

This higher Hg accumulation in the fetuses than in mothers is widely 
acknowledged from human and animal studies (Amin-Zaki et al. 1981; 
WHO, 1990; National Research Council, 2000; Sakamoto et al. 2004; 
Sakamoto et al. 2002a; Sakamoto et al., 2002b). 

In addition, the susceptibility of the developing brain itself is known to 
be high (WHO, 1990; Yasutake et al , 2004). Thus, intensive studies should 
be conducted on pregnant women and women of child-bearing age. 



410 CHAPTER-17: EXPOSURE IN JAPAN, ASIA AND OCEANIA 

0 5 10 15 20 25 

Maternal Hg in red blood cells (ng/g) 

Figure 1. Correlation between maternal and fetal mercury concentrations in 
red blood cells in 63 maternal-fetal pairs. 
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Figure 2. Individual fetus/mother ratio of Hg concentration in red blood cells in 
63 maternal-fetal pairs. 
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However, the individual fetal/maternal RBC-Hg ratio varied from 1.08 to 
2.19, indicating individual differences in MeHg concentrations between 
maternal and fetal circulations at late gestation. This can be partly explained 
by the individual differences in MeHg transfer from mother to fetus through 
the placenta. The maternal MeHg level tends to be influenced by the latest 
meal. On the other hand, the blood-organ ratios of MeHg concentration will 
be constant at parturition in fetal circulation. Therefore, not the maternal side 
biomarker, but the fetal side biomarker is essential to evaluate the MeHg 
exposure of the fetus during gestation. 

Current hair mercury level in the general populations of 
Japan 

Regional differences 

Sex and age group-dependent hair mercury levels among the sampling 
districts are shown in Figure 3 (males=4274 and females=4391 in total 
8665). The geometric mean mercury levels among the districts varied from 
1.67 to 4.75 (j-g/g for males and from 1.07 to 2.29 |ng/g for females. 

Figure 3. Sex and age group-depent hair mercury levels among 10 districts in Japan. 

The values were highest in Chiba (4.75 ng/g for males, n=253; 2.29 jig/g 
for females n=232), followed by Miyagi (3.31 jug/g for male, n=561; 1.77 
\ig/g for female, n=624). The lowest values were found in Fukuoka (1.67 
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jug/g for males, n=474; 1.09 (ig/g for females, n=570) and Hiroshima (2.02 
Hg/g for males, n=440; 1.07 ng/g for females, n=561). 

The lower values were about half of those in Chiba and Miyagi. The 
variation seemed to depend on the total amount of daily fish/shellfish 
consumption and on the preference for tuna consumption. Table 2 shows the 
average daily intake of fish/shellfish and the rate of preference for tuna 
consumption. In all districts, males consumed a greater amount of 
fish/shellfish than females, which would partly explain the sex differences in 
the hair mercury levels. Tuna is a major carnivorous fish with a high 
methylmercury level that is often consumed in Japan. The highest rate of 
tuna consumption was found in Okinawa and Chiba. The highest hair 
mercury level in Chiba can be explained by both the high amount of 
fish/shellfish consumption and its high tuna consumption. Although 
Okinawa also showed high tuna consumption, their lower fish/shellfish 
consumption would tend to depress their hair mercury level. On the other 
hand, Fukuoka and Hiroshima with the lowest hair mercury level showed 
both lower fish/shellfish consumption and the lowest preference for tuna 
among all the districts. Therefore, not only the amount of fish/shellfish 
consumption but also the tuna preference rate would appear to explain the 
regional variations in hair mercury levels in Japan. 

Table 2. Average fish consumption and tuna preference rate. 

Residence 

Miyagi 
Chiba 
Nagano 
Wakayama 
Tottori 
Hiroshima 
Fukuoka 
Kumamoto 
Minamata 
Okinawa 

Fish consumption (g/person/day) 
Female 

98 
50 
56 
53 
47 
43 
51 
46 
56 
40 

Male 
95 
89 
59 
57 
76 
55 
46 
54 

64 
43 

Total 
96 
70 
57 
55 
69 
48 

48 
50 
59 
42 

Frequency of tuna 
consumption (%)a) 

69.0 
75.5 
60.5 
52.5 
16.6 
30.6 
23.1 
38.8 
20.0 
77.5 

Frequency of persons who often eat tuna 

Average hair mercury levels for both sexes and age-dependent 
variations. Figure 4 shows the distribution of mercury concentrations in hair 
without permanent wave treatment. 
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Figure 4. Distribution of hair mercury concentrations for both sexes in Japan. 

We eliminated the data on hair with permanent wave treatment since 
thioglycolate used in the lotion for the process effectively removes some of 
the hair mercury. The geometric means of hair mercury concentrations were 
2.40 jj.g/g (n=3668) for males and 1.63 ng/g (n=2265) for females. 

The age group dependent distribution of hair mercury concentrations for 
both sexes without any permanent wave processing is shown in Figure 5. 
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Figure 5. Age group-dependent distribution of hair mercury concentrations for both 
sexes in Japan. 
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Following a transient decline around the 20s, the level increased into the 
50s in both sexes. The sex and age-dependent changes in mercury can be 
mainly explained by the amount of fish/shellfish consumption. Table 3 
shows the average fish/shellfish consumption (g/day) among age-groups for 
both sexes in Japan (National Nutrition Survey by Ministry of Health in 
2001). In addition, we can estimate that the average mercury concentration 
in fish/shellfish consumed by Japanese people is about 0.1 |ig/g, from both 
the results of hair mercury levels and fish/shellfish consumption by age-
groups and sexes. 

Table 3. Average fish and shellfish consumption (g/day) in age-groups for both sexes 
in Japan (2001). 

Age 

Male 

Female 

Total 

n: 

M 

F 

Total 

104.3 

84.9 

94.0 

5,852 

6,629 

1-6 

38.1 

38.9 

38.6 

396 

401 

7-14 

70.1 

59.9 

65.0 

591 

580 

15-19 

83.7 

76.5 

80.3 

358 

330 

20-29 

90.6 

72.4 

80.7 

587 

695 

30-39 

93.7 

72.4 

82.1 

702 

843 

40-49 

114.9 

85.2 

99.4 

798 

868 

50-59 

134 

109 

121 

930 

1,033 

60-69 

139 

109 

123 

804 

912 

70-

112 

93.2 

101 

686 

967 

Soure: Date from National Nutrition Survey by Ministry of Health 

Percentage of Japanese females of child-bearing age (15-49 years) 
exceeding recommended safe hair mercury levels . Table 4 shows the 
percentage of Japanese females of child-bearing age (15-49 years) above 
recommended safe hair mercury levels. About 0.1% of the sub-population 
had hair mercury exceeding 10 ng/g (a BMDL used by NAS). The Japanese 
Government recommended a safety exposure level for methylmercury as 3.4 
jLig Hg/kg bw/week (1973), corresponding to a hair mercury level of about 5 
|ng/g. About 1.7% of females of child-bearing age exceeded this level, and 
25% of them exceeded the provisional tolerable weekly intake (PTWI) level 
(1.6 jig mercury/kg/week, corresponding to about 2.2 jig/g in hair mercury 
concentration) determined at the 61st meeting of the Joint FAO/WHO Expert 
Committee on Food Additives (JECFA). However, as many as 75% of 
females of child-bearing age exceeded the level (RfD: 0.1 p-g Hg/kg bw/day 
corresponding to about 1 |ig/g of hair mercury level) recommended by the 
U.S. EPA. 
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Table 4. Percentage of Japanese females of child-bearing age (15-49 years) 
Exceeding some recommended safe hair mercury levels. 

0 ^ > 1 ug/g 73<7o/o ( R f D b y E P A ) 

0 ^ > 2.2 ug/g 24.9% (PTWI by 61st JECFA) 
0^>5ug /g 1.7% (Japan) 
0 ^ > 10 ug/g o. 1 % (a BMDL used by NAS) 

Hair mercury levels in some general populations of Asia and Oceania . 
Such wide regional variations seemed to depend mainly on the total daily 

intake of fish/shellfish and also the species of fish/shellfish consumed daily. 
The inhabitants living in Lake Murray (in Papua New Guinea) area who 
showed the highest hair mercury level consumed about 9 kg fish/month 
(Kyle and Ghani, 1982). The Zhoushan Islands (China) which showed the 
second highest hair mercury level are famous for the largest fish catches in 

Figure 7. Hair mercury concentrations (ug/g) in some Asian and Oceania districts. 
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China. 
The average concentration of hair mercury sampled in general 

populations without any particular exposure to mercury were (Fig. 7): Shen 
Yang, China; 0.71 jwg/g for females (n=55), Zhoushan islands, China; 5.4 
|ig/g for males (n=28) and 4.0 |ng/g for females (n=19), Gui Yang, China; 
0.57 jLig/g (n=28), Sihanoukville, Cambodia; 2.6 jig/g for males (n=18), Hoa 
Binh, Vietnam; 1.2 ^g/g for males (n=384) and 0.88 ng/g for females 
(n=329), Deder Bubu, Kyrgyzstan; 0.05 )ig/g for males (n=51) and 0.05 jj,g/g 
for females (n=40), Kojar, Kyrgyzstan; 0.04 \ig/g for males (n=57) and 0.04 
jixg/g for females (n=99). Harbin, China; 1.7 jxg/g for males (n=64). Medan, 
Indonesia 3.1 ng/g for males (n=55). Hong Kong; 4.0 ng/g for males 
(n=166) and 1.6 ng/g for females (n=35). Davao, Philippines; 2.7 |ug/g 
(n=42), Bangladesh; 0.44 |ig/g (n=219). Papua New Guinea; 15.5 |^g/g 
(n=210), 18.0 jLig/g for Lake Murray (n=l 14), 8.3 for Suki (n=51) and 3.2 for 
Rumginae (n=45). 

The inhabitants eat fish/shellfish almost every day. The average hair 
mercury level was similar to that in Chiba, which showed the highest level in 
Japan. The male inhabitants in Hong Kong also showed a level similar to 
that of Chiba males. The inhabitants in Sihanoukville (Cambodia) and Davao 
(Philippines) showed a level similar to that of Japanese males. The town 
faces the sea, and so fish is a dietary staple. On the other hand, the 
inhabitants of Sheng Yang (China), Gui Yang (China) and Bangladesh who 
seldom eat fish/shellfish showed less than half the average Japanese hair 
mercury level. People living in Kojar and Deder Bubu, Kyrgyzstan, which 
are completely isolated from the sea, do not have many opportunities to eat 
fish/shellfish, and showed very minimal mercury levels. 

In the natural course of events, most human exposure to MeHg is 
through fish/shellfish consumption. The methylmercury exposure estimated 
from hair mercury levels depends on the amount and species offish/shellfish 
consumed daily. The developing brain in the late gestation period is known 
to be most vulnerable. Further, more methylmercury accumulates in the 
fetuses than in mothers. Therefore, efforts must be made to protect the 
fetuses from the risk of MeHg, especially in populations which consume a 
lot of fish/shellfish. For pregnant women and those who may become 
pregnant, Ministry of Health and Welfare, Japan recently (June 2003) issued 
a caution to reduce the consumption of several kinds of fish and whales that 
contain high mercury. If human exposure to MeHg were independent of 
nutrition from fish, one could aim at the zero exposure. However, the 
exposure is through fish, a very important source of protein and other 
nutrients (Clarkson and Strain, 2003; Sakamoto et al., 2004) especially for 
Japanese and some Asian populations. As shown in Figure 6 fish/shellfish is 
an important source of protein for the Japanese. Pregnant women in 
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particular need not give up eating fish to obtain the nutritional benefits. 
However, they would do well to at least consume smaller fish, which 
contains less MeHg, thereby balancing the risks and benefits of fish 
consumption (Sakamoto et al., 2004). 
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INTRODUCTION 

Artisanal and small-scale gold mining (ASM) is an essential activity in 
many developing countries. The current number of artisanal gold miners is 
estimated to be between 10 and 15 million people worldwide (Veiga and 
Baker, 2004) with almost 30% of this contingent being women (Hinton et al, 
2003). Since 1998, annual gold production from ASM has constituted 20 to 
30% of the global production, ranging from 500 to 800 tonnes (UNEP, 2002; 
MMSD, 2002). Assuming that miners lose between 1 and 2 grams of Hg per 
gram of gold produced, it is estimated that annually between 650 and 1000 
tonnes of Hg are released into the environment. The predominant source of 
ASM Hg release is China (200 to 250 tonnes/yr) followed by Indonesia, 
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which releases 100 to 150 tonnes/yr, while Brazil, Bolivia, Colombia, Peru, 
Philippines, Venezuela and Zimbabwe each release from 10 to 30 tonnes/yr 
of Hg (Gunson and Veiga, 2004; Shoko and Veiga, 2003; Veiga, 2003; 
Veiga and Hinton, 2002). Mercury releases in Latin America are declining, 
as the most easily extractable ore has been depleted and the operating costs 
have increased. However, the gradual increase in the price of gold in 2003 is 
motivating miners to re-work abandoned ore deposits. 

The southern part of Venezuela below the Orinoco River, involving the 
State of Bolivar, the State of Amazonas, and the Federal Territory of Delta 
Amacuro, is called the Guayana Region. The main mining activities are 
conducted in the State of Bolivar, which has an area of 240,528 km2, 
comprising 75% of the hydroelectric potential of the country. Less than 5% 
of the Venezuelan population (which is 24.2 million) lives in the Guyana 
Region. In 1999, the labor force experienced a 1.1% decrease in number 
resulting in an unemployment rate of 13.2% (1,365,752 people). In 2000, 
63% of the individuals making up the workforce were men. Unemployment 
among men reached 12.5%, 1.1% higher than 1999. In 2000, 14.4% of 
women did not have a job. This was 1.7% higher than in 1999 (CONAPRI, 
2003). 

El Callao is located in the Northeastern part of the State of Bolivar, 150 
km from Ciudad Guayana (Puerto Ordaz). Mining started in 1724, when 
Capuchin priests explored the area. 
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The municipality of El Callao was founded in 1853 with the name of 
Caratal and many small gold mining companies were installed in the region. 
In 1970, CVG (Corporacion Venezoelana de Guayana) incorporated 
Minerven, a state-owned company, which currently has two cyanidation 
plants producing together approximately 200 to 300 kg of gold/month: the 
Peru Plant processes 5,200 tonnes of material/month and the Caratal Plant 
processes 14,000 tonnes/month. About 15% of the Peru Plant material is Hg-
contaminated tailings purchased by the company from the artisanal gold 
miners. 

CVG-Minerven owns a total area of 48,848 ha of mining concessions. 
The company granted 77 concessions of mining of which 59 are contracts 
with companies and 18 with individuals. 

The main portion of CVG-Minerven mining concessions "rented" to third 
parties is named "Block B" (Figure 1). With an area of 1,785 ha, this site 
was chosen by UNDDO for this project. CVG-Minerven has also rented 
mining areas in Block B to organized companies (e.g. the American 
company Hecla Mine). 

In the State of Bolivar, with a population of 1,214,486, there are about 
15,000 people directly involved in ASM. This includes about 2000 
"bateeros" and "suruqueros" who are those miners using pans to extract gold 
and diamonds from alluvial deposits and tailings, 5,000 miners using 
hydraulic monitors in elluvial and colluvial operations (gold and diamond), 
3,000 miners working- in hard rocks (quartz veins) and 5,000 miners 
operating in dredges and rafts in waterways all over the state. 

In Venezuela, two hundred and fifty years after the beginning of (the 
paper says mining started in 1724) mining activities, the social and economic 
situation of the artisanal miners has not changed substantially. Observations 
of small gold miners in the State of Bolivar, Venezuela, reveal serious 
effects on families as well as the degradation of the community's socio
economic conditions. 

In El Callao, ASM miners mostly work in the CVG-Minerven 
concessions but there are also some illegal miners working outside these 
concessions. This has been generating employment for the surrounding 
communities. Since the gold ore is abundant and extremely rich, people 
rarely consider other types of economic activity. The ASM miners, to some 
extent, have played the role of gold prospectors for the company. As the 
price of gold has been increasing since the end of 2002, the number of ASM 
miners has increased substantially in the region and many of them are 
outsiders who have never had any previous experience in mining. 

Since 1995, UNIDO has provided technical assistance related to mercury 
pollution for government, companies and artisanal gold miners in Bolivar 
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State, Venezuela. The situation, as reported by UNIDO (1996), was 
extremely serious in El Callao with miners and millers indiscriminately 
using mercury to amalgamate gold. 

The current work was conducted at the end of 2003 as a preliminary 
mission to assess the current health situation and to prepare for a more 
substantial project to be conducted in the future. The mission assessed the 
level of mercury intoxication of the miners and the surrounding population 
and introduced simple mineral processing techniques capable of substantially 
reducing mercury exposure and release in the region. 

POPULATION OF BLOCK B 

According to the 2001 Census, the total population of El Callao is 17,410 
and there are 1,731 people living in Block B, which represents almost 10% 

Table 1. Main Characteristics of the Population of Block B. 

Number of inhabitants 

% Females 

Main age group 

Average number of 
sons per family 
% Man living with 
woman 
Average number of 
people per house 
% Illiterates 
% Individuals with no 
technical education 

Main education level 

Main occupation 

Main type of house 

Main type of roof 

Main type of floor 
\Vo Houses with 
electricity 

Main source of water 

Main sanitation 

Chile 

411 

45.5 
Under 18 

(50%) 

2.4 

46.6 

3.7 

27.7 

98.1 

83% Primary 

Unemployed 
-Miner 

Zinc - Wood 

Zinc 
Cement -

earth 

96.5 

Truck 

Bush - toilet 

La Fabrica 

359 

52.9 

Between 19 and 
55(51%) 

2.4 

72.4 

3.7 

19.5 

90.0 

73% Primary-
secondary 

Unemployed -
Miner 

Cement - Mud 

Zinc 

Cement 

92.1 

Pipe - truck 

Toilet 

La Iguana 

147 

33.3 

Older than 56 
(40%) 

1.3 

42.9 

2.5 

42.2 

99.3 

90% Primary 

Unemployed-
Framer 

Zinc -Cement 

Zinc 

Earth - cement 

44.9 

Creek - pipes 

Bush 

Monkey 
Town 

433 

47.1 

Between 19 and 
55 (49%) 

2.2 

67.4 

3.6 

18.0 

96.1 

75% Primary-
secondary 
Miner-

Unemployed 

Cement - Wood 
Zinc 

Cement 

99.0 

Truck 

Toilet 

Nuevo 
Mexico 

381 

47.5 

Under 18 (47%) 

2.6 

71.6 

3.7 

21.0 

96.1 

72% Primary-
secondary 

Unemployed-
Miner 

Cement - Mud 

Zinc 

Cement 

93.8 

Pipe - truck 

Toilet 
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of the El Callao population (Hecla, 2004). 
The main characteristics of the five communities located in Block B are 

shown in Table 1. About 47% of the population is female and 44% is 
younger than 18. Children under 15 years of age account for 30% of the 
population. Individuals between 19 and 55 years of age represent 46.5% of 
the Block B population. On average, the couples in the region have 2.3 
children and there are 3.5 persons per family. About 1/5 of the population is 
illiterate and 1/4 does not have any kind of technical education. About 2/5 of 
the population has a primary education (6th grade), 1/4 a secondary education 
and just 2% has a technical or university education. About 30% of the 
population defines its occupation as student, 21% as unemployed, 19% as 
housewife and just 15% as miner. However the main activity of the 
population is definitely gold mining and processing. Water is available 
mainly through water trucks (56%) and just 1/3 of the population has water 
from pipes. About 70% of the population has toilets. 

PROCESSING CENTERS 

About 250 ASM miners in Block B excavate the ore from 30-80 m deep 
shafts using explosives and transport it in 50-kg polyethylene bags to the 
Processing Centers (locally known as "molinos") to be crushed, ground, 
concentrated and amalgamated. About 30% of the ore entering Block B 
comes from areas located outside of Block B. 

Miners pay 10% of the recovered gold to the millers, known as 
"molineros" (Center owners). In the Block B area there are 28 operating 
Processing Centers, each one with 3 to 6 hammer mills making a total of 86 
active hammer mills and 25 jaw crushers in the region. The Centers are 
basically located in 3 communities along the main Caratal-Chile road (from 
East to West): Nuevo Mexico, La Fabrica and Monkey Town. There are 
some minor processing activities in the communities of Chile and La Iguana 
and 94% of the Processing Centers are located in the communities of Nuevo 
Mexico and Monkey Town. 

The primary ore is transported to the Processing Centers, where millers 
crush it to below 2 inches with jaw crushers and make a heap to feed 25 HP 
hammer mills. There is no concentration process, i.e. the ore is ground to -1 
mm in hammer mills and passed on copper-amalgamating plates (Figure 2). 
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Figure 2. Hammer mill and copper-amalgamating plates. 

Amalgamation Cu-plates are stationary copper sheets, usually dressed 
with a thin layer of mercury (usually 150g Hg/m2 of plate) used to 
amalgamate free gold particles. Working with a slope of 10%, these 1.5 to 2 
m-long plates receive pulp of auriferous ground ore (10 to 20 % solids in the 
pulp), and the amalgamation takes place when gold particles contact the 
plate surface. The efficiency of the process is low due to the short time of 
ore-mercury contact. About 0.3 m2 of plate is required to treat 1 tonne of 
ore/24 h for pulps with 20% solids. Abrasion of the mercury surface releases 
droplets that go out with the pulp. A large majority of artisanal miners in El 
Callao do not use a mercury trap at the end of the plates. So, tailings from 
Cu-plates typically contain 60 to 80 ppm Hg. 

Periodically the process is interrupted and amalgam is scraped off the 
plates with a sharp piece of metal. At this stage, miners are exposed to high 
levels of Hg vapor. Quite often the Venezuelan miners burn the 
amalgamation plates to "remove" fine gold trapped on the plate. The 
amalgam recovered from the plate is squeezed to eliminate excess mercury 
and burned on a tray or a shovel. Some millers have good retorts available 
for miners but they argue that the retorting time is too long (15 minutes) and 
they simply use a propane blowtorch to decompose amalgam, emitting a 
large amount of mercury into the atmosphere and exposing themselves to 
mercury vapor. This is clearly contaminating everyone directly involved in 
the ore processing as well as their neighbors, since the Processing Centers 
are very near the houses. 
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The ore in El Callao is usually extremely rich, with grades ranging from 
12 to 20 g Au/tonne. Through interviewing several millers, it was observed 
that a Processing Center produces on average 100 to 200g Au/day (2.6 to5.2 
kg/month). Each hammer mill processes 1.7 to 2.5 tonnes/day or 5 to 7.5 
tonnes/Processing Center/day. The daily gold production can reach as much 
as 1 kg/day depending on the type of ore being processed. Based on the 
average gold production reported by the interviewed millers, Block B 
production might be around 1 to 2 tonnes Au/a. In all of El Callao, the gold 
production can reach as much as 5 to 6 tonnes/a considering that there are 80 
to 90 Processing Centers in the region. According to CVG-Minerven 
engineers, since the gold is very fine (size smaller than 0.074mm) artisanal 
miners cannot achieve the liberation size using hammer mills and in the 
amalgamation process just 30% of the gold is trapped. The rest is sent to the 
tailing ponds and later sold to the mining companies. 

Gold is not melted in Block B but in the village of El Callao where there 
are about 25 gold shops where gold dore (i.e. the product of burning 
amalgam) is sold and consequently melted. Some of these shops are in 
family houses. As the gold dore may contain up to 10% mercury, as a result 
of incomplete burning, this mercury is released in the urban environment 
during melting. 

The price of gold paid to miners is around US$10/g in Venezuelan 
currency (Bolivars) at the official exchange rate. As the US dollar in the 
black market reaches prices at least 70% higher than the official rate, it is 
highly probable that miners are selling gold in neighboring countries, e.g. 
Brazil. 

After visiting the Processing Centers and discussing with local experts, 
an average operating cost was obtained. The mining and milling costs are 
quite dependent on the type of ore being processed. When grinding hard 
ores, the hammers are changed after grinding 1.5 to 2 tonnes of ore. This 
represents the major cost of the milling operation (as high as 65% of the 
operating costs). However, millers do not charge more for milling hard ores. 
Each Processing Center counts 3 to 5 "employees" who usually do not 
receive a salary but just live off the gold left (trapped) inside the hammer 
mills. At the end of the day the "employees" open the mills and clean them 
on the amalgamation plates to recover their earnings. Considering that most 
Processing Centers do not pay their employees, the operating cost of a 
Processing Center must be between 0.43 g Au/tonne and 0.97 g Au/tonne of 
ore processed. As the "molinero" (mill owner) receives 10% of the gold 
produced, his/her break-even point is reached when processing ores with 
0.24 and 0.5 g Au/bag for soft and hard ore respectively. Many miners do 
not acknowledge this and they work below the break-even point. 
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In general, the metallic mercury used in Block B comes from Brazil and 
it is not legally purchased. It is observed that typically a Processing Center 
buys (and loses) 6 to 8 kg of Hg/month. This represents 14.4% to 32.6% of 
the operating costs when hard and soft ores are milled respectively. Mercury 
is sold in the area at a price around US$ 20-25/kg, which is 5 to 6 times 
higher than the international market price. Millers provide Hg for the miners 
who add it to the plates during operation. The ratio Hgiost: Auproduced is around 
1.5 to 2. The Hg release in Block B is estimated to be between 2 and 4 
tonnes/a. and can reach as much as 12 tonnes/a in all of El Callao. 

Millers accumulate Hg-contaminated tailings in their ponds and sell it to 
CVG-Minerven and eventually to other companies applying cyanidation to 
extract residual gold. The companies re-grind the tailings to below 200 mesh 
(0.074mm) and leach the material with cyanide. CVG-Minerven plant 
operators do not have control of Hg in the effluents or in the gold melting 
room. This mercury is definitely contaminating plant operators and reducing 
the efficiency of the gold precipitation with zinc dust (Merrill-Crowe 
Process). The company does not buy tailings with less than 6g Au/tonne. 
They pay for tailings with 6, 12 and 20g Au/tonne, 30%, 40% and 50% of 
the value of pure gold respectively. As the amount of tailing produced is 
equal to the amount of material ground, the production of tailings in Block B 
must be between 44,000 and 65,000 tonnes/yr. Considering an average grade 
of 7 g Au/tonne (which is low for El Callao), the amount of gold going to the 
tailings per year in Block B is around 308 to 455 kg. This divided by 28 
Processing Center owners gives 11 to 16 kg Au/per owner. As the company 
pays around 30% of the gold value for tailings (1 g = US$13.6 New York 
Market on April 7, 2004), a miller would receive at least something between 
US$ 44,880 and US$ 65,280 per year when selling his/her tailings. This 
might be the minimum received by miners since the companies do not buy 
tailing with grade below 6 g Au/tonne. This is clearly a better business for 
the Processing Center owners than the processing operation itself, where 
they receive 10% of the gold production. The miners and the employees of 
the Processing Centers are the main victims of this unfair system. 

This work did not attempt to assess the environmental problems caused 
by mercury use in Block B. However, it is clear that the runoff water coming 
from the Processing Centers raises environmental concerns. The water 
passes through the Hg-contaminated tailings on its way to the Yuruari River, 
which supplies water to the population of El Callao and nearby communities. 
The high level of organic matter in the region, associated with the large 
amount of Hg-contaminated suspended particles being carried by the water, 
creates conditions to oxidize and complex the metallic mercury released by 
miners. Soluble Hg-organic complexes may eventually be transformed into 
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the most toxic form of mercury, methylmercury (Meech et al, 1998). 
However, the eventual bioaccumulation of methylmercury in the region 
seems to have less impact on humans than the occupational exposure to 
metallic mercury vapor, since just a few small fish are found in the streams 
and (local) fish are not a staple food. 

HEALTH ASSESSMENT 

The health assessment combined information of total Hg concentration in 
urine with medical exams to evaluate the level of impact that the pollutant 
caused or may cause to individuals residing in this mining hotspot. 

Inhalation of Hg vapor is more significant for mining and gold shop 
workers directly involved in handling metallic mercury, but can also 
indirectly affect surrounding communities. Once in the lungs, Hg is 
oxidized, forming Hg (II) complexes that are soluble in many body fluids. 
Acute Hg poisoning, which can be fatal or can cause permanent damage to 
the nervous system, has resulted from inhalation of 1,200 to 8,500 jig/m3 of 
Hg (Jones, 1971). Impairment of the blood-brain barrier, together with the 
possible inhibition by Hg of certain associated enzymes, will certainly affect 
the metabolism of the nervous system (Chang, 1979). Hg vapor is 
completely absorbed through the alveolar membrane and complexes in the 
blood and tissues before reacting with biologically important sites. The 
biological half-life of Hg absorbed as vapor in blood is about 2-4 days with 
90% is excreted through urine and feces. This is followed by a second phase 
with a half-life of 15-30 days (WHO, 1991). The time interval between the 
passage of elemental Hg through the alveolar membrane and complete 
oxidation is long enough to produce accumulation in the central nervous 
system (Mitra, 1986). Mercury can irreversibly damage the nervous system. 
Kidneys are the most affected organs in exposures of moderate duration to 
considerable levels, while the brain is the dominant receptor in long-term 
exposure to moderate levels. Total mercury elimination through urine can 
take several years. Then, the Hg levels in urine would not be expected to 
correlate with neurological findings once exposure has stopped (Stopford, 
1979). 

Symptoms typically associated with high, short-term exposure to Hg 
vapor (1,000 to 44,000 jig/m3), conditions which miners are subjected to 
when they burn amalgams in open pans, are chest pains, dyspnoea, cough, 
haemoptysis, impairment of pulmonary function, and interstitial 
pneumonitis. Long-term, low-level Hg vapor exposure has been 
characterized by less pronounced symptoms of fatigue, irritability, loss of 
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memory, vivid dreams, and depression. Acute exposure has caused delirium, 
hallucinations and suicidal tendency as well as erethism (exaggerated 
emotional response), excessive shyness, insomnia, and in some cases 
muscular tremors. The latter symptoms are associated with long-term 
exposure to high levels of Hg vapor. In milder cases, erethism and tremors 
regress slowly over a period of years following removal from exposure 
pathways (WHO, 1991). A person suffering from a mild case of Hg 
poisoning can be unaware because the symptoms are psycho-pathological. 
These ambiguous symptoms may result in an incorrect diagnosis. 

Since inorganic Hg poisoning affects the liver and kidneys, high Hg 
levels in the urine can indicate undue exposure to Hg vapor. WHO (1991) 
collected a large amount of evidence to conclude that a person with a urine 
Hg level above 100 ug/g creatinine has a high probability of developing 
symptoms such as tremors and erethism. For Hg levels between 30 and 100 
Hg/g creatinine, the incidence of certain subtle effects in psychomotor 
performance and impairment of the nerve conduction velocity can increase. 
The occurrence of several subjective symptoms such as fatigue, irritability, 
and loss of appetite can be observed. For Hg levels below 30-50 |xg/g 
creatinine, mild effects can occur in sensitive individuals but it seems more 
difficult to observe symptoms. Drake et al. (2001) found a significant 
correlation between Hg in air from 0.1 to 6,315 fig/m3 and urine mercury 
levels from 2.5 to 912 ng/g of creatinine in gold miners from El Callao. 
Tsuji et al. (2003) evaluated ten studies reporting paired air and urine Hg 
data and obtained a strong correlation between both media at medium and 
high concentrations. At air concentrations below 10 jig/m3, the authors 
concluded that the concentration of Hg in urine was indistinguishable from 
background levels. The World Health Organization (1991) described a 
relationship between Hg in air (A) in ng/m3 and in urine of exposed workers 
(U) expressed as jig/g creatinine: U = 10.2 + 1.01 A. Thus a person exposed 
to about 40 jig/m3 of Hg in air should show levels of Hg in urine around 50 
jig/g creatinine. This is the maximum urine Hg concentration recommended 
by WHO. Drasch et al. (2002) consider the Hg level in urine of 5 jxg Hg/g 
creatinine an alert value and 20 |xg Hg/g creatinine as an action level, i.e. the 
individual must be removed from the pollution source. 

URINE ANALYSIS 

The urine samples in Block B were collected in 50 mL vials and total 
mercury analyses were processed using a LUMEX portable atomic 
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absorption spectrometer (RA 915+) coupled to a pyrolysis chamber (RP 
91C). The equipment works according to the principle of the thermal 
destruction of the sample followed by the determination of the amount of 
elemental mercury released. A small volume of urine sample, in this case 
100 (iL, was obtained with a micro-pipette, introduced in a quartz crucible 
and then into the pyrolisis chamber (RP 91C) that operates at 800°C. The 
vapor released in the pyrolysis chamber then entered the atomic absorption 
spectrometer (RA 915+). All procedures were controlled by a laptop 
computer. LUMEX uses a Zeeman process (Zeeman Atomic Absorption 
Spectrometry using High Frequency Modulation of Light Polarisation 
ZAAS-HFM) that eliminates interferences and does not use a gold trap. The 
detection limit of the urine samples established in the Venezuelan analytical 
conditions was 0.2 \ig Hg/L. This equipment was able to analyze 300 urine 
samples in 12 hours. 

Creatinine analysis was performed using a Bioclin kit from the company 
Quibasa. Creatinine reacts with picric acid, to form a yellow-reddish 
chemical complex in conditions where the maximum production of the dyed 
complex creatinine-picrate occurs. The spectrometric analyses were 
conducted at wavelength of 510 nm in a Bausch & Lomb Spectronic 20 
spectrophotometer. 

In order to evaluate the LUMEX analytical precision, urine samples from 
15 selected volunteers were collected and analyzed using LUMEX, and sent 
to three Venezuelan institutions: Laboratorio de Espectroscopia Molecular, 
Facultad de Ciencias, Universidad de los Andes (ULA), La Salle Institute, 
and UCV-Universidad Central de Venezuela (Caracas). The analytical 
method used by ULA and UCV was cold vapor atomic absorption 
spectrometry. La Salle used atomic absorption spectrometry with hydride 
generation. 

The linear correlation coefficients (r)3 between Hg analyzed by LUMEX 
and the results from the Venezuelan laboratories were: 0.8868 (ULA), 
0.9178 (UCV), and 0.9690 (La Salle). This indicates a relatively good 
performance of the portable analyzer. However, the largest discrepancies 
occurred among the Venezuelan laboratories. There are many reasons for 
this, such as: type of analytical equipment, analytical procedure, quality of 
reagents and water, cleanliness of the laboratory glassware and environment 
(in particular laboratory air), quality of Hg standards used in the analysis, 
quality control methodology, stability of the electricity source, etc. 
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MEDICAL EXAMS 

The medical exam followed the Protocols developed by UNIDO (Veiga 
and Baker, 2004). Questions related to the health history of the volunteers 
were applied in order to exclude participants with severe diseases from the 
statistical evaluation (e.g. someone who has had a stroke might be excluded 
from the survey). Individuals were selected for a series of specific 
neuropsychological tests designed to detect the effects of mercury poisoning. 
These tests were applied by medical doctors, and were followed by local 
health care professionals. All volunteers involved in the medical exams 
signed an agreement to participate in the Health Assessment involving four 
questionnaires/exams: 

1. Evaluation of risk of mercury exposure (personal data, 
occupational exposure to mercury, confounding factors to 
exclude candidates with other problems, diet issues including 
frequency and type of food), 

2. General health (questions related to health conditions and 
subjective symptoms as described by the patient, e.g. metallic 
taste, salivation, fatigue, etc), 

3. Clinical-neurological exams (e.g. blood pressure, signs of 
gingivitis, ataxia, tremors, reflexes, etc.), 

4. Specific neuropsychological tests (e.g. memory, coordination, 
etc.). 

All the results of these questionnaires/exams were compared with the 
mercury analysis in urine samples. All the procedures were clearly explained 
to the population. All questionnaires were translated into Spanish. 

The clinical-neurological exams, a fundamental part of the assessment of 
the evolution of metallic mercury exposure, allow the observation of speech 
problems, walking, balance, coordination, muscular strength, tactile 
sensibility, autonomous features of the cranial and spinal nerves, superficial 
and profound reflexes, and other features. 

Specific neuropsychological tests were applied to test and evaluate: 

• Recent memory, using the Wechsler Memory Scale (WMS), 
• Episodic memory, 
• Fine motor coordination using the MOT Test (match box), 
• Coordination and dexterity of the hand, 
• Spatial perception, 
• Fine motor and manual dexterity, 
• Motor-visual coordination, 
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• Perception of the background figure, 
• Perception of the constancy of forms, 
• Visual perception (Frostig). 

The questionnaires related to mercury exposure and to general health 
were applied by a local nurse. The clinical-neurological exams and specific 
neuropsychological tests were conducted by a local physician and an 
experienced foreign neurotoxicologist. 

SELECTION OF VOLUNTEERS 

The Health Assessment volunteers were preliminarily selected based on 
the population distribution of the different communities of Block B and 
based on previous work conducted by Hecla (2004) that defined the 
demographic distribution. About 500 possible volunteers were identified in a 
proportion of 40% men, 30% women and 30% children. Out of the 500, a 
total of 209 samples of urine (66 from women, 62 from children, 48 from 
millers and 33 from miners) were collected and analyzed for Hg with 
LUMEX and creatinine. After applying the exclusion criteria, just 105 
persons were selected to perform the neurophysiological tests (questionnaire 
4). Most male volunteers had been working in the Processing Centers and/or 
in the mines. The distinction between millers and miners is that millers work 
exclusively as "employees" of the Processing Centers whereas miners 
extract the ore, take it to the Centers and follow all concentration steps with 
the millers. Both workers are contaminated by mercury vapor, but millers are 
constantly in contact with mercury while miners spend some time in the 
mines. Both burn amalgam using blowtorches. All male miners and millers 
were older than 15 and younger than 50. Women were selected according to 
the proximity from their residences to the Processing Centers. Their ages 
ranged from 15 to 45. All children were younger than 15. 

RESULTS OF URINE ANALYSIS 

The overall average of total Hg concentration in the 209 samples 
analyzed was 104.59 \ig Hg/g creatinine with standard deviation of 378.41 
ug Hg/g creatinine. Classes of Hg concentrations were selected to highlight 
the results (Figure 3). About 61.7% of the sampled individuals had Hg levels 
in urine above the alert level of 5 ug/g creatinine, 38.3% of the individuals 



434 CHAPTER-18: MERCURY POLLUTION FROM ARTISANAL MINING 

had Hg levels above the action level (20 jig/g creatinine), 20.6%) above the 
maximum of 50 jj.g/g creatinine recommended by the World Health 
Organization (WHO, 1991a) and 15% above the critical level of 100 \ig/g 
creatinine which is the level where neurological symptoms should be 
evident. 

The situation with miners and millers is dramatic, as 30% and 79% of the 
miners and millers respectively have Hg in urine above the action level and 
52% of the millers have levels above the critical level (Figure 4). 

0-4.99 5-19.99 20-49.99 50-99.99 >100 

Classes ftjg Hg/g creatinine) 

Figure 3. Classes of Hg Concentrations in Urine. 

Figure 4. Distribution of Hg in Urine. 
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In addition, about 14.6% of millers had shown extremely high mercury 
concentrations in urine, ranging from 1221 to 3260 ug Hg/g creatinine. 

This result allows the generalization that more than 90% of the sampled 
individuals working in the Processing Centers (millers) have Hg levels in 
urine above the alert level. 

The average level of Hg in urine from the 66 women sampled in this 
study was 13.02 with standard deviation of 23.34 ug Hg/g creatinine. About 
27% of the women had urine Hg concentrations above the alert level and 
21% above the action level. The highest levels of mercury in urine from 
women are found in the communities of Monkey Town and Nuevo Mexico. 
As already mentioned, these communities have the highest concentration of 
Processing Centers in Block B and houses were built very close to the mills. 
A number of women (21% of the group) had occasional direct contact with 
Hg, being sporadically involved in the amalgamation / amalgam burning 
process. More than 40% and 20% of the interviewees have complained of 
mental and physical fatigue respectively. Based on variance analysis 
(ANOVA) a significant difference was not found among the averages of 
mercury concentration in urine from women living in different communities 
(p = 0.318). No correlation was found between Hg concentrations in female 
urine and the distances from their houses to the Processing Centers (r = 
0.047). 

The average concentration of total Hg in urine of children from the 
communities around the Processing Centers is 33.30 with standard deviation 
of 70.80 ug Hg/g creatinine. As in the previous groups, the results show high 
variability as a result of differences in living and working habits of the 
children. About 53% of the 62 children sampled had Hg concentration in 
urine above the alert level and 14.5% above the action level. As also seen in 
Figure 6, about 10% of the sampled children had levels of mercury in urine 
above the critical level of 100 ug/g creatinine in which neurological 
symptoms of intoxication should be observed. In some cases the direct 
participation of children in the mining and processing activities was 
observed . These children work voluntarily to help their parents and relatives 
(Bermudez, 1999). It is also very common to see children playing (or living) 
in the Processing Centers. About 32% of the urine samples from children 
showed Hg concentrations below the detection limit of the method (0.2 
ug/L). In the community of Nuevo Mexico, 84% of the urine samples were 
above the action level (20 ug Hg/g creatinine). In Monkey Town, 25 % of 
the samples had Hg concentrations above the action level, and the maximum 
Hg concentration was found in the urine of a 13 year-old girl (384 ug Hg/g 
creatinine). No correlation was found between the concentration of total 
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mercury in urine from children and the distance between their residences and 
the Processing Centers (r = - 0.189). 

Despite the direct contact with mercury of both groups, miners and 
millers, the symptoms are slightly more evident in miners. As mentioned 
before, the differences in working habits between miners and millers are not 
significant. The correlation between symptoms reported by the individuals 
(also known as "subjective symptoms") plus observed ("objective") 
symptoms, and Hg in urine of miners and millers, was stronger in the group 
of millers (Table 2). In the miners' group, the linear correlation coefficients 
were below 0.5, indicating poorer correlation between symptoms and levels 
of Hg in urine than in the case of millers. 

In 25% of women and children, it was possible to identify objective 
symptoms or abnormal behavior during the clinical exams, but just 28% of 
the miners and millers have showed objective symptoms. 

The difference in observed symptoms between the examined groups was 
not statistically significant, despite the higher levels of mercury in urine of 

Table 2. Correlation between Symptoms and Hg in Urine 
(r = linear correlation coefficient). 

Symptoms 
Mental Fatigue(*) 

Physical Fatigue(*) 

Kidney Disorder^ 

Cough(*) 

Metallic Taste(*) 

Tremors(o) 

r (Miners) 
0.48 

0.35 

0.34 

0.08 

0.02 

0.03 

r (Millers) 
0.65 

0.60 

0.08 

0.71 

0.42 

0.51 

reported by the patient; *°* observed during medical exam. 

miners and millers when compared with women and children. Regarding the 
statistical analysis, it was considered as a positive symptom all cases in 
which at least one or more objective symptoms were identified. In chronic 
intoxication, the individuals are exposed to lower concentrations of the 
pollutant for long periods of time and if the absorption exceeds excretion, the 
toxic substance accumulates and the effects of accumulation are perceived as 
subtle alterations of the neuropsychological and neurobehavioral functions. 
Sub-clinical alterations are more difficult to diagnose in a normal clinical 
evaluation and this is the most classical and usual effect of mercury on the 
nervous system. 
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SPECIFIC NEUROPSYCHOLOGICAL TESTS 

A scoring process suggested in the UNIDO Protocols (Veiga and Baker, 
2004) was used to express the results of the neuropsychological tests. Just 
three groups were evaluated: millers, miners and women. The latter were not 
directly involved in the amalgamation process. The scoring process ranged 
from 0 to 3. A score of 0 indicates good performance in the test and score 3 
indicates highly poor performance; the higher the score, the greater the 
function deficiency. 

The Wechsler Memory Scale (WMS) test evaluated recent memory. The 
test involved a procedure to ask the patient to repeat a list of numbers that 
ranges from 4 to 8 single numbers. The results showed that about 23% of 
miners and 10.5% of millers had scores of 2 (indicating deficiency) whereas 
just 9.4% of women had this score. Nearly 34.3% of miners and 26% of 
millers scored zero (no problem) and almost 44% of the women did not 
show any memory problem. The correlation of WMS with Hg-urine levels 
was not statistically significant to show differences between groups. 
However, just 23% of individuals with high mercury concentrations in urine 
(above 50 ug Hg/g creatinine) showed no difficulties (score 0) in completing 
the WMS Memory Test, whereas between 40 and 45% of individuals with 
Hg in urine below 20 fig Hg/g creatinine had no problem completing the 
series of tests. It is also possible to observe that the percentage of individuals 
with bad performance (score >1) reaches 76.5% for individuals with Hg in 
urine above 50 jig/g creatinine. 

The Match Box test evaluated coordination, tremor and concentration. 
The test consisted in putting 20 matches on a table, half of them on each side 
of an open matchbox, and asking the individual to put all the matches into 
the box using the left and right hands alternately. The time is measured. 
About 15 seconds is considered a normal time for this task. Miners and 
millers performed better than women but the millers performed worse than 
miners. The Match Box Test did not show any correlation between Hg levels 
in urine and test performance. 

The MOT Test (Finger-Tapping) evaluated spatial perception, fine motor 
coordination and normal dexterity. The test consisted in asking the volunteer 
to keep his/her elbows on the table and make as many points as possible on a 
piece of paper with a pencil. The number of points is counted after 10 
seconds. A normal individual can easily make more than 65 points. Miners 
and millers had more difficulties in performing this test than women. About 
72% of millers had scores of 1 and 2, indicating deficiencies in performing 
the test. 
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The Frostig test evaluated visual perception. It consists in drawing a line 
from one point to another across a narrow gap. The results did not show 
good sensibility in measuring neurological effects, as almost 100% of all 
tested individuals could perform the tasks without any problem. The only 
exception was a miller, who has evident serious chronic intoxication by 
metallic mercury. 

In the test that estimates Episodic Memory, no women showed 
deficiencies, but almost 14% of miners and 11% of millers showed scores 
above 2. The tests that evaluate episodic memory are similar to the Mini-
Mental State Examination tests. This evaluates memory, orientation, and the 
ability to calculate and speak. This is probably one of the most used and 
studied tests for quick evaluation of neurological functions. 

This test has been quantified and adjusted to different ages and degrees of 
instruction. Its application is simple, and this test can also be applied to the 
illiterate (Bertolucci et al, 1994). A score of 2 or 3 in this test is a clear 
indication of a neurological problem. The correlation between Hg in urine 
and scores obtained in the Episodic Memory Test (Mini-Mental) provided a 
clear indication that the number of individuals who score zero (no problem) 
decreases when the Hg level in urine increases. In addition, the percentage of 
individuals with poor performance in this simple test (scores of 1, 2 and 3) 
increases with the level of Hg in urine (Figure 5). 

1 
\ 
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j S score 2 
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i 

} 
1 

Figure 5. Relationship between Hg in Urine and Episodic Memory Test. 

This is a strong indication of alteration of neurological function by 
mercury vapor intoxication. 

0-4.99 5-19.99 20-49.99 
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About 27% of individuals who performed the specific 
neuropsychological tests have noticeable neurological problems detected in 
the clinical exams. However, no significant correlation was found between 
the results of the medical exams and the specific tests. 

The tests of coordination and manual dexterity (drawing figures) 
normally evaluate patients with significant central neurological lesions. In 
this study a similar scoring process as the mini-mental tests was adopted, i.e. 
ranging from 0 (no problem) to 3 (deficient). The percentage of miners and 
millers with a score above 2 was, 52.2% and 34.8% respectively, which is a 
clear demonstration of poor performance. 

DEMONSTRATION OF CLEANER TECHNOLOGIES 

Extracting Gold and Mercury from Tailing 

As part of the fieldwork, some simple techniques were brought to the 
miners' attention in order to reduce mercury emissions and exposure while 
decomposing amalgams. A Processing Center ("El Mago") was rented to 
conduct tests and demonstrate cleaner technologies of gold processing to the 
local artisanal miners. Five tests were conducted using tailings from the 
Processing Center pond. Extraction of residual gold from tailings was in fact 
advantageous as this material was more 

Figure 6. Special-Amalgamating Plates (Zigzag). 
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In addition, this got the attention of miners and millers, as gold in tailings 
is usually unliberated or very fine and they are aware that they do not have 
methods to extract it. Ultimately, this is the gold extracted by the 
"company's methods" (cyanidation after extensive grinding). 

Most tests were conducted using a sluice box with four special 
amalgamating Goldtech plates, manufactured in Brazil and locally 
commercialized by a company called PARECA (at US$ 200 per one 40x30 
cm plate). Unlike the ordinary amalgamating Cu-plates, this special plate has 
a thin coating of Hg and Ag electrolytically deposited onto a copper plate. 
Mercury and eventually gold from tailings are captured and firmly fixed to 
the plate surface. Mercury losses are minimized. 

When the plates are fully loaded, amalgam is removed with a plastic 
scraper. This kind of plate has been used successfully in Brazil to remove 
mercury from contaminated tailings, (Veiga et al, 1995) but they can also be 
used to amalgamate gravity concentrates. The support for four plates was 
made of wood in Venezuela. The configuration was set up to allow a cascade 
effect from one level to another. Another wood structure was built to hold 
the four Goldtech 40 x 30 cm plates, placed in a zigzag (Figure 6). 

This allowed a reduction of the flow speed on each plate and rendered 
better results. 

The four Goldtech plates were activated with vinegar before receiving 
Hg-contaminated tailings. Then, about 1,100 kg of tailings were fed onto the 
plates. Samples before and after feeding the Goldtech plates were 
systematically collected every 15 minutes and the whole material was dried, 
pulverized, homogenized and analyzed in triplicate using the LUMEX 
atomic absorption spectrometer (Table 3). 

Table 3. Hg (mg/kg) in Samples before and after Treatment with Goldtech Plates. 

subsample: 
Before Goldtech plates 

After Goldtech plates 

A 
64.3 

2.98 

B 
59.4 

2.93 

C 
62.8 

3.80 

Ave 
62.2 

3.24 

The material before entering the Goldtech plates was contained 62.2 
mg/kg of Hg and left the plates with 3.24 mg/kg Hg on average. More than 
95% of the Hg was removed from the tailings. However, the gold recovery 
process was not so efficient. Before entering the Goldtech plates, the tailings 
had on average 9.53 g Au/tonne. The final tailing, after leaving the Goldtech 
plates, analyzed 9.05 g Au/tonne. Just 0.7 g of gold was recovered from the 



CHAPTER-18: MERCURY POLLUTION FROM ARTISANAL MINING 441 

plates. This is a clear indication of lack of liberation of gold from the 
silicates. 

Another test was conducted using 1,805 kg of tailings to demonstrate to 
miners and millers the advantages of using carpets to concentrate gold prior 
to amalgamation. The material fed the hammer mill and discharged on to a 
sluice box lined with two carpets in series. Both carpets were locally 
acquired: a synthetic grass and a Multiouro Tariscado. The latter is produced 
by the Brazilian company Sommer, and is widely used by Brazilian artisanal 
gold miners. This carpet costs around US$10 to 15/m2 in Venezuela. The 
Brazilian carpet, appropriated to retain fine gold, was placed at the beginning 
of the flow, where the speed is slower. Visibly, the Brazilian carpet retained 
more gold than the synthetic grass. 

The concentrates from the carpets were washed and amalgamated on the 
Goldtech plates. This operation was done by cleaning the carpets with water 
and directing the pulp of concentrates to the plates placed in the zigzag 
structure. The gravity concentrate was re-passed three times on the plates. 
After retorting, 1.3 g of gold was obtained. The final tailings had an average 
grade of 3.75 g Au/tonne. 

Another test was set up using Cleangold sluice boxes followed by 
Goldtech plates. The Cleangold sluice uses polymeric magnetic sheets, with 
the magnetic poles aligned normally to the direction of the flow, inserted 
into a simple aluminum sluice box. Magnetite, a mineral usually found in 
gold-ore deposits, forms a corduroy-like bed on the sluice floor, which 
appears effective at recovering fine gold. Fine particles of steel from the 
hammers are also trapped and form the liner. This sluice box is available in a 
variety of sizes and a 2ft x 6in (60x15 cm) sluice costs US$ 75 in the USA. 
The main advantage of this sluice is the high concentration ratio. Gold 
becomes trapped in a magnetite layer and the sluice can be scraped and 
washed into a pan. About 628 kg of tailings were passed in a 2 ft Cleangold 
sluice box followed by two 8x8in (20x20 cm) sluices and the tailing was 
directed to the zigzag structure with four Goldtech plates. The Cleangold 
sluice retained visible mercury droplets and recovered 0.64 g of gold in a 
concentrate that analyzed 2854 mg/kg Au The gold recovered by this sluice 
box was extremely fine. This was demonstrated to the miners and millers. 
Goldtech plates recovered 0.25g Au. This configuration was capable of 
recovering 15.4% of the gold from the tailings in which 11% of the gold was 
recovered using the Cleangold sluice and 4.4% of gold in the Goldtech 
special amalgamating plates. 

Using the Cleangold sluices, it was also possible to pan the concentrate 
and, using a plastic vial, gold was sucked from the concentrate, avoiding 
entirely the use of mercury. However, the plastic sucker recovery is probably 
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limited to 50% of the gold as more gold remains in the concentrate than can 
be recovered by panning. 

All results have reinforced the conclusion that lack of gold liberation is 
the main obstacle to increasing gold recovery in El Callao. In other words, 
without an appropriate grinding process, gold recovery by gravity separation 
will still be poor. The use of hammer mills to re-grind tailings is not 
appropriate. CVG-Minerven cyanidation plant uses ball mills to re-grind the 
tailings to at least below 200 mesh (0.074 mm). The only possibility to 
increase gold recovery in the Processing Centers is by using small ball mills 
(e.g. 048x60 cm) to reduce the size of the ground product and promote gold 
liberation. As the gold is very fine, it seems that the Cleangold sluice is an 
appropriate and affordable technology for the miners and millers to process 
primary ores via gravity concentration. 

RETORTS 

Miners burn amalgam in shovels and, usually, very near their noses, 
where they can better observe the decomposition process. Very few miners 
and millers believe that this is a problem and they keep burning mercury 
carelessly. Some millers have retorts available to be used by miners but they 
remove the top of the retort and use it as an open-air crucible to burn and 
melt gold. In many cases this operation is conducted in a confined 
environment. 

Using the LUMEX spectrometer, mercury in the breath of miners and 
residents was analyzed. The normal level of mercury in the breath depends 
on the number of amalgam-dental fillings of each individual as well as the 
level of mercury in the environment. This is usually below 100 ng/m3. It is 
also known that just 7% of the mercury vapor dose received by an individual 
is released during respiration (Pogarev et al, 2002). In El Callao, miners 
usually have shown 10,000 ng/m3 of mercury in their breath. Children living 
near Processing Centers had as much as 5,000 ng/m3 of mercury in their 
exhaled air. Despite the rudimentary procedure adopted to analyze the breath 
of volunteers, this was effective to call the attention of the people working in 
the Centers or living around them to the high levels of mercury to which they 
have been exposed and accumulated in their lungs. This simple analysis has 
also contributed to convincing the miners and millers to watch the 
demonstration of different types of retorts made by UNIDO in Venezuela. 

In order to introduce retorts to miners, four different types of retorts were 
locally manufactured and the principle of retorting was demonstrated using a 
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Thermex glass retort. The local retorts were fabricated in a metal shop in El 
Callao using crucibles of stainless steel. The crucibles were actually small 
stainless steel salad or sauce bowls acquired in kitchen stores. An RHYP 
retort made of galvanized water connection pipes was also built and tested. 
All retorts were demonstrated to miners and amalgam was burned using a 
propane torch, such as they would generally use to burn amalgams in 
shovels. The burning process took an average of 15 to 20 minutes. 

One of the most appreciated retorts was that fabricated using a Chinese 
design (Gunson and Veiga, 2004). This was a more elaborate retort built on a 
steel table but also using a stainless steel salad bowl as crucible. A steel 
cover (bucket) was placed on the crucible. The table was filled with water 
and the amalgam burned with a blowtorch from the bottom. As the crucible 
wall was thin, the retorting time was short. Mercury condensed on the wall 
of the cover and dripped into the water. The manufacturing cost of this 
prototype was around US$ 80 but this could be drastically reduced. This 
retort took 10 to 15 minutes to eliminate most mercury from amalgam using 
a propane blowtorch. A serious inconvenience of this, and other retorts, is 
that miners can remove the cover (bucket) from the crucible while the retort 
is still hot. When this occurs, miners are exposed to mercury vapor. This was 
demonstrated by Schulz-Garban (1995) when the urine of 20 amalgamation 
workers using retorts were analyzed. It was noticed that 8 individuals had 
high mercury levels in urine because they habitually opened retorts before 
cooling them. This was shown to miners and millers and they were advised 
to cool down the cover pouring water on it and then wait some minutes 
before opening the system. 

Analytical techniques were discussed and transferred to a chemical 
laboratory in Ciudad Guyana (La Salle Foundation). The methodologies for 
quantitative and semi-quantitative Hg analyses using a solution of dithizone 
with chloroform (Veiga and Fernandes, 1991) were demonstrated to the local 
technicians. 

A two-day workshop was also conducted in the El Mago Processing 
Center, where the project team set up a series of practical demonstrations, 
and in an auditorium in El Callao where the results of the project were 
discussed with almost 60 stakeholders. 

CONCLUSIONS AND RECOMMENDATIONS 

The medical exams, the urine analyses and the specific 
neuropsychological tests have revealed that millers and miners show 
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symptoms that suggest serious mercury intoxication. In just one worker it 
was characterized as acute mercury intoxication and his immediate removal 
from the polluting source for treatment was recommended to the local 
doctors and nurses. The specific neuropsychological tests have highlighted a 
deficit of the cognitive functions in some workers such as alteration of visual 
perception, deficiency of recent and episodic memory, as well as deficiency 
of spatial perception, motor coordination and manual dexterity. The 
cognitive deficiency showed positive correlation with the levels of total 
mercury in urine and this is more prominent in Hg concentrations above 
6ug/Hg/g creatinine. Some of the neuropsychological tests have revealed 
that people not directly involved in the amalgamation work but living near 
the Processing Centers have been neurologically affected by mercury vapors. 
The alterations found in the medical exams and neuropsychological tests of 
people indirectly exposed to mercury vapors call for immediate action to 
reduce emissions and reduce exposure of innocent people to the pollutant. 

Suggested are: 

• The immediate removal of children from the polluting source 
(many children play and work in the Processing Centers) (Figure 
7), 

• The continuation of the monitoring of cognitive aspects of the 
residents of Block B, in particular children from ages 7 to 12, 

• The training of local health workers to be able to monitor health 
conditions as well as performing the specific neuropsychological 
tests in residents, and 

• The implementation of an interdisciplinary strategy to educate 
workers and residents to reduce and avoid mercury vapor 
exposure. 

Processing Centers are usually effective in reducing widespread 
environmental impacts caused by artisanal gold miners, but at the same time, 
when the centers are not well operated, they can concentrate contamination 
in certain areas. The technologies used by the Processing Centers in El 
Callao are exposing miners, millers and the surrounding communities to high 
levels of mercury vapor. The technique of using hammer mills associated 
with amalgamating copper plates recovers, at most, 30% of the gold in the 
ore. As gold in El Callao seems to occur at fine grain size, a more efficient 
grinding process is needed. This must be associated with a gravity separation 
process that does not use mercury. The amalgamation of the whole ground 
ore using copper-plates, as extensively used in El Callao, is an ancient 
inefficient technology that releases mercury to the tailings and exposes 
operators to high levels of mercury vapor. 
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There are many concentration techniques that do not require mercury in 
the processing, such as sluice boxes using appropriate carpets, Cleangold 
sluices, centrifuges, etc. 

The use of retorts is another critical issue in El Callao. Miners and millers 
do not believe in mercury pollution and keep burning amalgams in pans and 
shovels. In many cases this is conducted in a closed environment. 
Companies and the government should immediately establish an awareness 
campaign to introduce safer procedures for amalgam decomposition, such as 
retorts. 

Figure 7. Definitely, there are better places to play than a Processing 
Center: it is just a matter of opportunity and help. 

Miners and millers need to be made aware that using any retort is better 
than using nothing. Different types of retorts should be brought to the 
miners' attention. 

In terms of business, the Processing Centers are clearly using a poor 
strategy. As they charge 10% of the gold production and the miners do not 
know how much gold they have mined, the millers very frequently do not 
produce enough gold to pay their operating costs, at 0.24 and 0.5 g Au/bag 
for soft ore and hard ore respectively. The method used in Zimbabwe for 
Custom Processing Centers (Shoko and Veiga, 2003) seems to be more 
adequate, since the price for processing ore is fixed based on hours of 
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grinding. Definitely a better arrangement between miners and millers must 
be established in El Callao. 

The business relationship between mining companies and miners/millers 
must be carefully revisited and improved. The companies, in particular 
CVG-Minerven, are acquiring gold-rich tailings from miners, potentially 
creating future problems for the company as the benefits become 
concentrated in the company and Processing Centers' owners. The 
relationship between companies and miners/millers can rapidly deteriorate. 
The amount of mercury being introduced into the companies' environments 
together with contaminated tailings is considerable, and this is definitely 
contaminating employees (especially those working in the gold melting 
room) and tailing ponds. As mining companies do not purchase tailings (and 
sometimes ore) with less than 6 g Au/tonne, it is also foreseen that millers 
(Processing Center owners) will soon start their own cyanidation plants. 
Cyanidation of Hg-contaminated tailings, as seen in many other countries, 
exacerbates the danger of mercury in the environment and facilitates metallic 
Hg solubilization and methylation (Gunson and Veiga, 2004). This is a 
problem that soon will come to El Callao and will need immediate attention 
from the authorities. 

As yet, there is no educational program for miners/millers, residents and 
the general population to make them aware of the dangers caused by 
mercury. No consistent program has been implemented in the region to bring 
simple solutions for miners and millers such as the use of retorts to protect 
themselves and the surrounding population. There are reliable local 
equipment manufacturers with good technical capacity to develop simple 
types of equipment suitable for small-scale miners. These manufacturers 
could be trained to produce better pieces of equipment. Mercury pollution 
cannot be reduced if the miners/millers do not see any additional benefit in 
terms of gold production. 

All action should take into consideration the problems associated with 
poverty and rudimentary living and working conditions of the people of 
Block B. UNEDO has been implementing Transportable Demonstration 
Units (TDU) in six countries in Africa, Asia and South America to bring 
hands-on training to miners/millers and the general public. A movable unit 
consists of a tent to be used as classroom and a container with small pieces 
of equipment to teach the miners and millers the advantages of using cleaner 
methods. This brings to the miners' and millers' attention a variety of 
technical options for gold concentration, amalgamation and retorting; it is up 
to them to select what is affordable, appropriate and durable according to 
their convenience. The unit also incorporates programs to attract miners and 
the public to watch skits and movies about environmental impacts and 
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mercury pollution, highlighting local cultural aspects and incorporating 
concepts of environmental and health protection. The unit can also bring 
ideas to improve the livelihood of different mining communities such as 
suggesting economic diversification1*27 or value-adding techniques (e.g. 
handcraft, fish farming, agriculture, brick making using tailings, etc). An 
initiative like this is badly needed in El Callao and the collaboration of local 
mining companies is critical to guarantee the sustainability of this program. 

Any initiative in the region must take into consideration the critical 
living situation of the communities. Programs cannot be solely focused on 
reduction of mercury pollution since this pollutant is a consequence and not 
a cause of the local problems. Poverty is the main cause of the misuse of 
mercury and intoxication of this and so many other communities around the 
world. Local and international institutions, government, mining companies, 
the private sector and NGOs should act immediately to solve the dramatic 
situation of the mining communities of El Callao. Some suggestions of badly 
needed actions are as follows: 

• Generate non-mining and sustainable activities, 
• Establish a latrine construction program, 
• Evaluate and promote the construction of an adequate sewage 

system, 
• Improve the supply of potable water (source of water, treatment 

plant and pipes), 
• Establish community programs to improve/build houses far from 

the Processing Centers, 
• Establish a non-centralized Community Health Center, so it can 

get more support from other regions, 
• Establish labor training programs using the TDU as an example, 
• Establish programs to improve the educational level of the 

communities, and 
• Establish projects for the rehabilitation of degraded and polluted 

areas. 
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INTRODUCTION 

It has been decades now since the international scientific community 
initially raised the issue of mercury (Hg) contamination in the global 
environment. The presence of Hg in ecosystems is ubiquitous, even in the 
absence of local/regional contamination point sources. Almost all fish 
consumers (occasional or frequent) are exposed to this contaminant. 
Governments of the industrialized countries have invested considerable 
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financial and human resources, in order to better understand the 
biogeochemical behavior and cycling of Hg and its impacts on the health of 
populations. Indeed, our knowledge of the sources and fate of this pollutant 
has greatly evolved since these early reports. Numerous protocols, technical 
documents, epidemiological and clinical studies, detailing precise aspects of 
the Hg cycle have been published. However, given the complexity of 
environmental processes leading to the accumulation of Hg in fish tissue, 
and the relative importance of fish as a protein source among communities, 
most available literature fails to fully evaluate the level of risk to health 
(and/or the health benefits related to fish consumption) encountered by fish 
consumers in their daily lives. 

