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EXECUTIVE SUMMARY

Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990. requires the U.S.
Environmental Protecuon Agency (EPA) to submit a study on atmospheric mercury emissions to
Congress. The sources of emissions that must be studied include electric utility steam generating
units, municipal waste combustion units and other sources, including area sources. Congress directed
that the Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of
emissions, health and environmental effects, technologies to control such emissions, and the costs of
such controls. .

In response to this mandate, U.S. EPA has prepared a seven-volume Mercury Study Report to
Congress. This document is the exposure assessment (Volume III) of the Mercury Study Report to
Congress. The exposure assessment is one component of the risk assessment of U.S. anthropogenic
mercury emissions. This exposure assessment considers both inhalation and ingestion exposure routes.
For mercury emitted to the atmosphere, ingestion is an indirect route of exposure that results from
mercury deposition onto soil, water bodies and plants and uptake through the food chain. The
analyses in this volume are integrated with information relating to human and wildlife health impacts
of mercury in the Risk Characterization Volume (Voiume VI) of the Report.

Exposure Assessment Approach

This assessment addresses atmospheric mercury emissions from selected, major anthropogenic
combustion and manufacturing source categories: municipal waste combustors (MWCs), medical
waste incinerators (MWISs), coal- and oil-fired utility boilers, chlor-alkali plants, primary lead smelters
and primary copper smelters. It does not address all anthropogenic emission sources nor does it
address emissions from natural sources.

There are no extant monitoring data that conclusively demonstrate a relationship between the
individual anthropogenic sources above and increased mercury concentrations in environmental media
or biota. Available mercury monitoring data around these sources of interest are, however, extremely
limited. No comprehensive database describing environmental concentrations has been developed. To
determine if there is a connection between the above sources and increased environmental levels, the
exposure assessment in this Report utilized exposure modeling techniques to address many major
scientific uncertainties.

The exposure assessment in this Report is considered to be a qualitative study based partly on
quantitative analyses; it is considered qualitative because of inherent uncertainties. The exposure
assessment draws upon the available scientific information and develops two quantitative analyses: a
long range transport analysis, and a local impact analysis. It was intended that these two types of
analyses would provide a more complete estimate of the nation-wide impact of anthropogenic emission
sources than either analysis could provide individually.

The exposure assessment draws upon the available scientific information and presents
quantitative modeling ‘analyses which examine the following: (1) the long range transport of mercury
from emission sources through the atmosphere; (2) the transport of mercury from emission sources
through the local atmosphere; (3) the aquatic and terrestrial fate and transport of mercury at
hypothetical sites; and (4) finally, the resulting exposures to hypothetical humans and animals that
inhabit these sites.
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Long Range Transport Analysis

The long range transport modeling was undertaken to estimate the regional and national
impacts of mercury emissions. It estimates the long range atmospheric transport of mercury and the
impact of mercury across the continental U.S. The bases of this modeling were assumptions
concerning the atmospheric chemistry of emitted elemental mercury (Petersen et al., 1995) and the
numerous studies linking increased mercury levels in air, soil, sediments and biota at remote sites to
distant anthropogenic mercury release followed by long range transport. Details of several studies
which demonstrate the long range transport of mercury are presented in Volume III. These studies
provide ample evidence to justify an assessment of long range mercury transport.

The long range transport of mercury was modeled using site-specific, anthropogenic emission
source data (presented in Volume II of this Report) to generate mean, annual atmospheric mercury
concentrations and deposition values across the continental U.S. The Regional Lagrangian Model of
Air Pollution (RELMAP) atmospheric model was utilized to model annual mercury emissions from
multiple mercury emission sources. Assumptions were made concerning the form and species of
mercury emitted from each source class. The results of the RELMAP modeling were utilized in these
ways. First, the predicted atmospheric mercury concentrations and deposition rates were used to
identify patterns across the U.S. Secondly, the continental U.S. was divided into Western and Eastern
halves along 90 degrees west longitude, and the 50th and 90th percentiles of the predicted atmospheric
concentrations and deposition rates were then used as inputs in the indirect exposure models to
examine the impacts of long range transport of emissions. Finally, RELMAP results for remote
Eastern locations that were predicted to have high deposition rates were also used as inputs to the
indirect exposure models to predict fish concentrations at lakes remote from emission sources.

Exposure Assessment of Local Deposition of Mercury

An analysis of the local atmospheric transport of mercury released from anthropogenic
emission sources was undertaken to estimate the impacts of mercury from selected, individual sources.
Model plants were developed; these are defined as hypothetical facilities that represent actual .
emissions from existing industrial processes and combustion sources. The modal plants were situated
in hypothetical locations intended to simulate a site in either the Western or Eastern U.S. This
approach was selected because some environmental monitoring studies suggest that measured mercury
levels in environmental media and biota may be elevated in areas around stationary industrial and
combustion sources known to emit mercury. These measured data are detailed in Chapter 2 of this
Volume.

Atmospheric concentrations and deposition rates were used as inputs to a series of terrestrial
and aquatic models described in U.S. EPA’s (1990) Methodology for Assessing Health Risks to
Indirect Exposure from Combustor Emissions and a 1994 Addendum. The results of these terrestrial
and aquatic models were used to predict mercury exposure to hypothetical humans through inhalation,
consumption of drinking water and ingestion of soil, farm products (e.g., beef product and vegetables)
and fish. These models were also used to predict mercury exposure in hypothetical piscivorous (i.e.,
fish-eating) birds and mammals through their consumption of fish.

National Assessment of Mercury Exposure from Fish Consumption
RATES
A current assessment of U.S. general population methylmercury exposure through the
consumption effsff is provided in Chapter 3 and in Appendix H. This assessment was conducted to
provide an estimate of mercury exposure through the consumption of fish to the general U.S.




. population. It is not a site-specific assessment but rather a national assessment. This assessment
utilizes data from the 1989 - 1991 Continuing Surveys of Food Intake by Individuals (CSFII 89-91) to
estimate a range of fish consumption rates among U.S. fish eaters. Only individuals who reported tish
consumption were considered. For each fish-eater, - * CSFII 89-91 study identified the number
of fish meals, the quantities and species of fish consumed and the self-reported body weights of the

COnSumers. e constitution of the survey population was weighted to reflect the actual U,
S0 A THREE -PAY  Pre)o )FDA (r95<)

These estimates of fish consumption rates were combined with fish spgcies-specific mean

values for measured methylmercury concentrations. The fish methylmercury £oncentration data were
obtained from the National Marine Fisheries Service, Bahnick et al., (1994) and Lowe et al., (1985).
Through the application of specific fish preparation factors (USDA, 1995), estimates of the range of
methylmercury exposure from the consumption of fish were prepared for the fish-consuming segment
of the U.S. population. Per body weight estimates of methylmercury exposure were determined by
dividing the total daily methylmercury exposure from this pathway by the self-reported body weights.
The results of this analysis show that children on a per kilogram body weight basis have higher
average exposure rates to methylmercury through the consumption of fish than adults.

\___‘LR;csults of smaller sources on "high-end" fish consumers are also includeg

Conclusions

conclusion, based on the quality of the underlying database. The conclusions progress from
those with greater certainty to those with lesser certainty.

‘ The following conclusions are presented in approximate order of degree of certainty in the

. The present study in conjunction with available scientific knowledge, supports a
plausible link between mercury emissions from anthropogenic combustion and
industrial sources and mercury concentrations in air, soil, water and sediments. The
critical variables contributing to this linkage are these:

a) the species of mercury that are emitted from the sources, with elemental
mercury (Hgo) mostly contributing to concentrations in ambient air and
divalent mercury (Hg2+) mostly contributing to concentrations in soil, water

and sediments;
b) the overall amount of mercury emitted from a combustion source; and
<) the climate conditions.
. The present study, in conjunction with available scientific knowledge, supports a

plausible link between mercury emissions from anthropogenic combustion and
industrial sources and methylmercury concentrations in freshwater fish. The critical
variables contributing to this linkage are the following:

a) the species of mercury that are emitted, with emitted divalent mercury mostly
‘ depositing into local watershed areas and, to a lesser extent the atmospheric
conversion of elemental mercury to divalent species which are deposited over
greater distances;
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b) the overall amount of mercury emitted from a source:
) the extent of mercury methylation in the water body: and
d) the climate conditions.

There is a lack of adequate mercury measurement data near the anthropogenic
atmospheric mercury sources considered in this Report. The lack of such measured
data preclude a comparison of the modeling results with measured data around these
sources. These data include measured mercury deposition rates as well as measured
concentrations in the atmosphere, soils, water bodies and biota.

From the RELMAP analysis of mercury deposition and on a comparative basis, a
facility located in a humid climate has a higher annual rate of mercury deposition than
a facility located in an arid climate. The critical variables are the estimated washout
ratios of elemental and divalent mercury, as well as the annual amount of precipitation.
Precipitation removes various forms of mercury from the atrnosphere and deposits
mercury to the surface of the earth.

On a national scale, an apportionment between sources of mercury and mercury in
environmental media and biota cannot be described in quantitative terms with the
current scientific understanding of the environmental fate and transport of this
pollutant.

Consumption of fish is the dominant pathway of exposure to methylmercury for fish-
consuming humans and wildlife. There is a great deal of variability among individuals
in these populations with respect to food sources and fish consumption rates. As a
result, there is a great deal of variability in exposure to methylmercury in these
populations. The anthropogenic contribution to the total amount of methylmercury in
fish is, in part, the result of anthropogenic mercury releases from industrial and
combustion sources increasing mercury body burdens in fish. As a consequence of
human and wildlife consumption of the affected fish, there is an incremental increase
in exposure to methylmercury.

Due to differences in fish consumption rates per body weight and differences in body
weights among species, it is likely that piscivorous birds and mammals have much
higher environmental exposures to methylmercury than humans through the
consumption of contaminated fish. This is true even in the case of fish consumption
by humans who consume above average amounts of fish. The critical variables
contributing to these outcomes are these:

a) the fish consumption rate;

b) the body weight of the individual in relation to the fish consumption rate; and

c) the rate of biomagnification between trophic levels within the aquatic food-
chain.

The results of the assessment of current exposure of the U.S. population from fish
consumption as described in Appendix H indicate that exposure to methylmercury
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from contaminated fish results in an incremental increase in mercury exposure for most
U.S. fish-consumers. Methylmercury exposure rates on a per body weight basis
among fish-consuming children are predicted to be higher than for fish-consuming
adults. The exposure rates among fish-consuming children under the age of 135 are
estimated to average between 0.12 and 0.16 micrograms of methylmercury per
kilogram of body weight per day. The exposure rates among fish-consuming adults
are estimated to- average between 0.07 and 0.08 micrograms of methylmercury per
kilogram of body weight per day. Human adult fish consumption rates vary from O to
greater than 300 grams per day.

From the modeling analysis and a review of field measurement studies, it is concluded
that mercury deposition appears to be ubiquitous across the continental U.S., and at, or
above, detection limits when measured with current analytic methods.

Based on the RELMAP modeling analysis and a review of recent measurement data
published in peer-reviewed scientific literature, there is predicted to be a wide range of
mercury deposition rates across the continental U.S. The highest predicted rates (i.e.,
above 90th percentile) are more than 50 times higher than the lowest predicted rates
(i-e., below the 10th percentile). Three principal factors contribute to these modeled
and observed deposition patterns:

a) emission source locations;

b) amount of divalent and particulate mercury emitted or formed in the
atmosphere; and

c) climate and meteorology.

Based on the modeling analysis of the transport and deposition of stationary point
source and area source air emissions of mercury from the continental U.S., it is
concluded that the following geographical areas have the highest annual rate of
deposition of mercury in all forms (above the levels predicted at the 90th percentile):

a) The southern Great Lakes and Ohio River Valley.
b) The Northeast and southern New England.

c) Scattered areas in the South with the most elevated deposition
occurring in the Miami and Tampa areas.

Measured deposition estimates are limited, but are available for certain geographic
regions. The data that are available corroborate the RELMAP modeling results for
specific areas.

Based on modeling analysis of the transport and deposition of stationary point source
and area source air emissions of mercury from the continental U.S., it is concluded
that the following geographical areas have the lowest annual rate of deposition of
mercury in all forms (below the levels predicted at the 10th percentile).

.



a) The less populated areas of the Great Basin, including southern Idaho,
southeastern Oregon, most of southern and western Utah, most of
Nevada, and portions of western New Mexico, and

b) Western Texas other than near El Paso, and most of northeastern
Montana.
. Based on limited monitoring data, the RELMAP model predictions of atmospheric

mercury concentrations and wet deposition across the U.S. are comparable with
typically measured data.

. EPA concludes that the selected major anthropogenic sources as modeled and
parameterized for this assessment, can be ranked by predicted deposition rate at 2.5
Km in flat terrain, on a relative basis from high to low, as follows:

Municipal waste combustors
Chlor-alkali plants

Lead smelters

Copper smelters

Medical waste incinerators
Utility boilers

The critical variables impacting the ranking are these:

a) estimated amounts of divalent and particulate mercury emitted; and

b) parameters that influence the plume height, primarily the stack height and
stack exit gas velocity.

This ranking may be sensitive to differences in the distance from the source (distances
other than 2.5 Km) and the topography of the terrain.

o From the analysis of deposition and on a comparative basis, the deposition of divalent
mercury close to an emission source is greater for receptors in elevated terrain (i.e.,
terrain above the elevation of the stack base) than from receptors located in flat terrain
(i.e., terrain equal to the elevation of the stack base). The critical variables are
parameters that influence the plume height, primarily the stack height and stack exit
gas velocity.

. In terms of methylmercury intake on a per body weight basis, the five wildlife species
considered in this analysis can be ranked from high to low as follows:

-- Kingfisher
-- River Otter
-- Mink, Osprey
-- Bald eagle

Methylmercury exposures for the most exposed wildlife species (the kingfisher) may
be up to two orders of magnitude higher than human exposures from contaminated
freshwater fish (on a kilogram fish consumed per body weight basis). This assumes
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that the fish within different trophic levels of a given lake are contaminated with the
same concentrations of methylmercury.

Modeling estimates of the transport and deposition of stationary point source and area
source air emissions of mercury from the continental U.S. have revealed the following
partial mass balance.

-- Of the total amount of elemental mercury vapor that is emitted, about 1
percent (1.2 metric tons/yr) may be atmospherically transformed into divalent
mercury by tropospheric ozone and adsorbed to particulate soot in the air and
subsequently deposited in rainfail and snowfall to the surface of the continental
U.S. The vast majority of emitted elemental mercury does not readily deposit
and is transported outside the U.S. or vertically diffused to the free atmosphere
to become part of the global cycle.

-- Nearly all of the elemental mercury vapor emitted from other sources around
the globe also enters the global cycle and can be deposited slowly to the U.S.
Nearly 30 times as much elemental mercury vapor is deposited from these
other sources than from stationary point sources and area sources within the
continental U.S.

-- Of the total amount of divalent mercury vapor that is emitted, about 68 percent
(62.6 metric tons/year) deposits to the surface through wet or dry processes
within the continental U.S. The remaining 32 percent is transported outside
the U.S. or is vertically diffused to the free atmosphere to become part of the
global cycle.

-- Of the total amount of particulate mercury that is emitted, about 36 percent
(14.1 metric tons/year) deposits to the surface through wet or dry processes
within the continental U.S. The remaining 64 percent is transported outside
the U.S. or is vertically diffused to the free atmosphere to become part of the
global cycle.

Assuming these deposition efficiencies are correct (namely; elemental mercury - 1%,
divalent mercury vapor - 68%, and particulate mercury - 36%) the relative source
contributions to the total anthropogenic mercury that is deposited to the continental
U.S. are ranked as follows:

-- Medical waste incineration 36% (28 Megagrams (Mg) of 78 Mg)
-- Municipal waste combustion 31% (24 Mg of 78 Mg)

-- Coal-fired electric utility boilers 17% (13 Mg of 78 Mg)

-- Industrial and residential fossil fuel use 10% (8 Mg of 78 Mg)

-- Chlor-alkali factories 2% (1 Mg of 78 Mg)

-- Non-ferrous metal smelting 1% (1 Mg of 78 Mg)

-- Oil-fired electric utility boilers 1% (1 Mg of 78 Mg)

Based on the local scale atmospheric modeling results in flat terrain, at least 75% of

the emitted mercury from each facility is predicted to be transported more than 50 km
from the facility.
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. The models used in the exposure analysis indicate that. except for utility boilers and .
intermittent medical waste incinerators, deposition within 10 Km of a facility 1s
generally dominated by emissions from the local source rather than from emissions
transported from regional mercury emissions sources.

There are many uncertainties in the exposure assessment. Major uncertainties include the
following:

. Comprehensive emission data for various anthropogenic and natural sources are not
available. This reflects the current developmental nature of emission speciation
methods, resulting in few data on the various species of mercury and proportions of
vapor and solid forms emitted. Both elemental and divalent mercury species as well
as gaseous and particulate forms are known to be emitted from point and area sources.

. Atmospheric chemistry data are incomplete. Some atmospheric reactions of mercury,
such as the oxidation of elemental mercury to divalent mercury in cloud water droplets
have been reported. Other chemical reactions in the atmosphere that may reduce
divalent species to elemental mercury have not been reported.

. There is inadequate information on the atmospheric processes that affect wet and dry
deposition of mercury. Atmospheric particulate forms and divalent species of mercury
are thought to wet and dry deposit more rapidly than elemental mercury; however, the
relative rates of deposition are uncertain.

. There is no validated air pollution model that estimates wet and dry deposition of
vapor-phase compounds close to the emission source.

* There is some uncertainty regarding the revolatilization of deposited mercury.

° There is a lack of information concerning the movement of mercury from watershed
soils to water bodies.

° There are not conclusive data on the amount of and rates of mercury methylation in
different types of water bodies.

. There is a lack of data on the transfer of mercury between environmental
compartments and biologic compartments; for example, the link between the amount of
mercury in the water body and the levels in fish appears to vary from water body to
water body.

To improve the guantitative exposure assessment component of the risk assessment for
mercury and mercury compounds, U.S. EPA would need more and better mercury emissions
data and measured mercury data near sources of concern, as well as a better guantitative
understanding of mercury chemistry in the emissions plume, the atmosphere, soils, water

bodies and biota. Specific needs include the following:

Mercury in the Atmosphere

. aqueous oxidation-reduction kinetics in atmospheric water droplets;
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. physical adsorption and condensation of divalent mercury gas to
ambient particulate matter

. photolytic reduction of particle-bound divalent mercury by sunlight
o convincing evidence that gas-phase oxidation of mercury is
insignificant

Mercury in Soils and Water Bodies
o uptgke and release kinetics of mercury from terrestrial plants

. biogeochemical mercury transport and transformation kinetics in
benthic sediments

. methylation and demethylation kinetics in water bodies
. sorption coefficients to soils, suspended solids and benthic solids
i complexation to organic matter in water bodies

Information Leading to an Improved Quantitative Understanding of Aquatic
Bioaccumulation Processes and Kinetics

. uptake kinetics by aquatic plants and phytoplankton
. partitioning and binding behavior of mercury species within organisms
. metabolic transformations of mercury, and the effect on uptake,

internal distribution, and excretion

Information that will facilitate the development of a dynamic, linked terrestrial-aquatic
mass balance modeling framework that includes realistic mercury chemistry and the
aquatic food web as an integral component

. More measurements of methylmercury concentrations in fish for better
identification of the range in fish species,

. Surveys of fish consumption among potential high-end fish consumers
which examine specific biomarkers indicating mercury exposure (e.g.,
blood mercury concentrations and hair mercury concentrations), and

. A pharmacokinetic-based understanding of mercury partitioning in
human, (adults, children, and fetuses) as well as wildlife; particularly
the interactions of different forms of mercury and different uptake
routes.
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1. INTRODUCTION

Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (EPA) to submit a study on atmospheric mercury emissions to
Congress. The sources of emissions that must be studied include electric utility steam generating
units, municipal waste combustion units, and other sources, including area sources. Congress directed
that the Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of
emissions, health and environmental effects, technologies to control such emissions, and the costs of
such controls.

In response to this mandate, EPA has prepared a seven-volume Mercury Study Report to
Congress. The seven volumes are as follows:

L. Executive Summary

IL. An Inventory of Anthropogenic Mercury Emissions in the United States

III. An Assessment of Exposure from Anthropogenic Mercury Emissions in the United
States

Iv. Health Effects of Mercury and Mercury Compounds

V. An Ecological Assessment of Anthropogenic Mercury Emissions in the United States

VI Characterization of Human Health and Wildlife Risks from Anthropogenic Mercury
Emissions in the United States
VII.  An Evaluation of Mercury Control Technologies and Costs

This document is the exposure assessment Volume IIf of U.S. EPA’s Report to Congress on
Mercury. The exposure assessment is one element of the human health and ecological risk assessment
of U.S. anthropogenic mercury (Hg) emissions. The exposure assessment considers both inhalation
and ingestion exposure routes. For atmospheric mercury emissions, ingestion is an indirect route of
exposure that results from mercury deposition onto soil, water bodies and plants and uptake through
the food chain. The information in this document is integrated with information relating to human and
wildlife health impacts of mercury in Volume VI of the report.

This assessment addresses the atmospheric fate and transport as well as the exposures that
result from atmospheric mercury emissions from selected, major anthropogenic combustion and
manufacturing sources: municipal waste combustors (MWC), medical waste incinerators (MWI), coal-
and oil-fired utility boilers, chlor-alkali plants (CAP), primary lead smelters and primary copper
smelters. This volume also estimates current exposures to the general U.S. population that result from
mercury concentrations in freshwater and marine fish. This volume does not address all anthropogenic
emission sources, nor does it address emissions from natural sources.

Volume III is composed of nine chapters and eight appendices. The Introduction is followed
by Chapter 2, which briefly describes chemical properties of mercury, the mercury cycle, analytic
mercury measurement methods and measured mercury concentrations in environmental media (i.e., air,
rain water, soil and surface waters and benthic sediments) and biota (i.e., plants and animals). Chapter
3 describes estimates of mercury exposure to general human populations and occupationally exposed
subpopulations. Chapter 3 also presents a summarization of Appendix H, which describes current U.S.
exposures through consumption of fish and concludes with a general exposure assessment to wildlife
through consumption of contaminated fish. The fish methylmercury concentrations were developed
using measured data and the human fish consumption rates were also developed using measured data.
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The fate, transport and exposure modeling of mercury 1s conducted in Chapters 4, 5 and 6.
Chapter 4 describes the long range atmospheric transport model (RELMAP). the local scale
atmospheric transport model (COMPDEP) and the aquatic and terrestrial fate, transport, and exposure
models (IEM2) that were utilized in the modeling analysis; these models are described in detail in
Appendix D. Parameters which describe hypothetical watersheds and lakes in both the Western and
Eastern U.S. are also detailed in Chapter 4. Hypothetical human and animal occupants of the
watershed are also described. Chapter 4 concludes with aquatic and terrestrial fate, transport and
exposure modeling using typically measured mercury air concentration, deposition rate and soil
concentration. See Figure 1-1.

The primary variables in the modeling conducted in Chapters 4, 5 and 6 are the source of the
mercury concentrations in the atmosphere and soil and the source of the mercury deposition rate.
Chapter 4 utilizes typically measured atmospheric and soil concentrations and a measured deposition
rate as inputs to the aquatic and terrestrial fate, transport, and exposure models (IEM2) at the
hypothetical Western and Eastern U.S. sites. Chapter 5 utilizes the 50th and 90th percentiles of the
atmospheric mercury concentrations and the deposition rates that were predicted by the RELMAP
model for the Eastern and Western halves of the U.S. as inputs to the aquatic and terrestrial fate,
transport, and exposure models (IEM2) at the hypothetical Western and Eastern U.S. sites.
Additionally, the environmental fate of mercury at a site in the Eastern U.S. that is distant from
anthropogenic emissions sources is also modeled in Chapter 5. Figure 1-2 describes the fate transport
and exposure modeling conducted in Chapter 4.

Two separate modeling analyses are described in Chapter 6. In the first analysis, model plants
were developed to represent major anthropogenic combustion and manufacturing sources: municipal
waste combustors (MWC), medical waste incinerators (MWI), coal- and oil-fired utility boilers, chlor-
alkali plants (CAP), primary lead smelters and primary copper smelters. The atmospheric fate and
transport of the mercury emissions from these representative model plants was modeled on a local
scale by the COMPDEP model. The predicted mercury air concentrations and deposition rates that
result from individual model plants at 2.5, 10, and 25 kilometers were used as inputs to the aquatic
and terrestrial fate, transport, and exposure models (IEM?2) at the hypothetical Western and Eastern
U.S. sites. Figure 1-3 presents the fate, transport and exposure modeling conducted around
hypothetical local sites.

The second modeling analysis in Chapter 6 combines the predictions of the COMPDEP model
for the area around the individual model plants at the hypothetical Western and Eastern locations with
either the 50th or 90th percentile predictions of the RELMAP model for the Western and Eastern sites.
These combined model predictions are used as inputs to the aquatic and terrestrial fate, transport, and
exposure models (IEM2) at the hypothetical Western and Eastern U.S. sites. This was conducted to
assess the total impact from anthropogenic sources. The results of the assessment of current U.S.
exposure due to fish consumption, as presented in Appendix H, and occupational exposure estimates in
Chapter 3 are qualitatively integrated with the predicted human exposures in this analysis. Figure 1-4
presents a conceptualization of the integration of long-range atmospheric transport with local
atmospheric transport around sources of concern. The terrestrial, aquatic and exposure modeling are
also presented.

Chapter 7 describes the conclusions of this Volume. Information needed for better assessment

of exposure to emitted mercury and to current concentrations in media and biota is described in
Chapter 8. Chapter 9 lists all references cited in this volume.
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There are eight appendices to volume III (A-H): Site-Independent Parameter Justifications tor
Local Impact Modeling: Site Dependent Parameter Justifications for Local Impact Modeling:
Calibration of Mercury Partition Coefficients: Technical Modeling Details: Chemical Properties of
Mercury; Model Plant Descriptions; Listing of Mercury Intakes for All Receptors at All Facilities and
Estimated Methylmercury Exposure to The General United States Population through The
Consumption of Fish. '

Extant mercury monitoring data for particular sources indicate that there is a relationship
between emissions and increased mercury in environmental media. Available mercury monitoring data
around these sources are extremely limited, however, and no comprehensive data base describing
environmental concentrations has been developed. To determine if there is a connection between the
above sources and increased environmental mercury concentrations, U.S. EPA utilized current
modeling techniques to address many major scientific uncertainties. Because of these and other major
uncertainties, the modeling component of this report is essentially a qualitative study based partly on
quantitative analyses. These uncertainties include the following:

. Comprehensive emission data for various anthropogenic and natural sources are not
available. This reflects the current developmental nature of emission speciation
methods, resulting in few data on the various species and proportions of mercury in
vapor and solid forms emitted. Both elemental and divalent mercury species as well
as gaseous and particulate forms are known to be emitted from point sources.

. Atmospheric chemistry data are incomplete. Some atmospheric reactions of mercury,
such as the oxidation of elemental mercury to divalent mercury in cloud water droplets
have been reported. Other chemical reactions in the atmosphere which may reduce
divalent species to elemental mercury have not been reported.

. There is inadequate information on the atmospheric processes which affect wet and dry
deposition of mercury. Atmospheric particulate forms and divalent species of mercury
are thought to wet and dry deposit more rapidly than elemental mercury; however, the
relative rates of deposition are uncertain.

. There is no validated local air pollution model which estimates wet and dry deposition
of vapor-phase compounds.

. There is some uncertainty regarding the revolatilization of deposited mercury.

. There is a lack of information concerning the movement of mercury from watershed
soils to water bodies.

o There are no conclusive data concerning the amount of and rates of mercury
methylation in different types of water bodies.

. There is a lack of data on the transfer of mercury between environmental
compartments and biologic compartments; for example, the link between the amount of
mercury in the water body and the levels in fish appears to vary from water body to
water body.

The exposure assessment draws upon the available scientific information and presents quantitative
modeling analyses which examine (1) the long range transport of mercury through the atmosphere, (2)
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the transport of mercury through the local atmosphere. (3) the aquatic and terrestrial fate and transport ‘
of mercury at hypothetical sites, and (4) finally, the resulting exposures to hypothetical humans and

animals that inhabit these sites. It was intended that these analyses would provide a more complete

estimate of the impact of anthropogenic emission sources than an individual analysis,

1.1 Long Range Atmospheric Transport Modeling

The long range transport modeling was undertaken to estimate the regional and national
impacts of mercury emissions. It focusses on the long range atmospheric transport of mercury and
estimates the impact of mercury across the continental U.S. This type of modeling was conducted
based on the atmospheric chemistry of emitted elemental mercury (Petersen et al., 1995) and the
numerous studies linking increased mercury concentrations in air, soil, sedirnents, and biota at remote
sites to distant anthropogenic mercury release followed by long-range transport. Details of several
studies which demonstrate the long range transport of mercury are presented in Chapter 2. These
provide ample evidence to justify this assessment of long-range mercury transport.

The long range transport of mercury was modeled using site-specific, anthropogenic emission
source data (Presented in Volume II of this Report) to generate mean, annual atmospheric mercury
concentrations and deposition values across the continental U.S. The Regional Lagrangian Model of
Air Pollution (RELMAP) atmospheric model was utilized to model cumulative mercury emissions
from multiple mercury emission sources. Assumptions were made concerning the form and species of
mercury emitted from each source class. The results of the RELMAP modeling were utilized in three
ways. The predicted atmospheric mercury concentrations and deposition rates were used to identify
patterns across the continental U.S. Secondly, the continental U.S. was divided into Western and
Eastern halves along the line of 90° west longitude. The 50th and 90th percentile of the predicted
atmospheric concentrations and deposition rates were then used as inputs to the indirect exposure
models to examine the impacts of the long-range transport of emissions. Finally, RELMAP results
from remote locations in the eastern half of the U.S., which were predicted to have high deposition
rates were also used as inputs to the indirect exposure models. Fish mercury concentrations at remote
lakes were then predicted.

1.2 Local Atmospheric Transport Modeling

The local atmospheric transport of mercury released from anthropogenic emission sources was
undertaken to estimate the impacts of mercury from selected, individual sources. Model plants,
defined as hypothetical facilities which were developed to represent actual emissions from existing
industrial processes and combustion sources, were located in hypothetical locations intended to
simulate a site in either the Western or Eastern U.S. This approach was selected because some
environmental monitoring studies suggest that measured mercury levels in environmental media and
biota may be elevated in areas around stationary industrial and combustion sources known to emit
mercury. These are detailed in Volume III.

1.3 Modeling of Exposure Through Terrestrial and Aquatic Fate and Transport Models

Atmospheric concentrations and deposition rates were used as inputs to a series of terrestrial
and aquatic models described in U.S. EPA’s (1990) Methodology for Assessing Health Risks to
Indirect Exposure from Combustor Emissions and a 1994 Addendum. The results of these terrestrial
and aquatic models were used t0 predict mercury exposure to hypothetical humans through inhalation,
consumption of drinking water and ingestion of soil, farm products (e.g., beef product and vegetables)
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and fish. These models were also used to predict mercury exposure in hypothetical piscivorous (i.e.,
fish-eating) birds and mammals through consumption of fish.

1.4 Exposure Modeling Rationale

This section explains the decision to estimate mercury exposure based on the results of tate
and transport modeling of stack emissions from anthropogenic sources rather than atiempung an
assessment based on monitoring data.

Exposure to mercury for the purpose of this assessment may be broadly defined as chemical
contact with the outer boundary of an organism (also called a receptor). An organism’s contact with
mercury may occur through several different exposure routes including dermal, inhalation and oral.
The assessment of mercury exposure is complicated by the physical and chemical properties of this
naturally occurring element; factors include the different physical forms manifested in the environment,
the different oxidative states exhibited and the duality of its environmental behavior as both a metallic
and an-organic compound. In addition the uncertain accuracy of analytical techniques, particularly at
low environmental concentrations, and problems with contamination during environmental sampling
complicate an assessment of exposure.

Mercury is generally present as a low-level contaminant in combustion materials: for example,
coal, medical wastes or municipal solid wastes. Unlike dioxin it is not created during the combustion
process but is released by it. It is difficult to control mercury emissions from the source because at
temperatures typical of many combustion and manufacturing processes, mercury is emitted in a
gaseous form rather than a particulate form.

Anthropogenic mercury emissions are not the only source of mercury to the atmosphere.
Mercury, under certain conditions, may be introduced into the atmosphere through volatilization from
natural sources such as lakes and soils; for example, some areas in the western U.S. appear to have
naturally elevated mercury levels. Consequently, it is difficult to trace the source(s) of the mercury in
environmental media and biota and estimate the impact of any one source type.

Existing environmental concentrations are a potential source of mercury exposure to both
humans and animal species. These existing environmental concentrations, often referred to as
background mercury concentrations, were generally not modeled in this effort. One of these existing
sources of exposure, fish methylmercury concentrations, is utilized in Appendix H along with fish
consumption data to estimate a distribution of U.S. population exposures to methylmercury that result
from the consumption of fish. It is generally difficult to attribute methylmercury in fish to specific
sources. There are clearly other types of assessments in which the knowledge of other background
mercury sources is of critical importance; e.g., a site-specific risk assessment. For a site-specific
assessment knowledge of total mercury exposure is critical and existing mercury levels in
environmental media and biota should be quantified and included in the assessment. An assessment Of
total mercury exposure is not the aim of this modeling analysis; therefore, the inclusion of background
exposures would only complicate the interpretation of the results. Similarly, an assessment of
exposure to mercury in combustion ash is also not the aim of this document and this potential
exposure source is not addressed.

Mercury has always been present at varying levels in environmental media and biota, and all
mercury is, in a sense, naturally occurring; that is mercury is not a substance of human origin.
Anthropogenic activities are thought to redistribute mercury from its original matrix through the
atmosphere to other environmental media. Numerous studies indicate that the amount of mercury
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being deposited from the atmosphere has increased since the onset of the industrial age (Nater and ‘
Grigal, 1992: Johansson et al., 1991. Swain et al., 1992). Some of the deposited mercury arises from
natural sources and some from anthropogenic activities. Separating the "naturally occurring”
background component from the "anthropogenic” component of background for the entire U.S. is
impossible at this point in time. One could attempt to model both the current "naturally occurring”
and the "anthropogenic" background levels in soil, water bodies and biota by adding an additional
mercury load to these media before modeling the anthropogenic sources. Another approach to
modeling background would involve the addition of a mercury load to the atmosphere only; this step
would be followed by the modeling of the atmospheric transport and the deposition of the "added"”
mercury as well as the subsequent accumulation in soil, water bodies and biota. Again, this was not
attempted for this modeling effort.

Many different yet valid approaches may be used to obtain estimates of mercury exposure.
These include the following: direct measurement of mercury concentrations in source emissions (e.g.,
stack monitoring data), in environmental media (e.g., air, soil or water monitoring) and biota (e.g., fish
and flora); direct measurement of mercury concentrations at the expected points of receptor contact
(e.g., house or office air monitoring data, measurement of receptor food sources or drinking water);
and direct measurements of mercury concentrations in the tissues of human and wildlife receptors
(e.g., hair samples, feather samples, muscle samples and leaf samples).

It was decided to model the emissions data from the stacks of combustion sources and
industrial processes rather than use the existing measurement data alone. Extant measured mercury
data alone were judged insufficient to assess adequately the impact of anthropogenic mercury releases
on human and wildlife exposures, the primary goal of the study. The discomfort with the data arose
from the lack of extensive measurement data near U.S. anthropogenic sources of concern. It is likely
that this data will be available in the near future.

This assessment utilizes the results of measured mercury emissions from selected
anthropogenic sources to estimate exposure. The emissions inventory used in this assessment is found
in Volume II of the Report to Congress. Using a series of fate, transport and exposure models and
hypothetical constructs, the mercury concentrations in envifonmental media and pertinent biota were
estimated. Ultimately mercury contact with human and wildlife receptors was estimated. In Chapter 4
of this document an effort was made to estimate the amount of contact with mercury as well as the
oxidative state and form of mercury contacted. No attempt was made to estimate an internal dose for
either the animal or human receptors.

There is a great deal of uncertainty in the modeling approach selected to estimate exposure.
There is uncertainty in both the predicted fate and transport of this metal and the ultimate estimates of
exposure. This uncertainty can be divided into modeling uncertainty and parameter uncertainty.
Parameter uncertainty can be further subdivided into uncertainty and variability depending upon the
degree to which a particular parameter is understood. Research needs are identified toward reducing
these key uncertainties and are presented in Chapter 6.

1.5 Factors Important in Estimation of Mercury Exposure

Factors important in the estimation of mercury exposures in this study are listed in Table 1-1.
This Table briefly describes the possible effects of these factors on the fate, transport and exposure to
mercury and the means by which these were addressed. More details are provided in subsequent
sections describing the modeling analyses.
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Table 1-1

Factors Potentially Important in Estimating Mercury Exposure and
How They are Addressed in This Study

Factor

Importance and Possible Effect
on Mercury Exposure

Means of Addressing
in this Study

Type of anthropogenic
source of mercury

Different combustion and ndustnal process sources
are anticipated to have different local scale impacts
due to physical source charactenstics (e.g., stack
height), the method of waste generation (e.g.,
incineratuon or mass burn) or mercury control
devices and their effectiveness.

Six main source categories, with a total of 11
different source types, selected based on their
estimated annual mercury emissions or potential to
be localized point sources of concern.

Mercury emussion rates
from stack

Increased emissions will result in a greater chance
of adverse impacts on environment.

Emussions of model plants based on emussions
inventory.

Mercury species
emutted from stack

More soluble species will tend to deposit closer to
the source.

Two species considered to be emtted from source:
elemental and divalent mercury

Form of mercury
enutted from stack

Transport properties can be highly dependent on
form.

Both vapor and parucle-bound fractions considered.

Deposinon differences
between vapor and
particulate-bound
mercury

Vapor-phase forms may deposit significantly faster
than particulate-bound forms.

Deposition (wet and dry) of vapor-phase forms
calculated separately from particulate-bound
deposition.

Transformations of
mercury after emugsion
from source

Relatively nontoxic forms emutted from source may
be transformed into more toxic compounds.

Equilibrium fractions estimated 1n all environmental
media for three mercury species: clemental
mercury, divalent species, and methylmercury.

Facility locations

Effects of meteorology and terrain may be
significant.

Both a hurmud and less humud site considered.
Effect of terrain on results addressed separately.

Type of human acuvity
patterns

Some populations may be more highly exposed to
various forms of mercury.

Three main types addressed: a rural scenario, an
urban scenario, and a fishing scenanio. Both an
"average” and "high-end” scenano considered within
each human acuvity pattern.

Locauon relative to
local mercury source

Receptors located downwind are more hikely to have
higher exposures. Influence of distance depends on
source type.

Three distances in downwind direction considered.

Contnbution from non-
local sources of

Important to keep predicted impacts of local sources
In perspective.

Results of local mercury source are combined with
estimate of umpact from non-local sources from

mercury RELMAP.
Uncertainty Reduces confidence 1n ability to estimate exposure Probabilistic capabilities possible for any
accurately. combination of sources and scenanos. In the
current study, limuted uncertainty analyses
conducted for major aspects of atmosphenc
transport modeling .
1.6 Estimated Human Exposure through the Consumption of Fish

The assessment of human mercury exposure through the consumption of fish as described in

appendix H utilizes data from the 1989 - 1991 Continuing Surveys of Food Intake by Individuals
(CSFII 89-91) to estimate a range of fish consumption rates among fish eaters. For each fish-eater, the
3-day CSFII 89-91 study identified the number of fish meals, the quantities and species of fish
consumed and the self-reported body weights of the consumers. The constitution of the survey
population was weighted to reflect the actual U.S. population.
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These estimates of fish consumption rates were combined with species-specific statistical ‘
means of chemically-analyzed methylmercury concentrations in fish. The fish methylmercury

concentration data were obtained from the National Marine Fisheries Service, (Bahnick et al., (1994), #DA %
and Lowe et al., (1985)). Through the application of specific fish preparation factors (USDA, 1993).

estimates of the range of methylmercury exposure from the consumption of fish were prepared for the
fish-consuming segment of the U.S. population. Per body weight estimates of methylmercury

exposures were determined by dividing the total daily methylmercury exposure from this pathway by

the self-reported body weights. Per body weight estimates of exposure are utilized in the modeling in

Chapter 3.

1.7 Definition of Terms

Definitions for the following terms related to the fate and transport of mercury were largely
adapted from the Expert Panel on Mercury Atmospheric Processes (1994), and EPA (1975, 1976).
Anthropogenic Mercury Emissions ’

The mobilization or release of mercury by human activity that results in a mass transfer of

mercury to the atmosphere.

Bioaccumulation Factor

The equilibrium concentration of a chemical in a biological medium divided by the equilibrium
concentration of a chemical in an environmental medium. While similar to a bioconcentration
factor, a bioaccumulation factor is designed not only to predict chemical uptake through direct
contact with or uptake from an environmental medium, but also to account for any food chain
pathways that may in some manner connect the environmental medium to the biological
medium of interest.

Bioavailability
The state of being capable of being absorbed and available to interact with the metabolic
processes of an organism. Bioavailability is typically a function of chemical properties, the
physical state of the material to which an organism is exposed, and the ability of the
individual organism to physiologically take up the chemical.

Bioconcentration Factor
The equilibrium’ concentration of a chemical in a biological medium divided by the equilibrium
concentration of a chemical in an environmental medium. The parameter is typically used to
predict chemical uptake through contact with or uptake from an environmental medium.

Biotransfer Factor
The equilibrium concentration of a chemical in animal tissue divided by the daily intake of the
chemical.

Contact Rate
The frequency of an exposure. Generally expressed as the product of an amount of a medium
per event and the number of events per a given unit of time.

Concentrations of mercury in the abiotic and biotic components of the environment that have
resulted from natural mercury concentrations and anthropogenic activities.

Current Background Mercury Concentrations .
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‘ Erosion

The removal of sou particles by wind and water. Water erosion is usually characterized by
one or more of the following npes of erosion: raindrop erosion. sheet erosion, rill erosion,
gully erosion, and streambank erosion. Raindrops start soil erosion by detaching soil
particles. They aggravate soil erosion by compacting the soil surface and reducing its ability
to infiltrate water. Sheet erosion is the removal of a thin layer of soil resulting from sheet
flow of water. It has a high transport capability. Rill erosion is on steeper slopes where
channels with depths of up to one foot are formed. Gully erosion represents an advanced form
of soil erosion from concentrated storm runoff. Streambank erosion is the erosion of soil from
stream channels, both on the banks and on the stream beds.

Exposure
Contact of a chemical, physical or biological agent with the outer boundary of an organism.
Exposure is quantified as the concentration of the agent in the medium in contact, integrated
over the time duration of the contact.

Exposure Scenario
A set of facts, assumptions, and inferences about how exposure takes place that aids the
exposure assessor in evaluating estimating, or quantifying exposures.

Natural Background Mercury Concentrations
Concentrations of mercury in the abiotic and biotic components of the environment that
resulted from natural mercury concentrations. These concentrations existed prior to the onset
' of anthropogenic activities.

Natural Mercury Emissions
The mobilization or release of mercury from environmental sources by natural biotic or abiotic
activities that results in a mass transfer of mercury to the atmosphere.

Pathway
The physical course a chemical or pollutant takes from the source to the exposed organism.

Re-emitted Mercury
Mass transfer of mercury to the atmosphere by biotic and geological processes drawing on a
pool of mercury that was deposited to the earth’s surface after initial mobilization by either
anthropogenic or natural activities.

Mercury Dry Deposition
Mass transfers of gaseous, aerosol or particulate mercury species from the atmosphere to the
earth’s surface (either aquatic or terrestrial, including vegetation) in the absence of
precipitation,

Mercury Wet Deposition
Mass transfers of dissolved gaseous or suspended particulate mercury species from the
atmosphere to the earth’s surface (either aquatic or terrestrial) by precipitation.

‘ Local Scale
A relative term, used to describe the area within which emissions travel within one diurnal
cycle (generally 100 Km from source but for this analysis 50 Km from the source). Local
influences are characterized by measurable pollutant concentration gradients with relatively
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large fluctuations in air concentrations caused by meteorological factors such as wmnd ‘
direction.

Regional Scale
A relative term, used to describe the area within which emissions travel in more than one
diurnal cycle (generally 100 to 2000 Km from a source). The regional scale describes areas

sufficiently remote or distant from large emission sources so that concentration fields are
rather homogeneous, lacking measurable gradients.

Runoff

That portion of the precipitation that appears in surface streams. Surface runoff (or overland
flow) is water that travels over the ground surface. Subsurface runoff (interflow, storm
seepage) is water that has infiltrated the surfacé soil and moved laterally through the upper
soil horizons. Groundwater runoff is water that has infiltrated the surface soil, percolated to
the general groundwater table, and then moved laterally to the water body.
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2. CHEMICAL PROPERTIES AND MEASURED
ENVIRONMENTAL CONCENTRATIONS OF MERCURY

Many studies have examined the environmental behaviors ot various mercury species. Other
studies have been conducted that attempt to quantify the amount of mercury and the species of
mercury present in environmental media and biota. This section describes the chemical properties of
mercury and analytical measurement methods and then discusses the global mercury cycle. In the
discussion of the mercury cycle the estimated impacts of both anthropogenic and natural mercury
atmospheric emissions are described. This conceptualization is followed by a presentation of measured
mercury data in environmental media and biota and by a discussion of efforts to quantify mercury
levels in the environmental media and biota around anthropogenic sources.

2.1 Chemical Properties of Mercury

Elemental mercury is a heavy, silvery-white liquid metal at typical ambient temperatures and
pressures. The vapor pressure of mercury metal is strongly dependent upon temperature and it
vaporizes readily under ambient conditions. Its saturation vapor pressure of 14 mQ/m greatly exceeds
the average perrmssmle concentrations for occupational (0.05 mg/m ) or continuous environmental
exposure (0.015 mg/m ) (Nriagu, 1979; WHO, 1976). Elemental mercury partitions strongly to air in
the environment and is not found in nature as a pure, confined liquid. Most of the mercury
encountered in the atmosphere is elemental mercury vapor.

Mercury can exist in three oxidation states: HgO (metallic), ng2+ (mercurous), and Hg2+
(mercuric-Hg(II)). The properties and chemical behavior of mercury strongly depend on the oxidation
state. Mercurous and mercuric mercury can form numerous inorganic and organic chemical
compounds; however, mercurous mercury is rarely stable under ordinary environmental conditions.
Mercury is unusual among metals because it tends to form covalent rather than ionic bonds. Most of
the mercury encountered in water/soil/sediments/biota (all environmental media except the atmosphere)
is in the form of inorganic mercuric salts and organomercurics. Organomercurics are defined by the
presence of a covalent C-Hg bond. The presence of a covalent C-Hg bond differentiates
organomercurics from inorganic mercury compounds that merely associate with the organic material in
the environment but do not have the C-Hg bond. The compounds most likely to be found under
environmental conditions are these: the mercuric salts HgCl,, Hg(OH), and HgS; the methyimercury
compounds, methylmercuric chloride (CH;HgCl) and methylmercuric hydroxide (CH;HgOH); and, in
small fractions, other organomercurics (i.e., dimethylmercury and phenylmercury).

Mercury compounds in the aqueous phase often remain as undisassociated molecules, and the
reported solubility values reflect this. Solubility values for mercury compounds which do not
disassociate are not based on the ionic product. Most organomercurics are not soluble and do not
react with weak acids or bases due to the low affinity of the mercury for oxygen bonded to carbon.
CH,HgOH, however, is highly soluble due to the strong hydrogen bonding capability of the hydroxide
group. The mercuric salts vary widely in solubility. For example HgCl, is readily soluble in water,
and HgS is as unreactive as the organomercurics due to the high affinity of mercury for sulfur. A
detailed discussion of mercury chemistry can be found in Nriagu (1979) and Mason et al. (1994).

2.2 Analytic Measurement Methods
A number of methods can be employed to determine mercury concentrations in environmental
media. The concentrations of total mercury, elemental mercury, organic mercury compounds

(especially methylmercury) and chemical properties of various mercuric compounds can be measured,
although speciation among mercuric compounds is not usually attempted. Recent, significant
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concentration of methylmercury, elemental mercury and the mercuric fraction to be separated from the
total mercury in environmental media. It is possible to speciate the mercuric fraction further into
reactive, non-reactive and particle-bound components. It is generally not possible to determine which
mercuric species is present in environmental media (e.g., HgS or HgCl,).

improvements and standardizations in analytical methodologies enable reliable data on the ‘

One of the significant advances in mercury analytical methods over the past decade or so has
been in the accurate detection of mercury at low levels (less than 1 ug/g). Over the past two decades
mercury determinations have progressed from detection of pg levels of total mercury to picogram
levels of particular mercury species (Mitra, 1986 and Hovart et al., 1993a and 1993b). Typical
detection limits for data used or presented in this study are on the order of 1 - 2 ng/LL for water
samples (Sorensen et al., 1994), 0.1 ng/g for biota (Cappon, 1987; Bloom, 1992) and 0.1 ng/m3 for
atmospheric samples (Lindberg et al., 1992). Mercury contamination of samples has been shown to be
a significant problem in past studies. The use of ultra-clean sampling techniques is critical for the
more precise measurements required for detection of low levels of mercury.

23 Mercury in the Environment

As a naturally occurring element, mercury is present throughout the environment in both
environmental media and biota. Nriagu (1979) estimated the global distribution of mercury and
concluded that by far the largest repository is ocean sediments. Nriagu estimated that the ocean

. . 17 . ) , .
sediments may contain about 10" ' g of mercury, mainly as HgS. Nriagu also estimated that ocean
waters contain around 10'3 g, soils and freshwater sediments 101 g, the biosphere 101! g (mostly in
land biota), the atmosphere 108 g and freshwater on the order of 10’ g. This budget excludes
"unavailable” mercury in mines and other subterranean repositories.

Mercury is emitted by both anthropogenic and natural processes. Due to its chemical
properties, environmental mercury is thought to move through various environmental compartments,
possibly changing form and species during this process. Like other elements such as nitrogen, these
movements are conceptualized as a cycle.

The mercury cycle has been studied and described in several recent reports (Swedish EPA,
1991; Mitra, 1986; Fitzgerald and Clarkson, 1991), and its understanding continues to undergo
refinement. The movement and distribution of mercury in the environment can be confidently
described only in general terms. There has been increasing consensus on many, but not all, of the
detailed behaviors of mercury in the environment (Brosset and Lord, 1991). The depiction of the
mercury cycle in Figure 2-1 attempts to illustrate mercury release by both natural and anthropogenic
sources into environmental media: air, soil, and water. The figure illustrates the various transport and
transformation processes that are expected to occur and includes a number of infinite and/or indefinite
loops.

In sections 2.3.1 through 2.3.6 information about the mercury cycle is summarized as it
directly relates to the present study: anthropogenic source release to the atmosphere and the resulting
exposure to humans and wildlife from the inhalation and ingestion pathways. It is important to note
that it is not possible to know exactly what will happen to the stack-released mercury, but enough is
known about the speciation and cycling of mercury in the environment at this time to propose a
plausible scenario.

2.3.1 Emissions of Mercury

Mercury is emitted to the atmosphere through both naturally occurming and anthropogenic
processes. Natural processes include volatilization of mercury in marine and aquatic environments,
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Figure 2-1
The Mercury Cycle -
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volatilization from vegetation, degassing of geologic materials (e.g., soils) and volcanic emissions.
The-natural emissions are thought to be primarily in the elemental mercury form. Conceptually, the
current natural emissions can arise from two components: mercury present as part of the pre-industrial
equilibrium and revolatilized anthropogenic emissions.

Several authors have used a number of different techniques to estimate the pre-industrial
mercury concentrations in environmental media. It is difficult to separate current mercury
concentrations by origin (i.e., anthropogenic or natural) because of the continuous cycling of the
element in the environment. For example, stack releases of elemental mercury may be oxidized and
deposit as divalent mercury far from the source; the deposited mercury may be reduced and re-emitted
as elemental mercury only to be deposited again continents away. Not surprisingly, there is a broad
range of estimates and a great deal of uncertainty with each. When the estimates are combined, they
indicate that between 40 and 75% of the current atmospheric mercury concentrations are the result of
anthropogenic releases. The Expert Panel on Mercury Atmospheric Processes (1994) concluded that
pre-industrial atmospheric concentrations constitute approximately one-third of the current atmospheric
concentrations. They estimated that anthropogenic emissions may currently account for 50 - 75% of
the total annual input to the global atmosphere (Expert Panel on Mercury Atmospheric Processes,
1994). The estimates of the panel are corroborated by Lindqgvist et al., (1991), who estimated that
60% of the current atmospheric concentrations are the result of anthropogenic emissions and Porcella
(1994), who estimated that this fraction was 50%. Hovert et al., (1993b) assessed the anthropogenic
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fraction as constituting 40 to 50% of the current total. This overall range appears to be in agreement
with the several fold increase noted in inferred deposition rates (Swain et al., 1992: Engstrom et al.. ‘
1994; Benott et al,, 1994). The percentage of current total atmospheric mercury which is ot

anthropogenic origin may be much higher near mercury emissions sources.

Anthropogenic mercury releases are thought to be dominated on the national scale by industrial
processes and combustion sources that release mercury into the atmosphere. Stack emussions are
thought to include both vapor and particulate forms as well as divalent and elemental mercury species
in various fractions. The analytic methods for mercury speciation of exit gasses and emission plumes
are being refined, and there is still controversy in this field. Chemical reactions occurring in the
emission plume are also possible. The speciation of mercury emissions is thought to depend on the
fuel used (e.g., coal, oil, municipal waste), flue gas cleaning and operating temperature. The exit
stream is thought to range from almost all divalent mercury to nearly all elemental mercury: the
elemental mercury is primarily in the gas phase although exit streams containing soot can bind up
some fraction of elemental mercury. The divalent fraction is split between gaseous and particle bound
phases (Lindqvist et al., 1991,*Chapter 4). Much of this divalent mercury is thought to be HgCl,
(Michigan Environmental Science Board, 1993). -

An emission factor-based approach was used to develop the nationwide emission estimates for
the source categories presented in Table 2-1. The emission factors presented are estimates based on
ratios of mass mercury emissions to measures of source activities and nation-wide source activity
levels. Details of the emission factor approach are described in Volume II of this Report to Congress.
The reader should note that the data presented in this table are estimates; uncertainties occur in the
measurement techniques, emission factors, estimates of pollutant control efficiency and nation-wide
source class activity levels. The estimates may also be based on limited information for a particular
source class, thereby increasing the uncertainty in the estimate further.

Some anthropogenic processes no longer used still result in significant environmental releases
from historically contaminated areas which continue to release mercury to surface water runoff,
groundwater and the atmosphere. It is estimated that the mercury content of typical lakes and rivers
has been increased by a factor of two to four since the onset of the industrial age (Nriagu, 1979).
More recently, researchers in Sweden estimate that mercury concentrations in soil, water and lake
sediments have increased by a factor of four to seven in southern Sweden and two to three in northern
Sweden in the 20th century (Swedish EPA 1991). It is estimated that present day mercury deposition
is two to five times greater now than in preindustrial times (Lindqvist et al., 1991).

2.3.2 Deposition of Mercury

The divalent species emitted, either in the vapor or particulate phase, are thought to be subject
to much faster atmospheric removal than elemental mercury (Lindberg et al., 1991, Shannon and
Voldner, 1994). Particulate bound divalent mercury is assumed to dry deposit ( this is defined as
deposition in the absence of precipitation). The deposition velocity is dependent on atmospheric
conditions and particle size. Particulate mercury is also assumed to be subject to wet deposition due
to scavenging by precipitation. The gaseous divalent mercury emitted is also expected to be
scavenged readily by precipitation. Divalent mercury species have much lower Henry’s law constants
than elemental mercury, and thus are assumed to partition strongly to the water phase. Dry deposition
of gas phase divalent mercury is thought to be significant due to its reactivity with surface material.
Overall, gas phase divalent mercury is more rapidly and effectively removed by both dry and wet
deposition than particulate divalent mercury (Lindberg et al., 1992; Petersen et al., 1995; Shannon and
Voldner, 1994), a result of the reactivity and water solubility of gaseous divalent mercury.
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Table 2-1
Annual Estimates of Mercury Release by Various Combustion and
Manufacturing Source Classes (U.S. EPA, 1996a)

Annual Mercury
Source Emission Rate

Combustion Sources - Total 196,400 kg/yr (216 tons/yr)

Electric utilities

Oil- and Gas-fired 2600 kg/yr (4 tons/yr)
Coal-fired 44,600 kg/yr (49 tons/yr)
Incinerators

Municipal waste combustors 57,700 kg/yr (63.5 tons/yr)

Medical waste incinerators 58,800 kg/yr (64.7 tons/yr)

Commercial/Industrial boilers 26,400 kg/yr (29 tons/yr)

Chlor-alkali production 5,900 kg/yr (6.5 tons/yr)
Primary lead smelting 8,200 kg/yr (9 tons/yr)
Primary copper smelting 600 kg/yr (0.7 tons/yr)
Other combustion sources 5,100 kg/yr (5.5 tons/yr)
Other sources 19,000 kg/yr (20.8 tons/yr)

In contrast, elemental mercury vapor is not thought to be susceptible to any major process
resulting in direct deposition to the earth’s surface. Elemental mercury is thought to have a strong
tendency to remain airborne. On non-assimilating surfaces elemental mercury deposition appears
negligible (Lindberg et al., 1992), and though elemental mercury can be formed in soil and water due
to the reduction of divalent mercury species by various mechanisms, this elemental mercury is
expected to volatilize into the atmosphere (Expert Panel on Mercury Atmospheric Processes 1994). In
fact, it has been suggested that in-situ production and afflux of elemental mercury could provide a
buffering role in aqueous systems, as this would limit the amount of divalent mercury available for
methylation (Fitzgerald, 1994). Water does contain an amount of dissolved gaseous elemental mercury
(Fitzgerald et al., 1991), but it is minor in comparison to the total mercury content in freshwater
(dissolved + particulate).

There appears to be a potential for deposition of elemental mercury via plant-leaf uptake.
Lindberg et. al. (1992) indicated that forest canopies could accumulate elemental mercury vapor, via
gas exchange at the leaf surface followed by mercury assimilation in the leaf interior during the
daylight hours. This process causes a downward flux of elemental mercury from the atmosphere,
resulting in a deposition velocity. Recent evidence (Hanson et al., 1994) indicates that this does occur
but only at air concentrations of elemental mercury well above background for a typical forest area.
At more common mercury levels, the forest appears to act as a source of elemental mercury to the
atmosphere, with the measured mercury flux in the upward direction. Lindberg et. al. (1991) noted
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likely the soil. Hanson et al. (1994) stated that "dry foliar surfaces in terrestrial forest landscapes may
not be a net sink for atmospheric elemental mercury, but rather as a dynamic exchange surface that
can function as a source or sink dependent on current mercury vapor concentrations, leaf temperatures,
surface condition (wet versus dry) and level of atmospheric oxidants.” Similarly. Mosbaek et al.
(1988) convincingly showed that most of the mercury in leafy plants is due to air-leaf transter, but that
for a given period of time the amount of elemental mercury released from the plant-soil system greatly
exceeds the amount collected from the air by the plants. It is also likely that many plants accumulate
airborne mercury to certain concentrations, after which net deposition of elemental mercury does not
occur. Overall, dry deposition of elemental mercury does not appear to be a significant pathway for
removal of atmospheric mercury, although approximately 95% or more of atmospheric mercury is
elemental mercury (Fitzgerald, 1994).

this may be explained by the volatilization of elemental mercury from the canopy/soil system. most ‘

There is a pathway however, by which elemental mercury vapor released into the atmosphere
may (eventually) result in increased methylmercury concentrations in fish. Reactions occur in the
atmosphere in the aqueous phase (cloud droplets) that both oxidize elemental mercury to divalent
mercury and reduce the divalent mercury to elemental mercury. The most important reactions are the
oxidation of elemental mercury with ozone, reduction of divalent mercury by sulfite (SO3‘2) ions or
production of particulate divalent mercury by complexation with soot:

Hg (¢) -> Hg'(ag)
Hg%(aq) + O5(aq) -> Hg(Il)(aq)
Hg(Il)(aq) + soot/possible evaporation -> Hg(ID)(p)

Hg()(ag) + SO5™“(aq) -> Hg"(aq)

(2 = gas phase molecule . ‘
(aq) = aqueous phase molecule

()] = particulate phase molecule

The Hg(I) produced from oxidation of Hg by ozone can be reduced back to Hg by sulfite; however,
the oxidation of Hg by ozone is a much faster reaction than the reduction of Hg(II) by sulfite. Thus,
a steady state concentration of Hg(II)(aq) is built up in the atmosphere and can be expressed as a
function of the concentrations of Hg (2), O4(g), H" (representing acids) and SO,(g) (Lindqvist et al.,
1991, Chapter 6). Note that H" and SO,(g), although not apparent in the listed atmospheric reactions,
control the formation of sulfite.

The Hg(II)(aq) produced would then be susceptible to atmospheric removal via wet deposition.
The third reaction, however, may transform most of the Hg(II)(aq) into the particulate form, due to the
much greater amounts of soot than mercury in the atmosphere. The soot concentration will not be
limiting compared to the concentration of Hg(II)(aq), and S atoms in the soot matrix will bond readily
to the Hg(IT)(aq). The resulting Hg(II)(p) can then be removed from the atmosphere by wet deposition
(if the particle is still associated with the cloud droplet) or dry deposition (following cloud droplet
evaporation). This transformation of Hg to Hg(II)(p) demonstrates a possible mechanism by which
natural and anthropogenic sources of Hg” vapor can result in mercury deposition to land and water.
The deposition can occur far from the source due to the overall slow rate of conversion. It has been
suggested that this mechanism is important in a global sense for Hg pollution, while wet deposition of
anthropogenic particulate Hg(II) is the most important locally (Fitzgerald, 1994; Lindqvist et al., 1991,
Chapter 6), with gaseous Hg(Il) expected to deposit at a faster rate after release than Hg(II)(p).
Overall, an atmospheric residence time of 1/2 - 2 years for elemental mercury to as little as hours for
some Hg(Il) species (Lindqvist and Rodhe, 1985) is expected. This behavior is observed in the
modeling results presented in this effort as well. It is possible that dry deposition of Hg can occur
from ozone mediated oxidation of elemental mercury taking place on wet surfaces, but this is not
expected to be comparable in magnitude to the cloud droplet mediated processes (Lindberg, 1994).
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2.3.3  Mercurv in Soil

Once deposited, the Hg(II) species are subject to a wide array of chemical and biological
reactions. Soil conditions (e.g., pH, temperature and soil humic content) are typically favorable for the
formaunon of inorganic Hg(I) compounds such as HgCly, Hg(OH), and inorganic Hg(Il) compounds
complexed with organic anions (Schuster 1991). Although inorganic Hg(Il) compounds are quite
soluble (and. thus. theoretically mobile) they form complexes with soil organic matter (mainly fulvic
and humic acids) and mineral colloids; the former is the dominating process. This is due largely to
the affinity of Hg(II) and its inorganic compounds for sulfur-containing functional groups. This
complexing behavior greatly limits the mobility of mercury in soil. Much of the mercury in soil is
bound to bulk organic matter and is susceptible to elution in runoff only by being attached to
suspended soil or humus. Some Hg(II), however, will be absorbed onto dissolvable organic ligands
and other forms of dissolved organic carbon (DOC) and may then partition to runoff in the dissolved
phase. Currently, the atmospheric input of mercury to soil is thought to exceed greatly the amount
leached from soil, and the amount of mercury partitioning to runoff is considered to be a small
fraction of the amount of mercury stored in soil. The results of Appendix C, which detail the
calibration of soil-water partition coefficients in the watershed model, are consistent with these
observations. The affinity of mercury species for soil results in soil acting as a large reservoir for
anthropogenic mercury emissions (Meili et al., 1991 and Swedish EPA 1991). For example, note the
mercury budget proposed by Meili et al., 1991. Even if anthropogenic emissions were to stop entirely,
leaching of mercury from soil would not be expected to diminish for many years (Swedish EPA,
1991). Hg can be formed in soil by reduction of Hg(II) compounds/complexes mediated by humic
substances (Nriagu, 1979). This Hg will vaporize eventually and re-enter the atmosphere.
Methylmercury can be formed by various microbial processes acting on Hg(II) substances.
Approximately 1-3% of the total mercury in surface soil is methylmercury, and as is the case for
Hg(1l) species, it will be bound largely to organic matter. The other 97-99% of total soil mercury can
be considered largely Hg(II) complexes, although a small fraction of Hg in typical soil will be HgO
(Revis et al., 1990). The methylmercury percentage exceeded 3% (Cappon, 1987) in garden soil with
high organic content under slightly acidic conditions. Contaminated sediments may also contain
higher methylmercury percentages compared to ambient conditions (Wilken and Hintelmann, 1991;
Parks et al., 1989).

2.3.4 Plant and Animal Uptake of Mercury

The Hg(I) and methylmercury complexes in soil are available theoretically for plant uptake
and translocation, potentially resulting in transfer through the terrestrial food chain. In reality plant
uptake from ordinary soils, especially to above-ground parts of plants, appears to be insignificant
(Schuster 1991 Lindqvist et al., 1991, Chapter 9). Mosbaek et al. (1988) determined (by spiking soil
with Hg ) that the atmospheric contribution of the total mercury content of the leafy parts of plants
is on the order of 90-95% and for roots 30-60%. The concentrations of mercury in leafy vegetables
generally exceeds that of legumes and fruits (Cappon 1981, 1987), where it is not clear whether the
mercury content results from air and/or soil uptake. Most plant uptake studies do not explicitly
measure both the surrounding soil and air concentrations as performed in Mosbaek et al., 1988. Even
when this is performed there is no way to determine whence the mercury in the plant originated.
Speciation data do not provide much information; apparently any Hg absorbed from the air is readlly
converted to Hg(Il) in the plant interior, since even leafy vegetables do not appear to contain any Hg
(Cappon, 1987). Plants also have some mercury methylation ability (Fortmann et al., 1978), so the
percentage of methylmercury in plants may not originate from root uptake. Studies which report plant
uptake from soil have typically been conducted on heavily polluted soils near Chlor-alkali plants
(Lenka et al,, 1992; Temple and Linzon 1977; Lindberg et al., 1979), where the formation of CI’
complexes can increase Hg(II) movement somewhat. Overall, mercury concentrations in plants, even
those whose main uptake appears to be from the air, are small (see ambient mercury concentrations
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consumption. and mercury content in meat is low (see tables in the ambient mercury concentrations

tables). Accordingly, livestock typically accumulates little mercury from foraging or silage/erain .
section).

2.3.5 Mercury in the Freshwater Ecosvstem

There are a number of pathways by which mercury can enter the freshwater environment:
Hg(Il) and methylmercury from atmospheric deposttion (wet and dry) can enter water bodies directly:
Hg(II) and methylmercury can be transported to water bodies in runoff (bound to suspended
soil/humus or attached to dissolved organic carbon); or Hg(Il) and methylmercury can leach into the
water body from groundwater flow in the upper soil layers. Once in the freshwater system. the same
complexation and transformation processes that occur to mercury species in soil will occur in aquatic
medium along with additional processes due to the aqueous environment. Mercury concentrations are
typically reported for particular segments of the water environment; the most common of which are the
water column (further partitioned as dissolved or attached to suspended material), the underlying
sediment (further divided into surface sediments and deep sediments); and biota (particularly fish).
Discussion of several detailed studies on the movement of mercury between soil/water/sediment and
how modeling results compare to this data are presented-in Appendix C.

Partition coefficients have been calculated for the relative affinity of Hg(Ill) and methylmercury
for sediment or soil over water. Values of the partition coefficient K; (concentration of Hg in dry
sediment, soil or suspended matter divided by the dissolved concentration in water) on the order of 10-
100,000 ml/g soil, 100,000 ml/g sediment and 100,000+ ml/g suspended material are typically found
for Hg(II) and methylmercury (Appendices A and C), indicating a strong preference for Hg(II) and
methylmercury to remain bound up to soil, bottom sediment or suspended matter (increasing affinity in
that order). Of course, a river or lake freshwater system often has more water than sediment, and a
significant amount of Hg(II) entering a water system may partition to the water column, especially if
there is a high concentration of suspended material in the water column. It is often unclear whether
the mercury in sediment will be HgCl, or Hg(OH), organic complexes, which can be considered more
susceptible to methylation, or will be the more unreactive HgS and HgO forms.

Most of the mercury in the water column (Hg(II) and methylmercury) will be bound to organic
matter, either to dissolved organic carbon (DOC; consisting of fulvic and humic acids, carbohydrates,
carboxylic acids, amino acids and hydrocarbons; (Lindqvist et al., 1991, (Chapter 2)) or to suspended
particulate matter. In most cases, studies that refer to the dissolved mercury in water include mercury
complexes with DOC. Studies indicate that about 25%-60% of Hg(Il) and methylmercury organic
complexes are particle-bound in the water column. The rest is in the dissolved, bound-to-DOC phase
(Nriagu, 1979; Bloom et al., 1991; NAS 1977). Typically, total mercury and methylmercury
concentrations are positively correlated with DOC concentrations in lake waters (Driscoll et al., 1994;
Mierle and Ingram, 1991). Hg0 is produced in freshwater by humic acid reduction of Hg(II) or
demethylation of methylmercury. An amount will remain in the dissolved gaseous state while most
will volatilize. As noted previously, HgO constitutes very little of the total mercury in the water
column but may provide a significant pathway for the evolution of mercury out of the water body via
Hg(II) or methylmercury -> Hgo -> volatilization. For many lakes, however, sedimentation of the
Hg(IT) and methylmercury bound to particulate matter is expected to be the dominant process for
removal of mercury from the water column (Sorensen et al., 1990; Fitzgerald et al., 1991).

Generally, no more than 25% of the total mercury in a water column exists as a
methylmercury complex; typically, less than 10% is observed (see Appendix A). This is a result of

methylation of Hg(II) which is thought to occur in the bottom sediment and the water column by

microbial action and abiotic processes. An equilibrium is soon established between Hg(Il) and

methylmercury in freshwater systems; in a number of sediment-water systems, it has been found that
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methylmercury concentrations in waters were independent of water column residence time or time in
contact with sediments (Parks et al.. 1989). Methylmercury in the water column which is lost through
demethylation, exported downstream or taken up by biota 1s thought to be replaced by additional
methylation of Hg(IT) compounds to sustain equilibrium.

Once entering a water body, mercury can remain in the water column, be lost from the lake
through drainage water, revolatilize 1nto the atmosphere, settle into the sediment or be taken up by
aquatic biota. After entry, the movements ot mercury through any spectfic water body may be unique.
Only mercury in the water column, the sediment and other aquatic biota appears to be available to
aquatic organisms for uptake.

Methylation appears to be a key step in the entrance of mercury into the food chain (Sorrenson
et al.,, 1990). The biotransformation of inorganic mercury species to methylated organic species in
water bodies can occur in the sediment (Winfrey and Rudd, 1990) and the water column (Xun et al.,
1987). Abiotic processes (e.g., humic and fulvic acids in solution) also appear to methylate the
mercuric ion (Nagase et al., 1982). All mercury compounds entering an aquatic ecosystem are not
methylated and demethylation reactions (Xun et al., 1987) as well as volatilization of dimethylmercury
decrease the amount of methylmercury available in the aquatic environment. It is clear that there is a
large degree of scientific uncertainty and variability among waterbodies concerning the processes that
methylate mercury.

Bacterial methylation rates appear to increase under aerobic conditions, high temperatures
(NJDEPE, 1993) and low pH (Xun et al., 1987; Winfrey and Rudd, 1990). Increased quantities of the
mercuric species, the proper biologic community, and adequate suspended soil load and sedimentation
rate are also important factors (NJDEPE, 1993). Anthropogenic acidification of lakes appear to
increase methylation rates as well (Winfrey and Rudd, 1990).

Methylmercury is very bioavailable and accumulates in fish through the aquatic food web;
nearly 100% of the mercury found in fish muscle tissue is methylated (Bloom et al., 1991).
Methylmercury appears to be primarily passed to planktivorous and piscivorous fish via their diets.
Larger, longer-lived fish species at the upper end of the food web typically have the highest
concentrations of methylmercury in a given waterbody. A relationship exists between methylmercury
content in fish and lake pH, with higher methylmercury content in fish tissue typically found in more
acidic lakes (Winfrey and Rudd, 1990; Driscoll et al., 1994). The mechanisms for this behavior are
unclear. Most of the total methylmercury production ends up in biota, particularly fish (Swedish EPA,
1991). In fact, bioconcentration factors (BCFs) for accumulation of methylmercury in fish (compared
with the water methylmercury concentration) are on the order of 10° - 10° (Bloom, 1991; Appendix
A). Overall, methylmercury production and accumulation in the freshwater ecosystem places this
pollutant into a position to be ingested by fish-eating organisms.

2.3.6 Summary

Mercury released into the atmosphere from natural and anthropogenic sources deposits mainly
as Hg(I), from either direct deposition of emitted Hg(II) or from conversion of emitted elemental Hgo
to Hg(II) through ozone-mediated reduction. The former process may result in elevated deposition
rates around atmospheric emission sources and the latter process results in regional/global transport
followed by deposition. Measurements indicate that wet deposition of mercury is likely to be greater
than dry deposition. There is still a great deal of uncertainty with respect to the amount of dry
deposition of mercury. Once deposited, mercury appears to bind tightly to certain soil components.
The deposited Hg(II) may revolatilize through reduction and be released back to the atmosphere as
Hgo. Soil Hg(II) may also be methylated to form methylmercury; these two forms may remain in the
soil or be transported through the watershed to a waterbody via runoff and leaching. Mercury enters
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measured in both the water column and the sediments. Hg(II) in the waterbody may also be
methylated to form methylmercury: both Hg(Il) and methylmercury may be reduced to form Hgo
which is reintroduced to the atmosphere. An equilibrium is quickly established between Hg(II) and
methylmercury in soil, water and sediment. Typical percentages for the fraction of mercury which is
methylmercury are 2% in soil or sediment and 10% or less in water column (nearly all the remainder
is Hg(ID)).

the water body through direct deposition on the watershed and mercury in waterbodies has been ‘

The consumption of fish by humans and wildlife is the main exposure pathway of concern for
mercury; the terrestrial pathway is not expected 1o be significant in comparison. Most plants do not
appear to accumulate high concentrations of mercury from either air or soil; livestock also do not
appear to accumulate high concentrations of mercury from soil or plant consumption. On the other
hand, fish can bioaccumulate high concentrations of mercury in their muscle tissues; most of the
bioaccumulated mercury is in the form of methylmercury. This bioaccumulation of methylmercury in
fish muscle tissue occurs in waterbodies that are remote from emission sources and seemingly pristine
as well as in waterbodies that are less isolated. Methylmercury appears to be efficiently passed
through the aquatic food web to the highest trophic level consumers in the community (e.g.,
piscivorous fish). At this point it can be contacted by fish-consuming wildlife and humans through
ingestion. Methylmercury appears to pass from the gastrointestinal tract into the bloodstream more
efficiently than the divalent species.

24 Measurement Data

Based on the current understanding of the mercury cycle, mercury is thought to be transported
primarily through the atmosphere and distributed to other compartments of the environment. The
primary source of mercury in terrestrial, aquatic and oceanic environments appears to be the wet or
dry deposition of atmospheric mercury. Once deposited, the mercury may be revolatilized back to the
atmosphere, incorporated into the medium of deposit or transferred to other abiotic or biotic
components of these environments.

Elemental mercury vapor is the most common form of mercury in the atmosphere and divalent
mercury the most common in soils, sediments and the water column. The most common form in most
biota is Hg(II); the exception is fish in which the most common form is methylmercury.

2.4.1 Mercury Air Concentrations

As noted in section 2.3.1 anthropogenic emissions are currently thought to account for between
40-75% of the total annual input to the global atmosphere (Expert Panel on Mercury Atmospheric
Processes, 1994; Hovert et al., 1993b). Current air concentrations are thought to be 2 - 3 times pre-
industrial levels. This is in agreement with the several fold increase noted in inferred deposition rates
(Swain et al., 1992; Engstrom et al., 1994; Benoit et al., 1994).

As shown in Tables 2-2 and 2-3, measured U.S. atmospheric mercury concentrations are
generally very low. The dominant form in the atmosphere is vapor-phase elemental mercury, although
close to emission sources, higher concentrations of the divalent form may be present. Small fractions
of particulate mercury and methylmercury may also be measured in ambient air. In rural areas,
airborne particulate mercury is typically 4% or less of the total (particulate + gas phase) mercury in air
(U.S. EPA, 1993; WHO, 1990). Particulate mercury comprises a greater fraction of the total in urban
areas U.S. EPA (1993), and will consist primarily of bound Hg(II) compounds.
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Table 2-2
Summary of Measured Mercury Concentration
in Air (U.S. EPA, 1993)

Total Atmospheric Mercury (ng/m3) %o Hg(I1) % Methylmercury
Rural areas: 1 -+ 1-25%° 0-21%"

Urban areas: 10 - 170

3 Higher fractions in urban areas
b Generally % methylmercury on low end of this range

Table 2-3
Measured Vapor- and Particulate-Phase Atmospheric Mercury Concentrations

Site Vapor-Phase Mercury Particulate-Phase Mercury Conc. Reference

Conc. 1 ng/m3 Mean n ng/m3

(Range) Mean (Range)
Chicago, IL 8.7 (1.8-62.7) 0.098 (0.022-0.52) Keeler et al., (1994)
Laks Michigan 2.3 (1.3-4.9) 0.028 (0.009-0.054) Keeler et al., (1994)
South Haven, MI 2.0 (1.8-4.3) 0.019 (0.009-0.029) Keeler et al., (1994)

0.022 (max 0.086) Keeler et al.. (1995)

Ann Arbor, MI - 2.0 (max 4.3) 0.10 (max 0.21) Keeler et al., (1994)

0.022 (max 0.077)

Keeler et al., (1995)

Deuont, MI Site A

>40.8 (max >74)

0.34 (max 1.09)
0.094 (0.022-0.23)

Keeler et al., (1994)
Keeler et al., (1995)

Dewoit, MI Site B 3.7 (max 8.3) 0.30 (max 1.23) Keeler et al., (1994)
Peliston, MI 0.011 (max 0.032) Keeler et al., (1995)
Underhill Center, VT 2.0 (1.2-4.2) 0.011 (0.001-0.043) Burke et al., (1995)
Broward County, FL® 1.8 0.034 Dvonch et al., (1995)
Background Site near

Atlantic Ocean (Site 1)

Broward County, FL 33 0.051 Dvonch et al.,, (1995)
Inland (Site 2)

Broward County, FL 2.8 0.049 Dvonch et al.,, (1995)
Inland (Site 3)

Little Rock Lake. WI 1.6 (1.0-2.5) 0.022 (0.007-0.062) Fitzgerald et al., (1991)
Long Island Sound, Avery (1.4-5.3): 0.062 (0.005-0.18) Paruculate: Fitzgerald et al., (1991)

P, CT®

95-100% elemental;
0-1% methylmercury

Vapor: Bloom and Fitzgerald et al., (1988)

Crab Lake, WI

1.7

Winter 0.006
Summer 0.014

Lamborg et al., (1n press)

# Drurnal vanations were also noted; elevated concentraions were measured at mght. For example at site 2 the average mighttime vapor-
phase concentration was 4.5 ng/m’. This was atinbuted to httle vertcal muxing and lower mixing heights that occur 1n this area at mght.

® 99% of Total Gaseous Mercury 1s Hg’. During 1 month (October) the mean methylmercury concentration was measured to be 12 pg/m’
with a range of 4-38 pg/m3; 0.7% of the total gaseous mercury was methylmercury. Durning November 1t was measured as <10 pg/m3 and
from December through August it was measured below the detection limit (<5 pg/m’).
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rates of atmospheric mercury collected at specific sites across the U.S. Most of the collected
deposition data are from sites located some distance from large emission sources. The data have.been
collected by several different groups of researchers. These data are briefly summarized here.

There is a substantial body of recent data pertaining to the atmospheric concentrations and deposition ‘

Keeler et al., (1994) measured vapor- and particulate-phase atmospheric mercury
concentrations from a site in Chicago, IL. two sites in Detroit. MI and a Lake Michigan site. The
mean values are presented along with the range of measurement data. The collection period for these
sites was generally less than one month; for example, the Detroit data were collected during a 10-day
period.

Keeler et al., (1995) reported the results of several short-term atmospheric particulate mercury
measurements in Detroit, MI and longer-term (1-year) particulate measurements at rural sites in
Michigan and Vermont. In the Detroit measurements the particulates sampled were divided into two
categories: fine (<2.5 pm) and coarse (>2.5 pum). The average size of the fine particles was 0.68 um,
and the average size of the coarse particles was 3.78 um. Most (mean=88%) of the particulate
mercury at the Detroit, MI site was measured on fine particles; the range for individual samples was
60-100% of total particulate.

Fitzgerald et al., (1991) reported measured mercury concentrations at Little Rock Lake, WI
from May of 1988 through September of 1989 and particulate mercury concentrations at Long Island
Sound (Avery Point, CT).

2.4.2 Mercury Concentrations in Precipitation ‘

Mercury concentrations in precipitation are shown in Table 2-4. Total mercury concentrations
in rainwater are typically higher than in surface water. This is thought to be the result of efficient
scavenging of divalent mercury by rain droplets and the oxidation of elemental mercury to divalent
mercury, whité Mercury in surface waters can be lost by revolatilization from the water body and
sequestration in the sediment. \ L 50

Total mercury concentrations in precipitation are generally less than 100 ng/L in areas not
directly influenced by an emissions source, including suburban and urban locations. Levels much
higher (greater than 1000 ng/L) however, have been reported for precipitation downwind of
anthropogenic mercury sources (NJDEPE 1993; see also "Measured Mercury Levels from Point
Sources" section below). Areas downwind of mercury sources also show the greatest variability in
precipitation concentrations. Mercury concentrations do not vary much among different precipitation
types (snow, rain, and ice; NJDEPE 1993, Fitzgerald et al., 1991). Mercury precipitation
concentrations show a seasonal pattern, with average concentrations several times higher during the
summer than during the winter months, even in areas with a warm climate (Pollman et al., 1994).
Current average precipitation mercury levels are on the order of 2-4 times greater than pre-industrial
levels, based on information on the increases in mercury deposition rates (Swain et al., 1992; Expert
Panel on Mercury Atmospheric Processes, 1994). The concentration of methylmercury in rain is Qswvef AL/
minor, and its origins are uncertain.

2.4.3 Mercury Deposition Rates

Environmental mercury is widely thought to be transported primarily through the atmosphere. ‘
The primary source of mercury in terrestrial, aquatic and oceanic environments appears to be the wet

or dry deposition of atmospheric mercury. Once deposited, the mercury may be revolatilized back to

the atmosphere, incorporated into the medium of deposit or transferred to abiotic or biotic components

of these environments.
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Table 2-4
Measured Mercury Concentrations in Precipitation
Site Mean Mercury Concentration 1n Reference
precipitation, ng/L Mean (Range)
Ely. MN 20 in 1988 1988-89 data: Glass et al . (1992)
51 in 1989 1990 data. Sorensen et al.. (1992)
13 in 1990
Duluth, MN 23 in 1988 1988-89 data: Glass et al.. (1992)
11 in 1589 1990 data: Sorensen et al., (1992)
i3 in 1990
Marcell, MN 18 in 1988 Glass et al., (1992)
18 in 1989
Bethel, MN 13 in 1990 Sorensen et al.. (1992)
Cavalier, ND 19 in 1990 Sorensen et al., (1992)
International Falls, MN 9 in 1990 Sorensen et al., (1992)
Lamberton, MN 15 in 1990 Sorensen et al., (1992)
Raco, MN 10 in 1990 Sorensen et al., (1992)
Little Rock Lake, W1 11 (3.2-15) in rain Fitzgerald et al,, (1991)
6 in snow *
drap
ab Lake, WI 7.9 in rain Lamborg et al., (in press)
3.3 in snow
Underhill Center, VT? 83 Burke et al., (1995)

Broward County, FL
Background Site near Atlantic Ocean
(Site 1)

Total: 35 (15-36)
Reactive: 1.0 (0.5-1.4)

Dvonch et al., (1995)

Broward County, FL
Inland (Site 2)

Total: 40 (15-73)
Reactive: 1.9 (0.8-3.3)

Dvonch et al., (1995)

Broward County, FL
Inland (Site 3)

Total: 46 (14-130)
Reactive: 2.0 (1.0-3.2)

Dvonch et al.. (1995)

Broward County, FL.
300 m from MWC (Site 4)

Total: 57 (43-81)
Reactive: 2.5 (1.7-3.7)

Dvonch et al., (1995)

2 Both the concentrations of mercury 1n precipitation and the amount of precipitauon deposited/event increased in spring and summer. Most
(66%) of the mercury in the spring and fall precipitation samples (only ones tested) was dissolved. The mean concentration of reacuve
mercury was 1.0 ng/l.. Higher particulate concentrations were observed in the winter.
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Table 2-5

Measured Mercury Concentrations in Rain Which Include Methylmercury Estimates (ng/L)

Study Description Total Methyl- % Methyl- Reference
Mercury mercury mercury
(ng/L) (ng/L)
Swedish rain: 9 samples 7.5-89.8 0.04-0.59 0.1-3.7 Lee and Iverfeldt
and 4 sites. (1991)
6 Samples at Little Rock 3.5-15 0.06-0.22 0.4-6.3 Fitzgerald et al.
Lake, WL (1991) ’

N.B. The difference between Total mercury and methylmercury can be considered Hg(II) species (Brosset 1981:
U.S. EPA 1988). This is assumed for all water samples.