This paper summarizes the learning acquired through a wide-scale 
integrated study of the mercury (Hg) pathways in lake environments of three 
distinct regions located in Eastern Canada: Lake St. Pierre (LSP), Labrador 
(Lab), and Abitibi (Ab). This research was accomplished by a multi-
disciplinary team of researchers assembled under the auspice of the 
Collaborative Mercury Research Network (COMERN), a major Canadian 
initiative supported by numerous universities and government agencies 
throughout the country. The prime focus of the study was to link human 
exposure to Hg with particular local/regional environmental and socio
economic characteristics and settings. 

Two conditions must co-occur to define a situation where higher Hg 
exposure can be identified for populations/sub-populations/groups: 

• Frequent fish consumption; 
• Mercury levels of concern in the edible fish resource. 

Thus, specific scientific objectives of the study were constructed to 
verify the occurrence of such situations by: 

1) Describing and comparing Hg pathways, from its loading in the 
environment, its transfer to aquatic food webs and its final 
accumulation in edible fish species; 

2) Assessing and comparing exposure levels (and related health 
impacts) of populations exploiting aquatic resources, in response to 
tradition, economic dependency or recreation, and stating on health 
risks/health benefits related to fish consumption in specific regional 
contexts. 
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Description of the sites of study 

Lake St. Pierre is a large fluvial lake located in the St. Lawrence (Qc) 
waterway, which drains the watershed of the Great Lakes (Table 1). The 
lake's primary catchment is impacted by heavy industrial development and 
agricultural practices. The lakeshores are rather densely populated and its 
abundant fish resources, organized in a complex food web, support an 
important commercial harvest. 

Figure 1. Localization. 

Lake St. Pierre shores also exhibit an extended and unique wetland 
ecosystem, being recognized as such as a UNESCO Biosphere reserve. 
Lakes of the Abitibi and Labrador regions are located in remote areas of the 
Boreal forest. These lakes were selected as they are frequently fished by the 
local population, either for subsistence (Labrador) or recreation (Abitibi). 
The three lakes of Abitibi are larger than those of Labrador, subject to low to 
moderate agricultural activity, and the surrounding population is restricted to 
sparse and small villages, whereas the four Labrador lakes are remote 
difficult to access and exempt from immediate anthropogenic impacts. The 
somewhat simple fish population structure in Labrador lakes is dominated by 
salmonids while Lake St. Pierre and Abitibi lakes are mainly inhabited by 
persids. 
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RESULTS 

Community groups were assembled in three regions to share their 
knowledge and to actively participate in: (1) elaborating and realizing the 
research plan; (2) identifying sampling sites actually used by fishers; (3) 
describing the local environmental characteristics; (4) sampling and 
measuring Hg levels in the different ecosystem compartments; (5) describing 
local fishing habits and fishing pressure; (6) gathering dietary, social, 
economic and cultural information (7) evaluating human exposure through 
indicators (hair and blood); (8) choosing and applying neuro-functional tests 
to monitor early health alterations, and (9) transmitting acquired knowledge 
within the community. 

Table 1. Description of lake environments. 

Region 

Longitude 

Latitude 

Lake area (ha) 

Watershed area 
(103 ha) 

Mean slope (%) 

Ratio 
lake/watershed 
Wetland area (% 
watershed) 

Exploitation 

agriculture (% 
watershed) 
Forestry 
(% watershed) 
Population density 
(nb/km2) 

Ethnic groups 

Lakes under study 

Malartic 

Abitbi 

78.10 

48.35 

11440 

307.1 

3.00 

27 

8 

Sports-
fishing 

3 

3 

1 to 9.9 

Caucasian 
& First 
Nations 

Duparquet 

Abitibi 

79.28 

48.41 

4847 

172.4 

5.24 

36 

3 

Sports-
fishing 

1 

7 

1 to 9.9 

Caucasian & 
First Nations 

Preissac 

Abitibi 

78.37 

48.38 

8251 

99.4 

1.06 

12 

5 

Sports-
fishing 

1 

2 

1 to 9.9 

Caucasian & 
First Nations 

Noname 

Labrador 

59.39 

52.69 

2743 

36.2 

2.73 

13 

NA 

Subsistence 

0 

0 

0 to 0.9 

Innu 

Panch 

Labrador 

59.02 

53.27 

1407 

131.4 

5.08 

93 

NA 

Subsistence 

0 

0 

0 to 0.9 

Innu 

Rocky pond 

Labrador 

59.58 

52.49 

621 

30.7 

2.43 

50 

14 

Subsistence 

0 

0 

0 to 0.9 

Innu 

Shipiskan 

Labrador 

62.26 

54.64 

1721 

360.4 

3.70 

209 

NA 

Subsistence 

0 

0 

0 to 0.9 

Innu 

St. Pierre 

St. Lawrence 

72.65 

46.25 

31130 

75050 

2.3* 

2411* 

1* 

Sports 
Commercial 

27 

NA 

10 to 69.9 

Caucasian 

* Lake St. Pierre primary catchment 

A total of close to 400 participants representing sports fishers of the 
Lake St. Pierre area, anglers from the Abitibi region and Innu representatives 
of the community of Sheshashiu (Labrador) brought their invaluable 
contribution to the study. This study yielded numerous results. Only those 
relevant to the scope of the present paper are presented here. 
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Environmental characteristics 

A wide variety of physico-chemical parameters were measured at 
different frequencies in the water column of the selected lakes, over a period 
of two years (Table 2). 

Table 2. Biogeochemical Characteristics Of Lakes. 

Region 

Water color (Pt mg/L) 

PCM 
(umol / l -P) 
DOC 
(ppm-C) 

Dissolved Hg (ng/L) 

pH 

Conductivity (jiS/cm) 

SPM(mg/L) 

HgSPM(ppb) 

chl@ 

Atmospheric loadings 
(ug Hg/m2/an)* 

Lakes under study 

Malartic 

Abitbi 

83.7 

0.66 

10.86 

1.19 

7.0 

85.99 

11.85 

116.50 

3.07 

Duparquet 

Abitibi 

58.5 

0.68 

10.92 

1.67 

7.4 

95.45 

11.58 

349.70 

4.52 

Preissac 

Abitibi 

58.5 

0.44 

9.05 

0.75 

7.1 

110.00 

3.65 

155.20 

3.16 

5 

Noname 

Labrador 

5.9 

NA 

NA 

2.8 

5.8 

16.52 

l.,55 

NA 

2.68 

Panch 

Labrador 

1.7 

NA 

NA 

2.2 

6.0 

NA 

0.,21 

NA 

0.82 

Rocky Pond 

Labrador 

6.3 

NA 

NA 

2.7 

5.9 

18.00 

0.93 

NA 

1.94 

Shipiskan 

Labrador 

2.1 

NA 

NA 

2.2 

6.3 

35.92 

0.14 

NA 

0.67 

5 

St. Pierre 

St. Lawrence 

50.1 

1.48 

7.67 

1.10 

7.6 

317.24 

18.61 

548.33 

NA 

4.1 

* Data on yearly wet deposition from the Mercury Deposition Network; closest station: Lab: 
Newfoundland; Ab and LSP: St-Anicet. 

They include conventional environmental descriptors such as estimations 
of the different sources of Hg loadings and distribution in the lakes. These 
measurements were also intended to describe and understand the dynamics 
of the mercury cycle, in particular relative to the methylation potential of the 
lake ecosystems. 

Trophic status. The available assemblage of physico-chemical data for 
the three regions indicate that lakes of the Labrador region are clear water 
oligotrophic aquatic ecosystems, compared to the colored humic waters of 
the Abitibi region, and the more eutrophic Lake St. Pierre. These differences 
are most likely attributable to the respective vegetation coverage and land 
use of the lake watersheds in the three regions. 

Mercury loadings. Lake St. Pierre exhibits high particulate suspended 
material content and conductivity, attributed in part to the influence of 
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agricultural practices and soil erosion. This particulate loading also carries a 
significant amount of Hg to the lake (Amyot et al., 2004). Elsewhere in 
Abitibi and Labrador, local industrial or agricultural Hg point sources are 
absent. Hg loadings to the lakes then come mainly from the slow leaching of 
atmospheric Hg accumulated within the watersheds (Lucotte et al., 1999). 
The relative proportion of anthropogenic vs. natural Hg accumulated on 
these soils is still debated. Nevertheless, data from the Mercury Deposition 
Network (NADP-MDN, 2004) suggest that the levels of atmospheric 
loadings in the two regions are comparable. Likewise, Hg concentrations in 
water do not differ significantly within the three regions. 

Mercury levels in fish resources 

Fish sampling was concurrently conducted in the three regions with the 
assistance of local human resources and knowledge. Results are presented in 
Table 3. 

Mercury levels in fish of similar trophic level from the Abitibi and 
Labrador regions are fairly similar. As expected, Hg levels in predator 
species are higher in the three regions. However, Hg levels in top predator 
northern pike are about two fold lower in Lake St. Pierre than in specimens 
captured in the other two regions. Similarly, Hg levels in piscivorous 
walleye from Abitibi are significantly higher (ranging from 2 to 4 times) 
than those of Lake St. Pierre. The highest standardized Hg values were 
monitored among the lake trout populations of Labrador, while the 
commonly consumed yellow perch (Lake St. Pierre), Atlantic salmon and 
brook trout (Labrador) contain lower Hg levels. 

Biomarkers of human exposure 

Data of hair Hg levels and fish consumption habits are presented in 
Table 4. According to the conventional and established understanding of Hg 
trophic transfer and exposure, one had hypothesized that of the three 
participating groups, the Innu community, who fish for subsistence in 
response to traditional values, would eat more fish and clearly be more 
exposed to Hg than anglers occasionally harvesting the remote lakes of 
Abitibi. In the same sense, it could a priori be expected that the heavily 
industrialized and populated watershed of Lake St. Pierre, where sport 
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fishing is part of a cultural way of life, would result in higher Hg 
contamination of fish, and to higher human exposure. 

Table 3. Fish Data. 

Region 

Labrador 

Abitibi 

St. 
Lawrence 

Lakes 

Data 
combined 

Preissac 

Duparquet 

Malartic 

St. Pierre 

Species 

Atlantic 
Salmon2 

Lake Trout 
Lake 
Whitefish 
Northern 
Pike 
Smelt2 

Brook Trout 

Walleye 

Sauger 
Northern 
Pike 
Walleye 

Sauger 
Northern 
Pike 
Walleye 

Sauger 
Northern 
Pike 
Walleye 

Sauger 
Northern 
Pike 
Yellow 
Perch 
Burbot 

Standard 
length1 

(mm) 
715 

590 

420 

660 

170 

440 

350 

350 

545 

350 

350 

545 

350 

350 

545 

350 

350 

545 

155 

253 

Hg levels 
(ppm) 

0.01 

0.67 

0.18 

0.03 

0.22 

0.05 

0.32 

0.85 

0.45 

0.45 

0.43 

0.45 

0.79 

0.47 

NA 

0.17 

0.21 

0.16 

0.10 

0.09 

Proportion of total 
fish meals from 

the regions 

100 % 

47,8%3 

Other sources : 
Tuna: 7,2% 

Freshwater fish:l 1,7% 
Marine fish: 35,3% 

Seafood: <1% 

44%3 

Other sources : 
Tuna: 4,9% 

Freshwater fish: 11,7% 
Marine fish: 24,4% 

Seafood: 15% 

Food web 
structure 

Salmonidae 
Simple 

Persidae 
Simple 

Persidae 
Complex 

1 Mercury concentration at standardized length corresponding to the averaged regional length of catches. 
2 Data from Bruce et al. (1979) 
3 From the 2003 dietary survey 



458 CHAPTER-19: MERCURY ISSUE IN CANADA 

Table 4. Biomarkers Of Human Exposure. 

Labrador 

\fishmeals/year 
Salmon 
Lake Trout 
Arctic Char 
Northern Pike 
meals/spring 
Salmon 
Lake Trout 
Arctic Char 
Northern Pike 
Smelt 
Brook Trout 

118 participants 

Fish meals SD minimum maximum 

29.1 
40.7 
44.7 
12.6 

57.5 
117.0 
102.6 
28.3 

1 
1 
1 
1 

336 
1008 
536 
120 

(total for three-months) 
3.2 
11.9 
9.9 
3.8 
7.9 
10.0 

11.9 
34.7 
41.0 
12.4 
15.9 
21.8 

0 
0 
0 
0 
0 
0 

84 
252 
252 
60 
84 
168 

Mean Hg levels in first 3 cm of hair (ppm) 
mean 
0.39 

Lake St. Pierre 

fishmeals/year 
Yellow Perch 
Walleye 
Northern Pike 
meals/spring 
Yellow Perch 
Walleye 
Northern Pike 

std 
0.39 

minimum 
0.2 

maximum 
2.47 

130 participants 
Fish meals \ SD \ minimum \ maximum 

15,3 
13,0 
1,1 

22,7 
16,4 
4,2 

0 
0 
0 

163 
112 
39 

(total for three-months) 
3,7 
3,1 
0,5 

9,3 
6,2 
3,5 

0 
0 
0 

76 
39 
39 

Mean Hg levels in first 3 cm of hair (ppm) 
mean 
0.83 

std 
0,97 

Abitibi 1 46partici 

fishmeals/year 
Walleye 
Northern Pike 
meals/spring 
Walleye 

Northern Pike 

Fish meals \ SD 

minimum 
0,04 

maximum 
5,23 

pants 
minimum \ maximum 

18,1 
5,1 

21,8 
10,0 

0 
0 

96 
48 

(total for three-months) 
6,6 

1,5 

12,0 

3,1 

0 

0 

70 

12 
Mean Hg levels in first 3 cm of hair (ppm) 

mean 
0,78 

std 
1,47 

minimum 
0,01 

maximum 
13,47 
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These expectations were not met by the results of our study. Mercury 
levels in hair of participants of the three regions are relatively low, being 
well below the recognized threshold for potential early alteration of health 
(WHO, 1990; 2003). The average Hg levels in hair collected among Abitibi 
and Lake St. Pierre anglers are similar and up to two times higher than those 
of the Innu cohort. These data, calculated on the first three centimeters, 
represents recent seasonal fish consumption at the time of sampling (winter 
in Lake St. Pierre and spring for both Abitibi and Labrador). The observed 
number of seasonal/yearly fish meals is significantly higher (up to five 
times) in Labrador than in the two other regions where the fish consumption 
frequency is comparable on both temporal scales. Details on fish 
consumption patterns indicate that dietary habits greatly differ between 
regions. Fish eaten by the secluded Innu community is exclusively of local 
origin and people tend to prefer smelt, lake and brook trout, either on a 
seasonal or yearly basis. In contrast, the Lake St. Pierre and Abitibi groups 
consume other fish products bought in local markets (respective proportion 
of 44% and 48%). In the Lake St. Pierre cohort, the fish consumption from 
local origin is mainly composed of northern pike, walleye and yellow perch, 
the latter representing about half of the local fish meals. The Abitibi group 
also frequently enjoys northern pike and walleye species. 

DISCUSSION 

Numerous processes have been presented in the scientific literature to 
explain trends in Hg introduction in the biota of lakes and accumulation 
along aquatic food webs. Mercury levels in edible fish species and related 
human exposure are modulated by several complex factors, which interact 
differently according to particular environmental settings. To understand and 
explain the series of results presented in the last section, we developed a 
concept called ''''ecosystems vulnerability to Hg contamination". Factors 
influencing the ecosystems vulnerability can be grouped into two 
components, and the examination of the data set presented above will be 
arranged accordingly: 

I.The environmental component, which can be divided in four key 
factors, each of them likely to be predominant in determining high Hg 
accumulation in edible fish species: (1) the sources and extent of Hg 
loadings to aquatic ecosystems; (2) the capability of lake ecosystems to 
transform the bulk loading of Hg into bioavailable MeHg; (3) the 
ability of food webs to assimilate MeHg and accumulate it toward the 
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higher trophic levels, up to predator species; (4) the overall ability of 
the ecosystem to cope with, or recover from changes (either an increase 
or a decrease) in Hg loading rates. 

2. The Human component. Humans are an intrinsic part of ecosystems. As 
such, human behavior (including social, economical and traditional 
factors) is an important component of ecosystem functioning and must 
be taken into account to correctly assess the threat to the health of 
individuals resulting from the presence of Hg in fish. For this, three 
new key factors can be distinguished: (1) the extent of fish resources 
use, as modulated by traditions, culture, recreational activities and/or 
economic dependency to fish resources; (2) the ability of 
populations/communities to lower their levels of exposure to Hg either 
through changes in culture/tradition/habits, or a better management of 
environmental resources (fishing strategies, land use, etc), which in 
turn leads to lower Hg levels in edible fish species; (3) the overall 
sensitivity of populations/communities to the physiologic stress 
imposed by exposure to Hg, in light of their general health status 
(presence of other contaminants in food sources, diseases, alcoholism, 
metabolic factors, etc.). 

Environmental component 

Most of the descriptive data assembled here point to Lake St. Pierre as 
being favorable to high accumulation of Hg in the top predator species: 
Mercury loadings in Lake St. Pierre are undeniably higher than in the other 
two regions, in view of the agricultural and industrial use of the lake primary 
catchments. Suspended particular material from adjacent rivers certainly 
represents a non-negligible source of Hg to the ecosystem. Furthermore, it is 
widely recognized that wetlands represent privileged environmental settings 
for Hg methylation, considering the high biological activity occurring in 
these milieu. Wetland macrophytes are indirectly involved in Hg 
methylation, since they support numerous communities of epiphytic 
periphyton (Hill et al., 1995; Cleckner et al., 1998). Other preliminary results 
from our study indicate that periphyton assemblages of Lake St. Pierre are 
an efficient substrate for Hg methylation (Hamelin et al., 2004; Planas et al., 
2004). Considering that Lake St. Pierre is surrounded by extended wetlands, 
it can be expected that the methylation efficiency of this ecosystem surpasses 
the one encountered in the nutrient limited lakes of Abitibi and Labrador, 
where the rocky primary catchments are mainly covered with black spruce 
and other species typical of boreal environments. Finally, more eutrophic 
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aquatic environments were reported to be efficient methylation incubators 
(Bodaly et al., 1984; Hintelmann and Wilken, 1995; Lucotte et al , 1999). 

Surprisingly, predator northern pikes and walleyes from Lake St. Pierre 
bear significantly less Hg than those of the Abitibi lakes. Putting these 
results in parallel with regional fish growth data, Simoneau et al. (2004) 
suggested that Hg dilution in fish tissue occurring in the faster growing 
specimens of Lake St. Pierre generates lower Hg levels for a specimen of the 
same size. They also suggest that these increased growth rates, most notably 
in Lake St. Pierre's walleye population, occur as a result of higher fishing 
pressure, which in turn diminishes competition for food and ecological niche 
(Gothberg 1983, Verta 1990, Doire et al. 2004a, b). Indeed, Lake St. Pierre's 
commercial fisheries are among the most prosperous within Canadian 
freshwater lakes. This finding could have major implications in future 
fishing management strategies, knowing that a proper level of the fishing 
intensity applied to lakes could tend to improve the quality of fish with 
respect to Hg and probably other contaminants, regardless of other 
environmental features that could influence Hg methylation and 
bioaccumulation. 

Human component 

The levels of Hg in hair have been recognized for many years as a simple 
and valid proxy to estimate human exposure to Hg (WHO, 1990; 2003, 
Schwartz, 2000). This is why most epidemiological or descriptive studies 
dealing with exposure to Hg fail to report Hg content of food sources and use 
only Hg hair levels to characterize the different exposure scenarios. The data 
gathered in this study allows us to go further and calculate the total seasonal 
Hg exposure of participants due to fish consumption using fish consumption 
patterns and measured Hg levels in fish species. These estimates are 
compared to the averaged Hg levels measured in the first three centimeters 
of hair locks. Then, we weighted these estimates against the outputs from 
simulation runs made using a simple model that assembles on a STELLA 
platform the published equations and constants describing Hg metabolic 
rates (NRC, 2000; EPA, 1997; NIEHS, 1999; Myers et al., 1997; Davidson 
et al., 1995; Kjellstrom et al., 1986; 1989). The graphic-interfaced model 
calculates either: 1) baseline Hg levels in hair according to typical fish 
consumption habits (frequency, specie, meal size and bodyweight) and 
contamination; 2) Hg levels following peak exposure to Hg via higher fish 
consumption or occasionally higher level of Hg in the food source. We 
successfully validated the model's output against another similar tool 
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published by Carrier et al. (2001), using a variety of available data sets on 
Hg exposure and corresponding biomarker signals (blood and hair -
Kershaw et al., 1980; Birke et al, 1972; Sherlock et al., 1984). 

Table 5. Stella model - simulation runs. 

Region 

L.St 
Pierre 

Abitibi 

Labrado 
r 

Fund/ 

Number1 fish 
meals 
local 

(3 months) 

7,3 

8,1 

46,9 

Number 
fish meals 
all sources 
(3 months) 

16,6 

16,9 

46,9 

Calculated daily exposure 

0,051 
(ugHg/day/kg bodyweight) 

Calculated2 

mean Hg 
level in fish 

diet 
(ppm) 

0,09 

0,27 

0,25 

Calculated daily 
exposure 

(ugHg/day/kg 
bodyweight) 

0,033 

0,100 

0,243 

Modeled Hg levels in hair 

0.8 ppm 

Modeled 
Hg levels in hair 
using calculated 

exposure 
(ppm) 

0,6 

1,6 

4,1 

Measured 
Hg levels in 

hair 
(ppm) 

(first 3 cms) 

0,8 
(0,97)4 

0,8 
(1,47)4 

0,4 
(0,39) 4 

Measured Hg levels in hair 

0,3 ppm 
(0,33)4 

1 From dietary survey. 
2 Average Hg levels in all fish species consumed, according to dietary surveys (see Table 2). 

Measurements were performed on Hg levels in local species at standardized edible length (see 
Table 3), and canned tuna (average from the different types of tuna consumed: 0,2ppm). Mercury 
data for other fish sources from Dabeka et al., 2003. 

3 Population of Grand Manan Island, St. Andrews/St. Stephens (New-Brunswick - Canada) in 2002; 
number of participants: 135; Daily exposure calculated according to food consumption survey and 
measurements of Hg content of the different fish consumed (market and local); typical body 
weight: 70kg. 

4 Standard deviation on average hair values. 

Simulations were made in order to calculate an averaged Hg level for the 
first three centimeters of hair locks that correspond to the calculated steady 
state daily exposure to Hg through fish consumption in the three regions. In 
Abitibi and Lake St. Pierre, the model responses are similar, within the 
standard deviation values, to the measured mean Hg contents in hair, with a 
closer fit observed for the Lake St. Pierre data set. However, a similar 
simulation made using the Labrador data set yields a modeled Hg hair signal 
higher by a factor of more than 10 from the level that could have been 
expected from actual knowledge of Hg metabolic processes. 

Considering data generated by this study and other simulations made 
from published data on daily Hg exposure and corresponding hair Hg signals 
in different ethnic communities, Canuel et al. (2004) proposed that, 
contrarily to well received, accepted and commonly used scientific precepts, 
the relation between Hg dose/response - expressed as human Hg exposure 
through fish consumption/Hg levels in hair - can vary among certain ethnic 
groups in response to either dietary or metabolic factors. In a companion 
paper, the authors suggest from other evidence that these discrepancies 
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might be linked to variations in MeHg binding capability with red blood 
cells in the gastro-intestinal tract (de Grosbois et al., 2004). 

Even if future research is needed to fully decipher the processes 
explaining and supporting the observations and hypotheses issuing from this 
study, these findings could have major implications in future policies 
regarding the establishment of fish consumption guidelines. 

CONCLUSIONS 

A priori considerations on the potentiality of risk of high Hg exposure 
solely based on limited/partial information on whole ecosystem functioning 
are likely to lead to erroneous conclusions. The integrated transdisciplinary 
study presented here gathered researchers around a global vision of the Hg 
issue on a regional level, while helping identify new gaps in knowledge by 
forcing the integration of all hierarchical levels of ecosystem science toward 
the characterization of its vulnerability to Hg contamination. This framework 
stresses the role of humans as an important part of the ecosystem, which 
must not be set aside during environmental studies. The following lessons 
can be drawn from this exercise: (1) the Human constituent, composing part 
of the ecosystem vulnerability, can be one of the most important factors 
setting respective community exposure level to Hg; (2) While ecosystem 
response to the stress imposed by the presence of Hg greatly varies 
according to particular environmental settings, the human response to this 
stress can also differ greatly from one region to the other. The difficulty then 
arises in the identification of effective intervention strategies to minimize the 
risks related to Hg exposure. Our findings demonstrate the need to base such 
intervention on the complete description of ecosystems, including their 
Human components. 

We are convinced that the transdisciplinary approach presented here 
establishes a new pattern for future efficient and conclusive studies on the 
Hg issue. It demonstrates also that new fish consumption advisory guides 
should not be established around strictly normative aspects but rather include 
environmental and human parameters detailing the specific vulnerability of 
local ecosystems to mercury. 
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INTRODUCTION 

Artisanal gold mining is one of the major sources of mercury 
contamination, especially in developing countries. Whilst the gold extraction 
process (known as amalgamation) is a simple technology, it is potentially 
very harmful to the environment and can contaminate air, soil, rivers and 
lakes with mercury. The health of the miners and other people living within 
the area affected by mercury contamination may be negatively affected 
through inhalation of mercury vapour or contaminated dusts, direct contact 
with mercury, through eating fish and other food, and through the ingestion 
of waters and soils affected by the mercury contamination. 

Environmental and health impacts resulting from the use of mercury (Hg) 
in the artisanal gold extraction process require concerted and coordinated 
global responses. The objective of the ongoing GEF/UNDP/UNIDO project 
Removal of Barriers to the Introduction of Cleaner Artisanal Gold Mining 
and Extraction Technologies (also referred to as the Global Mercury Project 
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(GMP)) in Brazil, Indonesia, Lao PDR, Sudan, Tanzania, and Zimbabwe is 
to assist these countries located in key transboundary river/lake/marine 
basins in assessing the extent of Hg pollution, introducing cleaner gold 
extraction technology, which eliminates or reduces Hg releases and 
developing capacity and regulatory mechanisms. The GMP Project is 
accompanied by the development of monitoring programmes. In order to 
ensure sustainability, capacity is being built to carry out continuous 
monitoring beyond the project three-year term. The ultimate goals of the 
GMP Project are: 

1. to reduce Hg pollution of international waters by emissions 
emanating from small-scale gold mining; 

2. to introduce cleaner technologies for gold extraction and to train 
people in their application; 

3. to develop capacity and regulatory mechanisms that will enable the 
sector to minimize mercury pollution; 

4. to introduce environmental and health monitoring programmes; 
5. to build capacity of local laboratories to assess the extent and impact 

of Hg pollution. 

The GMP Project will also aim to increase knowledge and awareness of 
miners, Government institutions and the public at large by explaining in 
detail the results of the Public Health and environmental studies conducted 
in the mercury "hot spot" areas. 

The selection of project demonstration sites was done in accordance with 
the objective of alleviating the impact of Hg on international waters. Two 
sites were selected in Brazil (Creporizinho and Sao Chico in the Tapajos area 
draining into the Amazon river) and Indonesia (Galangan mine in Central 
Kalimantan, draining into the Java Sea and Talawan near Manado, draining 
into the Celebes Sea). One demonstration site was selected in each of the 
other four countries: Lao PDR (Luang Prabang, draining into the Mekong 
river), Sudan (Gugob, near Al Damzain, draining into the Blue Nile), 
Tanzania (Rwamagasa, draining into Lake Tanganyika) and Zimbabwe 
(Chakari, draining to a tributary of the Zambezi river). 

In August 2003, the British Geological Survey (BGS), acting under the 
UK Natural Environment Research Council, signed a contract with UNEDO 
to carry out limited Environmental and Health surveys and assessments in 
the Rwamagasa artisanal gold mining area in the Republic of Tanzania 
(Appleton et al., 2004). The environmental assessment was executed by the 
BGS whilst the medical and toxicological investigations were subcontracted 
to the Institut fur Rechtsmedizin der Ludwig-Maximilians-Universitat 
Miinchen, Germany. The regional health authorities in Geita supported the 
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medical investigations, whilst the environmental assessment was carried out 
in collaboration with staff from the Geita Mines Office and from the Kigoma 
and Mwanza offices of the Tanzania Fisheries Research Institute (TAFIRI). 

Rwamagasa is located in Geita District, which has an area of 7,825 km2, 
185 villages, and a population around 712,000 (census of 2002). The number 
of artisanal miners in the Geita District is unknown but it is estimated to be 
as many as 150,000, most of whom are illegal panners. Primary artisanal 
workings in the Rwamagasa area are centred on quartz veins in sheared, 
ferruginous, chlorite mica schists. Grab samples of vein and wall rock grade 
6-62 g/t Au. The only legal mining in the Rwamagasa area is carried out 
within the boundaries of the Primary Mining Licence held by Blue Reef 
Mines where approximately 150 people are involved in mining and mineral 
processing activities. This is the only site in the Rwamagasa area where 
primary ore is being mined underground. All other mineral processing 
activity of any significance is concentrated at the northern margin of 
Rwamagasa, especially on the land sloping down to the Isingile River. In this 
area, there are about 30 groups of historic and active tailings dumps and 
about ten localities where small (200 litre) ball mills are operating. The 
number of people actively involved, at one particular time, in ball milling, 
sluicing and amalgamation is probably no more than 300. 

Amalgam is burned in a small charcoal fire, which releases Hg to the 
atmosphere. Amalgamation mainly takes place adjacent to amalgamation 
ponds, which are usually formed of concrete, but sometimes have only wood 
walls even though environmental legislation dictates that the Hg 
contaminated mineral concentrates and tailings should be stored in concrete 
lined structures. 

The Blue Reef Mine is reported to produce about 1 kg Au per month 
whereas artisanal miners re-working tailings produce about 0.5 kg per 
month. On this basis, approximately 27 kg of Hg will be released to the 
environment from the Rwamagasa area each year. Of this, atmospheric 
emissions from amalgam burning will be about 14 kg from the Blue Reef 
mine site and 7 kg from the other amalgamation sites. About 2 to 3 kg Hg 
will remain in heavy mineral tailings in the amalgamation ponds, which are 
frequently reprocessed. It is reported that the number of miners working in 
the Rwamagasa area was much larger in the past, so the historical release of 
mercury would probably have been higher than at present. 

The young and strong men, so called healthy workers, are mainly found 
in the bigger and more technically equipped properties. Older people, 
women of all ages and children mainly work in the smaller artisanal mining 
properties. Retorts are not used, neither is there any other protection, such as 
ventilation, against any kind of mercury contamination. Housing areas, food 
stalls and the schools are located close to the sites where amalgamation and 
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burning of the amalgam is carried out. Mineral processing tailings containing 
mercury are found within the village adjacent to cultivated land or near local 
water wells. Mercury is usually stored in the miner's houses in small soft-
drink bottles, near to where they and their families sleep. The mercury is 
mainly obtained from Nairobi in Kenya and the gold is either used for 
jewellery in Tanzania or sold to Dubai. 

Hygiene standards are extremely low and are a reason for many 
infectious diseases such as diarrhoea, typhoid and parasitism. There is no 
effective waste disposal system for either mercury, sanitary or other 
domestic waste. 

Road accidents, accidents in insecure tunnels and amalgamation plants, 
malaria, tuberculosis, and sexually transmitted diseases including AIDS are 
the dominant causes of morbidity and mortality. No special health service 
exists for the mining community - the nearest dispensary is about 10 km 
away. A local dispensary is under construction, but the construction has been 
stopped due to lack of money. The village lacks social welfare services and a 
police post for security. The nearest district hospital is in Geita, 45 km to the 
northeast. All non-minor illnesses have to be transferred to Geita hospital, 
which is adequately equipped for a district hospital. 

Background information on mercury contamination associated with 
artisanal gold mining in Tanzania is available in a number of published 
reports and scientific papers (Appel et al , 2000; Asanao et al , 2000; 
Campbell et al , 2003a,b; Harada et al , 1999; Ikingura and Akagi, 1996; 
Ikingura et al., 1997; Ikingura and Akagi, 2002; Kahatano et al., 1997; 
Kinabo, 1996; Kinabo, 2002a,b; Kinabo and Lyimo, 2002; Kishe and 
Machiwa, 2003; Machiwa et al , 2003; Mutakyhwa, 2002; Semu et al , 1989; 
Sindayigaya, 1994; University of Dar es Salaam, 1994; van Straaten 
2000a,b). 

ENVIRONMENTAL ASSESSMENT FIELD 
PROGRAMME 

The objective of the environmental assessment was to (i) identify 
hotspots in the project demonstration sites, (ii) conduct specified 
geochemical and toxicological studies and other field investigations in order 
to assess the extent of environmental pollution in surrounding water bodies 
and (iii) devise intervention measures. Although Rwamagasa is located only 
37 km to the south of Lake Victoria, streams draining the Rwamagasa 
'mining hotspot' actually drain SW into the Nikonga River, and then for a 
further 430 km via the Moyowosi swamps and the River Malagarasi before 
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reaching Lake Tanganyika near Ilagala, about 50 km to the SSE of Kigoma. 
One of the major objectives of the project is to assess the impact of mercury 
contamination on international waters as well as in the vicinity of the 
'mining hotspot', so the field programme was carried out in two areas: (a) 
the Rwamagasa 'mining hotspot' sub-area and (b) the Lake Tanganyika -
River Malagarasi sub-area (see Figure 1). Dispersion of Hg from 
Rwamagasa to Lake Tanganyika is probably relatively unlikely because 
contaminant Hg will be adsorbed by organic material in the extensive 
Moyowozi and Njingwe Swamps and flooded grassland area, located from 
120 km to 350 km downstream of Rwamagasa. Whereas the swamps will act 
as a potential biomethylation zone, they will also act as an environmental 
sink for Hg contamination, which is likely to inhibit migration of Hg into the 
lower reaches of the Malagarasi River and Lake Tanganyika. The swamp 
area was inaccessible within the logistical and budgetary constraints of the 
current project. 

The environmental field programme was carried out during the dry 
season at which time there was little evidence that large quantities of 
contaminated tailings were being washed into the Isingile River. However, 
waste water and tailings from amalgamation 'ponds' were observed at one 
site to be overflowing onto an area where vegetables were being grown. If 
large quantities of Hg contaminated tailings are dispersed onto the seasonal 
swamp (mbuga) area adjacent to the Isingile River during the wet season, 
then this may lead to the significant dispersion of Hg both into the aquatic 
system and onto agricultural sites being used for rice, maize, and vegetable 
cultivation. 

Previous studies in the Lake Victoria Goldfields area indicate that 
dispersion of Hg from tailings is relatively restricted, not least because Fe-
rich laterites and seasonal swamps (mbugas) act as natural barriers or sinks 
attenuating the widespread dispersion of Hg in sediments and soils. 

A field programme was carried out in September-October 2003 leading 
to the collection of a total of 38 water, 26 drainage sediment, 151 soil, 66 
tailings, 21 vegetable and 285 fish samples. Preparation and analysis of the 
samples was carried out in the UK and Canada. Analytical data for duplicate 
field samples, replicate analyses and recovery data for Certified Reference 
Materials indicate a level of analytical precision and accuracy that is 
appropriate for this type of environmental survey. Cd, Cu, Pb and Zn were 
determined in drainage sediment, tailings and soil samples, in addition to Hg 
and As (which were specified in the ToR and BGS's proposal) on the basis 
that these could be useful indicators of mineralization and/or anthropogenic 
contamination. The range of chemical substances determined in the samples 
collected, and the range of media sampled should not be considered to 
represent a comprehensive environmental survey. In addition, the results 
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reported here refer only to the sites sampled at the time of the survey and 
should not be extrapolated to infer that elevated levels of contamination are 
not present at other sites or elsewhere in the district or region. The results 
presented reflect the level of resources available for the environmental 
assessment. 
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Figure 1. Location of the River Malagarasi and Rwamagasa sub-
areas in northwest Tanzania. 

Nature and extent of the mercury pollution in the river 
system 

At the time of sampling, mercury in filtered drainage water samples 
ranged from 0.01 to 0.03 |iig/L in the R. Malagarasi and from 0.01 to 0.07 
Hg/L in the Rwamagasa area. None of the filtered water samples exceeded 
any of the Tanzanian Water Quality Standards or other national and 
international water quality standards, or criteria for drinking water, 
protection of aquatic biota or the protection of human health. Arsenic in 
filtered water ranged from 0.1 to 2.4 jug/L and none of the samples collected 
exceeded any water quality standards or criteria. 

Hg concentrations in the fine fraction of streams sediments from the 
River Malagarasi at Ilagala range up to 0.65 mg/kg, which is rather high for 
an area that does not appear to be unduly affected by anthropogenic 
contamination. Concentration of Hg in the fine fraction, together with 
adsorption of Hg onto Fe and organic material, may in part explain these 
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relatively enhanced Hg concentrations, but these hypotheses need to be 
verified by further studies. Other possible sources include the geothermal 
springs at Uvinza or contamination of sediment by mercuric soap, which 
may be used by some people for skin lightening, although no evidence of 
this was observed during the field programmes. 

In the Rwamagasa area, Hg in the fine fraction of drainage sediments 
ranges from 0.08 to 2.84 mg/kg, although Hg does not exceed the Toxic 
Effects Threshold (1 mg Hg/kg) of the Canadian Sediment Quality Criteria 
for the Protection of Aquatic Life for more than 2 km downstream from the 
major mineral processing centre located to the south of the Isingile River. 
Toxic Effects Thresholds for As, Cd, Cu, Pb and Zn are not exceeded in 
drainage sediments from the Rwamagasa area. 

Environmental assessment of the Rwamagasa area based 
on sampling of mineral processing wastes and soils 

There is little difference between Hg concentrations in samples taken 
from historic (dry) primary tailings piles (mean 5 mg/kg) and samples taken 
from recent sluice box tailings (mean 3 mg/kg). Hg in tailings samples from 
the amalgamation ponds and amalgamation pond tailings (mean 86 mg/kg) 
are on average about 20 times higher. The high level of Hg in the primary 
and sluice box tailings is the result of recycling/reprocessing of 
amalgamation pond tailings. An association between Cd-Cu-Hg-Zn probably 
reflects contamination from mercury used in amalgamation combined with 
metals that are possibly derived from the ball mills and galvanised roof 
sheets. Correlations between arsenic and iron probably reflect the influence 
of trace quantities of arsenopyrite and pyrite in the gold ore. Both these 
hypotheses need to be verified. 

At the time of the survey, generally low concentrations of Hg occurred 
in most of the analyzed soils used for cassava, maize, and rice cultivation, as 
well as mbuga and unclassified soils located away from the urban centre of 
Rwamagasa and associated mineral processing areas. Higher concentrations 
are found in urban soils and also in mbuga and vegetable plot soils adjacent 
to the Isingile River, close to the mineral processing areas. Hg in the urban 
soils is probably mainly derived from air borne transport and deposition of 
Hg released during the burning of amalgam, although this has not been 
verified. High Hg appears to occur in the mbuga and vegetable plot soils 
where these are impacted by Hg-contaminated water and sediment derived 
from mineral processing activities located on the southern side of the Isingile 
River. In these soils there is a clear association between Cd-Cu-Zn, which 
reflects contamination from metals that are possibly derived from the ball 
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mills and/or galvanized roof sheets. An association between As, Cu and Fe 
probably reflects the influence of the weathering products of arsenopyrite 
and pyrite found in the gold ore, although this needs to be verified. 

Mercury exceeds (1) the maximum permissible concentration of Hg in 
agricultural soil in the UK (1 mg/kg) in 12 soil samples; (2) the Canadian 
Soil Quality Guideline for agricultural soils (6.6 mg/kg) in three samples; 
and (3) the UK soil guideline value for inorganic Hg for allotments (8 
mg/kg) in two samples. 

Cadmium and zinc exceed the maximum permissible concentrations for 
agricultural soil in the UK (3 mg Cd/kg and 200 mg Zn/kg) in only a few soil 
samples. Arsenic exceeds the Canadian Soil Quality Guideline for 
agricultural soils (12 mg/kg) in nine agricultural and urban soils. 

Soil profile data demonstrate that surface contamination by mineral 
processing waste in some agricultural soils affects the root zone. Hoeing of 
the soils is likely to result in mixing of surface Hg contamination throughout 
the root zone, although this has not been verified. 

Mercury in agricultural produce 

Hg in vegetable and grains samples collected from the agricultural areas 
potentially impacted by mercury contamination are mainly below the 
detection limit of 0.004 mg/kg Hg with concentrations of 0.007 and 0.092 
mg/kg Hg recorded in two yam samples and 0.035 mg/kg Hg in one rice 
sample. A positive correlation between Hg in agricultural crops and soil was 
not detected during the present survey. Hg in beans, onions and maize 
samples purchased at Rwamagasa market are below the detection limit 
(<0.004 mg Hg/kg) whilst two dehusked rice samples contain 0.011 and 
0.131 mg/kg Hg. The concentrations of Hg in rice are similar to those 
recorded in rice grown on the highly contaminated soils of the Naboc 
irrigation system on the island of Mindanao in the Philippines. 

Mercury in fish: biomarkers for mercury methylation and potential 
food sources 

The main fish species used as bioindicators of mercury contamination 
included perch (Lates spp), tigerfish (Brycinus spp), tilapia (Oreochromis 
spp), catfish (Clarias spp). Fish tissue THg data indicates that the sites 
sampled in the immediate area of mining activities at Rwamagasa, are the 
worst affected (Figure 2) and should be considered environmental 'hotspots' 
and sites of biomethylation. Many fish tissue samples from these sites fail 
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export market standards (0.5 mg/kg) and also exceed the WHO 
recommended standard for the protection of health of vulnerable groups (0.2 
mg/kg). Mercury in fish collected from the Nikonga River, approximately 25 
km downstream from Rwamagasa, have low Hg concentrations. This 
suggests that the impact of mercury contamination on aquatic biota is 
relatively restricted, which is confirmed by the generally low mercury 
concentrations in drainage sediment and mbuga soils at distances more than 
about 6 km downstream of the main mineral processing area (or 'hotspot'). 
However, this observation will need to be verified by more detailed studies. 

Figure 2. Average mercury concentration (mg/kg) in catfish (Clarias 
spp.). Rwamagasa area. 

Fish length vs. mercury concentration plots for fish from the River 
Malagarasi and Malagarasi delta area of Lake Tanganyika (collected from 
Uvinza and Ilagala) confirm generally low mercury concentrations that are 
similar to levels found in similar species in Lake Victoria (Figure 3). 
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Figure 3. Hg (|xg/kg) related to length (cm) in piscivorous, insectivorous and planktivorous 
fish from (a) the Rwamagasa area, (b) River Malagarasi - Lake Tanganyika 

(llagala, Uvinza) and (c) Lake Victoria (Lake Victoria Environmental 
Management Project, Machiwa et al., 2003). 

All fish samples collected from the Malagarasi River area are below the 
WHO threshold for vulnerable groups (0.2 mg/kg). This suggests that 
mercury contamination from the Rwamagasa artisanal gold mining centre 
does not have a significant impact on fish stocks in either the lower reaches 
of the River Malagarasi or the international waters of Lake Tanzania. 

Exposure to environmental mercury 

None of the water samples collected from the river network, or associated 
drainage ponds exceeded the WHO or local Tanzanian guideline values of 1 
|ig Hg/1 for drinking water. Whilst this suggests that mineral processing 
operations have not contaminated local surface waters and shallow 
groundwaters it does not indicate whether drinking water used by the local 
people has been contaminated with Hg or other non-related substances. More 
extensive monitoring of drinking water sources (which was not the focus of 
the current investigations) should be considered as a component of any 
subsequent follow up work. 

The only samples of filtered water collected during the survey that 
contained relatively high Hg concentrations (max. 0.45 jxg Hg/1) were from 
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amalgamation ponds. This highlights the need for careful management of 
waste-waters from these ponds and monitoring of any nearby drinking water 
supplies. 

The average mercury concentration recorded for samples of rice grain 
grown on soils potentially impacted by mercury contamination was 0.026 
Hg/g (dry wt.). Consequently, the amount of mercury entering the body, 
assuming an average consumption of 300g rice/day is 0.055 mg THg/week 
(equivalent to 0.46 |ig MeHg/kg bw/week), which is much lower than the 
Provisional Tolerable Weekly Intake (PTWI) of 0.3 mg for total mercury and 
1.6 ug/kg bw/week for methyl mercury (MeHg) in the diet set by the WHO 
and the FAO. These are likely to maximum inputs because most people in 
the Rwamagasa area will consume less than 300 g rice/day because they will 
also consume cassava and maize, which are generally grown on soils with 
low Hg. This observation needs to be verified by more detailed studies. 

The vast majority of people in the Rwamagasa area principally eat Tilapia 
(Oreochromis spp.), Perch (Lates spp.) and dagaa (dagan; Rastrineobola spp. 
and equivalents) from Lake Victoria. Catfish (Clarias spp; kamare, mumi) is 
eaten by less than 10% of those people. Consumption of 250g perch, 500g 
tilapia and 250g of catfish each week would result in an intake of 27 ug 
THg/week (equivalent to 0.35 jj,g MeHg/kg bw/week) for residents of 
Ilagala-Uvinza area, 44 jig THg/week (equivalent to 0.58 jug MeHg/kg 
bw/week) for Rwamagasa residents consuming only fish from Lake Victoria, 
56 jig THg/week (equivalent to 0.75 ug MeHg/kg bw/week) for people in 
the Rwamagasa background area consuming tilapia and perch from Lake 
Victoria and catfish from the local streams, and 259 \ig THg/week 
(equivalent to 3.45 ja,g MeHg/kg bw/week) for people in the Rwamagasa 
area consuming tilapia and perch from Lake Victoria and catfish from 
mining impacted streams. Apart from the latter group, these inputs related to 
fish consumption are well below the WHO/FAO PTWI. It appears that only 
those people consuming catfish from the Isingile River, and other mining 
contaminated locations such as Tembomine, are likely to be at risk of 
exceeding the PTWI for Hg. 

People consuming 300g/day of rice grown on the Hg contaminated 
Isingile mbuga soils and 1kg of fish from Lake Victoria would have a 
combined estimated MeHg input of 1.04 ug MeHg kg bw/week, which is 
two thirds of the MeHg PTWI. 

Whereas it is not known whether individuals practice geophagia in the 
Rwamagasa area, elevated exposures to Hg could result from the occasional 
deliberate and habitual consumption of contaminated soils and dusts. For 
example, the PTWI of 0.3 mg for total Hg in the diet set by the WHO and 
the FAO, is equivalent to 26 ug THg/day for a 30kg child and would be 
exceeded by an individual practising geophagia (central estimate and worst-
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case) or on a case by case basis by an individual occasionally consuming 
soil/dust (worst-case). The practice of geophagy by pregnant females would 
be of particular concern in this regard given the sensitivity of the foetus to 
Hg. 

The inadvertent ingestion of dusts and soils even those having Hg 
concentrations significantly above the regional background, and hence 
considered to be moderately contaminated, does not appear to lead to a 
significant excess exposure to Hg. For comparison, exposures due to 
inadvertent ingestion of soils and/or dusts (0.72 to 1.8 jug THg/day or 5 to 13 
\ig THg/week) are typically less than individual exposure via other dietary 
sources water, rice and fish. 

However, given the uncertainties involved in estimating inadvertent dust 
and soil intake in the rural Rwamagasa environment, exposure via this route, 
in addition to more classical geophagic behaviour, should be considered 
when planning remedial/intervention measures. Such measures could include 
the marking and fencing off of waste tips and areas of enhanced 
contamination and improvements in hygiene (washing of hands and food 
preparation such as the drying of cassava and other crops directly on the 
ground and the use of soil as a desiccant to aid the storage of groundnuts and 
beans). Whilst geophagy does have an important cultural and possibly 
nutritional benefit, the resulting levels of potential exposure to young adults 
and pregnant woman are high enough to suggest that this practice should be 
positively discouraged within the mining districts. If it was demonstrated 
that geophagy is practiced in the Rwamagasa area, the importation of 
geophagic materials into local markets from outside the contaminated region 
should be encouraged and the negative effects of using local soils conveyed 
though local women's groups and childhood development officers. 

Medical investigation methodology 

The extraction of the gold with liquid mercury releases Hg, especially 
highly toxic Hg vapour into the local environment. The health status of 211 
volunteers in Rwamagasa artisanal gold mining area and 41 non-exposed 
people from a nearby control area in Katoro, located 30 km distant from 
Rwamagasa was assessed with a standardised health assessment protocol 
from UNIDO (UNIDO 2003) by an expert team from the University of 
Munich, Germany in October/November 2003. The health assessment 
protocol was developed by UNIDO in collaboration with the Institut fur 
Rechtsmedizin der Ludwig-Maximilians-Universitat Munchen, Germany and 
other international experts. The "Health Assessment Questionnaire" was 
partly translated in Swahili to be used to examine the general health 
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condition of members of the mining community and to indicate symptoms of 
Hg poisoning. State of the art anamnestic, clinical, neurological, neuro
psychological and toxicological tests were used. All participants were 
examined to identify neurological disturbances, like ataxia, tremor and 
coordination problems. The data was compiled for statistical purposes and 
confidentiality regarding all health related issues was maintained. 

Results of the medical investigation 

Mercury concentrations in the bio-monitors urine, blood and hair were 
significantly higher statistically in the exposed population from Rwamagasa 
compared with the Katoro control group, but only some amalgam burners 
showed Hg levels above the toxicological threshold limit HBM II in urine 
(Figure 4), blood and hair. A speciation of Hg in hair demonstrates that 
mainly inorganic Hg (including Hg vapour) contributes to the high body 
burden of the artisanal miners. Low mercury concentrations in all 
biomonitors (especially blood) of volunteers not occupationally exposed to 
mercury in Rwamagasa indicate that there is no relevant secondary exposure 
of humans to Hg in this area by air, drinking water or food, especially locally 
caught fish. 

Only a few statistically significant correlations were detected between Hg 
concentrations in biomonitors (urine, blood and hair) and anamnestic/clinical 
data for the amalgam-burners sub-group. Significant correlations included 
those between the anamnestic data (i) "tremor at work" with Hg in urine, 
blood and total Hg in hair and (ii) Hg in blood with tiredness, lack of energy, 
weakness, and problems with concentration and clear thinking. The only 
significant correlation between a classical clinical indicator and Hg in 
biomonitors was "heel to knee tremor" with total Hg in hair whilst 
significant correlations with the "Matchbox test" were found with Hg in 
urine and blood. Whereas on a group basis Hg in the target tissue (i.e. brain) 
correlates well with Hg in urine, blood and hair of people with significantly 
different levels of occupational or environmental exposure, the poor 
correlations between classical clinical indicators of mercury intoxication and 
Hg in bio-indicators within the group of amalgam-burners in the present 
study probably reflects large inter-individual differences (i.e. an individual's 
biomonitor Hg level may not directly indicate their target tissue (brain) Hg 
burden). In an individual who has suffered from chronic exposure to Hg, 
damage to the central nervous system may have occurred months or years 
before the biomonitor samples were analysed. Biomonitor data indicate an 
individual's recent body-burden whereas the clinical indicators probably 
indicate an individual's past or cumulative Hg burden. This would explain 



480 CHAPTER-20: GEF/UNDP/UNIDO PROJECT 

why the former occupationally exposed group shows a high median medical 
score whilst the group's biomonitor Hg levels are only slightly elevated. 
When the results of individual anamnestic, clinical and neurological tests are 
summed together, significant correlations exist (i) between Hg in urine and 
blood with the anamnestic score and (ii) between Hg in urine and the sum of 
all the anamnestic, clinical and neurological tests. It was shown that for the 
Rwamagasa amalgam-burner group, which is predominantly exposed to 
inorganic Hg (including Hg vapour), the Hg concentration in urine is a sound 
predictor for a Hg intoxication. 

Typical symptoms of Hg intoxication were prevalent in the exposed 
group. For example, combining the medical score with the biomonitoring 
results made it possible to diagnose chronic Hg intoxication in 25 out of 99 
amalgam burners, and in 3 out of 15 former amalgam burners (Figure 5). 
Table 1 shows the Hg concentrations in biomonitors for the group of 
intoxicated amalgam burners. 

Table 1. Mercury concentrations in biomonitors of the 25 intoxicated amalgam burners 
(in some cases hair samples were not available). 

N 
median 
maximum 

Hg-blood 
<"g/l) 

25 
8.6 

33.3 

Hg-Urine 
Oig/g crea.) 

25 
13.2 
36.8 

T-Hg-Hair 
0*g/g) 

20 
4.1 

48.7 

MeHg-Hair 
fag/g) 

18 
0.77 
5.25 

Within the other population groups in Rwamagasa (i.e. people not 
occupationally exposed to Hg) and in the Katoro control group no cases of 
Hg intoxication were diagnosed. The percentage of cases diagnosed with Hg 
intoxication within the amalgam burners was lower in Rwamagasa than in 
the comparable small-scale gold mining area of Mt. Diwata in the 
Philippines, for example, where 85% of the amalgam burners were 
intoxicated (Drasch 2001). 

The difference in the level of intoxication cannot be explained by a 
different (i.e. a safer) amalgam burning technique in Rwamagasa. Moreover, 
it must kept in mind, that the maximal burden (as expressed in the top Hg 
concentrations found in the biomonitors) was comparable to Mt. Diwata. 

The impression gained during the field programme was that this 
difference might be explained just by a lower amount of Hg used for gold 
extraction in the Rwamagasa area, reflecting the lower level of gold 
production. This results in a lower number people exhibiting high levels of 
Hg intoxication. 
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Figure 4. Total mercury concentration in urine (ug Hg/g creatinine), 
determined in laboratory (occup. = occupational). 

Child labour in the Rwamagasa mining sites is very common from the 
age of 10. The children work and play with their bare hands with Hg. This is 
very important because Hg can cause severe damage to the developing brain. 

Nursed babies of amalgam burning mothers are at special risk. 
Extremely high mercury concentrations were detected in two out of five 
breast-milk samples from nursing mothers who worked as amalgam burners. 
In addition to a placental transfer of Hg during pregnancy from the mother to 
the foetus (as has been proved in other studies) this high Hg burden of 
nursed babies should be a cause of great concern. 

Poverty is the main reason for the poor health status of the small-scale 
mining communities. Struggling for survival frequently makes gold mining a 
necessity in order to obtain financial resources. 

The daily fight for survival makes the miners put their own health and 
the health of their children at risk. A reduction of the release of Hg vapours 
from small-scale gold mining like in Tanzania into the atmosphere should 
not only reduce the number of Hg intoxicated people in the mining area but 
it will also reduce global atmospheric pollution, because a significant 
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Figure 5. Frequency of the diagnosis of mercury intoxication in the different sub-groups. 

proportion of mercury vapours formed by burning of amalgam in the open-
air may be transported long-range distances (Lamborg, 2002). 

The total (global) release of mercury vapour from artisanal gold mining 
is currently estimated to be up to 1,000 metric tonnes per year (MMSD, 
2002), while approximately 1.900 tonnes of Hg from all other anthropogenic 
sources were released into the atmosphere (Pirrone, 2001). 
Mercury is undoubtedly a serious health hazard in the small-scale gold 
mining area of Rwamagasa. Working for many years in the amalgamation 
process, especially amalgam burning has resulted in severe symptoms of Hg 
intoxication. The exposure of the whole community to Hg is reflected in 
raised Hg levels in the urine, and the detection of the first symptoms of brain 
damage such as ataxia, tremor and movement disorders. Mercury 
intoxication (according to the definition of UNIDO (UNDDO 2003)) was 
diagnosed in 25% of the amalgam burners from Rwamagasa. In addition, 
intoxication was also detected in some people that had formerly worked with 
Hg and amalgam. People from Rwamagasa who are not directly involved in 
amalgam burning, have a higher Hg burden than the control group, although 
the majority of these people are not intoxicated. The background Hg burden 
in the Katoro control group is the same order of magnitude as in western 
industrial countries. 
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Recommendations for monitoring water quality and biota 

Monitoring is expensive and costs can be reduced if the main exposure 
routes are known. Hence there is a need for a more intensive study to link 
exposures from various pathways to Hg levels in blood prior to the 
development of monitoring or remediation strategies. 

Monitoring in the environmental survey followed, as closely as was 
practicable, the internationally accepted protocols recommended by UNIDO 
(2003). It is recommended that water monitoring be carried out in the 
Rwamagasa drainage system during the wet season in order to test for Hg 
dispersion in solution and in the suspended sediment. The short term and 
medium term temporal variation in these pollution indicators should also be 
investigated. 

Continuous monitoring equipment capable of determining Hg at low 
concentrations in drainage systems is, as far as the authors of this report are 
aware, not available commercially. So any monitoring system would be 
periodic rather than continuous. Quarterly monitoring will probably be 
adequate for the Isingile and Nikonga Rivers for a period of two years. If no 
significant Hg concentrations are detected during that period, and there are 
no significant changes in the amount of mineral processing and associated 
factors, then annual monitoring, following the USEPA recommendations, 
will probably be adequate. 

The only effective option to prevent continuing Hg pollution of the 
Isingile River and surrounding agricultural areas is to require (a) the removal 
of all the existing mineral processing waste currently located close to the 
Isingile River and (b) the termination of all mineral processing activities in 
the vicinity. 

Monitoring of drinking water from wells in the Rwamagasa area was not 
carried out during the current survey, but should be considered when 
designing any future water quality monitoring systems. 

Monitoring of biota (fish and agricultural crops) has been carried out as 
part of the current study and could be carried out periodically using the 
UNIDO sampling protocols (UNIDO, 2003), which document procedures for 
the periodic monitoring of aquatic biota. Periodic monitoring of agricultural 
crops could also be carried out, although the results of this study indicate that 
little Hg is present in most of the crops. Due to time and funding constraints, 
the current study was able to sample only a relatively limited number of 
sites. For this reason it is recommended that a more comprehensive survey 
should be carried out, in order to verify the results presented in this study. 
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Recommendations for remediation and rehabilitation 

The present survey did not detect any concentrations of Hg in solution 
that would require remediation, as they did not exceed water quality 
standards. Should future water quality monitoring detect concentrations that 
require remediation, then a number of remediation technologies may be 
appropriate. 

From a practical point of view, there would be little justification in 
trying to remediate and rehabilitate the Hg contaminated bottom sediments 
of the Isingile River until (i) the releases of Hg contaminated mineral 
processing tailings from the Rwamagasa area have been terminated, and (ii) 
the risk of future contamination of the drainage system by progressive or 
catastrophic releases of Hg contaminated processing waste has been 
eradicated. It is, however, relatively unlikely that the tailings piles located 
adjacent and to the south of the Isingile are a potential source of catastrophic 
contamination as the waste piles are relatively small and the slopes are 
relatively gentle. However, both (i) the highly contaminated amalgamation 
pond tailings and (ii) the primary and sluice box tailings, that have been 
contaminated with Hg as a result of reprocessing the amalgamation pond 
tailings, are probably the main source of potential Hg contamination in the 
Rwamagasa area and dispersal of these tailings needs to be avoided. 
Removal of the tailings to a safe containment facility, underlain and covered 
with lateritic material (hydrous ferric oxides) should be considered. As far 
as the authors are aware, no clean-up goals for Hg have been set in Tanzania, 
although this needs to be verified. 

The principal remediation-rehabilitation options for Hg-contaminated 
soils and sediments in the Isingile River - Rwamagasa area include (i) 
excavation of Hg-contaminated soil and disposal to an off-site secure landfill 
or depository, (ii) electroleaching, comprising wet extraction followed by 
electrolytic preparation of the leachate, an emerging and potential alternative 
cleanup method that is reported to offer a cheaper and more environmentally 
friendly alternative to thermal treatment or the acid leaching process. The 
cost of these potential remediation options has not been estimated. 

Specific practical remediation measures cannot be recommended until a 
much more detailed assessment has been made of Hg concentrations in the 
agricultural soils, their uptake by crops and transfer into the human food 
chain. On the basis of evidence collected during this survey, it appears that 
significant amounts of Hg are not adsorbed into the grain of the agricultural 
plants. If this can be confirmed by more detailed site specific studies 
(involving further collection and analysis of soil and rice grain samples from 
exactly the same sites, for example) it may be possible to confirm that there 
is little or no potential for a direct negative impact on human health caused 
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by the consumption of rice and other crops grown on these relatively high 
Hg soils. Mercury uptake by other crops (such as maize or cassava) grown 
on soils that are currently used for rice should also be evaluated in case such 
a change in agricultural practices would increase the potential exposure of 
the local population. 

Recommendations for reduction of the release of mercury 
into the environment 

The exposure to Hg for the miners and the community has to be 
drastically decreased. Proper mining techniques to reduce the accidents and 
Hg exposure are essential. Small-scale miners need all possible support to 
introduce cleaner and safer gold mining and extraction technologies. 

The Local Mines Office in Geita needs to ensure that the small scale 
miners follow relevant mining and environmental regulations and approved 
practices, such as making sure that all amalgamation is carried out in 
cemented ponds and that all tailings from these amalgamation ponds are 
stored in appropriate cemented storage areas that prevent dispersal of Hg 
onto adjacent land and into water courses. 

Exposure to Hg vapour is avoidable with the application of simple 
technological improvements such as retorts. Technical solutions need to go 
hand in hand with awareness raising campaigns. 

An alliance of local, regional, governmental and intergovernmental 
bodies is needed to improve the social, health and environmental situation of 
artisanal small-scale gold miners. Cooperation between health and 
environmental sectors is needed on local, regional, national and 
intergovernmental level; for example, UNIDO and WHO in Dar es Salaam 
could form a nucleus of a national mercury task force. 

Recommendations for reduction of mercury as a health 
hazard 

The clinical testing and laboratory results indicate that Hg is a major 
health hazard in the Rwamagasa area especially for those artisanal miners 
who burn amalgam. A lower, but significant, level of Hg intoxication is 
observed in those residents of Rwamagasa who have no occupational 
exposure. 
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In order to reduce the level of risk from Hg it is suggested that: 

1. Child labour with highly toxic substances must be stopped 
immediately. Legal restrictions on child labour need to be implemented 
immediately. 

2. Women of childbearing age need special information campaigns on the 
risk of Hg to the foetus and the nursed baby and advice on how to 
avoid, or at least reduce, exposure. 

3.Participants in the medical assessment diagnosed with Hg intoxication 
need medical treatment. A system is required for the diagnosis and 
treatment of Hg related health-problems. Capacity building, including 
establishing laboratory facilities to analyse Hg in human specimens is 
required. The financial aspect of treatment and the legal problem of 
importing drugs (such as chelating agents like DMPS or DMSA, 
required to remove Hg from the body) need to be solved. Funding of 
preventive campaigns and for treatment facilities is now needed. 

4. Training programs for the health care providers in the district in Geita 
and other health centres in mining areas is required to raise awareness 
of Hg as a health hazard and advise people how they can reduce their 
own and their children's environmental and occupational exposure to 
Hg. 

5.Clinical training of local health workers, including the use of a 
standardised questionnaire and examination flow scheme (MES = 
mercury examination score). Particular attention needs to be paid to 
collecting information on individual's environmental and occupational 
exposure as this will aid the detailed assessment of exposure routes and 
the design of strategies that will help to reduce Hg exposure. 

6. A mobile "mercury ambulance" might ensure that small-scale miners 
can be reached more efficiently than from a permanent local health 
office. A "mercury ambulance" equipped with the necessary medical 
and laboratory utensils bus could be driven into the artisanal mining 
areas. Two or three specially trained doctors or nurses could perform 
the examinations, and begin to carry out treatment. The ambulance 
could also be used for health awareness programs (e.g. video 
equipment). Miners in remote areas might welcome evening 
entertainment and soccer videos might attract more miners to the 
"mercury ambulance", than other information material. Sponsors could 
be sought for a "mercury ambulance", which could be based on a truck 
or bus chassis. 
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Recommendations to increase awareness of the risks of 
mercury 

(a) Assess in a different study design the possibility of Hg related birth 
and growth defects, increased abortion/miscarriage rates, infertility 
problems, learning difficulties in childhood or other neuro-psychological 
problems related to occupational and/or environmental mercury exposure. 

(b) Assess in a more detailed study the possible transfer of Hg from the 
environment to, mother to child via breast-milk and related possible adverse 
health effects. Females at childbearing age and younger urgently require 
more awareness to refrain from amalgam burning, at least during pregnancy 
and nursing. If this is not possible, a discussion whether to provide them 
with milk powder and high purity drinking water together with training them 
to prepare hygienically appropriate formula food for their babies needs to be 
based on a larger data base and a different epidemiological approach. 