Intensive, site-specific studies of environmental mercury fluxes have been done at only a
handful of U.S. sites. Watras et al., (1994) summarize the collected data and present a
conceptualization of mercury fluxes between abiotic and biotic components of the environment in 7
Northern Wisconsin seepage Lakes, including Little Rock Lake. Most of the mercury was thought to
enter the lakes through atmospheric deposition with wet deposmon of mercury contributing the most to
the total. The total amount deposited was approximately 10 pg/m /yr. Most of the mercury deposited
was thought to deposit into the sediment or volatilize back into the atmosphere. There was a net
production of methylmercury in the lakes with most of the produced methylmercury being stored in
the tissues of fish. The behavior of mercury at most U.S. sites is not characterized to the same degree
as at Little Rock Lake, WI. It should be noted that Little Rock Lake is a rather remote seepage lake
and that atmospheric mercury may behave differently closer to emission sources. Mercury may also
behave differently in different types of watersheds and waterbodies.

Measured wet deposition rates are given in Table 2-6. Similar measurements of dry deposition
are rare due to limitations of analytical methods. In particular, dry deposition of divalent mercury
vapor has not been measured to date. This is a major source of uncertainly because its high reattivity
implies that it may be efficiently removed from the atmosphere via dry deposition.

Burke et al., (1995) measured mercury concentrations on a precipitation event basis for one
year at a rural site in Vermont. Underhill Center, VT is located near Lake Champlain and was 200
Km away from a major urban or industrial area.

Dvonch et al., (1995) conducted a 4-location, 20 day mercury study in Broward County, FL.
Broward county contains the city of Ft. Lauderdale as well as an oil-fired utility boiler and a
municipal waste combustion facility. Daily measurements of atmospheric particulate and vapor-phase
mercury were collected at 3 of the 4 sites, and daily precipitation samples were collected at all sites.

Hoyer et al., (1995) conducted a 2-year study of mercury concentrations in prec1p1tat10n (by
event) at 3 rural sites (Pellston, South Haven, and Dexter) in the state of Michigan.

Several authors have estimated mercury total deposition (wet and dry) rates by sample coring
of various media. For exam ?le Engstrom et al., (1994) used lake core sediments to esumate a current
deposition rate of 12.5 ug/m“/yr and a preindustrial (natural) deposition rate 3.7 ug/m /yr for remote
lakes located in Minnesota and northern Wisconsin. Benoit et al., (1994) analyzed mercury
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Table 2-6

Mercury Wet Deposition Rates (ug/mZ/yr)

Site Wet Mercury Deposition Rates (ug/m:/yr), Reference
Means

Ely MN 17 in 1988 1988-89 data. Glass et al.. (1992)
42 in 1989 1990 data; Sorensen et al.. (1992)
6.7 in 1990

Duluth. MN 20 in 1988 1988-89 data: Glass et al., (1992)
6.5 in 1989 1990 data: Sorensen et al., (1992)
9.3 in 1990

Marcell, MN 17 in 1988 Glass et al., (1992)
14 in 1989

Bethel, MN 13 in 1990 Sorensen et al., (1992)

Cavalier. ND 6.1 in 1990 Sorensen et al., (1992)

International Falls, 5.5 in 1990 Sorensen et al., (1992)

MN

Lamberton, MN 9.3 in 1990 Sorensen et al., (1992)

Raco, MN 8.9 in 1990 Sorensen et al., (1992)

@

Little Rock Lake, WI

4.5 from rain
2.3 from snow

Fitzgerald et al., (1991)

Crab Lake, WI 4.4 from rain Lamborg et al., (in press)
0.8 from snow
Notherm MN 10-15 Sorensen et al., (1990)
Pellston, M1 5.8 in year 1 Hoyer et al., (1995)
5.5 in year 2
0.07 ug/m2 (max 0.51) per rainfall event
South Haven, MI 9.51in year 1 Hoyer et al., (1995)
13 in year 2

0.12 ug/m” (max 0.85) per rainfall event

Dexter, M1 8.7 in year 1 Hoyer et al., (1995
9.1 in year 2
0.10 ug/m® (max 0.98) per rainfall event

Underhill Center, VT | 9.3 Burke et al., (1995)

0.07 ug/m? per rainfall event

concentrations in a peat bog at a Minnesota site. The estimated pre-1900 deposition rate at this site
was 7.0 ug/mz/yr, and the current mean deposition rate was estimated to be 24.5 pg/mzlyr. Estimates
of total deposition are given in Table 2-7.
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Table 2-7
Estimated Mercury Total Deposition Rates

Site Estimate of Pre- Estimate of Current Reference

industrial Annual Annual Deposition Rates

Deposition Rates ug/mz/yr

pg/mz/yr
Minnesota and northern | 3.7 12.5 Swain et al. (1992):
Wisconsin Engstrom et al.,, (1994)

i Lake core sediments

Minnesota 7.0 24.5 Benoit et al., (1994)
Peat bog core sampling
Little Rock Lake, WI* 10 Fitzgerald et al.. (1991)
Crab Lake, WI* 7.0 (86% estimated to Lamborg et al.,
deposit in summer) (in press)

2 Data includes previously tabled values of wet deposition plus particulate deposition. Fitzgerald et al., 1991 did
not collect particulate size data. Assuming a particulate deposition velocity of 0.5 cm/s, a yearly average
particulate deposition flux of 3.5+/- 3 ug/mzlyr was estimated. Lamborg et al., (in press) noted the smalier
particle sizes in the winter and assumed a deposition velocity 0.1 cm/s for the average winter concentrations (7
pg/m3) and a deposition velocity of 0.5 cm/s for average summer concentrations (26 pg/m3).

2.44 Mercury Concentrations in Water

Tables 2-8 through 2-10 show measured data in surface water, groundwater and ocean water.
There is a great deal of variability in these data, some of which may be due to the seasonality of the
water concentrations.

Total mercury levels in lakes and streams generally are lower than mercury levels found in
precipitation, with levels typically well under 20 ng/L (NJDEPE 1993). Elevated levels may be found
in lakes and streams thought to be impacted by anthropogenic mercury sources but not to the extent
that precipitation levels appear to be. Total lake water mercury concentrations tend to increase with
lower pH and higher humic content (U.S. EPA, 1993). Present-day mercury levels in freshwater are
thought to be 2 - 7 times greater than pre-industrial levels (Swedish EPA, 1991). Methylmercury
percentages are higher that those in precipitation, ranging from 5 - 20%, with levels around 10% being
the most common. Mercury levels continue to increase in many lakes (Swedish EPA, 1991).

It is important to note that much of the data on mercury in drinking water and ground water
report levels as below detection limits (U.S. EPA, 1988), although the detection limit was a somewhat
dated 100 ng/L. Lindgvist and Rodhe (1985) report that the concentration range for mercury in
drinking water is the same as in rain, with an average estimate for total mercury of 25 ng/L.. It seems
reasonable to assume similar speciation as no speciation data could be found. Dooley (1992) states
that mercury concentrations in pristine wells are likely to be below that of unpolluted surface waters.

Table 2-10 shows published values for mercury concentrations in ocean water. Limited
speciation data are available. Hovert et al. (1993b) reported that 2.8% of total mercury was
methylmercury, which is not much different from the speciation in fresh water. Total mercury
concentrations in ocean and sea water vary from undetectable to over 1000 ng/l (Nriagu, 1979).
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Table 2-8

Measured Mercury Concentrations in Surface Fresh Water (ng/L)

Study Description Total Methyl- % Reference
Mercury mercury Methyl-
(ng/L) (ng/L) mercury
Swedish lakes: 8 sites. 2-4 samples 1.35-15 0.04-0.8 1.0-12 Lee and Iverteldt (1991)
each.
Swedish mures: 8 sites, 4 samples 2.9-12 0.08-0.73 2-14 Westling (1991)
each.
Lake Cresent, WA 0.163 <0.004 <2.5 Bloom and Watras (1989)
Swedish runoff: 7 sites, 3 samples 2-12 0.04-0.64 1-6 Lee and Iverfeldt (1991)
each.
Little Rock Lake: reference basin. 1.0-1.2 0.045-0.06 mean of 5 Watras and Bloom (1992)
Lake Michigan (total) 7.2 microlayer Cleckner et al. (1995)
8.0 at 0.3m
6.3 at 10m
Lake Champlain (filtered) 3.4 mucrolayer Cleckner et al. (1995)
32 at 0.3m
2.2 at 15m
Lakes 0.04 - 74 NA NA NIDEPE (1993)
Ruvers and Streams 1-7

Table 2-9

Measured Mercury Concentrations in Ground/Drinking Water (ng/L)

Study Description Total Mercury Reference

Southern New Jersey domestic wells Up to and exceeding 2000 Dooley (1992)

Drinking/Tap water in U.S. 0.3-25 NIDEPE (1993)
Washington State well 0.3 Bloom (1989)
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Table 2-10
Measured Mercury Concentrations in Ocean Water (ng/L)

Study Description Total Mercury Reference
(ng/L)
Review on concentrations of dissolved 0.5-30 WHO (1989)

mercury: Open ocean

Reyiew on concentrations of dissolved 2-15 WHO (1989)
mercury: Coastal sea water

Hg along the Italian coast Dissolved: 1.7-12.2 Seritti et al. (1982)
Particulate: 0.3 - 80

Puget Sound near-shore sea water 0.72 Hovert et al. (1993b)

2.4.5 Mercury Concentrations in Soil

Table 2-11 presents the reported concentrations in soil. The relatively high concentrations
illustrate the strong partitioning of mercury to soils. Based on the soil data presented, it can be
inferred that soil, while not as important as the atmosphere, is a significant reservoir for environmental
mercury. The concentrations are presented as total mercury and methylmercury. Most of the soil
mercury is thought to be Hg(II). ‘

Table 2-11
Measured Mercury Concentration in Soil
Study Description Total Methyl- % Reference

Mercury mercury Methyl-

(ng/g dry (ng/g dry mercury

weight) weight)
Discovery Park, Seattle, WA 29 - 133 0.3-13 0.6-1.5 Lindgvist et al. (1991)
Wallace Falls, Cascades (WA) 155 - 244 1.0-2.6 0.5-1.2 Lindgvist et al. (1991)
Control Soil, New York State 117 49 4.2 Cappon (1981)
Compost, New York State 213 13 33 Cappon (1987)
Garden soil, New York State 406 229 53 Cappon (1987)
Typical U.S. Soils 8-117 NA NA NIDEPE (1993)

N.B. As in water samples the fraction of Hgo, if present at all, will be very small compared to Hg(Il) (Rewis et al., 1990), and the
difference between Total mercury and methylmercury can be considered to be Hg(Il) to be species. ‘

Soil mercury levels are usually less than 200 ng/g in the top soil layer, but values exceeding
this level are not uncommon, especially in areas affected by anthropogenic activities (see section 2.6).
Soil mercury levels vary greatly with depth, with nearly all the mercury found in the top 20 cm of

.
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soil. Mercury levels are also positively correlated with the percentage of organic matter in soil
(Nriagu 1979). Top soil mercury concentrations are estimated to be a factor of 4-6 (Swedish EPA.
1991) higher now as compared to pre-industrial concentrations. Methylmercury percentages in soil are
typically on the order of a few percent. Soil mercury levels are continuing to rise (Fitzgerald 1994).
and most (up to 95%) of the anthropogenic mercury released over the past 100 years resides in surface
soil (Fitzgerald, 1994: Expert Panel on Mercury Atmospheric Processes, 1994). Mercury from soil
provides in most cases (depending on watershed characteristics) the main source of mercury to water
bodies and fish. Mercury is very slowly removed from soil, and long atter anthropogenic emissions
are reduced, soil and water concentrations can be expected to remain elevated.

Sediment mercury levels are typically higher than soil levels, and concentrations exceeding
200 ng/g are not unusual (see Table 2-12). Sediment mercury levels follow the same trends as soil in
regards to depth, humic matter, and historical increases, and methylmercury percentage. There is some
evidence suggesting that the methylmercury percentage increases with increasing total mercury
contamination (Parks et al., 1989). .

Table 2-12
Measured Mercury Concentrations in Aquatic Sediment
Study Description Total Mercury (ng/g Reference
dry weight)

80 MN Lakes 34-753; mean 174 Sorensen et al. (1990)
North Central W1 Lakes 90-190 Rada et al. (1989)
Litte Rock Lake, WI 10-170 Wiener et al. (1990)
U.S. Lake sediment mean ranges 70-310 NJDEPE (1993)

2.4.6- Mercury Concentrations in Biota

Elevated mercury concentrations in fish have been measured across the U.S. As seen in
Figure 2-2, 35 states have at least one waterbody under mercury advisory, including six states with
statewide mercury advisories. There are differences in the action levels for advisories from state to
state. Fish mercury concentrations are the single greatest concern in regards to the effects of mercury
pollution. Fish in lakes seemingly far removed from anthropogenic sources have been found to have
mercury levels of concern to human health. Mercury levels in fish vary greatly, often showing little
correlation to proximity to mercury emission sources. In Sweden, fish mercury concentrations in 1 kg
pike have risen from 0.05 - 0.3 pg/g to 0.5 - 1.0 pg/g in southern and central Sweden over the last 100
years. Fish mercury concentrations in most cases strongly correlate with pH (lower pH resulting in
higher methylmercury concentrations). Other lake characteristics have been found to correlate with
fish mercury levels, but not as strongly as pH, with some factors showing a positive correlation in
some lakes and a negative correlation in others (U.S. EPA, 1993).

4
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It has been so well established that most (>95%) of the total mercury content of fresh and
saltwater fish is methylmercury (Bloom, 1992) that currently some researchers no longer speciate fish
samples (NJDEPE 1994). Thus, only total mercury concentrations are reported here. Approximately
90% of the mercury in shrimp. mussels and copepods from [AEA standards contain other forms of
mercury (only about 10% of total mercury is methylmercury), but rather about 90% of the mercury
total concentration is ethylmercury (Bloom, 1992): (It should be noted that ethylmercury exposure
was not assessed in this document.)

The data from two studies national in scope are summarized in Table 2-13. Lowe et al. (1985)
reported mercury concentrations in fish from the National Contaminant Biomonitoring Program. The
fresh-water fish data were collected between 1978-1981 at 112 stations located across the United
States. Mercury was measured by a flameless cold vapor technique, and the detection limit was 0.01
ug/g wet weight. Most of the sampled fish were taken from rivers (93 of the 112 sample sites were
rivers); the other 19 sites included larger lakes, canals, and streams. Fish weights and lengths were
consistently recorded. A wide variety of types of fishes were sampled; most commonly carp, large
mouth bass, and white sucker. The geometric mean mercury concentration of all sampled fish was
0.11 pg/g wet weight; the minimum and maximum concentrations reported were 0.01 and 0.77 pg/g
wet weight, respectively. The highest reported mercury concentrations (0.77 pg/g wet weight)
occurred in the northern squawfish of the Columbia River.

" "A National Study of Chemical Residues in Fish" was conducted by U.S. EPA (1992) and also
reported by Bahnick et al. (1994). In this study mercury concentrations in fish tissue were analyzed.
Five bottom feeders (e.g., carp) and five game fish (e.g., bass) were sampled at each of the 314
sampling sites in the U.S. The sites were selected based on proximity to either point or non-point
pollution sources. Thirty-five "remote” sites among the 314 were included to provide background
pollutant concentrations. The study primarily targeted sites that were expected to be impacted by
increased dioxin levels. The point sources proximate to sites of fish collection included the following:
pulp and paper mills, Superfund sites, publicly owned treatment works, and other industrial sites. Data
describing fish age, weight, and sex were not consistently collected. Whole body mercury
concentrations were determined for bottom feeders, and mercury concentrations in fillets were
analyzed for the game fish. Total mercury levels were analyzed using flameless atomic absorption; the
reported detection limits were 0.05 pg/g early in the study and 0.0013 ug/g as analytical technique
improved later in the analysis. Mercury was detected in fish at 92% of the sample sites. The
maximum mercury level detected was 1.8 ug/g, and the mean across all fish and all sites was 0.26
pg/g. The highest measurements occurred in walleye, large mouth bass, and carp. The mercury
concentrations in fish around publicly owned treatment works were highest of all point source data; the
median value measured were 0.61 pg/g. Paper mills were located near many of the sites where
mercury-laden fish were detected.

Both the studies reported by Lowe et al. (1985) and by Bahnick et al. (1994) appear to be
systematic, national collections of fish pollutant concentration data. Clearly, higher mercury
concentrations in fish have been detected in other analyses, and the values obtained in these studies
should be interpreted as a rough approximation of the mean concentrations in fresh-water finfishes.
As indicated in the range of data presented, wide variations are expected in these data.

The mean mercury concentrations in all fish sampled differ by approximately a factor of 2 for
each study. The mean mercury concentration reported by Lowe et al. was 0.11 ug/g, whereas the
mean mercury concentration reported by Bahnick et al. was 0.26 ug/g. This is difference which can
be extended to the highest reported mean concentrations in fish species. Note that the average
mercury concentrations in bass and walleye reported by Bahnick’s data are higher than the northern
squawfish, which is the species with the highest mean concentration of mercury identified by Lowe et
al. (1985).

June 1996 2-21 SAB REVIEW DRAFT



Table 2-13
Freshwater Fish Mercury Concentrations from Nationwide Studies

Species Mean Mercury Concentration pg/g (fresh weight)
[ Lowe et al.. (1985) U.S.EPA (1992¢) and Bahnick et al.. (1994)

Bass ) 0.157 0.38!

Bloater 0.093

Bluegill 0.033

Smallmouth Buffalo 0.096

Carp, Common - 0.093 0.11

Catfish . 0.088* 0.16°

Crappie (black, white) 0.114 0.22

Fresh-water Drum 0.117

Northern Squawfish 0.33

Northern Pike 0.127 0.31

Perch (white and yellow) 0.11

Sauger 0.23

Sucker 0.114% 0.167

Trout (brown, lake, rainbow) 0.149 0.14°

Walleye 0.100 0.52

Mean of all measured fish 0.11 0.26

! Average concentration found in white, largemouth and smallmouth bass.

2 Channel, largemouth, rock, striped, white catfish.

3 Channel and flathead catfish.

4 Bridgelip, carpsucker, klamath, largescale, longnose, rivercarpsucker, tahoe sucker.
Mean of average concentrations found in white, redhorse and spotter sucker.

¢ Brown trout only.

The bases for these differences in methylmercury concentrations are not immediately obvious.
The trophic positions of the species sampled, the sizes of the fish, or ages of fish sampled could
significantly increase or decrease the reported mean mercury concentration. Older and larger fish,
which occupy higher trophic positions in the aquatic food chain, would, all other factors being equal,
be expected to have higher mercury concentrations. The sources of the fish will also influence fish
mercury concentrations. Most of the fish obtained by Lowe et al. (1985) were from rivers. The fate
and transport of mercury in river systems is less well characterized than in small lakes. Most of the
data collected by Bahnick et al. (1994) were collected with a bias toward more
contaminated/industrialized sites, although not sites specifically contaminated with mercury. It could ‘
be that there is more mercury available to the aquatic food chains at the sites reported by Bahnick et
al. (1994). Finally, the increase in the more recent data as reported in Bahnick et al., 1994 could be
the result of temporal increases in mercury concentrations.
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Table 2-14 summarizes measured mercury concentrations in freshwater sportfish as reported by
a number of researchers. and Table 2-15 summarizes available data on measured mercury
concentrations in saltwater commercial fish. Due to the importance of fish mercury levels, discussions
of several of the mercury studies referenced in the table are summarized here.

CTION LEVFL.

The New Jersey Department of Environmental Protection and Engrgy collected individyal fish
samples throughout the state (NJDEPE 1994). Generally larger fish wefe sampled from New Jersey
rivers, lakes and reservoirs known to be contaminated with mercuryOr at risk for mercury
contamination. Samples were prepared as skin-off fillets, and clegh protocols were used tiroughout
the analysis. Mercury levels in fish exceeded the FDA Eriteriof of 1.0 ug/g (wet wei in 50 of the
313 sampled fish and at 15 of the 55 sample locations. It is noted that the FDA esterion( is applicable
to fish sold through interstate commerce in the United States under the Food, Drug and Cosmetic Act
(21 U.S.C. 301). Levels of greater than 0.5 ug/g (wet weight) occurred in 108 of the 313 fish, The
highest reported concentration occurred in a largemouth bass taken from the Atlantic City Reservoir at
a concentration of 8.94 ug/g. The mercury levels in all six of the largemouth bass sampled from this
site were elevated. At the Atlantic City site the range of mercury concentrations was 3.05 to 8.94 and
the mean was 4.5 ug/g. The overall study range for largemouth bass was 0.05 to 8.94 ug/g. High
levels were also noted in chain pickerel particularly those obtained from a series of low pH
waterbodies. The range of mercury concentrations reported for chain pickerel was 0.09 to 2.82 ug/g.
Levels of greater than 1 ug/g were also reported in yellow bullheads (maximum reported 1.47 ug/g).
Acidity of these waterbodies was also measured, and reported in Table 2-14 are the ranges of mean
fish mercury concentrations for 9 pH categories.

Simonin et al. (1994) collected yellow perch from 12 drainage lakes located in Adirondack
Park, New York State, during the fall of 1987. The age of the fish was determined from acetate
impressions of the scales, and filets (including the skin and ribs) were analyzed for total mercury.
Lake water samples were taken late in the summer of 1987 and included analysis of pH, dissolved
inorganic and organic carbon (DIC and DOC), conductance, color, acid neutralizing capacity (ANC)
and a number of metals and ligands. A total of 372 fish were collected, with 7 to 53 fish taken per
lake. Fish ranged from 2+ to 11+ years of age, with 4+ year old fish being the most common; fish of
this age were used in making comparisons among lakes. It was found that air-equilibrated pH was the
best predictor of mercury concentrations, with lower lake pH resulting in higher mercury levels in
perch. This was clear despite large variations in mercury concentrations from the same lake. Perch
mercury concentrations from the highest pH lake (considering all ages) ranged from 0.07 - 0.27 pg/g
wet wt., the corresponding range for the lowest pH lake was 0.63 - 2.28 ug/g. Other variables that
were highly correlated (p <0.0001) with fish mercury levels included ANC, DIC, Ca, conductivity, Mg
and field pH. Variables less strongly correlated (p <0.05) include DOC, Na, SO, lake area and
watershed area. Variables not correlated with 4+ year old yellow perch include color, total
phosphorus, Al, Cl-, lake depth, ratio of watershed area to lake area, ratio of watershed area to lake
volume, fish length and fish weight. For a given lake, fish age was most strongly correlated with
mercury concentrations; older fish had the highest concentrations. Fish length and weight were also
significantly correlated.

In general, the mercury levels in freshwater fish appear to be higher than the levels in
saltwater fish. Several authors report mercury levels that are higher than 1 ug/g (1 pg/g) in the
muscle of freshwater fish: NJDEPE (1994); Wren, et al. (1991); Lathrop et al. (1989); MacCrimmon
et al. (1983); Lange et al. (1993); Glass et al. (1990); Sorensen et al. (1990); U.S. EPA (1992a), U.S.
EPA (1992); Simonin et al. (1994); and Florida DER (1990). Several of these larger studies are
described in greater detail.
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Table 2-15
Measured Mercury Concentrations in Saltwater Commercial Fish (ug/g wet wt.) ‘

Mean Hg-tot
Fish U.S. EPA Cramer (1992) UsSDOC (1978) References
(1992¢)
Cod 0.03 0.13
Canned Tuna 0.17 0.24
Fish Sticks 021
Shrimp 0.18 0.46
Crabs/Lobsters ] 0.03-0.08 0.25
Salmon 0.05-0.32 .005 i
Flounder 0.03 0.06
Clams 0.02 0.05
Boston Mackerel (2 samples) 0.03-0.05 NIDEPE (1994)
Porgy (3 samples) 0.08-0.14 NIDEPE (1994)
Spot (5 samples) 0.02-0.06 NIDEPE (1994)
Scallops . 0.05 NOAA (1978)
e = : =

Ocean fish are an important source of mercury exposure. Although these fish appear to have
lower mercury concentrations, humans typically consume higher quantities of these types of fish.
Wildlife, depending on location, also may typically consume ocean fish species.
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Table 2-16
Mercury Concentrations in Marine Finfish

Fish Mercury Concentration Source of Data
(ng/g, wet weight)

Anchovy! 0047 NMES
Barracuda. Pacific” 0.177 NMEFS
Cod? 0.121 NMFS
Croaker, Atlantic 0.125 NMES
Eel, Amencan 0.213 NMFsS
Flounder* 0.092 NMFS
Haddock 0.089 NMEFS
Hake’ 0.145 NMFS
Halibut® 0.25 NMFS
Hemnng’ 0.013 NMFS
Kingfish® 0.10 NMFS
Mackerel? 0.081 NMFS
Mullet!? 0.009 . NMFS
Ocean Perch!! 0.116 NMFS
Pollack 0.15 NMFS
Pompano 0.104 ' NMFS
Porgy ’ 0522 NMFS
_Ray 0.176 NMES
Salmon'? 0.035 NMFS
Sardines!’ 0.1 NMES

Sea Bass 0.135 NMFES
Shark'* 1.327 NMFS
Skate!® 0.176 NMFS
Smelt, Rainbow 0.1 NMEFS
Snapper!S 0.25 NMFS
Sturgeon!’ 0.235 NMES
Swordfish 0.95 FDA Compliance Testing
Tuna!® 0.206 NMFS i
Whiting (silver hake) 0.041 NMFS I

! Thus 1s the average of NMFS mean mercury concentrauons for both stnped anchovy (0.082 pg/g) and northern anchovy (0.010 pg/g).

2 USDA data base specified the consumption of the Pacific Barracuda and not the Atlantic Barracuda.

3 The mercury content for cod ts the average of the mean concentrations 1n Atlantic Cod (0.114 pg/g and the Pacific Cod (0.127 pg/g).

4 The mercury content for flounder 1s the average of the mean concentrauons measured in 9 types of flounder:Gulf (0.147 pg/g), summer
(0.127 ug/g), southern (0.078 ug/g), four-spot (0.090 pg/g), windowpane (0.151 pg/g), arowtooth (0.020 pg/g), witch (0.083 ug/g),
yellowtail (0.067 ug/g), and winter (0.066 ug/g).
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3 The mercury content for Hake 1s the average of the mean concentrations measured 1n 6 types of Hake: silver (0.041 ug/g), Pacific (0 091
‘l:lg/g). spotted (0 042 ug/g), red (0.076 ug/g), white (0 112 ug/g). and blue (0.405 ug/g).
” The mercury content for Halibut 1s the average of the mean concentrations measured in 3 types of Halibut: Greenland. Atlanuc, and Pacific.

7 The mercury content for Herring 1s the average of the mean concentrations measured 1n 4 types of Hemng: blueback (0.0 pg/g), Atlanuc
(0.012 ug/g). Pacific (0.030 ug/g). and round {0.008 ug/g).
$ The mercury content for Kingfish 1s the average of the mean concentrations measured 1n 3 types of Kangfish: Southern. Gulf. and Northern.

% The mercury content for Mackerel 1s the average of the mean concentrauons measured in 3 types of Mackerel: jack (0 138 ug/y). chub
(0.081 pg/g), and Auantic (0.025 pg/g).

1% The mercury content for Mullet 1s the average of the mean concentrations measured n 2 types of Mullet: striped (0.011 ng/g) and silver
(0.007 pg/g).

' The mercury content for Ocean Perch 1s the average of the mean concentrations measured 1n 2 types of Ocean Perch: Pacific (0.083 ug/g)
and Redfish (0.149 pug/g)

12 The mercury content for Salmon is the average of the mean concentrations measured in 5 types of Salmon: pink (0.019 ug/g), chum
(0.030 pg/g), coho (0.038 pg/g), sockeye (0.027 ug/g), and chinook (0.063 pg/g).

? Sardines were estimated from mercury concentratrons n small Atlantic Herring.

14 The mercury content for Shark 1s the average of the mean concentraions measured 1n 9 types of Shark: spny dogfish (0.607 ug/g),
(unclassified) dogfish (0.477 pg/g), smooth dogfish (0.991 ng/g), scalloped hammerhead (2.088 ug/g), smooth hammerhead (2.663 ug/g),
shortfin mako (2.539 pg/g). blackup shark (0.703 pg/g), sandbar shark (1.397 ug/g), and thresher shark (C.481 ug/g).

15 The mercury content for skate 1s the average of the mean concentratuons measured 1n 3 types of skate: thorny skate (0.200 pg/g), hitle
skate 0.135 pg/g) and the winter skate (0.193 ng/g).

16 The mercury content for snapper 1s the average of the mean concentrations measured in types of snapper:

17 The mercury content for sturgeon 1s the average of the mean concentrations measured 1n 2 types of sturgeon:green sturgeon (0.218 ug/g)
and white sturgeon (0.251 pg/g).

18 The mercury content for tuna 1s the average of the mean concentrations measured 1n 3 types of wna: albacore tuna (0.264 pg/g), skipjack
tuna (0.136 ug/g) and yellowfin tuna (0.218 pg/g)

Table 2-17
Mercury Concentrations in Marine Shellfish

Shelifish Mercury Concentration ' Source of Data
(ug/g. wet weight)
Abalone! 0.016 NMFS
Clam? 0.023 NMFS
Crab® 0.117 NMES
Lobster* 0.232 NMFS :
Oysters® 0.023 NMFS
Scallop® 0.042 NMES
Shrimp’ 0.047 NMFS
==

! The mercury content for abalone is the average of the mean concentrations measured in 2 types of abalone: green abalone (0.011 pg/g) and
red abalone (0.021 pg/g).
2 The mercury content for clam is the average of the mean concentrations measured in 4 types of clam: hard (or quahog) clam (0.034 pg/g),
Pacific littleneck clam (0 pg/g), soft clam (0.027 pg/g), and geoduck clam (0.032 ng/g).
3 The mercury content for crab is the average of the mean concentrations measured in 5 types of crab: blue crab (0.140 ug/g). dungeness
crab (0.183 pg/g), king crab (0.070 pg/g), tanner crab (C.opilio) (0.088 ug/g), and tanner crab (C.bawrdi) (0.102 pg/g).
4 The mercury content for lobster is the average of the mean concentrations measured in 3 types of lobster: spiny (Atlantic) lobster (0.108
ng/g), spiny (Pacific) lobster (0.210 pg/g) and northern (Amencan) lobster (0.378 pg/g).

The mercury content for oyster is the average of the mean concentrauons measured in 2 types of oyster: eastern oyster (0.022 ug/g) and
Paaific (giant) oyster (0.023 pg/g).
% The mercury content for scallop is the average of the mean concentrations measured in 4 types of scallop : sea (smooth) scallop (0.101
pg/g), Atlantic Bay scallop (0.038 ug/g), calico scallop (0.026 pg/g), and pink scallop (0.004 pg/g).

The mercury content for shrimp 1s the average of the mean concentrauons measured in 7 types of shnmp : royal red shnmp (0.074 pg/g),
white shnmp (0.054 pg/g), brown shnmp (0.048 pg/g), ocean shnmp (0.053 pg/g), pink shnmp (0.031 pg/g), pink northern shnmp (0.024
ng/g) and Alaska (sidestripe) shnmp (0.042 pg/g).
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Table 2-18 .
Mercury Concentrations in Marine Molluscan Cephalopods

Mercury Concentrations in Marine Molluscan Cephalopods

Cephalopod Mercury Concentration Source of Data
' (ug/g wet wt.)

Octopus 0.029 NMEFS

Squid! 0.026 NMFS

' The mercury content for squid is the average of the mean concentrations measured in 3 types of squid: Atlantic
longfinned squid (0.025 ug/g), short-finned squid (0.034 ug/g), and Pacific squid (0.018 ug/g)

By comparing the mercury concentration in fish with concentrations in other biota (Tables 2-
19 through 2-22), it is noted that fish appear to have the highest concentrations of methylmercury in
the environment.

The little recent data available on mercury in meat products show concentrations to be very
low (near the detection limits) for both Hg(II) and methylmercury. It is not thought that meat
consumption is a major concern with regards to mercury exposure, especially in comparison to
concentration in fish tissues. Surprisingly few data however, are available on meat mercury levels.

. Plant mercury levels are generally very low and of little concern, as with meats. Levels tend
to be highest in leafy vegetables, and plants grown in mercury contaminated conditions (in air and/or
soil) do accumulate more mercury than plants in background areas. There are no other noticeable
trends in plant concentrations, with mercury levels varying widely among plants and studies. For
further information, see appendix A: plant BCFs.

Tables 2-23 and 2-24 show measured mercury concentrations in human hair, blood, and breast
milk. Mercury levels in breast milk do not seem to show a clear trend with exposure; blood and hair
levels appear to be a better indicator of mercury exposure. Not surprisingly, the highest blood and
hair levels are found in those individuals who consume above average amounts of fish.

It is important to keep in mind that the assembled data do not represent an exhaustive review
of the literature, nor have these studies been critically evaluated; rather, they represent data appearing
in the public literature.
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Table 2-19 .
Measured Mercury Concentration in Meats

Study Description

Total Mercury

Approx. Total

%

Reterence

(ng/g wet weight) Mercury (ng/g Methyl-
dry welght)1 mercury
6 Saginaw River, MI "roaster" ducks 48 124.7 NA U.S. EPA (1992b)
Japan background levels
Chicken 12 31.2 NA Shitara and Yasumasa
(1976)
Beef 5 13.0 NA Shitara and Yasumasa
(1976)
Pork 21 54.5 NA Shitara and Yasumasa
(1976)
Wild Deer (Northern Wisconsin) 5-14 13 -36 11-57 % Bloom and Kuhn
(1994)
Beef
Raw <1 < 2.6 > 10% Bloom and Kuhn
(1994)
Lunch Meat 21 54.5 4% Bloom and Kuhn
(1994)
Frank <1 < 2.6 > 60% Bloom and Kuhn
(1994)
Beef Muscle - Control group 2-3 52-178 NA Vreman et al. (1986)*
Beef Muscle - Exposed group 1-4 2.6 -10.4 NA Vreman et al. (1986)*
Beef Liver - Control group 3000 - 7000 7800 - 18000 NA Vreman et al. (1986)*
Beef Liver - Exposed group 9000 - 26000 23400- 67000 NA Vreman et al. (1986)*
Pork (raw and sausage) <1 < 2.6 0-70% Bloom and Kuhn
(1994)
Chicken (raw and lunch meat) <1to29 <26to754 20-57% Bloom and Kuhn
(1994)
Turkey (lunch meat) <1 <26 >20% Bloom and Kuhn

(1994)

* See Appendix A for a more complete discussion of this study.
! Based on an assumed water content of 0.615, which is average for beef (Baes et al., 1984)
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Table 2-20
Measured Mercury Concentrations in Garden Produce/Crops
Study Description Total Methyl- T Reference
Mercury mercury Methyl-
(ng/g dry mercury
weight)
NY Garden condittons: Leafy vegetables 64-139 9.5-30 15-23 Cappon (1987
NY Garden conditions: Tuberous plants 11-36 0.3-6.6 11-36 Cappon (1987)
NY Garden conditions: Cole 50-64 8.8-12 18 Cappon (1987)
NY Garden conditions: Fruiting vegetables 2.9-27 0-2.4 0-9.1 Cappon (1987)
NY Garden conditions: Beans 43 0 0 Cappon (1987)
Herbs: Garden samples from Belgium 130% Temmerman et al. (1986)
background
N.B. No Hgo was detected 1n plants (Cappon, 1987).
Conversion to dry wt. assuing 90% water by wt.
Table 2-21

Mean Background Total Mercury Levels for Plants in the Netherlands
(Wiersma et al., 1986)

Total Mercury Approximate Water Total Mercury
Plant Concentration Content (from Baes Concentration
(ng/g wet weight) et al., 1984) (ng/g dry weight)

Lettuce, greenhouse 2 0.948 385
Tomato, greenhouse 1.3 0.941 22.0
Cucumber, greenhouse 0.3 0.961 7.7
Spinach 5 0.927 68.5
Carrot 0.882 16.9
Potato 0.778 13.5
Wheat 5 0.125 5.7
Barley 6 0.111 6.7
Oats 8 0.083 8.7
Apples 1 0.841 6.3
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Table 2-22

Range of Mercury Concentrations in Selected Grain Products

Grain product Range (ng/g wet weight) | Range (ng/g dry weight)1 Reference

Wheat <0.1- 30 <0.1-34

Barley 1-30 L1-34 Wiersma et al., (1986)
Oats <0.1 - 20 <0.1-22

Maize 1.5-6.5 1.7-7.3 Szymczak and Grajeta

(1992)

! Calculated assuming water content of 0.112 (Baes et al., 1984),

" Table 2-23

Measured Total Mercury Concentrations in Human Hair and Blood

Concentration (ug/g wet weight)

exposed to mercury from fish
consumption

0.006-0.01 for commercial fish
consumers;

0.012-0.072 for coastal/lake fish
eaters.

Newbomns had avr. 47% higher
levels.

Study Description Reterence
Hair Blood

81 exposed pregnant women in Mean: 20; Marsh et al. P
the Iraq outbreak; maximum 41% under 10 (1987)
concentration during the
pregnancy
Mothers of 234 Cree Indian Mean: 6.0 McKeown-
Children from N. Quebec (high Eyssen et al.
fish consumptions) (1983)
6 Swedes who ate lasge 0.006-0.8% Swedish Expert
amounts of fish Group (1971)
Swedish women and newborns 0.0024 Skerfving (1988)

34 Tokyo women and
newborns

| —

Women: 1.2-7.3; mean 3.3
Newborns: 2.0-7.9; mean 4.3

Women: 0.007- 0.054; mean 0.025
Newbomns: 0.012-0.048: mean 0.026

2 Linear with estimated methylmercury consumption
A Subject was a vegetarian (i.e., no fish consumption).
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Table 2-24
Measured Mercury Concentrations in Breast Milk

Concentration (ng/g wet weight)
Study Description Reference
Total Mercury Methylmercury %

Methylmercury

15 Swedish women
exposed to 0.2-6.3 0.2-12 20 (mean) Skerving (1988)

methylmercury in Fish

29 women from 1.2-374 NA NA Kosta et al. (1983)
Slovenia
130 women from ltaly 0-17.5 wet wt. . NA - NA Clemente et al. (1982)
(Median <0.5)
34 women from Japan 0.4-98 NA NA Fujita and Takabatake
1977
Table 2-25
Measured Total Mercury Concentrations in Piscivorus Wildlife
Concentration (ug/g wet weight) Il

Study Description Liver Muscle Reference "
Levels 1in Mink from NY: 2.2 (0.94-2.87) Foley et al. (1988)
Statewide mean and range of )
means for 8 areas.
Levels 1n Otter from NY: 1.8 (1.31-2.28) Foley et al. (1988)
Statewide mean and range of
means for 4 areas.
Maine Bald Eagles 0.7-19.8 Welch (1994) “
Mean levels in Otters from the 7.53 4.42 Halbrook et al. (1994)
Georgia lower coastal plain
Mean levels in Otters from the 1.48 Halbrook et al. (1994)
Georgia piedmont

L ———
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25 Measurement Data from Remote Locations ‘

The Long Range Transport Analysis (Chapter 5) focusses on the long range atmospheric
transport of mercury and estimates its impact at remote sites. This type of analysis was selected based
on the atmospheric chemistry of emitted elemental mercury (Petersen et al., 1995) and the numerous
studies linking increased mercury levels in air, soil, sediments, and biota at remote sites to distant
anthropogenic mercury release followed by long-range transport. Details of several of the many
studies which demonstrate the long range transport of mercury follow. These provide evidence to
support this assessment of long-range mercury transport.

2.5.1 Elevated Atmospheric Mercury Concentrations over Remote Locations

Olmez et al. (1994) correlated elevated atmospheric levels of particulate mercury at rural U.S.
sites to long range transport from distant sources. Briefly, Olmez et al. (1994) collected ambient
particulates of two sizes (< 2.5um and between 2.5um and 10um) for two years at five rural sites in
New York State and measured levels of numereus pollutants. Using a pollutant fingerprinting
technique, the collected data were evaluated to identify the pollutant sources. Mercury was considered
to be a tracer pollutant for mixed industry and coal combustion. There were no local anthropogenic
mercury sources at these sites. At the five sites the average sub- 2.5um particulate mercury
concentrations ranged from O. 051 to 0.089 ng/m and the 90th percentile palmculate mercury levels
ranged from 0.21 to 0.10 ng/m The highest values reported were 0.63 ng/rn Elevated mercury
levels were attributed to long-range transport from industrial sources in Canada as well as parts of
New York State and occasionally the midwest U.S. The authors noted that only 1-10% of the total
mercury in remote areas is generally thought to be found on particles. Preliminary vapor-phase
analysis (on samples collected for months) indicated that the mercury attached to these small
particulates accounted for only 1.8% of the total mercury at these rural sites.

Glass et al. (1991) reported that mercury released from distant sources (up to 2500 km distant)
contribute to mercury levels in rain water deposited on remote sites in northern Minnesota.

2.5.2 Elevated Soil Mercury Concentrations in Locations Remote from Emission Sources

Increased concentrations of mercury have been reported in both remote U.S. (Nater and Grigal,
1992) and Swedish soils (as reviewed in Johansson et al:, 1991 and by the Swedish Environmental
Protection Agency, 1991). These elevated concentrations have been correlated with regional transport
and deposition of mercury to soil. Nater and Grigal (1992) found an increasing mercury gradient from
west to east in soils across the upper midwest U.S. This increase was also found to correlate with
increasing regional industrialization. Briefly, soils were sampled in 155 different forest stands
representing five types of forested stands. Mercury levels were measured in three layers: the surface
detritus, surface soil (0-25 cm) and deep mineral soil (75-100 cm). Increases were observed along the
west-east gradient in the upper two layers. The highest values reported for the detritus layer and the
surface soil layer were >150 ng Hg/g detritus and >200 ng Hg/g soil, respectively. Differences in the
ability of various soil types to bind mercury was discounted as a possible reason for the range of
mercury values. The authors felt that their results implicated regional source contributions. Data’
summarized in Johansson et al. (1991) and the Swedish Environmental Protection Agency (1991)
indicates that mercury levels in remote soils of southern Sweden are elevated when compared to those
in the north. The increase observed in the soils of southern Sweden is related to emissions from
regional Swedish industry and East European industry (Hakanson et al., 1990).
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2.5.3 Elevated Mercury Concentrations in Aquatic Sediments and Fish from Remote Water Bodies

Elevated mercury levels in remote water body bed sediments have been widely reported and
well characterized in many different parts ot the world. These elevated levels are related to increased
levels of atmospheric mercury which have been linked to anthropogenic activities. For example Swain
et al. (1992) showed that, based on the vertical distribution of mercury in sediment, mercury
deposition from the atmosphere over Wisconsin and Minnesota had increased from approximately 3.7
to 12.5 pg/m? since 1850 causing increases in sediment levels. For similar data from remote
Wisconsin lakes, remote lakes in Ontario (Canada) and from remote Scandinavian bogs see Rada et al.
(1989), Evans (1986), and Jensen and Jensen (1991), respectively. Some of the sediment analysis data
for Sweden is presented in the report on mercury by the Swedish Environmental Protection Agency
(1990).

The regional and widespread nature of mercury pollution was first identified when elevated
levels of mercury in fish were discovered. These elevated levels in fish were evidence of the efficient
transfer of mercury from prey to predator throygh the aquatic food chain (Watras and Bloom, 1992).
In fact, the bioaccumulative nature of the mercury in fish has generated much of the interest in the
measurement of mercury in other environmental media. [t should be noted that the data of Hakanson
et al. (1990) indicate that mercury levels in Swedish piscivorous fish continue to increase.

Elevated mercury concentrations in fish, particularly higher trophic level fish (e.g., northern
pike) have been measured at sites distant from anthropogenic sources in Sweden (Hakanson et al,,
1988; Swedish Environmental Protection Agency, 1991) and across the U.S. (e.g., Grieb et al., 1990;
Sorensen et al., 1990 and Weiner et al., 1990). The report by Cunningham et al. (1994) illustrates the
widespread nature of mercury fish advisories across the U.S.

2.6 Measurement Data Near Anthropogenic Sources of Concern

Measured mercury levels in environmental media around a single anthropogenic source are
briefly summarized in this section. These data are not derived from a comprehensive study for
mercury around the sources of interest. Despite the obvious needs for such an effort, such a study
does not appear to exist. The quality of the following studies has not been assessed in this Report.
The data do not appear to be directly comparable among themselves because of differences in analytic
techniques and collection methods used. Finally, some of these studies are dated and may not reflect
current mercury emissions from the sources described below.

Because these data do not conclusively demonstrate or refute a connection between
anthropogenic mercury emissions and elevated environmental levels, a modeling exercise was
undertaken to examine further this possible connection. This exercise is described in Chapters 3 and 4
of this document. The conclusions are discussed in Section 5.2 and 5.3. Materials in Appendices A-G
support the modeling effort.

2.6.1 Municipal Waste Combustors

Bache et al. (1991) measured mercury concentrations in grasses located upwind and downwind
from a modular mass-burn municipal waste combustor located in a rural area. The facility reportedly
had no pollution control equipment and had been operating for about seven years when the grasses
were sampled. Mercury levels were measured in air-dried grass samples by the flameless atomic
absorption method developed by Hatch and Ott (1968). The sensitivity and detection limit of the
method were not reported. Mercury levels in grass located downwind (along the prevailing wind
direction) from the stack decreased with distance beginning at 100 m and continuing through 900 m.
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The highest value recorded downwind of the facility was 0.2 pg mercury/g grass (dry weight) at 100
m. The highest reported value upwind (225 meters in the opposite direction from the prevailing wind
direction) of the facility was 0.11 pg/g (dry weight). All other upwind values including measurements
closer to the facility were 0.05 ug/g or less.

In response to a Congressional mandate, U.S. EPA assessed the "environmental impact of
municipal waste incineration facilities” (U.S. EPA. 1991). Background levels of mercury were
measured in air, soil, water and biota in the area around an MWC in Vermont. The facility, which
had a 50 m stack, was not yet operational when the initial set of measurements were made. Pollution
control equipment included an electrostatic precipitator (ESP) and a wet scrubber. After the facility
had begun operating, pollutant levels were again measured. After the start-up of operations mercury
emissions were measured at approximately 2 x 104 g/s. Mercury levels above the analytical detection
limits or above background levels were not observed in this analysis. Problems were noted with some
of the analytical equipment used for ambient air monitoring. The MWC was also not operational
during some of the time after start-up, and there was a short time (10 months) between operation start-
up and environmental measurement data collection.

Greenberg et al. (1992) measured mercury levels in rainwater near a rural New Jersey
municipal resource recovery facility (MWC). The measurement protocols developed by Glass et al.
(1990) were employed in the analysis. The 2-stack MWC had a 400-ton/day capacity, and pollution
control included a dry fabric filter. The maximum allowable mercury emissions were 0.05
pounds/hour/stack (22.7 grams/hour/stack). During one collection period, state-mandated stack testing
indicated that the facility was emitting mercury at levels slightly lower than the maximum allowable
emission rates. Rain water was collected and analyzed on three separate 2-cay time periods; the
facility was not operating during one collection period. Collection sites were generally located in the
prevailing wind directions. Mercury concentrations in rain water appeared to be elevated near the
facility in the prevailing wind directions when compared with measurements taken when the facility
was not operating and with measurements at more remote sites (>2 km). Mercury concentrations in
rain water measured up to 2 km from the facility while it was not operating exhibited a range of 26 -
62 ng mercury/L rainwater (26-62 ppt). Mercury measurements at sites 3 - 5 km downwind did not
exceed 63 ng mercury/L rain water. During facility operation the highest measured mercury
concentration was 606 ng/L. The measurement was taken 2 km in the prevailing wind direction.
Several other measurements of greater than 100 ng mercury/L rain water were also collected within 2
km of the facility.

Carpi et al. (1994) measured mercury levels in moss and grass samples around a MWC in
rural New Jersey (same facility as Greenberg et al., 1992 studied). Pollution control equipment on the
MWC reportedly included a spray dryer and a fabric filter. Samples were collected at sites up to 5 km
from the source and mercury levels measured by a cold vapor atomic absorption spectroscopy method
described in U.S. EPA (1991). Statistically significant elevations in mercury concentrations were
measured in moss samples located within 1.7 km of the facility with the highest mercury measured
levels exceeding 240 parts per billion (ppb). Oven-dried moss samples had lower levels of mercury
than those samples that were not oven-dried. This was attributed to the loss of volatile mercury
species during drying. The decrease in total mercury was most notable in moss samples at more
distant sites (beyond 2 km from the facility). The authors felt that this might indicate the uptake and
retention of different species during drying. The results of the analysis of grass samples were not
presented. They were termed "inconclusive” in that they did not appear to exhibit point source
influence.
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2.6.2 Chlor-Alkali Plants

Temple and Linzon (1977) sampled the mercury content of toliage. soil, fresh fruits.
vegetables and snow around a large chlor-alkali plant in an urban-residential area. This facility
produced 160 tons of chlorine/day, resulting in approximately 0.8 kg/day of mercury emissions.
Resulting mercury concentrations were compared to background levels from an urban area 16 km to
the west. Mercury levels averaged 15 ug/g (300 times the background level of 0.05 pg/g) in maple
foliage up to 260 m downwind. and concentrations 10 times background were found 1.8 km
downwind. Mercury levels in soil averaged 3 pg/g (75 times the background level of 0.04 ug/g)
within 300 m of the plant, and soil concentrations averaged 6 times background 1.8 km downwind.
The mercury levels in snow ranged from 0.9-16 ug/L within 500 m of the plant dropping to 0.10 pg/l
3 km downwind. The background level was found to average 0.03 pg/L. Leafy crops were found to
accumulate the highest mercury among garden produce. One lettuce sample contained 99 ng/g (wet
w.) of mercury (background: <0.6 ng/g), and a sample of beet greens contained 37 ng/g (wet w.)
(background: 3 ng/g). Tomatoes and cucumbers within 400 m averaged 2 and 4.5 ng/g (wet w.) of
mercury. Background levels in each case measured 1 ng/g.

In one of the earliest reports which measured mercury levels around an industrial emission
source, Jernelov and Wallin (1973) found elevated levels of mercury in the snow around five chlor-
alkali facilities in Sweden. As distance from the facility increased, the amount of mercury detected
decreased. They linked the elevated levels to source emissions.

Tamura et al. (1985) measured mercury concentrations in plant leaves and humus from areas
with and without mercury emission sources in Japan. Data on total mercury concentrations were
determined by cold flameless atomic absorption. Mercury concentrations were determined at four sites
within 2 km of a currently operating chlor-alkali electrolysis plant. This facility was estimated to
release 10-20 kg of mercury per year. Mercury concentrations at the four sites near this area ranged
from 0.04-0.71 pg/g in woody plant leaves, 0.05-0.59 pg/g in herbaceous plants, and 0.11-2.74 ug/g
in humus. In contrast, mercury levels for identical species of plants in the uncontaminated area (three
sites) ranged from 0.02-0.07 pg/g in woody plant leaves, 0.02-0.08 ug/g in herbs, and 0.02-0.59 pg/g
in humus. Values are typically on the order of 5-10 times less than mercury levels from the
contaminated area, showing significant mercury contamination of plant biota can result from local
point sources.

2.6.3 Coal-Fired Utilities

Crockett and Kinnison (1979) sampled the arid soils around a 2,150 megawatt (MW) coal-fired
power plant in New Mexico in 1974. The four stack (two stacks 76 m high and two 91 m high)
facility had been operational since 1963 with an estimated mercury release rate of 850 kg/year. The
rainfall in the area averaged 15-20 cm/year. Although a mercury distribution pattern was noted, soil
mercury levels near the facility did not differ significantly from background. Given the high amounts
of mercury released by the facility and the insignificant amounts detected, the authors speculated that
much of the mercury emitted was transported over a large area, rather than depositing locally.

Anderson and Smith (1977) measured mercury levels in environmental media and biota around
a 200 MW coal-fired power plant in Illinois. The facility used two 152 m high smokestacks and was
equipped with an electrostatic precipitator. Commercial operations at the facility had been ongoing for
6 years when sampling was conducted (from 1973 through 1974). Elevated levels of mercury detected
in atmospheric particulate samples collected 4.8 and 9.6 km downwind of the facility were not
statistically significant when compared with samples collected 4.8 km upwind of the site. Elevated
mercury levels detected in samples from the upper 2 cm of downwind agricultural soils (sample mean
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0.022 ug/g mercury) were statistically significantly elevated when compared with upwind samples

(0.015 ug/g mercury). Core sediment sampling from a nearby lakebed showed statistically significant ‘
elevations in sediment mercury concentrations after plant operations began (sample mean 0.049 ug/g

mercury) when compared with sediment deposits prior to operation (0.037 ug/g mercury). No

increases were observed in mercury levels in fish from the nearby lake when compared with fish from

remote lakes. Mercury levels in local duck muscle samples and aquatic plant samples were also

reported but not compared to background or data from remote areas.

2.6.4 Mercury Mines

Lindberg et al. (1979) compared soil concentrations and plant uptake of mercury in samples
taken one Km west of a mine/smelter operation in Almaden, Spain to levels found in control soils (20
Km east of the smelter). The most significant mercury release from the Almaden complex was from
the ore roaster via a 30 m high stack; however, estimates of annual mercury releases were unavailable.
Mine soils contained 97 pg/g of mercury compared to the control soil level of 2.3 ug/g, a 40 fold
increase. Alfalfa was grown on these soils under controlled conditions. Comparing plant mercury
concentrations (grown under conditions of no fertilizer or lime treatment), the above ground parts of
alfalfa contained 1.4 and 2.3 pg/g of mercury in the control and mine soils, respectively, The roots of
alfalfa contained 0.53 and 9.8 pug/g of mercury in the control and mine soils. respectively. The control
levels in this experiment were found to exceed the worldwide average for grass crops by about 10
times; perhaps not surprising, since the control soil mercury content is also quite high. Nevertheless,
additional mercury from the mine was found to elevate mercury content in surrounding soil and plant
material significantly,

2.6.5 Mercury Near Multiple Local Sources

There are two recent reports of atmospheric mercury measurements in the vicinity of multiple
anthropogenic emissions sources. Both are of studies are of short duration but show elevated mercury
concentrations in the local atmosphere or locally collected rain.

Dvonch et al., (1994) conducted a 4-site, 20 day mercury study during August-and September
of 1993 in Broward County, FL. This county contains the city of Ft. Lauderdale as well as an oil-
fired utility boiler and a municipal waste combustion facility. One of the sample collection sites (site
4) was located 300 m southwest of the municipal waste combustion facility. Daily measurements of
atmospheric particulate and vapor-phase mercury were collected at 3 of the 4 sites; (daily atmospheric
concentrations were not collected at the site near the municipal waste combustor (site 4)), and daily
precipitation samples were collected at all sites. The average vapor and particulate phase atmospheric
mercury concentrations were higher at the inland sites than at the site near the Atlantic Ocean, which
was considered by the authors to represent background site. Diurnal variations were also noted,
elevated concentrations were measured at night. For example at site 2, an inland site, the average
nighttime vapor-phase concentration was 4.5 ng/m3. This was attributed to little vertical mixing and
lower mixing heights that occur in this area at night. Particulate mercury comprised less than 5% of
the total (vaporous + particulate) atmospheric mercury. Mercury concentrations in precipitation
samples at the 4 sites were variable; the highest mean concentrations were measured at the inland sites.
Given the high levels of precipitation in this area of the U.S. and short collection period, it is not
appropriate to extend these analysis beyond the time frame measured. These mercury concentrations
are nonetheless elevated.
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Table 2-26
‘ Mercury Concentrations in the Atmosphere and Mercury Measured in Rainwater Collected in
. Broward County, FL

Site Description Avg. Vapor-phase Avg. Particulate Avg. Total Mercury Avg. Reactive
Mercury Conc., Mercury Conc. pg/m3 conc. in rain, ng/L Mercury conc. 1n
ng/m3 (Range) ramn. ng/lL (Range)

Background Near 1.8 34 35 (15-36) 1.0 (0.5-1.4)

Atlantic Ocean (Site 1)

Inland (Site 2) 33 51 40 (15-73) . 1.9 (0.8-3.3)

Inland (Site 3) 2.8 49 46 (14-130) 2.0 (1.0-3.2)

Inland (Site 4). 300 m - - 57 (43-81) 25 (1.73.7

from MWC

-

Keeler et., al. (1994) and Lamborg et al., (1994) reported results of a 10-day atmospheric
mercury measurement at 2 sites (labeled as sites A and B) in Detroit, MI. There is a large MWC 9
Km from site A and a sludge combustor 5 Km from site B. It should be noted that other mercury
emission sources such as coal-fired utility boiler and steel manufacturing occur in the city as well.
The vapor-phase mercury concentration encountered at site B during the first days of the experiment
exceeded the capacity of the measurement device. Subsequent analyses indicated that the
‘ concentrations of mercury encountered were significantly higher than other reported U.S. observations.

Table 2-27
Mercury Concentrations Measured at Two Sites in the Atmosphere Over Detroit, MI
Site Mean Vapor-Phase Mercury Mean Particulate-Phase Mercury
Concentrations in, ng/m3 Concentrations in pg/m3 , (Maximum
(Maximum Measured Value) Measure Value)
Detroit, MI Site A >40.8, >74) 341 (1086) "
Detroit, MI Site B 3.7, (8.5) 297 (1230) "

2.6.6 Conclusion of Mercury Measurements Data

These data collectively indicate that mercury concentrations near these anthropogenic sources
are generally elevated when compared with data collected at greater distances from the sources. The
data can not be used in a systematic manner to estimate potential exposure especially for fish
ingestion. There is a lack of data on mercury concentrations in fish near these sources; this is an
important data gap. As a result the fate and transport of mercury emissions was modeled in this
assessment.
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3. INFORMATION ON EXPOSURE TO MERCURY

Chapters 4, 5, and 6 of Volume III present modeled mercury exposure to specified
hypothetical individuals. Chapter 3 presents estimates of mercury exposure to humans from four
different sources: food consumption in the general population, fish consumption, exposure through
release from dental amalgams and occupational exposures. Finally. natonwide estimates of mercury
exposure for piscivorous animals are also presented based on the animal’s fish consumption rate and
national averages of mercury concentrations in fish.

3.1 Nonoccupational Exposures to Mercury

3.1.1 Dietary Mercury

Food is the major source of totidl mercury intake by humans who are not occupationally
exposed. There are several potential sources of exposure for inorganic mercury (elemental or divalent
mercury); however, for the methylated species, food intake is the only significant source of exposure
to the general human population (Stern, 1993; Swedish EPA, 1991; WHO, 1990). Methylmercury
exposure primarily results from the ingestion of contaminated fish. Total mercury concentrations in
meat and cereals often measures hundreds of times less than mercury in fish (Swedish EPA, 1991). In
most non-fish foodstuffs mercury concentrations are typically near detection limits and are comprised
of mainly inorganic species (WHO, 1990). In contrast, most ‘of the mercury in fish is methylated.

3.1.1.1 Mercury In Food Sources Other Than Fish .

The World Health Organization (WHO, 1990) estimated the quantities and species of mercury
ingested through the fish and non-fish components of the adult diet. These estimates of the amount of
mercury ingested and retained are presented in Table 3-1. The average daily intake of total mercury
from fish and fish products was estimated to be 3 ug/day (the fish ingestion rates used to derive this
value were not provided in the Report). WHO (1990) assumed that 80% of the total mercury in fish
was methylmercury and the remaining 20% was inorganic divalent mercury; more recent estimates
indicate that 95-100% of the total mercury in fish is methylmercury. The total mercury intake from
non-fish foodstuffs was calculated as the difference between the estimated total dietary mercury intake
and the estimated total mercury intake from fish. WHO (1990) assumed that 95% of the
methylmercury and 7% of the divalent inorganic mercury ingested would be retained. WHO (1990)
estimated total dietary mercury intake by averaging the estimates of the FDA market basket survey of
1984-1986 (3.5 ug/day for a 70 kg adult) and the mean (9.8 ug/day) of the results of two Belgian
studies (Fouassin and Fondu, 1978 and Buchet et al., 1983). Data on these and other estimates of total
dietary intake of mercury are summarized in Table 3-2.

Table 3-1
Estimated Average Adult Daily Intake (and retention) of Mercury
Compounds by the General Public (ug/day) as Reported by WHO 1990

Elemental Mercury Divalent Mercury Methylmercury
ug/day ug/day ug/day
Fish 0 0.60 (0.042) 24 (2.3)
Non-Fish 0 3.6 (0.25) 0 I
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Table 3-2
Reported Total Adult Mercury Intake Rates (ug/day)

Year Amount Population Reference '

1977 6.3 USA Podrebarac (1984)

1978 34 USA Podrebarac (1984)

1977 13 Belgium Fouassin and Fondu (1978)

1982 6.5 Belgium Buchet et al., (1983)
1984-1986 35 USA Shibko (1988)

WHO, 1990 acknowledges some uncertainty in these estimates; the total estimated amount of
dietary inorganic mercury (4.3 ug/day) was thought to be the least reliable estimate in the data
presented in Table 3-1. The 1990 analysis by the WHO indicates that comparable amounts of
inorganic and methylmercury are ingested through the dietary pathway. Since gut uptake from
ingestion of the organic form is expected to be much greater than inorganic species [95% for
methylmercury vs. 7% for inorganic (EPA 1988, WHO, 1990)], fish ingestion of methylmercury will
dominate the body burden of total mercury from the dietary pathway. ‘

The WHO (1990) analysis does not indicate the specific foods from which the non-fish dietary
intake of mercury is derived. Podrebarac (1984) analyzed the mercury concentrations in non-fish
foodstuffs; that is total mercury in food samples collected in market basket surveys conducted by the
FDA from October 1977 - September 1978. Twenty samples from each food group were examined
and mercury was detected in at least one sample from each food group with the exception of
beverages. Podrebarac’s results for total mercury concentrations in various food groups are
summarized in Table 3-3. It should be noted that, in contrast to measurements of methylmercury, a
greater confidence is generally associated with the results of analytic measurement techniques for
assessing total mercury using the chemical methods available during the 1970s.

In terms of both average mercury concentrations and overall number of samples in which
Mercury was detected, Podrebarac’s grouping of meat, fish and poultry clearly dominates the food
groups considered for this analysis. A delineation of the meat, fish and poultry group into individual
food types was not given, and a determination of how much mercury was recorded in marine fish
products is not possible. The concentrations in all plant foods are quite low, which is expected given
the relatively low accumulation of mercury by plants. Based on these results, Podrebarac (1984)
calculated the total adult dietary intake of mercury for the years 1977 and 1978 to be 6.3 and
3.4 ug/day, respectively.

The species of mercury ingested in non-fish foods is generally assumed to be inorganic,
divalent mercury; for example, in the WHO 1990 analysis the total mercury in the non-fish foodstuffs
is assumed to be primarily inorganic divalent mercury. It should be noted that there are reports which
indicate that up to a third of the total mercury in some garden plants may be methylated (Cappon .
1981, 1987).
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Total Mercury Levels in Variogsdgfoz ?Eroups from Podrebarac (1984)
Food Group Number of Samples Mean Mercury Range of concentrations
with detectable concentration based on all | in samples with detectable
Mercury 20 samples (ug/g wet Mercury (ug/g wet weight)
weight)
Dairy Products 1 0.0001 0.002
Meat, Fish and Poultry 16 0.0091 0.004-0.027
Grains and Cereal 5 0.0014 0.003-0.008
Potatoes 2 0.0004 0.004-0.005
Leafy Vegetables 3 0.0006 0.003-0.005
Legume Vegetables 3 0.0011 0.005-0.009
Root Vegetables 3 0.0007 0.004-0.005
Garden Fruits 1 0.0001 0.002
Fruits 2 0.0002 0.001-0.004
Qils, Fats and Shortening 5 0.0014 0.004-0.009
Sugar and adjuncts 1 0.0001 0.002

Richardson et al. (1995) estimated the daily mercury intake of Canadians based on average
estimated consumption rates and the central tendencies of measured mercury concentrations in
environmental media and biota. They assumed an urban setting for adults, children, and infants.
Several key assumptions pertaining to the species of mercury were also employed in the assessment:

1) the species of mercury in fish was methylmercury; 2) the species of mercury in all other
commercial foods and soil was Hg?*; 3) the species of mercury in drinking water was 75% Hg?* and
25% methylmercury; 4) the species of mercury in indoor air was assumed to be 100% Hg mercury m
the outdoor air was assumed to be 75% Hg 20% "organic mercury” in the vapor phase and 5% Hg
bound to respirable particles; and 5) the species of mercury emitted from dental amalgams was Hg
Food exposures were predicted to be the most significant route of exposure to both methylmercury and
Hg and dental amalgams were the most significant route of exposure for total mercury. The
specified daily fish consumption rates used did not appear to be presented in Richardson et al. (1995).
The methylmercury concentration used were these: canned tuna was 0.195 ug/g (range <0.01-0.97); in
other commercial fish was 0.137 ug/g (range 0.02-1.4); in shellfish was 0.024 ug/g (range <0.01-1.4);
and in non-commercial fish was 0.38 ug/g (range 0.01-13.0). Given the assumptions employed in this
estimate, amalgams accounted for 17-42% of the total absorbed mercury. The daily adult (20+years of
age) intake of total mercury via all exposure routes was estimated to be 7.737 ug or 0.11 ug/kg
bw/day; 36% of the intake was due to mercury released from dental amalgams and 27% to fish
consumption. The daily child (5-11 years of age) intake to total mercury via all exposure routes was
estimated to be 3.891 ug (36% of the intake was due to fish consumption and 13% from dental

amalgams).
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3.1.1.2 Mercury from Fish ‘

As described previously, methylmercury is the primary form of mercury in fish. The purpose
of this section is to estimate the magnitude of these exposures to methylmercury in both the general
fish-consuming U.S. population and in specific fish-consuming subpopulations (e.g., children and
women of child-bearing age). This analysis is briefly described here: a more detailed description of
this analysis is provided in Appendix H of this volume.

Estimates of fish consumption rely on dietary survey data that can be obtained using a variety
of dietary survey techniques. Critical elements in any survey aimed at determining intake of
methylmercury from fish are these:

o Species of fish or shellfish consumed;
. Concentration of methylmercury in the fish; and
. Quantity of fish consumed.

The duration of fish consumption is also of importance; however, the time period of
consumption that is relevant when conducting an assessment of risk depends on the health endpoint of
concern. To illustrate, acute effects of certain fish contaminants (such as paralytic shell fish toxin or
cigutara toxin) may result from eating as little'as one meal of contaminated fish. By contrast, if one is
interested in the benefits of consuming unsaturated fatty acids (e.g., omega 3 fatty acid) on prevalence
of cardiovascular disease, decades of exposure for a group of persons is typically required to establish
whether or not an effect would occur. For a health endpoint such as developmental deficits associated
with a particular period during gestation (e.g., adverse effects of maternal consumption of
methylmercury from fish on the developing fetal nervous system), short-term consumption patterns
during the critical weeks or months of gestation are considered the relevant period for the health
endpoint.

Survey methods can broadly be classified into longitudinal methods or cross-sectional surveys.
Typically long-term or longitudinal estimates of intake can be used to reflect patterns for individuals
(e.g., dietary histories); or longitudinal estimates of moderate duration (e.g., month-long periods) for
individuals or groups. Cross-sectional data are used to give a "snap shot" in time and are typically
used to provide information on the distribution of intakes for groups within the population of interest.
Cross-sectional data typically are for 24-hour or 3-day sampling periods and may rely on recall of
foods consumed following questioning by a trained interviewer, or may rely on written records of
foods consumed. Additional discussion of these issues are found on Appendix H to Volume III

During the past decade reviewers of dietary survey methodology (for example, the Food and
Nutrition Board of the National Research Council/National Academy of Sciences; the Life Sciences
Research Office of the Federation of American Societies of Experimental Biology) have evaluated
various dietary survey techniques with regard to their suitability for estimating exposure to
contaminants and intake of nutrients. The Food and Nutrition Board of the National Research
Council/National Academy of Sciences in their 1986 publication on Nutrient Adequacy Assessment
Using Food Consumption Surveys noted that dietary intake of an individual is not constant from day
to day, but varies both in amount and in type of foods eaten (intraindividual variation). Variations
between persons in their usual food intake averaged over time is referred to as interindividual .

variation. Among North American populations, the intraindividual (within person day-to-day)
variation is usually regarded to be as large as or greater than the interindividual (person to person)
variations. Having evaluated a number of data sets the Academy’s Subcommittee concluded that three
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days of observauon may be more than is required for the derivation of the distribution of usual
intakes.

Major sources of data on dietary intake of fish used in preparing this report to Congress are
the cross-sectional data from the USDA Continuing Surveys of Food Intake by Individuals conducted
in the years 1989 through 1991 (CSFII 89/91) and the longer-term data on fish consumption based on
recorded fish consumption for variable numbers of periods of one-month duration during the years
1973/1974 from the National Purchase Diary (NPD 73/74) conducted by the Market Research
Corporation.

Human mercury intake from fish was estimated by combining data on mercury concentrations
in fish species, expressed as micrograms of mercury per gram fresh-weight of fish tissue, with the
reported quantities and types of fish species consumed by fish eaters or "users" in the USDA’s
Continuing Surveys of Food Intake by Individuals (CSFII 89/91). The dietary assessment
methodology consisted of an assessment of three consecutive days of food intake, measured through
one 24-hour-recall and two 1-day food records. For this analysis, the sample was limited to those
individuals who provided records or recalls of three days of dietary intake. Respondents were drawn
from stratified area probability samples of non-institutionalized United States households. Survey
respondents were surveyed across all four seasons of the year and all seven days of the week.
Respondents were also asked to report their body weights, and these data were utilized to estimate fish
consumption on a per body weight basis.

The CSFII 89/91 data are cross-sectional data based on a three-day sampling period. When
appropriately weighted the data can be used to estimate the food consumption patterns for the general
United States population for the period 1989/1991. The survey was designed to represent all seasons
of the year and all days of the week. Because of the food consumption records rely on standard
coding of food intake and records of types of fish represented by a particular dietary records it is
possible to estimate how much of particular types of fish were consumed for the population as a whole
and for subpopulations of interest. The portion size consumed by individuals is recorded, as is the
person’s individual indication of their body weight.

The CSFII 89/91 data on fish consumption have been used to estimate fish and methylmercury
intake by various population subgroups. These calculations rely on values for the methylmercury
concentrations in food supplied to the U.S. EPA by the National Marine Fisheries Service. These data
are presented in detail in Appendix H to Volume III.

For nationally representative weighted samples of individuals, 30.9% reported consumption of
fish and/or combinations of fish, shellfish, or seafood with vegetables or starches in a 3-day period.
Of individuals reporting fish consumption, approximately 98% consumed fish only once, and about 2%
consumed fish in two or more meals during the 3-day survey period. For less-frequently consumed
foods, estimates of per capita consumption rates overestimate the consumption rate among the general
population but underestimate the consumption rate among the portion of the population which actually
consumes the food item. As a consequence, fish consumption estimates are based on a "per
consumer"” basis.

The fish consumption rates used from CSFII 89/91 reflect the consumption of approximately
250 individual "fish only” food codes, and approximately 165 "mixed dish-fish" food codes present in
the 1994 version of the USDA food composition tables. The USDA recipe file was searched for food
codes containing fish or shellfish. The recipe was then scanned to determine fish codes that were
present in the recipe reported as consumed by the survey respondent. The percent of the recipe that
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was fish by weight was determined by dividing the weight of the fish/shellfish in the dish by the total ‘
weight of the dish. Consumption of fish-only and mixed-fish-dishes was summed across the three

available days of dietary intake data. This sum was then divided by three to create average fish

consumption per day estimates.

Data describing methylmercury concentrations in marine fish were predominantly based on the
National Marine Fisheries’ Service (NMFS) data base, the largest publicly available data base on
mercury concentrations in marine fish. Data reported by Bahnick et al. (1994) and Lowe et al., 1985
were used to estimate average mercury concentrations in fresh-water finfish from across the U.S.
(These data are in Chapter 2 and in Appendix H of this volume).

Table 3-4 shows the percentiles of the fish ingestion rates and corresponding methylmercury
exposures for the entire fish-eating population and several fish-eating subpopulations. When the
methylmercury intake is expressed on a per kilogram self-reported body weight basis, the exposure of
children aged 14 years and younger is approximately two-to-three times that of the adult. This is the
result of the higher intake of food on a per weight basis among children. The methylmercury intake
of adult males and females is comparable. The maximum intakes on a per kilogram body weight basis
are also provided for each group considered. Note that the intake for the maximum respondent in each
group of adults is at least 4 times that of the intake for the individual at the 95th percentile.

Methylmercury intakes calculated in this Volume have been developed for nationally-based
rather than site-specific estimates. The CSFII/89-91 from USDA was designed to represent the United
States population. The concentrations of methylmercury in marine fish and shellfish were taken from
a data base that is national in scope and the data on fresh-water finfish were from a large study that
sampled fish at a number of sites throughout the United States. The applicability of these data to
site-specific assessments must be judged on a case-by-case basis.

The purpose of the estimates of methylmercury intake from fish is to describe current
methylmercury intake from ingestion of fish. There is no attempt to attribute the methylmercury
concentrations in dietary fish to any anthropogenic or other source. Because of the magnitude of
anthropogenic, ambient mercury contamination, the estimates of methylmercury from fish do not
provide a "background” value. "Background" values imply an exposure against which the increments
of anthropogenic activity could be added. This is not the situation due to release of substantial
quantities into the environment.

Conclusions on methylmercury consumption from fish ingestion must include consideration of
variability and uncertainty in these estimates. Uncertainty arises through both the method used to
estimate fish consumption and the assumed methylmercury concentrations in the fish consumed. See
Appendix H for a detailed discussion of the uncertainty.

3.1.1.3 Other Estimates of Human Mercury Intake from Fish

Several other studies estimate the amount of mercury ingested as a result of fish consumption
(WHO, 1990; Cramer, 1994; Tollefson and Cordle, 1986; Hall et al., 1978; Lipfert et al. 1994). Of all
the possible exposures to background mercury that may occur, marine seafood ingestion is the most
important for the general population (WHO, 1990). Marine seafood consumption is likely to be the
only source of methylmercury besides freshwater fish consumption for the general U.S. population.

Estimates of fish consumption in the 1970s were determined by the NPD Research Inc., a
market research and consulting firm that specializes in the analysis of consumer purchasing behavior
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as recorded in monthly diaries. That survey was funded by the Tuna Research Institute (TRI) as part
of a study of tuna consumption. Later, the National Marine Fisheries Service (NMFS) received
permission from TRI to obtain the data (SRI International Contract Report to U.S. EPA, 1980).

The NPD 73/74 data are based on a sample of 7,662 families (25,165 individuals) out of 9,590
families sampled between September 1973 and August 1974. Data recorded in the survey reflect the
marketing nature of the survey design and have limitations with regard to quantities of fish consumed
on a body weight basis. To illustrate, the fish consumption was based on questionnaires completed by
the female head of the household in which she recorded the date of any meal containing fish. the type
of fish (species), the packaging of the fish (canned, frozen, fresh, dried, or smoked, or eaten out),
whether fresh fish was recreationally caught or commercially purchased, the amount of fish prepared
for the meal, the number of servings consumed by each family member and any guests, and the
amount of fish not consumed during the meal. Meals eaten both at home and away from home were
recorded.

LY

Use of these data to estimate intake of fish or mercury on a body weight basis are limited by
the following data gaps.

1. This survey did not include data on the quantity of fish represented by a serving and
information to calculate actual fish consumption from entries described as breaded fish
or fish mixed with other ingredients. Portion size was estimated by using average
portion size for seafood from USDA Handbook #11, Table 10, page 40-41. The
average serving sizes from this USDA source are shown in Table 3-5.

Table 3-5
Average Serving Size (gms) for Seafood from USDA Handbook #1
Used to Calculate Fish Intake by FDA (1978)

Age Group (years) _l_ Male Sul)jects (gms) Female Subjects (gms)
= = R

0-1 20 20
1-5 66 66
6-11 95 95
12-17 131 100
18-54 158 125
55-75 159 130
Over 75 180 139

2. There may have been systematic under-recording of fish intake; Crispin-Smith et al.

noted that typical intakes declined 30% between the first survey period and the last
survey period among persons who completed four survey diaries (Crispin-Smith et al.,
1985).
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There have been changes in the quantities and types of tish consumed between
1973/1974 and present. To illustrate, the U.S. Department of Agriculture indicated
(Putnam, 1991) that on average, fish consumption increased 27% between 1970 to
1974 and 1990. Whether or not this increase applies to the highest percentiles of fish
consumption (e.g., 95th or 99th percentile) was not described in the publication by
USDA.

4. An analyses of these data using the sample weights to project estimates for the general
United States population was prepared by SRI International under U.S. EPA Contract
68-01-3887 in 1980. U.S. EPA was subsequently informed that the sample weights
were no longer available. Consequently additional anglyses with these data in a

‘manner than can be projected to the general population appears to be no longer
possible.

5. Body weights of the individuals surveyed do not appear in published materials. If
body weights of the individuals participating in this survey were recorded these data
do not appear to have been used in subsequent analyses.

Data on fish consumption from the NPD 73/74 survey have been published by Rupp et al.
(1980) and analyzed by U.S. EPA’s contractor SRI International (1980). These data indicate that
when a month-long survey period is used, 94% of the surveyed population consumed fish. The
species of fish most commonly consumed are shown in Table 3-6.

, Table 3-6
Fish Species and Number of Persons Using the Species of Fish
(Adapted from Rupp et al. 1980)

Category Number of Individuals Consuming Fish
Based on 24,652 Replies*
Tuna, light ) 16,817
Shrimp 5,808
Flounders 3,327
Not reported (or identified) 3,117
Perch (Marine) 2,519
Salmon 2,454
Clams 2,242
Cod 1,491
Pollock 1,466

* More than one species of fish may be eaten by an individual.

teenagers and by adults 18 to 98 years of age. These data are shown in Table 3-7. The distribution of

‘ ' Rupp et al. also estimated quantities of fish and shellfish consumed by 12-18 year-old
fish consumption for age groups that included women of child-bearing age are shown in Table 3-8.
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Table 3-7
Fish Consumption from the NPD 1973/1974 Survey
(Modified from Rupp et al. 1980)

Age Group 50th Percentile 90th Percentile 99th Percentile Maximum
Teenagers Aged 1.88 kg/year 8.66 kg/year 25.03 kg/year 62.12 kg/year
12-18 years or

69 grams/day
Adults Aged 18 2.66 kg/year 14.53 kg/year 40.93 kg/year 167.20 kg/year
to 98 Years or

112 grams/day

Table 3-8
Distribution of Fish Consumption for Females By Age*
Consumption Category (grams/day) (from SRI, 1980)

Age (years) 47.6-60.0 60.1-122.5 Over 122.5 “
10-19 0.2 0.4 0.0
20-29 ' 0.9 0.9 0.0
30-39 1.9 1.7 0.1
40-49 ~ 3.4 ) 2.1 0.2

* The percentage of females in an age bracket who consume, on average, a specified amount (grams) of fish per day. The
calculations in this table were based upon the respondents to the NPD survey who consumed fish in the month of the survey.
The NPD Research estimates that these respondents represent, on a weighted basis, 94.0% of the population of U.S. residents
(from Table 6, SRI Report, 1980).

Using the data in the 1977-78 USDA food consumption survey, Tollefson and Cordle (1986)
estimated that 86% of the total mercury in a non-angler’s diet is derived from 4 basic groups of
seafood items: canned tuna, shrimp, fish sticks, and cod/haddock fillets. A mercury intake rate of
about 2 ug/day was estimated from the consumption of these products. Hall et al., 1978 calculated a
per capita mercury intake from seafood of 2.6 ug/day. WHO, 1990 estimated the average daily intake
of total mercury from fish and fish products to be 3 ug/day; the bulk of mercury ingestion was
attributed to off-the-supermarket-shelf seafood. Using estimates of total seafood consumption rates for
the adult Great Lakes states population that consumes freshwater fish, Lipfert et al., (1994) calculated
a mean mercury dose of 4.5 ug/day, based on a total seafood consumption rate of 24.7 g/day. About
64% of the mean total dose was derived from the consumption of freshwater finfish.

Cramer (1994) reported that the U.S. FDA had evaluated exposure to methylmercury through ‘
fish consumption in 3 different ways. In the first approach the 1988 Market Research Corporation of
America (MRCA) 14-day fish consumption data was combined with an estimated average fish
methylmercury concentration of 0.3 ug/g to estimate human methylmercury exposure. The results are
summarized in Table 3-9. The second approach utilized Monte Carlo techniques to estimate
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distributions of the 1982-1987 MRCA fish consumption data and mercury concentra-tions in tishery
products. Based on this analysis, the 50th percentile intake estimate was 4.4 ug mercury/day and the
90th percentile intake estimate was 10 ug mercury/day. The third approach combined per capita fish
consumption rates with the mercury concentrations in the top 10 consumed fish species and estimated
an intake rate of 1.6 ug mercury/day.

Table 3-9
Estimates of Mercury Exposure Through the Consumption of Fish (Cramer 1994)

Estimates assuming fish concentration of 0.3 ug/g

Daily Mercury Intake (ug/person/day)

Age (yr) 50th percentile 90th percentile
2-5 5 10
18-44 11 22
All Ages 10 19

Estimates based on 1982-87 MRCA data, Fish Mercury data and Monte Carlo analysis

All Ages 44 10

For purposes of comparison, the mercury exposure estimates developed by Cramer (1994)
were modified. The 50th and 90th percentile estimates of adult (Ages 18-44) exposure were divided
by 70 Kg (assumed human body weight) to roughly estimate predicted exposure on a pug/Kg Bw/day
basis. The results of this division are 0.16 and 0.31 ug/Kg Bw/day for the 50th and 90th percentiles,
respectively.

3.12 Dental Amalgams

Dental amalgams have been the most commonly used restorative material in dentistry. A
typical amalgam consists of approximately 50% mercury by weight. The mercury in the amalgam is
continuously released over time as elemental mercury vapor (Begerow et al., 1994). Research
indicates that this pathway contributes to the total mercury body burden, with mercury levels in some
body fluids correlating with the amount and surface area of fillings for non-occupationally exposed
individuals (Langworth et al., 1991; Olstad et al., 1987; Snapp et al., 1989). For the average
individual an intake of 2-20 ug/day of elemental mercury vapor is estimated from this pathway
(Begerow et al., 1994). Additionally, during and immediately following removal or installation of
dental amalgams supplementary exposures of 1-5 ug/day for several days can be expected (Geurtsen
1990).

Approximately 80% of the elemental mercury vapor released by dental amalgams is expected
to be re-absorbed by the lungs (Begerow et al., 1994). In contrast, dietary inorganic mercury
absorption via the gastrointestinal tract is known the be about 7%. The contribution to the body
burden of inorganic mercury is, thus, greater from dental amalgams than from the diet or any other
source. The inorganic mercury is excreted in urine, and methylmercury is mainly excreted in feces.
Since urinary mercury levels will only result from inorganic mercury intake, which occurs aimost
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exclusively from dietary and dental pathways for members of the general public, it is a reasonable
biomonitor of inorganic mercury exposure. Urinary mercury concentrations from individuals with
dental amalgams generally range from 1-5 ug/day, while for persons without these fillings it is
generally less than 1 ug/day (Zander et al., 1990). It can be inferred that the difference represents
mercury that originated in dental amalgams.

Begerow et al., (1994) studied the etfects of dental amalgams on inhalation intake of elemental
mercury and the resulting body burden of mercury from this pathway. The mercury levels in urine of
17 people aged 28-55 years were monitored before and at varying times after removal of all dental
amalgam fillings (number of fillings was between 4-24 per person). Before amalgam removal, urinary
mercury concentrations averaged 1.44 ug/g creatinine. In the immediate post-removal phase (up to 6
days), concentrations increased by an average of 30%, peaking at 3 days post-removal. After this
phase mercury concentrations in urine decreased continuously and by twelve months had dropped to
an average of 0.36 ug/g creatinine. This represents a four-fold decrease from pre-removal steady-state
urinary mercury levels.

3.2 Occupational Exposures to Mercury

Industries in which occupational exposure to mercury may occur include chemical and drug
synthesis, hospitals, laboratories, dental practices, instrument manufacture, and battery manufacture
(National Institute for Occupational Safety and Health, (NIOSH) 1977). Jobs and processes involving
mercury exposure include manufacture of measuring instruments (barometers, thermometers, etc.),
mercury arc lamps, mercury switches, fluorescent lamps, mercury broilers, mirrors, electric rectifiers,
electrolysis cathodes, pulp and paper, zinc carbon and mercury cell batteries, dental amalgams,
antifouling 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, chlorine and
caustic soda, pharmaceuticals, and antimicrobial agents (Occupational Safety and Health
Administration (OSHA) 1989).