(c) Assess the relative importance of the main potential sources of 
exposure for people in Rwamagasa who are not occupationally exposed to 
Hg (i.e. airborne Hg-vapour; ingestion of Hg-contaminated dust through 
hand-to-mouth contact or on unwashed or inadequately washed food; 
ingestion of locally grown Hg-contaminated crops; Hg-contaminated fish 
from local streams; deliberate occasional or habitual consumption of soil 
(geophagia)). This has not been evaluated adequately and requires further 
integrated investigations by a team of environmental, public health, medical 
and toxicological specialists. 

Recommendations for improvement of general health 

Poverty is considered to be the main reason for most of the health and 
environmental problems in the Rwamagasa area. At the moment it does not 
seem to be acceptable that children live in Rwamagasa because of 
inadequate sanitary standards and high exposure to Hg. The improvement of 
sanitary standards is needed urgently. 

The relative occupational health risks of mining should be assessed in 
more detail (accidents, malaria, drinking water quality, sexually transmitted 
diseases, tuberculosis, HIV / AIDS). One option to reduce the health hazards 
in Rwamagasa might be a proper zoning into industrial areas, commercial 
areas and housing areas. The imposition of basic hygienic standards, such as 
proper drinking water and reduction of Anopheles mosquitoes would also 
lead to an improvement in the health of the local people. 
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Raising safety awareness and the introduction of appropriate mining 
techniques (such as better tunnel safety) will help to reduce the risk of 
accidents at mining sites. 

The risk of sexually transmitted diseases could be reduced if campaigns 
for safer sex were more effective. An appropriate health service is urgently 
required to improve the health status of the Rwamagasa community. 
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INTRODUCTION 

Regular consumption of fish ( 1 - 2 meals per week) has been associated 
with substantial reduction in the risk of death from heart attacks (Daviglus et 
al., 1997; Albert, 2002). The health benefit attributed to a diet rich in fish 
and fish oils has led public health authorities to promote a balanced diet 
containing two meals of fish per week (AHA, 2000). Worldwide, fish and 
shellfish as a dietary source of protein is rapidly expanding such that fish 
consumption is estimated to have surpassed other animal dietary protein 
sources such as beef and fowl. Unlike domesticated beef and fowl that are 
farm produced for general population consumption, fish and shellfish are 
primarily harvested from the wild. Aquaculture is rapidly growing in 
importance but remains limited and currently only provides a small 
proportion, perhaps 25% of fish and shellfish consumed worldwide. The diet 
and geographic movement of wild fish harvested for commercial sale can not 
be controlled. Many sought after fish are large predators at the top of the 
food chain. Because of their unrestricted movement and opportunistic diet, 
wild fish are vulnerable to accumulating bio-persistent pollutants circulating 
in the environment. Methylmercury is one of those chemicals. 
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It is estimated that anthropogenic sources have contributed to a 2 to 5-
fold increase in the global circulating pool of atmospheric mercury. 
Atmospheric inorganic mercury is deposited in aquatic systems where 
bacterial methylation converts the inorganic forms of mercury to 
methylmercury. Biomagnification of methylmercury results in levels in fish 
that are 104 to 106 times higher than levels in water (US Environmental 
Protection Agency, 1997) 

Governmental Response to Methylmercury Fish 
Contamination 

Fish and shellfish consumption is the predominant source of 
methylmercury exposure to humans. Recent epidemiological studies (NRC, 
2000) have led to the conclusion that methylmercury is more toxic than 
previously recognized, especially in-utero exposures which are expressed as 
later neurodevelopment delay. Utilization of these studies in risk assessments 
has resulted in the reduction of acceptable human exposures (U.S. EPA, 
2001; JECFA, 2003). 

Market basket surveys of methyl mercury in commercial foods and 
surveys to establish population consumption distributions by fish and 
shellfish species allow exposure assessment analyses. Estimated exposures 
can then be compared to the target risk thresholds. Human studies of blood 
or hair mercury distributions in populations have confirmed the exposure 
assessments and have led governmental scientists to conclude that there is a 
slim margin of safety for a significant proportion of the population 
(Mahaffey et al., 2004). 

Up until the recent reduction in the acceptable daily or weekly 
methylmercury exposure, national governments relied upon regulatory 
approaches to remove the most highly contaminated fish from commerce. In 
the United States the Food and Drug Administration "action level" has been 
at 1 ppm methylmercury in fish tissue for several decades. Fish found to 
exceed that "action level" could be removed from interstate commerce. In 
the European Union, most fish have a tolerance of 0.5 ppm and initially a 
small number of less frequently consumed fish were given a 1 ppm 
tolerance. Increased numbers of commercial fish species, changing catch 
locations, as well as increased monitoring of fish tissue mercury 
concentrations have created the need for the European Union (EU) to 
increase the number of fish species needing a tolerance of 1 ppm to remain 
on the market. The number of "1 ppm exemptions" has risen to 22 species. 
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In 2001 the USEPA RfD was reduced from 0.3 ug/kg/day to 0.1 
ug/kg/day and in 2004 the EU's provisional tolerable weekly intake (PTWI) 
was reduced from 3.2 to 1.6 ug/kg/week. These changes required a 
modification of the current regulatory approach if current commercial 
fisheries were to remain viable while at the same time excess methylmercury 
exposures prevented. If individuals consumed the recommended amount of 
fish per week but chose higher mercury fish, exposures could significantly 
exceed recommended levels (Knobeloch et al., 1995). The consumer passive 
regulatory approach could no longer assure that a significant proportion of 
the general population would not exceed the new toxic thresholds. 

National governments have responded to the likelihood that 5-10% or 
more of their population may be exceeding the hazard threshold for 
methylmercury with an approach that includes the use of commercial fish 
consumption advisories. Based upon the epidemiology studies these 
advisories have generally been targeted to protect the most vulnerable 
segment of the population, pregnant women and their developing fetus. 

Each country has a different mix of subpopulations that are likely to 
consume more fish than the average. Such groups include commercial 
fisherman, coastal residents, recreational fisherman, ethnic and indigenous 
groups with traditional diets high in fish and individuals seeking a high fish 
diet for the reported heath benefits. For many countries, national 
consumption advisories appear to have become the principal exposure 
reduction strategy to protect their citizens from excess methylmercury 
exposure and toxicity. 

Although many commercial species have worldwide markets, other fish 
are local. Concentrations of pollutants such as methylmercury in the fish 
tissue may also vary by the location where the fish reside and the size/age of 
the fish. This variability necessitates consumption advisories tailored to the 
consumption patterns and fish in commerce in each country. 

There is no readily available source to locate all the national fish and 
shellfish consumption advisories that have been issued, to obtain the 
advisory development protocols, or to review evaluations of such programs. 
Table 1 provides a summary of characteristics of examples of such 
advisories. Most of these can be found on governmental web pages. Not 
included in the table are the positive statements all advisories include 
concerning the benefits of fish consumption and the recommendation to 
include at least 2 fish meals per week. 

Eleven of the 12 countries listed in Table 1 address mercury 
contamination in their advisories. 
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Only 4 include other contaminants, specifically PCB and Dioxin. Taiwan 
only addresses PCB in recreational fish skin, liver and eggs. All but Taiwan 
address commercial fisheries. There is a commonality in the target 
populations. All countries address women of childbearing age, but there are 
some differences in how the population of women are defined. Most 
consistent is the direct mention of pregnant and lactating women. Fewer 
advisories mention infants or young children. Only three, Sweden, Taiwan 
and Canada include advice for the general population. All countries issue 
advice on how frequently fish can be consumed in terms of meals per week 
or month. Only Finland, Great Britain, Norway, Sweden and the United 
States include advice to not consume some species. The most commonly 
mentioned species are swordfish and shark. Nearly all advisories include 
these species and these are the species most commonly mentioned as "no 
consumption" for women of reproductive years. Countries whose 
populations consume whale meat typically include these on there advisories. 

Recreational Fisheries 

Many countries have a thriving freshwater and or marine recreational 
fishery that typically is carefully managed and often involves the issuing of 
recreational licenses and permits to fish specific waters. Such licenses and 
the regulation pamphlets are a convenient means to inform anglers of 
advisories. Some segments of the population may also rely upon these 
locally available fish resources for subsistence. Such groups are indigenous 
populations or immigrants from countries with a tradition of fish 
consumption. Six of the countries in Table 1 address recreational fish in their 
advisories. Countries are just beginning to comprehensively address fish 
consumption and to explicitly include sport-caught fish as part of their 
commercial advisory. 

Wisconsin, USA: An example of a Comprehensive Fish Consumption 
Advisory Program 

Thirty-five years ago mercury was identified in freshwater sport fish 
found in many states bordering the Great Lakes (Konrad 1970; Kleinert et 
al., 1972). From a national perspective, contamination was felt to be limited 
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to local fresh waters and involve recreational fish species rather than 
commercial species. No national advisories were developed. However 
because of the importance of consumption of locally caught fish, individual 
states, including Wisconsin began active fish tissue monitoring programs and 
state public health authorities linked the test results with consumption 
frequency advice for sport caught fish. A similar program occurred in the 
Canadian Province of Ontario. By 2002,48 states issued advisories for sport-
fish consumers. Mercury is the most common contaminant covered by a state 
advisory (USEPA, 2003). In the United States, states have responsibility for 
recreational fisheries and the federal government regulates commercial 
fisheries. Although similar during the 1970s and most of the 1980s, in the 
1990s many states and the US federal government began using different 
methods to assess chemical toxicity and translate it into advice for fish tissue 
levels of concern (Anderson and Liebenstein, 1989; Anderson et al., 1993). 
The recently revised mercury toxicity assessments led to a renewed focus on 
mercury contamination in fish tissue and state recognition that issuing 
consumption advice only for sport-caught fish while ignoring the exposure 
contribution from commercially consumed fish did not make sound public 
health practice. Over the past three to four years, some states began issuing 
comprehensive fish advisories that included both sport-caught and 
commercial fish. Currently twelve states include recommendations for 
commercial fish in their sport fish consumption guidelines. 

There is general agreement that a comprehensive fish consumption 
advisory program should include: 1. Public health surveillance and reporting 
of mercury poisoning (health care delivery system reporting) and high 
exposures as measured in whole blood or hair total mercury (laboratory 
based surveillance); 2. Fish tissue biomonitoring; 3. Advisory development; 
4. Advisory evaluation. 

Public Health Surveillance 

While physician and laboratory reporting is far from comprehensive, case 
reports are often illustrative of situations that need to be addressed and assist 
in raising public awareness. Wisconsin has encouraged case reporting and 
since 1992 has investigated 7 instances of excessive mercury exposure from 
fish consumption. Cases involved both commercial fish consumption 
(Knobeloch, 1993) and sport fish. Exposures ranged up to an estimated 100 
ug per day of methymercury. With the increased awareness of and concerns 
for mercury, more hair and blood testing has begun. In the last 2 years there 
have been three case investigations. 
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Fish tissue monitoring 

Wisconsin has 40,000 miles of rivers and 15,000 lakes. With a limited 
sample collection capacity and laboratory analysis budget, it was necessary 
to devise sampling strategies. When in the early 1970s mercury was 
recognized as a fish contaminant of concern (Konrad, 1970; Kleinert and 
Degurse, 1972) the Wisconsin Department of Natural Resources (WDNR) 
been systematically monitoring mercury concentrations in Wisconsin fish 
(Michaels and Schrank, 2003). 

Initially the monitoring strategy focused on rivers receiving effluents 
from mercury discharging industries. Later, in the 1980s, testing from 
northern lakes receiving no effluents became the focus when a number of 
northern Wisconsin lakes had been found to have among the highest mercury 
concentrations found in predator fish. In the decade of the 1990s monitoring 
began on a statewide basis using a scheduled rotating basin approach. This 
strategy involved sampling sites within the major river drainage basins on a 
five year rotating schedule. 

In 1999, a new monitoring strategy called "baseline monitoring" was 
devised for lakes, wadable, and non-wadable streams and rivers. Fish are 
being collected for contaminant analysis at a subset of baseline sites where 
limited or no fish contaminant data exist or where updated information is 
required. The goal of this strategy is to obtain a statewide distribution offish 
contaminant data so the status of contaminants can be determined on a 
statewide basis versus the previous rotating basin or suspected source 
impacted sites. Fish are also collected from sites where fish consumption 
advisories are in place and updated data are required to maintain a 5-year 
return frequency. 

In 2003 the WDNR described the above strategies and summarized all the 
fish tissue data (Michaels and Schrank, 2003). Figure 1 taken from that 
report graphically presents 24 years of sampling data. The table represents 
12,964 samples from 1,046 locations and 810 unique waterbodies. Of the 
183 known native and non-native fish in Wisconsin 54 species were sampled 
during this time period. These 54 species were sampled because they were 
targeted by anglers and sportfish consumers or were species valuable for 
comparisons across sites or over time. 

WDNR staff primarily collected the fish using methods dependent on 
waterbody and species. Tissue samples were prepared using standard 
procedures (WDNR Field Manual). Preparation of the edible portions offish 
involved thawing, measuring length, weighing, and grinding either skin-on 
fillets (all species except for bullhead, catfish, and sturgeon), skin-off fillets 
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.„. ^ . _ „ ? * * * ! * 

Fzgwre 7. (from Michaels and Schrank, 2003). Mercury for 22 species (1977-2001), 
all waterbodies. Lighter boxplots denotes limited data (n<100) Mercury concentrations 

generally increase with size offish, varies between waterbodies. 

(only bullhead, catfish, and sturgeon), or cross-sections of fillets (sturgeon). 
Over 94% of samples were single fish samples. Figure 1 summaries the data. 

The average value of all samples was 0.36 ppm, with a range of below 
detection to 3.1 ppm and a 75 percentile of 0.48 ppm. 

Advisory development 

When Wisconsin's sport fish consumption advisory protocol was initiated 
in the 1970s, the FDA commercial fish action level was applied to sport fish. 
This provided the angler a qualitative comparison to market fish rather than 
quantitative, risk assessment based advice. The target audience was 
primarily anglers and their families. However, as risk assessment procedures 
advanced and Wisconsin and other states gained the expertise to utilize such 
procedures some states felt that the advisory should be fully health based 
rather than utilize the FDA process that included a cost-benefit 
consideration. During the 1980s and 1990s Wisconsin began to advise the 
public on how much sport fish was "safe" to eat based upon the type of risk 
assessment utilized by the USEPA RfD process. Five consumption rate 
groupings were utilized; "unlimited" (225 1 l/21b meals/year), one meal a 
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week (52 meals/year), one meal a month (12 meals a year), six meals a year 
and "Do not eat." The advisory grew in complexity as it provided 
consumption frequency advice by species and size for each specific water 
body tested. By 2000 the advisory booklet included advice on 340 different 
water bodies or river segments. 

In 1995 the USEPA revised its RfD for methylmercury. This led to 
considerable controversy and a series of external peer reviews. In 1998 the 
National Academy of Sciences review panel confirmed the appropriateness 
of the reduced RfD. In 1999 Wisconsin reviewed its methylmercury advisory 
protocol applying the new RfD and utilized focus groups to review the 
existing advisory. It was concluded that a less complex advisory was needed 
and should include both sport and commercial fish, provide a simple 
message by species, be consistent with neighboring states and apply to 
waters not yet tested. In 2000 a new advisory was developed called the 
"Statewide Safe Eating Guidelines." 

Figure 2 provides the new guidelines. The guidelines and other 
informational materials can be found on the Wisconsin Department of 

• • Safe Ea t ing 'Guidel ines 
Ibr mcm^ Wtemsiifs inland ifKjrvC^^t l^ks^ wsitsr^ 

W&mm of $kMbmnn%y%m% nmam§ mtithms ami all <t*iMr$tt ma$m 1.5 m®$ mm*': 

1 vm\ |^n»H Mwt$i m#hh< Umk mp$m #tft$ mp^<p$km \mi^mtMmA 

$ww# at&h< fktead c i f s # v ^ t e i t e i m l i } f e t 
mnp: $w$mu fcwf* &it&fc tei mk tm& *# itim $pscfa&.* 

Itet, mi women h%f>fti thtlr MMbwifyyw&Mfy&te. 
UMtag amount* ?Am§tt,mf®hi Umk aapp*& Mm mpyte. p i t o p&rch, m teifrtmh* 

1 m&al p®i m&k W l ^ , mti\mni&M,umihmM k m &sp«$*bam, timmi mtlhk, 
IkMmti miMi, m cafe sp&m* 

fflMtimml mstok&m Mm$. & tmmmpj hrmmmmm vtom fish torn tmn-imxti i® mt&to H<$w im&z of 

€&%&&&&, m& m %n te& iMmmti mpt r tes, & fa $w foil fist? am&sfa &« &M$ '̂&&&jdL 

Figure 2. 
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Natural Resources and the Wisconsin Division of Public Health web pages 
(URL:http://www.dnr.state.wi.us/org/water/fhp/fish/advisories/ index.htm) -
(URL: http://www.dhfs.state.wi. index.htm). 

This general advice is augmented with site specific consumption advice 
developed where fish-monitoring data indicates that more stringent advice is 
necessary. Only 93 lakes and waters warranted such special advice. Special 
advice for PCBs is applied to 50 river reaches and lakes. The waters where 
more stringent advisories are in place are posted with special warnings and 
the specific advice for that lake. 

The new advisory also includes information on both sport and 
commercial fish. Figure 3 shows the advisory format combining sport and 
commercial fish into a single advisory Figure 4 is an example of the outreach 

1 meal p«r Wil l i 1 meal per WE« * — * • Bluegili, sunfish, fcSack crappte, white 
I crappie, yeitow perch, buiftwsads 

$ 'KZaT^iH of Canned Light Tuna*" a N D * sfzffy, M A * emi t* 22 OR 
| ' « ^ } f <6oz.can=1mea!> | v ' ^ i * «HF H Any commercial flsh 
I '̂ •"'i.vi'-'' $ ' 1 '<-.;:::::,'./ i I » (fish you buy in a store or restaurant) 

i meai per wmmtM 

t
-'s-zztz'f. a** ^"V sport fish species (sport fish are any fish you catch or are given, such as bass, walleye, 

i ̂ SflSf) 1" northern, perch, or crappie). Sport fish are HOT fish you purchase in a store or restaurant. 

^^^•i^^^^Hl^BIHB^B^B^MBl! 

Figure 3. From "A Woman and Child's Guide to Eating Fish from Wisconsin". 

materials developed to assist in educating consumers in how to identify fish 
that are low in methylmercury. 

Wisconsin's fish consumption advisory goals remain to a) inform the 
public about the chemical contaminants contained in some sport-fish, b) 
educate consumers as to how they can minimize their exposure to 
contaminants, c) 

remind consumers of the health benefits of fish consumption, and d) 
present advisory information in a manner conducive to maximal voluntary 
compliance. Because of potential adverse reproductive and developmental 
effects current advisories make specific consumption frequency 
recommendations for childbearing-aged women, but also provide advice for 
the general population. Advisories seek to help individual consumers make 
informed decisions regarding sport-fish consumption. 

http://www.dnr.state.wi.us/org/water/fhp/fish/advisories/
http://www.dhfs.state.wi
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Advisory evaluation 

Documenting that an advisory is effective is a significant challenge. Too 
frequently there are insufficient resources to determine the impact of an 
advisory and to track its penetration over time. 

The easiest outcome to assess is awareness of the advisory and increased 
understanding of the chemical toxicity. However, awareness is only the first 
step in a successful advisory program. 

Choose Pish iow m Mercury! 
GuKsef JV,S ?c ow arc 'or fi-N torn ^jscoTan is*?*. Ponch, and '(vers 

arcs tot t<t> *v>uqht n vasaura'tt.* a J s-cweb 

SPORT CAUSHTs 

fish you Catch 

£OMM£RCiAlJ 

VEUOW PERCH 

<4lfe* 
BLACK €8APPS£ 

LAR<S£MOUTH BASS 

ATLANTIC SALMON 

ljljp% 

&ATHSH & FtOUNDS&S COD, OCEAN PE&CH & 
~ HADDOCK 

CANNED *UOHT TUNA CANNED "WHITF* TUNA 

SWORDPISH 

^ *^0P 
Figure 4. 

The goal must be to reduce exposure that can only result from behavior 
modification. 

Wisconsin has conducted several assessments of advisory effectiveness. 
In 1994-1995 we surveyed adult residents of the Great Lakes Basin (Tilden 
et al., 1997). That survey found that over 3 million residents were consuming 
Great Lakes sport fish and that advisory awareness among women, 
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12 State Mercury Awareness Survey (1999) 
Women, Age 18- 45 

minorities and low income households was nearly one half that of white 
males. The results of that study led to significant changes in state advisories 
with specific outreach to the difficult to reach. 

In 2001, before a national USA advisory was being discussed, a 
consortium of 12 states conducted a telephone survey of 3,015 women aged 
18-45. 

The twelve states were selected based 
on their mercury sport fish advisories. 
Half issue state-wide advisories and half 
use a site-specific advisories. The states 
were spread throughout the United States 
(Figure 5). The goal was to characterize 
current fish consumption patterns 
(commercial, all sport-caught fish) and 
estimate the level of knowledge of 
mercury, advisory awareness and 
compliance among consumers of 

Figure 5. 12 state Hg Awareness 
Survey (1999). 

12 State Mercury Awareness Survey (1999) 
Women, Age 18- 45 

Total Fish meals Total meals (exc 
shellfish) 

• sport fish consumers • non-sport fish consumers 

Figure 6. 12 State Mercury Awareness 
Survey (1999). 

percent of participants reported 
consuming two or more fish meals 
per week. There was an wide range 
of reported consumption. The 
maximum reported for commercial 
fish consumption was 572 meals per 
year. The maximum for sport fish 
consumption was 384 meals per year. 
Of note was the finding that those 
who consumed sport fish consumed 
60% more total fish and shellfish 

commercial and sport-caught fish 
(Anderson et al., 2004; Knobeloch 
et al., 2004). 

We reaffirmed that fish is 
important in the United States' 
diet. Only 8% reported no fish or 
shellfish consumption during the 
previous 12 months. Included in 
the 92% who reported some 
fishmeals were 29% who reported 
sport-fish consumption (inter-state 
variability from 14-43%). Ten 

Mercury 12 State Survey 
Advisory Awareness among Women 

By State (N = 3,015) 

8 10 - 9 

Nil 
AR CA CT FL LA ME MN MT NC NJ NM Wl 

Figure 7. Mercury 12 State Survey. 
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than those who did not report consuming sport fish (figure 6). This finding 
supports the need for comprehensive advisories including both sport and 
commercial fish species. 

Although there was considerable consumption of sport fish, awareness of 
specific state consumption advisories was only 20%, ranging by state from 
8-32% (figure 7). Women who were older, had more than a high school 
education, and had a household member with a fishing license were the most 
informed about mercury and fish consumption advisories. Most states 
distributed their advisory with their sport fishing licenses so it was not 
surprising that households with a license holder would have greater 
awareness. What was encouraging is that most license holders are men and 
our survey was of their spouses. Previous research had shown that the men 
often did not share the advisory information with their wives. In this case 
there seems to be some improvement in communication. 

We found that those aware of the 
advisory were more informed about 
the toxicity of mercury. Overall 71% 
of survey participants recognized 
that mercury harms a developing 
child. That rose to 87% among those 
aware of their state's advisory. Those 
aware of the advisory were also 
more likely to understand the 
characteristics of fish that predicted 
higher mercury contamination 
(figure 8). 

Harms developing child 
Harms ability of muscles 
Mercury not reduced by 
cooking 
Higher in older fish 
Higher in larger fish 
Higher in fish that eat 
others 
Highest in muscle/meat 

Aware of 
Advisory 

87% 
52% 
76% 

56% 
38% 
23% 

8% 

Not Aware 
of Advisory 

67% 
37% 
47% 

43% 
29% 
18% 

6% 

Significant higher than among those unaware of state 
advisories (PO.01) 

Figure 8, 

CONCLUSIONS 

Most current methylmercury fish consumption advisories focus on risks 
to women and their infants. However a word of caution must be interjected 
to not overlook the potential for toxicity via another mode of action in other 
vulnerable populations. Studies have associated dietary methylmercury 
exposure with an increased risk of coronary artery disease and heart attacks 
in men (Salonen, 1995; Guallar, 2002). While there are also cardiovascular 
benefits to fish consumption, they may be negated when mercury is high. 
Fortunately there are fish that are low in mercury but high in beneficial fatty 
acids. Research on the adult cardiovascular risk warrant increased research 
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and analysis, before advisories dismiss providing a risk message to older 
adults, especially men. 

If fish consumption advisories are to inform and protect the public, it is 
important to develop and maintain a comprehensive exposure surveillance 
program that includes fish tissue and human biomonitoring as well as an 
advisory effectiveness evaluation strategy. Governments relying on 
advisories must continuously ask the questions, "Is the message being heard 
and is it being adhered to?" In most countries just beginning to issue 
commercial advisories, such strategies are still in the formative stages. The 
experience of USA states, and Sweden may help inform such efforts. 
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INTRODUCTION 

Detailed risk assessments for methylmercury have been recently 
published by national and international bodies (e.g., the (U.S.) National 
Research Council (NRC, 2000), the U.S. Environmental Protection Agency 
(U.S.EPA, 2001), and the Joint FAO/WHO Expert Committee on Food 
Additives (JECFA, 2003). These reports concluded that the developing brain 
is the main target for methylmercury toxicity, and they emphasized the 
prospective epidemiological studies as the main basis for deriving an 
exposure limit. The same conclusion was reached in UNEP's global 
assessment (UNEP, 2002). 

Evidence from poisoning outbreaks in Japan and Iraq have clearly 
demonstrated the severe and widespread damage that may occur to the brain 
when exposed to methylmercury during development. In Minamata, Japan, it 
was noted that the pregnant mother could appear in good health, while her 
child would be born with serious congenital methylmercury poisoning. 
However, the confirmation of methylmercury as the etiologic agent came 
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late, and case-related exposure information was therefore difficult to obtain. 
After the Iraqi poisoning episode, which happened during a famine, exposure 
information was gleaned from segmental analysis of long hair strands from 
the mothers, while assuming a constant hair growth rate. Although these 
studies do not provide detailed dose-response relationships, they 
demonstrated the serious consequences of excess exposures to this 
neurotoxicant and documented that the developing brain is a highly sensitive 
target. 

This paper reviews the human evidence with particular emphasis on 
recent epidemiological data on neurobehavioral effects, and it discusses the 
uncertainties involved in assessing human health risks based on 
observational studies. Three major prospective cohort studies have been 
conducted in New Zealand, the Faroe Islands, and the Seychelles. Cross-
sectional studies of neurobehavioral function will also be considered, as will 
the recent evidence of methylmercury-associated cardiovascular disease. 

New Zealand 

A group of 11,000 mothers, who gave birth to children in 1978, was 
initially screened, and the hair-mercury concentrations were determined for 
the 1000 mothers, who had consumed 3 fish meals per week during 
pregnancy. Seventy-three mothers had a hair mercury result above 6 |ig/g, 
thereby constituting a high-exposure group. At the first follow-up at age 4 
years, 31 high-exposure children and 31 reference children with lower 
exposure were matched for potential confounders (i.e., mother's ethnic 
group, age, child's birthplace and birth date). The high-exposure group 
showed lower scores on the Denver Developmental Screening test 
(Kjellstrom et al., 1986). 

A follow-up of the original cohort was carried out at age 6 years, now 
with three control groups with lower prenatal mercury exposure (Kjellstrom 
et al., 1989). During pregnancy, mothers in two of these control groups had 
high fish consumption and average hair mercury concentrations of 3-6 jug/g 
and 0-3 jxg/g, respectively. Matching parameters were maternal ethnic 
group, age, smoking habits, residence, and sex of the child. At this time, 61 
of the high exposure children were available for examinations. Lead levels in 
cord blood and garden soil were tested to assess potential confounding, but 
there was no association between lead and methylmercury exposure. 

Results of the psychological performance tests correlated well. Stepwise 
robust multiple regression analysis showed that the full (and performance) 
Wechsler Intelligence Scale for Children (WISC-R), the McCarthy scales for 
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children's abilities (perceptual and motoric) and the Test of Oral Language 
Development (a standardized test used in child development studies in New 
Zealand) were most strongly associated with the maternal hair mercury 
concentration (Kjellstrom et al., 1989). The proportion of the variance in test 
results due to hair mercury above 6 |tig/g was about 2 %, which was similar 
to the influence of social class and home language, two of the main 
confounders accounted for in the analysis. Robust regression analysis 
reduced the impact of one extreme outlier (with maternal hair-mercury above 
80 |tig/g). A reanalysis of the full database of this study (Crump et al., 1998) 
replicated the association between high maternal mercury exposure and 
reduced test performance, but the statistical significance was very much 
influenced by the extreme outlier. However, when this subject was excluded 
additional associations became statistically significant. 

Faroe Islands 

The Faroe Islands are located in the North Atlantic between Norway, 
Shetland and Iceland. In this fishing community, excess exposure to 
methylmercury is mainly due to the traditional habit of eating meat from the 
pilot whale. Ingestion of whale blubber causes exposure to lipophilic 
contaminants, notably polychlorinated biphenyls (PCBs). The first birth 
cohort consisted of 1,022 children born during a 21-month period in 1986-
1987 (Grandjean et al., 1997). Prenatal methylmercury exposure was 
determined from mercury concentrations in cord blood and maternal hair; 
both spanned a range of about 1000-fold. Cohort members were invited for 
detailed examination at school age (7 years), and a total of 917 of eligible 
children (90.3%) participated. The physical examination included a sensory 
function assessment and a functional neurological examination with 
emphasis on motor coordination and perceptual-motor performance. Main 
emphasis was placed on detailed neurophysiological and neuropsychological 
function tests that had been selected as sensitive indicators of abnormalities 
thought to be caused by methylmercury. A repeat examination was carried 
out at age 14 years, again with a high participation rate, with a clinical test 
battery similar to the one previously applied. 

The main finding at the 7-year follow-up in the Faroes was that 
decrements in attention, language, verbal memory, and, to a lesser extent, in 
motor speed and visuospatial function, were associated with prenatal 
methylmercury exposure; the cord-blood mercury concentration was the best 
risk indicator (Grandjean et al., 1997). These findings were robust in the full 
Faroes data set in analyses controlled for age, sex and confounders, and they 
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persisted after exclusion of high-exposure subjects. Support for these 
findings was seen in some of the neurological tests, but particularly in delays 
in brainstem auditory evoked potentials (Murata et al., 1999). Likewise, 
prenatal methylmercury exposure was associated with a decrease in the 
normal heart rate variability and a tendency of increased blood pressure 
(Sorensen et al., 1999). 

Data on the 14-year follow-up are currently being processed, but two 
recent publications describe the neurophysiological outcomes that are 
unlikely to be affected by socioeconomic confounders (Murata et al., 2004; 
Grandjean, 2004). Mercury-associated delays in peak III of the brainstem 
auditory evoked potentials remained at age 14 years, as did the decreased 
heart rate variability. Both functions involve brainstem nuclei, and the results 
showed significant correlations that became weaker when adjusted for 
mercury exposure. This finding suggests that brainstem toxicity may be an 
important component of developmental methylmercury neurotoxicity. 

Delays in brainstem auditory evoked potentials peak V (i.e., the signal 
elicited by the transmission of the electrical signal to the midbrain) were 
associated only with the current methylmercury exposure (Figure 1) (Murata 

Figure 1. Latency of peak V of the brainstem auditory evoked potentials recorded in 859 
Faroese children at 14 years and adjusted for sex and age (Murata et al., 2004). 

The association is estimated in a generalized additive model analysis, using the current 
hair-mercury concentration as an indicator of current exposure. The broken lines indicate 

the point-wise 95% confidence interval for the dose-response relationship. Each 
vertical line above the horizontal axis represents one observation at 

the exposure level indicated. 
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et al., 2004). The average hair-mercury concentration in the adolescents 
examined was about 1 ng/g (i.e., close to the current Reference Dose (RfD) 
established by the U.S.EPA). 

This observation suggests that the vulnerability of the brain may extend 
into the teenage period, and that even exposures similar to the RfD may 
cause adverse effects. 

Another prospective study (Cohort 2) included 182 singleton term births. 
These children were first examined by the Neurological Optimality Score 
(NOS) at age two weeks. Detailed information was obtained on exposures 
both to methylmercury and to lipophilic pollutants. The NOS showed 
significant decreases at higher cord-blood mercury concentrations, while 
PCB was not important (Steuerwald et al., 2000). 

Seychelles 

Two birth cohorts were formed in the Seychelles, an archipelago in the 
Indian Ocean, both groups involving about 800 children (i.e., about 50% of 
all children born during the recruitment period) (Shamlaye et al., 1995). For 
exposure assessment, a hair sample was obtained from the mother, in many 
cases six months after birth. The hair segment that represented the pregnancy 
period was identified from the assumption that hair grows 1.1 cm per month. 
The authors noted that the first pilot study was not as well-controlled as the 
main or longitudinal study: there were fewer covariates, medical records 
were not reviewed as carefully, there was less information on socio
economic status. 

A subset of 217 children from the pilot cohort was evaluated at 66 
months (Myers et al., 1995). Maternal hair mercury was negatively 
associated with four outcomes: the McCarthy General Cognitive Index and 
Perceptual Performance subscale; and the Preschool Language Scale Total 
Language and Auditory Comprehension subscale. When statistically 
determined outliers and observations considered to be influential were 
removed from the analyses, statistical significance of the association 
remained only for auditory comprehension. 

The main Seychelles study included evaluation of the children at 6.5, 19, 
29 and 66 months of age, and again at 8 years. No association with maternal 
hair mercury was found for most endpoints in these children (Myers et al., 
1995). At 29 months there was an association between mercury exposure and 
decreased activity level in boys only, who also showed a possible mercury-
associated delay in age for walking, but the latter was not significant when 
adjusted for confounders. 
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Table 1. Main differences between three of the prospective studies 
of methyl-mercury-exposed children. 

Attribute 

Source of 
exposure 
Exposure 
assessment 
Concomitant 
exposures 
Language 

Socioeconomi 
c setting 
Family-setting 
Outcome tests 

Clinical 
examiners 

New Zealand 

Shark and other large 
ocean fish 
Maternal hair at 
parturition 
Lead in house paint and 
air 
English (and Pacific 
languages) 
Industrialized Western 

Urban, mixed cultures 
Omnibus 

Clinical specialists 

Faroes 

Whale, ocean fish and 
shellfish 
Cord blood and maternal 
hair 
PCBs (whale blubber) 

Faroese (and Danish) 

Industrialized 
Scandinavian 
Traditional 
Domain-related and 
neurophysiological 
Clinical specialists 

Seychelles 

Ocean fish 

Maternal hair < 6 mo 
after parturition 
Pesticide use in 
tropics 
Creole (English and 
French) 
Middle-income 
developing 
Mainly matriarchal 
Omnibus and domain-
related 
Nurse/student 

The most detailed examination was then carried out at age 8 years using 
tests thought to be similar to those applied in New Zealand and the Faroes. 
In calculating possible effects of prenatal methylmercury exposure, the 
regression equations included adjustment for postnatal exposure. No 
association between deficits and maternal hair-mercury concentrations was 
evident (Myers et al., 2003). Despite the apparent differences between the 
three studies of mercury-exposed populations, they may not necessarily be in 
disagreement. For example, when the hair-mercury concentration is taken as 
the exposure biomarker in both the Faroes and the Seychelles studies, and 
the Boston Naming Test is used as the outcome parameter, the confounder-
adjusted regression coefficient from the two studies does not differ to a 
statistically significant extent (Keiding et al., 2003). Further, some 
differences would be anticipated, because the studies used different methods 
for assessment of exposures and outcomes, and because the epidemiological 
settings are different. The New Zealand study population may be most 
similar to continental Europe and North America, even though about half of 
the high-exposure mothers were of Pacific Island descent. Their diet is high 
in ocean fish, and very few of them smoke, but otherwise their exposures in 
daily life would not be very different from other New Zealand women or, 
indeed, women from other Western societies. 

New data will soon appear from Japan, where a prospective study has just 
initiated (Nakai et al., 2004), as has a cross-sectional study that includes 
analysis of preserved umbilical cords as a retrospective measure of the 
children's prenatal exposure levels (Murata et al., 2004). Further, the hair 
samples collected for the New Zealand cohort of 11,000 women may be used 
for potential follow-up studies (Kjellstrom, personal communication). 
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Cross-sectional studies 

The neurotoxicity of methylmercury should be judged on the basis of the 
overall strength of the total evidence available. Several cross-sectional 
studies (Table 2) supplement the prospective data. As with the prospective 
studies, researchers have chosen populations that include representation of 
high-level exposures to methylmercury. However, due to the remote settings 
(e.g., in the Arctic or the Amazon basin), less sophisticated parameters had 
to be chosen, also taking into account the possible differences in culture, 
language, and school education. Some studies focus on the impact of 
methylmercury from freshwater fish, e.g., in the Amazonian region, where 
fish contamination is increased by pollution from gold-mining activities. In 
the Arctic, the traditional diet includes marine mammals and other species 
high in the food chain that accumulate biomagnified methylmercury. The 
numbers of children examined have ranged from tens to a few hundred. 
Selection bias, especially when studying older children, is possible; usually 
no information was reported about children who were unavailable for the 
study. Most likely such selection would result in healthier children being 
examined, thereby potentially obscuring exposure-related effects. 

The studies also differ in regard to the exposure intervals covered. 
Exposure levels range from an average of about 5 jug/g maternal hair (Cree 
Indians in Northern Quebec, and two subgroups in the Amazon basis) up to 
13 \ig/g in French Guiana, and even higher in Northern Greenland. 

Because the developing brain is considered the main target of 
methylmercury toxicity, evaluation of these studies must assume that 
exposures measured at the time of the postnatal examination represent 
causative exposures at the time of the greatest vulnerability of the nervous 
system. Irregular exposures and the added impacts of postnatal exposure will 
complicate the evaluation.. 

Despite the differences in cultural settings and other limitations, several 
findings of these studies appear to be concordant (Table 2). The results tend 
to confirm that attention, motor coordination and speed, and visuospatial 
function are sensitive targets of methylmercury toxicity. The vulnerability of 
language and verbal memory was not evaluated. 

Exposure Assessment 

The purpose of an appropriate exposure assessment is to provide a correct 
measure of exposure in terms of the amount that has reached the 
toxicological target during the relevant time period. Because the validity 
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depends on the degree to which the exposure biomarkers reflect the "true" 
exposure, they can be considered only proxy variables, which are always 
imprecise to some - usually unknown - extent. This issue is important, 
because exposure misclassification is likely to cause underestimation of the 
true effect of the exposure. 

In prospective studies, samples for mercury analysis have included 
maternal hair, cord blood, and cord tissue. In addition, maternal dietary 
questionnaires have been used to obtain information on the origin and 
approximate magnitude of the methylmercury exposure. 

Cross-sectional studies rely on surrogate measures of fetal exposure, 
because the children were enrolled several years after birth. In the 
populations studied (Table 2), the diet probably changed little over time due 
to the preponderant role of fish among available resources. In addition, fish 
contamination by mercury most likely remained fairly stable in the years 
following birth. Such stability was evidenced by the study in Peru, in which 
peak and average concentrations of mercury in maternal hair during 
pregnancy were very similar and in French Guiana where hair mercury 
levels measured five years apart in different villages were remarkably 
constant. 

Most studies in Table 2 used maternal hair collected at time of child's 
examination. In two studies, the child's own exposure (blood or hair 
measurement) was used instead due to incomplete data on maternal exposure 
levels, and because a good correlation was documented between the child's 
and the mother's exposure levels (Grandjean et al., 1999). 

This association is to be expected when older children are examined in 
communities where they are usually sharing the meals with their parents at 
home. If the child's current exposure does not even provide a correct ranking 
between individuals, it could introduce exposure misclassification and thus 
underestimate the risk. However, if the child's exposure is lower than the 
maternal level, an exaggeration of the risk at a certain exposure level may 
ensue. 

A hair sample may provide a calendar of mercury exposure. Although 
hair growth rates are known to vary, a 9-cm hair sample obtained at 
parturition or shortly thereafter would be thought to represent the average 
mercury exposure during the whole pregnancy. 
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In New Zealand, monthly (10-mm segment) exposure levels varied by a 
factor of 2, and on average the peak monthly exposure was about 50% higher 
than the 9-month average (Kjellstrom, 1989). In the Faroes, similar 
variations were recorded, with coefficients of variation mostly being below 
25% (Grandjean et al., 2003). Comparison of hair segments from the Faroes 
and the Seychelles showed similar short-term variations (Lanzirotti et al., 
2002). 

Mercury analyses should always be supported by detailed quality control 
procedures (e.g., blind comparison with other experienced laboratories and 
use of certified samples) as was first done in the New Zealand study 
(Kjellstrom et al., 1989). Until recently, the biomarker imprecision was 
thought to be appropriately reflected by such laboratory quality data, 
although the low levels of imprecision (usually about 5% or less) could not 
explain why associations between mercury concentrations in hair and blood 
often showed wide scattering. An additional consideration is that the hair 
mercury concentration is subject to variability, e.g., due to hair type, hair 
color, external contamination, and leaching due to permanent hair treatments 
(Grandjean et al., 2002). In international comparisons, three main types of 
hair structure are recognized (i.e., African, Caucasian, and Oriental), but 
good data for calibration with blood concentrations exist only for the latter 
two hair types. 

When calculating an exposure level from the hair mercury concentration, 
an average hair-to-blood ratio of 250 has been generally used (U.S.EPA, 
2001). This ratio is appropriate for Caucasian and Oriental hair (Grandjean et 
al., 2002), but is known to vary between individuals. The 95th percentile 
differs from the median by a factor between 2 and 3. It also depends on the 
concentration level, and it changes with age (Budtz-J0rgensen et al , 2004a). 
For example, in 7-year-old Caucasian children (with finer hair than adults), 
the ratio is about 370 (i.e., about 50% higher than the ratio of 250 attained by 
age 14 years). 

The possible impact of irregular exposures also needs to be considered. 
Thus, "bolus" exposures might be more toxic than steady exposures at an 
average level, but the dose eventually reaching the fetal brain from a 
maternal seafood meal would be unlikely to represent a steep peak. 
Nonetheless, exposure variability is likely to introduce error in the exposure 
assessment, and such misclassification would lead to underestimation of the 
dose-response relationship. In agreement with this prediction, exclusion of 
subjects with variable exposures during gestation tended to increase the 
associations between the mercury exposure and the deficits (Grandjean et al., 
2003). 

The "true" exposure can be estimated if at least three exposure indicators 
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are available. Such calculations have recently shown that the coefficient of 
variation for the hair-mercury imprecision is about 50% and thus maiking 
this biomarker about twice as imprecise as the blood concentration (Budtz-
J0rgensen et al, 2004a). The greater the imprecision, the greater the impact 
on the regression coefficient for the exposure biomarker. At the same time, 
adjustment for confounders with better precision will cause additional bias 
toward the null hypothesis (Budtz-Jorgensen et al., 2003b). 

Outcome Variables 

The validity of outcome variables depends on their sensitivity to the 
exposure under study and the associated specificity (i.e., lack of sensitivity to 
the influence of other factors, including confounders). The choice of effect 
parameters must at the same time be feasible and appropriate for the age of 
the children, and for the setting of the study. Tests that depend only 
minimally on cooperation of the subject have the advantage of being less 
likely to be affected by motivation. The more advanced neuropsychological 
tests are only possible when a child has reached school age. However, such 
tests may be of uncertain validity, if they have not previously been applied in 
the same culture. In addition, many tests require special skills of the 
examiner. All of these issues need to be considered when evaluating the 
study findings. 

Most studies employed a battery of neurobehavioral tests, some of which 
appeared to be more sensitive to mercury neurotoxicity than others. Simple 
comparison of regression coefficients may provide suggestions for the most 
sensitive parameter, at least within the confines of a particular study. To 
facilitate such comparisons, the regression coefficient may be expressed as a 
proportion of the standard deviation of the test result, or as a delay in mental 
development calculated from the regression coefficient for age. 

Benchmark dose levels may also be used as a basis for comparison. Thus, 
the most sensitive neurological, neuropsychological, and neurophysiological 
effects parameters all exhibit benchmark dose levels of 5-10 ^ig/g hair. 
Despite the great variability of the study settings and the outcome variables, 
a substantial degree of concordance exists and that the combined evidence is 
quite convincing in regard to the dose-response relationship. 

Neurological tests 

All prospective studies and several cross-sectional studies included at 
least one neurological examination (e.g., McKeown - Eyssen et al., 1983; 
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Marsh et al., 1995; Steuerwald et al., 2000; Cordier et al., 2002). 
Unfortunately, the protocols of examination differ between studies: in the 
Canadian and French Guiana studies, evaluation of sensory functions, cranial 
signs, muscle tone, stretch reflexes and coordination were conducted. Both 
studies reported abnormal tendon reflexes in association with an increased 
maternal hair concentration. However, these signs were mild and isolated, 
and the reproducibility of the assessment in the French Guiana study was 
reported to be poor (Cordier et al., 2002). In the study in Peru (Marsh et al., 
1995), essential details of the neurological evaluation (items, age of the 
children examined) were not presented, thus precluding evaluation of the 
results; frequencies of abnormal signs were reported to be independent of 
maternal mercury concentrations. In Madeira and the first Faroes cohort, the 
neurological examination emphasized motor coordination and perceptual 
motor performance (Grandjean et al., 1997; Murata et al., 1999); children 
who failed the most difficult of the 19 functional neurological tasks tended to 
have slightly higher exposures than children who performed well. 

In summary, the clinical neurological tests provide limited evidence 
linking low-dose methylmercury exposures to detectable abnormalities. The 
absence of clear, positive findings most probably reflects the lack of 
sensitivity of this type of examination within this range of exposures. One 
weakness is that the performance on a clinical test is rated by the examiner, 
thereby introducing a potential subjective aspect. In addition, scoring is 
usually a simple pass-fail or pass-questionable-fail, thereby limiting the 
sensitivity. 

Developmental tests 

Among the prospective studies, the New Zealand children were examined 
at 4 years of age using the Denver Developmental Screen Test (DDST). It 
consists of four major function sectors: gross motor, fine motor, language 
and personal-social, where possible scores are abnormal, questionable, or 
normal. The prevalence of developmental delay was 52% for children in the 
high-exposure group and 17% for controls; the delays most frequently 
affected fine motor and language sectors. The Bayley Scales of Infant 
Development (BSID) was used in the Seychelles, but no mercury-associated 
deficits were reported. Developmental tests may be useful for such studies in 
small children, they may be less dependent on differences in culture than are 
tests appropriate for older children, but they may be of limited sensitivity to 
subtle changes. 
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Neuropsychological tests 

While likely to be more sensitive in revealing early neurotoxic changes, 
neuropsychological tests require that the administration is standardized, and 
they may show examiner-dependence. Further, they may be sensitive to 
details in the test situation, such as the use of an interpreter, changes in 
temperature, and other aspects that may be important when a test is used for 
the first time in a particular culture. In New Zealand, two psychologists 
tested the same children with shortened version of the test battery and 
documented a remarkable agreement (Kjellstrom et al., 1989). In the Faroes 
and several other studies, each test was administered to all children by the 
same examiner, thus limiting the possible impact of examiner-related 
differences. 

Traditionally, studies in this field have included standard intelligence test 
batteries, because of the wealth of information available on such tests and 
the known implications of deficient performance. The New Zealand study 
applied the Wechsler Intelligence Scale for Children (WISC) and McCarthy 
Scale of Children's Abilities at age 6. Likewise, the Seychelles examinations 
included the McCarthy Scales. These intelligence tests may not be the most 
appropriate and sensitive for methylmercury toxicity. Still, significant effects 
were found on WISC and McCarthy in the New Zealand study. The New 
Zealand study also used the "Test of Oral Language Development" (a 
standard test widely used in New Zealand school programs), and this test 
appeared to be the one most affected by methylmercury exposure. 

In the Faroes, the approach taken was to emphasize tests that reflected 
functional domains (e.g., attention, motor speed, verbal memory). The 
functions chosen were those that were most likely to be affected by 
developmental methylmercury exposure, as judged from location of 
neuropathological lesions in poisoning cases and as illustrated by studies of 
other developmental neurotoxicants, especially lead. The Boston Naming 
test appeared to be the most sensitive outcome. Similar tests were included 
when the Seychelles cohort was examined at age 8 years. However, 
application of the Boston Naming test in a different culture may not be 
unproblematic. For example, the sequence of stimuli may not necessarily 
represent an increasing degree of difficulty (e.g., if pictures of an igloo or an 
acorn are not as familiar to children in a tropical developing country as they 
are to northern children from the Faroes, or the United States, where the test 
was developed). In addition, each stimulus was meant to have one correct 
answer, but since Seychellois is a mixed language, some stimuli in the 
Boston Naming test are known to have as many as three correct answers. 

Thus, even if the same test material and instructions (after translation) are 
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used, the validity of the tests will differ. 
A variety of neuropsychological tests, including WISC subtests were used 

under different circumstances in the cross-sectional studies in Madeira, 
Greenland, Brazil and French Guiana. In the first two and in an Indian group 
studied in Brazil, all tests were administered with the use of an interpreter, 
thereby making the test results less reliable. Likewise, the Continuous 
Performance test used in the Seychelles was not supervised by an examiner, 
thereby allowing for possible untoward variability that would be less likely if 
the examiner was present. Results on such computer-assisted tests will also 
be affected by the prior computer experience of the child. 

Due to the type of populations studied, the researchers attempted to avoid 
culture-biased and language-dependent tests, thereby precluding evaluation 
of important domains. The functions evaluated therefore focused on motor 
speed and motor coordination, visuospatial organization, attention, and 
short-term memory. Several tests were common to these studies and also 
overlap with the prospective studies (e.g., Finger Tapping, and Stanford-
Binet Bead Memory). At increased exposure levels, reduced scores were 
evidenced on the Santa Ana dexterity test in Brazil and the McCarthy Leg 
coordination test in French Guyana. In these two studies, scores on the 
Stanford-Binet Copying test (that measures visuospatial organization) were 
negatively associated with mercury exposure with similar regression 
coefficients in the two studies. Several types of errors occurred in these tests, 
and the French Guiana study pointed more specifically at rotation errors 
among younger children (5-6 years old). Such errors would suggest possible 
insult in the parietal lobes of the brain resulting in developmental delay in 
the learning to place objects in space (Sullivan et al., 1999). Whether or not 
this type of test would appear sensitive in other populations living in other 
cultural environments needs to be established. 

Neurophysiological testing 

As an objective evaluation of brain dysfunction that is probably less 
sensitive to motivation or socioeconomic confounding, neurophysiological 
tests have been applied in several studies. Their applicability requires 
advanced instrumentation and depends on skilled examiners. An outcome 
that has previously been found to be sensitive to lead exposure is brainstem 
auditory evoked potentials. They are recorded using surface electrodes 
placed on the skull while the child listens to a stimulus in one ear. The 
transmission of the electrical signals within the brain is then recorded as 
peaks that represent the acoustic nerve, an intermediate connection in the 
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pons, and the midbrain. The latency of peak EH was significantly increased at 
higher intrauterine exposure to mercury. Parallel associations were found in 
7-year-old children in the Faroes and in Madeira, and this observation was 
replicated in the Faroese cohort when examined at 14 years. A smaller study 
from Ecuador also reported delays in peak IH at higher exposure levels. In 
addition, prolonged latencies of peak V among the 14 year-olds were linked 
to the current mercury exposure only (Figure 1). As a parameter primarily 
affected by postnatal exposure, this particular outcome seems to differ from 
the majority of functions sensitive to methylmercury during fetal 
development. 

Confounding Variables 

Three major reasons for confounding have been noted as to why a 
mercury effect might have been overestimated: (a) association of mercury 
intake with exposure to other neurotoxic pollutant(s); (b) other types of 
residual confounding; and (c) inadequate adjustment for multiple 
comparisons (NIEHS, 1998). The best protection against confounding 
problems is to select a study setting where such concerns are unlikely and, if 
relevant, may be adjusted for appropriately. Thus, a homogeneous society 
with limited differences in socioeconomic and cultural factors should be 
preferred. The existence of residual confounding can never be fully 
excluded. On the other hand, "phantom" covariates should not be invoked to 
explain away biologically plausible associations between methylmercury 
exposure and neurobehavioral deficits. In addition, most attention is usually 
paid to confounders that affect the outcomes in the same direction as the 
exposure under study, but confounders may also have the opposite effect of 
attenuating the apparent impact of the exposure. Thus the potential for 
overestimation of a toxic effect should not be raised without also paying 
attention to the risk of underestimation. 

Standard multiple regression methods are often used for controlling for 
confounding effects. Even in the absence of confounding, adjustment for 
such established predictors as sex, age, and maternal intelligence, should be 
included to obtain a more precise estimate of the mercury effect. In general, 
the prudent approach is usually to include all covariates that may be potential 
confounders. However, in situations where the exposure is measured with 
some degree of imprecision (as is the case here), this approach may result in 
biased estimates. Inclusion of such covariates, which are associated with the 
exposure but without any explanatory power in regard to the effect, will then 
increase the underestimation of the effect of the exposure of interest (Budtz-
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Jorgensen et al., 2003). 
As a main concern in regard to confounding, socioeconomic conditions 

vary substantially between the study settings. Although mercury 
neurotoxicity was reported in almost all studies, differences within each 
study could be important. New Zealand and the Faroes represent relatively 
wealthy, industrialized populations, where socioeconomic differences are 
thought to be limited, but most of the other studies were carried out in 
developing countries, where basic sanitary problems are common, and where 
nutritional deficiencies may occur, both of which may be difficult to adjust 
for. In the Seychelles, stunting still occurs in a small percentage of children 
(WRI, 2003). In New Zealand, ethnic differences appeared to play a role, but 
the analysis was based on matching of the children in the different exposure 
groups for ethnicity. An additional factor of possible interest is 
consanguinity, which is more frequent in island populations and other 
isolated communities. However, to cause confounding, the degree of 
consanguinity would have to be associated with mercury exposure and at the 
same time result in neurobehavioral deficits. Both assumptions seem 
unlikely, but documentation from an individual study would be a major 
undertaking. 

The family structure and home environment are documented as important 
determinants of childhood development. Within the populations studied, 
circumstances may vary. For example, only about 25% of the births in the 
Seychelles are nuptial, while an additional 50% are recognized by a father, 
but about 25% of children have no known father (MISD, 1998). 
Accordingly, children of the Seychelles cohort were said to be accompanied 
by a "care-giver", often a relative, with whom the child was living (Myers et 
al., 2003). The variable family structure, which may be difficult to adjust for 
in statistical analyses, contrasts with the more uniform circumstances of 
most other studies with a traditional and stable family structure. In the New 
Zealand study, low social class and non-English home language reduced, as 
anticipated, the score on some tests and more than 6 months of breastfeeding 
increased the score on some tests (Kjellstrom et al , 1989). These variables 
were accounted for in the multiple regression analysis. 

Among other known developmental neurotoxicants, none is as prevalent 
as ethanol. Most studies reported that maternal alcohol use during pregnancy 
was minimal, but in some cases it may be difficult to assess because of the 
importance of home-brewed beverages (e.g., in the Seychelles) (Perdrix et 
al , 1999). 

In particular the Faroese are exposed to polychlorinated biphenyls 
(PCBs), in this case from eating whale blubber. Detailed analyses of the 
Faroes data failed to show any important impact of PCB exposure on the 
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neurotoxicity outcomes (Budtz-Jorgensen et al., 1999; Grandjean et al , 
2002; Steuerwald et al., 2000). The relative importance of PCB and mercury 
was assessed in structural equation analysis taking into account imprecision 
in both variables. Inclusion of PCB exposure attenuated the mercury effect 
somewhat, but mercury remained statistically significant, while PCB was far 
from that (Budtz-Jorgensen et al., 2002). In New Zealand and the Seychelles, 
the ocean fish consumed is unlikely to be contaminated by PCB, and the 
same would be the case with freshwater fish in the Amazon Basin. 

A reverse effect may occur if subjects who do not eat mercury-containing 
fish instead consume fruits and vegetables that contain pesticides. Such 
exposures are more likely in tropical developing countries. The neurotoxicity 
of many pesticides could then potentially cause neurodevelopmental effects 
in children with low-level mercury exposures, thus blurring the dose-
response relationship. Although pesticide use might be a cofactor in the 
Seychelles, no information is available to evaluate this possibility, and this 
issue has apparently not been considered in the epidemiological studies. 
Nonetheless, the United Nations Food and Agriculture Organization (1997) 
helped remove large amounts of obsolete pesticides (such as malathion) from 
the Seychelles. Given the neurotoxic potential of these substances, and the 
likelihood of their use in tropical countries, exposure potentials need to be 
considered. 

An additional consideration is natural toxins, such as cyanides present in 
cassava grown in the tropics (Dora, 2002). If non-fish eaters consume more 
cassava than those with a high fish intake, then cyanide exposure could 
potentially cause a confounding bias toward the null hypothesis, as has been 
suggested by Dora in regard to evidence from Brazil. This concern may also 
relate to the Seychelles, where clusters of so-called tropical 
myeloneuropathies have occurred as a possible effect of cyanide intoxication 
from cassava consumption (Roman et al, 1985). 

Certain essential nutrients in fish and seafood may provide beneficial 
effects on brain development, thereby possibly counteracting adverse effects 
of the contaminants. This possibility has often been mentioned in regard to 
ocean fish (Myers et al., 2003). Perhaps, if ocean fish contains higher 
concentrations of essential n-3 fatty acids than do freshwater fish, then this 
difference could perhaps explain why the mercury dose-response 
relationship appears to be steeper in populations that rely on river fish. 
Although high intake of these fatty acids may cause an increase in birth 
weight, no effect on early neurobehavioral development was found in the 
Faroes (Steuerwald et al., 2000). 

Selenium concentrations in ocean fish from New Zealand do not depend 
on fish size, while mercury concentrations increased linearly with size 
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(Kjellstrom, 2000). Although selenium has been considered to potentially 
provide protection against mercury effects, cord-blood selenium 
concentrations in the Faroes did not impact on mercury-associated deficits. It 
therefore seems likely that essential nutrients would counteract no more than 
limited aspects of mercury neurotoxicity. 

Cardiovascular Effects 

Although the developing brain is considered the critical target organ in 
regard to methylmercury, recent evidence has suggested that mercury from 
fish and seafood may promote or predispose to the development of heart 
disease. This evidence is yet inconclusive, but deserves attention, because it 
suggests that a narrow definition of subpopulations at risk, i.e., pregnant 
women, might leave out other vulnerable groups. 

The first studies of methylmercury-associated cardiovascular disease 
were carried out in Finland. One important study showed that the intima-
media thickness of the carotid arteries in apparent association with the 
degree of mercury exposure from fish (Salonen et al , 2000). A possible 
mechanism may be induction of lipid peroxidation. In this regard, the 
interesting observation was also made that, while essential fatty acids from 
fish may prevent cardiovascular mortality, this beneficial effect may be 
cancelled or overwhelmed by concomitant exposure to methylmercury 
(Rissanen et al., 2000). The increased risk seems to occur at hair-mercury 
concentrations above 2 ng/g, i.e., only twice the level corresponding to the 
U.S.EPA Reference Dose. More recent information tends to support these 
findings. A large multi-center study from Europe showed an increased risk 
of cardiovascular disease associated with toenail mercury concentrations 
(Guallar et al., 2002). However, this finding was mainly due to a particularly 
strong risk observed in one of the centres. In a U.S. study of health care 
workers, only a minimal risk was seen, but after exclusion of the dentists 
with high toenail-mercury concentrations likely due to amalgam exposures, 
the risk was similar to the one observed in the European study (Yoshizawa et 
al., 2002). 

The possible interaction between toxic methylmercury and beneficial 
polyunsaturated fatty acids is of particular relevance in northern populations. 
Early evidence suggested that Inuits in Greenland had a low cardiovascular 
morbidity and mortality that was linked to their high intake of n-3 long-chain 
polyunsaturated fatty acids. Recent evidence indicates that this notion may 
be erroneous (Bjerregaard et al., 2003). The potential significance of 
methylmercury in this regard is therefore highly relevant. 
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Risk Assessment and Exposure Limits 

In deriving exposure limits from epidemiological data, regulatory 
authorities have increasingly relied upon the use of benchmark dose 
estimates (Budtz-J0rgensen et al., 2001). According to usual default settings, 
an exposure at the benchmark dose (BMD) results in an increased frequency 
of a pathological outcome from 5% to 10%. The benchmark dose level 
(BMDL) is then the point of departure that represents the lower 95% 
confidence limit of the BMD. When using a linear dose scale, outliers with 
high exposure levels may become highly influential. The BMDLs from the 
New Zealand data were 17-24 ug/g, but when the child with the highest 
mercury level was omitted, they decreased to 7.4-10 ug/g (Crump et al., 
1998). 

JECFA (2003) considered the BMDL an exposure that is "without 
appreciable adverse effects in the offspring". This interpretation may be true 
under some circumstances, but in large epidemiological studies, where the 
confidence interval is relatively narrow, the BMDL will be closer to the 
BMD. For example, the results from the Faroes show that exclusion of the 
subjects with a maternal hair-mercury concentration above 10 ug/g (a cut-off 
level lower than the BMDL used by JECFA) barely altered the regression 
coefficients and the P-values (Grandjean et al., 1997). The BMDL is 
therefore not a no-adverse-effect level (NOAEL), but rather a lowest-
observed-effect level (LOEL). This consideration is likely to affect the 
choice of uncertainty factors, especially in regard to brain function, where 
even small decrements may be of substantial social and economic impact. 

JECFA (2003) used BMDLs based on the maternal hair-mercury 
concentration. In contrast to the NRC (2000), JECFA decided to exclude the 
New Zealand study and therefore arrived at a higher overall average BMDL. 
For the Faroes study, the BMDL chosen by JECFA was 12 ug/g maternal 
hair (i.e., an average for the linear dose-response curve for several different 
functions and not the most sensitive brain function, as preferred by NRC). 

The problem of choosing the most sensitive function may be resolved by 
using a structural equation model for deriving integrated BMD and BMDL 
values (Budtz-Jorgensen et al., 2003b; Budtz-J0rgensen et al., 2004b). This 
calculation includes all exposure information, confounders, and cognitive 
outcomes, and also takes into regard effects of measurement uncertainty. 
Using this advanced statistical approach, the overall BMDL is calculated at 6 
ug/g maternal hair (or 43 ug/L cord blood). Thus, by incorporating the 
complete data set in the assessment, the resulting hair-based BMDL is only 
half the size of the BMDL chosen by JECFA (2003). 

This finding is in agreement with the general finding that measurement 
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uncertainty (in the exposure or the response) leads to overestimation of the 
benchmark results (Budtz-j0rgensen et al., 2003a; Budtz-Jargensen et al., 
2004b). Thus, although the above calculations are based on the Faroes study 
only, it is likely that such refinements of the BMDL calculations using data 
from other studies would result in a similar, if not greater, decrease in the 
BMDL results. 

In calculating an exposure limit from a BMDL, an uncertainty factor is 
usually applied to take into account sources of variation in individual 
susceptibility as well as insufficiencies in the data base (e.g., concerning 
effects on target organs other than the developing nervous system). The NRC 
(2000) and U.S. EPA (2001) chose a total uncertainty factor of 10. However, 
JECFA (2003) concluded that "the two study samples represent diverse 
populations", and that "no uncertainty factor is needed to account for 
variation in vulnerability among subgroups". This decision is also based on 
the assumption that the most sensitive effects are the average 
neurobehavioral outcomes in the two studies, on which the overall average 
BMDL was based. However, JECFA had included results from a study that 
did not identify statistically significant decrements, thus hardly representing 
a vulnerable population. 

JECFA included only an uncertainty factor of 3.2 to account for the total 
human inter-individual variability for dose reconstruction (converting 
maternal blood concentration to a steady-state dietary intake). Although in 
accordance with default calculations, it omits the consideration of 
toxicodynamic sources of variation as well as insufficiencies in the data 
base. Along with an uncertainty factor of 2 for conversion of hair-mercury 
concentrations to intake levels, the total uncertainty factor used was 6.4. 

The choice of uncertainty factors explains in part the difference in the 
recommended exposure limits (Table 3). Another decision is which studies 
to include. Most important perhaps, the adjusted BMDL (see above) will 
result in lower exposure limits than those arrived at in the risk assessments 
carried out so far. 

Table 3. Calculated exposure limits for methylmercury. 

Number of studies 

Exposure biomarker 

BMDL selected 

Uncertainty factor 

Exposure limit 

NRC (2000) 

One (three) 

Cord blood (hair) 

58 |xg/L cord blood 

10 

0.1 |ig/kg per day 

JECFA (2003) 

Two 

Hair 

14 |ig/ghair 

3.2 and 2 

1.6 ^g/kg per week 
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Public Health Relevance 

Recent discussions on methylmercury have erroneously pictured the 
situation as a conflict between a negative and a positive study. This 
misleading characteristic may be related to disagreements between reg
ulatory agencies and has been exploited by vested interest groups. In 
epidemiology, the term non-positive is often used in regard to studies that 
were unable to detect a particular effect. Also, no matter how positive a 
study is, all observational studies have weaknesses, and a prudent judgment 
should be based on the total amount of evidence available, no on single 
studies, whether positive or not. The present chapter has demonstrated that 
the scientific evidence on methylmercury neurotoxicity is fairly consistent, 
and that adverse effects are likely to occur even at low-level exposures. 
There is no dispute about the very serious prenatal effects that occurred in 
Minamata at maternal hair-mercury concentrations thought to be in the range 
of 10-100 ng/g (Tsubaki and Irukayama, 1977; NRC, 2000; UNEP, 2002). It 
would seem intuitively logical that less severe effects may occur at the 
exposure ranges found in the more recent studies. Because of the global 
significance of methylmercury contamination of food, these scientific 
findings need to be expressed in terms that may facilitate an evaluation of 
their public health significance. 

The Faroes study showed that each doubling in prenatal mercury 
exposure corresponded to a delay of one or two months in mental 
development at age 7 years (Grandjean et al., 1997). Because rapid 
development occurs at that age, such delays may be important. Also, even 
small shifts in a measure of central tendency may be associated with large 
changes in the tails of the distribution. Such developmental delays are likely 
to be permanent, at least in part, but the long-term implications are unknown. 
The experience with lead neurotoxicity suggests that such effects are likely 
to remain and that they may even become more apparent with time. 

A shift in IQ levels was documented in the New Zealand study 
(Kjellstrom et al , 1989). The average WISC-R full-scale IQ for the study 
population (n= 237) was 93. In the group with maternal hair mercury above 
6 ng/g (n=61) the average was 90. The average exposure in the latter group 
would be about 4-fold higher than in the study population as a whole. 
Another way of presenting these shifts in IQ is to estimate the increased 
number of subjects with very low IQ as methylmercury exposure increases. 
In New Zealand, an IQ below 70 (= mental retardation) was twice as 
common (increase from 5 to 10%) in the highest hair mercury group (> 10 
jiig/g) compared to the group with hair mercury below 6 ug/g (Kjellstrom, 
2000). For the IQ range 71-85 the increase was from 20 to 25%, but due to 
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the small number of children, this result was not statistically significant. 
Another approach was used in the Faroes in the absence of formal IQ 

tests. The regression coefficients were expressed as a proportion of the 
standard deviation of the test results (Grandjean et al., 1999). The most 
sensitive outcome parameters show a decrement of about 10% of the 
standard deviation at each doubling of the prenatal methylmercury exposure 
level. Had an IQ scale been used, with a standard deviation of 15 IQ points, a 
doubling in the exposure could have caused a deficit of about 1.5 IQ points. 
These findings are in full agreement with the New Zealand data. 

Each of these estimations is associated with some degree of uncertainty. 
Some scientific uncertainties are bound to remain, although new prospective 
cohort studies on methylmercury neurotoxicity are starting to provide new 
evidence. However, the documentation is not going to expand substantially 
or otherwise provide much clearer guidance for regulatory agencies. The 
experience with lead research (Bellinger and Needleman, 2001) has amply 
illustrated that apparent disagreement is likely to occur between studies 
carried out by different methods in different settings. In the absence of 
complete coherence, decisions on preventive efforts should be justified by all 
available evidence, taking into account its various uncertainties and 
inconsistencies. Potential costs and other societal consequences of policy 
decisions - including decisions to do nothing - also deserve fair con
sideration. However, these issues should be addressed separately from the 
discussion of toxicological and epidemiological concerns. Otherwise, the 
erroneous impression will be generated that disagreements on preventive 
measures are solely due to uncertainties in epidemiologic evidence. 

CONCLUSIONS 

As previously documented (e.g. with lead pollution), a full coherence 
among all available evidence should not be anticipated. Decisions on 
preventive efforts should therefore be justified by the scientific database at 
large. Still, the current evidence on adverse health effects of methylmercury 
reveals a substantial consistency, also in regard to low-level dietary 
exposures. 

Calculated exposure limits for methylmercury published by national and 
international bodies differ only little, although the approaches were not the 
same. However, none of the reports took into account the impact of 
measurement imprecision, and benchmark results used by the committees are 
therefore biased toward higher values. The NRC and the U.S. EPA used a 
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larger total uncertainty factor that may have compensated for this problem. 
While the focus was on protecting the fetus against adverse effects, recent 
evidence on postnatal neurotoxicity suggests that the protection also include 
adolescence. Emerging evidence that cardiovascular disease risks in adults 
may be associated with methylmercury exposure suggests that this protection 
could prudently be extended to the population at large. 
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INTRODUCTION 

During the 80 's and part of 90's most research on atmospheric mercury 
focused on sources and deposition to terrestrial watersheds and freshwater 
lakes. The recent advances in automated techniques for the accurate 
measurement of gaseous oxidised mercury species, at the concentrations 
typically encountered in the atmosphere, has had a major impact on the study 
of mercury cycling in the environment. The use of these instruments at 
contaminated sites and in remote locations has produced not only more, but 
also more reliable data with greater time resolution in the last 3-4 years than 
in all the time atmospheric mercury has been studied (e.g., Keeler et al., 
1995; Pirrone et al., 1995; Munthe et al., 2001; Wangberg et al., 2001; 
Lindberg et al., 2002a; Landis et al, 2002; Sprovieri et al., 2002; Ebinghaus 
et al., 2002; Pirrone et al, 2003a; Sprovieri et al, 2003). 

Mercury is released into the European environment from a multitude of 
natural and anthropogenic sources. Natural sources (including re-emission 
of previously deposited mercury) account for about 40% of the total mercury 
released annually (~ 550 tonnes) to the European atmosphere (Pirrone et al., 
1996; Pacyna et al., 2001; Pirrone et al., 2001b); therefore the understanding 
of the relative contribution of natural vs. anthropogenic sources is of 
fundamental importance in shaping strategies for reducing the impact of this 
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highly toxic element on the European environment and population. In recent 
years mercury pollution issues have been investigated in the context of 
several integrated research projects, funded by the European Commission as 
part of the 4th, 5 th and 6th Framework Programmes, and by national funding 
agencies in most Mediterranean countries. 

The first coordinated atmospheric mercury monitoring network 
established in Europe in the framework of MAMCS and MOE projects 
(Pirrone et al., 2003a; Munthe et al., 2003) showed an absence of spatial 
gradients in ambient concentrations of total gaseous mercury (TGM) at 
background sites over Europe (Wangberg et al, 2001), whereas ambient 
concentrations of oxidised and particle bound mercury in southern Europe 
may be much higher (up to a factor of 2) than that observed at North 
European sites. It has been suggested that chemical and physical processes in 
the Marine Boundary Layer (MBL) could be at least partly responsible for 
this phenomenon (Pirrone et al., 2000; Hedgecock and Pirrone, 2001; 
Hedgecock et al, 2003; Pirrone et al., 2003a). 

In understanding the mercury cycling in the MBL a better assessment of 
the lifetime of elemental mercury with changing meteorological conditions 
and location is of fundamental importance for a correct evaluation of 
transport and deposition patterns over a region. In a recent paper Hedgecock 
and Pirrone (2004) proposed a much shorter lifetime for Hg°. The shortest 
lifetime would occur when air temperatures are low and sunlight and 
deliquescent aerosol particles are plentiful. The reason for this, briefly, is 
that at lower temperatures sea salt aerosol acidification is more rapid and 
therefore so is halogen activation. The halogens, particularly bromine 
released from the aerosols photolyse and modelling studies suggest that it is 
the reaction between Hg°(g) and Br which is the most important in 
determining the Hg° lifetime. Thus the modelled lifetime for clear-sky 
conditions was estimated to be actually shorter at mid-latitudes and high 
latitudes than near the equator, and for a given latitude and time of year, 
cooler temperatures enhance the rate of Hg oxidation (Hedgecock and 
Pirrone, 2004). Under typical summer conditions (for a given latitude) of 
temperature and cloudiness, the lifetime of Hg°(g) in the MBL is calculated 
to be around 10 days at all latitudes between the equator and 60° N. This is 
much shorter than the generally accepted atmospheric residence time for 
Hg°(g) of a year or more. Given the relatively stable background 
concentrations of Hg°(g) which have been measured, continual 
replenishment of Hg°(g) must take place, suggesting a "multi-hop" 
mechanism for the distribution of Hg, rather than solely aeolian transport 
with little or no chemical transformation between source and receptor. 



CHAPTER-23: A TMOSPHERIC MERCURY IN THE MEDITERRANEAN 543 

The following sections of this chapter present an overview of natural and 
anthropogenic sources of atmospheric mercury in the Mediterranean basin, 
the available data on ambient levels of atmospheric speciated mercury at 
coastal and open sea locations, and the integrated modelling system 
developed to evaluate spatial and temporal distributions of ambient 
concentrations, dry and wet deposition fluxes and re-emission rates with 
changing meteorological conditions. 

METEOROLOGICAL PATTERNS 

The Mediterranean Sea is surrounded by high peninsulas and important 
mountain barriers. The most important are the Alps and the Balkan Peninsula 
to the north, the Iberian Peninsula to the west, the Atlas Mountains to the 
southwest, and the Asia Minor to the northeast. The gaps between these 
major mountainous regions act as channels for air mass transport from/to the 
Mediterranean. This kind of transport is considered very important for 
cyclogenetic activities and the air quality in the Mediterranean region. These 
topographic features along with the significant variation of the physiographic 
characteristics are partially responsible for the development of various-scale 
atmospheric circulations. These locally produced atmospheric circulations 
are quite strong, especially during the warm period of the year (Kallos et al., 
1998 and ref. herein). 

The Mediterranean climate has some distinctive characteristics. It cannot 
be characterized as either maritime or continental. The cold season (end of 
October - beginning of March) is the rainy period. The warm season (June -
September) is the dry period with almost no rain. The rest of the year 
consists of the transient seasons (spring and autumn) where the winter and 
summer-type weather patterns are interchanging. 

Cyclogenic activity in the Mediterranean is a result of positive vorticity 
advection and invasion of cold air over relatively warm waters. These cold 
air masses originate from Western, Central or Eastern Europe and 
Scandinavia. Usually, the cold outbreak is associated either with 
cyclogenesis or with the rejuvenation of dissipating lows moving into the 
area. Anticyclonic circulation during winter is associated with a cold core 
anticyclone laying over Central Europe and/or the Mediterranean. This high-
pressure system has a relatively long duration (two to four weeks) and is 
associated with weak northerly flow in the Mediterranean. 

The summertime Mediterranean basin is directly under the descending 
branch of the Hadley circulation, driven by deep convection in the Inter-
Tropical Convergence Zone. Owing to cloud-free conditions and high solar 
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radiation intensity, the region is particularly sensitive to photochemical air 
pollution (Millan et al, 1997; Kouvarakis et al, 2000). Indeed, concentrations 
of important trace gases and aerosols are typically 2 to 20 times higher over 
the Mediterranean than in the hemispheric background troposphere, i.e. over 
the North Pacific Ocean in summer (Lelieveld et al., 2002). In summer, a 
strong east-west surface pressure difference (>20 hPa) is generated between 
the Azores high and Asian monsoon low-pressure regimes. This quasi-
permanent weather systems cause northerly flow in the lower troposphere 
over the Mediterranean, feeding into the trade winds further south. The flow 
is strongest and most persistent in August. In the free troposphere, on the 
other hand, westerly winds prevails. In the upper troposphere, over the 
eastern Mediterranean, the flow is additionally influenced by the extended 
anticyclone centred over the Tibetan Plateau. 

During the transient seasons, the weather changes between summer and 
winter type. This change occurs rapidly during spring and more slowly 
during autumn. Because of these complicated flow patterns in the 
Mediterranean Region air pollutants released from various sources located in 
the surrounding areas can be transported over long distances, in a complex 
fashion. 

EMISSIONS TO THE ATMOSPHERE 

A number of attempts have been made to estimate the regional emissions 
of mercury from natural and anthropogenic sources. Recent studies have 
shown that natural sources in the Mediterranean region are significant, if not 
the most important, source of mercury released annually to the atmosphere. 

Natural Sources 

Natural sources include volcanoes, evaporation from soil and water 
surfaces, degradation of minerals and forest fires. Mercury in small, but 
varying concentrations can be found virtually in all geological media. 
Elemental and some forms of oxidized mercury are permanently coming to 
the atmosphere due to their volatility. High temperature in the Earth mantle 
results in high mercury mobility and mercury continuously diffuses to the 
surface. In the zones of deep geological fractures these processes go on more 
intensively. In the Mediterranean region are located the so-called mercury 
geochemical belts where mercury concentrations in the upper layer 
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appreciably exceed their average values. In some parts of mercury belts the 
intensive accumulation of mercury resulted in the formation of (extractable) 
deposits (Jonasson and Boyle, 1971; Bailey et al., 1973). Regions with high 
concentrations in surface rocks are characterized by high mercury emissions 
to the atmosphere. A first assessment of mercury emissions from two major 
natural sources in the Mediterranean basin which includes the contribution 
from volcanoes and seawater, has been considered comparable (nearly 110 t 
yr-1) with that estimated for major anthropogenic sources (nearly 105 t yr"1) 
in the region (Pirrone et al., 2001a). Recent measurements of mercury 
distributions in the atmosphere (Pirrone et al., 2003a, Sprovieri et al., 2003), 
in surface and deep seawaters (e.g., Ferrara et al., 2001; Horvat et al., 2003; 
Gardfeldt et al, 2003b) and calderas and volcanoes (Bacci, 1989; Ferrara et 
al, 1998) allowed to revise the previous estimates published by Pirrone et al. 
(2001a). 

Emissions from Volcanoes. Table-1 reports available measurements for 
major Mediterranean volcanoes and calderas. Mercury emissions from the 
three major volcanoes and abandoned mercury mines in the region, although 
considered an important source of mercury on a local scale, do not represent 
an important source in the regional atmospheric budget. Emissions from 
Etna, Vulcano and Stromboli were measured by Ferrara et al. (2000a) and 
Edner et al. (1994) using LBDAR (Light Detection And Ranging) and 
manual (gold traps followed by the Gardis mercury analyser) techniques. 
The emission of mercury from these three volcanoes was estimated using an 
Hg/SC>2 ratio of 1.5 *10"7 that led to an annual mercury emission estimate 
from these three volcanoes in the range of 0.6-1.3 tons yr"1 (Ferrara et al., 
2000a) which is well below one percent of that derived for other point and 
diffuse sources in the region. Differences between degassing and explosion 
activity should be remarked and an Hg/S02 ratio of 0.3-2 *10"4 is adopted in 
the latter case (Pyle and Mather, 2003). Anomalous levels of mercury have 
been observed near cinnabar deposits. A well known site characterised by 
intensive geothermal activities is the Monte Amiata, located in Tuscany, 
Italy where high levels of mercury emissions and ambient concentrations 
have been observed (Ferrara et al., 1998; Bacci, 2000). Mercury is emitted 
from volcanoes primarily as gaseous Hg° with a concentration around 1-10 
mg m"3 in the flue gases from which an emission rate of 300-400 g h"1 is 
estimated (Bacci, 2000). 

Also mercury emissions from calderas may represent an important 
natural source of mercury. The Phlegrean fields (Pozzuoli, Italy) have been 
monitored with a LDDAR system and fluxes of Hg associated as Hg-S 
complexes were in the range of 0.9 to 4.5 g day"1 (Ferrara et al., 1998). 



546 CHAPTER-23: ATMOSPHERIC MERCURY IN THE MEDITERRANEAN 

Concentrations in the condensed water fluxes reported by Ferrara et al. 
(1998) lie in the range 2-690 ng m"3. 

Table 1. Mercury emission rates of volcanoes and calderas in the Mediterranean region. 

Country 

Greece 

Greece 

Italy 

Italy 

Italy 

Italy 

Italy 

Italy 

Italy 

Italy 

Italy 

Turkey 

Name 

Santorini 

Nisyros 

Etna 

Stromboli 

Vesuvio 

Vulcano 

Campi 
flegrei 

Ischia 

Lipari 

Mar Sicilia 

Pantelleria 

Nemrut 
Dagi 

Type 

shield 

strato 

shield 

strato 

complex 

strato 

caldera 

complex 

strato 

submari 
ne 

shield 

strato 

Last 
eruption 

1950 

1888 

2003 

2003 

1944 

1890 

1538 

1302 

729 

1911 

1891 

1441 

Degassing 
with no 
eruption 

(MT51 day1) 

16.9-147 

2-21 

0.4-1.5 

0.09-0.4 

Degassing 
during 

eruption 
(lO^tday1) 

5753 

Reference 

SNMH, 2004 

SNMH, 2004 

Ferrara etal., 
2000a 
Ferrara etal., 
2000a 
SNMH, 2004 

Ferrara etal., 
2000a 
Ferrara etal., 
1994 

SNMH, 2004 

SNMH, 2004 

SNMH, 2004 

SNMH, 2004 

SNMH, 2004 

Emissions from Seawater. Several studies suggest that the evasion of 
elemental mercury from surface water is primarily driven by (1) the 
concentration of mercury in the surface water, (2) solar irradiation which is 
responsible for the photo-reduction of oxidised mercury available in the top-
water microlayer, and (3) the temperature of the top-water microlayer and air 
above the surface water (air-water interface). Mercury emission rates from 
surface water have been measured in different areas of Europe and in 
different seasons using the floating chamber technique (Schroeder et al., 
1989; Xiao et al., 1991; Cossa et al., 1996; Ferrara et al., 2000b) and/or 
derived from DGM measurements (Gardeldt et al., 2003b; Horvat et al., 
2003). The evasion of mercury from lake surfaces (see Table-2) is generally 
higher than that observed over the sea. Average emission rates in the North 
Sea were in the range 1.6 to 2.5 ng m"2 h"1 (Cossa et al., 1996 and ref. 
therein), whereas higher values (5.8 ng m"2 h"1) have been observed in the 
Scheldt outer estuary (Belgium) and over lakes in Sweden (up to 20.5 ng m"2 

h"1). In the Mediterranean Sea mercury emission rates were in the range 0.7 
to 10.1 ng m2 h"1 in unpolluted areas (dissolved mercury concentration in the 
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top water microlayer_was 6.3 ng L"1) and between 2.4 and 11.25 ng m"2 h"1 in 
polluted coastal areas (dissolved mercury concentration in the top water 
microlayer was 15 ng L"1) close to a chlor-alkali plant (Ferrara et al., 
2000b). In open sea, mercury emission rates were much lower (1.16-2.5 ng 
m"2 h"1) and less variable between day and night, though the dissolved 
mercury concentration in the top water microlayer (6.0 ng L"1) was very 
similar to that observed in unpolluted coastal areas. 

Recent studies carried out in the Mediterranean Sea aboard the Research 
Vessel Urania have provided for the first time spatial and temporal 
distribution of mercury evasions from the Mediterranean seawater (Pirrone 
et al., 2003a). A two-layer air-water exchange model was applied to estimate 
the flux of mercury (elemental) released from the seawater with changing 
ambient concentrations in air, dissolved gaseous mercury (DGM) 
concentrations and temperature of the top seawater layer and ambient air at 
the interface. The estimates of mercury fluxes from the top seawater were 
based on continuous atmospheric and water measurements of total and 
elemental gaseous mercury (in air) and DGM in the top layer of seawater 
(Pirrone et al., 2003a; Horvat et al., 2003; Gardeldt et al., 2003b). In order to 
evaluate the spatial distribution of mercury evasional fluxes from the 
Mediterranean seawater, DGM concentrations measured in the top water 
microlayer and deep seawater along 6000 km cruise path aboard the R.V. 
Urania (Horvat et al., 2003; Gardeldt et al., 2003b) have been used as input, 
along with other ancillary data, to the integrated mercury modelling system, 
discussed later in this chapter, to estimate spatial and temporal distribution of 
Hg°(g) evasional fluxes from the Mediterranean sea. 

Emissions from Soil and Vegetation. Mercury emissions from top soils and 
vegetation is significantly influenced by historical atmospheric deposition, 
type of vegetation and soil and meteorological conditions. Mercury exchange 
fluxes at the soil-air interface are measured with dynamic flux chamber or 
micrometeorological methods (Lindberg, 2002b). 

Mercury fluxes from unaltered or background sites in North America 
have been observed in the range of -3.7 to 9.3 ng m"1 hr"1, while in altered 
sites the flux ranges from -15.4 to 3334 ng m"1 hr"1 (Nacht and Gustin, 2004), 
unfortunately no high quality data are available for Mediterranean soil and 
vegetation. The total mercury concentration observed in conifer sap flow is 
around 12.3-13.5 ng l"1 (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 Hg (Cavallini et al., 1999; Patra and Sharma, 2000; 
Schwesig and Krebs, 2003). Foliar Hg flux up to 20 ng m"2 h"1 have been 
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Table 2. Mercury emission rates (ng m"2h"!) from surface waters of the Mediterranean Sea. 
(revised after Pirrone et al. 2003a). 

Country 

North-Western 

Mediterranean 

Northern-Tyrrenian 

Sea (Poll. Coastal zone) 

Northern-Tyrrenian 

Sea (Off-shore) 

Northern-Tyrrenian Sea 
(Unpoll. Coastal zone) 

Eastern Mediterranean 

Strait of Sicily 

Tyrrenhian Sea 

Western Mediterranean 
Sea 

Tyrrenian Sea 
(Unpoll. Coastal zone) 

Tyrrenian Sea (Off
shore) 

Tyrrenian Sea near 
shore sites round 
Sardinia 

Mediterranean Sea 
(Poll. Coastal zone) 

Mediterranean Sea 
(Unpoll. Coastal zone) 

Mediterranean Sea 
(offshore) 

Method 

N.A. 

FC 

FC 

FC 

FC 

FC 

FC 

FC 

FC 

FC 

FC 

FC 

FC 

FC 

Period 

N.A. 

Summer 

Summer 

Summer 

Winter 

Day 

Night 

Day 

Night 

Day 

Night 

Day 

Summer 

Summer 

Day 

Night 

Summer 

Summer 

Summer 

Summer 

Summer 

Summer 

Summer 

Summer 

Emission 
Rate 

( n g m V ) 

1.16 

11.25 

2.4 

2.5 

1.16 

up to 10.1 

1 

0.7-2.0 

7.9 

2.3 

40.5 

4.2 

2.5 

2.8 

1.8 

3.8 

6.8 

2.16 

1.83 

References 

Cossa et al., 1996 and 
reference herein 

Ferrara et al., 2000b 

Ferrara et al., 2000b 

Ferrara et al., 2000b 

Gardeldt et al., 2003b 

Gardeldt et al., 2003b 

Gardeldt et al., 2003b 

Gardeldt et al., 2003b 

Ferrara et al., 2000b 

Ferrara et al., 2000b 

Gardeldt et al., 2003b 

Ferrara et al., 2000b 

Ferrara et al., 2000b 

Ferrara et al., 2000b 
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observed and it is a function of soil and air Hg concentrations and depends 
on light conditions (Ericksen and Gustin, 2004). 

Emissions from Biomass Burning. Mercury emissions from biomass 
burning is not often well considered in regional emissions estimates, 
however, in very dry regions, such as the south of Mediterranean and several 
regions of Africa it may represent an important contribution to the global 
atmospheric mercury budget (Veiga et al, 1994; Carvalho et al., 1998; 
Friedli et a l , 2001; Friedli et al., 2003). Mercury in vegetation originate 
from several sources, including uptake from the atmosphere, foliar 
accumulation of depositions, uptake from roots (Rea et al , 2002), but also 
the proximity to natural or anthropogenic source may change Hg content in 
vegetation (Lodenius, 1998; Carballeira, and Fernandez, 2002; Lodenius et 
al , 2003). Atmospheric gaseous mercury is taken up and released by the 
stomata activity (Browne, 1978 in Rea, 2002; Mosbaek, 1988 in Rea, 2002), 
and is thus closely linked with the transpiration of plants. All three major 
forms of atmospheric mercury (Hg°, Hg11 species, Hg(p)) contribute to 
mercury accumulation in vegetation (Ericksen et al., 2003; Ericksen and 
Gustin, 2004). Dissolved Hg is transported through the xylem sap from the 
roots to the foliage but it contributes with a small amount. Indeed, Hg in 
plant roots relate to soil Hg concentration and most remains in the root zone 
(Bishop et al, 1998, Ericksen and Gustin 2004). Different contents of 
mercury may be found in different tissues, predominantly leaves, bark and 
root, in addition forest typologies as well as contaminated sites proximity 
may change Hg concentration (Table-3). Moreover, the foliar age and the 
species physiology contribute to the final Hg amount in vegetation (Rea et 
al, 1996, Schwesig and Krebs, 2003), while the phenological cycle of the 
plant affects its retention because of deciduous plants transfer accumulated 
mercury to soil through litterfall. The initial vegetation conditions are 
determinant for mercury emissions from burning biomass but also the 
typology of fire constrains Hg content in smokes. 

In particular, crown fires contribute smaller that litter fires because of 
the highest concentration reaching up to 71 ng g"1. Mercury emitted from 
burning biomass reaches an elevated percentage (97-99%) leading to a 
complete transfer of Hg from vegetation to atmosphere. 

Under the above conditions emission factors for wildfires amount up to 
112±17 ng kg1 (Friedli et al., 2001). 
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Table 3. Mercury content (ng g"1) in live vegetation. 

Forest 
Typology 

Deciduous 

Deciduous 

Deciduous 

Deciduous 

Deciduous 

Coniferous 

Coniferous 

Coniferous 

Vegetation 

Litterfall 

Soil Hg 

Unimpacted 

Unimpacted 

Low 

High 

Contaminated 

Unimpacted 

Low 

High 

Contaminated 

Hg foliar 
concentration 

(ngg1) 

52.3 

3.3-28.8 

0.24 

22-138 

29-38.3 

20-65.5 

13.9-30.1 

58.7 

105-106 

39.7-52.9 

References 

Lindberg, 1996 

Lindberg, 1996 

Eriksenetal.,2003 

Eriksen et al., 2003 

Friedli et al, 2001 

Rasmussen, 1994 

Friedli etal., 2001 

Friedli etal., 2001 

Fisher etal, 1995 

Amirbahman et al., 2004 

The global emission should then be accounted considering the forest 
biomas s distribution and consistency of fires. In Table-4 are reported trends 
of burnt surface for European Countries since 1990. Data of biomass are 
reported in the Forest Resource Assessment (FAO, 2000) while burnt surface 
is derived from the Global Forest Fire Assessment 1990-2000 (FAO, 2001), 
integrat ed with European Forest Fires Information System (Barbosa et al., 
2003). Despite data on burnt surface are incomplete and not congruent, and 
biomass estimation revels the limits of a mean value, emission trends for 
EU-25 is estimated between 0.9 and 3.6 tonnes per year (Figure-1). 

liiiWwJ 
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 

Year 

Figure 1. Annual mercury emission from forest fires in 
EU-25 Countries including Norway and Switzerland. 
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Anthropogenic Sources 

Emissions from Industrial Sources. Mediterranean mercury emissions 
(2000 estimates) from fossil fuels combustion in electric power plants and 
industrial facilities, cement production and incineration of municipal solid 
wastes represent the major emission sources of mercury released annually, 
nearly 82% of the regional total (Pirrone et al., 2001a). Cement 
manufacturing represents the major single anthropogenic source in the 
region (~25% of the total), whereas fossil fuels combustion and incineration 
of municipal solid waste account for about 30% and 27% (see above, both 
are greater than 25 %) of the regional total, respectively. Seventy percent of 
the emission from coal combustion is from electric utility boilers, whereas 
the remaining fraction is from coal combustion for other industrial uses. 
Primary and secondary smelters, iron-steel production and a number of 
minor sources in the miscellaneous category represent less then 15% of the 
regional total. On a country-by-country basis the emission sources pattern 
may be different from that observed in the region as a whole (Pirrone et al, 
2001a). 

The incineration of solid wastes is the leading anthropogenic source of 
mercury in France (51% of the national total), due to the high annual rate 
(over 30%o in 1995) of solid wastes disposed of through incineration 
facilities, whereas cement production represents the major single source in 
Italy (36.4%) and Morocco (53.1%). 

Coal combustion in electric power plants and industrial facilities is the 
dominant source of mercury released annually in Turkey (44.6%) and in the 
former Yugoslavia (46.1%), while oil combustion is an important source in 
France, Italy and Spain. The regional distribution in the Mediterranean 
region for the 2000 suggests that about 57% of the regional total is due to 
emissions from the European Union (EU-15) countries. France is the leading 
Hg emitter with 21.4% of the regional total followed by Turkey (15.2%), 
Italy (10.8%), Spain (8.6%), former Yugoslavia (7.4%), Morocco (6.5%), 
Bulgaria (6.4%), Egypt (5.8%), Syria (3.4%), Libya (2.8%), Tunisia (2.6%), 
Greece (2.5%), Algeria (1.9%), Jordan (1,5%), Lebanon (1.4%), Israel 
(0.8%), Cyprus (0.8%) and Albania (0.2%) (Pirrone et al., 2001). 
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THE SPECIATION OF ATMOSPHERIC MERCURY 
AT COASTAL SITES AND OVER THE OPEN SEA 

In order to assess the 
relative contributions of 
different patterns affecting 
the cycle of mercury in the 
Mediterranean region, in the 
last six years a significant 
effort has been addressed to 
evaluate the levels of 
mercury species at coastal 
sites and at open sea 
locations. 

I l l 

III 

2 
•=40 
2 
O 
0C 30 

40 

l~ 
& 7 0 -

10 • 

February 99 May 99 

I I I I IIII! 

IIII 

111 

July 99 

• TPM-MOE 
OTPM-MAMCS 

November 98 

Figure 3. GM, RGM and TPM concentrations at costal sites of 
Mediterranean region and North Europe 

(inWangbergetal.,2001). 

Figure 2. Atmospheric mercury measurement sites in coastal 
areas and cruise paths of three oceanographic campaigns carried 

out in 2000,2003 and 2004. 

framework of several 
national and European 
funded projects several 
intensive field campaigns 
have been carried out at 
coastal sites at in open sea, 
the aim was to determine 
the ambient concentration 
of atmospheric mercury 
species along with other 
ancillary atmospheric 
parameters (i.e., trace 
elements, NOx, SO2, O3, 
surface and deep seawater) 
(Figure 2) (Pirrone et al., 
2003b). Measurements 
carried out at coastal sites 
in the framework of 
MAMCS during the 1998-
1999 period showed for 
the first time that ambient 
concentrations of oxidised 
forms of mercury and 
particulate mercury were 
generally higher than 
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that observed at background sites in North Europe (Figure 3) (Wangberg et 
al, 2001; Munthe et al., 2003; Pirrone et al., 2003b; Sprovieri et al., 2003). 
These findings suggested to pay more attention to all those mechanisms, not 
yet considered at that time, that could be responsible for the oxidation of 
elemental mercury in the MBL which were believed to be driven primarily 
by atmospheric conditions (fog or clear sky, summer or winter periods), 
temporal variations of other atmospheric pollutants (e.g., 03, Br and CI 
compounds, H2O2) and re-emissions (volatilisation) of Hg°(g) from surface 
seawater. 
In the summer of 2000 an oceanographic campaign took place (the first 

MED-OCENAOR 

28/7 29/7 29/7 30/7 31/7 1/8 2/8 2/8 3/8 4/8 6/8 

Figure 4. TGM and RGM concentrations observed 
along 6000 km cruise path over the Mediterranean 

Sea (in Sprovieri et al, 2003). 

project, the cruise 
path is shown in 
Figure 1, an ongoing 
series of projects 
aboard the R. V. 
Urania). The aim was 
(and is) to perform 

integrated 
atmospheric and 
water measurements 
in order to make a 
first assessment of 
spatial distributions 

of mercury compounds in ambient air, emissions rates (possibly exchange 
fluxes) from seawater, chemical and physical characterisations of mercury in 
dissolved and particulate phase in surface and deep seawater as well as in 
sediment samples (see papers by Horvat et al., 2003, Ferrara et al , 2003 , 
Gardeldt et al., 2003; Sprovieri et al., 2003. For the first time (Figure 4) 
RGM was observed at open sea locations far from the influence of 
continental sources with ambient concentrations in the range of 5 to 32 pg m" 
3 (well above the detection limit of the measurement method used); similar 
behaviour was observed during the following cruises performed in the 
summer of 2003 and winter 2004 (Figure 2). Similar observations made at a 
coastal sites during MAMCS (1998-1999) and MERCYMS (2003-2004) 
campaigns where significant RGM levels were seen when air masses 
originated from open sea sectors. 
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26/4 27/4 28/4 29/4 

Figure 5. RGM concentrations observed at a coastal site, in Fuscaldo, 
Italy in Jan-Feb 2004 (Pirrone, 2004: unpublished data). 

Backward trajectories ending at 12 UTC 20 Jan 04 
FNL Meteorological Data 

v'Sb?*l}» m~<JT5t<"i,Vi«*n 

Backward trajectories ending at 12 UTC 23 Jan 04 
FNL Meteorological Data 

•"IWi ii"&S$-ww&Si--

Figure 5 shows recent measurements of RGM performed in January-
February 2004 at a coastal site in the South of Italy (Pirrone, unpublished 
data). Ambient concentrations of RGM followed a diurnal pattern with 
highest values at midday and lowest in the night, which are in good 
agreement with that 
obtained during previous 
intensive campaigns 
carried out at the same 
location and at open sea 
(Pirrone et aL, 2003a; 
Sprovieri et aL, 2003; 
Wangberg et aL, 2001). 

36 hour-backward 
trajectories (Figure-6) 
allow the origin of air 
masses crossing the 
monitoring site to be 
determined. Considering 
the recent new estimate of 
lifetime of Hg0

(g) in the 
MBL by Hedgecock and 
Pirrone (2004), the good 
agreement between 
modelled and measured 
RGM concentrations in 
the MBL obtained by 
Hedgecock and Pirrone 
(2001) and Hedgecock et 
al. (2003), and the 

t- •niWN.^AAfti.YWf.'. jit 

'~^—msxm^nrwm: 
Backward trajectories ending at 12 UTC 27 Jan 04 

FNL Meteorological Data 

fZi&te S T " y ' t ^ N c r Hi \ M fla*wcci 

^s^s^mpmvmer" 
Backward trajectories ending at \Z UTC 29 Jan 04 

FNL Meteorological Data 

iU . **u< f1! ii,„ •*> 4 » •(, ! W ! W 

Figure 6. 36 hour backward trajectories 
for the Fuscaldo site, Italy. 
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incidence of higher RGM concentrations with air masses that have spent a 
longer time over the sea goes a long way to confirming the earlier hypothesis 
that the in-situ oxidation of Hg°(g) may represent a source of reactive mercury 
present in the MBL. The RGM produced is much more efficiently deposited 
to surface water by wet scavenging and precipitation events than Hg°(g). All 
these findings and improvements in understanding the chemical and physical 
processed of mercury in the MBL have allowed the development of an 
Integrated Mercury Modelling System which is presented in the following 
section of this chapter. 

REGIONAL ATMOSPHERIC MERCURY 
MODELLING 

The Integrated Modelling System 

The integrated mercury model development has been performed within 
the atmospheric meteorological/dispersion model RAMS. The resulting 
framework permits the incorporation of almost any type of source (point or 
diffuse source), gas and aqueous phase chemistry, altitude and cloud cover 
dependent photolysis rate calculation, wet and dry deposition and air-water 
exchange processes. RAMS has a number of features which make it 
extremely useful for air quality studies. It has numerous options for the 
boundary conditions, two-way interactive grid nesting capabilities, terrain 
following coordinate surfaces and non-hydrostatic time-split time 
differencing, a detailed cloud microphysics parameterization, various 
turbulence parameterization schemes, radiative transfer parameterizations 
(short and long wave) through clear and cloudy atmospheres, a detailed 
surface-layer parameterization (soil, vegetation type, lakes and seas, etc). 
The RAMS code is currently released under GPL (General Public Licence) 
by ATMET (Atmospheric, Meteorological and Environmental 
Technologies). In particular, the representation of cloud and precipitation 
microphysics in RAMS includes the treatment of each water species (cloud 
water, rain, pristine ice, snow, aggregates, graupel, hail) as a generalized 
Gamma distribution (see Pielke et al.,1992; Walko et al., 1995 and Meyers, 
1997). The scheme allows hail to contain liquid water and contains the 
description of homogeneous and heterogeneous ice nucleation, and ice size 
change by means of vapour deposition and sublimation. 

The surface heterogeneities connected to vegetation cover and land use 
are assimilated and described in detail in RAMS by means of the LEAF-2 
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(Land Ecosystem Atmosphere Feedback version 2) model (Walko et al., 
2000). This model represents the storage and vertical exchange of water and 
energy in multiple soil layers, including the effects of freezing and thawing 
soil, temporary surface water or snow-cover, vegetation, and canopy air. The 
surface domain meshes are further subdivided into patches, each with a 
different vegetation or land surface type, soil textural class, and wetness 
index to represent natural sub-grid variability in surface characteristics. Each 
patch contains separate prognosed values of energy and moisture in soil, 
surface water, vegetation, and canopy air, and calculates exchange with the 
overlying atmosphere weighted by the fractional area of each patch. The 
LEAF model assimilates standard land use datasets to define the prevailing 
land cover in each grid mesh and possibly the patches, then parameterizes 
the vegetation effects by means of biophysical quantities. 

MPI (Message Passing Interface) based parallel processing is 
implemented in RAMS by the method of domain decomposition. Dynamic 
load balancing is available where computational load differs between 
subdomains of a grid, or if computer nodes differ in computing capacity and, 
even with the extra load from the mercury processes modules, RAMS results 
in very good parallel efficiency. 

It is worth noting that two relevant reasons for using RAMS are its full 
microphysical parameterization for wet processes, which greatly influence 
the wet mercury chemistry and deposition, and the detailed parameterization 
of surface processes which aids proper descriptions of the mercury air-
surface exchange processes. 

(USCrS. 30" resolution) 

Land use 
(USGS, 30" resolution) 

Sea surface temperature 
(1° resolution ) 

Meteorological fields 
(ECMOT, 2.5" resolution, 10 levels) 

Ozone concentration field 
(ECMWF, 2.5° resolution, 10 levels) 

Mercury Emissions Inventory 
(point and area sources) 

>ea water Hg concentration 
(gridded from surveyed data) 

Initial Hg concentration profiles: 

I > f Preprocessing and initialization J 

Advection, diffusion, radiation^ 
surface layer, cloud and rain 

parametrization . 

T ^ 
f Gas and aqueous chemistry J 

f Dry and wet deposition \ T 
( Anthropogenic Hg emissions J 

, I 
Air-soil/canopy/water exchange) | j • ! Exchange fluxes 

Ambient concentrations 

Deposition fluxes 

!i 
Input Data Mercury Cycling Processess Output Data 

Figure 7. Flow diagram highlighting major components of the integrated 
mercury modeling system used for the Mediterranean region. 
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Model Components: RAMS allows a desired number of prognostic scalar 
fields to be added to the model simulation, which are then automatically 
advected and diffused forward in time. In the present version of the model 
four additional scalars have been added, Hg°(g), Hgn

(g), Hgp and 
HgH(aq)- Hgn(aq) represents the sum of oxidised Hg species in the aqueous 
phase, and in the absence of liquid water, for instance, after the evaporation 
of non-precipitating cloud droplets it is transported as if it were Hgp. 
However, unlike Hgp, it is considered soluble so that should it once again be 
in the presence of liquid water it is assumed to be scavenged and returns to 
the aqueous phase. Hgp will in time be replaced by Hgp and Hgads where Hgp 

will represent Hg irreversibly bound to particulate matter, and Hgads Hg 
which is reversibly adsorbed (Pirrone et al , 2000). In order to model 
accurately the dynamics of gaseous and particulate mercury, a number of ad-
hoc modules were developed and coupled to RAMS. These modules account 
for major processes (Figure 7) that affect the fate of mercury in the 
atmosphere: 

natural and anthropogenic mercury emissions; 
dry and wet deposition; 
chemical transformation; 
air-water exchange; 
air-soil exchange; 
canopy emissions. 

Model Input/Output. Standard model inputs are the USGS global land 
use data at 30", or about 1 km resolution (based on 1-km Advanced Very 
High Resolution Radiometer data spanning April 1992 through March 
1993); the global USGS topography dataset at 30", or about 1km resolution; 
the global monthly climatological sea surface temperature data at 1 degree 
resolution (about 100 km). The European Centre for Medium-Range 
Weather Forecasting (ECMWF) meteorological data have been used. The 
data is available at 6-hourly intervals, with a spatial resolution of 2.5°x2.5° 
latitude and longitude, and 10 pressure levels (100-1000 hPa). Horizontal 
winds and temperature were nudged with the lateral nudging method 
implemented in RAMS. The database for anthropogenic mercury emissions 
in Europe employed in the model calculations has been compiled for 1995 
(Pacyna et al., 2001) and 2000 (Pacyna et al., 2003). The Hg emission 
inventory provides annually averaged emissions from point and area sources. 
The emission inventory also provides information on Hg speciation (i.e. the 
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proportions of Hg°, Hg11 and Hgp, Hg associated with particulate material, 
depending on emission source category). 

Given the importance of Hg oxidation by OH, the production of OH 
needs to be well described as does the O3 concentration. Therefore the 

initialisation of RAMS has been adapted to include 6 hourly 0 3 

concentration fields from ECMWF. In order to improve air-water exchange 
modelling, the gridded sea water Hg concentration in the Mediterranean Sea 
(surveyed during the MED-OCEANOR 2000 cruise) has been included in 
the model. 

Model output includes the gas phase concentration fields of Hg°, Hg11 

and Hgp (total particulate Hg, soluble and insoluble), dry deposition 
velocities, emissions and deposition fluxes, and the concentration of Hg11 in 
rain water. 

Chemical Processes in the Atmosphere 

The Hg atmospheric chemistry model currently used in this initial 
version of the integrated modelling system has been designed specifically for 
the purpose and includes both gaseous and aqueous phase chemistry relevant 
to Hg and its oxidation and deposition. Oxidation is fundamental to Hg 
deposition, both dry and wet, as RGM species are much less volatile and 
much more soluble than Hg°. Given the importance of Hg oxidation by OH, 
the production of OH needs to be well described and therefore so does the 0 3 

concentration. This is particularly true in the case of the Mediterranean 
where modelling studies suggest that it is oxidation by OH rather than Br -
modelling studies suggest that Br rather than Br2, Cl2 or CI is the major 
oxidant in the remote MBL - which accounts for the major part of the 
conversion of Hg°(g) to Hgn

(g) even in the MBL (Hedgecock and Pirrone, 
2004; Hedgecock et al., 2004). One of the major reasons for this is the high 
0 3 concentrations experienced all over the Mediterranean Basin, especially 
in the summer (see Lelieveld et al, 2002). Ozone fields from the European 
Centre for Medium range Weather Forecasting (ECMWF) have been 
included in the input to RAMS, and an on line photolysis rate constant 
calculation procedure is used. The program fast-j (Wild et al., 2000) has 
been linked to the meteorological model in order to provide photolysis rate 
constants which are a function of latitude, longitude, date, time of day, 
altitude and column optical depth. In order to reduce the calculation time 
required by the model, operator splitting between the meteorological model 
and the chemistry model has been employed. RAMS typically uses 90s time 
steps for the grid resolution chosen for these simulations, but the chemistry 
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model is called every 15 minutes. The chemistry model is run for each cell, 
whilst fast-j is called for each column, the altitude dependent photolysis rate 
constants being stored in a temporary array. Hg°(g), Hg11^, Hgn(aq) and Hgp 

are all transported by the model, other chemical species are not transported 
but their concentrations stored 'locally' for each cell after each chemistry 
time step. Hgn(aq) represents the sum of oxidised Hg species in the aqueous 
phase, which in the absence of liquid water, for instance, after the 
evaporation of non-precipitating cloud droplets is transported as if it were 
Hgp, thus is capable of being dry deposited. 

Hgn(aq), unlike Hgp, which is emitted and considered irreversibly bound 
to the particulate matter, is considered soluble so that should it once again be 
in the presence of liquid water it is assumed to be scavenged and returns to 
the aqueous phase. Hg!I(aq) which partitions to soot is treated as Hgn(aq).The 
non-Hg chemistry currently used in the preliminary simulations includes 
detailed HOx and SOx chemistry in both the gas and aqueous phases, in order 
to obtain reasonable values for the OH concentration and the cloud droplet 
pH. The inclusion of the chemistry and mass transfer model has been 
incorporated into the overall modelling framework in such a way that the 
chemistry model may be expanded or reduced, or updated with new reaction 
coefficients separately from the rest of the model. The database is then 
recompiled with the integrator and the resulting files are then recompiled 
together with RAMS, thus avoiding any necessity to manually alter the 
RAMS code to include new chemical species or reactions. This was 
considered to be of great importance as the model was conceived with the 
intention of testing numerous and various chemical modelling schemes. 

In the near future the model will be tested including detailed NOx 

emissions and chemistry. The inclusion of a VOC emissions database is also 
foreseen; chemistry models based on both the CBM-IV and SAPRC 99 
mechanisms have already been prepared. The coupling of a parametrised sea 
salt aerosol production model to the integrated model will allow the 
inclusion of the detailed MBL photochemical model described in Chapter-
13. The complexity of this model will necessarily have a major influence on 
calculation times, however the full MBL model will only be applicable over 
part of the modelling domain, and investigations are under way to refine the 
integrated model in order to use the most appropriate chemistry models in a 
given situation, using for example different chemical mechanisms for the 
MBL, urban/industrial boundary layer and remote continental boundary and 
possibly a separate chemistry mechanism again for the free troposphere. 
Such an approach would give the best possibility of ensuring accurate 
chemistry modelling whilst making the most efficient use of computing 
resources. This methodology has already been tested in the prototype 
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integrated modelling system where two chemical mechanisms have been 
used, one for 'dry' situations and one for 'wet', the difference being the 
inclusion of aqueous phase chemistry if the model cell had a liquid water 
content above a threshold value. The method functions without problems, 
there is a slight time saving but the difference between the mechanisms is 
small in the sense that even using the 'wet' mechanism in a 'dry' cell means 
that the initial concentrations of the aqueous phase species is zero and the 
rate constants of aqueous phase reactions and mass transfer are all zero, thus 
the complexity of the problem is the same only the initialisation takes longer. 
However the feasibility of the approach has been demonstrated. The present 
version of the chemistry model contains over 100 gas and aqueous phase 
reactions and mass transfer between the gas and aqueous phase of 10 
species. The Hg chemistry included in the model is summarised below: 

Gas phase oxidation: The reactions of Hg with 03, H202, OH, HC1 and Cl2 

are included, the reaction with Br will be included in the MBL chemistry 
mechanism. 

Aqueous phase oxidation: The oxidation reactions included are those with 
03,HOCl/OCl-,andOH. 

Aqueous phase reduction: The reduction of Hg11 compounds to Hg° by 
reaction with H02 / 02", are included as are the reduction of HgS03 and 
(HgS03)2

2~. However the H02 / 02" reaction may be removed, (Gardeldt and 
Jonsson, 2003). 

Gas - Aqueous Phase Equilibrium: The mass transfer between the gas 
phase and cloud droplets of Hg°, HgO, and HgCl2 are considered. 

Aqueous Equilibria: The equilibria between Hg2+, and the OH", CI", and 
S03

2", are included. For CI" complexes up to HgCl4
2" are considered. Br" 

complexes will be included for the MBL mechanism. 

Aerosol - Liquid Equilibria: soot^) - soot(aq) is accounted for according to 
the method used by Petersen et al, (1995). 

Aqueous - Soot Equilibria: The partitioning of Hg compounds between the 
aqueous phase and the solid phase within droplets (Hgn(S00t) - HgI!(aq)), is 
based on Petersen et al, (1995). 

Where the temperature dependence of a reaction or equilibrium constant 
is known it has been included in the chemical mechanism database and the 
value is recalculated at each time step, as are the photolysis rate constants. 
The rate and equilibrium constants of the Hg chemistry included in the 
model can be found in Table-I of Chapter-13. It should be mentioned that 
although the chemical mechanism includes the equilibria between soot in the 
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aqueous and gas phases, and that between Hg11 in the aqueous phase and Hg11 

associated with soot scavenged by the cloud droplets, neither of these is 
actually activated in these preliminary simulations, which have been 
performed without including the soot emission inventory. 

Dry Deposition 

Dry deposition of Hg° ̂ /The low solubility and relatively high volatility 
of Hg°(g), mean that dry deposition of elemental mercury is unlikely to be a 
significant pathway for removal of atmospheric mercury, although 
approximately 95% or more of atmospheric mercury is elemental mercury 
(Lindberg et al, 1992; Fitzgerald, 1995). Therefore as in a number of other 
modelling studies (Petersen et al, 1995; Pai et al, 1997, Bullock and 
Brehme, 2002) the Hg°(g) dry deposition is assumed to be zero in the model. 
However, emission fluxes of Hg° from the ground are calculated as a net 
flux, that is emission minus deposition, see Air-Soil Exchange of Hg0

(g), 
below. 

Dry Deposition of Hgn
(g). A surface and meteorological variable 

dependent deposition velocity is used to calculate the Hgn(g) deposition flux. 
Because in RAMS, to represent natural sub-grid variability in surface 
characteristics, the surface grid cells are divided into sub-grid patches, each 
with a different vegetation or land surface type, the overall deposition 
velocity is computed as 

where np is the number of patches (which is specified during RAMS pre
processing phase) and f. is the fractional index coverage of i-th patch (with 

2^. f; = 1). The patch deposition velocity vt is calculated using the 

resistance model (Wesely and Hicks, 1977) as: 
Vi=(ra+rd+rcY1 

where ra is the atmospheric resistance through the surface layer, rd is the 
deposition layer resistance and rc is the canopy or surface resistance. 

The atmospheric resistance, which represents bulk transport by turbulent 
diffusion through the lowest 10 meters of the atmosphere, is obtained 
according to Wesely and Hicks (1977) as: 
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ra=T—[MZsf ZO)~<PH] 

where zs is the reference height (=10 m), z0 is the surface roughness length, 

k is the von Karman constant ( « 0.4), w* is the friction velocity, <pH is a 

stability correction term which accounts for the effects of buoyancy on the 

eddy diffusivity of Hgn(g). Note that both «* and z0 are directly provided by 

RAMS for each land patch. 
The deposition layer resistance, which represents molecular diffusion 

through the lowest thin layer of air, is parameterized for Hgn(g) in terms of 
the Schmidt number by the equation developed by Wesely and Hicks (1977): 

f 2 \Sc 
IX U* 

)
2/3 

where Pr is Prandtl number of air (» 0.72), Sc = v IDA is the Schmidt 

number, v is the kinematic viscosity of air ( « 0.15 x 10-4 m2s~l) and DA is 

the molecular diffusion coefficient of Hgn(g) in air. Canopy or surface 
resistance over land is computed according to the Wesely's formulation 
(1989): 

n = [ f c +rmYl +r;c
l +(rdc+rlcy

1 +(rac +rgs)-
1 J 1 

where rst + rm is the leaf stomata and mesophyllic resistance, ruc is the 
upper canopy resistance, r^c is related to the gas phase transfer by buoyant 
convection in canopies, r/c is the lower canopy resistance, rac is a resistance 
that depends on canopy height and density, and rgs is the ground surface 
resistance. All the latter contributions are computed according to the 
Wesely's formulae as modified by Walmsley and Wesely (1996). Many of 
these resistances are season and landuse dependent and some are adjusted 
using solar radiation, moisture stress and surface wetness provided by the 
specific RAMS submodels. Some parameterizations have been developed by 
Wesely for S02 and 0 3 and are scaled for HgIX(g) based on the molecular 
diffusivity, Henry's law constant and chemical reactivity toward oxidation. 
As in Pai et ai, (1997), for Hgn(g) deposition properties we have assumed 
similarity with HN03 (whose properties are reported in Wesely, (1989)) 
because HgCl2 and HN03 have a similar solubility. 
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Over water, the surface resistance rc is assumed to be zero because of the 
high Henry's Law constant of Hg11^. 

Dry deposition of Hg(p)_ Surface dry deposition velocity of particulate 
mercury Hg(p) is largely dependent on particle size. As in Pai et al. (1997) the 
particle size distribution is assumed to be log-normal with a geometric mass 
mean diameter of 0.3 (jm and a geometric standard deviation of 1.5 ]um. The 
deposition velocity is determined by dividing the distribution into a fixed 
number of size intervals, calculating the velocity vt for each interval and 
aggregating them in a weighted mean. The resistance approach has been 
adopted for vj calculation. Particulate matter does not interact with 
vegetation as gases do, and in particular, particles are usually assumed to 
stick to the vegetation surface (e.g. Voldner et al., 1986) and therefore 
rc « 0 . Thus using the parameterization of Slinn and Slinn (1980) and Pleim 
et al., (1984) we assume: 

1 
V- = hV 

r + r. + rr,va
 g 

a b a a g 

where vg « 0 is the gravitational settling velocity, proportional to the square 

of particle diameter and which, as pointed out by Pai et al, (1997), is 
negligible for Hg(p); aerodynamic resistance ra is identical to the value used 
for Hgn

(g) dry deposition, while the resistance to diffusion through the quasi-
laminar sub-layer rb depends on aerosol Brownian diffusion and inertial 
impaction. In particular we parameterize (e.g., Pleim et al., 1984) the 
deposition layer resistance in terms of the Schmidt number Sc = v/Dp, 

where v is the air viscosity and Dp is the Brownian diffusivity of the current 
class size of Hg(p) in air (neglecting, with respect to Pleim's 
parameterization, the small term related to the Stokes number): 

rd=Sc2/3/u* 

The Brownian diffusivity is given by (Shimada et al.9 1993) 

Dp=k T Cc /(3ft ju d ) , where k is the Boltzmann constant, T and ju are 

the air temperature and viscosity, respectively; Cc is the Cunningham 

correction factor (a function of the mean free path of air molecules and 

particle diameter d ). 



CHAPTER-23: ATMOSPHERIC MERCURY IN THE MEDITERRANEAN 565 

Wet Deposition 

Wet deposition is an important removal process for both RGM and 
particulate mercury while, because of its low solubility, direct wet removal 
of Hg°(g) is negligible, if compared with the first two contribution. Obviously 
the aqueous phase oxidation of Hg°(g) is important here, and so therefore is 
the rate at which droplets take up Hg0

(g). This process is included as two 
reactions in the chemistry model describing uptake and out-gassing of Hg°(g) 
and thereby representing the equilibrium between the gas and aqueous 
phases. 

A relevant fraction of particulate mercury is removed by both in-cloud 
scavenging (rainout) and below-cloud scavenging (washout). The rate of 
particle wet removal depends upon ambient concentration, cloud type, 
rainfall rate and particle size distribution, but usually the Hg(p) wet 
deposition is determined by a synthetic scavenging efficiency coefficient 
from the ambient concentration. 

Wet deposition of the insoluble fraction of particulate Hg is modelled 
assuming that the local depletion rate is proportional to the concentration C 
(mercury mass per unit volume of air), introducing a wet scavenging rate A, 

dependent on the precipitation intensity: dC/dt = -A C. The scavenging 
rate is used to reflect the propensity of mercury to be removed by the current 
precipitation, including all possible below-cloud and in-cloud processes. In a 
RAMS time step, assuming the scavenging coefficient to be constant over 
the time step, wet removal changes the cell concentration C, according to 

AC = C(l — e~AAt), where At is the time step size. Then, the wet deposition 
rate at the ground is simply the cumulative sum of the depletion occurring at 
all levels of the atmospheric column in which rain occurs. The scavenging 

rate is obtained by (Junge and Gustafson, 1957) A = s Pr /(Az Lw), where 

s denotes the scavenging efficiency, Pr is the precipitation rate, Az is the 
cell height and Lw is the volume fraction of liquid water in clouds (defined as 
the ratio of the liquid water content of the cell and the water density). Both 
Py and Lw are provided for each time-step during the simulation by the 
RAMS microphysics submodel (Walko et al., 1995; Meyers et al., 1997). 

The Hgn(aq) cloud water concentration is directly obtained from the 
chemistry module and uses s = 1 because Hgn

(aq) is already present in 
precipitating cloud water. For Hg(p) a value of 1 is currently assumed for 
scavenging efficiency as in Pai et al, (1997). 
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Canopy Emissions Hg (g) 

As pointed out by many researchers, (e.g. Lindberg et al., 1992; Hanson 
et al, 1995; Linderberg, 1996) in vegetated areas the Hg° dissolved in soil 
water is transported to leaves and emitted to the atmosphere via the 
transpiration stream. As in Xu et al. (1999) the elementary mercury plant 
emissions flux Fc (ng m"2 s"1) is determined, assuming a constant Hg° 
concentration in the evapotranspiration stream (Linderberg, 1996), as FC=EC 

Cs where Ec (m
3 H20 m"2 s"1) is the evapotranspiration rate and Cs (ng m3-H2o) 

is the Hg°(g) concentration in the soil water. The evapotranspiration rate Ec 

which in Xu et al. (1999) is determined by the Penman-Monteith equation, is 
here directly provided by the detailed LEAF-2 RAMS submodule (Walko et 
al., 2000). The latter is able to take into account correctly the type of 
vegetation in each cell and its minimum stomatal resistance. It also takes into 
account stomatal closure caused by excessively warm temperatures or cold 
(freezing) temperatures, lack of solar radiative flux (which is separately 
parameterized in RAMS), lack of water in the soil layers comprising the 
plant root zone and the canopy water vapour mixing ratio at the leaf surface 
which effects evaporation from the stomata. Cs is currently assumed to be 
lOOngf^Xuetal., 1999). 

Air-Soil Exchange of Hg (g) 

Hg°(g) natural soil emission is mainly dependent on soil temperature, soil 
moisture and solar radiation (Kim et al., 1995; Carpi and Lindberg, 1998). 
Here, as in Xu et al., (1999), the elementary mercury net flux from soil Fs 

(ng m"2 h"1) is parameterized as a function of soil temperature Ts (°C) using 
the relation found by Carpi and Lindberg (1998) as 

logF ,= 0.057 7; -1 .7 

The latter relation empirically accounts for the net exchange rate (re-
emission minus deposition) and it is worth noting that, differently from Xu et 
al, (1999), because the Hg°(g) dry deposition is not explicitly simulated, the 
original regression constants can be used. During the simulation the soil state 
is checked and the Hg°(g) emissions are disallowed in presence of frozen soil 
(Xuetal., 1999). 
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Air-Water Exchange of Hg°(g) 

In modelling Hg0^ air-water exchange the film theory has been used for 
mass transfer calculations at the interface (Xu et al., 1999, 2000; Poissant et 
al., 2000; Mason et al, 2001; Lin and Tao 2003). The elementary mercury 
evasional flux Fw (ng m"2 s"1) is driven by the fugacity difference between the 
overlying air and surface water: 

where K (m s"1) is the overall mass transfer coefficient, Cw and Cg are 
respectively the Hg° concentration (ng m"3) in water and air and H is the 
dimensionless inverse Henry's Law constant of Hg. The low solubility of 
Hg°(g) means that most of the resistance to gas exchange lies in the water film 
and K can be expressed by just the liquid-phase transfer coefficient Kw. As in 
Lin and Tao (2003) for the latter mass transfer coefficient we adopt the 
approach by Poissant et al. (2000) in which Kw (cm h"1) is correlated with the 
mass transfer of C02 across the air-water interface: 

Kw = ( 0 . 4 5 - u ^ l s c f IScc„°'X'5 

where Sc is the Schmidt number in water and u10 is the wind speed (m s"1) at 
10 m which is derived from RAMS. The Schmidt number of C02 was 
calculated using the temperature-corrected dependency (Poissant et al., 
2000): 

Sc™> =0.11 J 2 -6 .16 T + 644.7 

where T is in °C. The Schmidt number of Hg0
(g) was calculated using its 

definition Sc = vID, where for the kinematic viscosity of water (cm2 s"1) 
and Hg°(g) diffusivity in water (cm2 s"1) the following temperature (°C) -
dependent parameterisations of Thibodeaux (1996) and Kim and Fitzgerald 
(1986), respectively, are used: 

v = 0.017 e-°m5T 

D = 6.0x\0-7T + 10-5 

The dimensionless inverse Henry's Law constant is calculated following 
Sanemasa's expression (1975) as a function of temperature (K): 

log/7 = -1078/ r - log( r ) + 5.592 
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While Cg is simulated by the model, a mean value of 0.04 ng Tl is assumed 
for Cw (as in Xu et al., 1999). 

Modelling Applications 

The Figure 8 show the balance between deposition (dry deposition of 
Hgn

(g) and primary Hg(p) and Hg(p) resulting from the evaporation of cloud 
droplets containing Hg compounds, and wet deposition) and Hg emission 
(evasion of Hg° from the top water micro-layer) for the Mediterranean Sea. 
The deposition is certainly underestimated as the deposition due to 
secondary Hg(p) (that is Hg° and Hg11 adsorbed on particulates during 
transport) are not yet included. However, even with secondary Hg(p) 
deposition included, emissions from the sea surface will still far outweigh 
the input from atmospheric deposition. The Mediterranean Sea is therefore a 
net emitter of Hg to the atmosphere, in contrast to the generally held concept 
that oceans are the eventual sink for atmospheric Hg. However the 
Mediterranean is not an ocean and has quite distinctive regional geological, 
hydrological and meteorological characteristics. Whether the Hg in 
Mediterranean sea water is a result of local geology and geological activity, 
or due to Hg transported to the sea by rivers is not yet clear, but is an active 
area of field and modelling research (http://www.cs.iia.cnr.it/MERCYMS/ 
project.htm). 
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Figure 8. Modelled Mediterranean Hg air-
water exchange balance for the year 1999. 

Jan 

Feb 
Mar 

Apr 

May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 

Emission 
[ton] 
5.95 
7.74 

6.51 
5.50 
4.50 
4.16 
4.66 
4.02 
5.19 
6.56 
6.15 
7.27 

Deposition 
[tonl 
0.87 
0.87 
1.04 

0.35 
0.27 
0.24 

0.25 
0.24 
0.50 
0.38 
0.29 
0.32 

TOT 68.21 5.61 

http://www.cs.iia.cnr.it/MERCYMS/
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Figure 9. Hg emission rates for January 1999 Figure 10. Hg emission rates for July 1999 
[^iglm'l [^g/m1. 
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Hg"(g)-02/12/1999-12:00 Cloud cover - 02/12/1999 - 12:00 
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Hg"(g)-07/21/1999-12:00 Cloud cover - 07/21/1999 - 12:00 

Figure 11. Modelled Hg"(g) concentration [pg/m^] and cloud cover [frac]. 
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The Figures 9 and 10 show the emission rates for January and July 1999. 
The rates depend on local sea water concentrations, the velocity of the wind 
(raised to the power of 1.64), and the water surface temperature. 

The summer months in the Mediterranean are often dominated by 
anticyclonic weather with low wind speeds, the winter is often windier, 
however more detailed analysis of the results are required before hard and 
fast conclusions may be drawn about the seasonality of Hg emissions. 

The influence of cloud cover on the photolysis of O3 and thus the 
production of the OH radical partially explains the lowest model layer Hg" 
concentration patterns in the Figure 11. OH production also requires water 
vapour and the higher Hg" values are seen near the edge of the cloudy 
regions.The Figure 12 gives an idea of the dry and wet deposition patterns 
obtained from the integrated model. Wet deposition obviously depends on 
rainfall, and the low values over N. Africa are easily explained. The low 
values seen at higher latitudes are because the precipitation was falling as 
snow. The model does not consider interactions between snow, hail, ice and 
mercury compounds. Dry deposition is lower over areas which have 
experienced rainfall because the Hg(p) are Hg"(g) are efficiently scavenged by 
rain. 

0.1 0.2 0.01 0.02 0.03 0.04 0.05 0.075 0.1 0.125 0.15 0.175 

a) b) 

Figure 12. Modelled accumulated wet (a) and dry (b) Hg depositions in jig/m^ for January 
and February 1999. 

It is worth noting that from this point of view that the regularity of the 
rainfall rather than the intensity is the major factor in reducing dry deposition 
fluxes. The British Isles and north-western France provide a good example 
of this fact. 