OSHA (1975) estimated that approximately 150,000 US workers are exposed to mercury in at
least 56 occupations (OSHA 1975). More recently, 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. Occupational exposure to
methylmercury appears to be insignificant. Table 3-10 summarizes workplace standards for airborne
mercury (vapor + particulate).

A number of studies have been reported that monitored workers’ exposure to mercury
(Gonzalez-Fernandez et al., 1984; Ehrenberg et al., 1991; Cardenas et al., 1993; Kishi et al., 1993,
1994; Yang et al., 1994). Some studies have reported employees working in areas which contain
extremely high air mercury concentrations: 0.2 to over 1.0 mg,/m3 of mercury. Such workplaces
include lamp sock manufacturers in Taiwan (Yang et al., 1994), mercury mines in Japan (Kishi et al.,
1993,1994), a small thermometer and scientific glass manufacturer in the US (Ehrenberg et al., 1991),
and a factory producing mercury glass bubble relays (Gonzalez-Fernandez et al., 1984). High mercury
levels have been reported in blood and urine samples collected from these erployees (reportedly over
100 ug/1 in blood and over 200 - 300 ug/l or 100 - 150 ug/g creatinine for urine). At exposures near
or over 1.0 mg/m3, workers show clear signs of toxic mercury exposure (fatigue, memory impairment,
irritability, tremors, and mental deterioration). The chronic problems include neurobehavioral deficits
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Table 3-10

Occupational Standards for Airborne Mercury Exposure

Concentration Standard Type Mercury Species Reference
Standard (mg/m3)
0.10 STEL inorganic CFR (1989)
0.01 TWA organic CFR (1989)
0.03 STEL alky! CFR (1989)
0.05 TWA all besides alkyl ACGIH (1986)
0.01 TWA alky! ACGIH (1986)
0.03 STEL “alkyl ACGIH (1986)
0.10 TWA aryl and inorganic ACGIH (1986)
0.05 TWA all besides alkyl NIOSH (1977)
Abbreviations:

ACGIH - American Conference of Governmental Industrial Hygienists
CFR - Code of Federal Regulations

STEL - Short term exposure limit (15 minutes)

TWA - Time weighted average (8 hour workday)

that persist long after blood and urine mercury levels have returned to normal; many workers required
hospitalization and/or drug treatments. With the exception of mercury mines, workplaces producing
these mercury levels are typically small and specialized, often employing only a few workers who
were exposed to high mercury concentrations.

Many other studies have monitored employees' work areas and reported measured mercury air
concentrations of 0.02 - 0.2 mg/m3; these levels are generally in excess of present occupational
standards (see Table 3-10). These mercury levels were most often reported at chlor-alkali plants
(Ellingsen et al., 1993; Dangwal 1993; Barregard et al., 1992; Barregard et al., 1991; Cardenas et al.,
1993). Employees at these facilities had elevated bodily mercury levels of approximately 10 - 100
ug/l for urine and about 30 ug/l in blood. At these lower levels, chronic problems persisting after
retirement included visual response and peripheral sensory nerve effects.

Exposures to mercury levels under 0.02 mg/m3 typically result in blood and urine levels
statistically higher than the general population, but health effects are usually not observed.

33 Estimated Wildlife Exposure to Mercury

In this section the potential exposure to mercury for selected wildlife species is estimated.
This is performed using national estimates of mercury concentrations in fish as well as consumption
rates of freshwater fish by the wildlife species considered. The mercury concentrations in fish are
from "A National Study of Chemical Residues in Fish" as conducted by U.S. EPA (1992) and as
reported in Bahnick et al., (1994). Exposure was estimated for five piscivorous wildlife species: bald
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eagle, osprey, kingfisher, river otter and mink. The ratio of the total daily fish ingestion rate to total
body weight and the trophic level of the fish consumed contribute greatly to the estimated
methylmercury exposure of the wildlife species. The basis for these assumptions are described in
Volume V, An Ecological Assessment for Anthropogenic Mercury Emissions in the United States of
this Report and are summarized in Table 3-11. ‘

Table 3-11
Assumed Fish Consumption Rates and
Body Weights for Piscivorous Wildlife

Animal Body Weight | Total Ingestion % of Diet % of Diet % of Diet from
(kg) Rate (g/day) from Trophic | from Trophic | Non-fish sources
Level 3 Fish Level 4 Fish
Bald Eagle 4.6 500 74 18 8
Osprey 1.5 300 100 0 0
Kingfisher 0.15 75 100 0 0
River Otter 74 1220 80 20 0
Mink 0.8 178 90 0 10

This assessment of current wildlife exposure considers only the freshwater fish ingestion
exposure route for five piscivorous wildlife species; other food sources such as amphibians, reptiles,
and insects and other sources of mercury such as the animal’s drinking water were not considered in
this assessment. The form of mercury in contaminated fish was assumed to be monomethylmercury.
The assessment provides a national methylmercury exposure estimate for piscivorous wildlife based on
central tendancy estimates of methylmercury concentrations measured in fish. Regional or site-specific
assessments would require local measurement data. In the absence of such information, assumptions
and default values may require notification to be relevant to the local exposure scenario. For example,
an assessment specific to regions bordering the Great Lakes assumed that Bald Eagles consume
mercury-contaminated herring gulls as part of their non-fish diet (U.S. EPA 1995).

Two approaches could have been utilized to estimate the concentrations of methylmercury in
the collected fish consumed by the wildlife. The mean methylmercury concentration for all sampled
freshwater fish (0.26 ug/g) (Bahnick et al., 1994) could have been input for all fish consumed by
wildlife, regardless of trophic level. Alternatively, mean methylmercury concentrations could have
been calculated for the freshwater fish species collected by Bahnick et al., (1994) which represented
aquatic trophic levels 3 and 4.

A modification of the second approach was selected as the most appropriate for this study.
The fish species collected by Bahnick et al., (1994) can be categorized into 3 groups: 1) those that do
not fit the 4-tier trophic level model used in this document for piscivore exposure; 2) those that are .
considered to be mixture of trophic levels 3 and 4; or 3) those that represent trophic level 4. The
Bahnick data do not adequately describe the mercury concentrations in trophic level 3 fish, typically
thought to be 30 - 40 g fish. As a result, the mean of the trophic level 4 species was divided by the
trophic level 3 to trophic level 4 predator-prey factor to estimate the methylmercury concentrations in
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‘ trophic level 3 fish. (See Vol. V for further discussion of the predator-prey factor.) The mean of
average concentrations measured in the following 3 trophic level 4 fish species, bass (0.38 ug/g).
walleye (0.52 ug/g), and northern pike (0.31 ug/g), is 0.4 ug/g methylmercury. A mean concentration
of 0.08 ug/g methylmercury was estimated for trophic level 3 fish; this is the dividend of 0.4 ug/g and
the predator-prey factor of approximately 5.

Using the fish consumption data and the estimates of trophic level 3 and 4 fish concentrations
derived from the data of Bahnick et al., (1994), estimates of current methylmercury intake from fish
consumption are presented in Table 3-12. The data are presented in units of ug per kilogram of body
weight per day.

Table 3-12
Estimates of Current U.S. Methylmercury
Exposure from Fish Consumption by
Piscivorous Birds and Mammals

Animal Estimated Current
Daily Methylmercury
Exposure
(ug/kg/day)
. ]— Bald Eagle 14 .

Osprey 16
Kingfisher 40
River Otter 24
Mink 16
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‘ 4. MODELING THE FATE OF MERCURY RELEASED TO THE
ATMOSPHERE FROM COMBUSTION AND INDUSTRIAL
SOURCES

In this section the models and modeling scenarios used to predict the environmental transport
of and exposure to mercury are brietfly described. Measured mercury concentrations in the atmosphere
and in soil were used along with measured mercury deposition rates as inputs to these models. The
measured values were used as inputs to illustrate the predictions of the models. A limited comparison
of model outputs with measured environmental concentrations was used to demonstrate the
reasonableness of the modeling predictions. The human and wildlife exposures to mercury that were
predicted to result from the modeled concentrations were also presented to demonstrate the impacts of

- the exposure assessment assumptions.

4.1 Description of Models

The extant measured mercury data alone were judged insufficient for a national assessment of
mercury exposure for humans and wildlife. Thus, the decision was made to model the mercury
emissions data from the stacks of combustion sources. In this study, there were three major types of
modeling efforts: (1) modeling of mercury atmospheric transport on a regional basis; (2) modeling of
mercury atmospheric transport on a local scale (within 50 km of source); and (3) modeling of mercury
fate and transport through soils and water bodies into biota, as well as the resulting exposures to

. human and selected wildlife species. The models used for these aspects of this study are described in
Table 4-1.

Table 4-1
Models Used to Predict Mercury Air Concentrations, Deposition Fluxes,
and Environmental Concentrations

Model Description

RELMAP Predicts average annual atmospheric mercury concentration and wet
and dry deposition flux for each 40 km? grid in the U.S. due to all
anthropocentric sources of mercury in the U.S.

COMPDEP Predicts average concentration and deposition fluxes within 50 km of
emission source.

[EM?2 Predicts environmental concentrations based on air concentrations and
deposition rates to watershed and water body.

4.1.1 Estimating Impacts from Regional Anthropogenic Sources of Mercury

. The impact of mercury emissions from stationary, anthropogenic U.S. sources is not entirely
limited to the local area around the facility. To account for impacts of mercury emitted from many of
these other non-local sources on the area around a specific source, the long-range transport of mercury

from all selected sources has been modeled using the RELMAP (Regional Lagrangian Model of Air
Pollution) model (the model and justification for parameter values used are described in Appendix D).
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The RELMAP model was used to predict the average annual atmospheric mercury concentration and
the wet and dry deposition flux for each 40 km? grid in the continental U.S. The emission, transport.
and fate of airborne mercury over the continental U.S. was modeled using meteorological data for the
year of 1989. Over 10,000 mercury emitting cells within the U.S. were addressed: the emission data
were those presented in Volume II, Inventory of Anthropogenic Mercurv Emissions.

The RELMAP model was originally developed to estimate concentrations of sulfur and sulfur
compounds in the atmosphere and rainwater in the eastern U.S. The primary modification of
RELMAP for this study was the handling of three species of mercury (elemental, divalent, and
particulate) and carbon soot (or total carbon aerosol). Carbon soot was included as a modeled
pollutant because carbon soot concentrations are important in the modeling estimates of the wet
deposition of elemental mercury (Iverfeldt, 1991; Brosset and Lord, 1991; Lindgvist et al., 1991).
RELMAP is more fully described in Chapter 5 and Appendix D.

4.1.2 Estimating Impacts from Local Anthropogenic Sources of Mercury

The mercury concentrations in the atmosphere and deposition rates that occur as a result of
mercury emissions from a single source were predicted using a version of COMPDEP (COMPlex
terrain and DEPosition air dispersion model) specifically modified to address the atmospheric transport
of mercury. A detailed description of this model, including justification for parameter values as well
as the modifications made for this study, are given in Appendix D. Table 4-2 describes the three
primary modifications to COMPDEP.

Table 4-2
Primary Modifications Made to COMPDEP for Exposure Assessment
Modification Rationale
User can specify vapor-particle rauo for each pollutant The transport properties of the two phases can be quite
different
User can specify stahility-class dependent dry deposiuon Algonithms in COMPDEP (v. 93340) used to esumate dry
velocities for vapor phase pollutants deposition velocities are only applicable for particles
User can specify pollutant-dependeat washout ratio that 1s COMPDEP (v. 93340) uses user-specified scavenging
used to esumate wet deposition of vapor phase pollutants. coefficients. Washout ratios were necessary for model
Scavenging coefficient 1s then calculated using hourly consistency with RELMAP modeling.
precipitation rate and muxing height.

COMPDEP uses hourly meteorological data to estimate hourly air concentrations and
deposition fluxes within 50 km of a point source. For each hour, general plume characteristics are
estimated based on the source parameters, including the gas exit velocity, temperature, stack diameter,
stack height, wind speed at stack top, atmospheric stability conditions for that hour.

4.1.3 Estimating Environmental Concentrations

Atmospheric mercury concentrations and deposition rates estimated from RELMAP and
COMPDEP were used as inputs to the calculations of mercury in watershed soils and surface waters.
The soil and water concentrations, in turn, were used as inputs to the calculations of concentrations in
the associated biota and fish, which humans and other animals may consume. Relevant sections of the
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methodology used, called IEM2. are described below: a more complete description is given in
Appendix D. This methodology is derived from the Methodology for Assessing Health Risks

Associated with Indirect Exposure to Combustor Emissions (U.S. EPA, 1990) as updated in an
Addendum (U.S. EPA 1994, external review draft).

[EM2 uses the deposition of atmospheric chemicals to perforn mass balances on a watershed
soil element and a surface water element, as illustrated in Figure 4-1. The mass balances were
performed for total mercury, which was assumed to speciate into three components: elemental
mercury, divalent mercury, and methylmercury. The fraction of mercury in each of these components
was specified for the soil and the surface water models. Total pollutant inputs and chemical properties
were given for the individual mercury components, and the overall mercury transport and loss rates
were calculated by the methodology.

Figure 4-1
Overview of the IEM2 Watershed Modules
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l Dry] Wet

Volatilization
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B
Erosion
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transformation

Transformation

Leaching

Burial
Definitions for Figure 4-1
Coonl chemical concentration in upper soil mg/L
C,, chemical concentration in water body mg/L
Cim vapor phase chemical concentration in air pg/m’>
D45 average dry deposition to watershed mg/yr
yws average wet deposition to watershed mg/yr

IEM?2 first performs a terrestrial mass balance to obtain mercury concentrations in watershed
soils. Soil concentrations are used along with vapor concentrations and deposition rates to calculate
concentrations in various food plants. These are used in conjunction with soil concentrations to
calculate mercury concentrations in animals that consume the plants or soil. IEM2 next performs an
aquatic mass balance driven using the direct atmospheric deposition in addition to runoff and erosion
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loads trom watershed soils. Methylmercury concentrations in fish were derived from total dissolved
water concentrations using bioaccumulation tactors (BAFs). Derivation of the BAFs are described in
Volume V.

IEM2 was developed to handle individual chemicals, or chemicals linked by kinetic
transformation reactions. The kinetic transformation rates affecting mercury components in soil, water.
and sediments -- oxidation, reduction, methylation, and demethylation -- were considered too uncertain
to implement in [EM2 for this study. The I[EM2 methodology was expanded to handle multiple
chemical components in a steady-state relationship. The fraction of each chemical component in the
soil and water column was specified. The methodology predicts the total chemical concentration in
the watershed soils and the water body based on pollutant inputs and dissipation rates specified for
each of the components.

The model tracks the buildup of watershed soil concentrations over a period of years given a
steady depositional load and long-term average hydrological behavior. Its calculations of average
water body concentrations are less reliable for unsteady environments, such as streams, than for more
steady environments, such as lakes.

4.1.4 Method of Estimation of MethylMercury Concentration in Freshwater Fish

To predict mercury concentrations in fish, a bioaccumulation factor (BAF) approach was used
in this effort instead of the bioconcentration factor approach described in U.S. EPA (1990). Uptake of
pollutants from water alone is generally expressed as a fish:water bioconcentration factor (BCF). BCF
is the ratio of fish tissue concentration to steady-state water concentration. A bioaccumulation factor
measures the total pollutant uptake rate from water, diet and sediments and is generally derived from
field studies.

The BAF selected was that used in Volume V of this Report to Congress. It is based on a
modification of the concept described in the 1993 U.S. EPA Great Lakes Water Quality Initiative,
which had previously developed a BAF for mercury of 130,440, based on total measured mercury (all
species) in water. An estimate of uncertainty and variability of the BAF was also developed and is
described in Volume V.

The current approach utilized data collected on total dissolved mercury and the total mercury
concentration in trophic level 3 fish (e.g., gizzard shad) to estimate a methylmercury BAF for trophic
level 3 fish. A predator-prey factor was then applied to estimate methylmercury concentrations in
trophic level 4 fish (i.e., piscivorous fish such as bass or pike). For more details concerning the
structure of the aquatic food chain assumed to occur in the lakes of this assessment, please refer to
Volume V of this Report and Appendix A of Volume V. The values used in the deterministic
assessment for the BAF are 66,200 L/kg and 335,000 L/kg for trophic levels 3 and 4 fish, respectively.

4.2 Description of Modeling Scenarios

In this analysis the fate, transport and exposure to mercury were modeled at two different
hypothetical sites: one configured to simulate a site in the eastern U.S. and one in the western U.S.
Three different settings were overlayed on each site: rural, urban, and lacustrine. Each setting was
associated with different exposure scenarios. Hypothetical home gardeners and subsistence farmers
were assumed to occupy the rural setting. Three different hypothetical urban dwellers were assumed
to occupy the urban setting. Hypothetical recreational anglers, high-end local fish consumers and
piscivorous wildlife were assumed to occupy the lacustrine setting.
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421 Description of Hypothetical Sites and W atersheds

Two generic sites were considered: a humid site east of 90 degrees west longitude. and a less
humid site west of 90 degrees west longitude: these correspond to sites 1 and 6 in Appendix B. The
primary differences between the two hypothetical locations are the assumed erosion characteristics for
the watershed and the amount of dilution flow from the water body. The eastern site was defined to
have steeper terrain in the watershed than the western site.

A circular lake was modeled with a diameter of 1.78 km and average depth of 5 m, with a 2
cm benthic sediment depth. As suggested in EPA (1990), a 15 to 1 ratio was assumed for the
watershed area to surface water area; therefore, the watershed area was 37.3 km?.

The type of water body modeled in this study received mercury from both direct deposition
and from runoff/erosion. This kind of lake is sometimes called a drainage lake, in contrast to a
seepage lake, which Yeceives mercury primarily from direct deposition alone.

4.2.2 Description of Hypothetical Exposure Scenarios

For the analyses that were conducted for this report, the fate of deposited mercury was
examined in three types of settings: rural (agricultural); lacustrine (or water body); and urban. These
three settings were selected because they encompass a variety of settings and because each is expected
to provide a "high-end” mercury concentration in environmental media of concern for human or
wildlife species exposure; for example, elevated mercury concentrations are expected in the waters of
lakes near mercury emission sources.

In general, exposure scenarios are real or hypothetical situations that define the source of
contamination, the potential receptor populations, the potential pathway(s) of exposure and the
variables that affect the exposure pathways. For this study, these exposure scenarios included the total
amount of food derived from affected areas and the extent of mercury contamination of these food
sources. For an exposure assessment which is meant to represent a broad base of potential exposures,
it is not practical to model many different types of farms, gardens, etc. As for the rest of the study, a
limited number of representative, generalized types of activities have been modeled.

Human exposure to environmental mercury is the result of mercury concentrations at specific
human exposure points (e.g., ingested fish). For each location and setting, mercury exposure was
estimated for individuals representing several specific subpopulations expected to have both typical and
higher exposure levels. The individuals representing the subpopulations were defined to model
average and high-end exposures in three settings: rural, urban, and lacustrine. In this section each
subpopulation is discussed. A more detailed description of the values chosen for parameters of the
exposure assessment is given in Appendix A. Table 4-3 summarizes the hypothetical scenarios
considered as well as the exposure pathways considered in each scenario.
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‘ 4.2.2.1 Summary of Exposure Parameter Values

To a large degree, there are only a few parameters that vary across these scenarios. Table 4-4
categorizes exposure parameters as invariant or variant with each scenario. A complete list of the
values used and rationale for these values is given in Appendix A.

Table 4-4
Potential Dependency of Exposure Parameters

Parameters Constant Across Scenarios Parameters that i’otentially Change Across
Scenarios
Body weight Fish ingestion rates
Exposure duration Contact fractions for vegetables, animal products, and
water
Inhalation rate Contact time for inhalation

Animal and vegetable consumption rates | Child soil ingestion rates
. Adult soil ingestion rates
Drinking water ingestion rates

Table 4-5 shows the default values for the scenario-independent parameters for both the child
and adult receptors, and Table 4-6 shows the default values for the scenario-dependent exposure
parameters. The technical bases for these values are in Appendices A and B. The hypothetical
scenarios are discussed in more detail in the following sections.

Consumption rates, bioconcentration factors, and biotransfer factors may be derived based on
tissue (plant, animal, and dairy) weights on either a wet or dry basis. Wet weight and dry weight are
related by this formula:

Dry Weight = Wet Weight / (1 - moisture content)

It is critical that parameters used together are consistent based on either dry weight or wet weight.
Many plants are nearly 90% water, and a mix of wet and dry weight modeling parameters can result in
a ten-fold error. The fish BAF and fish consumption rates in this Report were calculated using wet
weight values. Consumption rates, plant bioaccumulation factors, and animal biotransfer factors were
all based upon dry weights of tissues.

Animal and plant consumption rates as well as inhalation rates are constant across exposure
scenarios. The contact fraction changes generally across the exposure scenarios. The contact fraction
' represents the fraction of locally-grown or affected food consumed. Typically, in exposure "
assessments the higher the contact fraction the greater the exposure.
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Table 4-5

Default Values of Scenario-Independent Exposure Parameters

e —

2 See Appendix A for details regarding these parameter values.
® DW= dry weight; BW = bodyweight.

Tine 19QA 4_R

Default Value®
Parameter Adult Chiid
Body weight (kg) ) ﬂ—70 17
Exposure duration (years) 30 18
Inhalation rate (m3/day) 20 16
Vegetable consumption rates (g DW/kg BW/day)b
Leafy vegetables 0.028 0.008
Grains and cereals 1.87 3.77
Legumes 0.331 0.666
Potatoes 0.17 0.274
Root vegetables 0.024 0.036
Fruits 0.57 0.223
Fruiting vegetables 0.064 0.12
Animal Product Consumption rates (g DW/kg BW/day)
Beef (excluding liver) 0.341 0.553
Beef liver 0.066 0.025
Dairy ) 0.599 2.04
Pork 0.169 0.236
Poultry 0.111 0.214
Eggs 0.073 0.093
Lamb 0.057 0.061
Soil Ingestion rates (g/day) 0.1 Scenario-
dependent
Water ingestion rate (L/day) 2 | 1

) ‘
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+.2.2.2 Description of Hypothetical Rural and Urban Exposure Scenarios

Both a high-end and average rural scenario were evaluated. The high-end scenario consisted
of a subsistence farmer and child who consumed elevated levels of locally grown food products. It
was assumed that each farm was located on a square plot of land with an area 40,000 m’
(approximately 10 acres). The subsistence farmer was assumed to raise livestock and to consume
home-grown animal tissue and animal products, including chickens and eggs as well as beef and dairy
cattle. All chicken feed was assumed to be derived from non-local sources. For bovines, 100% of the
hay and corn used for feed was assumed to be from the local area. It was also assumed that the
subsistence farmer collected rainwater in cisterns for drinking.

In the urban high end scenario, it was assumed that the person had a small garden similar in
size to that of the average rural scenario. To address the fact that home-grown fruits and vegetables
generally make up a smaller portion of the diet in urban areas, the contact fractions were based on
weight ratios of home-grown to total fruits and vegetables consumed for city households. These
fractions can be up to 10 times smaller than the values for rural households, depending on food plant
type (see Table 4-6 and Appendix A). Exposure duration for inhalation was 24 hours per day. The
high-end urban scenario included a pica child.

An average urban scenario consisted of an adult who worked outside of local area. The
exposure duration for inhalation, therefore, was only 16 hours a day compared to the 24 hours a day
for the rural and high-end urban scenarios. The only other pathway considered for this scenario was
ingestion of average levels of soil. -

4.2.2.3 Description of Hypothetical Human Exposure Scenarios for [ndividuals Using Water
Bodies

The fish ingestion pathway was the dominant source of methylmercury intake in exposure
scenarios wherein the fish ingestion pathway was considered appropriate. For this assessment, three
human fish consumption scenarios were considered for the hypothetical lakes: (1) an adult high-end
fish consumer scenario, in which an individual was assumed to ingest large amounts of locally-caught
fish as well as home-grown garden produce (plant ingestion parameters identical to the rural home
gardener scenario), consume drinking water from the affected water body and inhale the air; (2) a
child of a high-end local fish consumer, assumed to ingest local fish, garden produce, and soil as well
as inhale the affected air; and (3) a recreational angler scenario, in which the exposure pathways
evaluated were fish ingestion, inhalation, and soil ingestion. These consumption scenarios were
thought to represent identified fish-consuming subpopulations in the U.S.

Fish for human consumption from local water bodies can be derived from many sources
including self-caught, gifts, and grocery and restaurant purchases. For the purposes of this study, all
fish consumed were assumed to originate from the hypothetical lakes, which were considered to
represent several small lakes that might be present in the type of hypothetical locations considered.
No commercial distribution of locally caught fish was assumed; exposure to locally-caught fish was
modeled for the three fish-consuming subpopulations described above.

Fish consumption rates for the three fish-consuming subpopulations were derived from the
Columbia River Inter-Tribal Fish Commission Report (1994). Other estimates of human fish
consumption rates are reported in Chapter 3 and Appendix H of this document; these estimates
highlight the broad variability in consumption rates. The Columbia River Inter-Tribal Fish
Commission Report (1994) estimated fish consumption rates for members of four tribes inhabiting the
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Columbia River Basin. The estimated fish consumpuon rates were based on interviews with 513 adult
tribe members who lived on or near the reservation. The participants had been selected from patient
registrations lists provided by the Indian Health Service. Adults interviewed provided information on
fish consumption for themselves and for 204 children under 5 years of age. .

Fish consumption rates for tribal members are shown in Tables 4-7 and 4-8. The values used
in this study are shown in Table 4-9. The values listed below reflect an annual average, but monthly
variations were also reported. For example, the average daily consumption rate during the two highest
intake months was 107.8 grams/day, and the daily consumption rate during the two [owest
consumption months was 30.7 grams/day. Fish were consumed by over 90% of the surveyed
population with only 9% of the respondents reporting no fish consumption. The maximum daily
consumption rate for fish reported by one member of this group was 972 grams/day. Since most of
the population consisted of fish consumers (“users” in Chapter 3 and Appendix H), utilization of per
capita estimates was considered appropriate.

Table 4-7
Fish Consumption Rates for Columbia River Tribes

Fish Consumption by Columbia River Tribes® “
Subpopulation Mean Daily Fish Consumption (g/day)
Total Adult Population, aged 18 years and older 59 .
Children, aged 5 years and younger 20
Adult Females 56
Adult Males _ 63 H

2 Columbia River Inter-Tribal Commission, 1994,

Table 4-8
Fish Consumption Rates for Columbia River Tribes: Adults
M Daily Fish Consumption Rates Among Adults
Fish Consumption by Columbia River Tribes®
Percentile grams/day

50th 29-32 |
90th 97-130 “
95th 170 "
o T ||

2 Columbia River Inter-Tribal Commission, 1994.
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Table 4-9
Fish Consumption Rates used in this Study

Subpopulation Fish Consumption Rate (g/day)® '
High-end Adult 60
High-end Child 20

Recreational Angler 30

4 Columbia River Inter-Tribal Commission, 1994.

4.2.2.4 Description of Hypothetical Exposure Scenarios for Piscivorous Birds and Mammals
using Water Bodies

Piscivorous birds and mammals were assumed to inhabit areas adjacent to the hypothetical
lakes considered. As modeled, the piscivorous receptors were exposed to mercury through
consumption of lake fish. The five wildlife species assumed to inhabit the hypothetical water body
were selected because they were considered likely to be exposed to methylmercury through fish
consumption. They were not selected because they were more sensitive t0 methylmercury exposure
than other wildlife. Fish-consuming species were the only groups considered in this assessment
because mercury bioaccumulation is associated primarily with aquatic ecosystems. All five wildlife
species were assumed to consume fish from trophic levels 3 and 4 and to inhabit the aquatic
environment modeled for a lifetime. Mercury concentrations in food sources other than fish and
migratory behaviors were not considered. Table 4-10 lists the species considered, the assumed animal
body weights, fish consumption rates and the trophic level of the fish consumed (U.S. EPA, 1995 and
Volume V of this Report). Dermal, inhalation, and drinking water exposures for ecological receptors
were not modeled in this assessment, and mercury concentrations in other potential food sources such
as amphibians, reptiles, and insects were not considered.

Table 4-10
Fish Consumption Rates for Piscivorous Birds and Mammals (from U.S. EPA, 1993)
I R
Animal Body Weight | Total Ingestion % of Diet % of Diet % of Diet
(kg) Rate (g/day) from Trophic | from Trophic from Non-
Level 3 Fish Level 4 Fish aquatic
sources
Bald Eagle 46 500 74 18 8
Osprey L5 300 100 0 0
Kingfisher 0.15 75 100 0 0
River Otter 74 1220 80 20 0 ‘
Mink 0.8 178 90 0 10
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4.3 Indirect Exposure \[odelmg Results Using Measured Mercury Air Concentrations and
Deposition Rates

The purpose of this section was to illustrate the modeling results using measured mercury air
and soil concentrations and atmospheric deposition rates. A limited comparison ot model outputs with
measured concentrations was included to demonstrate the reasonableness of the modeling predictions.
The human and wildlife exposures to mercury that were predicted to result from the modeled
concentrations are also presented. This demonstrated the impacts of the exposure assessment
assumptions used for the hypothetical populations inhabiting the watershed and water body. It also
provided a forum to discuss the more general features of the exposure assumptions.

A total atmospheric mercury concentration of 1.6 ng/m was used as an input for the modeling
exercise. A total mercury deposition rate of 10 pg/m /yr was assumed to deposit onto the watershed
and water body; 10 ug/m /yr is the sum of 3.5 pg/m /yr a typical particuiate dry deposition rate, and
6.5 ug/m /yr, a typical wet deposition rate. Note that there was no input to the models from dry
deposition of vapor-phase mercury. The watershed soils were assumed to have mercury concentrations
of 50 ng/g. Table 4-11 lists the input values.

These modeling inputs for the air and soil concentrations as well as the deposition rates are
supported by a substantial body of recent, peer-reviewed reports of mercury measurements at sites in
the U.S. Brief descriptions of some reported atmospheric and soil mercury concentration
measurements were presented in Chapter 2 of this Volume. The input values selected were from the
low-end of the reported ranges. For example, most of the collected deposition data were from sites
located some distance from large emission sources. The values used in this modeling exercise were
thought to be representative of remote sites that are influenced by distant emission sources and the
natural background concentrations.

Table 4-11
Values Assumed for Demonstration Application of Water body and Exposure Models

Parameter Value

Total Mercury Air Concentration (ng/m3)

Total Mercury deposition rate to watershed and water body (ug/mZ/yr) 10

Total Mercury Soil Concentration in watershed soil (ng/g) 50

4.3.1 Mercury Concentrations Predicted for Water Bodies

Using an assumed deposition rate of 10 ug/mzlyr, the total load to the water body from direct
deposition was 22 g/yr for both the western and eastern sites. Other loads to the water body include
erosion and runoff from the watershed. These were calculated using the assumed soil concentration of
50 ng/g, and load due to gaseous diffusion, which is calculated based on the assumed air concentration
of 1.6 ng/m3. The total load to the water body for the eastern and western sites is 185 g/yr and
128 g/yr, respectively.

Figure 4-2 shows the predicted steady-state breakdowns of the total mercury influxes and
outfluxes for the water body for the two hypothetical watersheds and water bodies considered. At
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Figure 4-2

Predicted Steady-state Watershed Dynamics for Eastern and Western Sites Using Mercury Air
Concentration of 1.6 ng/m>, Deposition Rate of 10 ug/m /yr, and Soil Concentration of 50 ng/g
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steady-state, it is assumed that the influxes of mercury are equal to the outfluxes. There are three
types of loss processes considered: sedimentation/burial, in which the mercury is lost to the water
body bed; volatilization from the water body; and advective loss of mercury from the water column
due to dilution flow through the water body.

There is a large difference between the assumed dilution flow for the two water bodies. The
dilution flow m3/yr was caiculated using the values given in U.S. EPA (1985) in conjunction with the
catchment area (see Appendix B). The value calculated for the dilution flow in the eastern site was
1.4x107 m3/yr, while the value calculated for the western site was 1.4x10° m3/yr.

Table 4-12 shows the erosion parameters assumed, as well as the calculated erosion
characteristics of each water body. Details regarding the selection of these parameters are provided in
Appendix B. The steeper terrain of the eastern site as embodied in the higher erosivity and
topographic factors is balanced by the lower cover fraction indicative of the type of forest watershed
assumed. The western site, while flatter, is not assumed to have the same type of erosion-reducing
cover as the eastern setting.

Table 4-12
Comparison of Watershed Erosion Characteristics for the Hypothetical Watersheds

Parameter Eastern Site Western Site

Erosivity factor (/yr) 200 53
Erodibility factor (tons/acre) 0.3 0.28
Topographic factor (unitless) 2.5 0.4

Cover management factor (unitless) 0.006 0.1

Predicted soil loss from watershed 0.9 0.6
(tons/acre/yr)

Sediment delivery ratio 0.2 0.2

Amount of eroded soil reaching water body 0.18 (40815) 0.12 (27210)
from watershed per unit area; tons/acre/yr g

(kg/km?/yr)

Pollutant Enrichment factor (unitless) 2 2

Total mass of soil reaching water body per 1.50x10° 9.88x10°
year (kg/yr)®

Flux of mercury to water body from erosion 152 100
(g/yn)°

2 Based on watershed area of 37.3 km?.
b Based on soil concentration of 50 ng/g in watershed soil.
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Based on the assumed average soil concentration of 50 ng/g in the watershed soil and the total ‘
watershed area, the amount of transport of mercury to the water body from the watershed was
approximately four to six times that from direct deposition alone for the two water bodies. This type
of predicted behavior was in contrast t0 “seepage” lakes, which receive most of their total load of
mercury from the atmosphere alone. Despite the differences in parameterizations, the predicted total
mercury water concentrations were similar at both sites: 1.03 ng/l at the eastern site and 1.01 ng/l at
the western site.

Sedimentation plays a large role as a mercury loss process for the lakes at both sites. This
was predicted due in part to the large benthic sediment partition coefficients used, which were based
on calibrations as described in Appendix C.

Table 4-13
Predicted Surface Water and Benthic Sediment Concentrations for the Hypothetical Water
Bodies Using Mercury Air Concentration of 1.6 ng/m3, Deposition Rate of 10 ug/mzlyr, and
Soil Concentration of 50 ng/g

Eastern Setting

Western Setting

Total Mercury Water Concentration (ng/l)

1.03 1.01
Percent of Mercury dissolved 71 77
Predicted suspended sediment concentration (mg/1) 3.20 2.17

111 119

Total Mercury Benthic Sediment Concentration (ng/g)

Volatilization was predicted to be of similar importance at both sites, although the exact
percentages may vary depending on the air concentrations and deposition rates.

4.3.2 Mercury Concentrations Predicted in Biota by IEM2 Modeling Using Measured Concentrations

4.32.1 Concentrations in Fish

In this section the predicted water concentration for the two sites was used to estimate the
methylmercury concentrations in trophic level 3 and 4 fish. This was done by multiplying the total
dissolved mercury concentration in the water body by the trophic level 3 or 4 fish bioaccumulation
factors.

Although the total mercury concentration in water was slightly higher for the eastern setting
than for the western setting, the dissolved concentration was higher for the western setting. The
fraction dissolved depended on the suspended sediment partition coefficients for the mercury species
and the total suspended sediment in the water body. Because more sediment was predicted to be
transported into the eastern water body, more of the mercury was in the suspended sediment, resulting
in a lower fraction of dissolved mercury. ‘

The methylmercury concentration in the contaminated fish was determined by multiplying the
total dissolved mercury concentration in water by a BAF (derivation is described in Volume V). The
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higher the dissolved mercury concentrations in the local waters. the proporuonally greater the mercury
concentration in the fish will be. The concentrations of methylmercury in fish were also influenced by
fish diet. In the four-tier trophic food chain model used in this Report, fish were assumed to feed at
two levels. Trophic level 3 fish were assumed to feed on plankton which are predicted to be
contaminated with comparatively low levels of methylmercury. Trophic level 4 fish were assumed to
feed on trophic level 3 fish, which have higher methylmercury concentrations than the plankton. The
BAF of 66,200 L/Kg for trophic level 3 fish was estimated using several sets of data on measured
mercury concentrations in fish and water. The BAF for trophic level 4 of 335,000 L/Kg) was
estimated by applying a predator-prey factor (of approximately 5) to the bioaccumulation factor
estimated for trophic level 3 fish.

With this approach, it takes very little dissolved mercury in a water body to result in elevated
predicted methylmercury concentrations in fish. This reflects the observed data, as the BAF was
derived from field studies. By using the median of the distribution for the BAF for the trophic level 4
fish of 335,000 L/kg, a methylmercury fish concentration of at least 1 ug/g (ug/g) was predicted
whenever the dissolved mercury water concentration exceeded 3 ng/l. Interpreted probabilistically, this
implies that approximately half of the water bodies with a dissolved water concentration above 3 ng/l
would be expected to have fish concentrations exceeding 1 ug/g.

The values predicted using the predicted water concentrations for the two sites are shown in
Table 4-14,

Table 4-14
Predicted Methylmercury Concentrations in Fish (ug/g) for the Hypothetical Water
Bodies Using Mercury Air Concentration of 1.6 ng/m”, Deposition Rate of 10 ug/mz/yr,
and Soil Concentration of S0 ng/g

Predicted Fish Concentration (ug/g)

Eastern Site Western Site
Trophic Level 3 Fish 0.048 0.051
Trophic Level 4 Fish 0.243 0.261

The next table shows the percentiles of the methylmercury concentration in fish based on a
dissolved water concentration of 0.7 ng/l. This shows the predicted wide variability in fish
methylymercury concentrations that may occur as the result of a relatively low water concentration.
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Table 3-15 ‘

Percentiles of Predicted Methylmercury Concentrations in Fish (ug/g) based on a
Total Mercury Dissolved Water Concentration of 0.7 ng/L

Percenule of Distribution
Geometric 5th 25th 50th 75th 95th
Mean
Trophic 3 BAF (Lkg) 6.62e+04 6.40e+03 | 2.54e+04 6.62e+04 1.72¢+05 6.84e+03
Predicted Fish Concentration (ug/g) 0.046 0.004 0.018 0.046 0.121 0.479
Trophic 4 BAF (L/kg) 3.35e+05 2.27e+04 1.11e+05 3.36e+03 1.00e+06 4.70e+06
Predicted Fish Concentration (ug/g) 0.235 0.016 0.078 0.235 0.700 3.290
These results show how there is a likelihood that the fish concentration exceeds 1 ug/g using the
dissolved water concentrations of only 0.7 ng/l.
4.3.2.2 Concentrations in Other Biota
In this section the predicted soil and water concentrations are used to estimate environmental ‘

concentrations. Because the air concentration, deposition rate, and soil concentration are the same for
both sites, the biota concentrations are identical; only a single set of results are presented.

Green Plant Concentrations. Table 4-16 shows the predicted plant concentrations based on the
assumed air concentration of 1.6 ng/m3, deposition rate of 10 ug/mzlyr, and soil concentration of 50
ng/g. Three routes by which plants can take up mercury are addressed here: root uptake, whereby the
plant is assumed to take up mercury from the soil; direct deposition, whereby the mercury deposited
on the plant shoot from atmospheric deposition transfers to the plant; and air-to-plant transfer, whereby
the mercury in the air is transported through the stomata into the plant.

The mercury in potatoes and root vegetables results solely from root uptake since no air-to-
plant uptake was assumed to occur for these plants (Appendix A). For leafy vegetables, all the
mercury was predicted to be from air uptake since no root uptake was assumed to occur. For grains,
legumes, fruits and fruiting vegetables the bulk of mercury was also modeled to result from air uptake
of elemental mercury and transformation to other species; note, however, that the air and soil
biotransfer factors were calculated based on a conservtive premise that each could acount for all the
mercury measured in a green plant. This was done because the soil concentrations used for this
demonstration are several times lower than the soil concentrations from the Cappon (1981 and 1987)
studies from which the soil BCFs were derived. For more details pertaining to the plant-soil BCF
please see Appendix A of this volume.

Hanson et al. (1994) stated that "dry foliar surfaces in terrestrial forest landscapes may not be
a net sink for atmospheric elemental mercury, but rather as a dynamic exchange surface that can ‘
function as a source or sink dependent on current mercury vapor concentrations, leaf temperatures,

surface condition (wet versus dry) and level of atmospheric oxidants." Similarly, Mosbaek et al.
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(1988) showed that most of the mercury in leafy plants is attributable to air-leaf transfer. but that for a ‘
given period of time the amount of elemental mercury released from the plant-soil system greatly
exceeds the amount collected from the air by the plants. It is also likely that many plants accumulate
airborne mercury to certain concentrations, after which net deposition of elemental mercury does not
occur. This is also a function of the large area of uncertainty in deriving soil-to-plant and air-to-plant
BCFs for mercury due to the wide variation in values among different studies. This is described in
appendix A, sections A.2.2, A.2.2.1 and A.2.2.2. In fact, a single air-to-plant BCF of 23,000, to be
split into divalent mercury and methylmercury air-to-plant BCFs according to the mercury speciation
in plants determined by Cappon (1981,1987), was chosen as the default value for ail plant types
assumed to be able to accumulate mercury from the atmosphere. For grain and legumes the air-to-
plant transfer factor of 23,000 was reduced by a factor of 20. This accounted for the observation that
mercury concentrations in the portions of the plants typically consumed by humans are 20 times lower
than the mercury concentrations in the plant tissues for which the BCF was derived (John, 1972;
Cappon, 1981; and Somu et al., 1985). See Appendix A. Although similar phenomena may occur in
fruits and fruiting vegetables, no data were available to modify the derived air-to-plant transfer factor.

In general, using the air concentration, wet deposition and soil concentration discussed above,
the plant uptake of mercury is predicted to be dominated by either root uptake or air-to-plant transfer.
For areas in which the deposition rate is significantly higher, direct depositicn may be a more
important pathway. Similarly, the root uptake pathway may be more important in areas with higher
soil concentrations.

Mercury Concentrations in Animal Products. The concentrations in animal products were
calculated by multiplying the total daily intake of a particular species of mercury by a transfer factor
that can depend on the animal species and tissue. The animals considered may be exposed to mercury
via four possible pathways: ingestion of grain, forage, silage, or soil. The contribution from these
pathways depends on both the predicted concentration in the plant or soil and the ingestion rate for a
particular pathway.

Table 4-17 shows the predicted animal concentrations of divalent and methylmercury.

For beef and dairy products, most of the intake of mercury is from forage and silage because
these plants are assumed to make up over 80% of their total diet (see Appendix A). The predicted
concentration for beef liver is slightly higher than that for beef due to a higher transfer factor for beef
liver. For pork and poultry products, more grain is assumed to be ingested than forage or silage,
resulting in most of the exposure to mercury through consumption of grain.

4.3.3 Results for Hypothetical Exposure Scenarios

Based on the predicted concentrations in biota and using the hypothetical exposure scenarios
described in the previous sections, the predicted human intake rates for each scenario are shown in
Table 4-18. Tables 4-19 and 4-20 show each pathway’s contribution to the total exposure rate.

In general, exposure to mercury is dominated by indirect exposure for any scenario that
includes an ingestion pathway other than soil. Furthermore, exposure tends to be dominated by either
divalent or methylmercury species rather than elemental mercury. For the agricultural scenarios,
divalent mercury is the dominant exposure. For the scenarios that include fish ingestion,
methylmercury dominates exposure.
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‘ Rural Scenarios

For the rural scenarios considered, exposure to divalent mercury accounted for approximately
90% of the total mercury exposure. The primary exposure pathway is from plant products which
account for 70-90% of the total mercury exposure. Most of the exposure through plant products 1s
from consumption of fruits. Most of the mercury predicted to occur in fruits is the results of air-to-
plant transter. There is a great deal of uncertainty regarding the magnitude of air to plant transfer of
mercury (see Appendix A).

The rural subsistence farmer receptors are predicted to have about twice as much exposure to
mercury as the rural home gardener. Thus, although there are many differences between the two rural
scenarios as parameterized here, the end results are not substantially different because exposure is
dominated by plant pathways, and the differences between scenarios are not as significant for these
pathways.

Exposure to mercury from milk (dairy) dominates exposure from animal products for the high
end rural scenario considered (total of seven types of animal products are assumed to be consumed).

Urban Scenarios

The results for the urban scenarios are independent of the water body results. For the urban
average scenario, the only exposure pathways considered are inhalation and ingestion of soil. For the
urban high end scenario, the ingestion of home grown produce is considered as well, although with

. lower contact fractions than for the rural home gardener scenario.

For the urban average scenarios, exposure to mercury from the inhalation route dominated
exposure. The urban high-end scenario included a small garden to the urban average scenario, with
the result that similar contributions to the total divalent mercury and methylmercury exposures
occurred as for the rural home gardeners. The urban high-end adult receptor had a predicted mercury
exposure of about one-third that of the rural home gardener. The high end urban child scenario
consisted of a pica child assumed to ingest 7.5 grams of soil per day. The exposure rate is then
proportional to the assumed soil concentration, which in this case is 50 ng/g.

Fish Ingestion Scenarios

It was assumed that the high-end fish consumer eats fish from the affected freshwater lake on
a daily basis; that is, seasonal consumption rate variation was not addressed. This individual is the
most exposed person to methylmercury in this assessment, and was predicted to be exposed to
approximately twice the level of methylmercury to which the recreational angler is exposed to. On a
gram per bodyweight basis, the high-end fish-consuming child was the maximally exposed
subpopulation. This is based on the consumption rate and the bodyweight, and is consistent with the
data presented in Chapter 3 and Appendix H.

For the fish ingestion scenarios, intake of mercury was mainly the methylmercury species.
Although intake of methylmercury via plants and soil is considered in the subsistence fisher scenario,
it accounts for less than 0.5% of the total methylmercury intake. For the high end scenario, however,
in which home-grown vegetables are consumed, divalent mercury primarily from green plant
‘ consumption was predicted to account for about 5% of the total mercury intake. The recreational
angler was assumed to be exposed to mercury via fish, soil and water consumption. Exposure via soil
and water however, accounted for less than 0.1% of the total mercury intake.
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4.3.3.2 Predicted Methylmercury Intakes for Wildlife Receptors .

The exposure of three birds and two mammals to methylmercury through ingestion of
methylmercury-contaminated fish was estimated, and the results are shown in Table 4-21. The
exposure of these wildlife receptors to mercury may occur through other routes as well: e.g., the
ingestion of mercury-contaminated drinking water and food sources other than fish. inhalation of
atmospheric mercury, and dermal uptake through soil and water. Fish consumption is thought to be
the dominant mercury exposure pathway for piscivorous accounting for most exposure to mercury,
because methylmercury bioaccumulates to such a great extent in their food source, fish. Consequently,
an analysis of these wildlife receptors’ methylmercury contact rate based only on the daily ingestion
rate of fish is logical and appropriate. The piscivorous bird’s or mammal’s estimated methylmercury
contact rate from fish consumption were based on two important factors: the methylmercury
concentration in the fish and the daily amount of fish eaten.

The ratio of grams fish consumed per day to piscivore body weight is important in estimating
methylmercury exposure on a g/Kg Bw/day basis. The greater this ratio the higher the resulting
mercury exposure, assuming mercury concentrations in fish consumed are constant.

By using the relationship for mercury described by the four-tier trophic food chain model (i.e.,
the BAFs specific for fish in trophic levels 3 and 4), the estimates of the animal’s daily fish
consumption rates from each trophic level and the body weight of the animal, the rates of
methylmercury exposure (in mg/Kg BW/day) for the animals in this hypothetical environment can be
ranked. This ranking is independent of the actual fish methylmercury concentrations as long as the
predator-prey factor is the same. The piscivore exposure ranking from highest to lowest is the
following:

Kingfisher > River Otter > Osprey,Mink > Bald Eagle

The ranking demonstrates the importance of three factors: the trophic level which the
piscivore consumes, the daily consumption rate and the ratio of daily fish consumption rate to body
weight. Despite consuming a comparatively small amount of the trophic level 3 fish, the kingfisher
ranks first as having the highest mercury exposure per individual. This is atiributable to the high food
consumption per bodyweight for this species.

4.4 Summary of IEM2 Model Results

In this chapter the watershed, water body, food chain and exposure rnodels of IEM2 were run
using a mercury air concentration of 1.6 ng/m3, a mercury deposition rate of 10 ug/mZ/yr, and
watershed mercury soil concentration of 50 ng/g. These values had been measured in the environment.

Environmental Media Modeling

The predicted surface water and benthic sediment mercury concentration at both the eastern
and western site were within the range of measured mercury concentrations for these media. At both
sites, most (about 80%) of the input of mercury to the water body was predicted to be from erosion
and runoff rather than direct deposition. Similarly, burial of the mercury in the water body bed was
predicted to be the dominant loss process of mercury, accounting for more than 85% of the mercury
outflow at both sites. Volatilization of mercury from the water body was predicted to be slightly
larger at the western site due to the differences in climate.
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Biota Modeling ‘

The predicted concentrations and speciations of mercury in green plants were within the range
of measured concentrations. The mercury concentrations in green plants were the result of direct
deposition onto exposed foliar surfaces, air-to-plant transfer and soil-to-plant transfer. As modeled in
this assessment, most of the mercury predicted to occur in green plants was the result of air-to-plant
transfer for those types of green plants for which this route of transter was deemed appropriate. The
plants for which air-to-plant transfer was not considered were potatoes and root vegetables. The
contribution of air-to-plant transfer in the overall plant burden of mercury is uncertain. Of the types of
green plants considered, this uncertainty is largest for fruits and fruiting vegetables. The predicted
concentrations for these plant types were at or slightly above the upper end of the range of observed
values.

The predicted mercury concentrations in all animal products except fish were low. This was
the result of generally low concentrations in plants and small plant-to-animal and soil-to-animal
biotransfer factors. The dominant exposure pathway for &nimals was predicted to occur through )
ingestion of plant products.

Mercury concentrations in fish were predicted to be the highest of the biota considered.
Mercury concentrations in fish were the product of the bioaccumulation factor and the dissolved
concentration of mercury in surface water. The predicted mercury concentrations in fish were within
the range of reported values. The predicted concentrations of mercury in fish at the two sites were
consistent with the mean of reported values in Bahnick et al. (1992). There was a great deal of
uncertainty and variability associated with uptake of mercury by fish.

Human and Wildlife Exposure Modeling

Human exposure to mercury was predicted to be dominated by indirect routes of exposure
except for the hypothetical average urban dweller. This individual was assumed to be exposed to
mercury from inhalation and soil ingestion only. Furthermore, exposure tends to be dominated by
either divalent or methylmercury species. For the agricultural scenario, divalent mercury dominates
mercury exposure, and for scenarios that include fish ingestion, methylmerucry dominates mercury
exposure.

For those hypothetical individuals exposed through consumption of both green plants and
animal products, mercury exposure through consumption of green plants was greater than through
consumption of animal products. This was the result of low plant-to-animal and soil-to-animal
biotransfer factors when compared to the air-to-plant biotransfer factors. Of the green plants
considered, exposure to mercury from fruits and fruiting vegetables was the largest. There is
uncertainty in this result due to uncertainty in the role air-to-plant transfer plays for uptake of mercury
for these plant products. Of the animal products considered, exposure to mercury was predicted to be
the largest from dairy products.

Those hypothetical humans who were assumed to consume fish had the highest exposures.
This was a result of the bioaccumulation factor for fish. Methylmercury was the primary species to
which these individuals were exposed. On a per body weight basis, children were predicted to be
more exposed than adults.

The piscivorous animals with the highest fish ingestion rate (per body weight) generally had
the highest methylmercury intakes, except in cases where a piscivorous species was assumed to prey
more heavily on trophic level 4 fish.
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S. LONG RANGE TRANSPORT ANALYSIS

5.1 Description of the Analytic Approach

5.1.1 Obijectives

The goal of this analysis was to model the emission, transport, and fate of airborne mercury
over the continental U.S. using the meteorologic data for the year of 1989. The results of the
simulation were intended to be used to answer a number of fundamental questions. Probably the most
general question was "How much mercury is emitted to the air annually over the United States, and
how much of that is then deposited back to U.S. soils and water bodies?" A second question was that
of the contribution by source category to the total amount of mercury emitted and the amount
deposited within the U.S. In order to answer the questions about the source relative depositions,
information on chemical and physical forms of the mercury emissions from the various source
categories was needed since these characteristics determine the rate and location of the wet and dry
deposition processes for mercury.

The intent of the analysis was to determine which geographical areas of the United States
having the highest and lowest amounts of deposition from sources using the overall results of the long-
range transport modeling effort nation-wide. This analysis was expected to contribute understanding
of the key variables, such as source location, chemical/physical form of emission, or meteorology, that
might contribute to the outcomes. These long-range modeling efforts were also intended to be used
for comparison with local impact modeling results, essentially to estimate the effects of hypothetical
new local sources in relation to the estimated effects from long-range transport.

5.1.2 Description of the Long-range Transport Model Used

) To estimate the nationwide concentration and deposition patterns for airborne mercury, the
Regional Lagrangian Model of Air Pollution (RELMAP) was adapted to simulate the emission,
transport and diffusion, and wet and dry deposition of elemental mercury vapor (Hgo), divalent
oxidized mercury gases (Hg2+), and particle-bound mercury (Hgp). The RELMAP was originally
designed to simulate sulfur dioxide (SO,) and sulfate (SOi‘). An evaluation of the model was
performed for those pollutant species (Eder et al., 1986). The RELMAP provides a continual
accounting of pollutant mass balances during the simulation process so that the user is assured that no
pollutant mass is being created or destroyed by systematic numerical errors.

The RELMAP simulates long-range pollutant transport and diffusion in terms of individual
pollutant puffs generated at regular time intervals at their source location with each puff moving
independently within a predefined horizontal area. The puff motion is determined by predefined wind
fields, with the wind flow vectors defined on a latitude-longitude grid covering the modeled area.
Pollutant deposition to the surface by precipitation (wet deposition) is estimated using observed hourly
precipitation data that are also analyzed on this latitude-longitude grid. For the RELMAP mercury
simulations, the modeling grid resolution was set to %2 degree longitude by ¥ degree latitude to
approximate a 40-km square. Pollutant concentrations and depositions to the Earth’s surface were
calculated for each rectangular shaped area, or grid cell, defined by the array of grid points in the
latitude-longitude grid. u

For large modeling domains, such as that in this study for the lower 48 United States, the
pollutant emissions from the many individual sources within each grid cell were totaled, and a single
pollutant puff was generated at the cell center to represent all sources in that cell. These puffs were
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generated on a regular time interval. in this case three hours, and the mass ot the pollutant in the puff
was the total of all emissions in the grid cell during that three-hour model time step. The puff was
moved horizontally by the wind. horizontal diffusion was modeled by puff expansion. and the
potlutant mass in the puff was distributed vertically in four layers between the Earth’s surface and the
top of the Planetary Boundary Layer (PBL). The PBL is the lowest portion of the atmosphere and is
the layer most directly atfected by physical and chemical interactions with the Earth’s surface. As the
puff moves, it is acted upon by precipitation (wet deposition) and dry deposition processes which
remove some of the pollutant mass and deposit it to the surface. There may also be chemical
processes within the puff which create or destroy particular pollutants. Due to the long atmospheric
lifetime of mercury emissions compared to the sulfur compounds the RELMAP was originally
designed to simulate, a PBL venting process was included to simulate the gradual leakage of pollutants
into the free atmosphere above. The venting, dry deposition, wet deposition, and chemical
parameterizations used in this modeling effort are described in detail in Appendix D. When the
pollutant mass in a puff was depleted to a predefined limit, the puff was dropped from the'model and
any remaining pollutant was ignored for the remainder of the simulation. Also, if the puff was moved
out of the horizontal model domain by the wind it was dropped from the simulation and its remaining
pollutant load was ignored.

U.S. EPA’s modifications to the RELMAP for atmospheric mercury simulation were heavily
based on recent Lagrangian model developments in Europe (Petersen et al., 1995). The mercury
version of RELMAP was developed to handle the three types of mercury mentioned above, as well as
carbon soot. Recent expenmental work indicates that ozone and carbon soot are both important in the
wet deposition of Hg Carbon soot, or total carbon aerosol, was included as a modeled pollutant in
the mercury version of RELMAP to provide necessary information for the H'J wet deposition
parameterization. The Agency was able to obtain observed O; air concentration data from its
Aerometric Information Retrieval System (AIRS) and from the ACIDMODES field study. Thus, O,
was not included as an explicitly modeled pollutant. Methylmercury was not included in the mercury
version of RELMAP because it is not yet known if it has a primary natural or anthropogenic source or
if it is produced in the atmosphere.

For the RELMAP mercury modeling study, each of the source types modeled was assumed to
emit mercury in a-particular distribution of chemical and physical forms. These form distributions, or
speciation factors, define the estimated fraction of mercury emitted as Hg I—[g , or Hg these were
adopted from Petersen et al. (1995). Since there remains considerable uncertainty about ng
attachment to particles, an alternate emission speciation was also simulated to measure the sensitivity
of the RELMAP results to this uncertainty. The point source type definitions and their mercury
emission speciation factors for the base and alternate scenarios are described in detail in Appendix F.

Global oceanic and terrestrial emissions were accounted for by using a background
atmospheric concentration of elemental mercury gas of 1.6 ng/m The wet and dry deposition
parameterizations described in Appendlx D were used to simulate the deposition of Hg” given a
constant concentration of 1.6 ng/m throughout the entire three-dimensional model domain to estimate
the deposition of elemental mercury vapor from this global atmospheric reservoir.

5.1.3 Description of the Mercury Emissions Data Used

The atmospheric mercury emission inveﬁ‘tory used for this modeling study is described in
detail in Volume II of this report. Data from this inventory were used to compile estimates of the
mercury emissions from 7 major stationary source types (point sources) and from a group of minor
source types for which individual emission site locations were not available (area sources). The 8

June 1996 5-2 SAB REVIEW DRAFT




emission source types resolved for input to the RELMAP mercury model were; electric-utility fossii-
fueled boilers, non-utility fossil-fueled boilers, municipal solid waste combustion, medical waste
incineration, chlor-alkali factories, non-ferrous metal smelting, all other point sources, and area
sources. For each of the 7 point source types, an estimate of the mercury emission speciation profile
was made to define the most likely chemical and physical forms of the emissions. In addition to these
base-case emission profiles, alternate protiles were defined to allow model sensitivity tests to be
performed.

The base-case and alternate mercury emission speciation profiles for the 7 point source types
are shown in Table 5-1. The area sources were modeled as emissions of elemental mercury vapor
only. The area source data used for input to the RELMAP model simulation included estimates of the
emission of mercury from latex paints, which has not been included in the

Table 5-1
Emission Speciation Profiles for the Point Source Types Defined
Base-Case Speciation (%) Alternate Speciation (%)
Point Source Type
HgO Hg2+ ngoC HgOa Hg2+b ngc

Electric Utility Boilers 50 30 20 50 0 50
Non-utility Fossil Fuel
Combustion
Municipal Waste 20 60 20 20 0 80
Combustion
Medical Waste
Incineration
Non-ferrous Metal 85 10 5 85 0 15
Smelting
Chlor-alkali Plants 70 30 0 70 0 30 ll
Other Point Sources 80 10 10 80 0 20 l

3 Hg® = Elemental Mercury
b ng* = Divalent Vapor-phase Mercury
¢ Hg,, = Particle Bound/Mercury
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assessment of emissions described in emissions inventory in Volume II. These latex paint emission .
estimates totaled 4 metric tons per year for the lower 48 states. The analyses differs because the

inventory reflects that mercury has been removed from paint since the early 90°s. however, emissions

may still be occurring. A second discrepancy is that the long-range transport analysis modeled 3.25

tons of Hg from oil-fired utility boilers. A more recent analysis of the mercury content of residue oil
necessitated the revision of the estimate in the inventory to (.25 tons/yr from oil-fired utility boilers.

The compiled nationwide patterns of elemental, divalent, and particle-bound mercury emissions trom

all point and area source types using the base-case emission speciation profiles are illustrated in

Figures 5-1, 5-2 and 5-3, respectively. Figure 5-4 shows the pattern of particle-bound mercury

emissions using the alternate speciations profiles.

Table 5-2 shows the results of applying the base-case emission speciation profiles to the eight
mercury emission source types resolved by the RELMAP mercury model. These emissions are for the
lower 48 states only and the total mercury mass figures differ slightly from the national totals shown
in Volume II. The RELMAP analysis indicates that of the total anthropogenic emissions from the
lower 48 states, 26% is from medical waste incineration, 22% is from municipal waste combustion,
22% is from electric utility boilers, 13% is from fossil fuel combustion other than that by electric
utilities, 4% is from non-ferrous metal smelting, and 3% is from chlor-alkali factories. As a whole,
large-scale fossil fuel combustion represents about 35% of the total anthropogenic mercury emissions
to the atmosphere in the lower 48 states. The atmospheric emissions from all other point source types
represent 7% of the total emission and area sources represent 3% of all anthropogenic emissions in the
lower 48 states. Because of differences in the behavior of the various chemical and physical forms of
mercury in the atmosphere, it is necessary to determine their relative contributions to the total mass of
mercury emitted. Table 5-2 indicates that, based on the base-case emission speciation profiles, about
41% of all anthropogenic mercury emitted to the air from the lower 48 states is in the form of Hg®
vapor, 41% is in the form of Hg2+ vapor, and 17% is emitted as particle-bound mercury.

Table 5-2
Mercury Emissions Inventory Totaled by Source Type Using
Base-case Emission Speciation Profiles (metric tons per year)

Source Type Hg% Hg?*® ng° Total
Mercury
Medical Waste Incineration 11.7 351 11.7 58.6
Municipal Waste Combustion 10.0 29.9 10.0 49.8
Electric Utility Boilers 243 14.6 9.7 48.5
Non-Utility Fossil Fuel 143 8.6 5.7 28.5
Non-Ferrous Smelting 74 0.9 04 8.7
Chlor-alkali Factories 4.6 1.9 0.0 6.5
Other Point Sources 13.0 1.6 1.6 16.2
Area Sources 6.9 0.0 0.0 6.9
Total 92.0 926 39.1 223.8
L.-=_ —— —— ———

2 Hg® = Elemental Mercury
® Hg?* = Divalent Vapor-phase Mercury
¢ Hg, = Particle-Bound/Mercury
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5.2 An Interpretive Analysis of the Results

5.2.1 Mass Balances of Mercury within the Long-range Model Domain

The general mass balance of elemental mercury gas, divalent mercury gas, and parucle-bound
mercury tfrom the RELMAP simulation results using the base-case enussion speciation profiles are
shown in Table 5-3. The mass-balance accounting for the simulation using the meteorologic data from
the year 1989 shows a total of 223.8 metric tons of mercury emitted to the atmosphere from
anthropogenic sources. This simulated emission total differs from the national totals indicated in
Volume II since the states of Alaska and Hawaii are not within the model domain and latex paint
emissions are not considered. Using the base-case emission speciation profiles, the simulation
indicates that 77.9 metric tons of anthropogenic mercury emissions are deposited within the model
domain and 0.6 metric tons remain in the air within the model domain at the end of the simulation.
The remainder, about 145.3 metric tons, is transported outside the model domain and probably diffuses
into the global atmospheric reservoir. The simulation also indicates that 33.0 metric tons of mercury
is deposited within the model domain from this global atmospheric reservoir, suggesting that about
four times as much mercury is being added to the global reservoir as is being deposited from it. The
total amount of mercury deposited in the model domain annually from U.S. anthropogenic emissions
and from the global background concentration is estimated to be 111.0 metric tons, or about one-half
of the total atmospheric emissions from anthropogenic sources in the lower 48 United States.

. Table 5-3
Modeled Mercury Mass Budget in Metric Tons for 1989
Using the Base-Case Emission Speciation Profiles

Source/Fate Hg® Hg?*® Hg,* Total
Mercury
Total U.S. anthropogenic emissions 92.0 92.6 39. 223.8
Mass advected from model domain 904 299 25.0 1453
Dry deposited anthropogenic emissions 0.0 350 0.6 396
Wet deposited anthropogenic emissions 1.2 23.6 134 383
Remaining in air at end of simulation 04 0.1 0.1 0.6
Total deposited anthropogenic emissions 1.2 62.6 14.1 779
Deposition from background Hg® 33.0 0.0 0.0 33.0
Mercury deposited from all sources 342 62.6 14.1 111.0

(All figures rounded to the nearest tenth of a metric ton)

— — 1}

3 Hg® = Elemental Mercury
® Hg?* = Divalent Vapor-phase Mercury
¢ Hg, = Particle-Bound/Mercury

. As shown in Table 5-4, the alternaté case emission speciation profiles result in a noticeably
different mass balance. By assuming that all of the Hg?‘+ emitted becomes attached to ambient
particulate matter, the total deposition of anthropogenic Hg to the surface is reduced by
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Table 5-4
Modeled Mercury Mass Budget in Metric Tons for 1989
Using the Alternate Emission Speciation Profiles

Source/Fate Hg Hg™*® Hg,° Total
Mercury
Total U.S. anthropogenic emissions 92.0 0.0 131.7 2238
Mass advected from model domain 90.4 0.0 845 174.9
Dry deposited anthropogenic emissions 0.0 0.0 21 2.1
Wet deposited anthropogenic emissions 1.2 . 00 449 46.1
Remaining in air at end of simulation 0.4 0.0 0.2 0.6
Total deposited anthropogenic emissions 1.2 0.0 47.0 482
Deposition from background Hg° 33.0 0.0 0.0 33.0
Mercury deposited from all sources 342 0.0 47.0 813
(All figures rounded to the nearest tenth of a metric ton)
e — — — ———— —

2 Hg® = Elemental Mercury
b Hg2+ = Divalent Vapor-phase Mercury
¢ Hg, = Particle-Bound/Mercury

about 40%. This is primarily due to the fact that the dry deposition velocity of particulate matter in ‘
the size range typical for continental air masses with moderate urban mﬂuences (~0.3 micron

diameter) is much smaller than the dry deposition velocity assumed for Hg vapor. Less efficient wet
scavenging of particulate versus gaseous ng also contributes to the lower total deposition using the

alternate emission speciation profiles. While the assumption of total Hg attachment to particles is

only intended as a bounding exercise, the results show the importance of an accurate determination of

the mass of particulate Hg emitted and that formed during transport.

Of the total anthropogenic mercury mass deposited to the surface in the model domain, 80% 1s
estimated by the RELMAP to come from Hg emissions, 18% from Hgp emissions and 2% from Hg
emissions when the base-case emission speciation profiles are used. When the deposition of Hg from
the global background is considered in addmon to anthropogenic sources in the lower 48 states, the
species fractions become 56% Hg2+ 31% Hg and 13% Hgp. The vast majority of mercury already in
the global atmosphere is in the form of Hg and, in general, the anthropogenic Hg emissions do not
greatly increase the existing HgO concentration. Although Hg0 is removed from the atmosphere very
slowly, the global background reservoir is large and extraction of mercury flom it is significant in
terms of the total deposition. It should be noted here that dry deposition of Hg is significant only at
very high concentrations and has not been mcluded in the RELMAP simulations. Wet deposition is
the only major pathway for removal of Hg from the atmosphere. This removal pathway 51mulated by
the RELMAP involves oxidation of mercury by ozone in an aqueous solution; thus, the Hg that is
extracted from the atmosphere by the modeled precipitation process would actually be deposited

primarily in the form of Hg
Results from the RELMAP simulation show that of the 92.0 metric tons of anthropogenic Hg0 .
emitted in the lower 48 states, only 1.2 tons (1.3%) is deposited within the model domain, while of the
92.6 metric tons of Hg 2+ emitted, about 62.6 tons (67.6%) is deg osited. Ninety-eight percent of the
deposited anthropogenic mercury was emitted in the form of Hg™" or Hgp. Thus, a strong argument
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can be made that the combined Hg2+ and Hgp component of anthropogenic mercury emissions can be
used as an indicator of eventual deposition of those emissions to the lower 48 states and surrounding
areas. The emission inventory and base-case chemical/physical speciations profiles indicate that of all
combined Hg2+ and Hgp emissions, about 36% is from medical waste incineration, 30% is from
municipal waste combustion, 18% is from electric utility boilers, 11% is from combustion of fossil
fuel other than by electric utilities, 1% is from chior-alkali factories, 1% is from non-ferrous metal
smelting, and 2% is from all other sources.

5.2.2 Qualitative Description of Mercury Concentration Results

Annual average surface-level concentration fields for elemental mercury, divalent mercury, and
particulate mercury have been obtained from the RELMAP simulation using the meteorologic data for
the year 1989. Figure 5-5 shows the annual average elemental mercury (Hgo) concentration at ground
level from anthropogenic sources obtained by using the estimates of Petersen et al. (1995) for the
source-based emission specranon profiles (base case). It shows that anthropogenic Hg concentrations
remain less than O 1 ng/m over most of the investigation area. The areas where the average
anthropogenic Hg concentrations exceed 0.1 ng/m3 are mostly confined to the highly industrialized
regions of the eastern Mid-west and the North-east. Compared to the eSUmated average global
background concentration of 1.6 ng/m this 0.1 ng/m elevation of Hg concentration by
anthropogenic emissions is rather small.

Figure 5-6 shows annual average divalent mercury vapor (Hg2+) air concentrations, also using
the base case emissions. These values are significantly lower than for anthropogenic HgO, and there
are some new areas of maximum concentration. The higher concentration areas have values from 0.05
to just over 0.1 ng/m3 and are mostly confined to Florida, the Midwest and the Northeast corridor.
The background atmospheric mercury loadmg is assumed to be completely in the elemental form, so
there is no background contribution to the Hg concentrations. In most areas, the anthropogemc
component of the Hg concentrations shown in Figure 5-5 are 3 to 5 times hrgher than the Hg
concentrations shown in Figure 5-6. For the base-case emission speciation, Hg vapor is a minor
component of the total mercury emissions from some source types, but it is a significant part of the
total mercury emissions from waste incineration (60%) and fossil fuel combustion (30%). Smce the
total Hg emissions are about equal to those for Hgo these much lower average annual Hg
concentrations cannot be attributed to the emissions. The lower simulated air concentrations of Hg
vapor are due to more rapid depletion of atmospheric mercury from wet and dry deposition.

The RELMAP Hg and Hg2+ air concentranon results taken together with the assumed
background Hg concentration of 1.6 ng/m* agree well with observations of vapor-phase Hg air
concentration in Minnesota by Fitzgerald et al. (1991), in Vermont by Burke et al. (1994) and in
Wisconsin by Lambourg et al. (In press). These works showed that annual average vapor-phase Hg
concentrations were near the levels found over other remote locations in the northern hemisphere, from
1.61t02.0 ng/m Measurements taken for a two-week period at three sites in Broward County,
Florida, (Dvonch et al., 1995) show slightly elevated vapor-phase Hg air concentrations for two of
those sites downwind of industrial acnvmes These two sites had average vapor-phase Hg air
concentrations of 3.3 and 2. 8 ng/m The RELMAP simulation results for the Fort Lauderdale area
show only about a 0.2 ng/m elevanon of the annual average vapor-phase Hg (Hg plus Hg2+)
concentration over the 1.6 ng/m background value assumed. The measurements of Dvonch et al.
(1995), however, did not extend for a significant portion of
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the year and there was no discrimination between Hgo and Hg2+ forms. The third site for their
observations had an average vapor-phase air concentration of 1.8 ng/m3, which is what the RELMAP
simulation suggests. A more comprehensive air monitoring program is required before an evaluation
of the RELMAP results in Florida can be performed.

Particulate mercury (Hgp) emissions are thought to be a small fraction of the total for most
source types. For the base-case emission speciation, 20% is the largest particulate fraction of mercury
emissions for any source type. Figure 5-7 shows that the simulated annual average Hgp concentrations
were even lower than those for Hg7 vapor. The maximum annual average values are around 50-100
pg/m (0.05-0.1 ng/m3) in the urban centers of the Northeast. Keeler et al. (1994) found instantaneous
Hgp concentrations in urban Detr01t during March of 1992 of over 1 ng/m3 and average concentrations
over an 18-day period of 94 pg/m Given the 40-km horizontal scale of the RELMAP computational
grid, however, one cannot expect the simulation to reflect these extreme local-scale measurement
results. The RELMAP simulation suggests an annual average Hgp concentration in the Detroit area of
about 50 pg/m Dvonch et al. (1995) found average Hgp concentrations in Broward County, Florida,
of between 34 and 51 pg/m at three sites from 25 August to 7 September of 1993. The RELMAP
simulation results agree well with these observations around the c1ty of Fort Lauderdale. Keeler et al
(1994) found annual average Hgp air concentratmns of 10.5 pg/m in Pellston, Michigan, 22.4 pg/m
in South Haven Michigan, and 21.9 pg/m in Ann Arbor, Michigan, from April 1993 to April 1994,
and 11.2 pg/m in Underhill, Vermont, for the year of 1993. The RELMAP simulation results agree
quite well with these observations.

Table 5-5 shows a percentile analysis of the simulated concentratlon results from the RELMAP
grid cells within the lower 48 United States. This table shows that the Hg concentrations never
exceeded the assumed background level of 1.6 ng/m by a large relative amount. It also shows that
Hg and to a lesser degree Hgp air concentrations were highly elevated in only a few grid cells.

There is an order of magnitude difference in the Hg concentrations at the 90th percentile level and
the maximum level, with a factor of 5 difference for Hgp.

For the alternate emission speciation tests, the Hg vapor emission fracuon was redistributed
to the Hgp fraction. This was done to 51mulate the complete attachment of Hg vapor to ambient
particulate matter. The annual average Hg and Hgp concentrauon fields from this test (not shown)
indicate that, as one would expect, there was no change to the Hg results, but the Hgp concentrations
were mcreased nearly to the level of anthropogenic Hg with maximum concentrations over 100
pg/m 0.1 ng/m ) over the larger urban areas of Florida and the Midwest and over nearly all of the
Washington, D.C. to Boston corridor.

5.2.3 Description of Mercury Wet Deposition Simulation Results

Figure 5-8 shows the total simulated wet deposition of Hg0 from anthropogenic sources using
the meteorologic data for the year 1989 usmg the base emission speciation factors. Figure 5-9 shows
the total simulated wet deyosmon of Hg assuming only a non-depleting global background
concentration of 1.6 ng/m°. Both of these wet deposition resuits are influenced by ozone and soot
concentrations due to the chemical transformations modeled by the RELMAP. Emission patterns
influence the primary anthropogenic Hg0 wet deposition pattern, and it is obvious that total annual
precipitation is a strong factor in wet deposition from the global background concentration with
heaviest wet deposition in areas with the highest annual
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Table 5-5
Percentile Analysis of RELMAP Simulated Concentration Results for the Continental U. S.
Using the Base-Case Emissions Speciation

Variable Min 10th 50th 90th Max
Full Area
Hg® concentration (ng/m>) 1.602 1.606 1.619 1.681 1.899
Hg?*® concentration (pg/m®) 0.265 0.804 3.368 14.72 149.1
Hgp® coneentration (gg/m3) 0.391 1.426 5.183 19.18 99.33
Total mercury (ng/m°) 1.603 1.608 1.627 1.715 2.114
East of 90°W longitude
Hg® concentration (ng/m®) 1.615 1.638 1.665 1.705 1.899
Hg?*® concentration (pg/m>) 1.486 4.745 9.966 25.25 149.1
Hgp® concentration (gg/m3) 4.058 8.815 14.88 28.01 99.33
Total mercury (ng/m°) 1.622 1.655 1.691 1.755 2.114
West of 90°W longitude
Hg® concentration (ng/m>) 1.602 1.605 1.612 1.636 1.818
Hg?*® concentration (pg/m>) 0.265 0.687 1.909 6.303 29.80
Hgp® concentration (pg/m°) 10.391 1.243 3.327 8.565 28.73

1.603 1.607 1.618 1.651 1.860

Total mercury (ng/m3)

2 Hg” = Elemental Mercury
® Hg2* = Divalent Vapor-phase Mercury
¢ Hg, = Particle-Bound/Mercury
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precipitation. It is widely accepted that deposition of measurable quantities of mercury occurs on
continental and global scales, and the RELMAP simulation shows areas, of HgO wet deposition
occurning in remote areas. The base-case wet deposition results for HQ vapor shown in Figure 5-10
show high deposition areas that are much more local to the errussron source areas There are many
model cells in urban areas with wet deposition totals of Hg vapor over 20 uz/m while most of the
cells in the non-urban areas have wet depositions of less than 3 pg/m This indicates the HQ“+ vapor
wet deposits more on the local scale and not on regional or global scales and that its wet removal of
Hg2+ from the atmosphere is much more rapid than for Hg This is an expected result due to the
higher water solubility of most mercuric salts compared to mercury in the elemental form. Figure 5-
11 shows that for the base emission speciation the maximum simulated wet deposition of Hgp is about
half of that for Hg vapor. This is partly due to differences in the total mass of Hgp emitted
compared to Hg , but it is also due to the less efficient wet scavenging that is assumed for ng
versus Hg . The areas of Hgp wet deposition are also more widely distributed than for Hg due to
the slower wet scavenging of Hgp and, thus, a greater opportunity for long-range transport.

The total wet deposition of mercury emitted in all three forms is shown in Figure 5-12. This
illustration shows significant wet deposition of mercury over most of the eastern half of the U.S. For-
the simulated meteorological year of 1989, nearly the entire eastem half of the nation has a wet
deposition total of over 5 ug/m and values exceed 20 pg/m over much of the urban northeast U.S.

In fact, the largest simulated wet deposition exceeded 100 pg/m in the grid cell containing New York
City. Figure 5-12 was not designed to highlight these maximum wet deposition results because at this
time such extreme wet deposition rates for total mercury cannot be substantiated by observations. In
the RELMAP 51mulat10n the most impacted areas are subjected to wet deposition of mercury mainly
from emissions of Hg vapor. It is likely that the RELMAP model for mercury may still be
significantly incomplete, and that other chemical and/or physical transformations may occur which
moderate the wet deposition of Hg vapor and possibly Hgp.

There exist only limited data with which to compare the RELMAP simulation results.
Measurements of mercury wet deposition at three locations in nonheastem Minnesota durmg 1989 by
Glass et al. (1991) indicated annual wet deposition rates of 6.5 ug/m at Duluth, 13.5 pg/m at Marcell
and 41.9 pg/m? at Ely. A later study by Sorensen et al. (1994) measuring annual wet deposition of
mercury during 1990, 1991 and 1992 at Ely, Duluth and seven other sites in Minnesota, upper
Michigan and northeastern North Dakota found all annual wet deposition totals to be within the range
of 3.8 to 9.7 pg/m bringing into question the Ely observation of 41.9 pg/m in 1989 by Glass et al.
(1991). Measurements by Fitzgerald et al. (1991) at Little Rock Lake, in northern Wisconsin, of
mercury in snow during February and March, 1989, and in rain from May to August 1989, have been
used to estimate annual mercury depositions in rain and snow of 4.5 and 2.3 pg/m respectively. This
suggests a total annual mercury wet deposition of 6.8 ug/m at Little Rock Lake. Measurements at
Presque Isle, also in northern Wisconsin, from 1993 to 1994 by Lambourg et al. (In press) suggested a
wet deposition rate for total mercury of 5.2 ug/mz/yr, somewhat less than the measurements by
Fitzgerald et al. (1991). The extremely heavy rainfall during the summer of 1993 in the mid-west
states to the south and west of Presque Isle may be responsible for the lower wet deposition. The
RELMAP simulation results using the meteorologic data for 1989 indicate 2 to 10 ug/m2 wet
deposition of total mercury over most of the area represented by these studies; the major exceptton
was the Minneapolis-Saint Paul metropolitan area where the RELMAP indicates over 20 ug/m
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There were also some mercury wet deposition measurement programs conducted during the
early 1990°s in somewhat less remote sites in Michigan and Vermont. Observations by Hoyer et al.
(1995) during two years of event precipitation sampling at three sites in Michigan show evidence for
a north-to-south gradient in mercury wet deposition. From March 1992 to March 1993, Lhe total
mercury wet deposition observed at South Haven. in southwest Michigan, was 9.45 pq/m At
Pellston. in the northern part of the lower peninsula of Michigan. the wet deposition was 5.79 pv/m
At Dexter, in southeast Michigan about 100 km west of Detroit, the wet deposmon was 8.66 pg/m
From March 1993 to March 1994, wet deposition at South Haven was 12.67 ug/m significantly
higher than for the prev1ous year, while measurements at Pellston and Dexter remained about constant
at 5.54 and 9.11 pg/m respectively. Hoyer et al. (1995) attribute the higher second-year wet
deposition at South Haven to an increased precipitation rate and cite the measurements by Burke et al
(1995) at Underhill, Vermont, as further evidence of the importance of precipitation amount. From
December 1992 to December 1993, the average volume-weighted mercury concentration at Underhill
(8.3 ng/L) was similar to that observed at Pellston (7.9 ng/L). However, with more precipitation
during that period the total mercury wet deposition at Underhill was 9.26 pg/m significantly higher
than at Pellston. The RELMAP simulation results show 5-10 pg/m wet deposition of total mercury at
the Pellston site which agrees well with the 1992 to 1994 observations there. At Underhill, the
RELMAP simulation indicates 10-20 pg/m wet deposition for 1989 which is slightly larger than the
observation in 1993 At the South Haven and Dexter sites, the RELMAP appears to be estimating
nearly 20 pg/m wet deposition of total mercury for 1989 which is significantly larger than the
measurements of 1992 to 1994.

The very large total mercury wet deposition values (>50 pg/mz) from the RELMAP simulation
for some of the larger urban centers in the Ohio Valley and Northeast regions cannot be evaluated
thoroughly due to a lack of long-term precipitation event sampling at those locations. A study by ‘
Dvonch et al. (1995) describes precipitation event sampling from 19 August to 7 September of 1993 at
4 sites in Broward County, Florida, in and around the city of Fort Lauderdale. During the 20-day
sampling period, total mercury mean concentrations in precipitation were 35, 57, 40 and 46 ng/L at the
4 sites. Given the average annual precipitation of 150 ¢cm per year typical of that area the resulting
annual wet deposition estimates at these 4 sites would 52.5, 85.5, 60 and 69 ug/m Since most of the
annual rainfall in Broward County occurs in warm tropical conditions of the March to October wet
season, this extrapolation from 20 days during the wet season to an annual estimate is inappropriate.
Additional urban measurement studies are required to allow any credible evaluation of RELMAP wet
deposition results in heavily populated, industrialized area.

Figure 5-13 shows the wet deposition of total mercury from the alternate emission speciation
and offers some measure of the sensitivity of the RELMAP simulation results to the emission
speciation estimates used. This figure shows basically the same large-scale pattern as for the base-case
emissions, but in general the amount of wet deposition is increased. Since the wet scavenging ratio
for Hgp is less than one-third of that for Hg2+ it would be expected to be reduced when using the
alternate emission speciation which reallocate all Hg vapor emissions to the Hgp form. This
sensitivity is the result of an interaction of the wet deposition processes with those for dry deposition.
As discussed in the next sub-section of this report, the alternate emission speciation profiles result in
greatly reduced dry deposition compared to the base-case. This results in very little depletion of
pollutant puffs by dry deposition, and provides a longer opportunity for wet deposition to occur. The
slower dry deposition of Hgp versus Hg2+.vapor more than offsets the effect of lower wet scavenging
ratios for Hgp versus Hg2+ vapor.
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The percentile analysis of the wet deposition simulation results in Table 5-6 show that for the
base-case emission speciation only 10 percent of the land area of the continental U.S. has an annual
wet deposition of total Hg of more than about 16 pg/m and 50 perc.ent of the land area
has less than 3.4 pg/m However, due to rapid wet deposition of Hg and Hgp there are select areas
where wet deposition may be significantly higher. In the eastern U.S., east of 90 degrees west
longitude, the 50th and 90th percentile levels for total Hg wet deposition are considerably higher than
those for the entire continental U.S., about 12 and 25 pg/m respectively.