The effect of the emissions in the boundary layer is clear from the Figure 
13 and their effect decreases with height through the mixed layer, after 
which the concentration of Hg remains constant throughout the free 
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troposphere. The higher concentration point is in northern Europe and the 
lower on the Mediterranean 
coast. Note that the 
concentration units are ng 
kg_1(air) rather than the 
more common, ng m"3(air), 
using ng m"3(air) would 
result in an apparent 
decrease in Hg 
concentration with altitude 
because of the pressure 
difference between the 
bottom and top model 
layers. 
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Figure 13. Modelled vertical profile of total Hg 
[ng kg"1 of air]. 

CONCLUSIONS 

The points listed below summarise the further work which is required to 
be able to characterise the relationship between emissions and spatial 
patterns of ambient concentrations and deposition fluxes of mercury and its 
species with greater accuracy: 

• there is a strong need to promote measurement programs to assess the 
level of mercury and its compounds (Hg°, Hg11 and particulate Hg) on a 
European scale and at major urban, industrial and remote sites; 

• in order to reduce the uncertainty associated with ambient 
measurements and assure data comparability at European level, there is 
a strong need to develop standard methods for assessing the Hg°, Hg11 

and particulate Hg concentrations in ambient air; 
• an improved mercury emission inventory is needed for major 

anthropogenic sources, possibly on a 0.5 x 0.5 degree spatially 
resolved grid including North Africa and the Middle East regions along 
with speciation at the stack; 

• our investigations carried out in the last decade have highlighted the 
importance played by the sea salt aerosol and sea spray formation in 
the cycling of mercury and its compounds in the MBL and thus on its 
deposition to marine waters, therefore besides improving Hg speciation 
measurement techniques, selected atmospheric measurements aimed to 
characterise the atmosphere composition and its variations in space and 
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time should be encouraged and should be part of future Hg research 
programmes; 

• the improvement of mesoscale and regional scale models are very 
much related on the future progress of kinetic studies to assess the 
interaction of gas phase mercury and halogen containing radicals; 

• a number of preliminary modeling studies performed in recent years 
have highlighted the need of accounting for the time-dependent vertical 
profile of Hg° concentrations at the model inflow boundaries. 
Meanwhile advanced hemispherical/global models would contribute to 
improve modelling capability by providing a better assessment of the 
boundary conditions on a regional scale; 

• the changes occurring in chemical speciation of Hg compounds in the 
top-water micro-layer, deep sea water and sediments may have 
substantial effect on the exchange of gaseous mercury at the air-water 
interface and thus on its cycling between the lower atmosphere and the 
ocean, therefore integrated atmospheric and oceanographic studies 
should be encouraged; 

• one of the major source of uncertainty in mesoscale and regional scale 
mercury modeling is the lack of knowledge of the mechanisms 
controlling the exchange fluxes of gaseous mercury at the air-water, 
air-soil and air-vegetation interfaces with changing meteorological 
conditions, geophysical parameters and the occurrence of biotic and 
abiotic processes in the top-water micro-layer that may affect the 
exchange of gaseous mercury between surface water and lower 
atmosphere. 
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INTRODUCTION 

This work summarizes field studies that have been carried out to 
investigate the chemistry and environmental behavior of atmospheric 
mercury on different spatial and temporal scales in North-western and 
Central Europe. The spatial scales cover local and regional dimensions. 
Temporal scales include short-term variations of atmospheric mercury 
concentrations within less than one hour, variations that typically occur 
within time steps of a few hours to several days and long-term observations 
that cover almost three decades. 

The knowledge of the worldwide trend of atmospheric mercury 
concentrations during the last few decades is valuable for at least two 
reasons. The trend may reveal the impact of the control measures (OECD, 
1994; US EPA, 1997) on the global cycle of atmospheric mercury. The 
response of mercury concentrations to the control measures may also provide 
information about the poorly defined ratio of anthropogenic to natural 
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emissions (Schroeder and Munthe, 1998; Ebinghaus et al , 1999a). Slemr et 
al. (2003) have attempted to reconstruct the worldwide trend of total gaseous 
mercury (TGM) concentrations from long term measurements of known 
documented quality (Ebinghaus et al., 1999b) on 6 sites in the northern 
hemisphere (NH), 2 sites in the southern hemisphere (SH), and 8 ship cruises 
over the Atlantic Ocean made intermittently since 1977. 
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Figure 1. Trends of TGM concentrations in a) the northern hemisphere. STP concentrations 
are given in ng m"3 with standard T of 273.2 K and standard P of 1013 mbar. 

The data presented in Figure 1 shows a generally good agreement 
between ship TGM measurements over the northern Atlantic Ocean and 
land-based measurements at Mace Head (Ireland), Lista, and Ny Alesund 
(both Norway). The measurements at Mace Head also agree excellently with 
those made at Alert (Canada). TGM median values at the summit of the 
Wank mountain in southern Germany tend to be higher, most likely due to 
emissions in western and central Europe. Measurements at Rorvik in Sweden 
tend to provide the lowest values in the NH but are still in reasonable 
agreement with measurements at Alert and Lista (see also discussion in 
Munthe et al., 2003). All data, when taken together, suggest that the TGM 
concentrations in the NH had been increasing since the first measurements in 
1977 to a maximum in the 1980s (most likely in the 2nd half (Slemr et al., 
2003), then decreased to a minimum in 1996 and have remained constant 
since that time at a level of about 1.7 ng m"3. Slemr et al. (2003) claim that 
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the observed temporal profile is primarily the result of the temporal change 
of mercury emissions. The temporal trend is qualitatively consistent with 
changes in global anthropogenic emissions (e.g. Pacyna and Pacyna, 2002; 
Pirrone et al, 1996) emphasising that the analysis of emission changes may 
help to explain observed long-term trends. However, these estimates do not 
reflect the measured decrease from 1990 to 1996 (Slemr et al., 2003). 

EMISSIONS AND THEIR IMPORTANCE FOR THE 
LOCAL-SCALE VARIABILITY OF ATMOSPHERIC 
MERCURY 

Mercury is emitted into the atmosphere from a number of natural and 
anthropogenic sources that may directly bias measurement results generated 
at single locations. The exchange of mercury at any interface is driven by a 
concentration gradient. However, emission fluxes are based on complex 
processes and not only a simple phase transfer of Hg° (Lindberg et al., 1998). 
The speciation of mercury emitted into the atmosphere is of fundamental 
importance for its atmospheric fate. Hg° will add to the regional and 
hemispherical background whereas total particulate-phase mercury (TPM) 
and reactive gaseous mercury (RGM) will deposit on much smaller scales. 

The discussion about the relative significances of natural and 
anthropogenic emissions is complicated by processes that we classify here as 
indirect anthropogenic re-emissions. This term is chosen to describe 
secondary re-emission of mercury from anthropogenic sources following 
partial initial deposition of primary anthropogenic mercury emissions. 
Unfortunately, these processes usually take place in compartments that also 
exhibit a natural mercury surface-exchange like waters and soils, thereby 
making it impossible to distinguish between the two parallel ongoing natural 
and anthropogenically induced processes and to separate them quantitatively. 
Most natural surfaces have been impacted by atmospheric mercury 
deposition of anthropogenic origin and hundreds of sites exist worldwide 
where local sources have contributed to the contamination. The total 
contribution of these diffuse sources to local and regional mercury budgets is 
unknown but could be significant. 

Anthropogenic emissions 

For entire Europe the annual anthropogenic emissions of mercury has 
been estimated to be about 726 tons, originating from 928 sources by base 
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year 1988 (Axenfeldt et al., 1991). The 1995 anthropogenic emissions were 
estimated to about 342 tons, a decrease of 45% compared to these emissions 
in 1990 (Pacyna, et.al., 2001). In 1995 the European emissions of 
anthropogenic mercury contributed about 13% to the global emissions of this 
element from anthropogenic sources. The dominating source categories in 
Europe are fossil fuel combustion and chlor-alkali plants. Waste incineration 
and non-ferrous metal smelting contribute less than 10 % to the European 
total. Emissions from the former German Democratic Republic (GDR), 
including the different species of elemental mercury, divalent inorganic 
mercury and particulate-phase mercury, accounted for more than 40% of the 
European total. The contribution of the GDR originated from a few relatively 
small but in most cases highly industrialized areas. According to Helwig and 
Neske (1990), extremely high amounts were emitted in the region 
Halle/Leipzig/Bitterfeld, due to both burning of lignite coal in power plants 
with flue gas desulfurisation equipment and high losses of mercury from the 
chlor alkali factories. 

An important emitter of air- pollutants in eastern Germany was the 
former Chemische Werke Buna (hereafter referred to as the BSL Werk 
Schkopau), located near Halle/Saale (Kriiger et al., 1999). As a consequence 
of the reunification of Germany, about 50 production installations which 
were considered to be ecologically harmful were closed at the BSL Werk 
Schkopau in the period between 1990 and 1992. Among them were three 
chlor-alkali production facilities. In these facilities, mercury was used as an 
electrode for chlorine and sodium hydroxide production and as a catalyst for 
acetaldehyde production. 

An example how to handle the difficult question of mercury emissions 
from a (partly) inactivated production plant was given for the industrial BSL 
complex. It could be shown by a combination of field measurements with 
numerical modelling, emissions of mercury from inactive plants could be 
estimated with an uncertainty of a factor of two. Emission estimates of the 
inactivated industrial complex on the order of 2 to 4 kg per day are reflecting 
the importance of more or less diffuse emissions of mercury from formerly 
active production facilities (Ebinghaus and Kriiger, 1996). An attempt has 
been made to derive a mercury mass-balance on a local scale around the 
BSL complex. It could be estimate that 30% of the emitted mercury is 
deposited in the local vicinity of the plant, whereas 70% are available for 
long-range transport at least on a regional scale. 

In the recently completed EMECAP project (Mazzolai et al., 2004), 
measurements of airborne mercury species around chlor-alkali plants in 
Sweden, Italy and Poland were made. In Sweden, the measurements were 
performed at the EKA Chemicals chlor alkali plant in Bohus, located 50 km 
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north east of Gothenburg. Total Gaseous Mercury (TGM) was measured 
using manual Au-traps but also using Tekran Model 2537A gas-phase 
mercury vapour analysers. In addition an automatic unit for sequential 
sampling of GEM, RGM and PM was employed. The unit was connected to 
a Tekran 235 7A analyser. More details on methods and the equipment used 
for mercury measurements is found in Sommar 2004 and Wangberg 2003. 

Dispersion modelling using the TAPM model (Hurley et al., 2001) was 
used to integrate measurement results over a larger area and longer time. 
Emission estimates were provided both from the company's own 
measurements and LIDAR measurements performed during the sampling 
campaigns (Wangberg et al., 2001; Gronlund et al., 2004). Concentration 
ranges and mean concentrations obtained at two sites in the vicinity of the 
plant (Figure 2) are shown in Table 1. The average annual distribution of 
GEM and RGM in the Bohus area as obtained from TAPM model 
calculations is shown in Figure 3 and Figure 4 respectively. A mercury 
emission value of 74 kg Hg per year was used as input parameter in the 
model. This value corresponds to the average mercury flux from the cell 
house measured with the LIDAR system, Gronlund 2004. 

Figure 2. The north end of the Eka Chemicals chlor-alkali plant in Bohus. 
The numbers denote Site 1 and Site 2 were measurements were performed. 

The influence from the mercury cell chlor-alkali plant (MCCA) is 
obtained if subtracting 1.6 ng m"3, which is the mercury background 
concentration in this area of Sweden. The average mercury concentration in 
residential areas of Bohus is 1-3.5 ng m"3 higher than the background. 
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Table 1. Mercury concentrations at site 1 and 2. 

Hg species at site 1 

GEM 

PM 

RGM 

Hg species at site 2 

GEM 

PM 

RGM 

Cone. Range (ng m 3) 

1.5-540 

< 0.01-0.176 

< 0.04-1.07 

1.4-40 

>0.01 

< 0.04-0.11 

Mean Conc.(ng m"3) 

55 

0.028 

0.17 

3.5 

>0.01 

0.007 

TGM distribution 
(ng nr3) 

Figure 3. Yearly average distribution of TGM 
calculated using the TAPM model. The values 

presented correspond to the mercury emitted plus 1.6 
ng/m3, which is the background concentration of 

mercury in this area. The position of the cell house is 
marked by a filled rectangle. 

Figure 4. Yearly average distribution of RGM 
calculated using the TAPM model. The 

concentrations are due to RGM emission from the 
cell house, i.e. background concentrations are not 

included. Numbers in brackets correspond to 
annual mercury wet deposition in Dg m"2. Sites 

where wet deposition were measurement are 
denoted by red dots. 

Most of the mercury emitted from the cell-house (50-100 kg per year), is 
quickly dispersed and transported far from Bohus. Hence, the impact on the 
local area is rather small. The present measurements show that RGM 
influences the deposition of mercury in the area. During rain, all RGM is 
likely to be deposited within an area of about 1 km radius around the MCCA 
plant. However, since it is not raining all the time only a small fraction (0.03 
kg) of the RGM emitted is being wet deposited and the total contribution to 
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the area of 1 km proximity to the plant is only enough to double the 
deposition in comparison to the ambient mercury deposition. 

It can be concluded that the local impact on mercury emission to air 
from the MCCA plant in Bohus is basically restricted to an area of a few 
hundred meters around the cell house. Most of the mercury emitted is 
removed from the area by dispersion and thus contributes to the global 
atmospheric budget of mercury. 

Re-emissions from rivers and estuaries 

It is well established that rivers transport mercury as a result of 
anthropogenic discharges and/or natural surface run-off, and both transport 
and deposition behavior in the river and especially in the estuaries with 
respect to discharges into the oceans have been studied. One case study 
(Bahlmann, 1997) deals with the occurrence of volatile mercury species 
along the transect of the highly contaminated Elbe river in Germany. This 
investigation shows that volatile mercury compounds (defined as dissolved 
gaseous mercury (DGM)) in the waterbody can be detected along the course 
of the river. It is shown that the highest concentrations of "free" volatile 
mercury compounds are found in the estuarine region. The levels of DGM 
found in this study are illustrated in Table 2, which compares DGM levels in 
several waters. 

Table 2. Range of DGM Concentrations Measured in European Rivers, Marine 
Systems and Lakes. 

Location 

Elbe River 
Elbe River Estuary 
German Bight (North Sea) 

1 German Bight (North Sea) 
1 North Sea 
1 Baltic Sea 

Scheldt Estuary 
Scheldt Estuary 

Seine Estuary 
Lake Borrsjon 
Swedish West coast 
Baltic Sea 
Mediterranean Sea 
Mediterranean Sea 
near Island of Capraia 

DGM Concentrations 
(pgL1) 
47-152 
54-122 
18-284 
17-87 

< 20 - 90 
14-22 

190-500 
45-80 

<10-90 
0.5-9 

40-100 
average 17.5 

18-40 
12-87 
10-20 

Reference 

Bahlmann, 1997 
Coquery, 1995 
Bahlmann, 1997 
Reich, 1995 
Coquery, 1995 
Schmolke et al., 1997 
Baeyens et al., 1991 
Baeyens and 
Leermakers, 1996 
Coquery, 1995 
Gardfeldt,2001 
Gardfeldt, 2001 
Wangberg2001 
Ferrara 2003 
Gardfeldt et al., 2003 
Lanzillotta 2002 
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The Elbe seems to represent one extreme in that respect for more than 
99% of the transported mercury has been shown to be particulate (Wilken 
and Hintelmann, 1991), while other contaminated rivers and streams seem to 
exhibit quite different behavior (Turner and Lindberg, 1978). This process is 
quite likely since the suspended particles in the waterbody of the Elbe are 
rich in both mercury and bacteria which have been shown to be resistant to 
the high mercury levels. These bacteria were shown to demethylate MeHg-
compounds as a detoxification mechanism and might also be able to reduce 
divalent mercury compounds (Ebinghaus and Wilken, 1993). On the base of 
the determined concentrations and volatilization potentials, it has been 
calculated that the Elbe river could emit between 100 and 500 kg of mercury 
to the atmosphere annually (Bahlmann, 1997). On a global base, it has been 
estimated that only 10% of the rivers' annual mercury loads originate from 
direct anthropogenic sources, while the remainder results from natural and 
indirect anthropogenic emissions (Cossa et al., 1996); however, on a regional 
base, there may be vast differences in those proportions. 

Re-emissions from Lakes 

Nriagu estimated that an important fraction (10-50%) of dissolved 
mercury in lakes is in the elemental form (Nriagu, 1994). However, more 
recent estimates in surface waters place this fraction closer to 5-10% (Amyot 
et al , 1995; Fitzgerald and Mason, 1996; Schmolke et al , 1997). Flux 
measurements in Sweden indicate that the emitted mercury is also in the 
elemental form (Lindberg et al., 1996). Several studies have reported 
measurements of DGM in lakes, some of which have been used to model 
evasion. Earlier flux chamber measurements (Xiao et al., 1991; Schroeder et 
al., 1992) over five Swedish lakes found fluxes between 3 and 20 ng m"2 h"1 

from the lakes to the overlying atmosphere. At one occasion, a net deposition 
was observed. It was also found that fluxes during daytime were larger than 
at night, indicating that sunlight, biological activity and temperature might 
play an important role in the mercury volatilization processes. The authors 
were also able to demonstrate pronounced seasonal differences in the 
mercury volatilization rate with fluxes in May and June being much larger 
than in November. During June, 1994 the first Modified Bowen Ratio 
measurements of mercury vapor fluxes over a boreal forest lake were made 
at Lake Gardsjon, Sweden (Lindberg et al , 1996). Using highly accurate 
methods with multiple replicate samplers, the authors measured 
concentration gradients of mercury vapor, C02, and H20 over the lake 
surface. Mercury was found to be readily emitted from the lake surface, and 
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there was no evidence of Hg(0) dry deposition to the lake surface. Emission 
rates over the lake averaged 8.5 ng m"2 h"1, and appeared to be weakly 
influenced by water temperature and solar radiation. Overall, the fluxes 
ranged from ~2 to 18 ng m"2 h"1. Overall, the surface water of the lake 
appears to be a more active zone for mercury exchange than the surrounding 
soils based on two independent studies (Xiao et. al., 1991; Lindberg et. al., 
1998). In the Lake Gardsjon study, it was concluded that re-emissions occur 
from the lake surface during most of the year but some dry deposition may 
occur during winter. 

Re-emissions from Wetland Areas 

The Elbe floodplains have an estimated area of 1,100 km2 and total 
deposited mercury amount of 1,5001 (Wallschlager 1996). Average mercury 
concentrations in the soils range from 1 to 10 \ig g"1 and most of the mercury 
is bound by high molecular weight organic matter. In this study, flux 
chamber measurements were employed to estimate mercury volatilization, 
but they were also compared to the modified Bowen-ratio method (MBR) 
method by measuring the concentration gradient of atmospheric mercury in 
the soil atmosphere boundary layer. Additionally, mercury volatilization was 
estimated from soil air concentration data assuming laminar diffusion. 
Results for mercury emissions from soils containing 10 jag g"1 range from 28 
to 260 ng m"2 h"1. However, it was noted that the individual applied 
techniques did not agree very well due to their inherent methodological 
differences, and, that there is a need for intercomparison studies 
(Wallschlager et al., 2002). The overall annual emission of mercury from the 
Elbe floodplains to the atmosphere was estimated to be on the order of 11 y~ 
*, thereby representing a significant, but not dominant mercury source on the 
regional scale. Observations of increased Hg volatilization from 
contaminated floodplains during rain events led to the suggestion of a two 
step mechanism comprising the same reactions: a small initial displacement 
of soil air containing Hg(0) and DMM (Wallschlager et al., 1995) followed 
by formation of volatile mercury compounds in the liquid phase as a result of 
reduction of Hg(H) and dismutation of MeHg+ (Wallschlager et al., 2000). 
These studies also calculated that direct reduction of wet deposited Hg(IT) is 
not likely to be a major source of mercury volatilization. 

Studies over background forest soils in Sweden (Xiao et al., 1991) found 
fluxes of lower magnitudes. It was noted that net mercury emissions occur 
during summer at a rate of 0.3 ± 0.4 ng m"2 h"1, while net deposition was 
observed in winter at a rate of 0.9 ± 0.4 ng m"2 h"1. 
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Re-emissions from Marine Systems 

The distribution, transport and fate of mercury at the earth's surface is 
critically dependent on the biogeochemical cycling and atmospheric 
exchange of mercury in the marine environment since, by its shear size. The 
GEM content in air over the southern Baltic Sea indicated that, in general, 
during the summer conditions, the sea-to-air transport of gaseous mercury 
dominated, while during the winter season, a tendency of gaseous mercury to 
deposit into the water has been found (Marks, 2001). Four campaingns were 
performed over Swedish coastal seawater surface during the summer and 
winter of 1997 and the summer of 1998 (Gardfeldt, 2001). Mercury evasion 
was found in the interval between -2.7 to +8.8 ng m"2 h with an average 
evasion of + 0.6 ng m"2 h"1. GEM measurements performed at two Baltic Sea 
coastal stations (Peninsula Hel, Poland and Preila, Lithuania) during summer 
1997 were correlated with meteorological parameters, directional 
distribution and diurnal variability (Urba, 2000). Analysis of the data implies 
that the Baltic sea, in particular its southern part and the Gulf of Gdansk, are 
the main gaseous mercury source for the region during summer month. 
Atlantic seawater measurements were performed during September 1999 at 
the Mace Head Atmospheric Research Station situated on the Irish west 
coast (Gardfeldt, 2003). The predicted average mercury evasion from the 
coastal Atlantic water was 2.7 ng m"2 h"1 implying that the concentration of 
GEM in the Atlantic air is enhanced by mercury evasion from the sea. 
Another important factor is that all these flux calculations are based on calm 
sea and moderate wind conditions (under which also all of the sampling 
campaigns were probably performed). It has been modeled, though, that 
fluxes may increase by a factor of up to 25 during storms and rough sea 
conditions (Baeyens et al., 1991), so this estimate may be systematically 
low. A number of studies have measured volatile mercury specieswell above 
saturation levels in Baltic and Atlantic seawaters primarily as DGM 
(Gardfeldt, 2001 ; Marks, 2002). 

Measurements of DGM were performed during two cruises in the Baltic 
Sea during the BASYS project (Wangberg et al., 1999). The concentrations 
of total gaseous mercury (TGM) in air over the Southern Baltic Sea and 
dissolved gaseous mercury (DGM) in the surface seawater were measured 
during summer and winter. The summer expedition was performed on July 
02-15, 1997, and the winter expedition on March 02-15, 1998. Average 
TGM and DGM values obtained were 1.70 and 17.6 ng m"3 in the summer 
and 1.39 and 17.4 ng m"3 in the winter, respectively. Based on the TGM and 
DGM data, surface water saturation and air-water fluxes were calculated. 
The results indicate that the seawater was supersaturated with gaseous 
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mercury during both seasons, with the highest values occurring in the 
summer. Flux estimates were made using the thin film gas-exchange model. 
The average Hg fluxes obtained for the summer and winter measurements 
were 38 and 20 ng m"2 day"1, respectively. The annual mercury flux from this 
area was estimated by a combination of the TGM and DGM data with 
monthly average water temperatures and wind velocities, resulting in an 
annual flux of 9.5 ng m"2 y"1. This flux is of the same order of magnitude as 
the average wet deposition input of mercury in this area. This indicates that 
re-emissions from the water surface need to be considered when making 
mass-balance estimates of mercury in the Baltic Sea as well as modelling 
calculations of long-range transboundary transport of mercury in Northern 
Europe. The data presented here is published in Wangberg et al., 2001. 

SYNOPTIC VIEW OF THE REGIONAL GEM 
DISTRIBUTION 

Extremely valuable information has been generated during the Nordic 
Network for atmospheric mercury in the late 80's. In the Nordic study, 
manual methods for the analysis of atmospheric mercury with a time 
resolution of several days was applied. A north to south increasing gradient 
of approximately 15% in the annual average GEM concentration was 
established (Iverfeldt, 1991a). This effect was attributed to an increasing 
impact of the major atmospheric mercury source areas in eastern Germany. 

In the following section the results from two field experiments carried 
out for two weeks in summer 1995 (June/July) and three weeks in winter 
1997 (March/April) at four European sites along a 800 km line between 
Berlin and Stockholm will be described (Schmolke, 1999). 

The aim of the South-to-North Transect Experiment was on the one hand 
to get new information about the regional horizontal distribution and trans-
boundary transport of mercury in middle-northern Europe. On the other hand 
it was an effort to improve the knowledge about the short time variability of 
GEM and the influence of the main meteorological and atmospheric 
chemical factors on its diurnal pattern. 

Neuglobsow is the most southern sampling site, about 150 km north of 
the heavily industrialized region between Halle and Leipzig. Considering the 
area of the former GDR as important source area for atmospheric mercury 
(Berdowskie et al., 1997). 

Zingst, the second German sampling site is located adjacent to the 
southern shore line of the Baltic Sea. 
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The Rorvik site is located on the west coast of Sweden approximately 40 
km south of Gothenburg and 1km east of the shore. 

The most northerly sampling site, Aspvreten, an EMEP monitoring 
station as well, is located south east of Stockholm. 

Figure 5. Location of the study sites during the two transect experiments. 

The sampling locations are shown in Figure 5. At all four sites GEM was 
measured using Tekran Gas Phase Mercury Analyzers (Model 2537A). 
During both, the summer and the winter experiment a decreasing variability 
in the GEM concentration from south to north was evident. 

During both experiments a south to north decreasing GEM gradient was 
found. A GEM difference between the mean concentrations observed at the 
southernmost site Neuglobsow and the most northerly site Aspvreten of 0.60 
1995 and 0.38 1997 ng m"3 was calculated. To avoid the influence of single 
peak events on the mean concentration levels, the more robust median GEM 
levels were also compared. During winter 1997 a north to south increasing 
median GEM concentration gradient of approximately 20% was found. 
During the summer 1995 experiment the gradient was less pronounced but 
with 14 % also significant. Comparing the median concentrations between 
the 1995 and 1997 experiments the systematically elevated levels at all sites 
during the winter experiment become obvious. This finding is in accordance 
to model results which predicts elevated concentrations during the late 
winter/ early spring (Petersen et al., 1995). 

The data sets shown here are currently used as experimental reference 
data for an international model intercomparison exercise under the UN-ECE 
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Table 3. Summary of 1-hour Average Concentrations Measured during Transect 
1995 and 1997 and Related Basic Statistics. 

Site 

Aspvreten 

Rorvik 

Zingst 

Neuglobsow 

1995 June-July 

Aspvreten 

Rorvik 

Zingst 

Neuglobsow 

Valid N 
(n) 

408 

427 

427 

425 

222 

232 

233 

250 

Mean 
(ng m"3) 

1.75 

1.94 

2.09 

2.13 

1.51 

1.54 

1.83 

2.11 

Minimum 
(ng m"3) 

1.38 

1.53 

1.62 

1.49 

1.10 

1.20 

1.45 

1.42 

Maximum 
(ng m"3) 

4.81 

2.87 

3.79 

4.03 

1.79 

1.91 

3.79 

4.66 

Std.Dev 
(ng m"3) 

0.21 

0.18 

0.30 

0.34 

0.11 

0.11 

0.26 

0.50 

Convention on Long-Range Transport of Air Pollutants (CLTRAP) 
(WMO/EMEP/UNEP, 1999). Comparing these results with measurements 
carried out under the umbrella of the Nordic Network for Atmospheric 
Mercury during the years 1985 to 1989, and recent data from the years 1990 
to 1992, two trends are supported. On one hand, the trend of declining GEM 
background concentration during recent years continues. During the years 
1985-1989 and 1990-1992 (Iverfeldt et al., 1995) the median concentrations 
of GEM, observed at the Swedish west coast, were 2.8, and 2.6 ng m"3 

respectively. On the other hand, the absence of elevated GEM peak events at 
the Swedish sampling sites during the time of this study corresponds well 
with investigations carried out in the years 1991 and 1992. 

Aircraft Measurements of Atmospheric Mercury over 
Northern and Eastern Europe 

Since almost all our knowledge on the regional distribution of 
atmospheric mercury is derived from ground-based measurements at single 
locations for different time periods, little information is available on the 
vertical and horizontal distribution in the troposphere. Based on the 
generally accepted view that elemental mercury with an atmospheric 
residence time of about 1 year is by far the dominating component of total 
atmospheric mercury (Lindqvist and Rodhe, 1985; Slemr et al., 1985; 
Schroeder and Jackson, 1987), rather even vertical and horizontal 
distribution of atmospheric mercury in the troposphere of a hemisphere is 
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expected. The very few attempts to measure mercury concentrations onboard 
airborne platforms, however, have provided conflicting results so far. Slemr 
et al. (1985) measured GEM concentration above central Europe at altitudes 
varying from 6,000 to 12,000 m in a fairly small range from 1.2 to 3.1 ng m"3 

without any pronounced vertical gradient. This is roughly in agreement with 
the suppositions outlined above. In contrast to this data set, Ionov et al. 
(1976), Kvietkus et al. (1985), Brosset (1987) and Kvietkus (1995) report the 
occurrence of pronounced gradients with decreasing GEM concentrations 
with increasing altitude. Ionov et al. (1976) reported a decrease in mercury 
concentrations with increasing altitude which was similar to the 
concentration decrease of radon decay daughters and from this they 
estimated an atmospheric residence time of mercury to be about 10 days. 
Measurements of Brosset (1987) were made above sea west of Goteborg 
where no local sources are to be expected. They cover altitudes up to 3,000 
m and the mercury concentrations decreased roughly proportional to the 
pressure decrease with altitude. Kvietkus et al. (1985) and Kvietkus (1995) 
reported measurements over different areas of the former Soviet Union. 
Mercury concentrations varied strongly depending on the location but 
generally decreased with increasing altitude of up to 3,500 m. A more 
detailed analysis of the vertical profile over the eastern Lithuania in June 
1988 (Kvietkus, 1995) revealed the almost exact proportionality of measured 
mercury concentrations to the pressure at the sampling altitudes. A possible 
dependency of the detector response on ambient pressure is not discussed in 
either of these works. However, a recent study by Ebinghaus and Slemr 
(2000) has shown, that the response of the most commonly used Atomic 
Fluorescence Spectroscopy detectors is significantly dependent on the 
ambient pressure. 

They reported mercury measurements onboard an aircraft during a level 
flight from Oberpfaffenhofen, southwest of Munich, to Halle (400 km 
distance) and back, made on June 13, 1996. GEM concentrations measured 
during the horizontal cruises at constant altitudes of 900 and 2,500 m above 
sea level (a.s.1.) are described. Consequently, an air mass of an entire volume 
of about 8000 km3 has been investigated during the flight by sampling over a 
time period of less than 6 hours. At an altitude of 900 m a.s.l., GEM 
concentrations showed a slight gradient with decreasing concentration to the 
north. The average GEM concentration was 1.77 ± 0 . 1 ng m"3 (n=17). 
According to the radiosonde vertical soundings this entire flight leg was 
within the mixing layer in a humid air mass. During the return level flight at 
2,500 m a.s.l., free tropospheric extremely dry air mass was encountered 
with an average GEM concentration of 1.64 + 0.1 ng m"3 (n=22). Within the 
mixing layer the horizontal distribution of atmospheric mercury is very 
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homogeneous over a distance of 400 km with slightly decreasing 
concentrations to the north. This could be explained by an incomplete 
exchange of an air mass with low GEM concentrations replacing from the 
north the air mass with higher GEM concentrations. Major conclusions of 
our aircraft measurements are: a) atmospheric mercury is evenly distributed 
within an air mass over long distances, b) concentrations may change with 
the change of air masses, and c) slight differences between atmospheric 
mercury concentrations in the mixing layer and the free troposphere may be 
due to different air masses rather than a vertical gradient. 

TEMPORAL TRENDS AND SEASONAL 
VARIABILITY OF GEM 

One of the major questions connected with the present mercury research 
worldwide is that of trends: 

a. have the sources of mercury, its long range transport and 
deposition increased substantially in comparison with pre-
industrial times ? 

b. how do they reflect the control measures adopted to control and 
reduce anthropogenic mercury emissions ? 

Almost all information on historical trends in atmospheric mercury 
concentrations and subsequent deposition has been derived from analysis of 
dated soils, sediments and peat cores (e.g. Lockhart, 1995; Coggins, 2000; 
Handong, 2003). These data suggest that the present mercury deposition is 2 
to 5 times higher than the pre-industrial ones. Inventories of natural and 
anthropogenic mercury sources suggest that the present anthropogenic 
mercury sources are in the same order of magnitude as the natural ones 
(Nriagu and Pacyna, 1988). Although these inventories are influenced by 
large uncertainties, they imply an increase in mercury deposition by about a 
factor of 3 compared with pre-industrial times, which is in fairly good 
agreement with experimental data derived from sediment, soil and peat 
analyses (Slemr, 1996). 

Because of an atmospheric residence time of about 1 year (Slemr et al., 
1985; Lindqvist and Rodhe, 1985), long term monitoring of atmospheric 
mercury concentrations may provide direct evidence of temporal trends. 

Continuous measurements of GEM concentrations with 15 minutes time 
resolution have been carried out between September 1995 and December 
2003 at the atmospheric research station at Mace Head, western Irish coast 
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line (Ebinghaus, 2002). The Mace Head atmospheric research station is 
ideally placed to study western inflow boundary conditions of atmospheric 
trace gases travelling from the Atlantic Ocean into northwestern Europe. 

Between September 1995 and December 2003 no trend in the 
atmospheric mercury concentrations could be seen at this location. The 
annual average concentration levels at Mace Head derived from the entire 
measurement data between 1995 and 2003 remain fairly constant at 1.74 ng 
m"3. Comparison with 4 short-term monitoring data sets of two Swedish sites 
that measured GEM in 1998/99 with similar instrumentation reveals that the 
atmospheric mercury concentration data obtained at Mace Head are on an 
average about 0.2 to 0.3 ng m"3 higher than those measured at the continental 
sites. Higher concentrations at Mace Head may partly be explained by 
emissions of mercury from the ocean surface (Gardfeldt, 2003). However, it 
should be noted that in general the concentration levels measured at Mace 
Head are on an average lower than those found at continental European sites 
that are influenced by anthropogenic mercury emissions. 

Measurements of GEM at Harwell, a rural site in southern central 
England using a similar instrumentation between June 1995 and April 1996 
revealed an average concentration of 1.68 ng m"3 (Lee et al., 1998). 

Between 1990 and 1996 Slemr and Scheel (1998) observed a decreasing 
trend of 7% in yearly GEM mean concentrations at the Wank Mountain in 
Southern Germany reducing from 2.97 ng m"3 in 1990 to 1.82 ng m"3 in 1996. 
Iverfeldt (1995) observed a decreasing trend in GEM measurements made in 
Sweden from a mean GEM concentration value of 3.2 ng m"3 for the period 
of 1985 to 1989 to a mean concentration of 2.7 ng m"3 for the period 1990 to 
1992. These cited studies report measurements taken during earlier time 
periods compared to those at Mace Head started in September 1995. 
Significant reductions in the total anthropogenic mercury emissions into the 
atmosphere have been calculated for the time after 1990 in the course of the 
political changes in eastern Europe. Emissions were reduced from 726 tons 
annually before 1990 (Axenfeldt et. al., 1991) to 342 tons per year in 1995 
(Pacyna et. al., 2001). Further emission reduction to about 200 tons year"1 

has been calculated since then however, the percentage is relatively small 
compared with previous decreases. This estimates are in good agreement 
with the GEM data set obtained at Mace Head for the years between 1995 
and 2001. 

Between 1995 and 2003 average GEM-concentrations are remaining 
fairly stable at a concentration value of 1.75 ng Hg m"3. However, on an 
annual basis (averaged monthly means) the winter months show higher 
concentrations compared with the summer months. Monthly averages for the 
individual months have been used to evaluate seasonal variations in the 
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GEM background levels. Lowest GEM concentrations have been observed in 
summer (April to September), with approx. 1.6 ng m"3, whereas the average 
concentrations during wintertime (October to March) are around 1.9 ng m~3. 

Summer minimum GEM concentrations have also been observed by 
Slemr (1996) at the Wank Summit and by Brosset (1982) in Sweden. GEM 
measurements at the Wank Mountain in Southern Germany increased from a 
minimum during December and January to maximum concentration in 
February, March and April. From April onwards, concentrations decreased 
towards a minimum. The peak to peak amplitude of seasonal variation 
observed at the Wank summit was 0.75 ng m"3 which corresponded to 30% 
of the average GEM concentration observed at the site. A spring maximum 
is also consistent with GEM measurements made by Brosset, (1982) between 
October 1979 and September 1980, in Sweden. However a second maximum 
in September and October was also observed in this data. Brosset, (1987) 
observed another seasonal variation in measurements again in Sweden 
between July 1983 and June 1984 in which GEM concentrations were at a 
maximum between October and December. 

These two types of seasonal variation are explained by Slemr (1996). 
The seasonal variation, with summer minimums observed at the Wank 
Mountain, and in Sweden (Brosset, 1982), is characteristic of the majority of 
trace gases of which almost all are removed from the atmosphere by 
oxidation processes (Warneck, 1988). The major oxidation species in the 
troposphere is the OH radical which has a pronounced seasonal cycle at 
middle and higher latitudes (Warneck 1988 ; Logan et. al, 1985). 

Figure 6. Seasonal variation of GEM during MOE campaigns. 
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Higher OH concentrations in summer lead to faster removal by oxidation 
and to a summer minimum in pollutant concentrations. Polluted air masses 
move in regions with low photochemical activity (Beine, 1997). 

A seasonal cycle in washout of mercury has also been observed in many 
studies (Jensen and Iverfeldt, 1994). Maximum washout occurs in summer, 
and may result from greater oxidation of to Hg° to more soluble species. 

Five 2-week campaigns of measurements of atmospheric mercury 
species were performed at 5 sampling sites in the MOE project (Munthe et 
al., 2002) in 1998 and 1999. Main features of the results have been presented 
in Wangberg et al. (2003; 2003a) and Munthe et al. (2003). Four of the 
measurement sites were located in a south-to-north transect. In Figure 6 the 
GEM results has been sorted after seasons. Each bar represents the median 
value observed during one 2-week campaign. The seasonal variation is not 
very clear. GEM measured in July is the lowest at all sites except Zingst. 
GEM from the November campaign is the highest at Mace Head and 
Neuglobsow whereas the data from the May campaign are the highest for the 
Swedish Stations Rorvik and Aspvreten. Elevated concentrations during 
colder seasons would be expected in areas where coal is used for heating and 
electricity production and could explain the Neuglobsow results. 

SYNOPTIC VIEW OF MERCURY-SPECIES 
DISTRIBUTION ON LOCAL AND REGIONAL 
SCALES 

In accordance with recommendations of EMEP/WMO meetings MSC-
East has initiated an intercomparison study for mercury transport and 
chemistry models. Experimental input data have been generated between 
July 6 to 27, 2000 at GKSS Research Centre Geesthacht, Germany. 

Table 4. Summary of average concentrations of airborne mercury species. 

Species 

Elemental Hg 
(GEM) 
RGM; Denuder 
RGM;Mist 
Chamber 
TPM 

Average 
concentration 

1.59 ngm"3 

4.0 pg m"3 

9.0 pg m"3 

40 pg m"3 

Minimum 
concentration 

1.0 ngm"3 

0.3 pg m"3 

below 
detection limit 

below 
detection limit 

Maximum 
concentration 

2.4 ng m"3 

90 pg m"3 

20 pg m~3 

275 pg m"3 

Number 
of samples 

Ca. 5000 

122 

25 

27 
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Table 4.2. Summary of average concentrations of mercury species in precipitation. 

Species 

Total 

mercury 

Reactive 

mercury 

Average 
concentration 

7.2 ng I/1 

2.2 ng L-1 

Minimum 
concentration 

5.0 ng L"1 

1.3 ngL"1 

Maximum 
concentration 

ll.OngL"1 

3.5 ng L"1 

Number of 
samples 

7 

4 

Table 43. Meteorological conditions. 

Parameter 

Air temperature 

Rel. humidity 

Precipitation rate 

Average 
value 

15.4° C 

77% 

3.5 mm/48 
hrs 

Minimum value 

9°C 

31% 

0.9mm/48 hrs 

Maximum 
value 

27.5° C 

96% 

5.9mm/48 hrs 

Number of 
samples 

8 

The study area is a rural site located in a wooded area. Metropolitan 
Hamburg is located approximately 30 km west of GKSS. 

On the basis on the information summarized in the previous tables, the 
following initial concentration values were adopted by EMEP : 

GEM: 1.7 ng m"3; RGM: 5 pg m'3; TPM: 40 pg m'3 

Because of the application in numerical simulation models for Europe, 
no measurement uncertainty is given, since model simulations can not 
handle this important analytical parameter appropriately (Ryaboshapko, 
2002). 

The results of the field measurement activities in the MOE project are 
summarised in Figure 7 (Munthe et al., 2002). The TGM data show an 
expected pattern with relatively uniform concentrations and slightly higher 
concentrations at the Neuglobsow stations and gradually decreasing in a 
south to north gradient. However, the TGM concentrations at Mace Head are 
unexpectedly high and average concentrations are higher than all the 3 
German and Swedish stations. For RGM, the variability is considerably 
higher and no clear conclusions can be drawn from data avareged over 
longer time periods. It can be noted that the RGM measured at Mace Head is 
similar to that measured at other stations indicating that formation in the 
marine boundary layer may occur. 
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TPM is the only species which behaves as expected based on the 
location of the main source areas i.e. with highest concentrations at the 
stations closest to te source areas and lowest at the background station Mace 
Head. Based on these results and detailed evaluations of individual campaign 
data, it has been concluded that TPM is a good tracer of anthropogenic point 
source emissions (Wangberg et al., 2003). The MeHg(g) data are highly 
variable and no significant differences related to distance from source areas 
can be detected. The results from Mace Head are elevated in comparison to 
the other stations and also exhibits a higher variability suggesting a possible 
oceanic source of MeHg(g). Detailed discussions of these results can be 
found in Wangberg et al. (2003) and Munthe et al.(2003). 
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a) 

L S lilili 
Mace Head 

Mace Head Rftrvik 

S ta t ion 

Figure 7. Geographical variation of Hg species at the 5 MOE measurement sites. 
a)TGM; b)RGM; c)TPM; d)MeHg(g). 
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SUMMARY AND CONCLUSIONS 

Local emissions contribute to the regional or even hemispherical 
mercury burden. The potential for long-range transport is strongly dependent 
on the mercury species emitted. 

Observational data on the spatial and temporal distribution of 
atmospheric mercury are very limited. Available data sets are mainly based 
on ground-based measurements at single locations for different time periods. 
Within this work measurement campaigns have been carried out to 
investigate the (quasi-)real time distribution of atmospheric mercury in the 
horizontal and in the vertical dimension. Just as significant as differences in 
regional variability of atmospheric mercury concentrations is the seasonal 
variability with generally higher concentrations in winter. This observation is 
consistent with our long-term data set obtained at Mace Head and with 
independent model results as well. 

Aircraft measurements revealed data from two horizontal flight legs at 
different altitudes (below and above the boundary layer) over a distance of 
400 km, and from spiral ascents and descents between 400 and 4000 m. The 
diameter of the spirals was about 5 km. Consequently, an air mass of an 
entire volume of about 8000 km3 has been investigated during the flight by 
sampling over a time period of less than 6 hours. 

Numerical models generally use a constant vertical mixing ratio of 
atmospheric mercury as an initial parameter however, reliable experimental 
data on the vertical distribution to support or to validate this important 
boundary condition hardly existed and gave conflicting results. 

It can be concluded that further TGM measurements onboard aircrafts 
are needed. In the meantime aircraft studies on atmospheric mercury have 
been increasingly carried out in North America. 

The Mace Head atmospheric research station is ideally placed to study 
western inflow boundary conditions of atmospheric trace gases traveling 
from the Atlantic Ocean into northwestern Europe. Between September 1995 
and December 2003 no trend in the atmospheric mercury concentrations 
could be seen at this location. The annual average concentration levels at 
Mace Head derived from the entire measurement data between 1995 and 
2003 remain fairly constant at 1.74 ng m"3. Comparison with 4 short-term 
monitoring data sets of two Swedish sites that measured TGM in 1998/99 
with similar instrumentation reveals that the atmospheric mercury 
concentration data obtained at Mace Head are on an average higher than 
those measured at the continental sites. We observed that the Mace Head 
data are about 0.2 to 0.3 ng m"3 higher than those of the two Scandinavian 
background stations. Transport from North America across the Atlantic may 
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well occur, but such large scale processes should not only affect the Mace 
Head station, but also the Swedish sites close to Stockholm and Gothenburg, 
respectively. No local anthropogenic emission source exists near Mace 
Head. Higher concentrations at Mace Head may partly be explained by 
emissions of mercury from the ocean surface or by oxidative removal 
processes of TGM while the air masses are traveling from west to east. 
However, it should be noted that in general the concentration levels 
measured at Mace Head are on an average lower than those found at 
continental European sites that are influenced by anthropogenic mercury 
emissions. 

A south to north concentration gradient of atmospheric mercury between 
highly industrialized Eastern Germany and Central Sweden is well 
documented and could be attributed to regional anthropogenic emissions 
especially from the area around Halle/Leipzig/Bitterfeld in Eastern 
Germany. The reason for the observed west-to-east decreasing gradient from 
Mace Head to remote sites in Scandinavia is not yet clear. 

Another interesting aspect is the comparison of the Mace Head data with 
those obtained at Alert (82.5°N; 62.3°W) in the Canadian Arctic. Both data 
sets start in 1995 (January and September respectively) and are ongoing. The 
long-term average at both sites is around 1.7 ng m"3 over the years, both sites 
do not show a trend of concentrations over time. However, at Alert the 
phenomenon of the so-called "Mercury Depletion Events (MDEs)" can be 
observed each year after polar sunrise. By a complex sequence of 
photolytically mediated chemical and physical processes (which are not yet 
completely understood) atmospheric mercury concentrations drop below the 
background value several times for several hours up to days. Recently, 
MDEs have also been detected at Barrow, Alaska (71° 19TST;156° 37'W) the 
Eastern part of Hudson Bay (Kuujjuarapik, 55o30TST; 77°73W) and at a 
coastal site in the Antarctic (Neumayer, 70°39'S, 8°15'W)' as described in 
this work. 

Although Mace Head is only 2 degrees latitude south of the Canadian 
station Kuujjuarapik, MDEs have never been observed in our data set 
between 1995 and 2001. We propose that the total absence of sea ice at this 
coastal location may be a possible explanation for the significantly different 
environmental chemistry of atmospheric mercury at these two sites. 

Monitoring of atmospheric mercury at Mace Head is planned to continue 
until at least October 2004. 

The atmospheric cycling of mercury is driven by the volatility of the 
elemental form, oxidation and adsorption processes and the subsequent 
deposition of ionic species to the underlying surface. Once deposited, 
oxidized mercury species can be converted into the elemental form and are 
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available for evasion fluxes again. The role of vegetation in the overall 
picture seems to be ambiguous and needs further investigation, since all 
processes are apparently very specific to both the site and plant species. 

To obtain a more complete and accurate picture on the global 
biogeochemical cycling of mercury including the relative importance of 
natural sources these pathways and their terrestrial counterparts definitely 
have to be investigated much more thoroughly before the large discrepancies 
in global mercury budgets can be resolved. Actual flux measurements could 
be a major tool to help to answer these questions in the future and are 
presently increasing in quantity and quality worldwide. 

In general it can be concluded that mercury concentrations measured at 
any specified location at any specified location are influenced by 
meteorological, photochemical and biosphere/atmosphere exchange 
processes on variable spatial and temporal scales. 
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INTRODUCTION 

The Great Lakes contain approximately 20 percent of the world's surface 
freshwater and are one of the world's most precious resources. While the 
Great Lakes are cleaner today than they have been since the 1950s, many 
factors continue to threaten their health. Contaminant levels remain a 
concern, especially those that are bioaccumulative, and fish consumption 
advisories continue to be issued for all of the Great Lakes States and for the 
Province of Ontario. Environmental threats to the Great Lakes ecosystems 
extend far outside the region and for many these threats are global in nature. 

Mercury (Hg) is one of these persistent, bioaccumulative toxic pollutants 
of concern. Once mercury is released into the environment it can be 
converted to an extremely persistent, bioaccumulative organic form, 
methylmercury. Methylmercury can then build up in organisms high within 
the food chain, such as fish, posing a risk to wildlife and humans that 
consume these fish. Mercury continues to be targeted as a pollutant of 
concern for source identification, reduction and/or elimination through a 
variety of state, federal and international efforts. Recently, the Great Lakes 
Governors identified reducing the input of toxic substances to the lakes and 
reducing human health impacts as major priorities for restoration efforts in 
the Great Lakes. The atmosphere has been determined to be the most 
significant source of Hg to Michigan's inland lakes and for some of the 
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Great Lakes (Fitzgerald et al., 1991; Landis et al., 2002a). Mercury 
monitoring was identified by the Great Lakes Commission in 2003 as one of 
the most urgent priority among the air toxic programs in the Great Lakes. 

On a global basis, it is estimated that between 50 to 75% of total 
atmospheric Hg emissions are of anthropogenic origin (Pirrone et al., 1996). 
Natural emissions are typically assumed to be elemental gaseous Hg° 
(Pacyna and Pacyna, 2002), however, a lack of measurement data make this 
assumption highly uncertain. Anthropogenic emissions are primarily Hg°, 
divalent reactive gaseous mercury (RGM), and particulate Hg (Hg(p)). The 
dominant form of Hg in the atmosphere is Hg°. Because it's relatively 
insoluble and deposits very inefficiently, the mean residence time for Hg° in 
the atmosphere is estimated to be approximately one year (Schroeder and 
Munthe, 1998) allowing for global redistribution. However, this lifetime was 
recently challenged due to new insights on the atmospheric chemistry of Hg, 
and these studies suggest the lifetime of Hg will likely be much shorter. 
RGM directly emitted to the atmosphere is expected to deposit efficiently on 
a local or regional scale near major sources largely because of its solubility, 
as is the case for Hgp. Atmospheric deposition at any particular location can, 
therefore, be a complex combination of local, regional, and global emissions 
and transport/ transformation processes (EPMAP, 1994). 

Major anthropogenic Hg sources in the Great Lakes Region and 
preliminary estimates of their annual emissions into the atmosphere have 
been reported (Pirrone et al , 1996; USEPA, 1994). Sources include: fossil 
fuel utility boilers, municipal and hospital waste incinerators, iron and steel 
production, coke production, lime production, hazardous waste recycling 
facilities, and secondary copper, petroleum refining, and mobile sources. 
However, the sources of Hg are numerous and many are not well 
characterized. It appears that an accurate emissions inventory that includes 
speciated anthropogenic as well as natural Hg sources is still years away. 

Research aimed at understanding atmospheric mercury concentrations, 
chemistry, and deposition in the Great Lakes Region has been carried out at 
the University of Michigan Air Quality Laboratory (UMAQL) since 1990. 
Early studies focused on the relative importance of urban/source areas like 
Detroit and the Chicago/Gary area on loadings to the Great Lakes. These 
large-scale collaborative efforts included the Lake Michigan Mass Balance 
Study (LMMBS) and the Atmospheric Exchange Over Lakes and Oceans 
Study (AEOLOS). These early investigations required the development and 
refinement of methods for the measurement and analysis of samples 
collected in networks. The Great Lakes Atmospheric Mercury Assessment 
Project (GLAMAP) was such a network and provided the first 
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comprehensive regional atmospheric mercury measurements in the Great 
Lakes Region. This international study showed the importance of a regional 
approach to understanding mercury sources and transport. The research to 
develop and refine measurement methods for automated wet and dry 
deposition which began with these early studies continues to this day. In the 
mid to late 1990s it became clear that methods were needed for speciated 
gaseous mercury and for the accurate determination of mercury associated 
with particulates. These efforts as well as intensive studies carried out in the 
Great Lakes to investigate the atmospheric processes that control the 
transport and fate of mercury are discussed and the major conclusions from 
our efforts are presented. 

Here we report on studies performed in the Great Lakes Region over the 
past decade and the insights gained from this work into the sources, 

Figure 1. Great Lakes Atmospheric Mercury Monitoring Sites. 

transport, chemistry, and deposition of atmospheric mercury. A summary of 
the major findings from this work are presented and implications discussed. 
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METHODS 

Sampling Sites 

The atmospheric measurements discussed in this chapter were collected 
at multiple sites in the Great Lakes Region as part of a number of mercury 
studies with different objectives and goals. The characteristics of each of the 
monitoring sites established and utilized have varied from urban, suburban, 
rural, lakeshore, upwind, downwind, etc. The sites are shown in Figure 1 and 
complete site descriptions are provided in the references cited in the text. 

Ambient Mercury -Development of USEPAIO-5 

Sampling and analysis of vapor and particulate phase Hg in the 
atmosphere was not routinely performed in the early 1990's. Techniques 
employed at this time included the use of Au-coated sand traps for the 
collection of vapor phase Hg followed by Cold Vapor Atomic Fluorescence 
Spectroscopy (CVAFS) for analysis (Fitzgerald and Gill, 1979). The high 
pressure drop induced by the Au-coated sand led to the development of Au-
coated bead traps which were shown to be ideal for ambient sampling of 
total vapor phase Hg. Particulate-phase Hg sampling and analysis were also 
not well developed at that time, and were prone to many sampling biases and 
artifacts. The importance of well-tested methods that could be employed in a 
network led to the development of new and refined techniques (Keeler et al, 
1995). The new vapor and particulate phase sampling and analysis 
procedures were included in the USEPA Compendium of Methods for the 
Determination of Inorganic Compounds in Ambient Air (IO-5) that was 
published in 1999 (USEPA, 1999). 

Automated Speciation Systems 

Semi-continuous sampling of speciated Hg in the atmosphere has been 
carried out using the Tekran (Toronto, Canada) mercury speciation units as 
described by Landis et al., 2004. Measurements of Hg°, Hgp, and RGM were 
performed using an integrated Tekran®, Inc. 2537A, 1130, 1135-P 
automated mercury measurement system. This system measured the three Hg 
species in a semi-continuous fashion, for twelve sample cycles performed 
over a 24-hour period. A complete single operation cycle consisted of a 1-hr 
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sampling period and a 1-hr desorption period. During the sampling period, 
ambient air drawn at a rate of 10 L min"1 first passed through a KCl-coated 
denuder housed in the Model 1130. The air then flowed into the Regenerable 
Particulate Filter (RPF) assembly located within the Model 1135-P. RGM in 
the air stream was collected by the KCl-coated denuder followed by the 
capture of Hgp (<2.5um) by a quartz filter disk inside the RPF assembly. Hg° 
which remained in the air stream was then directed into 2537A at a flow rate 
of 1 L min"1. The Model 2537A was equipped with a pair of matched gold 
cartridges which allow alternate sampling and desorption. The adsorbent trap 
thermally desorbs and detects Hg° using Cold Vapor Atomic Florescence 
Spectrometry (CVAFS). During the sampling hour, Hg° was measured and 
detected at a 5-min resolution while the RGM and Hgp were collected. 
During desorption, zero air generated by the Model 1130 replaced the 
ambient air stream into the 2537A at a flow rate of 7 L min"1. The previously 
sampled Hgp and RGM were thermally desorbed and converted to elemental 
mercury at 800 °C and at 500 °C respectively. The Model 2537A 
sequentially detects the amount of Hgp and RGM. 

Freshly coated denuders were replaced on a weekly basis. Internal 
calibrations were performed on a daily basis using an internal permeation 
tube. Calibration of the permeation tube was carried out prior to each 
intensive campaign. The detection limit for RGM and Hgp was 4 pg m"3, 
which was calculated as three times the standard deviation of the blank. 

The automated mercury methods were compared against the manual 
methods developed by the UM for the USEPA IO-5. Table 1 shows a 
comparison of the total gaseous Hg concentration collected in both urban 
and rural locations using the manual and automated systems. 

Table 1. Comparison of Vapor Phase Hg Measurement Techniques: Au-Coated Glass 
Beads vs. Tekran 2537 Continuous Hg Vapor Analyzer. 

Location 

Chicago, IL 

Davie, FL 

Dexter, MI 

Dates 

Jan. 15-22,'95 

Aug. 27 - Sep. 7, '95 

Oct. 16-30,'95 

N 

14 

21 

22 

Mean Cone. 
(ng/m3) 

4.2 

2.6 

1.6 

Mean % 
Diff. 

4.4 

5.7 

6.1 

The mean absolute percent difference calculated between the daily Au-
coated bead method employed in USEPA IO-5 and the 24-hour average of 
the 5-minute concentrations collected using the Tekran 2537 ranged from 
4.4-6.1%. The difference in the two methods is within the analytical and 



616 CHAPTER-25: A TMOSPHERIC HG IN THE GREA T LAKES 

sampling uncertainties of the methods used. The Tekran 1130/1135 
automated sampling systems for RGM and Hgp were also compared against 
manual methods and the results are reported in Landis et al (2002b) and 
Lynam and Keeler (2004). 

Event Precipitation System 

The importance of collecting wet deposition on an event basis for 
receptor modelling and meteorological analysis has been established (Burke 
et al., 1995; Hoyer et al., 1995; Dvonch et al., 1999; Landis and Keeler, 
1997). The first event-based network in the Great Lakes basin was operated 
at four sites in Michigan from 1992-1994 (Hoyer et al., 1995). Mercury wet 
deposition was collected using a MIC-B (MIC Co., Thornhill Ontario) 
following the design of Merle et al, 1990. This collector was a wet-only 
automated design which collected the precipitation into a large Teflon-
coated funnel which was attached to a 10-L borosilicate glass bottle (Keeler 
et al., 1994). The desire for a more discrete sampling system that could 
collect event samples into individual sample bottles without pouring off from 
a larger collection bottle led to the UM Modified MIC-B sampler described 
by Landis and Keeler 1997. 

The UM sampler allows for the automated collection of up to four 
different samples using independent sampling trains. The Hg sampling train 
is composed of glass and Teflon and samples were collected into acid-
cleaned Teflon sampling bottles. A separate sampling train was used for 
trace elements and a third was used for major ions. Precipitation samples 
were analyzed for total Hg using (CVAFS) and a suite of trace elements (Fe, 
As, Cd, Pb, V, Cr, Ni, Mn, Zn, etc.) using a Finnigan MAT "Element" 
magnetic sector (high-resolution) ICP-MS. Analyses of major ions were 
performed using ion chromatography (Dionex 600) and provides excellent 
MDLs for the major ions (sulfate MDL ~0.04 mg L"1). All sample handling, 
processing, and analysis methods employed ultra-clean techniques (Landis 
and Keeler, 1997; Hoyer et al., 1995). 

Dry Deposition 

Atmospheric dry deposition remains one of the most difficult 
measurements to perform for Hg as well other pollutants. Techniques used to 
estimate the dry deposition flux include micrometeorological approaches, 
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throughfall collection, ambient measurements used in inferential models, and 
direct measurements using surrogate surfaces. Throughfall measurements, 
foliar washing, and surrogate surface techniques were employed in the Great 
Lakes and were described by Rea et al. (2000; 2001; 2002). 

Two types of surrogate surfaces were used to directly measure the dry 
deposition flux of atmospheric mercury. The first was a novel water surface 
sampler developed concurrently with researchers developing a water surface 
sampler for nitrogen and sulfur compounds, under a cooperative agreement 
with the USEPA (Yi et al. 2002). The UM Mercury Water Surface Sampler 
(MWSS) sampler allowed the collection of both reactive gaseous Hg and 
particulate Hg forms. The second type of surrogate sampler, described 
below, used a low-Hg blank, greased surface for the collection of particulate 
bound Hg. A brief description of the techniques are provided. 

Mercury Water Surface Sampler (MWSS) 

Total (particulate + gas phase) Hg fluxes were measured using an 
aerodynamically smooth, Frisbee shaped, recirculating water collection 
surface during the Atmospheric Exchange Over Lakes and Oceans Study 
(AEOLOS). The MWSS used in these studies contained a rigorously acid-
cleaned glass insert that fit into the center of the aerodynamic surface that 
was filled with MQ water before each sampling period. The water surface 
developed by the UMAQL and used in the Lake Michigan studies was 
patterned after the symmetric low speed airfoil used at Carnegie Melon 
University (Wu et al., 1992). The airfoil has a sharp leading edge to 
minimize airflow disruptions caused by collector geometry. The airfoil was 
constructed of plastic and acid cleaned before the start of the intensive 
sampling campaign. The expense and difficulties associated with properly 
cleaning the sampler before each sampling period led to the development of 
a simpler water surface sampler described below. 

The simpler MWSS used in subsequent studies was similar to the 
recirculating water surface sampler described above except a static water 
surface was employed. Eliminating the recirculating sampling stream 
prevented the loss of particulate Hg in the sampler and simplified the 
cleaning procedures. The static sampler contained a rigorously acid-cleaned 
Teflon insert that fit into the center of the aerodynamic surface that was 
filled with MQ water before each sampling period. The water surface plate 
(39.4 cm diameter, 0.65 cm depth) was made of Teflon, and was replaced 
with a new acid cleaned plate before each sample. The Teflon plate was 
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placed inside the center area of the aerodynamic surface holder so that the 
water surface is level with the top of the Frisbee. All fittings downstream of 
the collection surface were made of Teflon or plastic to minimize adsorption. 
The dry deposition flux (ng m"2 h"1) for Hg collected with the water surface 
sampler represents the combined RGM and particulate-bound Hg mass in the 
solution divided by the duration of the sampling period (nominally 24-h). 
The dry deposition samplers were covered at the onset of any precipitation 
and uncovered immediately following the rain. 

Dry Deposition Greased Surface 

The particulate phase dry deposition flux was measured using a smooth 
greased plate with a sharp leading edge (<10°) mounted on a wind vane or 
using a symmetric low speed airfoil with a greased center section as 
described in Wu et al. (1992). The greased plate type of deposition system 
was used successfully to directly measure particulate dry deposition (Holsen 
et al. 1992; Sofuoglu et al. 1998; Gilemeister, 2001). The dimensions of the 
each greased strip used was 5.7 x 1.8 cm with five plates and 20 strips with a 
total collection area of 205.2 cm2 exposed. All sample components of the 
surrogate surfaces were acid cleaned following the procedure defined in 
Landis and Keeler (1997). The dry deposition flux (ng m"2 h"1) for Hg 
collected with the greased surfaces was determined by measurement of the 
particulate-bound Hg mass on the surface divided by the area of each 
greased surface and the duration of the sampling period (nominally 24-h). 
Experiments were performed to show that Hg° did not significantly 
contribute to the mass of Hg collected by the water and the greased surrogate 
surfaces. These experiments were performed in the laboratory using the 
entire surrogate surface samplers under controlled conditions at ambient 
concentrations similar or greater than typical urban levels (5.5 - 8.7 ng m"3). 

MERCURY LEVELS IN THE GREAT LAKES 

Ambient Mercury Measurements 

The Lake Michigan Urban Air Toxics Study (LMUATS) provided new 
insight on the levels and behavior of atmospheric mercury and other 
hazardous air pollutants in the southern Lake Michigan Basin (Keeler, 1994; 
Holsen et al., 1992; Pirrone and Keeler, 1993; Pirrone et al., 1995). Total 
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mercury measurements were performed simultaneously at three locations 
during the summer of 1991 as part of the month-long intensive study. The 
project was one of the first designed to observe the behavior of many 
different classes of compounds as they were advected from the 
urban/industrial source regions across Lake Michigan. 

The LMUATS revealed that ambient mercury concentrations, both vapor 
and particulate phase, were significantly elevated in the Chicago 
urban/industrial area relative to the levels measured concurrently in 
surrounding areas. The levels of atmospheric mercury varied greatly from 
day to day at the urban Chicago location. In addition, the total vapor phase 
mercury concentrations varied diurnally with the highest concentrations 
observed during the daytime. 

Measurements of particulate mercury provided new data on the levels, 
particle size, and form of this critical pollutant. The concentrations of 
particle phase mercury during LMUATS were significantly greater than 
those observed previously at rural sites in the Great Lakes Region, as much 
as 50 times greater. Particulate mercury was measured on coarse particles 
>2.5 urn in size as well as on fine particles <2.5 um. Furthermore, coarse 
particle Hg was measured in both urban and rural locations, and that the 
chemical form and reactivity of the particulate Hg varied depending upon the 
source and meteorological conditions. Since the 1991 study on Lake 
Michigan, over-water measurements of mercury have been performed in the 
southern Lake Michigan Basin with levels exceeding those measured during 
LMUATS (particulate Hg concentrations >1 ng/m3) (Keeler et al., 1994), 
and confirmed that particulate Hg was associated with both fine and coarse 
particulate matter. These findings suggested that dry deposition estimates for 
mercury had likely underestimated the mass loading of this toxic compound 
to both terrestrial and aquatic systems. The LMUATS and subsequent over-
water cruise Hg data provided the impetus for the later Lake Michigan 
studies that followed, and made it clear that the factors controlling the 
transport and deposition of mercury from the atmosphere were not well-
understood. 