Table 5-6
Percentile Analysis of RELMAP Simulated Wet Deposition for the Continental U. S.
Using the Base-Case Emissions Speciation

Variable Min 10th 50th 90th Max
Full Area
Hgoa wet dep. (pg/mz/yr) 0.022 0.590 2.143 6.306 10.66
Hg *® wet dep. (pg/m /yr) 0.002 0.087 0.749 6.217 125.1
Hgp® wet dep. (pg/m'/yr) 0.001 0.067 0.502 3.618 37.72
Total mercury (pg/m?/yr) 0.025 0.792 3.365 15.85 173.5

East of 90°W longitude

Hgoa wet dep. (ug/m? fyo) 0.540 3.099 5.382 7.406 10.66
Hg**® wet dep. (pg/m 1yr) 0.242 1.837 4.269 12.40 125.1
Hgp® wet dep. (ug/m /yr) 0.191 1.252 2.607 6.482 37.72
Total mercury (pg/m /yr) 0.979 6.846 12.40 25.42 173.5

West of 90°W longitude

Hg wet dep. (ug/m? ym) 0.022 0.512 1.337 3.995 7,854
Hg?*® wet dep. (ug/m /Y1) 0.002 0.067 0.313 1.767 13.93
Hgp® wet dep. (ug/m?/yr) 0.001 0.050 0.253 1.146 6.550
Total mercury (ug/m>/yr) 0.025 0.686 1.993 6.936 23.87

—
——

a Hg = Elemental Mercury
b Hg = Divalent Vapor-phase Mercury
¢ Hg, = Particle-Bound/Mercury

5.24 Qualitative Description of Mercury Dry Deposition Results

As described in the section on the RELMAP mercury model parameterizations, it was assumed
that Hg was not effectively dry deposited due to its mgh vapor pressure and very low water solubility
at normal atmospheric temperatures. Therefore, only Hg vapor and Hgp were dry deposited using
the base emission speciation, and only Hgp using the alternate emission speciation. The percentile
analysis of the simulated dry deposition using the base-case emission speciation profiles shown in
Table 5-7 indicates the strong local dry deposition of ng* vapor as
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Table 5-7
Percentile Analysis of RELMAP Simulated Dry Deposition for the Continental U. S.
Using the Base-Case Emission Speciation

Variable Min 10th 50th 90th Max
Full Area
Hg2+a dry dep. (pg/mz/yr) 0.113 0.412 1.641 8.500 153.5
ng dry dep. (ug/rn /yT) 0.002 0.010 0.035 0.130 0.749
Total mercury (pg/m 1yr) 0.117 0.425 1.669 8.629 154.2

East of 90°W longitude

Hg2+a dry dep. (pglmz/yr) 0.434 2.649 6.263 15.53 1535
HgP dry dep. (ug/m? /yr) 0.017 0.049 0.104 0.189 0.749
Total mercury (pg/m /yT) 0.451 2.699 6.373 15.73 154.2

West of 90°W longitude

Hg2+a dry dep. (ug/mz/yr) 0.113 0.342 0.923 3.614 29.85
Hgp® dry dep. (ug/m?/yr) 0.002 0.009 0.024 0.063 0.236
Total mercury (ug/mzlyr) 0.117 0.352 0.948 3.679 30.03

3 Hg?* = Divalent Vapor-phase Mercury
b ng = Particle-Bound/Mercury

parameterized in the RELMAP mercury model. There is considerable uncertainty regarding the dry
deposition velocity of Hg and in the extremely high local depositions indicated from the simulation.

Figure 5-14 shows the smulated annual dry deposition totals for Hg using the base emission
speciation. Dry deposition of Hg appears to occur primarily on the local scale, within one or two
grid cells from the source (40-80 km), much like the wet deposition. The magnitude of the dry
deposition of Hg is similar to that for wet deposition, with urban areas showing values in excess of
20 pg/m2 As was the case for wet deposition, dry deposition of ng vapor in heavily populated
urban centers is very intense, exceeding 100 pg/m2 m the model grid cell containing New York City.
Again, it must be stressed that dry deposition of Hg vapor is not well understood. The simulation
used nitric acid vapor data as a surrogate for ng vapor based on sumlar water solubilities. The
Agency has been unable to find observations of the dry deposition of Hg vapor with which to
compare to the RELMAP simulation results. Dry deposition rates for vapor-phase Hg have been
estimated from vertical eddy flux calculations at a single site (Lmdberg et al., 1992), but these
calculations estimate the combined effects of both Hg" and Hg vapors. The relatively high solubility
and reactivity of Hg compounds suggests that dry deposition of total vapor-phase mercury may be
strongly driven by the fractional of Hg“" in the total vapor-phase mercury concentration.
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Figure 5-15 shows the simulated annual dry deposition totals for Hgp using the base emission
speciation. As described in Appendix D, the dry deposition velocity esumates for Hgp have been
made based on the assumption that the particulate mass is concentrated around a 0.3 um diameter size.
The patterns show less intense local dry deposition of Hgp than for Hg2+, but the dry deposition still
appears to occur primarily within a few hundred km of the source areas. This slower dry deposition
combined with relatwely smaller quantities of Hgp emission result in maximum dry deposition values
of only around 0.5 ug/m In urban areas where larger particle sizes are more prevalent, these
estimates of Hgp dry deposition are probably too low, but the RELMAP could treat only one particle
size. Since the focus of this modeling was on the regional scale, 0.3 um was chosen as the most
appropriate diameter size.

Figures 5-16 and 5-17 show the simulated annual dry deposition for all forms of mercury
using the base-case and alternate emission speciations, respectively. A comparison of these figures
clearly demonstrates the sensitivity of the modeling results to changes in the emission speciation
profiles. Dry deposition is not a major pathway for removal of the atmospheric mercury burden when
the alternate emission speciation profiles are employed. Thls result also indicates that dry deposmon
would be much less important if significant transfer of Hg to Hgp is occurring through particle
adsorption or condensation. Thus, it is very important that our understanding of the physical
transformations of Hg in the atmosphere be complete and accurate.

5.2.5 Qualitative Description of Total Mercury Deposition Results

Since both wet and dry deposition of mercury can affect human and ecosystem health, an
analysis of the simulated total deposition of all forms of mercury has been performed for both the
base-case and alternate emission speciations. Table 5-8 shows a percentile analysis of total deposition
of mercury in all modeled forms. The strong bias toward mercury deposition in the eastern U.S. is
immediately obvious. Also obvious is the order of magnitude difference between the 90th percentile
level and the maximum values in the nationwide and eastern U.S. analyses. The extremely high
simulated deposition totals over heavily populated urban centers cannot be substantiated by
observations at this time. Due to the high degree of uncertainty regarding the emission speciations and
possible rapid chemical and physical transforthations immediately after emission. it is recommended
that these maximum simulated deposition values should be considered highly uncertain until further
research is conducted to reduce these uncertainties.

Figure 5-18 shows the base-case total deposition of mercury to the Larth s surface from the
RELMAP simulation. These results show deposition totals of over 20 pg/m throughout most of the
Northeast and Ohio Valley regions and in various urban areas nationwide, with values over 50 ug/m
for the northeast corridor and at other major urban centers. Figure 5-19 shows the total mercury
deposition results using the alternate ermssmn speciations. For the alternate case, the areas with
simulated deposition greater than 20 pg/m are noticeably reduced and the alternate case results show
few areas with annual mercury deposition totals over 50 pg/m The sensitivity of the model
deposition results to uncertainties in the emission speciation profiles appears to be greatest in areas of
high mercury deposition.
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Table 5-8
Percentile Analysis of RELMAP Simulated Total Depositions for the Continental U. S.
Using the Base-Case and Alternate Emission Speciations

Variable Mig 10th 50th 90th Max
(ug/m-/yr) (pg/mz/yr) : ( ug/mz/yr) (|ug/m3/yr) (ug;/ml/yr)

Full Area
Base-Case 0.538 1.470 5.133 24.59 327.6
Alternate 0.122 0.922 3.796 18.12 151.0
East of 90°W
longitude '

1.717 9.837 18.88 3997 327.6
Base-Case 1.256 8.252 14.65 28.67 151.0
Alternate
West of 90°W
longitude

0.538 1.251 2.941 10.58 49.21
Base-Case 0.122 0.800 2.303 7916 2335
Alternate ‘

53 General Data Interpretations of the RELMAP Modeling

At this time there is significant uncertainty regarding the chemical and physical forms of
emissions and their chemical and physical transformations in the atmosphere. This long-range
modeling effort did not provide for a complete new model development and evaluation; the modeling
effort has relied heavily on the assumptions of Petersen et al. (1995) regarding emission speciation and
chemical and physical pathways for mercury deposition. The model parameterizations for the
 Lagrangian puff model were developed under the European Monitoring and Evaluation Programme
(EMEP). These mercury modeling results were compared to measurements of Hgo and Hgp air
concentration and wet deposition in northern Europe. The comparison showed their model results
agreed with measurements to within a factor of 2 in nearly all cases. While the climate of northern
Europe may be quite different from that of some locations in North America, it has been assumed that
the predominant chemical and physical mechanisms for mercury transport, transformation and
deposition should be the same for both regions.

The wet deposition results from the RELMAP simulation of atmospheric mercury seem to
agree with actual measurements within a factor of 2 in most cases. The RELLMAP estimates of more
than 100 ;1g/m2 wet deposition using the meteorologic data for the year 1989 in the grid cell
containing New York City seems a bit too high, but there are very few measurements which can be
compared to these results. The RELMAP dry deposition results indicate that the importance of dry
versus wet deposition processes may be dependent on the fraction of emitted mercury that eventually ‘
becomes particle-bound before deposition. Very few direct measurements of the dry deposition of ’
gaseous and particulate Hg have been made to date. Vertical concentration
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gradients and eddy flux correlations have been used to estimate the dry flux of toml gaseous mercury
by Lindberg et al. (1992), but no discriminanon was made between Hq and Hg 2* forms.

Many of the measurement studies performed up until the 1980°s are now suspected of having
been subject to laboratory contamination. It is only recently that, by employing ultra-clean laboratory
techniques, mercury measurement studies have been able to assess accurately atmospheric
concentrations and deposition quantities of mercury in near-background conditions. Even now. it is
very difficult to obtain an accurate assessment of the chemical forms of mercury in typical ambient air
samples. The RELMAP air concentration results seem quite plausible, with the vast majority of
atmospheric mercury estimated to be in the elemental vapor form, but the precise concentrations of
ng" and Hgp cannot be simulated with much confidence until a more complete understanding is
established of all pertinent chemical and physical processes in the atmosphere.

There are some limitations of the RELMAP and other Lagrangian puff mode{s that may
negatively affect the accuracy of atmospheric mercury modeling. The simulated pollutant putf must
move as an integral volume, and differences in wind direction or speed at various heights above the
surface are not treated. The pollutant puff is currently simulated with a predefined vertical top,
through WhJCh turbulent exchanges of air and pollutants are set at any arbitrary value. For pollutants
such as Hg that remain in the atmosphere for a long time, significant transfer of mass between the
PBL and the rest of the atmosphere is inevitable. These exchanges can be attributed not only to
turbulent processes but also larger-scale vertical atmospheric motions, both rising and sinking. Finally,
Lagrangian puff models have no straightforward way to treat the horizontal boundary flux of pollutant
into the model domain. Hg vapor is known to be transported in the atmosphere on a global scale, but
adequate methods are unavailable to model its transport from other parts of the earth into the model
domain. The U.S. EPA is working to develop a general purpose air-quality model employing an
Eulerian reference frame which should prove more suitable for mercury transport and deposition
simulations; completion of this model is still a year or more away. A more rigorous discussion of
these and other scientific caveats is provided in Appendix D.

5.4 Potential Impacts of Long Range Transport

In this section the results of the regional air modeling are used in conjunction with the [EM2
model and the hypothetical exposure scenarios to predict environmental concentrations and exposure
rates for humans and piscivorous wildlife. The 50th and 90th percentiles of the mercury air
concentrations and annual deposition rates that are predicted by RELMAP for the western and eastern
halves of the U.S. were used as inputs to the modeling. The potential impact of predicted atmospheric
mercury concentrations and deposition rates associated with areas of the eastern U.S. considered to be
remote from anthropogenic influences was also included in the long range transport analysis. See
Figure 1-2.

The sites and the exposure scenarios utilized in the long range transport analysis have been
discussed in Chapter 4 of this Volume and are briefly discussed here. The IEM2 model is described
in Chapter 4 of this Volume and in Appendix D; only the inputs to and the results of the [EM2
modeling are described here.
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5.4.1 Description of Hypothetical Sites and Watersheds

wWERE  °

Two generic sites ar¢ considered: a humid site east of 90 degrees west longitude, and a more

arid site west of 90 degrees west longitude (these are described in Appendix B). The primary
differences between the two sites as parameterized were the assumed erosion characteristics for the
watershed and the amount of dilution flow from the water body. The eastern site had generally
steeper terrain in the watershed than for the other site. A circular drainage lake with a diameter of
1.78 km and average depth of 5 m, with a 2 cm benthic sediment depth was modeled at both sites.
The watershed area was 37.3 km?.

In the long range transport analysis both the eastern and western sites were assumed to be
impacted by mercury from only the RELMAP modeling. The 50th and 90th percentiles of the
mercury air concentrations and annual deposition rates for the eastern and western halves of the U.S.
were used as inputs to the ITEM?2 modeling for both sites. An addmonal eastern site with the same
characteristics as previously described was assumed to be remote ang® only impacted by long range
transport. The impacts of a separate atmospheric mercury concentration and annual deposition rate
were modeled for this site.

5.4.2 Description of Hypothetical Exposure Scenarios

For the anaiyses that were conducted for this report, three types of settings were considered:
rural (agricultural), lake, and urban. These three settings were selected because they encompass a wide
variety and each is expected to provide a "high-end" mercury concentration in environmental media of
concern for either human or wildlife species exposure (e.g., elevated mercury concentrations are
expected in the waters of the lake setting).

Exposure to environmental mercury is the result of mercury concentrations at specific exposure
points (e.g., ingested fish). For each setting in each location of the long range transport analysis,
individuals representing several specific subpopulations were considered. For a more detailed
description of the parameter values chosen for the exposure assessment see Appendix A. Table 5-9
summarizes the hypothetical scenarios considered as well as the exposure pathways considered in each
scenario.

Table 5-10 shows the default values for the scenario-independent parameters for both the child
and adult receptors, and Table 5-11 shows the default values for the scenario-dependent exposure
parameters. The technical bases for these values are in Appendices A and B.

Both high-end and average rural scenarios were evaluated. The high-end scenario consisted of
a subsistence farmer and child who consumed elevated levels of locally-grown food products. It was
assumed that each farm was located on approximately 10 acres. The subsistence farmer was assumed
to raise livestock and to consume home-grown animal tissue and animal products, including chickens
and eggs as well as beef and dairy cattle. All chicken feed was assumed to be derived from non-local
sources. For bovine consumption of contaminated feed, 100% of the hay and corn used for feed was
assumed to be from the affected area. It was also assumed that the subsistence farmer collected
rainwater in cisterns for drinking. The average rural home gardener was assumed to consume garden
fruits and vegetables. There was no consumption of locally-raised animals or locally-collected water.

In the urban high end scenario, it was assumed that the person had a small garden similar in
size to that of the average rural scenario. To address the fact that home-grown fruits and
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Table 5-10

Default Values of Scenario-Independent Exposure Parameters
All human consumption rates except for soil and water are reported as dry weight.

Default Value®
Parameter Adult Child
Body weight (kg) 70 17
Exposure duration (years) 30 18
Inhalation rate (m3/day) 20 16
Vegetable consumption rates (g/kg BW/day)
Leafy vegetables 0.028 0.008
Grains and cereals 1.87 3.77
Legumes 0.381 0.666
Potatoes 0.17 0.274
Fruits 0.57 0.223 -
Fruiting vegetables 0.064 0.12
Animal Product Consumption rates (g/kg BW/day)
Beef (excluding liver) 0.341 0.553
Beef liver 0.066 0.025
Dairy 0.599 2.04
Pork 0.169 0.236
Poultry 0.111 0.214
Eggs 0.093 0.073
Lamb 0.057 0.061
Soil Ingestion rates (g/day) 0.1 Scenario-
dependent
Water ingestion rate (L/day) 2 1

2 See Appe(r)ldix A for details regarding these parameter values.
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vegetables generally make up a smaller portion of the diet in urban areas, the contact fractions were ‘
based on weight ratios of home-grown to total fruits and vegetables consumed for city households.

These fractions can be up to 10 times smaller than the values for rural households, depending on food

plant type (see Table 5-11 and Appendix A). Exposure duration for inhalaton was 24 hours per day.

Also considered as part of the high-end urban scenario was a pica child. The average urban scenario

consisted of an adult who worked outside of the immediate area. The exposure duration for

inhalation. therefore. was only 16 hours a day compared to the 24 hours a day for the rural and high-

end urban scenarios. The only other pathway considered for this scenario was ingestion of average

levels of soil.

Three human fish consumption scenarios were associated with the hypothetical lake: (1) an
adult high-end fish consumer scenario, in which an individual was assumed to ingest large amounts of
locally-caught fish as well as home-grown garden produce (plant ingestion parameters identical to the
rural home gardener scenario) and consume drinking water from the affected lake; (2) a child of a
high-end local fish consumer, assumed to ingest local fish, garden produce, and soil as well as inhale
the air; and (3) a recreational angler scenario, in which the exposure pathways evaluated were fish
ingestion, inhalation, and soil ingestion. These consumption scenarios were thought to represent
identified fish-consuming subpopulations in the U.S. No commercial distribution of locally caught fish
was assumed Fish consumption rates for the three fish consuming subpopulations were derived from
the Columbia River Inter-Tribal Fish Commission Report (1994) (See Table 5-12).

Table 5-12
Fish Consumption Rates used in this Study
(Columbia River Inter-Tribal Commission, 1994)

Subpopulation Fish Consumption Rate (g/day)
High-end Adult 60
High-end Child 20

Recreational Angler \ 30

Five piscivorous species of birds and mammals are assumed to inhabit areas around the
hypothetical lakes and be exposed to mercury through consumption of fish from the lakes. The
piscivorous wildlife exposure scenarios are described in Chapter 4 of this Volume. Table 5-13 lists
the assumed animal body weights, fish consumption rates and the trophic level of the fish consumed
(U.S. EPA, 1993). Dermal, inhalation, and drinking water exposures for the wildlife species were not
modeled in this assessment. Other food sources were also not considered in this assessment.
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Table 5-13
Fish Consumption Rates for Piscivorous Birds and Mammals (from U.S. EPA, 1993)
Anumal Body Weight Total Ingestion % of Diet % of Diet % of Diet
, (kg) Rate (g/day) from Trophic from Trophic from Non-
Level 3 Fish Level 4 Fish aquatic
sources
Bald Eagle 46 500 74 18 8
Osprey 1.5 300 100 0 0
Kingfisher 0.15 75 100 0 0
River Otter 74 1220 80 20 0
Mink .08 178 90 0 10

5.4.3 Results of IEM2 Modeling in the Long Range Transport Analysis

For each of the sites described above the IEM2 models were run using the atmospheric
mercury concentrations and the annual deposition rates predicted by RELMAP as inputs. The
predicted mercury concentrations in soil, water and fish are presented in Table 5-14, and the predicted
intakes are presented in subsequent tables. |

The predicted concentrations in soil, water and fish were in the range of measured values
reported in Chapter 2 of this volume. The predicted soil concentrations at the "two" eastern sites and
the western sites range from 5.8 to 88 ng/g. The predicted concentrations are the result of

Table 5-14
Predicted Media Concentrations using RELMAP Results Only in Conjunction with IEM2

Total Mercury

Total Mercury

Total Mercury

Total Mercury

Predicted Methylmercury
Fish Concentration (ug/g)

Air Deposition Untilled Soil | Surface Water

Concentration Rate Concentration | Concentration Trophic Trophic

(ng/m3) (ug/m2/yr) {ng/g) (ng/D) Level 3 Level 4

Remote Site in East 1.7e+00 4.5e+01 8.8e+01 2.2e+00 1.0e-01 5.1e-01
Eastern Site

50th Percentile 1.7e+00 1.9e+01 3.7e+01 9.1e-01 4.3e-02 2.2e-01

90th Percentile 1.8e+00 4.0e+01 7.8e+01 1.9e+00 9.0e-02 4.5e-01
Western Site

50th Percentile 1.6e+00 2.9e+00 5.8e+00 1.7e-01 8.5¢-03 4.3e-02

90th Percentile 1.7e+00 1.1e+01 2.1e+01 5.6e-01 29e-02 1.4e-01

the modeled mercury deposition rates based on the RELMAP simulation that used meteorologic data
from the year 1989. Sites subjected to higher deposition rates, such as the remote eastern site and the
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90th percentile site in the east have higher deposition rates than the other sites. The predicted soil
concentration in the 50th percentile eastern site was higher than the 90th percentile western site: again.
this is a direct result of deposition estimated in the RELMAP simulation.

The predicted concentrations in the surface waters were primarily the result of transport from
the watershed soils and direct deposition onto the water body. The predicted mercury concentrations
in the water bodies. which range from 0.17 to 2.2 ng/L, were comparable to mercury concentrations
measured in surtace waters by several authors; these are reviewed in Chapter 2 of this Volume.
Again, as evidenced in Table 5-14, the higher the deposition rate the greater the predicted surface
water concentrations. Similarly, the concentration of dissolved mercury in the water body depends in
this modeling effort largely on the total amount of mercury deposited. As a result, the predicted
methylmercury concentrations in fish, which are the product of the total dissolved mercury
concentration in the water body and the methylmercury bioaccumulation factor, are heavily influenced
by the total annual deposition rate. The highest concentrations are predicted in trophic level 4 fish in
the remote east and 90th percentile eastern sites. The predicted methylmercury concentrations in fish,
which range from approximately 0.03 ug/g t0 0.5 ug/g, are clearly in the range of measured
concentrations which extends up to approximately 9 ug/g. The average fish methylmercury
concentrations reported in Bahnick et al., 1994 and Lowe et al., 1985 are 0.26 and 0.11 ug/g,
respectively. Other studies have shown higher concentrations in fish in the eastern (particularly the
northeastern) U.S. (Simonin et al., 1994; Mills et al, 1994 and NJDEPE, 1994).

The mercury concentrations predicted in soils, plants and animal products describe a range of
mercury concentrations in items potentially ingested by humans based on the results of the RELMAP
model. The mercury intakes presented in Chapter 3 provide a basis of comparison. The results
predicted by the IEM2 model for human ingestion of mercury are comparable to estimates presented in
recent reports, given the differences in consumption rates. No data exist to compare predicted wildlife
mercury exposures. Note that the consumption rates and contact fractions of the various hypothetical
scenarios are not designed to represent the general population, and all pathways not considered were
assumed to result in no exposure to mercury.

Using the predicted air concentrations at the Western and two Eastern locations, the inhalation
route was never predicted to be the dominant pathway of total mercury exposure, except for the urban
average scenario. Because this scenario assumes no plant or animal consumption and exposure
through dermal routes was not considered in this Report, the only mercury exposure routes are soil
ingestion and inhalation, Low predicted concentrations in soil and low soil ingestion rates result in the
prevalence of the inhalation route. The insignificance of exposure through the inhalation route when
compared to ingestion routes was described previously by the WHO (WHO, 1990).

The results for the hypothetical adult rural subsistence farmer scenario are comparable to the
general population exposure estimates presented in Chapter 3 since most sources of food for
consumption are assumed to be derived from a mercury-impacted area. For the Remote Site analysis,
"impacted sources” represent mercury concentrations in foods that may be comparable to
concentrations in commercial foodstuffs. For the scenario, daily mercury ingestion levels for all
locations were about 3.0 ug/day for adults, assuming a bodyweight of 70 kg. As noted in Chapter 4,
most (approximately 90%) of this mercury was predicted to be the divalent species. For the -
agricultural scenarios, predicted mercury intake was dominated by consumption of plant products, and
the air-to-plant pathway is the primary pathway that plants are predicted to take up mercury from the
environment. As a result there is little difference between the results across sites because the air
concentrations are similar.
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The hypothetical high-end fisher has a high fish consumption rate but has lower contact
fractions for food ingestion than hypothetical subsistence farmers. For purposes of this comparison to
previous general population exposure estimates, the mercury intake from non-fish foodstuffs was
underestimated. Total mercury ingestion rates for the high-end fishers across the three eastern
locations vary from about 15 to 35 ug/day. These estimates are two to three times higher than the
estimates presented in Chapter 3 for the general population. Predicted mercury ingestion rates for the
hypothetical recreational angler range from about 6.5-15 ug/day. The difference between the total
mercury ingestion rates predicted for the hypothetical recreational angler and the hypothetical high-end
fisher is primarily due to the lower fish ingestion rate of the hypothetical recreational angler.

5.44 Summary of Potential Impacts of Long Range Transport

Air Modeling

The predicted air concentrations used for the two sites are at or slightly above the air
concentration of 1.6 ng/m3 used as a representative air concentration in Chapter 4. The predicted
deposition rates are higher for the eastern site, due to a combination of different climate conditions and
the distribution of mercury emissions sources in the two geographic areas.

Environmental Media Modeling

The predicted soil and surface water body concentrations of mercury were most heavily
influenced by the predicted total mercury deposition rate. The predicted soil and surface water body
mercury concentrations were all within the range of measured mercury concentrations for these media:
Differences between the hypothetical watersheds of the eastern and western sites account for the
variation in water body loading from mercury deposited onto the watershed.

Biota Modeling

The mercury concentrations in green plants were the result of direct deposition and air-to-plant
transfer onto exposed foliar surfaces, as well as soil-to-plant transfer. As modeled in this assessment,
small amounts of mercury in green plants were predicted to result from direct deposition and
soil-to-plant transfer. Most of the mercury predicted to occur in green plants was the result of
air-to-plant transfer for those types of green plants for which this route of transfer was deemed .
appropriate. The predicted concentrations and speciation of mercury in green plants are within the
range of measured concentrations. The predicted speciation of mercury in green plants was consistent
with the reported values.

The mercury concentrations in all animal products except fish were predicted to be low. This
was the result of generally low concentrations in plants and small plant-to-animal and soil-to-animal
biotransfer factors. Few data are available for comparison,

Mercury concentrations in fish were predicted to be the highest of the biota considered.
Mercury concentrations in fish were the product of the bioaccumulation factor and the dissolved
concentration of mercury in surface water. The predicted mercury concentrations in fish were within
the range of reported values. There is a great deal of uncertainty and variability associated with the
uptake of mercury by fish.
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Human and Wildlife Exposure Modeling .

Human exposure to anthropogenic mercury was predicted to be domtnated by indirect routes
of exposure except for the hypothetical average urban dweller as indicated in Table 5-15 and 5-16.
This individual was assumed to be exposed to emitied mercury from inhalation and soil ingestion only.
For all other exposure scenarios, except those including fish consumption, the divalent species was
predicted to be the primary species t0 which humans were exposed.

Those hypothetical humans who were assumed to consume fish had the highest exposures.
This was a result of the bioaccumulation factor into fish. Methylmercury was the primary species to
which these individuals were exposed. On a per body weight basis, children were predicted to be
more exposed than adults.

The animals with the highest fish ingestion rate (per body weight) generally had the highest
methylmercury intakes, except in cases where a piscivorous species was assumed to prey more heavily
on trophic level 4 fish as indicated in Table 5-17. ) .
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6. LOCAL IMPACT ANALYSIS

6.1 Description of Approach

The results of two separate analyses are presented in Chapter 6. The first analysis shows the
predictions of mercury fate, transport, and exposure that result from individual emission sources (see
Figure 1-3). These model predictions are confined to the 50 km area around an individual
anthropogenic mercury emission source, which is defined here to be the local area around the
emissions source. In the second analysis the regional mercury modeling results RELMAP from
Chapter 5 are combined with the results of the first analysis and the materials presented in Appendix
H to estimate complete mercury exposure. See Figure 1-4.

6.1.1 Rationale and Utility of Model Plant Approach

Mercury is generally present as a low-level contaminant in combustion materials (e.g., coal or
municipal solid waste) and industrial material (for more information on mercury in emissions refer to
Volume II of this Report). During combustion and high-temperature industrial processes, mercury is
volatilized from these materials. Because of its high volatility, it is difficult to remove mercury from
the post-combustion air stream. As a consequence, mercury is released to the atmosphere. As noted
previously, anthropogenic mercury emissions are not the only source of mercury to the atmosphere.
Mercury may be introduced into the atmosphere through volatilization from natural sources such as
lakes and soils. Consequently, it is difficult to trace the source(s) of mercury concentrations in
environmental media and biota. For this reason it is also difficult to gain an understanding of
contribution to those concentrations.

For the purposes of the analysis in this Chapter, exposure to mercury is defined as chemical
contact with the outer boundary of an organism (also called a receptor). An organism’s contact with
mercury may occur through several different exposure routes including dermal, inhalation, and oral.
Assessment of mercury exposure is complicated by the physical and chemical properties of this
element. These include, the different physical forms of mercury which are manifested in the
environment, the different oxidative states it exhibits, and the duality of its environmental behavior as
both an inorganic and an organic compound. In addition, the uncertain accuracy of analytical
techniques, particularly at low environmental concentrations, and problems with contamination during
environmental sampling further complicate the assessment of mercury exposure,

For this assessment it was not possible to model the emission impact of every mercury
emission source in each selected industrial and combustion class. Consequently, the actual mercury
emission data and facility characteristics for any specific source were not modeled. Instead, a model
plant approach, as described in Appendix F, was utilized to develop facilities which represent actual
sources. Model plants were developed to represent six source categories; namely municipal waste
combustors, coal and oil-fired boilers, medical waste incinerators, chlor-alkali plants, primary copper
smelters and primary lead smelters. The model plants were designed to characterize the mercury
emission rates as well as the atmospheric release processes exhibited by actual facilities in the source
class. The modeled facilities were not designed to exhibit extreme sources (e.g., the facility with the
highest mercury emission rate) but rather to serve as a representative of the industrial/combustion
source class.

This assessment took as its starting point the results of measured mercury emissions from
selected anthropogenic sources. Using a series of fate, transport and exposure models and hypothetical
constructs, mercury concentrations in environmental media, pertinent biota and ultimately mercury
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contact with human and wildlife receptors were predicted. An effort was made to estimate the amount
of receptor contact with mercury as well as the oxidative state and form of mercury contacted. No
attempt was made to estimate an internal dose for either wildlife or human receptors.

In taking the model plant approach, it was realized that there would be a great deal of
uncertainty surrounding the predicted fate and transport of mercury as well as the ultimate estimates of
exposure. The uncertainty can be divided into modeling uncertainty and parameter uncertainty.
Parameter uncertainty can be further subdivided into uncertainty and variability depending on the level
to which a particular model parameter is understood. A limited quantitative analysis of uncertainty is
presented. It is also hoped that the direction of future research can be influenced toward reducing the
identified uncertainties which significantly impact key results.

6.1.2 Phase and Oxidation State of Emitted Mercury

The literature describes several forms of mercury detected in the emissions from the selected
sources. Primarily, these include elemental mercury (Hgo) and inorganic mercuric (ng*). Generally,
only total mercury has been measured in emission analyses. The reports of methylmercury in
emissions are imprecise. It is believed that, if methylmercury is emitted from industrial processes and
combustion sources, the quantities emitted are much smaller than emissions of Hgo and ng‘”‘ Only
HgO and Hg2+ were considered in this air dispersion modeling.

The two types of mercury species considered in the emissions are expected to behave quite
differently once emitted from the stack. Hgo, due to its high vapor pressure and low water solubility,
is not expected to deposit close to the facility. In contrast, Hg2+, because of differences in these
properties, is expected to deposit in greater quantities closer to the emission sources.

At the point of stack emission and during atmospheric transport, the contaminant is partitioned
between two physical phases: vapor and particle-bound. The mechanisms of transport of these two
phases are quite different. Particle-bound contaminants can be removed from the atmosphere by both
wet deposition (precipitation scavenging) and dry deposition (gravitational settling, Brownian
diffusion). Vapor phase contaminants may also be depleted by these processes, although historically
their main impacts were considered to be through absorption into plant tissues (air-to-leaf transfer) and
human exposure occurred through inhalation.

For the present analysis, the vapor/particle (V/P) ratio in the local atmosphere was assumed to
be equal to the V/P ratio as it would exist in stack emissions. It is recognized that this is a
simplification of reality, as the ratio when emitted from the stack is likely to change as the distance
from the stack increases. The air concentration used for inhalation was taken as the sum of the vapor
and particle air concentrations.

The particle size distribution may differ from one combustion process to another, depending on
the type of furnace and design of combustion chamber, composition of feed/fuel, particulate matter
removal efficiency and design of air pollution control equipment, and amount of air in excess of
stoichiometric amounts that is used to sustain the temperature of combustion. The particle size
distribution used is an estimate of the distribution within an ambient air aerosol mass and not at stack
tip. Based on this assumption, an aerosol particle distribution based on data collected by Whitby
(1978) was used. This distribution was split between two modes: accumulation and coarse particles.
The geometric mean diameter of several hundred measurements indicates that the- accumulation mode
dominates particle size, and a representative particle diameter for this mode is 0.3 microns. The coarse
particles are formed largely from mechanical processes that suspend dust, sea spray and soil particles
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in the air. A representative diameter for coarse particles is 5.7 microns. The fraction of particle
emissions assigned to each particle class was approximated based on the determination of the density
of surface area of each representative particle size relative to total surface area of the aerosol mass.
Using this method, approximately 93% and 7% of the total surface area was estimated to be in the 0.3
and 5.7 micron diameter particles, respectively.

Table 6-1
Representative Particle Sizes and Size Distribution
Assumed for Divalent Mercury Particulate Emissions

Representative Particle Size Assumed Fraction of
(microns)* Particle Emissions in Size
Category
0.3 0.93
5.7 0.07

* These values are based on the geometric means of aerosol particle distribution measurements
as described in Whitby (1978).

The speciation estimates for the model plants were made from thermal-chemical modeling of mercury
compounds in flue gas, from the interpretation of bench and pilot scale combustor experiments and
from interpretation of available field test results. The amount of uncertainty surrounding the emission
rates data vary for each source. There was also uncertainty with respect to the species of mercury
emitted.

Although the speciation may change with distance from the local source, for this analysis it
was assumed that there were no plume reactions that significantly modified the speciation at the local
source. Because of the differences in deposition characteristics of the two forms of mercury
considered, the assumption of no plume chemistry was a particularly important source of uncertainty.

6.1.3 Modeling the Deposition of Mercury

Once emitted from a source, the mercury may be deposited to the ground via two main
processes: wet and dry deposition. Wet deposition refers to the mass transfer of dissolved gaseous or
suspended particulate mercury species from the atmosphere to the earth’s surface by precipitation,
while dry deposition refers to such mass transfer in the absence of precipitation.

The deposition properties of the two species of mercury addressed in stack emissions,
elemental and divalent mercury, are considered to be quite different. Due to its higher solubility,
divalent mercury vapor was thought to deposit much more rapidly than elemental mercury. At this
time, however, no conclusive data exist to support accurate quantification of the deposition rate of
divalent mercury vapor. In this analysis, nitric acid vapor was used as a surrogate for Hg2+ vapor
based on their similar ¢olubility in water. Whether a pollutant is in the vapor form or particle-bound
is also important for estimating deposition, and each is treated separately.

June 1996 6-3 SAB REVIEW DRAFT



Dry deposition was estimated by multiplying the predicted air concentration at ground level by
a deposition velocity. For particles, the dry deposition velocity was estimated using the CARB
algorithms (CARB 1986) that represent empirical relationships for transfer resistances as a tunction of
particle size, density, surface area, and friction velocity. For the vapor phase fraction, the dry
deposition velocities were specified for each atmospheric stability class. (Atmospheric stability is a
measure of the amount of turbulance in the atmosphere. stable conditions inhibit dispersion and
unstable conditions enhance dispersion. See Appendix D.) For this analysis, elemental mercury vapor
was assumed to not dry deposit or to deposit at negligible rates. Divalent mercury vapor was assumed
to dry deposit in a manner similar to nitric acid, for which deposition velocities were available (See
Appendix D for more information). For stability classes A-C, a dry deposition velocity of 1 cm/s was
assumed for divalent mercury vapor, while for classes D-F a dry deposition velocity of 0.3 cm/s was
assumed. The lower value was assumed for classes D-F is made because it has been observed that dry
deposition is lower during nighttime conditions, and classes D-F occur predominantly at night (N.B.
Classes A-C by definition can occur only during daytime conditions).

Wet deposition was estimated according to the method of Slinn (1984) and later modified by
PEI and Cramer (1986). The wet deposition rate was characterized by a scavenging coefficient that
can depend on precipitation intensity and particle size. For particles, the scavenging coefficients were
from PEI and Cramer (1986). For the vapor phase fraction, a scavenging coefficient was also used,
but it was calculated using estimates for the washout ratio, which is the ratio of the concentration of
the chemical in surface-level precipitation to the concentration in surface-level air. Because of its
higher solubility, divalent mercury vapor was assumed to be washed out at higher rates than elemental
mercury vapor. The washout ratio for divalent mercury vapor was selected based on an assumed
similarity between scavenging for divalent mercury and gaseous nitric acid. This is based on Petersen
(1995), and the value used for the washout ratio for divalent vapor was 1.6x10° (see Appendix D of
this volume for more details).

6.14 Development and Description of Model Plants

Model plants representing six source classes were developed to represent a range of mercury
emissions sources. The source categories were selected for the exposure assessment based on their
estimated annual mercury ermissions as a class or their potential to be localized point sources of
concern. The categories selected were these:

3 municipal waste combustors (MWCs),
. medical waste incinerators (MWIs),

. utility boilers,

. chlor-alkali plants (CAP),

. primary copper smelters (PCS), and

. primary lead smelters (PLS).

Parameters for each model plant were selected after evaluation of the characteristics of a given
source category and current knowledge of mercury emissions from that source category. Important
variables for the mercury risk assessment included mercury emission rates, mercury speciation and
mercury transport/deposition rates. Important model plant parameters included stack height, stack
diameter, stack volumetric flow rate, stack gas temperature, plant capacity factor (relative average
operating hours per year), stack mercury concentration, and mercury speciation. Emission estimates
were assumed to represent typical emission levels emitted from existing sources. Table 6-2 shows the
process parameters assumed for each model plant considered in this analysis (for details regarding
these values, see Appendix F).
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6.1.5 Hypothetical Locations of Model Plants

There are a variety of geographic aspects that can influence the impacts of mercury emissions
from an anthropogenic source. These aspects include factors that affect the environmental chemistry
of a pollutant and the physics of plume dispersion. Environmental chemistry can include factors such
as the amount of wet deposition in a given area. Factors atfecting plume dispersion include terrain,
wind direction and average wind speed.

Because wet deposition may be an important factor leading to mercury exposures, especially
for the more soluble species emitted, the meteorology of a location was used as a selection criterion.
Two different types of meteorology were deemed necessary to characterize the environmental fate and
transport of mercury: an arid/semi-arid site and a humid site. The humidity of an area was based on
total yearly rainfall. (See Appendix B).

Terrain feanfres refer to the variability of the receptor height with respect to a local source.
Broadly speaking, there were two main types of terrain used in the modeling: simple, and complex.
Simple terrain is defined as a study area that is relatively level and well below stack top (rather, the
effective stack height). Complex terrain referred to terrain that is not simple, such as source located in
a valley or a source located near a hill. This included receptors that are above or below the top of the
stack of the source. Complex terrain can effect concentrations, plume trajectory, and deposition. Due
to the complicated nature of plume flow in complex terrain, it is probably not possible to predict
impacts in complex terrain as accurately as for simple terrain (for a description of the air model used
and how it addressed complex terrain, see Appendix D). In view of the wide range of uncertainty
inherent in accurately modeling the deposition of the mercury species considered, the impacts posed by
complex terrain were not incorporated in the local scale analysis. However, a limited exercise
investigating the extent consideration of complex terrain may affect the air modeling results was
performed.

6.1.6 Hvpothetical Exposure Scenarios and Location of Receptors Relative to Local Source

Three types local plant settings were utilized: urban, rural and lacustrine. These have been
described in section 4.2.2,

There are conceivably an infinite number of possible receptor locations (relative to the source)
which could have been used for this analysis. For the purpose of this analysis, a watershed/water body
configuration was assumed to be located at 2.5 km, 10 km, and 25 km from the local source, as shown
in Figure 6-1.

Area-averaged deposition rates and air concentrations were computed for both the water body
and watershed. The watershed value was used to estimate soil and vegetation concentrations.

6.2 Results of Local Scale Modeling

In this section the possible effects of a local source on receptors within 50 km are considered.
The air modeling alone is one of the most uncertain and controversial aspects of the entire analysis.
There are at present no validated models for estimating the deposition of mercury close to an -
anthropogenic source.

For each hypothetical model plant, COMPDEP (the local atmospheric dispersion and
deposition model used in this assessment) was run using weather data from 1989, the same year used
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Figure 6-1
Configuration of Hypothetical Water Body and Watershed Relative to Local Source

Watershed

Local
Source

l

Center of lake
at 2.5 km, 10km,
or 25 km from source

Prevailisg Downwind Direction

>

for the RELMAP analysis. The predicted values for air concentration and deposition rate were then -
used as inputs for the [EM2 model. Separate area-averaged values were used for both the water body
and watershed. These values were assumed to be representative for 30 years, the assumed typical
lifetime of a facility. During this 30 year period, the mercury concentration in soil was allowed to
build-up, taking into account basic loss processes such as leaching, runoff and erosion. The calculated
values at the end of the 30 year period were then used as input to the water portion of the [EM2
model, which calculated steady-state water concentrations based on the 30 year values. The only
difference between the results presented here and the results in Section 4.3 are the air concentrations
and deposition rates used.

6.2.1 Air Concentrations

In analyzing the air concentrations predicted by the COMPDEP model, it is important to
observe that in a typical year the predicted air concentration due to the local source at any receptor is
zero a rather substantial fraction of the time. There are two basic reasons for this. First, in order for
there to be a non-zero air concentration for a given hour the receptor must be in the downwind
direction. This means that the wind must be blowing in a direction within 90 degrees of the receptor
itself. For most sites this only occurs about 50% of the time for the direction with the highest
frequency. Second, even if the receptor is downwind, the predicted air concentration will be
significant only if the wind is blowing in a direction within about 10 degrees of the receptor’s
direction relative to the facility. For most sites this occurs for the prevailing downwind direction only
about 10 to 15 percent of the time. Because the air concentrations are averaged over the year, this
results in (usually) low average air concentrations.

Figures 6-2 and 6-3 show the predicted air concentrations (area-averaged over the watershed)

for all facilities for both the Eastern and Western site. The results are virtually identical for both sites,
and none of the predicted air concentrations exceed 4 ng/m3.
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The differences in predicted air concentrations across source classes depend primarily on three
key parameters: the total mercury emission rate, the stack height and the exit velocity of the plume
from the source. The sensitivity of the air model to the emission rate is to be expected because the
predicted air concentrations are linear with the total mercury emission rate, and the model plants are
assumed to have a wide range of emission rates (from 2 kg/yr up to over 1330 kg/yr; see Table 6-6).
Both the stack height and exit velocity were used in calculating the effective stack height, which is the
height to which the plume rises from the stack top. The importance of the effective stack height on
air concentrations is well known and is demonstrated in this assessment by the predicted air
concentrations for the chlor-alkali plant, which clearly dominates the values as a whole. See Figures
6-2 and 6-3. This is due to an assumed combination of a low stack height (10 feet) and slow stack
gas exit velocity (0.1 m/s) (this results in a low effective stack height), and a comparatively high
assumed total mercury emissions rate of about 280 kg/yr. The low stack parameters result in predicted
low plumes that are not as vertically dispersed at the receptor when compared with the facilities with
higher stacks, thereby enhancing air concentrations.

\

In general, the predicted average concgntrations of atmosphere mercury were quite low from
the model plants. The only source class for which significantly elevated air concentrations were
predicted is the chlor-alkali plant. This is due to a very low stack height coupled with a high assumed
mercury emission rate. The low stack height resulted in predicted plumes that were close to the
receptors considered, and so there was less predicted dispersion of the plume compared to the other
facilities.