Some of the first long-term atmospheric Hg data in the region was 
collected as part of a Great Lakes Protection Fund sponsored project that 
commenced in 1992 (Hoyer et al., 1995). Daily total vapor and particulate 
phase Hg samples and event wet deposition (discussed later), were collected 
at three rural sites in Michigan (Pellston, South Haven and Dexter) over a 
two-year period. Extensive development studies provided sampling and 
analytical methods for routine atmospheric Hg determinations, and were 
designed to be robust under very harsh conditions experienced at sampling 
sites located in three different climatic regions within the Great Lakes Basin. 
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Regional and local-scale spatial gradients were reported for both the 
atmospheric concentrations and wet deposition of Hg. Meteorological 
analysis indicated that the elevated levels of Hg observed in the atmosphere 
were associated with transport from the urban/industrial area in Detroit as 
well as with transport from the Chicago/Gary corridor (Hoyer, 1995; Keeler 
and Hoyer, 1997). The findings demonstrated that source-receptor 
relationships for atmospheric Hg could be determined, and that short-
duration (< daily) ambient sampling and event-precipitation sampling were 
critical for this determination. 

The Great Lakes Atmospheric Mercury Assessment Project (GLAMAP) 
extended the Hg measurements performed in Michigan to a region-wide 
network of ambient sites in the Great Lakes Region aimed to determine the 
influence of the large anthropogenic source areas on mercury levels. The 
GLAMAP commenced in 1994 to address the dearth of atmospheric mercury 
data for most of the Great Lakes region, and provided a unique database for 
investigating source-receptor relationships for atmospheric mercury. 
Measurements performed included gas- and particle-phase mercury, as well 
as particulate trace elements, from 11 rural monitoring locations across the 
entire region (Burke, 1998). A total of more than 1,300 sets of 24-hour 
measurements were collected from the 11 sites over a two-year period from 
December 1994 through December 1996. Atmospheric mercury 
concentrations measured during GLAMAP were typical of rural locations, 
with daily mean concentrations ranging from 1.0 to 3.5 ng m"3 for gas-phase 
mercury and from 1 to 100 pg m"3 for particle-phase mercury. 

Statistically significant spatial and seasonal differences were observed for 
both gas- and particle-phase mercury measured across the Great Lakes 
region. Sub-regions were identified within the region where the GLAMAP 
sites had similar trends in atmospheric mercury levels. These trends are 
discussed in terms of their spatial and temporal trends. 

Spatial and temporal trends for atmospheric mercury 

Atmospheric mercury concentrations measured during GLAMAP were 
statistically different across the Great Lakes region. Average gas-phase 
mercury concentrations for the two-year study period differed by as much as 
25% between GLAMAP sites (1.63 - 2.03 ng m"3), while average particle-
phase mercury levels differed by nearly a factor of three (8.7 - 24.5 pg m"3). 
These differences were greater than previously reported spatial gradients for 
atmospheric mercury across smaller geographic scales (Keeler and Hoyer, 
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1997; Olmez et al , 1996; Keeler et al., 1995; Iverfeldt and Lindquist, 1986). 
Concentrations of both gas- and particle-phase mercury were consistently 
higher at the sites in the east and south sub-regions compared to the sites in 
the north and west sub-regions. This spatial trend reflected the proximity of 
the sites to anthropogenic source areas for atmospheric mercury within the 
Great Lakes region. 

Although concentrations for both gas- and particle-phase mercury were 
not statistically different between the two sampling years at any of the 
GLAMAP sites, seasonal differences were statistically significant. 
Additionally, the observed seasonal trends differed for the two forms of 
atmospheric mercury. Seasonally averaged gas-phase mercury 
concentrations were typically highest for the spring seasons and lowest for 
the autumn seasons during the study. This seasonal trend was consistent 
across most of the GLAMAP sites, indicating that regional-scale (or larger 
scale) processes were important for gas-phase mercury. In addition, the 
magnitude of these seasonal differences was significantly greater at the sites 
in the east and south parts of the Great Lakes region. Seasonally averaged 
particle-phase mercury concentrations were significantly higher for the 
winter season during GLAMAP, but only at the sites in the east and south. 
Particle-phase mercury concentrations were not statistically different 
between other seasons at these sites, or between all seasons at the sites to the 
north and west in the region. 

Meteorological factors clearly played a significant role in the seasonal 
trends for both gas- and particle-phase mercury. For example, specific 
synoptic-scale meteorological conditions were consistently associated with 
both above and below average concentrations of particle-phase mercury at 
the sites in the eastern and southern portions of the Great Lakes region. 
Periods with elevated atmospheric pressure (> 1020 mbar) across the region 
during the winter and autumn months with lower mixed-layer heights (< 800 
m) were associated with above average particle-phase mercury 
concentrations (30-50 pg m"3). The highest concentrations of particle-phase 
mercury were observed during wintertime high pressure conditions with air 
mass transport from known anthropogenic source areas. Spatial differences 
in the seasonal behavior indicated that source influences also contributed to 
these trends. 

Spatial differences in particle-phase mercury concentrations across the 
Great Lakes region were influenced by proximity to known anthropogenic 
source areas within the region, since synoptic conditions conducive to air 
mass transport from these areas were associated with the highest particle-
phase mercury concentrations. Distance from the major source areas for the 
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region likely influenced the lower range of concentrations at the sites in the 
north sub-region compared to the other GLAMAP sites. 

Synoptic-scale meteorological features also influenced gas-phase 
mercury levels in the region but the significance of these relationships was 
not as strong as observed for particle-phase mercury. Periods with lower 
atmospheric pressure (daily mean sea-level pressure < 1015 mbar) during the 
spring and summer seasons were associated with above average gas-phase 
mercury concentrations (> 2.0 ng m"3) at the sites in the east and south sub-
regions. Precipitation ahead of the frontal boundary typically associated with 
low pressure systems also occurred with above average concentrations at 
these sites. Below average gas-phase mercury concentrations (1.4-1.6 ng m" 
3) occurred during the autumn season with strong pressure gradients between 
high and low pressure systems, and fast transport across the region (daily 
mean wind speeds > 6 m sec"1). The highest concentrations of gas-phase 
mercury were observed with low pressure conditions and air mass transport 
from known source areas. Thus, it was shown that source-receptor 
relationships for ambient Hg were strongly influenced by the distance from 
anthropogenic source regions and atmospheric transport that was controlled 
by synoptic-scale meteorology. 

ATMOSPHERIC DEPOSITION PROCESSES 

Wet Deposition 

From 1992-1994 the UMAQL operated the first Hg event precipitation 
network in the Great Lakes, which included 3 sites: Dexter, South Haven, 
and Pellston, MI (see Figure 1). This two-year record of data clearly 
indicated a strong gradient in the wet deposition of Hg from the elevated 
levels in the south to the lower levels observed at the Pellston site (Hoyer et 
al, 1995). This study also found that air mass transport from source regions 
in summer often led to highly elevated Hg concentrations in precipitation, 
whereas in winter, a similar air mass trajectory resulted in extremely low 
levels of Hg in precipitation (~1.5 ng L"1) if the precipitation was snow. This 
was explained based on the difference in formation of rain droplets versus 
ice crystals, their different growth processes in-cloud with a potential 
influence on difference in below-cloud processes during deposition. The 
cloud microphysical processes, together with the atmospheric Hg speciation, 
were thought to be responsible for the strong seasonal variations that were 
observed in the event Hg concentrations and deposition. 
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The Lake Michigan Mass Balance Study (LMMBS) was performed from 
July 1994 through October 1995 at five sites (Bondville, IL, Chicago, IL, 
Kenosha, WI, South Haven, MI, and Sleeping Bear Dunes, MI). Similar to 
the earlier Michigan network, elevated concentrations of Hg in precipitation 
were observed at the southern lake sites when compared to the northern site 
at Sleeping Bear Dunes (Landis et al. 2002a). These observed gradients for 
Hg in wet deposition were also similar to the gradients observed in ambient 
gas and particle phase Hg from the GLAMAP project, which were largely 
the result of anthropogenic point source emissions in the southern Great 
Lakes region (Landis and Keeler, 2002a). The annual wet deposition of Hg 
to Lake Michigan averaged over the entire lake was 10.6 ug ni"2, or 895 kg to 
the lake. There was significant spatial and temporal variability in the 
mercury wet deposition flux over Lake Michigan. The summertime flux of 
Hg was much larger than the wintertime flux due to the higher 
concentrations of Hg in rain than in snow and the greater precipitation 
amounts observed in the summer. 

The Atmospheric Exchange Over Lakes and Oceans Study (AEOLOS) 
conducted concurrently to the LMMBS added an over-water measurement 
component using the EPA research vessel Lake Guardian to the LMMBS 
network of land-based sites (Landis and Keeler, 2002). A meteorological 
cluster analysis was conducted which found the Chicago/Gary urban area 
had a significant impact on atmospheric Hg concentrations across the entire 
Lake Michigan Basin, and estimated that this area contributed almost 20% of 
the total deposition to Lake Michigan, and 14% to the wet deposition. 

The total deposition due to the sources in the urban/industrial area would 
be even greater had RGM deposition been considered in that analysis, but 
due to the lack of a reliable method these measurements were not performed. 

The importance of urban sources on deposition of Hg in the urban areas 
was also investigated in Detroit MI in 1996. Hg event precipitation was 
collected as part of a study to investigate the atmospheric contributions of 
Hg in urban runoff (Gildemeister et al., 2004). Mercury wet deposition 
measured in Detroit over the nine-month period was three times that 
measured at the Eagle Harbor site for the same period. At the conclusion of 
this study it was unclear how representative these findings were and whether 
this trend would continue after changes in Hg emissions. 
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Recognizing that long-term precipitation records are essential for 
establishing trends and understanding the impacts of changes in Hg 
emissions, a decade of event precipitation sampling has been conducted at 
three sites in Michigan (Dexter, Pellston, and Eagle Harbor, see site 
locations in Figure 1). 
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Figure 2. Annual Wet Deposition measured at Dexter, Pellston, and 
Eagle Harbor, Michigan 1994-2003. 

Figure 2 displays the annual Hg wet deposition measured at these sites for 
the period 1994-2003. Over the 10-year deposition record, a clear decreasing 
gradient from south to north was observed. While the year-to-year variability 
in the deposition was on average 18% at each site, the 10-year total wet 
deposition sum at Dexter was 1.6 times the deposition collected at Pellston 
and 2.1 times that measured at the Eagle Harbor site. With the exception of 
the 2002 Hg deposition for Pellston (the maximum annual deposition over 
the 10 year record) the south to north decreasing gradient in deposition was 
observed each year. Futhermore, there was not an obvious trend in the 
deposition rates at the three sites over the decade of measurements. While 
there have been recent attempts to control Hg emissions within the region 
and nationally over the past decade, this data illustrates the consistent long-
term impact that anthropogenic sources in the southern part of the Great 
Lakes region have had on Hg deposition across the Great Lakes Basin. 

To date, only a limited number of studies have been performed 
simultaneously in urban areas and in downwind areas impacted by the 
sources. Studies in both Chicago and south Florida have found as much as 
2/3 of the Hg wet deposition to be of local anthropogenic origin (Landis and 
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Keeler, 2002a; Dvonch et al, 1999). In light of this, the UMAQL has 
established a new urban Hg wet deposition network, which adds three urban 
sites, Detroit, Grand Rapids and Flint, to the long-term data collection at the 
three rural sites of Dexter, Pellston, and Eagle Harbor, in order to assess the 
long-term influence of urban sources relative to background regional sources 
through the central region of the Great Lakes. In addition, a new 
comprehensive monitoring site was established in Stuebenville, OH to 
specifically assess the impacts of coal-combustion emissions in the southern 
Great Lakes Region relative to other regional sources contributing to the Hg 
wet deposition at this site. Two additional years of data collection at the 
seven sites will allow for a full quantitative source apportionment and 
assessment of the role of urban anthropogenic sources on Hg wet deposition 
across the central Great Lakes Region. 

Dry Deposition 

During periods without precipitation, Hg can be removed from the 
atmosphere by particle deposition and by gas exchange between the air, 
water, and earth's surface. The importance of dry deposition as a source of 
Hg to the Great Lakes and inland aquatic environments was the focus of 
several studies (Pirrone et al, 1993, 1995a,b; Rea et al, 2001, 2002; Landis 
et al, 2002a; Vette et al , 2002; Gildmeister et al., 2004). These studies have 
shown the importance of Hg speciation on the deposition to both urban and 
remote areas of the region. 
Mercury dry deposition flux measurements were performed using surrogate 
surfaces techniques in Chicago, IL as part of the AEOLOS and LMMBS. 

The dry deposition flux (ng m"2 h"1) for Hg collected with the water 
surface sampler represents the combined RGM and particulate-bound Hg 
mass in the solution, while the greased surface gives the particulate Hg flux 
only, thus providing a method to determine the RGM flux. The daily dry 
deposition fluxes measured in July 1994 are shown in Figure 3. The 
difference between the deposition measured with the two surrogate surfaces 
revealed that 52% of the dry deposition measured was due to particulate Hg 
and the remainder was due to RGM deposition. 

As part of a whole-ecosystem Hg cycling study Rea et al. (2002) 
measured Hg in the foliage of deciduous trees in Pellston, MI over the course 
of the growing season and found that total foliar Hg accumulation was 
substantially less than vapor phase Hg° deposition estimated following 
Lindberg et al. (1992). It was determined that Hgp and RGM dry deposition 
were rapidly washed off foliar surfaces, and therefore foliar accumulation of 
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Hg most likely represents vapor phase Hg° assimilation Rea et al. (2001). In 
controlled pot and chamber studies with aspen, Ericksen et al. (2003) 
determined that all foliar accumulation of Hg was due to vapor uptake, 
regardless of soil Hg concentration. 
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Figure 3. Mercury dry deposition flux measured in Chicago, Illinois using 
the UM aerodynamic mercury water surface sampler in 1994. 

The rate of Hg accumulation in foliage was linear with no significant 
difference between accumulation rates measured by Rea et al. (2002) in two 
different forests, with significantly different meteorological conditions and 
modeled vapor phase Hg° deposition velocities at each site. Miller et al. 
(2004) suggested that the lack of difference in foliar accumulation rates for 
the two sites studied by Rea et al. (2002) which indicated that foliar Hg 
accumulation was limited by biological processes mediating sequestration of 
the Hg. Since the annual transfer of Hg from foliage to forest floor via leaf 
fall represented the net vapor phase Hg° deposition (Rea et al., 2002; 
Ericksen et al., 2003), Miller et al (2004) developed an empirical method to 
estimate the accumulation of Hg in foliage of the study area, with the Hg 
content of deciduous foliage found to be a linear function of growing season 
length. To date, Hg° deposition and accumulation has not been adequately 
treated in Hg transport and deposition models and represents a significant 
source of uncertainty in our impact assessments. 

In 1996, wet and dry deposition samples were collected at three sites in 
the City of Detroit to investigate the atmospheric contributions of Hg to 
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urban runoff (Gildemeister, 2001; Gildemeister et al., 2004). The monthly 
dry particulate deposition flux for the April-October period was similar to 
the monthly wet deposition flux (10.2 |j,g m"2 vs 14.8 |j,g m"2, respectively) at 
the Livernois site in Detroit. It is anticipated that the total dry deposition flux 
due to both particulate and gaseous Hg would have been greater than the wet 
deposition flux, based upon the flux measurements performed in Chicago 
which suggested that the about 52% of the dry deposition was due to Hgp. 

While it was evident that urban sources were impacting Hg deposition to 
downwind lakes and ecosystems, studies performed to date were limited by 
the lack of RGM measurements. The RGM data is essential for estimating 
the dry deposition of Hg and for identifying the source or sources of the Hg 
deposited. 

ATMOSPHERIC CHEMISTRY AND SPECIATION 

Hg has been measured in the atmosphere in both gas and particle phases. 
While greater than 95% of global gaseous Hg is in the elemental state (Hg°), 
it is the divalent gaseous form of Hg (Hg2+), as well as particulate Hg, which 
are highly water soluble (Fitzgerald et al., 1991). It is this water solubility 
which makes Hg2+ species the critical components in understanding Hg 
removal processes and deposition rates from the atmosphere (Lindberg et al., 
1992). The fact that the gaseous forms of Hg interact in a complex way with 
particulate matter suggest that gas-particle partitioning of Hg also controlled 
the deposition from the atmosphere. A large fraction (as much as 95%) of the 
Hg emitted by various source types was in a water soluble, reactive gaseous 
form (Prestbo and Bloom 1995; Dvonch et al , 1999; Lindberg and Stratton, 
1998). While much progress has been made in identifying and quantifying 
Hg emission sources, few field-based studies have attempted to identify the 
mechanisms and processes critical to enable predictive modelling of Hg 
transport, transformation, and deposition. These include the characterization 
of speciated Hg in emissions, ambient air, and ultimately deposition. 

Beginning in 1998 the UMAQL, in collaboration with the USEPA-NERL 
and Florida DEP, performed a series of field-based evaluations of a 
prototype ambient Hg speciation instrument designed by Tekran Inc. (Model 
1130P). In subsequent years, revisions of this prototype instrument were 
employed in several UMAQL studies of ambient mercury speciation in both 
urban and remote locations within and outside the Great Lakes region. 
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Local Source Impacts in Urban Areas 

Measurements of speciated gaseous Hg were made in Detroit, MI during 
each summer from 2000-2002. The sampling site was located in close 
proximity (within 4 km) to a large heavy industrial source complex (Dvonch 
et al 2004), which included coal combustion, oil refineries, coke ovens, 
iron/steel mills, and sewage sludge incineration. Strong local source impacts 
were observed at the site with the maximum hourly RGM value reached 208 
pg/m3 and the Hg° exceeded 14 ng/m3 on July 17, 2001. An analysis of the 
surface meteorological data collected on-site indicated that winds were from 
the SW during this period, the direction of the nearby industrial source 
complex. These results provide evidence that Hg2+ may remain in a divalent 
form downwind from the source. The maximum values observed in 2001 
were quite similar to those measured in Detroit in 2000 and 2002 (Lynam 
and Keeler, 2002; Lynam and Keeler, 2004). The maximum RGM values in 
Detroit were also similar those previously measured by the UMAQL in 
Baltimore, MD in 1998, when levels reached 211 pg/m3 after plume 
impaction at the measurement site by a nearby municipal waste incinerator 
(Dvonch et al., 2004). Elevated RGM may be expected immediately 
downwind of waste incinerators since previous in-stack measurements have 
shown that 75-95% of the Hg is emitted as RGM (Dvonch et al., 1999). 

Production of RGM in Ambient Air 

Speciated measurements of gaseous Hg were made on the University of 
Michigan's North Campus in Ann Arbor, MI during the summer of 1999 
(Dvonch et al., 2004). A clear diurnal pattern was observed in the RGM 
concentrations similar to that observed in Detroit. This pattern was 
particularly pronounced on certain days, such as those shown in June and 
July, 1999. The highest levels of RGM occurred during the daytime, after 
solar noon, as seen in Figure 4. A clear positive relationship between RGM 
and 0 3 was also observed on these summer days, as RGM maximums 
exceeded 140 pg m"3 on both June 22 and June 23, 1999. Overall for the 16-
week sampling period at Ann Arbor, Dvonch et al. (2004) determined the 
diurnal patterns observed in RGM were found to significantly co-vary with 
ambient 0 3 (r = 0.50, n = 916, a = 0.01). Since 0 3 is a photochemically 
produced secondary pollutant that serves as an indicator of increased 
photochemistry and increased oxidant production, the positive relationship 
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observed between with RGM points to the real-time production of RGM as a 
result of photochemical oxidants. 

An analysis of concurrent Hg° concentrations provided additional 
evidence for the photochemical production of RGM. Overall for the 16-week 
sampling period at Ann Arbor, a significant negative correlation was found 
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Figure 4. Reactive Gaseous Mercury and Ozone Measured at Ann Arbor, 
MI (June-July, 1999). 

between Hg° and 03 (r = -0.18, n = 526, a = 0.01) (Dvonch et al., 2004). 
This relationship was particularly pronounced during periods of enhanced 
03, such as September 1-5, 1999 (r = -0.77, n = 58, a = 0.01). A significant 
negative correlation between Hg° and RGM was also found during this 
period (r = -0.35, n = 66, a = 0.01), as illustrated in Figure 5 by the sharp 
decrease in Hg° together with the increase in afternoon RGM and O3. 

The strong diurnal patterns observed provide additional evidence to 
suggest that RGM is produced via photochemical reactions. As part of their 
analysis Dvonch et al. (2004) also calculated daily air mass back-trajectories 
from the site, which suggested that the diurnal RGM maximums observed at 
Ann Arbor were not due to local source impacts, but instead were a result of 
RGM production during transport of the air mass. It was also noted that 
while the increases in RGM represented roughly only 10% of the decreases 
in Hg° during periods of elevated O3, a mass balance of the two species 
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should not be expected given the high solubility of RGM relative to Hg° and 
the expected deposition during air mass transport. 

While a small amount of field-based data have been published to date to 
assess atmospheric Hg oxidation in northern temperate climates, recent 
measurements along the west coast of Washington State identified that large 
and frequent Hg° losses occurred during summertime periods with increased 
O3 (Weiss-Penzias et al., 2003), and measurements along the west coast of 
Ireland suggest BrO" as responsible for Hg° oxidation (Munthe et al., 2003). 
The loss of Hg° and production of RGM on days with increased 
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photochemistry observed in Michigan differ from the above investigations in 
that these measurements are far removed from influences of the marine 
environment. Because of this, reactive halogen species which evolved from 
sea salt would not be expected to be responsible for the observed Hg° 
oxidation. Species such as the OH radical are more likely to be important in 
temperate climates far removed from marine influences, and require further 
study in future investigations. 
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Long-Term Continuous Measurements of Speciated 
Ambient Hg in Detroit 

The intensive speciated Hg data collected in urban areas during 1998-
2002 made clear the need for long-term measurements. In September of 
2002, the UMAQL in conjunction with the Michigan DEQ established a 
long-term speciated ambient Hg monitoring site in Detroit, MI. 
Measurements of Hg°, RGM, and particulate Hg utilizing the Tekran 
2537A/1130/1135 Mercury Speciation System were performed. Data are 
presented here for the first full year of data collection (thru September 2003). 
Mean levels (± standard deviation) of Hg°, RGM, and particulate Hg were 
2.4 ± 1.4 ng m"3, 16.5 ± 28.9 pg m"3, and 22 ± 30 pg m"3, respectively. The 
UMAQL has also subsequently established long-term speciated ambient Hg 
monitoring sites at a rural site in Dexter, MI as well as at a regionally 
impacted site in Stuebenville, OH to quantify the source impacts and levels 
of speciated ambient Hg across the Great Lakes region. 

Summary and Future Work 

Our understanding of the environmental cycle of Hg has drastically 
improved over the past decade. The importance of urban/industrial areas on 
the levels and deposition of Hg in the urban areas has been documented. Dry 
deposition in urban areas likely exceeds wet deposition and the importance 
of Hg bound to large particles was revealed. Direct emissions of reactive 
gaseous Hg (RGM) and its role in the total loading of this contaminant were 
shown to be significant. Deposition of HgO and its subsequent accumulation 
in plant materials results in significant fluxes of Hg to vegetated ecosystems. 
Elevated RGM was observed during periods of enhanced photochemical 
activity with high ozone, warm temperatures, and high solar insolation, 
which indicated that RGM was produced in the atmosphere during 
atmospheric transport. Changes in the form of both vapor and particulate 
phase Hg in response to regional changes in atmospheric chemistry suggest 
that more research is needed to understand the chemical reactions controlling 
the deposition of this persistent bioaccumulative pollutant. 

The Great Lakes region has received considerable attention with respect 
to the levels and effects of bioaccumulative persistent pollutants (PBTs) such 
as Hg. Some of the highest concentrations of Hg in precipitation, vapor, and 
particulate forms have been observed in the region which is consistent with 
our understanding of the emissions density in the major urban areas in the 
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region. Significant south to north gradients in the levels and deposition of Hg 
were observed and air mass transport from known source areas could explain 
the majority of the variability in the Hg deposition recorded. 



CHAPTER-25: ATMOSPHERICHG IN THE GREA TLAKES 633 

ACKNOWLEDGEMENTS 

The extensive research performed by the UMAQL over the past decade 
would not have been possible without the support of grants from the US 
EPA Great Lakes National Program Office, US EPA National Exposure 
Research Laboratory, USEPA Great Waters Program, and the Great Lakes 
Protection Fund. The authors would like to thank the dedicated students and 
staff of the UMAQL for their contributions to our understanding of 
atmospheric mercury in the Great Lakes Basin including: Marion Hoyer, 
Lisa Cleckner, Carl Lamborg, Ganda Glinsorn, Steve Mischler, Nicola 
Pirrone, Alan Vette, Ann Rea, Matt Landis, Janet Burke, Joe Graney, Mary 
Lynam, Elizabeth Malcolm, Amy Gildemeister, Jim Barres, Julie Peterson, 
Minghao Zhou, Bian Liu, Emily White-Christainsen, Ali Kamal, Frank 
Marsik, Khalid Al-Wali and Molly Lyons. 



634 CHAPTER-25: ATMOSPHERIC HG IN THE GREAT LAKES 

REFERENCES 
Burke, J. An Investigation of source-receptor relationships for atmospheric mercury in the 

Great Lakes Region using receptor modeling techniques. Ph.D. Thesis, University 
of Michigan, 1998. 

Burke, J., Hoyer, M., Keeler, G., Scherbatskoy, T. Wet deposition of mercury and 
ambient mercury concentrations at a site in the Lake Champlain basin. Water, Air 
Soil Pollute 80, 353-362, 1995. 

Dvonch, J.T., Graney, J.R., Marsik, F.J., Keeler, G.J., Stevens, R.K. Use of elemental 
tracers to source apportion mercury in south Florida precipitation. Env. Sci. 
Technol, 33, 4522-4527, 1999. 

Dvonch, J.T., Keeler, G.J., Lynam, M.M., Marsik, F.J., Barres, J.A. The production of 
reactive gaseous mercury (RGM) in ambient air and its removal by precipitation. J. 
Environ. Monit., (submitted) 2004. 

Ericksen, J., Gustin, M.S., Schorran, D., Johnson, D., Lindberg, S., Coleman J. 
Accumulation of atmospheric mercury in forest foliage. Atmos. Envir., 37, 1613-
1622,2003. 

Expert Panel on Mercury Atmospheric Processes (EPMAP). Mercury Atmospheric 
Processes: A Synthesis Report. EPRI/TR-104214, 1994. 

Fitzgerald, W., Gill G. Sub-nanogram determination of mercury by two-stage gold 
amalgamation and vapor phase detection applied to atmospheric analysis. Anal 
Chern. 15, 1714, 1979. 

Fitzgerald, W.F., Mason, R.P., Vandal, G.M. Atmospheric cycling and air-water 
exchange of mercury over mid-continental lacustrine regions. Water, Air Soil 
Pollut., 56, 745, 1991. 

Gildemeister, A.E Urban Atmospheric Mercury: The Impact of Local Sources on 
Deposition and Ambient Concentration in Detroit, Michigan. Ph.D. Thesis, 
University of Michigan, 2001. 

Gildemeister, A.E, Keeler, G.J.and Graney, J.R. Source proximity reflected in spatial and 
temporal variability in particle and vapor phase Hg concentrations in Detroit, MI. 
Atmos. Environ., 39, 353-358, 2005. 

Holsen, T.M., Noll, K.E., Fang, G.C., Lee, W.J., Lin, J.M. and Keeler, G.J. Dry 
Deposition and particle size distributions measured during Lake Michigan Urban 
Air Toxics study. Env. Sci. Technol, 27, 1141-1150, 1992. 

Hoyer, M.E., Burke, J.B., Keeler, G.J. Atmospheric sources, transport and deposition of 
mercury in Michigan: two years of event precipitation. Water, Air Soil Pollut., 80, 
199-208, 1995. 

Iverfeldt, A., Lindqvist, O. Atmospheric oxidation of elemental mercury by ozone in the 
aqueous phase. Atmos. Environ., 20, 1567-1573, 1986;. 

Keeler, G.J. Atmospheric Monitoring for the Lake Michigan Mass Balance and the Lake 
Michigan and Lake Superior Loading Studies: Quality Assurance Project Plan, 
submitted to the U.S. EPA Great Lakes National Program Office, Chicago, IL: 
1994. 

Keeler, G., Glinsorn, G., Pirrone, N. Particulate mercury in the atmosphere: its significance, 
transport, transformation and sources. Water Air Soil Pollut., 80, 159-168, 1995. 

Keeler, G. J., Hoyer, M. "Recent measurements of atmospheric mercury in the Great 
Lakes region." In Atmospheric Deposition of Contaminants to the Great Lakes and 
Coastal Waters. J.E. Baker, ed. Pensacola, FL: SETAC Press, 1997. 



CHAPTER-25: ATMOSPHERICHG IN THE GREAT LAKES 635 

Keeler, G.J., Hoyer, M.E., Lamborg, C.H. Measurements of atmospheric mercury in the 
Great Lakes basin. Mercury Pollution: Integration and Synthesis. Lewis Publishers, 
Boca Raton, FL, 231-241, 1994. 

Landis, M.S. Keeler, G.J. Critical evaluation of a modified automatic wet-only 
precipitation collector for mercury and trace element determinations. Env. Set 
Technol, 29, 2123-2132, 1997. 

Landis, M.S., Keeler, G.J. Atmospheric mercury deposition to Lake Michigan during the 
Lake Michigan Mass Balance Study. Env, Sci. Technol., 36, 4518-4524, 2002. 

Landis, M.S., Stevens, R.K., Schaedlich, F., Prestbo, E. Development and 
characterization of an annular denuder methodology for the measurement of 
divalent inorganic reactive gaseous mercury in ambient air. Env. Sci. Technol., 36, 
3000-3009, 2002. 

Landis, M.S., Vette, A., Keeler, G.J. Atmospheric mercury in the Lake Michigan Basin: 
influence of the Chicago/Gary urban area. Env. Sci. Technol, 36, 4508-4517, 2002. 

Landis, M.S. Keeler, G.J., Al-Wali, K.I., Stevens, R.K. Divalent inorganic reactive 
gaseous mercury emissions from a mercury cell chlor-alkali plant and its impact on 
near-field atmospheric dry deposition. Atmos. Environ., 38, 613-622, 2004. 

Lindberg, S.E., Meyers, T.P., Taylor, G.E., Turner, R.R., Schroeder, W.H. Atmosphere-
surface exchange of mercury in a forest: Results of modeling and gradient 
approaches. J. Geophys. Res., 97, 2519-2528, 1992. 

Lindberg, S.E., Stratton, W.J. Atmospheric mercury speciation: concentrations and 
behavior of reactive gaseous mercury in ambient air. Env. Sci. Technol, 32, 49-57, 
1998. 

Lynam, M.M., Keeler, G.J. Comparison of methods for particulate phase mercury: 
sampling and analysis. Anal Bioanal Chem., 374, 1009-1014, 2002. 

Lynam, M.M., Keeler, G.J. Automated speciated mercury measurements in Detroit, 
Michigan: implications for deposition to the surrounding watershed. Atmos. 
Environ.; (submitted) 2004. 

Mierle, G. Aqueous inputs of mercury to precambrian shield lakes in Ontario. Environ. 
Tox. and Chem., 9, 843-851, 1990. 

Miller, E.K., Van Arsdale A., Keeler, G.J., Chalmers, A., Poissant, L. Kammen, N. 
Estimation and Mapping of Wet and Dry Mercury Deposition Across Northeastern 
North America. Ecotoxicology, (in Press) 2004. 

Munthe, J., Wangberg, I., Iverfeldt, A., Lindqvist, O., Stromberg, D., Sommar, J., 
Gardfeldt, K., Petersen, G., Ebinghaus, R., Prestbo, E., Larjava, K., Siemens, V. 
Distribution of atmospheric mercury species in Northern Europe: final results from 
the MOE project. Atmos. Environ., 37 (SI), 9-20, 2003. 

Olmez, I. M.R. Ames, G. Gullu, J. Che, J.K. Gone Upstate New York trace metals 
program Vol. I. "Mercury" MIT Report No. MITNRL-064, 1996. 

Pacyna, E.G., Pacyna, J.M. Global emission of mercury from anthropogenic sources in 
1995. Water Air Soil Pollut., 137, 149-165,2002. 

Pirrone, N., Keeler, G.J. Deposition of trace metals in urban and rural areas in the Lake 
Michigan Basin. Water Sci. & Technol, 28, 261-271, 1993. 

Pirrone, N., Keeler, G.J., Holsen, T.M. Dry Deposition of semivolatile organic 
compounds to Lake Michigan. Env. Sci. Techno!., 29, 2123-2132, 1995. 

Pirrone, N., Keeler, G.J. and Holsen, T.M. Dry Deposition of trace elements over Lake 
Michigan: A hybrid-receptor deposition modeling approach. Env. Sci. TechnoL, 29, 
2112-2122,1995. 

Pirrone, N., Keeler, G.J., Nriagu, J.O. Regional differences in worldwide emissions of 
mercury to the atmosphere. Atmos. Environ., 30, 2981-2987, 1996. 



636 CHAPTER-25: ATMOSPHERICHG IN THE GREAT LAKES 

Prestbo, E.M., Bloom, N.S. Mercury speciation adsorption method (MESA) method for 
combustion flue gas: methodology, artifacts, intercomparison, and atmospheric 
implications. Water, Air Soil Pollut., 80, 145-158, 1995. 

Rea, A.W., Lindberg, S.E., Keeler, G.J. Assessment of dry deposition and foliar leaching 
of mercury and selected trace elements based on washed foliar and surrogate 
surfaces. Env. ScL Technol, 34, 2418-2425, 2000. 

Rea, A.W., Lindberg, S.E., Keeler, GJ. Dry deposition and foliar leaching of mercury 
and selected trace elements in deciduous forest throughfall. Atmos. Environ., 35, 
3453-3462,2001. 

Rea, A.W., Lindberg, S.E., Scherbatskoy, T. Keeler, G.J. Mercury accumulation over 
time in two northern mixed-hardwood forests. Water, Air Soil Pollut, 133, 49-67, 
2002. 

Schroeder, W. H., Munthe. J. Atmospheric Mercury - An Overview. Atmos. Environ., 
32:809-822, 1998. 

Sofuoglu, S.C., Paode, R.D., Sivadechathep, J., Noll K.E., Holsen, T.M., Keeler, G.J. Dry 
Deposition Fluxes and Atmospheric Size Distributions of Mass, Al, and Mg 
Measured in Southern Lake Michigan during AEOLOS. Aerosol Sci. Technol, 29, 
4,281-293,1998. 

U.S. EPA Office of Air Quality Planning and Standards, Deposition of Air of Pollutants 
to the Great Waters. First Report to Congress. Research Triangle Park, NC: GEPA-
453/R-93-055, 1994. 

U.S. EPA, Compendium of Methods for the Determination of Inorganic Compounds in 
Ambient Air, IO-5, Sampling and Analysis for Vapor and Particle Phase Mercury 
Utilizing Cold Vapor Atomic Fluorescence Spectrometry. U.S. EPA National Risk 
Management Research Laboratory, Cincinnati, OH: EPA-625/R-96-010a, 1999. 

Vette, A.F., Landis, M.S., Keeler, G.J. Deposition and emission of gaseous mercury to 
and from Lake Michigan during the Lake Michigan Mass Balance Study. Env. Sci. 
Technol, 36,4525-4532, 2002. 

Weiss-Penzias, P., Jaffe, D.A., McClintick, A., Prestbo, E.M., Landis, M.S. Gaseous 
elemental mercury in the marine boundary layer: evidence for rapid removal in 
anthropogenic pollution. Env. Sci. Technol., 37, 3755-3763, 2003. 

Yee Lin Wu, Davidson, Cliff I., Lindberg, S., Armistead, E. Russell, G. Resuspension of 
particulate chemical species at forested sites. Env. Sci. Technol, 26, 2428-2435, 
1992. 

Yi, S.M., Holsen, T.M., Noll, K.E. Development of a novel water surface sampler for dry 
deposition. Env. Sci. Technol, 36, 2815-2821, 2002. 



Chapter-26 

RECENT TRENDS IN MERCURY EMISSIONS, 
DEPOSITION, AND BIOTA IN THE FLORIDA 
EVERGLADES: A MONITORING AND 
MODELLING ANALYSIS 

Thomas D. Atkeson1, Curtis D. Pollman2 and Donald M. Axelrad1 

1 Florida Department of Environmental Protection, MS 6540, 2600 Blair Stone Road 
Tallahassee, FL 32399-2400 USA 

2 Tetra Tech, Inc., Suite 301, 401 W. University Ave., Gainesville, Florida 32601-5280, USA 

INTRODUCTION 

With the discovery in 1989 of widespread, severe contamination of biota 
by mercury in the Florida Everglades, the Florida Department of 
Environmental Protection and its many collaborators mounted a sustained 
program of monitoring, modelling and research to plumb the causes of this 
problem and propose solutions. This analysis describes the 15-year trend 
records and reconstructions developed to put the research findings in 
historical context, whereas the process-level research findings are reported 
elsewhere. At the time these studies began neither the causes of this problem 
were apparent nor was there any expectation among the scientists that any 
would live to see the fruits of their labors - viz., a significant decline in 
mercury in Everglades biota. 

However, and most gratifyingly, beginning mid-decade of the 1990's and 
continuing into the new millennium, progressive, statistically significant 
declines in mercury concentrations have been observed in both largemouth 
bass and great egret nestlings at a number of sites located throughout the 
Everglades (Pollman et al., 2002; Frederick et al., 2001). It was not until 
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later that retrospective studies determined that marked declines in local 
emissions and deposition of mercury (RMB, 2002; Husar and Husar, 2002) 
from the major point emissions sources in southern Florida antedated the 
declines in emissions and deposition. 

Atmospheric sources of wet and dry deposition are now accepted as the 
major sources of mercury to the Everglades (Stober et al., 2001), and 
because local emissions have been inferred to be the predominant source of 
mercury deposited in south Florida rainfall, including the Everglades 
(Dvonch et al., 1999), the question arises whether the observed declines in 
biota mercury concentrations can be related to declines in local emissions. 

This chapter reviews the existing data on mercury emissions, deposition, 
and biota trends in south Florida in order to address this question. Much of 
this discussion is based on work previously published by Pollman et al. 
(2002) and Pollman and Porcella (2003), but extends that work by including 
more recently available, longer time series for biota concentrations, as well 
as incorporating new analyses on wet deposition trends of mercury and some 
exploratory model hindcasting to examine the relationship between 
emissions and deposition, and aquatic biota response. 

This analysis integrates information from numerous studies to evaluate 
the causal relationship between mercury emissions, deposition and biotic 
response in the Florida Everglades. We began first with an examination of 
the recent trends in both mercury emissions and, as a surrogate to test the 
robustness of the emissions trends, mercury use. The mercury emissions and 
usage trends data were compiled by RMB Consulting & Research (RMB; 
2002) and Husar and Husar (2002), respectively, for the major sources of 
mercury emissions in south Florida including municipal waste combustion 
(MWC) and medical waste incineration (MWI) facilities. These results 
indicate that large reductions in emissions (approximately 90% relative to 
peak emissions), occurring ca. 1991. 

Second, we statistically analyzed wet deposition fluxes for mercury from 
November 1993 through December 2002 for samples collected in 
Everglades National Park to determine whether these trends can be related to 
changes in the atmospheric signal, or are related to changes in rainfall 
patterns. Although the monitoring period for wet deposition began well after 
the largest fraction of the reductions in local emissions had occurred, the wet 
deposition signal still showed a significant decline (ca. 25%; p = 0.0413) 
that agrees reasonably well with the emissions declines during the same 
period. 

Third, we compare the biota trends to examine whether the timing and 
magnitude of changes in largemouth bass mercury observed in the 
Everglades are consistent with predicted changes produced by the changing 
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deposition trajectory. These results suggest that the biota changes are indeed 
consistent with the estimated declines in local emissions and deposition, 
although additional analyses to test other hypotheses should be conducted 
before more definitive conclusions are reached. 

Trends in Mercury Emissions 

Two fundamentally different types of analyses have been conducted to 
reconstruct recent trends of mercury emissions in south Florida. The first 
was a direct approach where a historical emissions inventory was compiled 
for the period 1980 to 2000 for southeastern Florida (i.e. Broward, Dade and 
Palm Beach Counties (RMB, 2002). Emissions were estimated from plant 
operational data and emission factors typical for the source under 
consideration. These three counties were selected as the region containing 
sources most likely to be important local contributors to mercury deposition 
in the Everglades and south Florida. The second approach was an inferential 
or indirect approach, where the trend in local emissions was inferred by 
reconstructing a mass balance on the flows of mercury ascribed to various 
use categories or major economic sectors (Husar and Husar, 2002). This 
latter analysis first focused on mercury use on a national scale, beginning in 
1850 and continuing to 2000, then reduced the scale of analysis to the state 
level for Florida, and finally concluded with a regional analysis for Broward, 
Dade, and Palm Beach counties in southeast Florida for the period 1950 
through 2000. 

The emissions estimates compiled by RMB (2002) indicated very large 
changes occurred between 1980-2000 as a function of the major combustion 
sources in south Florida (power generation, sugar industry, incineration of 
municipal and medical wastes; Figure). Total emissions were quite low 
between 1980 and 1982, and then increased in 1983 by 3.5 times above 1982 
levels as both municipal waste combustors (MWC) and medical waste 
incinerators (MWI) came on line. Local emissions continued to increase 
through the 1980's until 1991, when a peak emission flux of nearly 3,100 
kg/yr of total mercury was estimated. Throughout the peak emission period 
of 1983-1991, the predominant local mercury emissions source was medical 
waste incinerators (MWI's, 47 to 76% of the total); when combined with 
municipal waste combustors (MWC's), these two sources comprised 92 to 
96% of the total. The contribution of power generation was never above 
0.4%, while sugar processing accounted for 4 to 8% of the estimated 
emissions. 
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Figure 9. Annual atmospheric mercury emissions in south Florida, 1980 - 2000, estimated by 
RMB (2002) as a function of major combustion source category. Sources include power 

generation facilities (Utility), municipal waste combustors (MWC), medical waste incinerators 
(MWI), and sugar refineries (Sugar). Note: Utility emissions are too 

small to be discemable in this graphic. 

As more stringent regulatory requirements took effect in 1994, many 
MWFs ceased operations and medical waste was sent offsite for autoclaving 
and landfilling rather than incinerated. As a result, local emissions declined 
sharply through 1993 (65% compared to 1991 levels), followed by a slower 
and nearly monotonic rate of decline through 2000. The total estimated 
decline in local emissions between 1991 and 2000 is 2,846 kg/yr, which 
equates to a total reduction of nearly 93%. 
Figure 2 shows the results from the materials flows analysis conducted by 

Husar and Husar (2002) for Broward, Dade, and Palm Beach counties. Use 
categories that contributed most greatly to the flow of mercury through south 
Florida included electrical (e.g., batteries, lighting, and switches), laboratory 
use, and control (measuring and control instruments) categories. Although 
coal is the largest source (45%; 65 Mg/yr) of mercury emissions for the US 
(total 144 Mg/yr), little coal combustion occurs in south Florida and only oil 
and product-related emissions occur. 
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Figure 2. Waste incineration emissions for Dade, Broward, and Palm Beach counties, Florida, 
inferred from analysis of mercury usage, 1980 to 1997. Upper line shows annual total mercury 
usage based on different usages. Emission fluxes are based on 30% and 15% incineration rates 

(complete mobilization of combusted fraction). Plot also shows emissions for MSW and 
combined MSW and MWI sources estimated by RMB (2002). From Pollman et al. (2002). 

Trends in Mercury Deposition 

An essentially continuous record of wet deposition fluxes and 
concentrations of mercury are available from November 1993 through 
December 2002 for samples collected from the Beard Research Center in 
Everglades National Park as part of the Florida Atmospheric Mercury Study 
(FAMS, 1993-1996, Pollman et al., 1995) and the Mercury Deposition 
Network (MDN; MDN, 1996-2002; http://nadp.sws.uiuc.edu/mdn). The 
FAMS data consist of integrated monthly wet deposition measurements 
(Guentzel et al., 2002), while the MDN data consist of integrated weekly 
samples. During 1996, monitoring from both studies overlapped for the entire 
year, and comparison of monthly results demonstrated excellent agreement 
between the two programs (Pollman and Porcella, 2002). As a result, we 
combined the two studies to form a period of record of eight full years. 
Smoothed time series were constructed for mercury deposition, rainfall 
depth, and volume weighted mean (VWM) mercury concentrations in wet 
deposition using 12-month running averages derived from the integrated 
FAMS-MDN data set. As illustrated in Figure 3, rainfall depth and 
deposition flux are very closely related - this is, of course, because 
deposition fluxes are the product of weekly volume-weighted mean 

http://nadp.sws.uiuc.edu/mdn
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concentration and rainfall depth - and it is difficult to discern without further 
analysis whether any declines in wet deposition fluxes have occurred 
unrelated to changes in precipitation. Changes in VWM mercury 
concentrations are a less ambiguous indicator of whether changes in the 
atmospheric mercury signal have occurred, although precipitation depth does 
exert some influence on wet deposition concentrations through washout, 
particularly when the sample integration period is short. Plotting the running 
average annual VWM as a function of time indicates that VWM mercury 
concentrations have declined by 25% since late 1993 (in Figure 4). 

An alternative analytical approach using analysis of variance (ANOVA; 
SAS, 1995) was used to eliminate possible confounding effects of both 
rainfall depth and seasonal dynamics on wet deposition concentrations. 
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Figure 3. Annual precipitation depth and wet deposition fluxes of mercury measured at Beard 
Research Station in Everglades National Park, 1993-2002. Data are plotted on a monthly basis 

as the 12-month running total flux or depth. Data are from the FAMS study 
(Guentzel et al., 2002) and the MDN network. Squares represent precipitation; 

circles represent deposition. 

o 
Q-
<D 
Q 



CHAPTER-26: MERCURY IN FLORIDA 643 

Guentzel et al. (2002) demonstrated that very strong seasonal dynamics 
consistently underlie wet deposition mercury concentrations in Florida 
within any given year; as a result, a seasonal dummy variable (Dmonth) based 
on a sinusoidal transformation on the month of year the sample was collected 
was created and input to the model. 
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Figure 4. Annual volume weighted mean (VWM) mercury concentration in wet deposition at 
Beard Research Station, Everglades National Park. Plotted on a monthly basis is the 

12-month running average VWM concentration. Data are from the FAMS study 
(Guentzel et al., 2002) and the MDN network. 

The dummy variable had the following form: 

where A and B are fitted using non linear least squares regression (SAS, 
1995) and are equal to 8.8827 and 6.6954, respectively, and M* is the 
number of the month (viz., 1 through 12), adjusted using a one month offset 
so that predicted and observed peak values occurred during the same month. 
Residuals from the ANOVA model for VWM mercury plotted as a function 
of time are shown in Figure 5 and demonstrate that a statistically significant 
decline (p = 0.0413) in VWM mercury concentrations occurred over the 
period of record. Between 1994 and 2002, the analysis indicates that VWM 
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Figure 5. Plot of monthly residuals of ANOVA model of mercury deposition as a 
function of time. Slope of regression line is significant atp = 0.0413. 

mercury concentrations declined by approximately 3 ng/L due to factors 
other than seasonal dynamics and rainfall depth. 

The declines in measured VWM concentrations are considerably smaller 
than the overall decline in local emissions estimated to have occurred since 
the late 1980's and early 1990's (Figure 1 and Figure 2). However, most of 
the decline in emissions occurred prior to late 1993 when monitoring of 
mercury concentrations in wet deposition first began. Indeed, the relatively 
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Figure 6. Annual VWM concentrations of mercury measured in wet deposition at Beard 
Research Center, Everglades National Park, and estimated mercury emissions from Dade, 

Broward, and Palm Beach counties. Emissions estimates from RMB (2002). 
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modest change in VWM concentrations agrees reasonably well with the 
emissions declines after 1993 (Figure 6). 

Trends of Mercury in Everglades Biota 

Two data sets are available to examine recent trends in mercury 
concentrations in biota in the Everglades: (1) the data of Lange et al. (2003), 
who have collected and analyzed largemouth bass for tissue concentrations 
of mercury from sites throughout Florida since 1988; and (2) the data of 
Frederick et al. (2001), who examined mercury concentrations in the feathers 
of great egret chicks, also throughout Florida and including seven sites in 
south Florida since 1994. Pollman et al. (2002) analyzed the significance of 
biota temporal trends using the Mann-Kendall Slope Test-of-Sign. This 
method is a non-parametric test for zero slope that calculates the slope for 
each possible pairwise combination of observations in the data set, and then 
ascribes a value of 1, 0, or -1 to the result based on the whether the slope is 
positive, zero, or negative. 

Largemouth bass mercury concentrations for 12 sites across Florida 
(including 9 sites in the Everglades) were analyzed for trend significance. 
The period of record analyzed extended from as early as 1988 to as late as 
2003. The data were stratified according to age class since different age 
classes in any given year reflect different exposure histories. Of a possible 
120 categories (i.e., 10 age classes x 12 sites), 66 had sufficient data to test 
for sign significance (Table 1). The results were split relatively evenly 
between a significant decline at the 95% confidence level (29 site-cohort 
combinations) and no trend (34 site-cohort combinations). Significant 
declines were observed across the state, suggesting a regional effect (e.g., 
atmospheric deposition), with the most consistent declines across cohorts 
observed for the two Everglades canal sites, L-67A and L-35B (Figure 7). 

The three sites in WCA-3A near site 3A-15 (located near the so-called 
"hot spot" of high fish tissue mercury concentrations in WCA-3A) also 
showed some cohorts with significant declines, although nearly as many site-
cohort combinations also showed no change (Figure 8). Only three site-
cohort combinations showed a significant increasing trend, and these all 
were observed at the U3 site in WCA-2A. This increase likely reflects a 
highly localized effect both in time and space, such as peat burning and 
oxidation that occurred in the Everglades following the intense drought and 
dry-down in May and June 1999 (Pollman et al., 2002). This period of peat 
oxidation induced a series of short-term but substantial changes in mercury 
biogeochemistry, including large scale increases in mosquitofish mercury 
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concentrations at site U3? while the response at 3A-15, which remained wet 
during this period, was more muted (Krabbenhoft and Fink, 2001). 

TableL Summary of Mann-Kendall Slope Test-of-Sign for trends in mercury concentrations 
in largemouth bass. Test results are given for individual sites and age cohorts. (-) indicates 
significant declining trend; (0) indicates no significant trend; and (+) indicates significant 

increasing trend. Site-cohort combinations with insufficient data are left blank. 
All results reported at the 95% significance level. 
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Figure 7. Tissue concentrations of mercury (wet weight) in largemouth bass from the 
L-67A and L-35B canals in the Florida Everglades. Filled circles and squares show 

the geometric mean for a respective site each year; filled triangles show ± one 
standard error of the mean. 
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Figure 8. Tissue concentrations of mercury (wet weight) in largemouth bass in East 
Lake Tohopekaliga and Lake Tohopekaliga located in central Florida. Points show the 
geometric mean for each year; filled triangles show ± one standard error of the mean. 

Great egret chick feather data from all seven sites studied by Frederick et 
al. (2001) also were tested for trend significance. When Pollman et al. (2002) 
conducted their trend significance analysis, the time frame spanned by the 
great egret study extended from 1994 to 2001. Additional data have since 
been collected, and the full period of record now extends to 2003 (Figure 9). 

Four sites (Alley, Hidden, JW1, and L67) showed significant downward 
trends through 2001 based on both the Mann-Kendall test and Sen's median 
slope analysis. The data from 2002 and 2003 further substantiate the overall 
robustness of the downward trend. Consistent with the largemouth bass 
results from the same region, results from great egret colonies located in the 
mid-Everglades indicate over an 80% decrease in mercury concentrations 
over the period of 1994-2003. 

Model Hindcasting 

The Everglades Mercury Cycling Model (E-MCM) was used to predict 
changes in age 3 largemouth bass mercury concentrations in response to 
assumed changes in atmospheric loadings of mercury to site 3A-15, a site 
which has long been considered a mercury 'hot spot' in the central 
Everglades, and which has also experienced recent declines in LMB mercury 
concentrations. Originally adapted to the Everglades using the Mercury 
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Cycling Model (MCM; Hudson et al, 1994) as the model framework, E-
MCM in its present incarnation has been calibrated and applied to at least six 
Everglades sites (Harris et al., 2003), including site 3A-15. A simplified 
trajectory of changing deposition rates from 1900 through 2000 was 
developed with several assumptions or constraints imposed: 

1. Based on mercury accumulation rates measured in soil cores in 
WCA-2A (Rood et al., 1995), an increase in modern deposition rates 
of 8.7-fold (1985 to 1991) over "pre-industrial" (ca. 1900) was 
assumed. Rood et al. measured an average accumulation rate of 8 
jig/m^yr"1 for ca. 1900, which yields a modern peak deposition flux 
of 69.6 ng/mV'1 for 1985-1991. 

2. We assume that, superimposed upon the long-term background 
deposition of 8 |ug/m2-yr inferred from Rood et al, there has been a 
deposition signal derived from anthropogenic sources (local and 
larger geographic scale) that tracks the 1970-2000 mercury trend in 
the municipal solid waste (MSW) inventory compiled by Kearney 
and Franklin Associates (1991). This inventory shows that mercury 
in MSW peaked between 1985 and 1990, with a comparatively sharp 
decline through 1995, followed by relatively stable inventory 
quantities. As a first order analysis, we also assumed that 
anthropogenic emissions and associated deposition fluxes increased 
linearly from 1900 through 1991, with 1991 corresponding to the 

X 

Figure 9. Mercury concentrations in great egret nestlings at various 
colony locations in the Florida Everglades, 1994 - 2003. Discontinuities 

in the neriod of record reflect 
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year of peak local emissions. 
3. After emissions and deposition reached peak levels in 1991, we 

assumed that deposition declined linearly until 1996, with total 
mercury deposition reduced to 35 jig m"2 yr"1. Following 1996, we 
assume deposition fluxes declined another 25% consistent with 
declines in VWM concentrations in wet deposition observed in south 
Florida (Figure 4). Figure 10 shows the mercury deposition trajectory 
that resulted from these assumptions. 

The mercury deposition trajectory was then used as the input forcing 
function to reconstruct a predicted time series of biotic (largemouth bass) 
response in south Florida using the E-MCM model. E-MCM was initially 
run at pre-1900 deposition conditions until steady-state was achieved in all 
the model compartments (water, sediments, and biota). 

The model then was perturbed by imposing the reconstructed deposition 
time series, and the predicted biota response compared to the observed trends 
forca. 1990-2000. 

Testing of the response time of the E-MCM model to perturbations in 
mercury loadings has shown that the recovery period predicted by the model 
is sensitive to the size of the pool of Hg(II) in the sediments available for 
methylation. Mesocosm experiments currently underway in the Everglades 
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Figure 10. Total (wet + dry deposition) mercury deposition trajectory 
used in E-MCM model hindcast. 
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indicate that mercury methylation rates and transfer to the aquatic food chain 
respond very rapidly in response to new inputs of Hg(II) (D. Krabbenhoft, 
pers. comm.). These experiments are being conducted using isotopic tracers 
to elucidate the magnitude and timing of changes in mercury cycling to 
changes in mercury inputs. Similar results are emerging from the Mercury 
Experiment To Assess Atmospheric Loading in Canada and the United States 
(METAALICUS; R. Harris, pers. comm.), which also employs isotopic 
tracers. E-MCM predicts that the primary pathway for introducing mercury 
into the food chain at site 3A-15 is via methylation in the sediments and 
through the benthic food web. Thus, the magnitude of the predicted response 
is governed by the residence time of bioavailable mercury in the sediments, 
which in turn is governed at least in part by the mixed depth of actively 
exchanging surficial sediments. In light of the recent isotopic tracer 
experimental results, the traditionally assumed exchange depth of 3 cm often 
employed in the model is likely to prove to be a large overestimate of the 
size and residence time of the Hg(II) pool available for methylation. As a 
result we conducted the hindcast simulation assuming a sediment exchange 
depth of 1 cm. 

The resultant hindcast indicates that the assumed declines in atmospheric 
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Figure 11. E-MCM simulation hindcast of changes in mercury concentrations in 
largemouth bass age 1 cohorts at 3A-15 in response to assumed changes in atmospheric 
deposition. Analysis assumes that the depth of surficial sediments actively exchanging 

Hg(II) is 1 cm. Shown are normalized (relative to 1996) changes in atmospheric 
deposition inputs, observed concentrations in largemouth bass (filled circles) for both 

3A-15 and the L-67A canal located approximately 20 km east of 3A-15. 
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inputs can explain nearly 60% of the observed decline in observed trends in 
largemouth mercury concentrations (a predicted 48% decline vs. an observed 
75% decline;Figure). Likewise, the predicted timing of the biota decline is 
concordant with the observed results. The fraction of the observed decline 
unexplained by the model hindcast may reflect several factors. First, the 
reconstructed deposition trajectory may reflect an underestimation of the 
effects local sources historically exerted on mercury deposition rates in the 
Everglades. For example, the simulation assumes that the decline in 
deposition between 1991 and 2000 was 62%, compared to a biota decline 
approximating 75%. Given the essential linearity of the longterm response of 
the model (Harris et al., 2001), the hindcast at most would predict a 62% 
decline. Second, we likely have underestimated the rapidity of the sediment 
response by assuming an exchange depth of 1cm rather a shallower depth 
interval. Reducing the exchange depth would bring the slope of the predicted 
response closer to the slope of the deposition trajectory, which in turn is 
nearly coincident with the slope of the observed biotic response. Third, the 
larger observed response may also reflect changes in other environmental 
variables during the same period - in particular declining surface water 
sulfate concentrations observed at the site which can influence rates of 
methyl mercury production (Pollman et al., 2004). The effects of these other 
variables need to be examined more carefully before more definitive 
conclusions on causality can be reached. 

DISCUSSION AND CONCLUSIONS 

Local atmospheric emission rates of mercury in south Florida appear to 
have declined by over 90% since peak levels occurring in the late 1980's to 
early 1990's. This estimate is supported by two independent approaches to 
estimating emissions. Whether these changes in emissions have had a 
corresponding effect on local deposition rates of mercury is in part a function 
of the chemical speciation of the emissions. There are two major types of gas 
phase mercury species present in emissions from combustion sources: 
elemental mercury or Hg(0), and reactive gaseous mercury (RGM) or Hg(II). 

Speciation of emissions is critical because it influences greatly how far 
emitted mercury likely will be transported. Hg(0) reacts in and is deposited 
from the atmosphere only very slowly, and has a characteristic residence 
time in the troposphere on the order of 6 months. RGM, on the other hand, is 
highly reactive and is scavenged rapidly from the lower troposphere by 
either wet deposition or by dry deposition processes. 



652 CHAPTER-26: MERCURY IN FLORIDA 

If, for example, there had been a decline in Hg(0) emissions from south 
Florida, but RGM emissions remained constant, we would expect little or no 

change in biota mercury concentrations in the Everglades as a result. On 
the other hand, if local RGM emissions had declined, but Hg(0) emissions 
remained constant, one would expect to see more of a biotic response. By not 
considering speciation, we risk misinterpreting the true significance of the 
relationship between local emissions and biotic response. This would be 
particularly true if Hg(0) emissions greatly predominate. Unfortunately only 
limited data are available on the speciation of mercury emissions as a 
function of source, including speciation measurements conducted by Dvonch 
et al. (1999) from a municipal waste incinerator (8 measurements), a medical 
waste incinerator (3 measurements) and a cement kiln (3 measurements) in 
Dade and Broward counties. The fraction of RGM emitted ranged from 25% 
of the total (cement kiln) to nearly 95% for the medical waste incinerator. 
The fraction of RGM emitted by the municipal waste incinerator averaged 
ca. 75%. Since the local emissions inventory for Dade and Broward counties 
in 1995-96 was dominated by municipal waste and medical waste 
incineration (ca. 86% of total emissions), it appears likely that RGM 
emissions were predominant, at least for 1995-96. If these speciation results 
are similar for historical emission patterns (and there is no reason to expect 
that Hg(0) emissions were more important), then our approach of examining 
total emissions and linking the trends to local biota response appears 
reasonable. 

Coupled with changes in local emission rates is evidence that mercury 
concentrations in wet deposition (annual VWM) in south Florida have 
declined by about 25% since late 1993. Statistical analysis indicates that the 
trends are significant, and are due to factors other than seasonal dynamics 
and changes in precipitation rates. Although the declines in measured VWM 
concentrations are considerably smaller than the overall decline in local 
emissions, most of the decline in emissions occurred prior to late 1993 when 
monitoring of mercury concentrations in wet deposition first began. Indeed, 
the relatively modest change in VWM concentrations agrees reasonably well 
with the emissions declines after 1993. 

Statistically significant declines in mercury concentrations in both 
largemouth bass and great egret chicks have been observed for a number of 
sites in the Everglades. Declines for both species are on the order of 75 to 
80% over approximately the past decade. Model hindcasting using the E-
MCM model calibrated for site 3A-15 indicates that changes in atmospheric 
deposition inferred from sediment core analyses may account for most if not 
all of the recent changes in largemouth bass mercury concentrations, both in 
terms of timing and magnitude of change, although the effects of 
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concomitant shifts in other environmental variables {viz., surface water 
sulfate concentrations) need to be elucidated further. These results are 
predicated on rapid rates of turnover of the pool of Hg(II) that is readily 
bioavailable in surficial sediments for methylation, and are consistent with 
recent isotopic tracer experiments indicating that mercury cycling in aquatic 
systems responds very rapidly to recent inputs. 

Further research, analyses and modelling will explore the uncertainties 
in the model with the aim of better constraining the processes that govern 
interactions at the sediment-water interface and the timing of this interaction. 
Additional improvements will be pursued to refine the E-MCM to improve it 
as a tool to support environmental policies such as total maximum daily load 
analyses throughout Florida. 
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MERCURY POLLUTION IN AQUATIC SYSTEM 

Mercury pollution in Songhua River, Northeastern China 

Songhua River, situated in Northeastern China, is one of the seven 
largest rivers in China and was seriously contaminated with mercury since 
the Acetic Acid Plant of Jilin Chemical Company went into operation in 
1958. The plant, which was the largest producer of acetaldehyde in 1960s in 
China, utilized mercury sulfate as a catalyzer to manufacture acetaldehyde. 
The process is basically the same as that used once by the Chisso Company 
in Minamata, Japan, which eventually caused painful Minamata disease. 
Wastewater from the plant containing both inorganic and methylmercury 
was directly discharged into the Songhua River. The old technique was 
completely substituted by a new one without utilization of mercury in 1982. 
From 1958 to 1982, the plant discharged in total 113.21 total mercury and 5.4 
t methyl mercury to the Songhua River, which constituted 69.8% and 99.3% 
of total anthropogenic Hg-tot and methyl mercury input to this river, 
respectively. In addition to this contamination source, some small plants 
which also used mercury, such as a chloroethylene plant from Jilin Chemical 
Company, Jilin Dye Plant, Changchun Meteorological Instrument Plant, a 
few gold mining companies using the amalgamation method to extract gold, 
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and a few chlor- alkaline plants, are distributed inside the drainage area of 
the Songhua River and also discharged mercury into the river. 

A few, large research projects related to integrated control and 
countermeasure of methylmercury pollution of the Songhua River were 
carried out between 1980s and 1994. The results from these research projects 
were published in two books (Liu, 1994; Liu et al., 1997) and in a number of 
papers in Chinese journals (Zhang et al., 1994; Wang and Qi, 1984; Guo, 
1990; Zhang et al., 1993; Hou et al., 1994; Yu et al., 1994; Zhai et al., 1991; 
Yu et al., 1994; Lin, 1995; Zhang and Li, 1994; li et al., 2001; Wang et al., 
1986; Zhang et al., 1985; Wang et al., 1985). 
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Figure 1. Total and methyl mercury distributions in river water from Jilin City to 
Shanzakuo section from 1978 to 1992 (adopted from Yu et al., 1994). 

After the largest mercury emission source, the acetic acid plant of Jilin 
Chemical Company, completely terminated discharge of mercury to the 
Songhua River in 1982, total mercury and methylmercury concentrations in 
river water decreased significantly as shown in Figure 1 (Yu et al., 1994). 

Total mercury concentrations in surface sediment from different 
sampling sites of the Songhua River in 1973 and 1986 were compared, as 
shown in Figure 2. 

Even though the total mercury concentrations in surface sediment 
declined significantly after the major mercury discharge source to the river 
was completely stopped, mercury concentrations in sediment at certain 
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HDW JZ 

Sampling site 

Figure 2. Comparison of mercury concentrations in sediments between samples 
collected in 1973 and those in 1986. FM: Fengman; DSHX: Dongshihaoxian; HDW: 

Hadawan; JZ: Jiuzhan; BQ: Baiqi; SHJC: Songhuajiang Chun; FY: Fuyu 
(Adopted from Zhang et al, 1994 ). 
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Figure 3. Temporal changes of mercury concentration in fishes from 
1972 to 1991 (from Yu et al., 1994). 
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highly contaminated sites were still elevated compared to the background 
mercury concentration in sediment of the Songhua River, which is 0.14 
mg/kg (Zhang et al., 1994). Both average total mercury and methyl mercury 
concentrations in fish from the Songhua River were monitored from 1974 to 
1991 (Yuetal., 1994). 

It is also shown that mercury concentrations in fish decreased gradually 
after mercury discharge to the river was completely stopped in 1982, as 
shown in Figure 3. 

The health impacts of methylmercury pollution in the Songhua River to 
local fishermen and inhabitants were intensively investigated (Lin, 1995; 
Zhang et al., 1993; Hou et al., 1994; Zhai et al., 1991; Li et al., 2001). Lin 
(1994) systemically reviewed the research progress on the health impact to 
the local fishermen from methylmercury pollution in the Songhua River 
from 1970s to late 1980s. The average mercury concentrations in hair of 
fishermen reached 13.5 mg/kg in 1970s, and some fishermen showed the 
symptoms of Minamata disease, including concentric constriction of the 
visual field, loss of sensation in hands and feet, hearing impairment, and 
ataxia. A survey carried out in 1997 showed that the average total mercury 
concentration in hair of fishermen dropped to 1.8 mg/kg (Li et al., 2001), and 
it is demonstrated that the threat of health impact to local fishermen from 
methylmercury pollution in Songhua River dramatically declined since the 
major pollution source stopped discharging mercury to the river. 

Mercury pollution to Jiyun River, Eastern China 

The Jiyun River, located in Tianjin, eastern China, was seriously 
contaminated with mercury since the 1960s when a Chloralkali plant started 
to operate at the middle reaches of the river. Before 1977, mercury 
contaminated wastewater from the plant had been directly discharged into 
the river. After 1977, a mercury control project went into operation and 
mercury concentration in wastewater decreased tremendously (Zhang et al., 
1981). Many studies (Zhang et al., 1981; Lin et al., 1983, 1984; Lin and 
Kang, 1984; Kang, 1986; Peng et al., 1983; Yang et al., 1982) were carried 
out during late 1970s and early 1980s to elucidate mercury distribution and 
speciation in water and sediment, and the mercury methylation rate in the 
sediment of this river. It was revealed (Zhang et al., 1981) that 
methylmercury concentrations in water and sediment varied from below 
detection limit to 64 ng/L and from below detection limit to 0.35 mg/kg, 
respectively, and that total mercury concentrations in river water and 
sediment ranged from 20 to 24,000 ng/L, from 0.03 to 845 mg/kg, 
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respectively. Unfortunately, no studies on mercury concentration in fish 
from Jiyun River have been reported. 

Mercury pollution to other aquatic systems 

The Guizhou Organic Chemical Factory (GOCF), a state-owned 
company, has been producing acetic acid from acetaldehyde synthesized by 
addition reaction of acetylene and water using mercury as a catalyst. The 
production of acetic acid in the plant continued from 1971 to 2000 in the 
eastern urban section of Qingzhen City, Guizhou Province, Southwestern 
China. The total loss of mercury into the environment was 134.61 for the 30 
year period. The wastewater from the plant was directly discharged into the 
Dongmenqiao River, which is the water source for paddy rice fields of about 
120 ha farmland. Yasuda et al. (2004) investigated mercury distribution in 
the farmland, and the average total mercury concentration is 15.73±42.98 
mg/kg with the maximum concentration of 321.38 mg/kg. GOCF is located 
about 10 km upstream of Baihua Reservior, which was dammed in 1966. 
Mercury contaminated wastewater finally reached the reservoir through the 
Dongmenqiao River. Total mercury concentrations in the sediments of the 
reservoir ranged from 5 to 40 mg/kg, and total mercury concentrations in 
water varied from 25.5 to 70.0 ng/1 (Yan et al., 2003 and Yan et al., 
unpublished data). Since the bedrocks of the drainage areas of the reservoir 
are limestone and dolomite, it is an alkaline reservoir and the pH of the water 
is around 8. Though the reservoir is seriously contaminated with mercury, 
total and methylmercury concentrations in fish are usually very low and less 
than 0.15 mg/kg (wet weight). A research project is on-going in our research 
group to elucidate the biogeochemical cycling of mercury in the reservoir 
(e.g. Feng et al., 2004b). 

An et al. (1982) reported mercury pollution from the Yanguoxia 
Chloralkali Plant in Yongjing County, Ganshu Province, Northwestern 
China. The total mercury concentrations in the air of the workshop varied 
from 23 to 111 ug m"3.Total mercury concentrations in hair of workers from 
the chloralkali plant ranged from 6.1 to 202.8 mg/kg and averaged out to 
45.4 mg/kg, which were significantly elevated compared to the average total 
mercury concentration of 0.25 mg/kg in hair from people at a reference site. 
The plant discharged approximately 4.8 t mercury to the Yellow River each 
year during late 1970s, and total mercury concentrations in river water of the 
Yellow River within 14 km down reach of the pollution source varied from 
0.04 to 3480ug m"3. Mercury concentrations in wheat grain cultivated around 
the chloralkali plant varied from 0.02 to 0.11 mg/kg and averaged at 0.068 
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mg/kg, which already exceeded the national advisory limit of mercury in 
food, which is 0.02 mg/kg. No further report on mercury pollution status in 
this area was found from the open literature since 1982. Zhang (1993) 
reported fish mercury concentrations from the Yellow river in the section of 
Ningxia Province, which is downstream of Ganshu Province. Total mercury 
concentrations in fish varied from 0.09 to 0.90 mg/kg in 1982 and 1983, and 
ranged from 0.45 to 0.98 mg/kg in 1988. Thirty-two percent of the fish in 
the Yellow River in Ningxia section had mercury concentrations exceeding 
the national advisory limit for fish, which is 0.3 mg/kg in 1982, while 100% 
of fish exceeded the limit in 1988. Though other mercury pollution sources 
could not be ruled out, the Yanguoxia Chlor alkali Plant may be responsible 
for the elevation of mercury in fish in the Ningxia section of the Yellow 
River. 

Table 1. The statistical data of mercury production, imports and exports, and total 
consumption from 1980 to 1995. 

Year 

1950-79 
1980 
1981 
1982 
1983 
1985 
1990 
1991 
1992 
1993 
1994 
1995 

Total national 
production (ton) 

31432 
894 
826 
912 
895 
800 
930 
768 
580 
515 
466 
779 

Total import 
(ton) 

200 
538 
344 
909 
799 

III 

17156 
985 
946 
476 
300 

63 
52 
53 
48 
16 

Total 
consumption 

(ton) 
14276 

320 

905 
1066 
806 
1327 
1562 

ANTHROPOGENIC MERCURY EMISSION 
INVENTORY IN CHINA 

China is one of the largest mercury production and consumption 
countries, as shown in Table 1. Before 1991, China was a large mercury 
exporter, but after that became a large mercury importer because the 
resources in most Chinese mercury mines were exhausted, on the one hand, 
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and on the other hand, the national demand for mercury has been increasing 
since the early 1990s when artisanal gold mining activities started. 

Asia, especially China, has been regarded as the largest atmospheric 
mercury emission source from a global perspective (Pirrone et al, 1996, 
Pacyna and Pacyna, 2002). There is, however, tremendous uncertainty on 
mercury emission inventory estimates for Asia, especially for China because 
of lack of direct measurement data to establish reliable emission factors for 
different anthropogenic sources. The efforts to establish an accurate 
anthropogenic mercury emission inventory in China are underway (Feng and 
Hong, 1997; Feng, 1997; Qi, 1997; Feng and Hong, 1999; Wang et al, 2000; 
Feng et al, 2002). In this section, an estimation of anthropogenic mercury 
emissions in China in 1995 is made, depending on recent domestic 
measurements and literature data. 

Table 2. Emission factors and total mercury emissions from different 
anthropogenic sources. 

Source category 

1. Coal combustion 

Emission factor 

0.12 (g/T) 
2. Non-ferrous metal production 

-Primary Cu 

-Primary Pb 

-Primary Zn 
3. Pig iron and steel production 
4. Cement 

10 (g/T) 

3 (g/T) 

20 (g/T) 
0.04 (g/T) 

0.1 (g/T) 
5. Gold extraction 
-Large scale 
-Artisinal 

6. Hg mining 
7. Chlor-alkali production 
8. Battery, electrical light, thermal meter (do 
you mean thermometer?) 
9. Others 

0.68 (g/g) 

15(g/g) 
45 (g/kg) 

18(g/TNaOH) 
5% mercury used 

Total 

Total Hg emission 
(tonnes) 

145 
27 
6 
2 

19 
8 

48 
107 
21 
86 
35 
2 
20 

10 
402 

Emission factors of different sources 

The major anthropogenic mercury emission sources are categorized as: 
coal combustion; copper production; lead production; zinc production; pig 
iron and steel production; cement production; gold extraction; mercury 
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mining; chlor-alkali production; battery, electrical light, thermometer 
production; and other sources. Emission factors from different sources are 
listed in Table 2. The emission factor from coal combustion is synthesized 
from the literature (Feng, 1997; Qi, 1997; Feng et al., 2002; Wang et al., 
2000; Zheng et al., 2004). There is large uncertainty on the estimation of the 
mercury emission factor from coal combustion in China. Wang et al. (2000) 
reported an emission factor of 0.177 g/T based on the assumption that 
average mercury concentration in Chinese coal is 0.22 mg/kg. An intensive 
investigation of mercury concentrations in Chinese coals was carried out in 
collaboration between the Institute of Geochemistry, the Chinese Academy 
of Sciences and the US Geological Survey, and it was revealed that the 
average mercury concentration in Chinese coal is about 0.15 mg/kg 
(personal communication with Prof. Zheng Baoshan, 2004), which is much 
lower than the value used by Wang et al. (2000). Therefore we recalculated 
the mercury emission factor, which is 0.12 g/T, as listed in Table 2. 

Figure 4. Distribution of gold mines in China. 

Gold mining is also one of the most important atmospheric mercury 
emission sources in China. Gold mines are distributed in most provinces as 
shown in Figure 4. It is estimated that about 1/3 of annual gold production in 
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China was produced using the mercury amalgamation technique during 
the 1980s and 1990s. In the last decade, many surveys were conducted to 
investigate health impacts to gold miners from different provinces (Wang et 
al , 1999; Xi et al , 1996; Wang, 2001; Duan et al., 2001; Zhong and Lou, 
2000; Guan et al., 2002; Zhang et al , 1999), but only a few studies regarding 
mercury pollution to the local environment were carried out (Lin et al., 1997; 
Dai et al., 2003). There are basically two different techniques regarding gold 
extraction using mercury in China, namely large scale mining and small 
scale, or artisanal mining. For large scale mining activities, mercury is well 
recovered, and the emission factor was estimated to be 0.68 g Hg/ g gold 
produced (Qi, 1997). However, mercury is poorly recovered in the artisanal 
mining process, and the mercury emission factor is estimated to be 15 g Hg/ 
g gold produced (Qi, 1997). The annual production of gold from artisanal 
mining generally constituted about 16% of gold produced using 
amalgamation techniques during the 1980s and 1990s. From 2000, artisanal 
gold mining activities were officially banned, but a few illegal artisanal 
mining workshops are still operating in some remote areas. 

Battery production is an important mercury consumption industry, and 
Table 3 lists the annual estimated mercury consumption in battery 
production from China in 1992-1999. It is rather difficult to estimate the 
mercury emission rate from battery, light and thermometer production, and 
Qi (1997) estimated that, in general, 5% of the used mercury will be emitted 
to the air. Mercury emission factors from mercury mining and chloralkaline 
plants were adopted from Qi (1997), and the emission factors from other 
sources, such as non-ferrous metal production, pig iron and steel production, 
and cement production are adopted from Pacyna and Pacyna (2002). 

Table 3. Estimated mercury consumption (ton) in battery production in China in 1992-1999. 

Battery type 

Ordinary Zn-Mn 

Alkaline Zn-Mn 

Hg Oxide 

Total 

1992 

24.2 

10.3 

150.2 

184.7 

1993 

32.4 

18.7 

300.5 

351.6 

1994 

26.1 

24.4 

344.3 

394.8 

1995 

37.3 

55.2 

369.3 

461.8 

1996 

21.2 

76.0 

237.9 

355.1 

1997 

23.2 

137.6 

494.5 

655.3 

1998 

21.3 

199.1 

570.0 

790.4 

1999 

12.7 

325.8 

463.2 

801.7 

Estimates of total mercury emissions in 1995 

The 1995 Chinese emissions of total mercury from anthropogenic 
sources are presented in Table 2. About 402 metric tons of total mercury 
were emitted in 1995. Coal combustion (including power plant and domestic 
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uses) is the largest source, which accounted for 36.1% of total anthropogenic 
emissions. Meanwhile, our mercury group is investigating mercury 
speciation in flue gases in coal combustion using the Ontario Hydro method, 
which will result in a more precise mercury emission factor from coal 
combustion in China. All those efforts will definitely improve the precision 
of estimating mercury emissions from coal combustion in China in the near 
future. 

Gold extraction using mercury may also be an important atmospheric 
mercury emission source, especially artisanal gold mining activity (Lin et al., 
1997). Fortunately the artisanal gold mining activities were completely 
banned by the government recently, which will significantly reduce mercury 
emissions from gold extraction from now on. In addition, cement and non-
ferrous metal production are still important atmospheric mercury emission 
sources. 

Waste incineration was not employed in China to dispose of waste in 
1995, though some metropolitan areas, such as Shanghai, Beijing and 
Guangzhou, are now using this technology to dispose of municipal waste. 
The total amount of waste incinerated is, however, still limited in China. 
Thus, mercury emission from waste incineration, one of the major 
atmospheric mercury emission sources in western countries, was ignored in 
our estimation. So far, landfills have been the major way to dispose of 
municipal waste in China. Though studies showed that landfills are 
important atmospheric mercury emission source (Lindberg and Price, 1999), 
we do not yet have enough information to estimate the emission rate from 
this source category. A research project is, however, on-going in our group 
to study mercury emission flux from landfills in China, and hopefully the 
knowledge gap will be bridged soon. 

Uses of mercury in chloralkali production, in battery production, and in 
production of measuring instruments and electrical lights were not banned 
but decreased in China until 2002, which is in contrast with Western 
countries, where uses of mercury in these industries have already ceased. 
However, emissions of mercury from these sources were quite low compared 
to emissions from other sources. 

MERCURY CONCENTRATIONS IN AMBIENT AIR 
OF URBAN AREAS IN CHINA 

Using an acidified, sulfurized cotton trap to pre-concentrate mercury 
coupled with CVAFS detection method, Yu (1985) for the first time 
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measured total gaseous mercury (TGM) concentrations in ambient air at 
some tourist attraction areas in Beijing. TGM concentration varied from 1 to 
87 ng m"3, and at most sampling sites, the average TGM concentration 
exceeded 20 ng m"3. Quality assurance (QA) and quality control (QC) 
information of the method applied is, unfortunately, not available from his 
work. Using an automated mercury vapor analyzer (Tekran 2537A), Liu et 
al. (2000) monitored TGM concentrations at one industrial, two urban, three 
suburban, and two rural sampling locations in January, February and 
September of 1998 in Beijing, China. In the three suburban sampling 
stations, mean TGM concentrations during the winter sampling period were 
8.6, 10.7, and 6.2 ng m"3, respectively. In the two urban sampling locations, 
mean TGM concentrations during winter and summer sampling periods were 
24.7, 8.3, 10, and 12.7 ng m"3, respectively. In the suburban-industrial and 
the two rural sampling locations, mean mercury concentrations ranged from 
3.1-5.3 ng m"3 in winter to 4.1-7.7 ng m"3 in summer. It is clear that TGM 
concentrations in ambient air of Beijing are elevated compared to the global 
background values that are believed to be within the range from 1.0 to 1.5 ng 
m"3. Wang et al. (1996) investigated preliminarily TGM concentrations in 
ambient air in metropolitan Chongqing and its suburb and TGM 
concentrations varied from 9.2 to 101.5 ng m"3 with an average of 34.4 ngm3. 

Nov-01 Dec-01 Jan-02 Feb-02 Mar-02 Apr-02 May-02 Jun-02 Jal-02 Aog-02 Sep-02 Oct-02 Nov-02 

Figure 5. Hourly averaged total gaseous mercury (TGM) concentration in the air of 
Guiyang, China from November 23,2001 to November 30, 2002 

(From Feng et al., 2004). 
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TGM concentrations in ambient air were occasionally monitored at an 
urban site in Guiyang between 1996 and 2000 (Feng et al , 2002; 2003). The 
sampling site where the Institute of Geochemistry, Chinese Academy of 
Sciences is located is a dense residential area, and a number of industries are 
located southwest of the sampling site within 20 km. 

The average TGM concentration in the ambient air was 11±4 ng m"3 in 
December 1996, and was 13±9 ng m"3 in October 1999 (Feng et al , 2002). 
Four measurement campaigns were carried out to monitor TGM at this site 
in the following periods: April 19-30, 2000; February 26- March 14, 2001; 
June 26- July 20, 2001 and October 9 - November 22, 2001, respectively. 
High temporal resolved data were obtained by using automated mercury 
analyzers Gardis 1A and Tekran 2537A. 

The geometric means of TGM from different seasons were 8.56, 7.45, 
5.20 and 8.33 ng m-3 in spring 2000, winter 2001, summer 2001 and fall 
2001, respectively (Feng et al., 2003). 

A more intensive TGM measurement campaign was carried out at this 
sampling site from 23 November 2001 to 30 November 2002 using a high 
temporal resolution 5 min mercury vapor analyzer (Tekran 25 3 7A) (Feng et 
al., 2004a). A total of 77,541 individual data points were collected and the 
hourly averaged TGM concentrations over the sampling period are depicted 
in Figure 5. 

TGM concentrations follow lognormal frequency distribution pattern 
and the mean TGM concentration is 8.40 ng m"3 on the basis of one year 
observation. The elevation of TGM in Guiyang is attributed to coal 
combustion from both industrial and domestic uses. A seasonal distribution 
pattern of TGM, with a descending order of winter, spring, fall and summer, 
was observed. The highest TGM concentration in winter is attributed to 
household heating using coal. 

Only a few data are published on reactive gaseous mercury (RGM) 
concentrations in ambient air in China. Using the KC1 coated tubular 
denuder technique (Feng et al., 2000), Feng et al. (2002) carried out a short-
term measurement campaign in Guiyang in October 1999. The average 
RGM concentration was 453.8 pg m"3. Shang et al. (2003) also conducted a 
short-term measurement campaign at the same sampling site in March 2002 
using the same technique and the average RGM concentration was 37.5 pg 
m"3. Coal combustion in Guiyang was demonstrated to be RGM emission 
source (Tang et al., 2003), and these limited data showed that RGM 
concentrations in ambient air of Guiyang were significantly higher than the 
background RGM concentrations < 10 pg m measured in Northern America 
and Northern Europe (Lindberg et al., 1998; Sommar et al., 1999). The 
significant discrepancy of RGM concentrations between the two campaigns 
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is mainly attributed to the weather conditions. It is dry season in October and 
it is relatively wet season in March in Guiyang. Since RGM consists of water 
soluble mercury species such as HgC^ and Hg(NC>3)2, the lifetime of RGM 
in ambient air is strongly dependent on the relative humidity. Therefore, the 
dry season favors the retention of RGM in the air, and RGM concentration 
could be very high since there are RGM emission sources in the city. 

Fang et al. (2001) studied total particulate mercury (TPM) 
concentrations in ambient air at five sampling sites representing the tourism 
district, an ordinary industrial district, a scattering heating residential district, 
a special industrial district and a reference area in Changchun City, 
Northeastern China from July 1999 to January 2000. The daily average TPM 
concentrations ranged from 22 to 1984 pg m"3. A significant correlation was 
obtained between the TPM concentrations and the total suspended 
particulate concentrations. It is demonstrated that coal combustion and wind
blown soil material are the two main sources of particulate mercury in 
Changchun City. Wang et al. (2002) reported TPM measurement data at 
three sampling sites in Beijing, and TPM concentrations ranged from 360 to 
440 pg m"3. Duan and Yang 1995 reported TPM concentrations in ambient 
air at six sampling locations in Lanzhou City, Northwestern China. TPM 
concentrations varied from 100 to 1000 pg m"3, and a clearly seasonal TPM 
distribution pattern was obtained showing that TPM concentrations during 
winter and summer are usually higher than during spring and fall. Again, the 
authors claimed that coal combustion emissions and wind blown dust were 
the main sources of particulate mercury in Lanzhou City. The limited 
reported data showed that TPM concentrations in urban ambient air in China 
are much higher than that of the background value of 1 to 86 pg m"3 (Keeler 
etal., 1995). 

MERCURY POLLUTION TO SOIL COMPARTMENT 

A survey conducted by the China National Environmental Monitoring 
Center 1990 showed that the national background mercury concentration in 
soil is 0.038 mg/kg. Zhang and Zhu 1994 reported that the average mercury 
concentration in soil from Tibet, which is the less impacted by human 
activities, is 0.022 mg/kg. Figure 6 shows the distribution of mercury in soil 
over the whole of China (China National Environmental Monitoring Center, 
1994). 
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Figure 6. Distribution of mercury in surface soil of China (From China National 
Environmental Monitoring Centre, 1994). 

We can see that mercury concentrations in soil are not evenly distributed 
over China, and in certain areas, such as southwestern and southern China, 
mercury concentrations are quite elevated. These elevations are mainly 
related to the geological background since the Global Circum- Pacific 
Mercury Belt crosses these areas. Of course, mercury emissions from human 
activities also caused the elevation of mercury concentrations in urban soils. 

Tao et al. (1993) investigated mercury concentrations in soil from 
Shenzhen area, South China. The average mercury concentration in soil is 
0.068 mg/kg, which is significantly higher than the national background 
value of < 0.01 mg/kg. The utilization of fertilizers containing high mercury 
during the 1970s is believed to be the main cause of the elevation of mercury 
in soil (Tao et al., 1993). Of course, the deposition of atmospheric mercury 
emitted from industrial activities could not be totally ruled out. Guo et al. 
(1996) reported that average mercury concentration in soil from Taiyuan 
City is 0.110 mg/kg, and Wang et al. (2003) attributed the elevation of 
mercury in soil to industrial emissions. 
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MERCURY POLLUTION IN GUIZHOU 

Guizhou is located in Southwestern China with an area of 170,000 km2, 
accounting for about 1.8% of the total area of China. It is known as the 
"mercury capital" of China because more than 60 % of total national 
mercury resources were discovered in this province. Guizhou is located in 
the Global Circum-Pacific Mercury Belt, and at least 13 large and super 
large-scale mercury mines have already been discovered in the province. As 
shown in Figure 5, the background mercury concentrations in soil from this 
area are very elevated. Meanwhile, Guizhou is one of the largest coal 
producing provinces and is also one of the areas where acid deposition 
occurs frequently due to coal combustion emissions. Mercury concentrations 
in coal from Guizhou are significantly elevated compared to the average 
mercury concentration in Chinese coal due to low-temperature thermal fluid 
activities in the Mesozoic and Cenozoic Eras in this area (Feng et al., 2002). 
Mining of mercury and other metals, coal combustion, and other human 
activities significantly polluted the environment with mercury. Tremendous 
national and international attention has been given to mercury pollution in 
the province (Horvat et al., 2003; Xiao et al., 1998; Tan et al , 2000; Yasuda 
et al., 2004; Feng et al., 2002,2003, 2004a, 2004b, 2004c). 

A study conducted by Xiao et al. (1998) showed that total mercury 
deposition flux in Fanjing Mountain Nature Reserve (FMNR) area in the 
Northeast of Guizhou, which is one of over 3000 nature reserves established 
in the world, was calculated to be 115 fig km"2 y"1. The deposition flux is 
very elevated compared to the estimated total deposition rate over 
Southwestern Sweden, which is about 40 \ig km"2 y"1, implying that mercury 
pollution in the province is even affecting the biogeochemical process in 
FMNR (Xiao et al., 1998). Tan et al. 2000 monitored total mercury 
deposition fluxes at 12 sampling sites in the province, and the total 
deposition fluxes ranged from 336 to 2340 jug km"2 y"1. TGM concentrations 
in ambient air measured at these sites varied from 2.7 to 12.2 ng m"3 (Tan et 
al., 2000). Horvat et al. (2003) assessed the level of contamination with 
mercury in two geographical areas of Guizhou province. Mercury pollution 
in the areas concerned originate from mercury mining and ore processing in 
the area of Wanshan, while in Qingzhen, mercury pollution originates from 
GOCF, as stated in section 1.3. The results of this study confirmed high 
contamination of Hg in soil sediments and rice in the mercury mining area in 
Wanshan, and high levels of mercury in soil and rice were also found in the 
vicinity of GOCF. Mercury contamination in Wanshan is geographically 
more widespread due to deposition and scavenging of Hg from contaminated 
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air and deposition on land. In Qingzhen, Hg contamination of soil is very 
high near the chemical plant, but the levels reach background concentrations 
at a distance of several km. Even though the major source of Hg in both 
areas is inorganic mercury, it is observed that active transformation of 
inorganic Hg to organic Hg species (MeHg) takes place in water, sediments 
and soils. The concentration of Hg in rice grains can reach up to 569 ng/kg 
of total Hg, of which 145 jug/kg was in MeHg form. The percentage of Hg as 
MeHg varied from 5 to 83%. It was concluded in this study that the 
population mostly at risk is located in the vicinity of smelting facilities, 
mining activities and close to the waste disposal sites in a wide area of 
Wanshan. 

Feng et al. (2003b) investigated the status of mercury pollution in the 
groundwater systems in the Wanshan area and found that total mercury 
concentrations in river waters ranged from 29.7 to 585.8 ng/L. The mercury 
mining wastes and processing residues are the mercury contamination 
sources to surface water systems. Feng et al. (2004c) estimated mercury 
emissions from artisanal zinc smelting using indigenous methods in 
Hezhang, Guizhou, and mercury emission factors were estimated to be 154.7 
and 78.5 g Hg t"1 of Zn produced from sulfide ore and oxide ore, 
respectively. These emission factors are much higher than the literature 
value used to estimate mercury emissions from zinc smelting in developing 
countries, which is 25 g Hg t"1 of Zn produced. Annual mercury emission 
rates from zinc smelting in Hezhang from 1989 to 2001 are listed in Table 4. 
The local surface water, soil and crops were also contaminated with mercury 
due to zinc smelting activities. 

CONCLUSIONS 

Mercury pollution to aquatic systems from acetic acid plants and 
chloralkaline plants, both of which use mercury is an environmental concern 
in China, and some of the plants are still in operation. The remediation of 
mercury polluted aquatic systems is an imperative task, and the 
biogeochemical cycling of this metal and its health impacts to local 
inhabitants need to be scrutinized as well. 

Total anthropogenic mercury emissions in 1995 in China was estimated 
to be 402 tons. Coal combustion, gold mining and cement production are the 
most important mercury emission sources. 
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Table 4. Annual zinc production and mercury emission from artisanal 
zinc smelting in Hezhang. 

Year 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

1998 

1999 

2000 

2001 

Zn production (t) 

7610.5 

11289 

11639 

11989 

17403 

23453 

26731 

23038 

22700 

31100 

45200 

48098 

32700 

H g emission (Kg) 

1119 

1660 

1712 

1763 

2560 

3449 

3932 

3388 

3339 

4574 

6648 

7074 

4809 

Mercury emission from coal combustion is projected to be increasing 
due to the increasing need of energy with the rapid economic increase since 
1995. On the other hand, mercury emission from gold mining has been 
decreasing since the late 1990s because artisanal gold mining, which is one 
of the largest mercury emission sources, was totally banned then. Cement 
production is, and will still be, an important mercury emission source in 
China. Of course, there are large uncertainties on the estimation of mercury 
emissions from anthropogenic sources in China because the emission factors 
from most of sources were obtained only by indirect methods, such as using 
literature values obtained from other countries. More studies are needed to 
conduct intensive field measurement of not only total mercury emissions, but 
also mercury speciation from different mercury emission sources to precisely 
estimate mercury emissions from anthropogenic sources in China. 

From limited data, we can conclude that mercury concentrations in urban 
air are very elevated. More atmospheric mercury measurement data, 
especially data from remote background areas in China, are needed to 
correctly understand the global cycle of mercury in the troposphere. Soils 
from urban areas are usually contaminated with mercury deposited after 
being emitted to the air from industrial processes, which poses a threat to 
terrestrial ecosystems. Mercury pollution in Guizhou is a regional, 
environmental issue. The biogeochemical cycle of mercury at the regional 
scale there, and its environmental and health risks, need to be studied. 
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INTRODUCTION 

There is increasing evidence that the Arctic region, once considered a 
remote environment, is greatly impacted by global pollution. While there are 
virtually no anthropogenic pollution sources within the Arctic itself, it is, in 
fact, impacted by emissions from many of the world's largest industrial 
regions, resulting in surprisingly high pollution levels, especially during 
winter and spring, when "Arctic Haze"(the first indication of global 
pollution impact) forms. The occurrence of contaminants in the Arctic is 
influenced by the nature and rate of emissions from sources, the processes by 
which these compounds are transported to the Arctic, removal processes, and 
the direct atmospheric exchange with snow-pack, lake ice, sea ice, and the 
surface ocean. To assess mercury airborne transport and deposition in the 
Northern Hemisphere long-term measurements performed at stations of the 
EMEP monitoring network (Berg and Hjellbrekke, 1998) and the North 
American NADP/MDN monitoring network (NADP/MDN, 2002) were used 
in addition to the data of short-term measurements performed during 
episodic measurement campaigns. Numerous measurements have shown that 
the global background concentration of mercury in surface air ranges from 1 
to 2 ng m"3, though local mercury concentrations in industrial regions can be 
several times higher. The highest concentrations (above 2.2 ng m"3) are 
typical of Europe, South-eastern Asia and the eastern part of North America, 
which are also the main emission regions and, therefore, characterized by the 
highest depositions. However, even in the remote parts of the Atlantic and 
Pacific oceans, as well as in the Arctic, mercury in surface air does not fall 
below 1.4 ng m"3. Trajectory cluster analysis and a PSCF model (Potential 
Source Contribution Function) have been used by Cheng and Schroeder 
(2001) to investigate the relationship between sources and receptors for Hg 
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concentrations observed at Alert, in the Canadian high Arctic, during 1995 
and, therefore, to identify major anthropogenic Hg emission source regions 
in the northern hemisphere that contribute significantly to the Hg° 
concentrations measured at Alert throughout 1995. The analysis of 10-day 
back trajectories have shown that atmospheric transport of Hg to Alert is 
dominated by air masses from Eurasia which cross the Arctic Ocean. . In 
particular, long-range transport of Hg° only occurred in the cold seasons 
(Autumn and Winter), while summertime flows tend to circulate in the 
Arctic Ocean and do not travel very far (Cheng and Schroeder, 2001). 
Atmospheric transport, therefore, is shorter in the summer than in the winter 
season showing the seasonal variability of the flow patterns. The 
contribution of specific regions of the Northern Hemisphere to the mercury 
pollution of the Arctic environment is shown in Figure 1. The most 
significant contribution is made by Asian (33%) and European (22%) 
sources (Ryboshapko, 2003). 
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Figure 1 Global mercury impact to the Arctic 
Source: Ryboshapko, 2003 

The total mercury deposition to the Arctic is assessed at about 270 t/y. 
Of this amount, about 50% is contributed by anthropogenic emission 
sources. Several studies suggest that there has been a recent increase in Hg 
levels in Arctic biota, lake sediments, arctic food supplies (Lockhart et al., 
1998) as well as in native people of circumpolar countries (AMAP, 1997; 
AMAP, 1998), despite a 20-yr decrease in global atmospheric Hg emissions 
since 1989 (Pirrone, et al., 1996; Pacyna, et al., 2001). If global emissions 
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clearly decreased, another explanation for the marked Hg deposition increase 
in the Arctic must be sought. 

CLIMATE AND METEOROLOGY 

The Antarctic continent is in many ways quite different from its northern 
counterpart, Antarctica is a high, ice-covered land mass surrounded by the 
southern extensions of the Atlantic, Pacific, and Indian Oceans (Figure 2). 

On the other hand, the vast region of 
the Arctic consists of the ice-covered 
Arctic Ocean surrounded by many 
islands and the continental mass lands of 
northern North America, northern 
Europe and northern Asia (Figure 3). 

As a result of these differences, the 
climates of the two regions are very 
different. The overwhelming 
characteristic of polar regions, in terms 
of both intensity and duration, is the 
cold. The long winter night ensures very 
low temperatures. The polar regions Figure 2. The Antarctic Continent. 

thus, show large 
seasonal variations in 
incoming solar 
radiation, from none 
during the winter 
months to 24 hours of 
sunlight at mid-summer 
receiving, on an annual 
basis, less solar 
radiation than other 
parts of the world. 
However, the radiation 
levels vary greatly 
depending on the 
season and in their 
respective mid
summers the daily 
totals are greater than at 
other places on earth. 
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Figure S. The Arctic Region as defined by Temperature, 
the Arctic marine boundary AMAP and assessment area. 

Source: AMAP 199%. 
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Large part of the solar radiation that reaches the Earth is reflected by 
extensive cloud, snow and ice cover. The high albedo of polar regions, from 
the persistent snow and ice and the large loss of long-wave radiation due to 
the exceptional clarity and dryness of the atmosphere, is a key factor in the 
surface energy budget and ensures a net loss of radiation in all or most of the 
months of the year. This radiation imbalance produces low temperatures and 
results in a redistribution of heat from southern latitudes via air and ocean 
currents (Varjo and Tietze 1987). The loss is, in fact, compensated through 
transport of sensible and latent heat from lower latitudes, usually within 
cyclones, and by heat carried within ocean currents. Because of the lack of 
transport of warm current to the Southern Ocean and the pressure of strong 
westerlies, which blocks heat supply over the Antarctic, the Antarctic is 
colder than the Arctic. Summer temperatures in most of the Antarctic 
continent remain well below freezing. In the Arctic, however, rapid and 
strong snowmelt produces a large influx of fresh water to the rivers and 
Arctic Ocean in the spring and summer and supports a burst of life during a 
brief and intense summer. Important circulation systems of the world's 
oceans are driven by sinking cold water at the periphery of polar regions. On 
the basis of temperature, the Arctic is defined as the area north of the 10°C 
July isotherm, i.e., north of the region which has a mean July isotherm, i.e., 
north of the region which has a mean July temperature of 10°C (Figure-3) 
(Linell and Tedrow 1981, Woo and Gregor 1992). Based on oceanographic 
characteristics, the marine boundary of the Arctic is situated along the 
convergence of cool, less saline surface waters from the Arctic Ocean and 
warmer, saltier waters from oceans to the south. The frequency and the 
position of the persistent high-low-pressure systems not only play an 

Figure 4. Mean atmospheric sea-level pressure (mb) in the Arctic during 
the winter and spring seasonal. 

Source: AMAP, 1998. 
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important role in the existence of the regional and local climates in the polar 
regions, but also link the Arctic and Antarctic climatic system to the world 
climatic system influencing also the atmospheric air mass circulation which 
deliver contaminants to the poles. During the winter and spring seasons, the 
lower tropospheric circulation of the northern polar region is dominated by 
high pressure over the continents and low pressure over the northern Pacific 
and Atlantic Oceans (Figure 4). In particular, the intense Siberian high 
pressure cell tends to force air on its western side northward into the Arctic. 
The high pressure ridge over North America generally drives air out of the 
Arctic southward, resulting in the transport of air over Siberia into the High 
Arctic, and south over North America. 

Consequently, contaminants which are introduced into the atmosphere in 
Siberia or Eastern Europe (in either vapour form or bound to small particles 
which have a low deposition velocity) are frequently transported into the 
Arctic region. Moreover, anticyclones are characterized by relatively low 
wind speed, and thus stagnant conditions. Near the surface, the relative lack 
of cloud cover and low incident solar radiation during Arctic winter can 
produce extended periods of surface radiation inversions. These factors 
reduce the effectiveness of vertical mixing and removal at the surface, 
resulting in the accumulation of contaminants in the lower Arctic 
atmosphere. Some air is also exchanged with the south when low pressure 
vortices along the Arctic front mix warm southern air with cold northern air 
in a large-scale turbulent eddy. In summer, the continental high pressure 
cells disappear, and the oceanic low pressure cells weaken, particularly in 
the north Pacific. Northward transport from mid-latitudes decreases 
accordingly. In contrast to the winter period, in the summer, south-to-north 
transport from Eurasia is, therefore, much weaker as the Siberian high 
dissipates. The mean air circulation pattern in the lower part of the 
atmosphere yields to a more circular clockwise flow around the North Polar 
Region. Marked variation in cloud cover and precipitation accompanies this 
seasonal variation. 

ATMOSPHERIC MERCURY DEPLETION EVENTS 
(AMDES) 

A surprising discovery that provided a great impetus for Arctic 
atmospheric chemistry research in several nations interested in preventing 
pollution of polar regions, was the observing of an unusual phenomenon 
called Atmospheric Mercury Depletion Events (AMDEs) in the atmospheric 
boundary layer of the Arctic and sub-arctic regions. Figure 5 shows several 
sampling Arctic and sub-arctic locations where intensive mercury 
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Figure 5. Mercury sampling locations in the Arctic 
and sub-Arctic region. 
Source: Berg et al., 2003. 

measurement campaigns were 
performed in order to study 
the spatial extent of the 
AMDEs and above all, to 
understand the atmospheric 
mechanism behind these 
springtime phenomena. 
During the 3-month period 
following polar sunrise, it has 
been identified for the first 
time at Alert in the Canadian 
High Arctic (Schroeder et al. 
1998; 2003), an atmospheric 
mechanism by which gaseous 
elemental mercury (Hg°) may 
be converted to reactive and 
water-soluble forms (Reactive 
Gaseous Mercury (RGM) 
and/or Particulate Mercury 
(Hg-p)) that deposit quickly 
thus increasing the mercury 
fluxes and deposition 
processes in the fragile ecosystems of the Arctic and/or Antarctica. 

Springtime AMDEs first noted in the Arctic and observed each spring, 
have also been observed in Antarctica (Ebinghaus et al., 2002). The recent 

increase in Hg 
accumulation in the Arctic 
is, therefore, a direct 
consequence of the 
AMDEs. Figure 6 
illustrates the net effect of 
AMDEs on the annual 
deposition of mercury in 
the Arctic. The contribution 
of AMDEs (occurring over 
several weeks) to the 
annual mercury deposition 
may be as high as 50% in 
coastal Arctic regions. 
AMDEs occur at the same 
time as tropospheric ozone 
depletion events suggesting 

10 20 30 50 

Figure 6. The contribution of MDEs to annual 
mercury deposition in the Arctic. 

Source: AMAP, 1998. 
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that both species were removed by similar unknown homogeneous and/or 
heterogeneous chemical reactions. The AMDEs are in fact, strongly 
correlated with ground-level ozone depletion events (Schroeder et al., 1998) 
which had been discovered 10 years earlier (Barrie et al , 1988). These 
events cannot be explained by changing meteorology alone but occur when 
the atmosphere is in a chemically "perturbed" condition. The results of a 
number of studies suggest that catalytic destruction involving the BrO(g) 
radical is responsible for the 0 3 depletion. Ozone depletions are caused by 
photochemically-initiated autocatalytic reactions involving reactive halogen 
species (such as Br and BrO) derived from sea-salt aerosols in areas of active 
open water (opened series of open leads and polynyas where the wave 
activity and sea-salt aerosol generation is very high). Hence, it is very likely 
that mercury depletion events, having temporal ground level concentrations 
similar to those of ozone, occur in polar areas through similar mechanisms. 
Given, thus, the correlation between O3 and Hg°(g), and the simultaneous 
increase in Hg associated with particulate matter (Schroeder et al , 1998; Lu 
et al., 2001) and RGM (Lindberg et al., 2001) it is thought that BrO, or 
another Br containing radical formed in the period around the polar sunrise, 
is responsible for the sudden increase in the oxidation rate of Hg°(g) and the 
formation of less volatile and more soluble Hg(n) compounds which are 
deposited or condense onto pre-existing particulate matter (Lu et al., 2001; 
Lindberg et al., 2001; Berg et al, 2003a,b; Steffen and Schroeder, 2002; 
Poissant and Pilote, 2001, Ebinghaus et al., 2002). Although, the kinetic data 
on the reactions of mercury with atomic halogens is actually scarce, the 
interaction with halogen radicals seems to be the only plausible process 
accounting for the fast mercury depletion in the Arctic and/or Antarctic 
troposphere. The systematic seasonality of AMDEs leads to the supposition 
that the depletions of O3 and Hg° require both sunlight conditions and a 
frozen aerosol or snow surface. The frozen surfaces on the Arctic Ocean are, 
in fact, enriched by concentrations of halide ions (Br-, CI"), sunlight 
conditions probably trigger the release of halogen containing compounds to 
the atmosphere. Other reactive halogen species present in the Arctic could be 
thermodynamically able to oxidize Hg° to form RGM in the gaseous phase, 
including CI2, Br2, BrCl, HOC1 and HOBr. However, molecular CI2, Br2, and 
BrCl are not likely to produce in-situ RGM formation observed in the Arctic 
during springtime since they can be rapidly photolyzed by solar radiations 
(Fan, S.-M. Et al , 1992). HOC1 and HOBr are more resistant under sunlight 
conditions but they do not exhibit a strong diurnal cycle in the remote marine 
boundary layer (Mozurkewich, 1995), therefore, they may not account for 
the reactive mercury species production during polar sunrise. Two RGM 
species have been considered as products: mercury oxide (HgO) and 
mercury halides (HgB^/HgC^). Based on published studies of reactive 
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halogens in the Arctic (Foster, et al., 2001), HgBr2 should be favored 
considering also that the KCl-Annular denuders may preferentially collect 
HgBr2/HgCl2 over HgO (Landis et al , 2003). During AMDEs elevated RGM 
(and/or Hg-p) also coincided with periods characterized by increased levels 
of column BrO. One potential indicator of the overall spatial extent of these 
events is illustrated by the monthly GOME maps of BrO distribution. These 
and related maps (Lu et al., 2001) clearly confirm that MDEs and associated 
RGM (Hg-p) production should be concentrated in coastal zones and might 
not be expected in other locations (e.g., continental areas). 

Photolyzable bromine which builds up under the ice, escapes through 
constantly changing patterns of open leads and polynyas. These dynamic 
open water areas are also sources of sea-salt aerosols, water vapour, and heat 
from the comparatively warm ocean waters. All these products are 
concentrated in the near surface air due to the lack of vertical convection, 
(caused by limited solar input, the high-albedo of the snow/ice surfaces, and 
a positive temperature inversion). The bromine source regions are, thus, 
concentrated in the dynamic areas of annual sea ice, and the advection of Br 
compounds to inland and ice-shelf regions is controlled by prevailing winds 
and is effectively influenced by topography. Oxidation of Hg° and enhanced 
deposition of RGM (Hg-p) would not be expected in areas without advection 
of Br compounds. Under these conditions, several arctic experiments have 
shown that RGM reached high levels exceeding those measured near 
industrial point sources (Sheu et al., 2001). Garbarino et al. (2002) shown 
that mercury concentrations in snow over sea ice were highest in the 
predominately downwind direction of the open water leads and polynyas 
surrounding Point Barrow (e.g., to the west), an area that often shows 
enhanced BrO. When these surface emissions of photolyzable bromine 
encounter air-mass containing Hg° emissions from southern latitudes under 
sunlight conditions, mercury depletion/deposition events will occur. 

The springtime mercury deposition rates in the Arctic could therefore be 
related to a function of the spatial coverage of annual sea ice, the air-mass 
transport of mercury emissions to this region, and local air-mass circulation. 
These phenomena are, in turn, controlled by average spring and summertime 
temperatures. The atmospheric oxidation of elemental mercury (Hg°) to 
Hg(H) after polar sunrise is also evident from the increase in concentrations 
of mercury observed in surface snow from the polar night to the Arctic 
spring (Lu et al., 2001; Lindberg et al., 2002). The Arctic environment may, 
therefore, act as a global sink for atmospheric mercury. More recently, with 
the improvement of RGM and Hg-p sampling techniques, investigations of 
the atmospheric mercury chemistry have been performed at different 
maritime circumpolar stations to examine and to better understand the 
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mercury depletion mechanism through integrated experiments involving 
mercury concentrations also in the snow/ice surfaces. 

SAMPLING LOCATION AND SPATIAL EXTEND OF 
THE MERCURY DEPLETION EVENTS IN THE 
ARCTIC REGION 

Several field experiments have been performed at different Arctic 
locations (see Table 1) in order to better understand the chemical processes 
that may act to enhance the capture of Hg from the global atmosphere and its 
deleterious impact on Arctic ecosystems. 

High-temporal-resolution Hg measurements performed at Alert, 
Nunavut, Canada (82.5N, 62.3W), showed for the first time in 1995, an 
unsuspected atmospheric process during the 3-month period following polar 
sunrise (mid-March to mid-June at Alert); atmospheric mercury 
concentrations showed extraordinary fluctuations from background 
concentrations to undetectable levels (O.lng m~3) (Schroeder et al., 1998). 

Table 1. Atmospheric mercury species measurements performed at different Arctic 
locations from 1995 to 2003. 

Measurement 
Sites 

Alert (Canada) 

Barrow 
(Alaska) 

Nord 
(Greenland) 
Ny-Alesund 
(Svalbard 
Islands) 

Amderma 
(Russia) 

Coordinates 

82°5'N 
62°3'W 

71°19"N 
156°37'W 

srsow 
16°40'W 
78°54'N 
11°53'E 

69°43'N 
61°37'E 

Period 

1995-2002 

1999-2003 

1998-2002 

2000-2003 

2000-2001 

Measurement 
type 

Hg°; TPM 

Hg°; RGM; 
Hg-p 

Hg° 

TGM; Hg°; 
RGM; Hg-p; 

TPM 

Hg° 

Techniques 

Tekran 2537A; 
AE-TPM Traps; 
CRPU-(Cold 
Regions 
Pyrolysis Unit) 
Tekran 2537A; 
Tekran 1130 and 
KCl-Coated 
Annular 
Denuders; 
Tekran 1135; 
Tekran 253 7 A; 

Tekran 253 7 A; 
Tekran 1130 and 
KCl-Coated 
Annular 
Denuders; 
Tekran 1135; 
AE-TPM Traps; 
Tekran 2537A; 

References 

Schoroeder et 
al., 1998;Luet 
al.,2001; 
Steffen et al., 
2002 
Lindberg et al., 
2002 

Skov et al., 
2004 
Berg et al., 
2001;2003; 
Sommaretal., 
2004; 
Sprovieri et al., 
submitted 

AMAP, 2002 
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Three periods were clearly distinguished due to different Hg behaviour 
observed during the year: (i) fall/winter period, with background Hg° 
concentrations (1.5 - 1.6 ng m"3); (ii) springtime, with highly variable Hg° 
levels often to well below the detection limit and (iii) summertime, with 
higher Hg° concentrations probably due to the warm season in which 
temperatures and/or sunlight conditions induced volatile Hg° emission and/or 
re-emission from water and land surfaces to the atmosphere (Schroeder et 
al., 1998). 

Moreover, Hg° depleted as 0 3 showing a very strong correlation with 
ground level ozone 
concentrations. The 
discovery of the AMDEs, 
have enhanced research 
interest in this region thus 
several and intensive 
measurement expeditions 
were performed from the 
1995 to 2001 ( Steffen and 
Schroeder, 2002). In their 
Alert study, Steffen and 
Schroeder (2002) found that 
Hg concentrations 
associated with particles 
increased at the same time 
of the Hg° concentrations 
decreased. This was the first 
indication that atmospheric 
chemical reactions were 
converting Hg° to inorganic 
Hg(II) species, less volatile 
than the Hg° and more 
likely to associate to 
particles. The Spring 1998 
campaigns confirmed the 
strong anti-correlation 
between Hg° and Hg-p (Lu 
et al., 2001) observed at 
Alert. 

Intensive measurement 
campaigns performed at Pt. 
Barrow, Alaska (Lindberg et al., 2001; Lindberg et al., 2002) from 1999 to 
2003 showed for the first time, that during depletion events, significant 

Figure 7. Hg° concentrations at Barrow during 1999. 

Source: Lindberg et al. 2002. 
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concentrations of RGM were reported. All of the data were collected at the 
NOAA-Climate monitoring and Diagnostic Laboratory (CMDL) in Barrow, 
AK. The sampling site is located at Point Barrow and is surrounded by water 
to the north, east, and west. Barrow is geographically the northern-most 
point in Alaska, located at 71°19'N, 156°37'W about 1600 km south of 
Alert. The 1999 data (Figure 7) provide the first confirmation of AMDEs at 
this more southerly Arctic site with the RGM production during AMDEs at 
significant levels when Hg° is being depleted. Although others have 
suggested that the depleted Hg° at Alert accumulates in the aerosol-phase Hg 
(Schroeder et al., 1998), Barrow data clearly indicate an important change in 
gaseous speciation during AMDEs, producing levels of RGM unprecedented 
at remote and rural sites (Lindberg et al., 1998; Ebinghaus et al., 1999; 
Munthe et al., 2001). The depletion events observed begin within a few days 
of polar sunrise (late January) and persist until snowmelt (early June), 
suggesting a role of both sunlight and frozen surfaces. 

Gaseous and aerosol Br also exhibit strong seasonal cycles at Barrow 
and, like RGM, peak annually between January and June. During this period, 
aerosol Br increases nearly 20-fold over typical concentrations and can 
exceed 100 ng m"3. Hypotheses for the sources of this Br include aerosol 
enrichment by bubble bursting from the sea-surface microlayer, and/or other 
aerosol-related reactions. 

The most probable mechanism involves heterogeneous reactions at the 
interface of hygroscopic sea-salt aerosol many of which are initiated in the 
surface microlayer of snowflakes or the snowpack (Barrie et al., 1997). 
Particulate Hg (Hg-p) samples collected at Barrow (Landis et al., 2001) 
indicate that RGM is clearly the primary species being formed during this 
AMDE period and that the two species behave differently. For example, 
during a period with 3-5 hours of darkness, particulate Hg and RGM were 
anti-correlated, with Hg-p peaking just prior to sunrise when RGM was at its 
daily minimum but decreasing rapidly upon sunrise (Landis et al., 2001). 

The authors suggest that different reaction pathways or reactants may be 
responsible for creating Hg-p as compared to RGM and that the Hg-p 
produced at night is photosensitive. One candidate reaction would involve 
aerosol-bound BrCl that would readily oxidize any sorbed Hg° but that is 
rapidly decomposed under sunlight (Fan et al., 1992). However, upon the 
advent of 24-h were now positively correlated (Landis et al., 2001). The 
authors speculate that the Hg-p detected after 24-h sun reflects RGM sorbed 
onto the existing aerosol. These observations may help explain why the air at 
Alert appears to be characterized by a larger Hg-p/RGM ratio than at Barrow 
(Lu et al., 2001). The surface reactivity of airborne RGM suggests that it 
would readily partition to the aerosol phase upon formation. Hence, Hg-
p/RGM ratios may be useful indicators of the age (time since oxidation of 
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Hg), and hence transport distance, of depleted air masses. Barrow data 
suggested that at least some RGM is being formed in situ at ground level, 
while Hg° in the air sampled at Alert may have undergone significant 
depletion/oxidation events over the sea ice prior to being sampled at the 
Alert station. 

Atmospheric mercury depletion events have also been studied at Station 
North, Northeast Greenland, 81°36'N, 16°40'W, during the Arctic Spring 
(Skov et al., 2004). GEM and 03 were measured starting from 1998 and 
1999, respectively, until August 2002. Weekly average concentrations of 
atmospheric bromine were also determined from samples collected on 
particle filters. Figure-8 shows the results of ozone and Hg° measurements 
together with concentrations of fBr. Ozone and Hg° were rather stable from 
September/October until the end of February/beginning of March. Then, a 
highly perturbed period appeared where both ozone andHg0 were depleted to 
zero from, respectively, about 40 ppbv and 1.5 ng m"3. At the same time fBr 
increases and reaches a maximum of about 10 ng m3. Ozone and Hg° have 
been observed to deplete simultaneously and to be highly correlated during 
atmospheric AMDEs (Schroeder et al., 1998). After the depletion period, 
some very high concentrations of Hg° appeared with values above 2 ng m"3 in 
2000, up to 1.9 ng/m3 in 2001 and at a maximum of 5.7 ng m"3 in 2002. High 
values after AMDEs are also observed at Alert (Schroeder et al., 1998), 
Barrow (Lindberg et al., 2002), and Svalbard (Berg et al., 2001), and they 
are attributed to to reemission of mercury to the atmosphere. In the spring 
2001-2002 Canadian and Russian scientists collaboratively measured Hg° 
concentrations for the first time in the Russian high Arctic at Amderma 
(69°43'N, 61°37'E) and were observed AMDEs in the period from the end 
of March until the middle. These results confirm that the springtime 
depletion of mercury after polar sunrise is a mechanism endemic to Polar 
Regions and that Hg° is chemically converted to more reactive mercury 
species during the AMDEs. Atmospheric mercury measurements were 
carried out on routine basis at Ny-Alesund (78.9°N, 11.9°E) (Spitzbergen, 
Svalbard Islands) from February 2000 to the end of May 2003. Additionally, 
intensive measurement campaigns were performed in the presence of 24 
hours daylight after polar sunrise, from about the middle of April to middle 
of May during the years 2000-2003 (Berg et al , 2003; Sommar et al., 2004; 
Sprovieri et al., submitted). Ny-Alesund is situated at the southern shore of 
Kongsfjorden on the West Coast of Spitzbergen in the Norwegian high 
Arctic at about 15 km from the northernmost Barents Sea. An offshoot of the 
waning Gulf Current (West Spitzbergen current) causes ice-free conditions 
along the west coast of Spitzbergen during the entire year. Measurements 
were performed at the Global Atmospheric Watch monitoring observatory 
operated by the Norwegian Institute for Air Research (NILU) at Zeppelin 
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Figure 8. Hourly 03 mixing ratios and weekly concentrations of fBr measured from 
1999 to 2002 at Station North, Greenland. GEM was measured each Spring from 

2000 to 2002. 
Source: Skov et al. 2004. 

Mountain (474-m a.s.l). The theory of RGM and PM formation during 
depletion of elemental Hg in the Arctic, has been strengthened by the results 
from the intensive measurement campaigns performed each spring from 
2000 to 2003. Hg°concentrations at Zeppelin were within the range <0.1 - 3 
ng m"3. The annual averages for 2000, 2001 and 2002 were 1.47, 1.56 and 
1.59 ng m"3, respectively. 

Episodic depletions of Hg°, closely resembling ozone depletions in 
Arctic surface level air, were frequently observed during an intensive 
atmospheric mercury campaign performed at Ny-Alesund, (Svalbard Islands, 
Spitzbergen) from April 18th to May 12th 2003, during the arctic springtime 
(Sprovieri et al., submitted). Hg° concentrations dropped from around 1.5ng 
m"3 to undetectable levels (< 0.1 g m"3) and were strongly correlated with 
surface 0 3 depletion. GEM, RGM and Hg-p concentrations were measured 
using a method extensively tested by Landis et al. (2002), which can provide 
automated measurements of speciated atmospheric mercury concentration 
levels. GEM, RGM and Hg-p concentrations were simultaneously quantified 
by an automatic integrated system (a Tekran automated unit, Model 1130 
and a Tekran 1135 particulate unit, coupled to an automated gas-phase 
mercury analyser, Tekran 253 7A). Three GEM depletion events were clearly 
observed during the springtime campaign at Zeppelin Station (474-m a.s.l.). 
Regarding the first and major depletion event, depicted from 21th to 22th of 
April, Hg° levels dropped very fast within 24 hours and the concentrations 
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changed from about 1.7 ng m"3 to below the detection limit. This depletion, 
instead of other two minor events, is characterized by several dips and spikes 
in the Hg° trend with concentrations always below 0.9 ng m"3 which could be 
interpreted as minor depletion episodes. During the following minor 
depletion episodes Hg° dropped below 0.25 and 0.5 ng m"3 

respectively.During the ODEs, Hg° exhibits a strong correlation with O3 ( r2 

= 0.8 ) suggesting a possible link with the chemical reactions which destroy 
tropospheric ozone, as first suggested by Schroeder et al. (1998). 
Dramatically increased levels of Hg-p and RGM were measured as Hg° 
concentrations dropped to undetectable levels at Ny-Alesund, as well as at 
several Arctic sites. The RGM data show that during springtime AMDEs, 
RGM appears at significant levels only when Hg° is being depleted, clearly 
indicating an important change in gaseous speciation during AMDEs. RGM 
concentration-time series were in the range between 2.5 pg m"3 to 228.1 pg 
m"3 and Hg-p concentration-time series were in the range between 0.26 pg m" 
3 to 98.6 pg m"3, peaking just during the first and major depletion event. The 
data obtained at Ny-Alesund in particular, indicate that RGM is clearly the 
primary species formed during the AMDE period and that behaved 
differently from Hg-p. 

Particulate mercury samples collected at Barrow (Lindberg et al., 2002) 
also showed RGM as the primary species during the AMDE period with a 
different behaviour of both mercury species. Lindberg et al. (2002), 
however, observed that Hg-p peaks during not 24-hour sunlight but just prior 
to sunrise. Hg-p data at Ny-Alesund were obtained during 24-hour sunlight 
conditions suggesting that different reaction pathways or reactants may be, 
probably, responsible for creating Hg-p as compared to RGM during the first 
and major AMDE. In addition, the general low Hg-p/RGM ratio observed 
during 24-hr sunlight conditions at Barrow led to speculate that the Hg-p 
detected after 24-h sun could reflect RGM sorbed onto the existing aerosol. 
BrO distribution from GOME satellite data and back-trajectories (by 
HYSPLIT Model) have been compared with mercury species concentrations 
obtained at Ny-Alesund during the 2003 experiment. The results show 
evidence, in a preliminary analysis, that the most probable mechanism, 
driving the Hg° depletion and the simultaneous RGM production, is not 
solely action of atmospheric halogen chemistry at Ny-Alesund but also that 
an important role is played by the transport of air masses already depleted 
from mercury prior to arrive at the sampling site at Zeppelin. 
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THE MERCURY DEPLETION EVENTS IN THE 
ANTARCTIC REGION 

The first extended baseline data for the concentration and speciation of 
atmospheric mercury (TGM and dimethylmercury, DMM) in Antarctica 
were reported by De Mora et al. (1993). Annual average TGM values were 
0.52, 0.60 and 0.52 over three consecutive years, and DMM values were less 
than 10% of the TGM values, and often below the detection limit. The 
seawater and atmospheric concentration of DMM have also been measured 
in the Antarctic Ocean by Pongratz and Heumann (1999) who found the 
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Figure 9. 03 and TGM concentrations during the MDEs observed at Neumayer, 
Antartica from August to October 2000. 

Source: Ebinshaus et al. 2002. 
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mean atmospheric concentration to be 6 pg m~3. However, Hg speciation and 
the variation of Hg species in the Antarctic region are currently not known. 

The measurements reported by Ebinghaus et al. (2002) comprise the 
first annual time series of ground-level TGM (Total Gaseous Mercury) 
concentrations in the Antarctic to investigate the occurrence of possible 
AMDEs in south polar regions. The study also provides high-resolution data 
that can be compared with existing data sets of AMDEs in the Arctic 
revealing similarities and differences in the temporal and quantitative 
sequence of AMDEs after polar sunrise. The TGM series measured in 
Antarctica at the German Research Station at Neumayer (70°39.'S, 8°15'W) 
by Ebinghaus et al. (2002) showed several Hg depletion events during 
Antarctic springtime (between August and November) 2000 (Figure 9), with 
minimum daily average concentrations of about 0.1 ng m"3; TGM and 03 
were strongly positively correlated as seen in the Arctic boundary layer after 
polar sunrise. At Neumayer (relative to the beginning of spring in both 
hemispheres) the ozone depletion events are less frequent, and are shorter 
(Lehrer, 1999). Friess (2001) documented that the numerous strong and 
sudden enhancements of BrO detected during August and September 1999 
and 2000 at Neumayer are caused by BrO located in the lower troposphere, 
released by well-known autocatalytic processes on acidified sea-salt 
surfaces. 

The TGM data can be characterized by three different time periods: (i) 
Between January and February 2000 and December 2000-February 2001, in 
which TGM concentrations were highly variable. During this time period, 
TGM and ozone concentrations are frequently negatively correlated; (ii) the 
period between March and July 2000, which shows TGM concentrations at 
constant level of background (about 1.146 ng m"3) while ozone 
concentrations constantly increased, (iii) the period between August and 
November 2000, in which several simultaneous depletion events of surface-
level TGM and ozone were detected with minimum daily average TGM 
concentrations of about 0.1 ng m~3. Ebinghaus et al. (2002) also found that 
these Hg depletion events coincided with enhanced column densities of BrO 
over the sea ice around the Antarctic continent after polar sunrise 
(September) as shown from measurements performed using the satellite 
borne GOME instrument. Air masses at ground level coming from the sea 
ice surface, accompanied by BrO enhancements, could be a necessary 
prerequisite for the MDEs at Neumayer. Most of the sea ice where enhanced 
BrO concentrations are found is located north of Neumayer station at lower 
latitudes. Therefore, the sea ice is a possible place where the photochemical 
reaction of ozone and Br atoms and/or the following reaction of BrO radicals 
and Hg° can take place in the Antarctic during the springtime. 
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After an intensive measurement campaign carried out at Terra Nova 
Bay, between November 1999 and January 2000, during which opposite 
trends between TGM concentrations and the quantity of Hg associated with 
particulate matter was observed (Sprovieri and Pirrone, 2000), the 
desirability of more detailed measurements of atmospheric Hg species in 
Antarctica was clear, in order to understand Hg cycling in polar 
environment. Atmospheric mercury measurements were performed at the 
Italian Antarctic Station, in Terra Nova Bay (74°41'S, 164°70'E) from the 
middle of November 2000 to the middle of January 2001. Terra Nova Bay is 
a small gulf inlet of the Ross Sea on the western coast of the Antarctic 
continent; the atmospheric measurement site is at Icaro Camp situated at 3.5 
km from the main Italian Antarctic Station (IAS), on a hilltop 90 m a.s.l. The 
results obtained provide simultaneous measurements of both Hg° and RGM 
performed in Antarctica. Hg° concentrations were in the range of 0.29 ng m"3 

to 2.3 ng m"3 with a mean value of 0.9±0.3 ng m"3. The average Hg° 
concentration was substantially lower than values obtained elsewhere. In the 
Northern Hemisphere mercury fluxes to the atmosphere derived from 
emission estimates for major natural and anthropogenic sources and ambient 
concentration measurements are higher than those evaluated for the Southern 
Hemisphere. This adds weight to the widely accepted hypothesis that the 
background Hg concentrations between the two hemispheres are different. 
Figure-10 shows Hg° and 0 3 ambient concentrations for the measurement 
period. The data is comparable to that of Ebinghaus et al. (2002) for the 
periods January and February 2000, and December 2000 to January 2001, 
which were characterized by variable TGM concentrations (Ebinghaus et al , 
2002) measured TGM as there were no denuders on their instrument to 
remove RGM) and during which TGM and 03 were often negatively 
correlated. 

RGM concentrations during the measurement period were surprisingly 
high and comparable with those at sites directly influenced by significant 
anthropogenic Hg sources (in the range of 10.53 pg m"3 to 334.2 pg m"3 with 
a mean value of 116.3 ± 77.8 pg m"3). Recent studies performed in the Arctic 
(Lindberg et al., 2001) also report very high RGM concentrations between 
polar dawn and snowmelt, suggesting that there are specific mechanisms 
and/or characteristics of polar environments that at certain times, and 
apparently in the presence of surface snow are extremely favourable to the 
production of RGM. Comparable RGM results have been reported by 
Temme et al. (2003) during an intensive measurement campaign performed 
at the German Research Station (Neumayer) during Antarctic summertime. 
They found RGM values ranged between 5 pg m"3 and maximum levels of 
more than 300 pg m"3 from December 2000 to February 2001. The high 
concentrations of RGM measured at Terra Nova Bay are somewhat 
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surprising above all because the period in which the measurements were 
performed was not one in which simultaneous ozone and mercury depletion 
events occurred, when it has been shown that RGM production increases 
significantly (Lindberg et al , 2002). The only possible source of RGM is, in 
these particular conditions, the gas phase oxidation of Hg°. 

According with Temme et al. (2003), the very high RGM concentrations 
at Terra Nova Bay as well as Neumayer should be influenced by local 
production of oxidized gaseous mercury species over the Antarctic continent 
or shelf ice during polar summer. Recent investigations in the Arctic, have 
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Figure 10. Two-hourly mean GEM and RGM concentrations at Terra Nova Bay, 
Antarctica from November to December 2000. 

Source: Sprovieri et al. (2002). 
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highlighted that there are gas phase oxidation processes occurring which are 
as unknown, probably involving bromine-containing radicals. However, 
although in the Arctic the highest RGM concentrations were found during 
MDEs elevated concentrations were found at Barrow until snowmelt. 
Snowmelt is much more limited even at coastal Antarctic sites than it is at 
Arctic sites such as Barrow, which suggests that the snow-pack is directly 
involved in maintaining high RGM concentrations. Further studies are 
necessary to explain the reaction mechanism and the kinetics of the MDEs 
and the RGM production identified during measurement campaigns in the 
Antarctic during springtime depletion period (Ebinghaus et al., 2002; 
Temme et al., 2003) and for the no depletion period (Sprovieri et al , 2002). 
It is also important to combine the results observed with trajectory 
calculations in combination with sea ice maps in order to investigate the 
origin of the depleted air masses and the actual places where the chemical 
reactions involving ozone, reactive bromine species, and elemental mercury 
take places. 

MERCURY DEPOSITION TO THE SNOW AND ICE 
SURFACES IN THE POLAR REGIONS AND AIR-
SNOW-ICE EXCHANGE PROCESS 

The mechanism of the conversion of Hg° into RGM (and/or Hg-p) is not 
well understood neither are the roles of the snow pack and the host of 
chemicals existing therein. For this reason various conversion and air-snow 
interaction studies were undertaken during measurement campaigns from the 
1997-1998. The first observations of the seasonal variation of Hg content in 
snow on the Arctic Ocean are reported by Lu et al. (2001). Fresh snow 
samples were taken in the spring snow-pack of the Eastern Canadian Arctic, 
Hudson Bay, and Greenland. In the Canadian Island Archipelago, and at 
coastal sites on Hudson Bay, concentrations were generally much higher (25 
-160 ng L_1) and enhanced Hg levels in snow were clearly reflected in the 4-
fold increase from the dark winter months (Nov. 1997 to Jan. 1998: 7.8 ng 
L- l ) to the sunlit spring months (Feb. to May, 1998: 34 ng L-l) . These 
snow data are consistent with observed tropospheric O3 and Hg° depletion 
events, and satellite observations of atmospheric BrO concentrations in the 
northern hemisphere (Richter et al., 1998). These observations constitute 
direct evidence of a link between sunlight-assisted Hg° oxidation, greatly 
enhanced atmospheric Hg(II) wet and/or dry deposition, and elevated 
mercury concentrations in Arctic snow and snow-pack during springtime. 
Similar results were obtained in subsequent years and, during springtime 
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2000 at Alert, a 20-fold increase in Hg concentration in the snow samples 
from before an AMDE to after an AMDE was observed (Steffen et al., 
2002). Using, the technique of the CRPU- Cold Regions Pyrolysis Unit, it 
was found that during AMDEs, when Hg° concentrations decrease, a 
significant amount of mercury (in forms not identify by the instrument) 
remain in the air. Hence it was deduced that the remaining component not 
recovered throughout pyrolysis, was removed from the air, presumably 
having been deposited to the frozen surface (Steffen et al., 2002). This 
finding substantiates the argument that the converted Hg° during AMDEs is 
deposited onto the snow. In support of this hypothesis, closer to the surface 
at Alert, vertical concentration gradients of mercury were measured in the 
interstitial air within the snow-pack and in the air above the snow at 190 and 
120 cm height. Profiles were measured during both the dark and light 
periods and before and during AMDEs. These profile data showed no 
significant difference in Hg° concentrations between near surface and those 
at 1.9 and 1.2m heights during dark and 24-hours daylight conditions before 
an AMDE; in contrast, while a depletion event occurred, the Hg° 
concentration in the air column above 10 cm remained invariant with height 
but close to the surface a noticeable increase in the Hg° concentration was 
observed. Concurrent ozone profiles exhibited a sharp decrease at the surface 
level. These data suggested that the snow pack was a source of Hg° but a 
sink for ozone. Hg° behaves in a manner that is different from ozone as the 
two substances approach and interact with the frozen surface. The nature of 
this interaction is complex and is not yet fully understood at this time. Other 
profile studies between the interstitial air and air above the snow pack show 
a positive gradient suggesting that Hg° is emitted from the snow pack. The 
interstitial air in the snow pack was, in fact, alternately measured and, in 
particular, these measurements showed that the concentration of Hg° in the 
interstitial air in the snow pack was almost continually higher than in 
ambient air, especially when an AMDE occurred. This shows that Hg° was 
almost continually released from the snow pack indicating that the snow was 
a source of mercury. During and after the AMDEs, pulses of Hg° were 
observed to be emitted from the snow pack. It is thought that some of the 
oxidised species of mercury that are previously deposited during the 
AMDEs, under sunlight conditions, are reduced back to Hg° through 
chemical photo-reduction processes and are then released from the snow 
pack to the air above the snow surface. Flux measurements obtained during 
the following years at several arctic locations (Alert, Ny-Alesund) suggested 
a slightly increased flux of Hg° following an AMDE, confirming the 
complex atmospheric mercury chemistry in the Arctic. During Barrow 
expeditions (2000-2001) Lindberg et al. (2002) observed an increase of Hg° 
from <1 to >90 ng/L over this period. The 1998 data from a ship frozen in 
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the Beaufort Sea 550 km north of Barrow have shown similar trends in 
surface snow (Welch et al , 1999). During snowmelt at Barrow under the 24-
h daylight mercury exhibited surprisingly dynamic behaviour: MDEs ended 
abruptly, airborne Hg° spiked and airborne RGM decreased to detection limit 
(1 pg m"3), while total Hg concentrations in snow decreased drastically, by 
92%. Since a possible source of this airborne Hg° spike probably derived 
from the interaction between the snow pack and the air immediately above it 
leading to Hg° evasion from the snow-pack (Schroeder et al., 1998). 
Hg2+(aq) is readily photo-reduced to Hg° and evaded from surface waters 
(Lindberg et al., 2000) The flux of snow-pack Hg to air and water is thus 
clearly influenced by the melting process. To investigate the behaviour of Hg 
in snow Lalonde et al. (2002) studied Hg° and total Hg concentrations at 
different snow-pack depths above a frozen lake (Sainte-Foy, QC Canada). 
Results indicate that deposited Hg is highly labile in snow-pack samples, 
decreasing, on average, by 60% within 24 h after deposition in the first snow 
stratum while total Hg levels at depth were lower than near the surface, and 
remain constant over time. It was hypothesized that Hg depletion in snow 
could be caused by a rapid snow-air Hg exchange resulting from Hg(H) 
photo-induced reduction to volatile Hg°. Hence, since once deposited, Hg 
could be rapidly reduced and re-emitted and the massive Hg deposition 
events observed in springtime in polar regions may probably have less 
impact than previously anticipated in research studies. Ferrari et al. (2004) 
studied Hg concentrations pattern in the interstitial air of snow during night 
and day conditions at Station Nord, Greenland, during March, 2002. The 
sampling period was shortly after polar sunrise and before any ozone and 
mercury depletion events. Results obtained indicated mercury oxidation and 
reduction processes in the top layers of the snow-pack. Recently it was 
proposed that homogeneous and/ or heterogeneous processes between Hg° 
and Br /BrO radicals were leading to the deposition of oxidised Hg from the 
interstitial air of snow onto the snow grains (Ferrari et al., 2004). The snow-
pack can also be a source of Hg° to the atmosphere through Hg(II) reduction 
by HO2 and/or photo-dissociation of some Hg(H) complexes (Dommergue et 
al , 2003a). The snow samples were taken at different depths. Hg° 
concentrations at 60 and 100 cm depth do not exhibit the same pattern as 
those at 20 and 40 cm. No night and day profile was observed for these 
deeper depths indicating that the production was affecting mainly the top 
layers of the snow-pack. Levels of Hg° in the atmosphere were relatively 
constant at Station Nord in Greenland shortly after polar sunrise, whereas the 
concentrations in interstitial air of snow varied much more with a depletion 
during the day and a production at night. The observed production must then 
be driven by internal chemical processes, and not by change in atmospheric 
conditions. Depletion of Hg° in the interstitial air of snow is probably the 
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result of homogeneous and/or heterogeneous chemistry with halogenated 
species (especially Br and BrO) leading to the formation of Hg(II) and its 
adsorption on the snow surfaces. The Artie snow pack is known to produce 
active bromine and chlorine species in the interaction process between sea-
salts, ozone and acid species in the snow (Fan and Jacob, 1992; Tang and Mc 
Connel, 1996). The production of reactive species is even possible during 
low irradiation periods. Moreover, reaction between Hg° and Br radicals is 
fast (Ariya et al., 2002). Thus, similarly to the depletions of atmospheric Hg° 
and ozone in polar regions during springtime, Hg° depletion in the interstitial 
air of the snow could be the result of fast oxidation processes involving 
halogenated radicals. Therefore, during the day, under sunlight conditions 
with solar irradiation strong enough to produce Br-radicals, mercury, in its 
oxidized form Hg(II), accumulate in the snow-pack and the oxidation 
processes in the snow-pack is, therefore, more active than reduction. After 
the sunset, with solar radiation weaker, oxidation is less active and allows 
the reduction to be predominant. Hg° production occurring in the snow-pack 
during the night requires the presence of a potential reductant of Hg(H). 
However, research studies recently performed (Dommergue et al., 2003a) 
have shown a production of Hg° in the air of the snow in Kuujjuarapik 
(Canada) during the day, directly correlated with solar radiation suggesting 
that Hg° production is driven by a photo-chemically induced reduction and 
proposing, as a potential reductant, hydroperoxyl radicals (HO2) (Lin and 
Pehkonen, 1999). The major source of H02 is assumed to be the photolysis 
of formaldehyde (HCHO) both in the troposphere and in the snow-pack 
interstitial air (Sumner and Shepson, 1999). The mechanism by which Hg° is 
emitted from the snow during night time is at present unknown, however this 
reduction process could be explained if a night time source of HO2 exists in 
the air of the snow pack. Hg fluxes to the atmosphere calculated at Nord-
Greenland (0.06-0.4 ng m"2 h"1) were weaker compared to those observed by 
Schroeder (2003) at different Arctic sites (1-8 ng m"2 h"1). However, Steffen 
et al. (2002) have shown that without any mercury depletion event, gaseous 
mercury concentration was homogeneous from the snow surface to a height 
of a few meters above the snow. Enhanced concentrations of Hg in surface 
snow are clearly evident throughout the AMDE period also at Ny-Alesund. 
Results from snow samples performed during several spring campaigns have 
shown Hg concentrations variable from a background of about 2 ng L"1 

during the polar night to about 40 ng L"1 in the Arctic spring. After Hg° 
events, Hg concentrations increased from background values to 100 ng L . 
The ratio between deposition and reemission is an important parameter that 
determines the impact of mercury depletion in the Arctic environment. More 
research is needed to improve our understanding of this exceptional aspect of 
environmental mercury cycling. 
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CONCLUSIONS 

The substantial different geographical distribution of landmasses around 
both poles influences the Hg° annual mean observed in the Arctic (1.59 ng 
m"3 to 1.60 ng m"3) and Antarctica (1.04 ng m"3). The Antarctic region is 
remote from human activities on the other continents being far from 
landmasses; in contrast, the Arctic region is surrounded by northern North 
America, northern Europe and northern Asia, therefore, it undergoes to the 
anthropogenic influences came from the continents themselves. However, 
several emission Hg data sets have shown that during the last 20-years there 
is been in the Northern Hemisphere a decrease in global atmospheric Hg 
emission of about 30% despite the recent increase in Hg levels observed in 
Arctic biota, lake sediments, arctic food as well as in native people of 
circumpolar countries as recently carried out by different studies. A potential 
explanation for the opposite trends observed concerning the Hg increase in 
polar biota and the Hg decrease in global emissions, could be the AMDEs, 
probably a relatively recent atmospheric mechanism by which Hg° (Hg°) 
may be converted to reactive and water-soluble forms (RGM and/or Hg-p) 
that deposit quickly thus increasing the mercury fluxes and deposition 
processes in the fragile ecosystems of the Arctic and/or Antarctica. 
Enhanced concentrations of Hg in surface snow are clearly evident during 
the AMDEs that lead, therefore, to enhanced Hg inputs into polar 
ecosystems (about 300 Tonnes in the Arctic and from 50 to 100 tonnes in the 
Antarctica). The observations seen in the polar regions, thus constitute direct 
evidence of a link between sunlight assisted Hg° oxidation, greatly enhanced 
atmospheric Hg(H) wet and/or dry deposition, and elevated Hg 
concentrations in the polar snow-pack in spring. Several studies on the Hg 
fate carried out in the polar regions suggested that a significant fraction of 
deposited Hg is bioavailable ( up to 40%), about 25% can be re-emitted to 
the atmosphere and the fraction in meltwater is more than 50%. 

It has been thought, in fact, that the AMDEs are, probably, a recent 
phenomena due to the climate global changes in the polar regions and, in 
general, to the global warming of the planet over the last 30 - 40 years. This 
last leading to a decreasing trend in multi-year ice coverage, earlier timing of 
snowmelt, increasing ocean temperature and increasing atmospheric 
circulation can impact the dynamics of the AMDEs. These climate changes 
have, in fact, increased atmospheric transport of photo-oxidants and 
production of reactive halogens (Br/CI) in the polar regions enhancing Hg 
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oxidation reactions. The decreasing, in addition, in total column ozone 
amounts over the polar areas and the subsequent increasing of the incident 
solar UV-B which influence the production of reactive halogen species could 
lead to increase of the Hg° oxidation processes and Hg accumulation in polar 
ecosystems. 
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INTRODUCTION 

Investigation and control of transboundary air pollution in Europe has a 
relatively deep history. Considerable practical and scientific progress in this 
direction has been achieved in the framework of the Convention on Long-
Range Transboundary Air Pollution. A number of international binding 
instruments (Protocols to the Convention) on reduction of air pollution were 
developed and entered into force during the last 25 years. Scientific support 
for the evaluation of long-range air pollution, as well as development and 
implementation of the Protocols is provided by the Cooperative Programme 
for Monitoring and Evaluation of the Long-range Transmission of Air 
Pollutants in Europe (EMEP). 

EMEP was established in 1977 under the United Nations Economic 
Commission for Europe. After the Convention entered into force in 1983 
EMEP became an operational programme of the Convention. Routine 
activity of EMEP is based on joint efforts of the participating countries and 
4 international centres of EMEP. One of these centres - the Meteorological 
Synthesizing Centre - East (MSC-E) is responsible for the development and 
application of atmospheric transport deposition models for the assessment of 
air pollution by heavy metals and persistent organic pollutants. 
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Heavy metals in line with acid compounds are included in the priority list 
of substances considered under the Convention. A Protocol on Heavy Metals 
was signed by 36 Parties to the Convention in 1998. The Protocol is aimed 
at control of heavy metal emissions into the atmosphere to reduce their 
transboundary transport and to prevent adverse effects on human health and 
the environment. In accordance with the Protocol EMEP is responsible for 
use of appropriate models and measurements for providing to European 
countries calculations of transboundary fluxes and depositions of lead, 
cadmium and mercury. 

This paper is focused on the assessment of the long-range transboundary 
transport of mercury. Mercury is widely recognized as a global pollutant. To 
evaluate mercury pollution of Europe mercury emissions all over the globe 
and intercontinental transport should be taken into account. To meet these 
requirements MSC-E is developing mathematical models for the evaluation 
of mercury atmospheric transport on regional (Europe) and hemispherical 
(Northern Hemisphere) scales. 

EMEP REGIONAL MODEL 

The EMEP regional model considers basic processes governing the 
transport and deposition of mercury - advection, diffusion, dry and wet 
removal and chemical transformations. This is an Eulerian three-
dimensional atmospheric transport model. The model operates within the so 
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Figure 1. Horizontal (a) and vertical (b) structure of EMEP regional model. 
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called EMEP domain (Posh et al., 1997). This region includes the European 
continent, the northern part of Africa, part of the Middle East, the North 
Atlantic and part of the Arctic (see Figure 1). The EMEP grid consists of 
135x111 grid cells with spatial resolution 50 km at 60°N. latitude. 

As seen from Figure 1, the model domain consists of five non-uniform 
layers along the vertical. The top of the model is at a height of about 4 km. 
Therefore, the model domain covers the entire atmospheric boundary layer 
and part of the middle troposphere. Depths of the layers are 100, 300, 700, 
1000 and 1800 m (from bottom to top). The advection scheme is 
conservative, stable and positively defined (Pekar, 1996). The model 
description of the vertical turbulent diffusion is based on the first order 
closure approach. 

The model deals with three physical-chemical mercury forms: gaseous 
elemental mercury (GEM), reactive (oxidised) gaseous mercury (RGM) and 
total particulate mercury (TPM). They possess very different characteristics, 
which determine very different lifetimes of each form in the atmosphere. 
Detailed description of the parameterisation of all modelled processes can 
be found in MSC-E technical reports (Ilyin et al , 2001; 2002; 
www.msceast.org). 

Scavenging of all mercury forms encompasses wet removal and uptake 
by the underlying surface. Wet removal of TPM and RGM is described 
using a washout ratio approach. It is accepted that particles containing 
mercury behave like sulfate particles and the equilibrium washout ratio is 
equal to 5xl05 (Petersen et al., 1998; Iversen et al., 1989). Washout of RGM 
by the liquid phase is prescribed by the equilibrium washout ratio 
characteristic of nitric acid: 1.4xl06 (Petersen et al., 1995; Jonsen and 
Berge, 1995). The reason for this is the similar solubilities of these two 
species in water. Besides, RGM and GEM can be dissolved in the aqueous 
phase of clouds. 

Dry deposition of TPM is described in the framework of an electric 
resistance analogy. Mercury containing particles are in the submicron size 
range (Milford and Davidson, 1985; Keeler et al., 1995), hence the effect of 
the gravity can be ignored. Dry deposition efficiency is differentiated with 
regard to the land-cover category of the underlying surface and depends 
basically on properties of the underlying surface and atmospheric stability 
(Ruijgrok et al , 1997; Wesely and Hicks, 2000). 

Dry uptake of GEM depends on a number of parameters. On the basis of 
literature data (Lindberg et al , 1992; Xu et al., 1999; Petersen et al , 2001; 
Seigneur et al., 2001) it is assumed that at negative temperatures uptake does 
not occur. Uptake also does not occur by water and vegetation-free surfaces. 

http://www.msceast.org
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For the surface covered with forest the velocity is accepted to be equal to 
0.03 cm/s at 20°C and higher. For other types of vegetation the maximum 
value is 0.01 cm/s. The uptake velocity decreases linearly to zero as 
temperature decrease to 0°C. 

When describing the dry uptake of gaseous oxidised mercury a similarity 
of dry uptake velocity to that of nitric acid is assumed (Petersen et al., 
1998). This assumption comes from their similar solubilities in water. 
Keeping in mind the obvious lack of knowledge on this, the dry uptake 
velocity for RGM assumed in the model is 0.5 cm/s for all seasons and types 
of underlying surfaces. 

Parameterisation of chemical processes includes both aqueous-phase and 
gaseous-phase reactions and equilibria. It is based on the chemical scheme 
suggested by Petersen et al. 1998. However, the scheme has been simplified 
- only key reactions are used in the model. They are gas-phase oxidation of 
GEM by ozone, dissolution of GEM and RGM in cloud droplets, aqueous 
phase oxidation of GEM by ozone with further sorption of the reaction 
products on insoluble particles within droplets, and mercury reduction to the 
elemental state through decomposition of mercury-sulfite complexes. All 
products of gaseous-phase oxidation are treated as aerosol particles. It is 
accepted (Brosset and Lord, 1991; Iverfeldt, 1991; Lamborg et al, 1995) 
that half of TPM being captured by cloud or rainwater droplets can be 
dissolved. After drop evaporation an aerosol particle is formed containing in 
its composition all earlier dissolved and insoluble mercury compounds. 

An important distinction of the scheme from analogous ones typically 
used in atmospheric mercury models (Petersen et al, 1998; Bullock and 
Brehme, 2002; Shia et al., 1999) is in usage of temperature dependencies of 
reaction rates and equilibrium constants. For Henry's law constants the 
following equations are used (Sander, 1997; Ilyin et al, 2002): 

For GEM: 

for RGM: 

for03: 

KHg0 = 0.00984 -7/exp| 2800-1- -0.003356 
T 

\ \ 

J) 

KHon =1.054- 105T-exd 5590- --0.003356 ^HgCl, 

K0i = 0.00095l-r-expl 2325-f — -0.003356 j 

The dependence of the rate of gas-phase GEM oxidation by ozone on 
temperature is described by the following equation delivered from the data 
published by Hall [1995]: 
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-18 £ = 2 .M0 _ 1 8 .exp -
1246 

cm11 moleds 

Since temperature in the troposphere can vary within the range of 100 
degrees, the accepted dependencies can significantly change rates of 
mercury chemical transformations and its removal from the atmosphere. 

EMEP HEMISPHERIC MODEL 

The EMEP hemispheric model has been developed in order to evaluate 
the atmospheric transport of mercury over the Northern Hemisphere. This is 
a three-dimensional chemical transport model of Eulerian type. The detailed 
description of the model can be found in MSC-E technical reports 
(Travnikov and Ryaboshapko, 2002; www.msceast.org). 

The model computation domain covers the whole Northern Hemisphere 
with a spatial resolution of 2.5° both in zonal and meridional directions. The 
surface grid structure of the model domain is shown in Figure 2. To avoid a 
singularity at the pole point, peculiar to the spherical co-ordinates, the grid 
has a special circular mesh of radius 1.25° including the North Pole. In the 
vertical direction the model domain consists of eight irregular levels of 
terrain-following sigma-pressure co-ordinates defined as a ratio of local 
atmospheric pressure to the ground surface pressure (Jacobson, 1999). The 
vertical grid structure of the model is presented in Figure 2. 

Figure 2. Horizontal (a) and vertical (b) structure of EMEP hemispheric model. 

Advection is treated using the Bott flux-form advection scheme (Bott, 
1992). This scheme is mass conservative, positive-definite, monotone, and is 
characterised by comparatively low artificial diffusion. In order to reduce 
the time-splitting error in strong deformational flows the scheme has been 

http://www.msceast.org
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modified according to (Easter, 1993). The vertical movements are solved 
using the original Bott scheme generalised for a grid with variable step. 
Non-linear diffusion has been approximated by the second-order implicit 
numerical scheme in order to avoid restrictions of the time step caused by 
possible sharp gradients of species mixing ratio. 

The modelling domain has two borders - upper layer and the Equator. At 
the upper boundary a uniform distribution of GEM concentration of 0.185 
pptv (corresponding to about 1.5 ng/m3 at 1 atm and 20°C) is prescribed. 
Within the equatorial zone some gradient of gaseous mercury was observed 
between the Northern and Southern Hemispheres (Slemr, 1996). In the 
model the gradient of GEM is set to 0.05 ng/m3/degree at the equatorial 
boundary. Since the atmospheric residence times of the other mercury 
species are considerably shorter their input through the boundaries is 
neglected. 

The parameterisation of mercury scavenging processes in the 
hemispheric model does not differ from that used in the regional model. The 
hemispheric model takes into account the same chemical transformations of 
mercury as the regional model described above. However, GEM oxidation 
by chlorine is introduced into the chemical scheme because in the oceanic 
atmosphere this reaction can give a noticeable effect. 

EMISSIONS AND OTHER INPUT PARAMETERS 

The Convention envisages that all participating countries should evaluate 
their national emissions using the same inventory methodology. Currently 
national data on total mercury emissions (for at least one year for the period 
of 1990-2000) were submitted by 34 countries. For the other countries, 
which have not reported national emission data, expert estimates are applied 
(Berdowski et al., 1997; Pacyna and Pacyna, 2002). Mercury emission data 
for 2000 used for the assessment of pollution level in Europe are 
demonstrated in Table 1 (Ilyn and Travnikov, 2003). During the last decade 
mercury emissions into the atmosphere in most European countries were 
reduced. Thus, the total European mercury emission decreased from 463 t/yr 
in 1990 (Berdowski et al., 1997) to 201 t/yr in 2000 (Table 1). Accuracy of 
the emission data is quite uncertain. It is believed that the expert estimates 
can be within ±30% (Pacyna and Pacyna, 2002). 
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Table 1. Mercury anthropogenic emissions* (AE) to the atmosphere in the EMEP region 
in 2000, t/y. 

Country 
Albania 

Armenia 

Austria 

Azerbaijan 

Belarus 

Belgium 

Bosnia & Herz. 

Bulgaria 

Croatia 

Cyprus 

Czech Rep. 

Denmark 

Estonia 

Finland 
France 

AE 

0.5 

0.001 

1.15 

0.6 

0.36 

2.88 

0.2 

4.19 

0.41 

0.30 

3.84 

1.96 

0.55 

0.6 
15 

Country 
Georgia 

Germany 

Greece 

Hungary 

Iceland 

Ireland 

Italy 

Kazakhstan 

Latvia 

Lithuania 

Luxembourg 

Monaco 

Netherlands 

Norway 
Poland 

AE 
0.5 

29 

13 

4.21 

0.05 

1.95 

13.2 

0.1 
0.21 

0.25 

0.27 

0.08 

0.58 

1.00 
25.6 

Country 
Portugal 

Moldova 

Romania 

Russia 

Serbia & Mont. 

Slovakia 

Slovenia 

Spain 

Sweden 

Switzerland 

Macedonia 

Turkey 

Ukraine 

UK 
Total 

AE 

4.85 

0.18 

6.55 

10 

3.3 

4.37 

0.58 

23.4 

0.81 

2.63 

0.05 

4.30 

9.03 

8.79 
201 

* Values obtained by extrapolation of official data and on the base of expert estimates are in italic. 

For modelling purposes the emissions need to be spatially distributed 
over the domain. Some European countries assess the distribution of their 
national emissions in accordance with the EMEP grid (50x50 km 
resolution). For the others the total national emissions were distributed in 
accordance with (Berdowski et al, 1997). 

During recent years the emission density has changed very significantly. 
In 1990 the emission density in "hot spots" reached 3200 g/km2/yr. A very 
detailed emission inventory of the three mercury forms for each European 
country was implemented recently by Pacyna et al. (2003). The emissions 
were spatially distributed in accordance with the EMEP grid taking into 
account the locations of main point sources. In the vertical direction three 
emission layers were distinguished: <50, 50-150, and >150 m. It is possible 
to see (Figure 3b) that from 1990 to 2000 emissions declined in most 
European countries. 
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Figure 3. Spatial distribution of mercury anthropogenic emissions in Europe: (a) for 1990 
(Berdowski et al., 1997) and (b) for 2000 (b) Pacyna et al. (2003). 

Figure 4. Hemispheric distribution of anthropogenic (a) and natural (b) mercury emissions. 

To simulate mercury atmospheric transport on the hemispheric level a 
global emission inventory prepared by Pacyna and Pacyna (2001) is used. 
The inventory includes the data for three mercury forms. The spatial 
resolution of the emission field is lxl degree. In accordance with these 
estimates the mercury anthropogenic emission in the Northern Hemisphere 
totalled 1900 tons in 1995. Its spatial distribution is shown in Figure 4a. 

It is well-known that mercury enters the atmosphere from different 
natural emission sources. For modelling purposes this emission should be 
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assessed and spatially distributed. Lamborg et al. (2002) suggested that 
global natural emissions reach about 1800 t/y (1000 over land and 800 over 
the ocean). In order to obtain a spatial distribution of natural emission fluxes 
the total emission value was scattered throughout the globe depending on the 
mercury content in soils and the surface temperature. It was assumed that 
mercury evasion from the ocean was proportional to the primary organic 
carbon production (Travnikov and Ryaboshapko, 2002). 

The obtained distribution of natural mercury emissions in the Northern 
Hemisphere is shown in Figure 4b. The highest emission values are typical 
of the so-called geochemical mercuriferous belts with increased content of 
mercury in soils. The emission flux from seawater is lowest in the Middle 
Pacific and highest in internal seas and coastal waters at low latitudes. The 
total natural emission of mercury in the Northern Hemisphere constitutes 
about 1220 t/y. 

In addition to the emission data the models require some other input 
information like meteorological data, characteristics of underlying surface, 
concentrations of different reactants involved into mercury atmospheric 
chemistry and so on. Meteorological data used in the calculations on the 
regional level are based on the Re-analysis project data (Kalnay et al , 
1996). These data are prepared by National Centers for Environmental 
Predictions together with National Center of the Atmospheric Research 
(NCEP/NCAR). Meteorological data necessary for the hemispheric model 
are based on NCEP/NCAR Re-analysis data and processed by the low 
atmosphere diagnostics system (SDA) developed in co-operation with 
Hydro-meteorological Centre of Russia. The system provides 6-hour 
weather prediction data along with estimates of the atmospheric boundary 
layer parameters and covers the Northern Hemisphere. 

To take into account information on land cover of the Earth surface the 
regional model uses data on fifteen types of underlying surface based on 
(Posh et al., 2001). In hemispheric model 25-category land cover data set 
from NCAR Mesoscale Modelling System (MM5) is used (Guo and Chen, 
1994). Since the model formulation does not require highly detailed 
specification, the original 25-category data were reduced to five general 
categories (urban, forests, grassland, bare land, and glaciers) and 
redistributed over the model grid. 

To describe chemical transformations one has to know spatial and 
temporal distribution of the reactants concentration (such as ozone and 
sulfur dioxide) in the atmosphere. The regional model uses the calculated 
fields of main reactants provided by EMEP Meteorological Synthesizing 
Centre - West. Global monthly mean data on ozone and SO2 concentrations 



716 CHAPTER-29: EMEP REGIONAL/HEMISPHERICMERCURY 

in the atmosphere were kindly presented by Dr. Malcolm Ko (Wang et al., 
1998; Chin et al , 1996). Besides, for the aqueous-phase chemistry cloud 
water was characterised by pH value equal to 4.5 and chloride ion 
concentration in cloud water equal to 7-10"5 M (Acker et al., 1998). 
Following Seigneur et al. (2001) air concentration of molecular chlorine in 
the lowest model layer over the ocean is assumed to be 100 ppt at night
time, 10 ppt during the day and zero concentration over land. 

POLLUTION LEVELS IN EUROPE 

In accordance with the EMEP work programme MSC-E carries out a 
modelling assessment of mercury transboundary pollution within Europe. 
The main objective of the work is to evaluate mercury concentration levels 
in air and in precipitation. Besides, the modelling approach gives a 
possibility to calculate dry and wet deposition of mercury over Europe and 
transboundary transport between countries. 

The atmospheric mercury budget for the EMEP region can be described 
by the following items: emissions, depositions, inflow and outflow fluxes. 
The main items of the budget of mercury emitted in Europe for the year 
2000 are shown in Table 2. As seen from the table GEM enters mainly into 
the global mercury cycle. Since other mercury forms - TPM and RGM have 
lifetimes from hours to days, most of these species are deposited within the 
region. In general Europe is a net source of mercury for the global 
atmosphere (its emission exceed deposition). It should be kept in mind that 
a huge mass of atmospheric mercury (in comparison with annual European 
emission) enters and leaves the EMEP reservoir via lateral boundaries. 
This is conditioned mostly by the long-living form of elemental mercury. 
However, TPM can also be generated in the atmosphere due to chemical 
transformations. This can explain the fact that deposition of TPM plus its 
transport outside the EMEP region is higher than TPM emission. 

Levels of mercury concentration in air are rather smooth due to its long 
lifetime in the atmosphere and due to the significant contribution of globally 
distributed mercury (Figure 5a). The highest concentration values exceed the 
global background only by a factor of 2-3. Maximum values of GEM 
concentrations in 2000 were obtained in Greece (6.3 ng/m3), Slovakia (4.2 
ng/m3), Poland (4.1 ng/m3) and the eastern part of Germany (4.0 ng/m3). 
Regions with relatively low air concentrations are in the north of 
Scandinavia, where computed concentrations lay within 1.7-1.9 ng/m3. 
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Table 2. Atmospheric budget of mercury emitted in Europe for EMEP region in 2000, t/y. 

Budget item 

Total emission 
Natural and re-emission 
Direct anthropogenic 

Total depositions * 
Output from EMEP domain 

Mercury forms 
GEM 

369 
258 
111 

4 
360 

RGM 
59 
0 
59 

57 
2 

TPM 
31 
0 

31 

29 
7 

SHg 
459 
258 
201 

90 
369 

* taking into account chemical transformations within the atmosphere: 5 tonnes of GEM are 
oxidized and deposited as TPM. 

In contrast to concentrations in air mercury depositions reveal high 
gradients from "hot spots" in Central Europe to the periphery of the 
continent (Figure 5b). The deposition intensity in different parts of Europe 
can differ by more than an order of magnitude. Total depositions of mercury 
are mostly formed by depositions of oxidised mercury forms - TPM and 
RGM. Since a considerable fraction of these forms has basically 
anthropogenic origin, the deposition maxima are usually strongly associated 
with the anthropogenic sources. High deposition levels are characteristic of 
Central and Southern Europe. The highest values of average mercury 
deposition per country - about 40 g/km2/y are in Slovakia, Poland and 
Belgium. This is caused both by high national emissions and transboundary 
transport from neighbouring countries. It should be kept in mind that for 
individual grid cells the deposition values could exceed country average 
ones by an order of magnitude (the maximum value was 250 g/km2/y). 

Figure 5. Annual mean concentrations of GEM (a) and total deposition (b) within EMEP in 
2000. 
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In most part of the European region the levels of mercury deposition 
fluxes are between 10-20 g/km2/y. Relatively low depositions are seen in the 
European North. In the central part of Scandinavia and in Northern Russia 
deposition fluxes as a rule do not exceed 10 g/km2/y. 

TRANSBOUNDARY POLLUTION 

Assessment of transboundary depositions for each European country due 
to long-range atmospheric transport is the main task of EMEP model 
calculations. The results of the calculations are presented as a matrix of 
country-to-country depositions (Ilyin and Travnikov, 2003). In Table 3 a 
simplified version of the mercury deposition matrix is presented. Here for 
each EMEP country the two major sources countries of transboundary 
pollution are shown for each receiving country. In addition to this, 
contributions from totality of natural emission, secondary anthropogenic re-
emission and remote (non-European) anthropogenic sources (NSR sources) 
are given. It is important to stress that this fraction does not indicate the pure 
natural contribution to depositions, but in fact it is a combination of natural 
inputs, inputs from remote anthropogenic sources and inputs due to previous 
anthropogenic pollution (re-emission). 

Analysis of the table demonstrates that transboundary pollution can be 
very important for most European countries. For example, two neighbouring 
countries - France and Germany - contribute 40% of total deposition to 
Belgium. In some countries the main contribution is given by national 
sources. The highest absolute input of transboundary transport to mercury 
pollution (above 1 t/y) is characteristic of countries with large territories 
such as Russia, Poland, France, etc. It is typical for all countries that a 
considerable share of mercury deposition is caused by NSR sources, located 
all over the globe. 

POLLUTION BUDGETS FOR INDIVIDUAL 
COUNTRIES 

EMEP should provide each member-country with a detailed analysis of 
transboundary pollution. 
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Table 3. Mercury depositions on countries-receptors and contributions of different 
sources into the depositions (a fragment of total country-to-country matrix). 

Country -
receptor 

Austria 
Belgium 
Bulgaria 
Czech Rep. 
Denmark 
Finland 
France 
Germany 
Greece 
Hungary 
Italy 
Netherlands 
Norway 
Poland 
Romania 
Russia 
Slovakia 
Slovenia 
Spain 
Sweden 
Switzerland 
Ukraine 
UK 

Total 
deposition, 

(tonnes) 

1.35 
1.05 
1.88 
1.97 
0.65 
2.41 
8.43 
10.48 
3.04 
1.87 
4.82 
0.69 
2.60 
11.99 
3.69 

26.92 
1.61 
0.43 
6.65 
2.88 
1.09 
7.92 
3.43 

Contribution to the deposition from different sources, % 

Main countries - sources* 

Italy 8 
France 38 
Romania 9 
Germany 18 
Germany 16 
Poland 4 
Spain 7 
France 4 
Bulgaria 3 
Slovakia 14 
France 3 
France 20 
Germany 3 
Germany 10 
Hungary 4 
Ukraine 3 
Hungary 11 
Italy 12 
Portugal 3 
Germany 7 
France 10 
Poland 7 
France 2 

Germany 4 
Germany 4 
Greece 7 
Poland 14 
Poland 3 
Germany 3 
Switzerl. 2 
Switzerl. 2 
Romania 1 
Romania 3 
Spain 2 
Belgium 13 
Poland 3 
Czech R. 4 
Poland 3 
Poland 3 
Poland 6 
Austria 2 
France 1 
Poland 7 
Italy 7 
Romania 3 
Ireland 2 

Other 
E M E P ^ 

countries 
17 
8 
8 
11 
10 
8 
5 
10 
3 
12 
2 

21 
5 
7 
13 
5 
10 
10 
1 

12 
3 
12 
3 

Own 
sources* 

15 
30 
36 
31 
40 
3 

43 
61 
69 
42 
52 
16 
6 
61 
41 
13 
49 
24 
55 
1 

47 
32 
56 

NSR 
sources 

56 
20 
40 
26 
31 
82 
43 
23 
24 
29 
41 
30 
83 
18 
39 
76 
24 
52 
40 
73 
33 
46 
37 

* Only anthropogenic emissions. 

Examples of two countries - Austria and Poland are considered below. 
The first one is a typical country-receiver of mercury pollution while the 
second one is a country-source (see Table 3). Information on pollution of 
any other European countries is available on the Internet: 
www.msceast.org/countries/. This information is intended to help national 
experts in developing abatement strategies concerning mercury emissions. 
Indeed, even very significant reduction of national emission can give no 
effect in a given country if the pollution levels are determined mainly by 
transboundary pollution. 

The pie diagrams in Figure 6 present mercury depositions to Austria and 
Poland caused by national and external sources in 2000. In the case of 
Austria the main contribution to the deposition is made by neighbouring 
countries and NSR. Own sources give only 15% of the total value. The 
opposite situation is seen in Poland. Here national emission sources 
dominate. Nevertheless, the contribution of NSR is significant. 

http://www.msceast.org/countries/
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Deposition to Austria Deposition to Poland 

Others 
0.61 

Slovakia 

Czech 
Republic 

0.51 

Figure 6. Mercury depositions over Austria (a) and Poland (b) from different emission 
sources in 2000. 

The contribution of transboundary transport is non-uniformly distributed 
over a country. To develop national abatement strategies it is important to 
know the spatial distribution of transboundary pollution within a given 
country. Figure 7 illustrates the patterns of transboundary contributions from 
anthropogenic sources over the territories of the considered countries. Their 
regions neighbouring the countries with powerful emission sources are 
mostly impacted by external anthropogenic sources. In some regions of 
Austria the external contribution can reach 50%. In Poland noticeable 
contribution of transboundary mercury pollution (up to 85%) can be found 
in western parts of the country. 

LONG-TERM POLLUTION TRENDS 

According to the modelling results, emission reductions have resulted in 
the decrease of heavy metal depositions over the major part of the European 
territory. On the whole, in the period from 1990 to 2000, mercury deposition 
in Europe decreased 1.5 times. During the period of 1990-2000 
anthropogenic mercury emissions in Europe reduced more than 2 times -
from 420 to 201 t/y. 
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Figure 7. Contribution of external anthropogenic sources to mercury depositions to Austria 
(a) and Poland (b) in 2000, % (calculated in 50*50 km grid). 
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Figure 8. Trends of mercury emissions and calculated depositions during the period 
of 1990-2000: in Europe as a whole (a) and in Belgium (b). 

The smaller decrease of deposition in comparison with anthropogenic 
emissions is conditioned by the contribution of natural sources and re-
emission, as well as by growing global emissions. This difference in the 
trends for Europe as a whole is demonstrated by Figure 8a. 

Some countries reduced their emissions significantly. However, the 
effects of the reduction on mercury deposition can be different. In Belgium, 
for example, the national emission dropped 3.5 times (Figure 8b). However, 
this did not lead to the same decrease in deposition, which reduced less than 
twice. Such lack of correspondence can be explained by the fact that 
mercury deposition in Belgium is determined primarily by European 
transboundary pollution. 
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ROLE OF MERCURY SPECIATION 

From the viewpoint of developing abatement strategies, both on national 
and pan-European levels, it is very important to know which individual 
mercury forms are mostly responsible for elevated levels of deposition. 
Figure 9a demonstrates the mercury deposition field caused by emissions of 
only elemental mercury. The field is even and the deposition values are not 
high. This means that the reduction of emissions of this mercury form could 
not lead to a considerable decline of the deposition in Europe. If only 
oxidised mercury emissions are considered (Figure 9b) one can see that just 
these forms are primarily responsible for the elevated mercury depositions. 
Hence, emission reduction of oxidised mercury forms is more important to 
decrease atmospheric loads in the most polluted areas of Europe. At the 
same time reduction of GEM emissions is more important in a global 
context. 

Figure 9. Mercury depositions caused by elemental mercury emission only (a) and 
oxidized mercury emission only (b). 

HEMISPHERIC TRANSPORT AND DEPOSITION 

As shown above the role of globally distributed anthropogenic sources 
can be significant for mercury deposition levels in different regions of the 
Northern Hemisphere. The results obtained by the hemispheric model 
demonstrate that the contribution of intercontinental transport to mercury 
deposition over Europe is about 40% of the total value. About half of 
mercury deposition to such a remote region as the Arctic is due to long-
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Relative contributions of own and external sources to mercury deposition 
in Europe are presented in Table 4. The main contribution is given by 
European anthropogenic sources. However, the contribution of external 
sources is comparable and makes up about 40%. The most significant non-
European input is made by Asian sources (15%) and mercury evasion from 
the ocean surface (12%). American sources contribute about 5%. It should 
be noted that the anthropogenic component of mercury deposition to Europe 
considerably exceeds the natural one and amounts to 75% of the total. 

Table 4. Contributions of different regions to the total annual mercury deposition over the 
European region, %. 

Source 

Anthropogenic 

Natural 

Europe 

59 
2 

Asia 

11 

4 

Americas 

3 
2 

North 
Africa 

1 

1.5 

World 
Ocean 

-
12 

SH* 

4 

* SH - Southern Hemisphere 

MODEL VALIDATION 

To confirm the quality and reliability of the modelling results the 
modelled data were compared with monitoring data obtained mainly by the 
EMEP monitoring network. Unfortunately, only few EMEP monitoring 
stations measure mercury on a routine basis, and practically all of them are 
located in North-western Europe. Locations of EMEP monitoring stations 
are shown in Figure 11a. The co-ordinates and description of the stations 
can be found in EMEP technical reports (Ilyin et al., 2002; www.nilu. 
no/projects/ccc). The comparison was carried out for annual mean mercury 
concentrations in air and in precipitation. To verify the hemispheric model 
long-term measurements performed in Europe and in North America 
(NADP/MDN, 2002) are used. In addition, data from short-term 
measurements performed during episodic measurements over the Atlantic 
and in Eastern Asia are considered. The locations of monitoring stations and 
sites of episodic measurements are shown in Figure 1 lb. 

http://www.nilu
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Figure 11. Locations of monitoring stations and sites of episodic measurements. 

As shown in Figure 12a, the measured and calculated GEM 
concentrations vary within narrow limits. The agreement between average 
measured and calculated GEM concentrations is within 10-15%, however, 
the difference for individual stations can exceed 25%. Generally, the model 
somewhat overestimates measured values. For almost all stations measuring 
mercury content in precipitation the measured and calculated deposition 
fluxes agree within a factor of 2 (Figure 12b). On the whole mercury wet 
deposition fluxes measured at stations in 2001 were slightly overestimated 
by the model. An appreciable overestimation is noted for German station 
DE9. The reason for this can be connected with uncertainties in spatial 
distribution of the anthropogenic emissions of different mercury forms. 

Observed a M o d e l l e d . 

* 2° 
E 
cb 15 

o 10 

a Observed m M o d e l l e d . 

EJJ l l H . r l f l r i 
DK10 DK15 FI96 N042 N099 SE2 

a b 
D E 1 DE9 NL91 N099 SE11 SE2 SE5 

Figure 12. The comparison of measured and calculated values: (a) for GEM 
concentrations; (b) for wet deposition. 
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A 2-week measuring campaign focused on TPM and RGM (Schmolke et 
al., 1999; Munthe et al, 2003; Wangberg et al., 2003) gave a unique 
opportunity to verify the model for these mercury forms which are not 
measured on a routine basis. The measurements were performed 
simultaneously at two German, two Swedish and one Irish monitoring 
stations. The results of the comparison for TPM and RGM measured at the 
most polluted German station are presented in Figure 13. In the case of 
RGM the model generally overpredicts the measurements by a factor of 
about 2. For TPM the agreement is much better - the difference makes up 
less than 25%, and the correlation factor is high (0.72). It should be kept in 
mind that the measurements of TPM and especially RGM are very uncertain. 
Hence, the mentioned disagreement can be partly explained by this fact. 
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Figure 13. Modelled RGM (a) and TPM (b) concentrations by EMEP regional model 
against observations at German monitoring station Neuglobsow. 

For the hemispheric model the results of the comparison of calculated 
and measured GEM concentrations are given in Figure 14a. As seen from 
these data, the model predicts air concentrations of mercury in background 
regions (~1.5 ng/m3) rather accurately. Some underestimation of measured 
values takes place in the regions with an increased concentration of mercury 
(South-eastern Asia). In general, the difference between measured and 
predicted values does not exceed 30%. 

The difference between predicted and measured values of the annual wet 
depositions of mercury is displayed in Figure 14b. The accuracy of model 
prediction in this case is somewhat lower, because deposition fluxes highly 
depend on the precipitation amount - the model input parameter with a 
considerable degree of uncertainty. However, in general, the ratio between 
measured and predicted values is close to unity, and the maximum 
difference between them does not exceed a factor of two. 

A very useful approach to model validation is the comparison of the 
EMEP operational model with other scientific models used by national 
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experts. Nine different models have been included in this intercomparison 
study: ADOM (Germany), CMAQ, HYSPLIT, AER (USA), GRAHM 
(Canada), EMAP (Bulgaria), MCM (Sweden), DEHM (Denmark) and 
EMEP operational model. Their descriptions can be found in (Ryaboshapko 
et al., 2002; Ryaboshapko et al., 2003). 

At the first stage of the study only schemes of chemical transformations 
were compared. The results demonstrated that all the models predicted 
increases in mercury concentration in cloud water during the first hours of 
modelling experiment. The range of the predicted maximum concentrations 
was from 80 to 150 ng/L. 

T 1 1 1 I 1 1 I U - ^ , 1 , 1 

0 0.5 1 1.5 2 2.5 3 3.5 0 5 10 15 20 

Observed, ng/m3 , Observed, g/km2/y 

Figure 14. Comparison of measured and calculated by the hemispheric model: (a) 
GEM concentrations; (b) wet depositions. Dashed lines: (a) - ±30%, (b) - factor 2. 

For the second stage of the comparison the data from the short-term 
measuring campaign mentioned above was used. Seven models calculated 
EGM, TPM and RGM on sample-by-sample basis for four monitoring 
stations in Germany, Sweden and Ireland. The scattering of the calculated 
values for TPM and especially for RGM in the individual samples was very 
high. However, the mean values for all stations and for all samples were in 
rather good agreement (Ryaboshapko et al., 2003). Figure 15 presents 
comparison results for "models vs. observations" and "models vs. models". 
In the case of elemental mercury all the models are in good agreement both 
with the observations and between each other. The data for RGM and TPM 
are characterised by much larger scattering. In the case of RGM the 
difference between the lowest and the highest modelling values reaches an 
order of magnitude. For all parameters of the comparison the EMEP 
operational model demonstrated acceptable agreement both with the 
observations and with the results of the other scientific models. This gives 
some confidence that the model can be used for the purposes of the 
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Convention and can provide the participating countries with information of 
acceptable reliability. 
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Figure 15. Comparison of different models between each other and with measurements for 

GEM (a), TPM (b) and RGM (c). 

FURTHER DIRECTIONS OF MODEL 
DEVELOPMENT 

It is possible to foresee two very important directions of further 
development of EMEP mercury models. The first one is connected with the 
necessity to assess mercury accumulation in environmental compartments 
and its secondary emission or re-emission to the atmosphere. The second 
direction is consideration in the modelling scheme of a newly discovered 
phenomenon - Arctic mercury depletion. 

During a period of active usage of mercury in human activity more than 
one million tonnes was extracted from the lithosphere, and at least half of 
that came to the atmosphere (Travnikov and Ryaboshapko, 2002). A great 
amount of mercury was emitted in the process of coal combustion. 
Fitzgerald and Mason (1996) believe that 95% of previously emitted 
mercury has being accumulated in soil over the globe. The enhanced content 
of mercury in soils should inevitably lead to its re-emission to the 
atmosphere. 

Consideration of mercury re-emission processes is very important for 
operational modelling of mercury transport in the atmosphere. One of the 
possible ways to describe this process is application of a dynamic multi-
component model describing the mercury cycle in the environment during 
the entire period of pronounced anthropogenic impact (about 500 years 
Hylander & Meili, 2003). Due to very long period of supposed calculations 
and the contemporary level of knowledge on mercury behaviour in different 
environmental compartments the model cannot be very detailed. In this 
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content a box-modelling approach seems to be the most acceptable for 
estimation of mercury accumulation in the environment and re-emission. On 
the other hand, it should have enough spatial resolution to provide input 
information for operational atmospheric transport models at regional and 
global levels. The concept of the box-modelling approach was evolved in 
works by Jonasson and Boyle (1971), Ribeyre et al. (1991), Hudson et al. 
(1995), Jackson (1997), and Lamborg et al. (2002). 

The first attempt to assess mercury re-emission from European soils was 
done using the EMEP regional mercury model in conjunction with a simple 
box model (Ryaboshapko and Ilyin, 2000). Accumulated depositions during 
the last century were calculated by the regional model. The box model 
considered European soils as a single reservoir with two output fluxes - re-
emission and hydrological leaching. Mercury lifetime in the box according 
to re-emission was assumed to be 400 yr, and according to the leaching -
950 yr. Under accepted assumptions the model predicted that by the end of 
20th century the total re-emission in Europe could make up 50 t/yr. The value 
seems to be not very high but one should keep in mind that it is the total 
value for the whole European territory. In some heavily polluted areas 
(Eastern Germany, for example) the re-emission can nowadays exceed the 
current direct anthropogenic emission. 

To provide more accurate re-emission assessment a modeller should 
possess quantitative information on the mercury cycle in soils, because the 
retention time of mercury in soils is the most crucial parameter. Besides, 
mercury deposition and accumulation should be calculated on the global 
scale. Finally, the fate of mercury in the environment compartments should 
be considered at least during last 500 years (Hylander & Meili, 2003). 

Modelling assessment of the role of mercury depletion events (MDE) in 
the Arctic is a very challenging problem. Measurements show that MDE can 
provide very significant fluxes of mercury from the atmosphere into 
vulnerable Arctic ecosystems. To what extent this phenomenon is connected 
with anthropogenic influence on the mercury cycle is still an open question. 
Unfortunately, the mechanism of MDE is not fully understood. 

Two attempts to model MDE were made recently (Christensen, 2001; 
Ilyin and Travnikov, 2003). EMEP calculations show that additional 
deposition of mercury due to MDE can be significant - about 50 t/yr or 20% 
of the total deposition. Figure 16 demonstrates the pattern of annual mercury 
deposition in the Arctic and the effect caused by MDE. One can see that the 
effect is the most pronounced along the shoreline of the Arctic Ocean. Here 
MDE can contribute more then 50% of the total deposition, and just here the 
life in the Arctic is the most active. 
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EMEP: Co-operative programme for monitoring and evaluation of long-
range transmissions of air pollutants in Europe 

EPER: European Pollutant Emission Register 
ERA: European Research Area 
ES: Electron Spray 
EU: European Union 
EXAFS: Extended X-ray Absorption Fine Structure 
FCI: Full Configuration Interaction 
FGD: Flue Gas Desulfurisation 
GC-MSD: Gas Chromatograph with Mass Selective Detection 
GEF: Global Environmental Facility 
GEM: Gaseous Elementary Mercury 
GEMDEs: Gaseous Elemental Mercury Depletion Events 
GLAMAP: Great Lakes Atmospheric Mercury Assessment Project 
GLC: Gas-Liquid Chromatography 
GMP: Global Mercury Project 
EDPLC: High Performance Liquid Chromatography 
HRICP-MS: High Resolution Inductively Coupled Plasma Mass 

Spectrometry 
ICP-MS: Inductively Coupled Mass Spectrometry 
ICP-MS: Inductively Coupled Plasma Mass Spectrometer 
ICZM: Integrated Coastal Zone Management 
IDA: Isotope Dilution Analysis 
IPPC: Integrated Pollution Prevention and Control 
JECFA: Joint FAO/WHO Expert Committee on Food Additives 
LEAF-2: Land Ecosystem Atmosphere Feedback version 2 
LIF: Laser Induced Fluorescence 
LMMBS: Lake Michigan Mass Balance Study 
LMUATS: Lake Michigan Urban Air Toxics Study 
LOEL: Lowest-Observed-Effect Level 
LRTAP: Long-Range Transboundary Air Pollution 
LWC: Liquid Water Content 
MALDI-TOF-MS: Matrix-Assisted Laser Desorption Ionization Time of 

Flight Mass Spectrometry 
MAMCS: Mediterranean Atmospheric Mercury Cycle System 
MB/WW: Mass Burn/Waterfall 
MBL: Marine Boundary Layer 
MBR: Bowen-Ratio Method 
MCCAP: Mercury Cell Chlor-Alkali Plant 
MCM: Mercury Cycling Model 
MDEs: Mercury Depletion Events 
MDN: Mercury Deposition Network 
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MERCYMS: An Integrated Approach to Assess the Mercury Cycle into the 
Mediterranean Basin 

METAALICUS: Mercury Experiment To Assess Atmospheric Loading in 
Canada and the United States 

MMSD: Mining, Minerals and Sustainable Development 
MOE: Mercury Over Europe 
MSC-East: Meteorological Synthesizing Center - East 
MWC: Municipal Waste Combustion 
MWI: Medical Waste Incineration 
MWSS: Mercury Water Surface Sampler 
NAA: Neutron Activation Analyses 
NCAR: National Center for Atmospheric Research 
NCEP: National Centers for Environmental Predictions 
NHANES: National Health and Examination Surveys 
NIMD: National Institute for Minamata Disease 
NOAEL: No-Adverse-Effect Level 
NOS: Neurological Optimality Score 
ODEs: Ordinary Differential Equations 
OECD: Organisation for Economic Co-operation and Development 
PAH: Poly cyclic Aromatic Hydrocarbons 
PBL: Planetary Boundary Layer 
PBTs: Bioaccumulative Persistent Pollutants 
PCBs: Polychlorinated Biphenyls 
PPs: Pseudopotentials 
PSCF: model Potential Source Contribution Function 
PTWI: Provisional Tolerable Weekly Intake 
QA: Quality Assurance 
QC: Quality Control 
QTBA: Quantitative Transport Bias Analysis 
RAMS: Regional Atmospheric Modelling System 
BBC: Red Blood Cells 
RECPs: Relativistic Effective Core Potentials 
RfD: Reference Dose 
RGM: Reactive Gaseous Mercury 
RoHS: Restriction of Hazardous Substances 
RPF: Regenerable Particulate Filter 
RRKM: theory Rice-Ramsberger-Kassel-Marcus theory 
SCOEL: Scientific Committee on Occupational Exposure Limits 
SDA: Atmosphere Diagnostics System 
SIM: Scanning or Single Ion Monitoring 
TAFERJ: Tanzania Fisheries Research Institute 
TAM: Total Atmospheric Mercury 
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TEOM: Tapered Element Oscillating Microbalance 
TGM: Total Gaseous Mercury 
TKE: Turbulent Kinetic Energy 
TLC: Thin Layer Chromatography 
TPM: Total Particulate Mercury 
TST: Transition State Theory 
UMAQL: University of Michigan Air Quality Laboratory 
UN-ECE: United Nations Economic Commission for Europe 
UNEP: United Nations Environmental Programme 
UNESCO: United Nations Educational Scientific and Cultural Organization 
UNIDO: United Nations Industrial Development Organization 
US EPA: United States Environmental Protection Agency 
US FDA: United States Food and Drug Administration 
US NIEHS: United States National Institute of Environmental Health 

Sciences 
VCM: Vinyl Chloride Monomer 
VTST: Variational Transition State Theory 
VWM: Volume Weighted Mean 
WEEE: Waste Electrical and Electronic Equipment 
WHO: World Health Organization 
WISC-R: Wechsler Intelligence Scale for Children 
WMS: Wechsler Memory Scale 
XAS X-ray: Absorption Spectroscopy 
ZAAS-HFM: Zeeman Atomic Absorption Spectrometry using High 

Frequency Modulation 
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373; 386; 398-399; 492; 584; 672 

market; 25; 35; 36; 44-46 
methylation; 15; 82; 85; 95; 114; 154; 

167; 169; 181; 182; 262; 273; 446; 
455; 460; 461; 474; 492; 649; 650; 
653; 660 

methylmercury; 3-13; 31; 58; 60-63; 
75-76; 82-85; 91; 95; 105-106; 115-
116; 123-124; 154-169; 175-182; 
213; 218; 345-363; 370-373; 385; 
386; 389-393; 398-399; 405-406; 
409-414; 416; 429; 459; 463; 477; 
480; 492-493; 502-503; 506; 51 Iff; 
588-589; 600-601; 611; 651; 657-
661; 672 

organic; 6; 12; 156; 165-166; 175; 179; 
346-347; 357; 360-364 

organomercury; 14; 157-158; 160; 
165-166; 169; 175-180; 275 

oxidation; 132-133; 136; 193ff; 213ff; 
261ff; 293ff; 319ff; 541ff; 679ff 

particulate; 220; 226; 553; 558; 564; 
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565; 619; 669; 709 
phenylmercury; 156; 180; 350; 368; 

374 
Reactive Gaseouse Mercury (RGM); 

58; 94; 95; 96; 114; 125-144; 183; 
195; 199-209; 213; 217-218; 229; 
231; 241; 243; 248-251; 295-313; 
319; 325; 328-334; 338; 549; 554-
571; 583; 585-586; 598; 599; 601; 
612-618; 623; 625; 627-631; 651-
652; 668-669; 684-692; 695-697; 
701; 709-710; 716-717; 723; 726-
728 

speciation; 60; 96; 131; 157; 174-175; 
220; 614; 627;665;673 

Mercury trade; 25; 31; 35-47; 77; 146; 
367; 544 
demand; 25; 27-36; 42-46; 49; 662 
price; 27; 32- 35; 39; 45; 422-423; 

427-428; 445 
supply; 8; 11; 25-27; 33-36; 44-46; 77; 

262; 303; 357; 428; 447; 477; 680; 
682 

Mercury use; 6; 29-30; 42; 93; 95; 103; 
113; 428; 473; 638-639; 663 

MESA (Mercury Speciation and 
Adsorption method)', 61 

Micro-organism; 5; 14; 157 
Minamata; 7; 31; 123; 153; 405; 406; 

407; 412; 511; 531; 657; 660 
Mining 

artisanal, gold; 7; 9; 16; 29-30; 39; 94; 
102; 112; 117; 359; 369; 373; 408; 
421; 423; 425; 467-470; 476; 478; 
480-485; 657; 663- 666; 672-673 

mercury; 26- 27; 34; 36; 44-45; 663; 
665; 671-672 

Modelling 
receptor modelling; 140-145; 616 
regional modelling; 25; 332; 708; 711-

712; 715; 726; 729 
Monitoring network; 14; 145; 542; 679; 

724 

N 
Nervous system; 7; 9; 12; 99; 348; 371; 

429; 436; 479; 517; 530 
Neurological studies; 7- 9; 93; 98; 356; 

371; 429; 432-435; 438-439; 479; 480; 
513-514; 521; 522 
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Neurotoxicity; 11; 514; 517; 521; 526-
528; 531-533 

o 
OECD; 16; 28-30; 33; 36; 40-45; 72; 111; 

581 
OH radical; 14; 139; 228; 298; 570; 597; 

630 
Ozone; 3; 87; 115; 140; 171; 194; 209; 

214; 216; 220-229; 233; 246; 248; 263-
264; 267-271; 296; 305; 329; 631; 685; 
688; 690-691; 694-695; 697-698; 702; 
710; 715 

P 
Pesticides; 6; 16; 29; 71; 103; 527 
Pharmaceuticals; 6; 12; 29; 44; 94; 372 
Photochemistry; 297; 301; 307; 628; 630 
Power plants; 54-55; 57-63; 106; 113; 

551; 584; 665 

Q 
QA/QC;182;667 
Quartz filters; 128-129; 136-137; 158; 

159; 195; 199-200; 205; 220-221; 423; 
431; 469; 615 

R 
Re-emissions; 11; 85; 124; 241-242; 244; 

247-252; 313; 541; 543; 554; 566; 583; 
589; 591; 688; 717-718; 721; 728-729 

Reference dose; 98; 398-399 
Regions 

Africa; 33; 40; 43; 52; 446; 549; 570; 
571; 709; 724 

Antarctic; 3; 96; 214; 262; 264; 603; 
681; 682; 685; 693; 694; 695; 696; 
701 

Arctic; 2; 14; 16; 47; 84; 95-96; 108; 
110; 112; 132; 214; 244; 251; 263; 
269; 271; 273; 287; 296;320;357; 
363-364; 394-395; 398-399; 458; 
517; 603; 679-697; 701; 709; 722-
73; 728-730 

Asia; 2; 39; 41; 93; 115; 406; 408; 415; 
446; 543; 663; 679; 681;701;723; 

724; 726 
Caribbean region; 39 
East Asia; 29; 33; 36; 39; 40; 42; 43 
European Union; 16; 27; 29-30; 32; 

36-49; 55; 58; 62; 65-77; 81; 83; 85-
86; 88; 117; 389; 492; 550-551 

Great Lakes; 109; 194; 453; 494; 504; 
611-627; 631 

Latin America; 33; 39-43; 369-373; 
422 

Mediterranean; 3; 16; 62; 82-85; 216; 
225; 306-309; 542-553; 559; 568-
571; 587 

North America; 2; 32-33; 35; 40; 42; 
43; 97; 108; 113; 329; 516; 547; 
602; 679; 681; 683; 701; 723; 724 

Oceania; 406; 408; 415 
South America; 29; 102; 116; 446 
South Asia; 33; 36; 39-43 

Regulation 
259/93; 72 
304/2003; 71 
466/2001; 75 

Risk assessment; 7; 9; 10; 11; 76; 87; 
105; 111; 116; 118; 181; 346; 492; 
501; 511; 530 

Rivers; 13; 360; 392; 460; 467; 500; 568; 
587; 588; 657; 682 

s 
Sediment; 83; 88; 115; 154; 165; 176-

179; 182; 471-475; 483; 554; 595; 650-
653; 658; 660 

Soil; 1; 5; 13; 49; 73; 74; 82; 86-87; 115; 
160; 167; 173; 179-182; 245-252; 385; 
455; 467; 471; 474; 478; 484; 487; 
512; 544; 547; 549; 556-558; 566; 572; 
589; 595; 626; 648; 669-672; 728 

Surface waters; 2; 66; 91; 92; 94; 160; 
161; 217; 218; 220; 227; 229; 231; 
476; 548; 588; 682; 699 

T 
Thermochemistry; 278; 280; 283-285 
Thermometers; 6; 28; 30; 372 
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U 
UNEP; 6; 15-17; 31; 46-47; 93; 109; 111-

112; 116; 153; 169; 261; 421; 511; 
531;593 

UNIDO; 48; 111; 117; 348; 423; 432; 
437; 442; 446; 467-468; 478; 482-485 

Urine; 74; 95; 346; 347; 348; 350; 353; 
374; 393; 429-438; 443; 479; 481-482 

V 
Vaccines; 6; 157; 180; 348; 367-368; 385 

w 
Waste incinerators; 53-63; 73; 101; 108; 

113; 124; 126; 135; 193; 261; 612; 
628; 638-640; 652; 666 

Watershed; 11; 13; 453-456 
Wetlands; 453; 460 
WHO; 9; 75; 84; 111; 168-169; 348; 350; 

385-386; 390-393; 405-406; 409; 414; 
429-430; 434; 459; 461; 475-477; 485; 
511 