6.2.2 Deposition Rates

In contrast to the predicted air concentrations, the annual deposition rates are cumulative; they
represent the sum of any deposition that occurs during the year, and hence are not affected by long
periods of little deposition. Furthermore, the COMPDEP model predicts that significant deposition
events occur infrequently, and it is these relatively rare events that are responsible for the majority of
the annual deposition rate.

Because dry deposition is calculated by multiplying the predicted air concentration for the hour
by the deposition velocity, significant dry deposition events only occur when, for the reasons discussed
above, there is a "spike" of predicted high air concentration for a given hour. Annual dry deposition
tended to be dominated by these peak values when the wind is blowing within a few degrees of the
receptor’s direction.

For the Eastern site which had a higher rate of precipitation than the Western site, wet
deposition can dominate the total deposition for receptors close to the source. Single wet deposition
events were predicted to deposit 300 times more mercury than a high dry deposition event. These
high wet deposition events based on the modeling are even rarer than elevated dry deposition events
because not only must the wind direction be within a few degrees of the receptor’s direction, but
precipitation must be occurring as well.

Table 6-3 shows the deposition rate parameters for the emitted pollutants addressed in this
study.
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Table 6-3
Comparison of Assumed Deposition Parameters for Elemental and Divalent Mercury

Elemental Divalent Divalent
Parameter Mercury Vapor Mercury Vapor Mercury Particulate
Dry Deposttion Velocity (cm/s) 0 03-1.0 02 -14°
Washout Ratio (unitless) 1.60x10* 1.60x10° NA
Wet Deposition Scavenging 3x10°% to 1x107 3x107* 1o 1x10°3 2.2x107* (light precipitation) to
coefficient (/s)* 1.46x10° {heavy precipitation)
-

2 For elemental and divalent vapor, this is calculated by L = W P / L, where W is the washout ratio, P is the representative
precipitation intensity for the hour, and L is the predicted muxing height for the hour. Due to the dependence on mixing
height, the upper end values of the ranges shown routinely occur even for light precipitation.

® Based on particle density of 1.8 g/cm3. particle diameter of 2 pm, surface roughness of 0.3 m. and ambient air temperature
of 295 K.

Although such wet deposition events may be rare for a fixed receptor, anytime precipitation
occurs a significant deposition event will occur in the downwind direction for that hour. Because of
this, the wet deposition rates may be more uniform with respect to direction than one may expect.

In general, only the divalent form of mercury is predicted to have significant deposition rates.
This is because the assumed atmospheric removal (wet and dry deposition) of divalent mercury is
significantly larger for divalent mercury than for elemental mercury. For dry deposition of divalent
vapor, the deposition velocities were either 0.3 cm/s or 1 cm/s, depending on the stability class for a
given hour, while it was assumed that elemental mercury vapor does not dry deposit. Although wet
deposition of elemental mercury vapor is addressed, the difference in solubilities of the two forms of
mercury resulted in the divalent vapor being predicted to wet deposit at a higher rate than elemental

vapor.

Table 6-4 shows a breakdown of the total deposition rate in terms of the amount that was
predicted to occur via wet deposition and fraction of total deposition that is particulate.

There are several general features noted here. With the current assumptions regarding mercury
deposition and receptor terrain, wet deposition dominated the predicted deposition rates. For most of
the facilities, wet deposition accounted for most of the total deposition, and the contribution of wet
deposition decreases with distance from the source. As expected, wet deposition played a larger role
at the more humid site in the east.

The predicted dry deposition rates depend ultimately on the predicted air concentrations and
the speciation of the mercury in the local atmosphere. For this reason, dry deposition accounted for
most of the total deposition for the facility with the highest predicted air concentrations, the chlor-
alkali plant. In complex terrain, dry deposition can play a larger but uncertain role than in the results
presented here. This is discussed in more detail below.

Although for some facilities particulates comprised more than 50% of the total divalent

emissions, it played a smaller role in terms of total local deposition. This indicates the faster removal
from the atmosphere of the vapor form.
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Figures 6-4 and 6-5 show the predicted total mercury deposituon rates for all facilites at both
sites. Although there is uncertainty in the depositon rates, especially near the source, there are no
data currently available to support or refute the predicted deposition rates at 2.5 km.

6.2.3 Media Concentrations

Soil. The predicted soil concentrations are directly proportionial to total deposition. A
comparison between Figure 6-4 (total deposition) and Figures 6-6 and 6-7 (soil concentrations) does
not show any differences, save for a change of scale and units. Mercury that deposits was predicted to
speciate as 98% Hg2+ and 2% methylmercury (see appendix A) and to mix evenly throughout the
untilled (1 cm) or tilled (20 cm) depths. The predicted tilled soil concentration was therefore, 20 times
less than the untilled concentration. Any factor changing total deposition behavior has the identical
effect on soil concentrations.

Green Plants. Both the soil and air concentrations (root and foliar uptake) were used to
calculate the mercury concentrations in grains, beans, fruits, and fruiting vegetables. Only atmospheric
uptake was assumed to occur for leafy vegetables and only root uptake for potatoes and root
vegetables. Additionally, unprotected plants (non-grains, non-rooting plants) we assumed to
accumulate mercury though direct deposition onto the edible portion of the plant.

Shown in Figures 6-8 and 6-9 are the predicted mercury concentrations in leafy vegetables,
and shown in Figures 6-10 and 6-11 are values for fruits. Leafy vegetables accumulate slightly more
mercury than fruiting vegetables; most of the difference arises because of the.higher interception
fraction of leafy vegetables (resulting in more efficient direct deposition: Appendix A). Since air
uptake dominated plant mercury accumulation for both types of plants, the trends in these figures
follow those for predicted air concentrations very closely.

Mercury concentrations in grains and legumes were much lower than the concentrations
predicted in leafy vegetables but followed the same overall trends among model plants and distance
from the source. The lower concentrations were a result of smaller interception fractions for grains
and legumes and the reduction in the air-to-plant biotransfer factor that accounted for lower
concentrations in the edible parts of grains and legumes. Fruits were modeled with the same uptake
parameters as fruiting vegetables, and had the same mercury concentrations. Potatoes and rooting
vegetables had lower mercury concentrations than plant types which also accumulated mercury from
the air, due to the low tilled soil concentrations. For all plants, Hg2+ always accounted for the bulk of
the plant mercury. (See Chapter 4; section 4.3.2.2.)

Beef. As with the plant concentrations, the predicted beef concentrations (Figures 6-12 and
6-13) were rather low, mainly due to a low transfer coefficient (see Appendix A). Beef were assumed
to get mercury from both vegetation and soil they consume.

Surface Water. Surface water concentrations, as with soil concentrations, followed total
deposition patterns; however, a comparison between total deposition and surface water concentrations
indicates noticeable differences in trends. The deposition rate was the most critical factor in
determining surface water concentrations.

Fish. The fish concentrations were estimated by multiplying the predicted total mercury
dissolved surface water concentration by the trophic-level-specific bioaccumulation factor (BAF). The
bioaccumulation factor related total dissolved mercury in water to methylmercury concentrations in
fish tissue. There is considerable uncertainty in the BAF, but the perdicted concentrations of mercury
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Trophic Level 4 Fish Mercury Concentration (ug/g wet weight)

¢ 1996
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Figure 6-19

Predicted Trophic Level 4 Fish Mercury Concentration (ug/g)

at the Western Site, COMPDLEP Only

LMWC

PCS m-e

| |
2.5 km al0km A25km

6-29

Abbreviations
LMWC _qumc Municipal Waste Combustor
SMWC Smalt Mumiaipal Waste Combustor
CMWI Contimuous Medical Waste Incinerator
IMWI  Intermittent Medical Waste lncinerator
L.CUB Large Coal-tired Utility Boder
MCUB Medium Coal-fired Uuhiny Boaler
SCUB Small Coal-fired Unlity Boiler
MOUB Medium Oit-tired Utiliy Boiler
CAP  Chior-Alkati Plant
PCS  Primary Copper Smelter
PLS Primary | cad Smelter
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L4

Table 6-5

Predicted Human Mercury Intakes for Agricultural Scenarios in Eastern Site based on COMPDEP Results Alone

7720195, 4 54 41 PM

Predicted Mercury lulake for Rural Subsistence Fariner (mg/kg/day)

COMPDEP in Easteru Site

25k 10 km 25 ki
Chld Adult Clutd Adult Chald Adult
Faaility* hal ing hat lugest luhalaton lugestion Inhatatuon fugesuon Inhalation Tugeston Inhalation lugestion
Large Muisapal Waste Combustor 2.4¢-07 4.4e-05 7 2e-U8 2 2e-05 2le-07 1 2e-05 6 3e-08 7 4e-06 1 te-07 4 4e-06 3 08 $ e -06
t Musaipai Waste Combusior 1.0e-07 8 4e-06 3 0e-08 4 Te-06 6 Ve-U8 2.7e-06 1 82-08 1 ge-06 2 6e-08 9 Be-07 8 -9 7 0e-007
Conunuous Medical Waste lucinerator 2.2e-07 1 0e-05 6 7e-08 66e-06 7 7e-08 2 Be-06 2 Je-u8 2 e-06 27e-08 9 4e-07 8 de-(¥ 6 907
Internutient Medical Waste Ficinerator 9.3e-09 3 %07 2 8e-09 2.6e-07 2 6e-09 9 Se-08 8 0e-10 6 ge-08 8 Be-10 3 Ve-08 27e-10 22e-U8
f.arge Coal-fired Utihity Botler 1.2e-09 1 3e-06 37e-10 5 Be-U7 1 5e-09 3 4e-07 4.5¢-10 1 6e-07 | 2e-09 9 6e-08 17e-10 5 Se-08
Me dium Coal-fired Uulity Boiler 2.1e-09 1.1e-06 6 5e-10 4 8e-07 2.5¢-09 26e-07 7 7e-10 ¥ 4e-07 2 le-9 9 9e-08 62-10 6 de-Uy
Smiall Coal-fired Uility Bouler 2 4e-09 23e-07 7.3e-10 1.2e-07 1 9e-09 8 3e-08 57e-10 5 Se-08 9 te-10 3.2e-08 2 Be-10 2 08
Medium Onl-fised Uulity Boiler 14e-10 3 3e-08 4 2e-11 1 6e-08 1 6e-10 9 8e-09 4 9e-1t 5 %-09 | le-10 4 le-09 3 2e-14 2 9¢-09
Chlor-atkal plant 3 6e-06 1 le-04 1.1e-06 8.5¢-05 7 9e-07 2.3e-05 24e-07 | 8e-05 2.7e-07 7 8e-06 8 de-08 6 2e-06
Prinary «Copper Smelter 3.6e-08 3 7e-06 i 1e-08 2 0e-06 3 %e-08 1.6e-06 | 2e-08 1 te-06 2 Se-08 8 207 7 69 6 2-07
Prinary Lead Sinelter 3 9e-U7 2 Se-05 1 2e-07 1 Se-05 3 Ge-07 { 3e-05 i.le-07 9 4¢-06 1 9e-07 6 0e-06 5 Ye-08 4 6e-06
720195, 4:54 52 PM Predicled Mercury Intake for Rural Home Gardeuer (1ng/kg/day)
COMPDEP in Easteru Site 2.5 km 10 km 25 kin
Chuld Adult Child Adult Cluld Adult

Facility* h Iugestiog halaton  Ing Inhalation Ingestion Inhalation lugestion lhalaton ingesuon Inhialation Ingestion
Large Mumapat Waste Conibustor 2.4e-07 8 9%¢-06 7 2e-08 3 0e-06 2 le-07 2.6¢-06 6.3e-08 | 4e-06 i le-07 9 9e-07 3 3e-08 6 6e¢-U7
1 Mumapal Waste Combustor 1 0e-07 1.8¢-06 3.0e-08 8 le-07 6 0e-08 5.9¢-07 1 Be-08 3 8e-07 2 6e-08 2 2e-07 8 Ue-09 1 5e-07
nunous Medical Waste Incinerator 2207 2.2e-06 6 Te-08 1 4e-06 7 Te-08 6 4e-07 2 3e-08 4 5e-07 27e-08 2 te-07 K 3¢-09 1 6e-07
Interuuttent Medical Wasle Incnerator 9.3e-09 8 6e-08 2 8e-09 5.6e-08 2 6e-09 2 le-08 8.0e-10 1 Se-08 8§ Be-10 6.7¢-09 27e-10 5 Oe-09
Large Coal-fired Uulity Baler 1 2¢-09 2 5e-07 3.7e-10 6.5¢-08 1.5¢-09 6 7e-08 4.5¢-10 2208 1 2e-09 2 Ve-08 3 7e-10 9 6e-09
Medtuin Cual-fired Utility Boiler 2.}e-09 21le-07 6 5e-10 5.8e-08 2 Se-09 5.3e-08 77e-10 22-08 2 le-09 2 Je-08 6 e-10 1 3e-08
Smiall Coal-fired Utility Botter 2.4e-09 4.7¢-08 ) 7 3e-10 2.1e-08 1.9¢-09 1 8e-08 57e-10 1 2e-08 9 le-10 7.1e-09 2 8e-10 S 2e-09
Medium Ol-tired Uiility Boiler i 4e-10 6.5¢-09 42-11 2 1e-09 1 6e-10 2 le-09 4 9e-11 1 le-09 1 le-10 9.0e-10 3211 6 2e-10
Chlor-alkal plant 3.6e-06 24¢-05 1.1e-06 2 0e-05 7 %e-07 5 le-06 24e-07 4 2-06 2 7e-07 1 7e-06 8 3e-08 1 5¢-06
Prinary Copper Sielter 3.6e-08 T4e-07 ile-08 3 2e-07 3 9¢-08 3.4e-07 12:-08 23e-07 2 Se-U8 1.8e-07 7 6¢-09 1 de-07
Prnimary Lead Smelter 3 9e-07 5.2e-06 1 2e-07 2 7e-06 3.6e-07 2.7e-06 1 1e-07 2 0e-06 1 9e-07 1 3e-06 5 9e-08 1 le-06
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' Table 6-6

Predicted Human Mercury Intakes for Agricultural Scenarios in Western Site based on COMPDEP Results Alone

7/20/95, 5 35 51 M Predicted Mercury Intake for Roral Subsistence Farnier (mg/kg/day)
COMPDEP m Western Site 25 kan 10 kmy 25 hm
Child Aduht Cluld Adult Cluld Adult

Facility* Inhatation Ingestion Inhialauon  lngestion Inhalauon Ingestion luhalation Ingestion Juhalavon Ingestion Lubilaton Ingeston
1.arge Muisapal Waste Combustor 2.2:-07 3.4e-05 6 Te-08 1 8e-05 1.8e-07 1 le-05 5 Se-Uf 6 8e-06 1 le-07 4.8¢-06 3 3e-U8 3 2e-00
Stralt Munaipal Waste Combusior 8.8e-08 6.7¢-06 2 7e-08 3 9e-06 5 2-08 24e-06 1 6e-08 I 6e-06 2.5¢-08 9 Te-07 7 Se-tm 6 fe-U7
Contneous Medical Wasie lucimerator 2.1e-07 9.0e-06 6.2¢-08 6 le-06 6 Be-08 2 6e-06 2 le-U8 I 8e-06 2.5¢-08 % %e-07 7 Se-(w 6 4e-007
futernuttent Medical Waste Iucinerator 8.8¢-09 3.6e-07 2.7e-09 2 5e-07 2 3e-09 8 6e-08 7.0e-10 6 le-08 7.8e-10 27e-08 2de-10 2008
Large Coat-fired Uulity Baler 1.9¢-09 1 2e-06 5.8e-10 5.6e-07 { Te-09 4 Oe-07 $ 2e-10 20e-07 1.4e-09 1 de-07 4 2e-10 7 Be-U8
Me diuni Coal-fired Uulity Boiler 2.4e-09 8.5¢-07 7.3e-10 4 2e-07 2.2e-09 24e-07 6 6e-10 1 3e-07 1.9e-09 1 0e-07 5 7e-10 6.6 -08
Sialt Coal-fired Utility Boler 22-09 1.8¢-07 6.7e-10 1.0e-07 1 6e-09 7 2-08 4.8e-10 4 Be-08 9 0e-10 3.3e-08 27e-10 24e-08
Medium Oul-fired Utility Bodler 14e-10 2.4e-08 4.2-11 i.3e-08 tde-10 8 6e-09 4 le-11 5 3e-09 9.9¢-11 4 le-09 3 0e-11 29e-09
Clor-alkals plamt 3.6e-06 1 le-04 i.le-06 8.5¢-05 7 de-07 2205 2 2e-07 | 7e-05 2.5¢-07 7.4¢-06 T 7e-08 5 9¢-06
Priniary Copper Smelter 4 2-08 3.1e-06 1.3e-08 1.8e-06 3 3e-08 | de-06 1 Oe-08 9 4e-(7 2.3e-08 7 8e-07 7 le-® 5 9e-07
Primary Lead Smelter 3 8e-07 2.4e-05 1.1e-07 1.3e-05 3 0e-07 1 le-05 9 Ue-U8 7 8e-06 | .8e-07 5 9e-06 5 6e-08 4 Se-06

7720195, 5:36 01 PM Predicted Mercury linake for Rural Home Gardener (mig/kg/day)
COMPDEP in Western Site 2.5 ki 10 km 25 km
Child Adult Chuid Adult Child Adult

Facility® Inhalation Ingestton Inhalation  Ingestion Inhialation Ingestion luhatation Tngestion Inhalauon ligesuon Inhalatson lugeston
[ arge Munucipal Waste Combustor 2.2¢-07 4.1e-06 6.7e-08 1.82-06 1 8e-07 1 9e-06 5.5¢-08 1.2e-06 L.le-07 9.6¢-07 3 3e-08 6 Se-17
Small Mumapal Waste Combustor 8.8¢-08 1 0e-06 2.7e-08 S 9e-07 5 2-08 4 6e-07 | Ge-08 3 1e-07 2 Se-08 2 te-07 7 509 1 de-07
(Conunuous Medical Waste lucinerator 2.1e-07 1.8e-06 6 2-08 1.2e-06 6 Be-08 5.5¢-07 2.1e-08 T 40e-07 2 Se-08 1.9e-07 7 Se-t9 | 4e-07
Iterunttent Medical Waste Incinerator 8 Be-09 7 4e-08 2.7e-09 5 2e-08 23e-09 1.8e-08 7 0e-10 1.3e-08 7 8e-10 6.0e-09 24¢-10 4 5¢-09
Earge Coal-fired Utility Borler 1 9e-09 1.0e-07 5.8e-10 3.2e-08 1 7e-09 4.2¢-08 5.2e-10 1.7e-08 1 4e-09 1 Be.08 4 2-10 9 7e-09
Medium Coal-fired Unlity Botler 2.4e-09 8 te-08 7 3e-10 2.9¢-08 22-09 3.1e-08 6 Ge- 10 1 6e-08 1 9e-09 1 7e-08 57e-i10 1 le-08
Smiall Coal-fired Utility Bouer 2.2e-09 2 Se-08 6 7e-10 i.5e-08 1 6e-09 1.3e-08 4 8e-10 9 2e-09 9 Oe-10 6.7e-09 27e-10 S le-(9
Mechuim Onl-fired Utility Bosler 1.4e-10 2.7e-09 4 2-11 t 2e-09 1.4e-10 .3e-09 4 le-11 8 de-10 9 9e-11 7.9e-10 3 0e-1t 5 7e-10
Chlor-alkaly plant 3.6e-06 2.4e-05 1.1e-06 1 9%e-05 7 3e-07 4 Te-06 2 2-07 3.9¢-06 2 5e-07 1.6e-06 7 Te-08 1 4e.06
Pruniary Copper Smelter 4.2¢-08 4.20-07 1.3e-08 2.6e-07 3 de-08 24e-07 | Oe-08 1 8e-07 2 3e-08 1.5¢-07 7 le-w 1 3e-07
Prniary Lead Sinelter 3.8e-07 3.2e-06 i.le-G7 2 2e-06 3 Ge-07 2.0e-06 9.0e-08 1 6e-06 | Be-07 1.2e-06 5 6e-08 9 9e-07
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Table 6-7
Predicted Human Mercury Intakes for Urban Scenarios in Eastern Site based on COMPDEP Results Alone

7120195, 4 54 55 PM

Predicted Mercury Itake for Urban Average (mg/kg/day)

COMPDEP m Easlern Sile 25 km 10 km 25 km
Child Adult Child Adult Cluld Adult
Facility® Inhatation Tog halation Ingesuon Inbalaton _ Ingesuon Inhalavon  Ingestion Inhalation lngestron Inbalauon Tugestion
Large Muinapal Waste Combustor 2.4e-07 6 5e-06 4 8e-08 7 9e-07 2 le-07 1 2e-06 4 2-08 1 Se-07 1.1e-07 3le-07 2 2-08 3 He-U8
Sniall Mumcipal Waste Combustor 1.0e-07 1 Ge-06 2 0e-08 1.2e-07 6 Ue-08 2 le-07 | 2e-08 2 6e-08 2 6e-08 6 Ue-08 5.3e-09 7 -9
Continuous Medical Wasle Incuxrator 2.2e-07 8 (e-07 4 Se-08 9 7e-08 7 7e-08 1.7e-07 | 6e-08 20e-08 27e-08 4 6e-08 5 6e-09 S Ge-09
it Medical Waste Incinerator 9.3¢-09 2 8e-08 1 9e-09 3 4e-09 2 6e-09 5 de-09 5 3e-10 6.5e-10 8 Be-10 1 4e-09 | 8e-10 17e-10
Large Coal-fired Uility Bosder 1.2-09 2le-07 2 5%-10 26e-08 1 5e-09 5 le-08 3 0e-10 6 le-09 1 209 1 le-08 2 Se¢-10 { 4e-09
Medium Coal-fired Utility Boler 2 1e-09 17e-07 4 3e-10 2 Je-08 2 5e-09 3 3e-08 S.qe-t0 4 0e-09 2le-09 8 le-09 4 2-10 9 9e-10
Small Coal-fired Uunlity Boler 24e-09 29¢-08 4 9e-10 3 Se-09 1 9e-09 5.9¢-09 3 8e-10 7.2e-10 9 le-10 1 6e-09 1 Be-10 1 9-10
Me diutn Qil-tired Utility Boiler 1.4e-10 4.9e-09 2.8e-11 6 0e-10 I Ge-10 9 7e-10 3 3e-11 1 2e-10 I le-10 25-10 2 le-11 30e-11
Chlor-alkalt plant 3.6e-06 3.0e-06 7 3e-07 3 6e-07 7 9e-07 4 4e-07 1 6e-07 5 3e-08 27e-07 t le-07 5 Se-08 1 3e-08
Pnmary Copper Snielter 3 Ge-08 4 7e-07 7 3e-09 5.6e-08 3 9¢-08 9 9¢-08 7.9e-09 1.2e-08 2.5¢-08 2.6e-08 5 le-09 3 209
Primiary Lead Sinelter 39e-07 | 2 5e-06 7 Se-08 3 le-07 3 6e-07 S 6e-07 7 3e-08 .oma.cu 1.9¢-07 1 Se-07 3 9e-08 1 9e-08
7120195, 4:54 9 PM Predicted Mercury Iitake for Urban High End (mg/kg/day)
COMPDEP in Eastern Stte 2.5 km 10 km 25 km
Child Adult Child Adult Chuld Adult
Faality® Inhalation Ing hal Ing: Inhat Tng Inhalauon  Ingestion luhalaton Engestion [uhalation Tugeston
Large Mutucipal Waste Combustor 2 4e-07 2 4e-04 7 2¢-08 1.6¢-06 2.1e-07 4.6¢-05 6.3%-08 6 3¢-07 1 le-07 1 2¢-05 3 3e-08 27e-07
Small Mutscipal Waste Combustor 1.0e-07 3 Be-05 3 0e-08 3 Be-07 6 0e-08 7.9¢-06 1 8e-08 1 6e-07 2 6e-08 22-06 8 0e-09 6 2%-U8
Contrunous Medical Waste i 1nerator 2.2¢-07 3.0e-05 67e-08 5.7e-07 7 Te-08 6 3¢-06 2.3e-08 1.8e-07 2 7e-08 1 7e-06 8 3e-09 6 2e-U8
hitermuttent Medical Waste Inciuerator 9.3e-09 1.0e-06 2 8e-09 2 3e-08 2 6e-09 2.0e-07 8 0e-10 6 0e-09 8 Be-10 5 3e-08 27e-10 1 9e-09
Large Coal-fired Unlity Botler §.2e-09 8.0e-06 3 7e-10 4.1e-08 1.5e-09 1.9¢-06 4 Se-10 1 2e-08 1.2¢-09 4 2e-07 3 7e-10 4.4e-09
Medinin Coal-fired Utility Botler 2.1e-09 6 3e-06 6.5¢-10 3 Se-08 2.5e-09 1.2e-06 7.7e-10 1 le-08 2.le-08 3.0e-07 62e-10 S 3e-09
Small Coal-fired Utility Boder 24e-09 1 le-06 7 3e-10 9 Be-09 1.9e-09 2.2e-07 57e-10 4 7e-09 9 le-10 S Be-08 2 8e-10 20e-09
Mediuin Oil-fired Uulity Boster 1 4e-10 1 8e-07 4 2e-11 1 2e-09 | 6e-10 3.6e-08 4 9e-H 4.9e-10 1le-10 9 2e-09 3.2e-11 2 5¢-10
Chlor-atkali ptant 3 6e-06 1 le-04 1.1e-06 7 de-06 79e-07 . 1.6¢-05 24e-07 | 6e-06 27e-07 4 0e-06 8.3e-08 54e-07
Prinary Copper Sinelter 3.6¢-08 1 7e-05 1 le-08 1 Se-07 3.9e-08 3.7e-06 1 2-08 9.3¢-08 2 Se-08 9 %e-07 7 6e-09 5 Je-08
Prinnary Lead Smeiter 3.9¢-07 9 4e-05 12-07 1 2e-06 3.6e-07 2.1e-05 1 le-07 7 9e-07 1 9e-07 5 7e-06 5 9e-08 4 0e-07
2
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Table 6-8
Predicted Human Mercury Intakes for Urban Scenarios in Western Site based on COMPDEP Results Alone

7120195, 5 36 05 PM

Predicted Mercury Intake for Urban Average (mg/kg/day)

COMPDEP in Western Site 25 km 10 ki 25 km
Child Adult Chuld Adult Clald Adult

Facility® hal Ingest Fuhalavon Ingest tuhalation 1 Inhalaion  lugestion Tnhatation Ingestion Inhalauon Yigestion
l.asge Mucipal Waste Conubustor 22-07 24e-06 4 5¢-08 29e-07 1.8e-07 T le-07 3 7e-08 & 6e-08 I te-07 2 8e-07 2.2e-08 3 4e-08
Sinali Mumapal Wasie Conbustor 8 8e-08 4 Se-07 1 Be-08 5 Se-08 5.2e-08 1.4¢-07 .le-08 1 7e08 2 Se-08 S 3e-08 S Oe-09 6 Se-09
Contiuous Medical Wasté huctneraior 2 le-07 5.2e-07 4 2e-08 6 3e-08 6.8e-08 1 3e-07 1.4e-08 1 6e-08 2 Se-u8 4 3e-08 5 Oe-09 5 %9
Interuutient Medscal Waste Incierator 8.8¢-09 1.9¢-08 1.8¢-09 24e-09 239 4.2-09 4 7e-10 5 te-10 7 8e-10 {.3e-09 1.6e-10 | e-10
I arge Coal-fired Utility Bosier 1.9e-09 7 9e-08 3.9e-10 9.5¢-09 17e-09 2.7e-08 3.5¢-10 3 3e-09 1 4e-09 8.9¢-09 2.8e-10 F e
Me dium Coal-fired Utility Boler 24e-09 S 7e-08 49e-10 6 9e (9 2 29 1 Se-08 4 3e-10 1 %e-00 1 9e-09 S 4e-09 3 Be-10 -6 6e-10
Stiall Coal-fired Uity Boter 22-09 1 le-08 4 4e-10 1.3e-09 1 6e-09 3.2e-09 3.%-10 3 9e-10 9 Oe-10 1 3e-09 | 8e-10 1 Se-10
Me dium O1l-fired Utility Botler 1 4e-10 1 6e-09 2 Be-11 19e-10 1 4e-10 4 7e-10 2.7e-11 57e-11 9 9e-t1 1 &e-10 2.0e-11 2211
(Chlor-alkal plant 3.6e-06 2 Se-06 7 2e-07 3.0e-07 7 3e-07 3.9e-07 1 5e-07 4 8e-08 2 Se-U7 1.te-07 5.2¢-08 1 4c-08
Prinary Copper Stielter 4 2-08 1 5¢-07 8 4e-09 1 9e-08 3 3e-08 4 3e-08 6 6e-09 5 3e-09 2 3e-08 1.7e-08 47y 2 e
Puniary Lead Smelter 3 8e-07 8 %e-(7 7 Te-08 1 le-07 3 Qe-07 2 6e-07 6 0e-08 3 2e-08 1 807 {te-07 3 Te-08 1 %08

7120495, 5:36 08 PM Predicted Mercury Intake for Urban High End (ny/kg/day)
COMPDEP in Westem Site 2.5 km 10 km 25 km
Chsld Adult Chld Adult Cluld Adult

Faciluy® ion Ingest Tuhal 1 Ingesuon | Iuhalaton  fngestion lubaauon Ingestion tnhatation lngeston
Large Mumcipal Waste Coubustor 22-07 89e-05 6 7e-08 87e-07 §.8e-07 2.6¢-05 5.5¢-08 4 8e-07 | fe-07 1.1e-0S 3 de-08 2 6e-07
Smalt Municipa) Waste Combustop 8 8¢-08, 1.7e-05 2.7e-08 2 Se-07 5208 5 1e-06 | Ge-08 ® 1% 2 Se-08 2.0e-06 7.5e-09 57e-08
Continuous Medical Waste 2 le-(7 1 9e.05 6 2e-08 4 9¢-07 6 8e-08 4.8¢-06 2.1e-08 1 6e-07 2 Se-08 1 6e-06 7 5e-09 5 6e-08
Tutemutient Medical Waste Inciuerator 8.8e-09 7 2e-07 27e-09 2 fe-08 2.3e-09 1.6e-07 7.0e-10 5 2e-09 7 8e-10 4 Be-08 24e-10 | Te-¥
Large Coal-fired Ulity Botler 1.9¢-09 2.9¢-06 5 8e-10 1 Be-UB \ Te-09 1 0e-06 5.2-10 8.2¢-09 1 4e-09 3 3e-07 42-10 4 3¢-(W
Me dtum Coal-fired Utility Boiler 24¢-09 2.1e-06 7 3e-10 1 5e¢-08 2 2e-09 5.7e-07 6 6e-10 7 0e-09 1 9e-09 2.0e-07 57e-10 4 6e-09
Sinatl Coal-fired Utility Boller 2.2e-09 4.0e-07 6 7e-10 6.2¢-09 1.6e-09 1.2e-07 4 8e-10 3 6e-09 9 0e-10 4.7e-08 2 Te-10 2 e-09
Me hum Onl-fired Ulility Bosler | 4e-10 5.9¢-08 4.2-114 S 6e-10 i de-10 1.7¢-08 4 le-tl 3 Se-10 9 9e-11 6.7e-09 3.0e-11 2210
Chlor-alkalt plant 3.6e-06 9.3e-05 1.1e-06 7 3e-06 7 3e-07 1.5e-05 2.2e-07 1.5e-06 2 5e-(7 4 2e-06 7.7e-08 5 le-07
Primary Copper Suselter 4 2e-08 5 7e-06 1 3e-08 1.1e-07 3 3e-08 1 Ge-06 1.0e-08 T.le-08 2.3e-08 6.4e-07 7.1e-09 4 8¢-08
Pratiary Lead Smelter 3 Be-07 3 3e-05 1le-07 8 8e-07 3.0e-07 9.8e-06 9.0e-08 6 2e-07 | 8e-07 3.9¢-06 5 6e-08 3 7e-07
June 1996 6-34 SAB REVIEW DRAFT




Predicted Human Mercury Intakes for Fish Ingestio

‘Table 6-9

n Scenarios in Eastern Site based on COMPDEP Results Alone

1120195, 4 55 02 PM Predicied Mercury Intake for High End Fish lugestuon (nig/kg/day)
COMPDEP in Easteru Site 2.5 hn 10 km 25 ki
Child Aduit Chuld Adult Cluld Adult

Facility? Inhalation Ingesuon Iuhalation Ingestton Inhalation Ingestion Inhalation  Ingeston luhalaton Ingestion fuhalaton  higeston
Laige Mumcapal Waste Combustor 24e-07 5 2¢-03 7.2:-08 3.8c-03 2.1e-07 7 3e-04 6 3e-08 S 3e-4 1 le-07 1 Te-04 3 3e-08 b 2e-04
Small Mutraipal Waste Combustor 1.0e-07 8 2e-04 3 0e-08 5 9e-(4 6.0e-08 1 3e-04 1.8e-08 9 le-05 2 6e-08 3 2e-05 8.0e-09 2 -05
Contious Medical Waste lucinerator 2 2-07 6 4e-04 6 Te-08 4 6e-(4 7.7e-08 1 Oe-04 2.3e-08 7 4e-05 27e-08 2 Se-05 8 3e-09 1 Be-0S
fulernuttent Medical Waste lnainerator 9.3¢-09 2 2e-05 28e-09 | 6e-05 2.6e-09 3.3e-06 8 0e-10 2 4e-06 g 8e-10 7 8e-07 27e-10 S Te-07
Large Coal-fired Uhility Botler 1.2e-09 [.6e-04 3.7e-10 12e-04 1.5¢-09 3.0e-0S 4 Se-10 2205 1 2%-09 5.9¢-06 37e-10 4 1e-06
Medium Coal-fired Uulity Boder 2.1e-09 1 .3e-04 6 5¢-10 9 le-05 2.5¢-09 2 0e-05 7 7e-10 1 5¢-05 2 le-09 4.4e-06 6 2e-10 3 2e-06
Sialt Coal-fired Utility Boiler 24e-09 22-05 7.3e-10 1 6e-05 1.9e-09 3.5¢-06 5 7e-10 2 6e-06 9 1e-10 8 5e-07 2.8e-10 6 2e-07
Me dinin Oil-fired Utlity Bosler 1.4e-10 3 9¢-06 4.2-11 2 9e-06 1.6e-10 5 8e-07 4 9e-1! 4 2e-07 11e-10 1 3e-07 3211 9 Te-08
(Chlor-alkal: plant 3 6e-06 2 5e-03 I 1e-06 1.8¢-03 7.9¢-07 27e-04 24e-07 2 Oe-04 27e-07 6 0e-05 8 3e-08 4 4e-05
Prunary Copper Smelter 3.6¢-08 3 6e-04 1 le-08 2 6e-04 3.9¢-08 5 9¢-05 1 2e-08 4 3e-US 2 Se-08 1 4e-05 7 6e-09 1 0e-05
Primary Lead Smelter 3 9e-07 2.0e-03 1 2e-07 1 Se-03 3 6e-07 3 3e-04 1 te-07 24e-04 I 9e-07 8 Je-05 59e-08 6 1e-05

7120795, 4'55 06 'M Precicted Mercury Intake for Recreational Augler (iug/kg/day)
COMPDEP m Eastern Site 2.5 ki 10 km 25 km
Adult Adult Adult

Facility* Iuhalation {ugesuon Inhalation Ingestton Inhalauon Ingestion
large Mutucipal Waste Conibustor 7.2¢-08 1 9e-03 6.3¢-08 27e-04 3.3¢-08 6 le-05
Stnall Municipal Waste Combustor 3 Oe-08 3 Ce-04 {.8e-08 4 6e-05 8.0e-09 I 2e-05
Conunuous Medical Waste lucineratos 6.7e-08 2.3e-04 2.3¢-08 3 7e-05 8 3e-0¥ 9 2¢-06
Tutemuttent Medical Waste lucinerator 2 8e-09 8 le-06 8.0e-10 1 2e-06 2.7e-10 2807
I.arge Coal-fired Utility Bailer 3.7e-10 5.8e-05 4.5-10 | le-05 3 7e-10 2206
Me dinn Coal-fired Utility Botler 6.5¢-10 4.6e-05 7 Te-10 7.5¢-06 6.2e-10 1 6e-06
Smiall Coal-fired Utility Boiler 7 3e-10 8.2e-06 57e-10 1 3e-06 2 8e-10 3 1e-07
Me cium Odl-fired Utiliy Boiler 4.2-11 1 4e-06 4.9¢-11 2 le-7 3.2e-11 4 Be-08
Chlor-alkalt plant 1 le-06 9 fe-04 2 4e-07 9.8e-05 8.3e-08 2105
Prinnary Copper Smeller 1 le-08 1.3e-04 1.2e-08 2.1e-05 7 6e-(9 5 2e-06
Prinlary Lead Smelter 1207 7.3e-04 1.1e-07 1 2e-04 5 9¢-08 3 0e-05
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Predicted Human Mercury Intakes for Fish Ingestion Scenarios in Western Site based on COMPDEP Results Alone

Table 6-10

7720495, 536 11 PM

Predscted Mercury Intake for High End Fish lugestion (ing/kg/day)

COMPDEP in Westeru Sute 25 ki 10 ki 25k
Child Adult Child Aduli Child Adult
Facility* Inhalau Ing Iuhalation ligeston Inhalaton Tngestion Inhalason  Jugestion Labalation Ingeston Inhalaion  Jngestion
Large Muwmcipal Waste Combustor 2.2e-07 2.1e-03 6 7e-08 I 6e-03 1.8e-07 5 3e-04 S Se-08 3 9e-04 I le-07 1.9¢-04 3 3e-08 1 de-04
Smatl Muniapal Waste Combastor 8.8¢-08 4.0e-04 27e-08 2 9e-04 5208 1.0e-04 1.6e-08 7.5¢-U5 2 Se-08 3.6e-05 7.5¢-09 2 6e-05
Contimuous Medical Waste lucierator 2.1e-07 4.7e-04 6 2:-08 3 4e-04 6 8e-08 9.9¢-05 2 1e-08 7 2e-05 2 Se-U8 2.9¢-05 7.5¢-09 2 le-05
Intemuttent Medical Waste luctuerator 8.8¢-09 1.8¢-05 2709 1 3e-05 2 3e-09 3 2e-06 7 0e-10 2.3e-06 7 Be-10 8 8e-U7 2.4e-10 6 4¢-07
1arge Coal-fired Uulity Boiler 1.9¢-09 6.7¢-05 58e-10 4 9e-05 1 7e-09 2.0e-05 5.2-10 I 5-05 1 4e-09 6.3¢-06 4 2e-10 4 6e-06
Me drum Coal-fired Utility Boler 2.4e-09 4.8¢-05 7 3e-10 3 Se-08 2 2e-09 1.2e-08 6.6e-10 8 Te-06 1 9e-00 3 ge-6 57e-10 2 Ke 06
Sinall Coal-fired Utility Boiler 2.2e-09 9.6e-06 67e-10 7 0e-06 1.6e-09 24e-06 4.8¢-10 1.8e-06 9.0e-10 8 6e-07 2.7e-10 6 Je-07
Me drum Oil-fired Utility Bogler 14e-10 1 4e-06 4.2e-11 1.0e-06 1 de-10 3.5¢-0n 4.1e-11 2.6e-07 9 9e-11 1.2e-07 3 0e-11 9 (e-U8
Chior-alkali plamt 3.6e-06 2.5e-03 1 le-06 1 8e-03 7 3e-07 3.1e-04 2 2607 23e-04 2 5e-07 8.1e-05 7 Te-U8 5 %e-05
Primary Copper Smelter 4 2e-08 1.3e-04 1.3¢-08 9 7e-05 3 3e-08 3 3e-05 10e-08 2 4e-05 2 de-08 1 2¢-05 7 le-09 K Oe-06
Primnary Lead Sinelter 3 Be-07 8 De-04 1 le-07 5 Be-04 3 0e-07 2.0e-04 9 Oe-08 § Se-04 1 Be-07 7 Je-05 5 6e-08 S de-US
7720195, 5:36 15 PM , Precicted Mercury Iimake for Recreational Angler {mg/kg/day)
COMPDEP in Westeru Site 2.5 kan 10k 25 km
Adult Adult Adult
Facility® Inhalaton, Ingestion fnhalation  Ingestion Inhalation  Jugestion
Large Municipal Waste Cornbustor 6.7e-08 7.8e-04 5.5¢-08 1.9e-4 3.3e-08 7 0e-05
Sl Mumcipal Waste Combustor 27e-08 1.5e-04 1 .6e-08 3 ge-US 7 3e-09 1 Je-05
uous Medical Waste b 6 2e-08 17e-04 2 le-08 3 6e-05 7.5¢-09 i le-05
folesuttent Medical Waste Inctnerator 2 7e-09 6 Te-06 7.0e-10 1.2e-06 24e-10 3 2-07
H_arge Coal-fired Utility Borler 58e-10 2 5e-05 5.2-10 7 4e-06 4 2-10 2 3e-06
Me i Coal-fired Uulity Bosler 73e-10 1.7e-05 6 Ge-10 4 4e-06 57e-10 1 4¢-00
Stall Coal-fired Utility Boiler 6 7e-10 3 Se-06 4 Be-10 8.9e-07 2.7e-10 3 le-07
Me dium Oil-fired Ulility Boiler 4 2-11 S te-07 4 je-li 1 3e-07 3 Oe-11 4 Se-08
[Chlor-alkabt plant 1 le-06 9 le-04 2207 § le-04 7.7e-08 2 9e-05
Pramary Copper Suelter 1 3e-08 4 9¢-05 1 Ue-08 1 2¢-05 7 le-09 4 3e-06
Pnmiary Lead Swieltes 1 1e-07 29%-04 9 Oe-08 7 2-05 S 6e-08 2 6¢-05
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Table 6-11
Predicted Intakes for Wildlife Receptors for the Eastern Site based on COMPDEP Results

Percent of surface water concentration Methylmercury Fish Predicted Methylmercury Intakes (mg/kg/day)
dissolved 70 3% Concentrations (ug/g)
Facility Mercury Surface Water Trophic 3 Trophic 4 | Bald Eagle Osprey  Kingfisher River Otter  Mink
Concentration (ng/l)
25 km
Large Municipal Waste Combustor 1 9E+01 8.7E-01 4.4E+00 1.6E-01 1.7E-01 4.4E-01 2.6E-01 1.7E-01
Small Municipal Waste Combustor 2.9E+00 1 4E-01 6 9E-01 2 5E-02 2.7E-02 6.8E-02 4 1E-02 27E-02
Continuous Medical Waste Incinerator 2.3E+00 1.1E-01 54E-01 1.9E-02 2.1E-02 53E-02 32E-02 21E-02
Interrmuttent MWI 8 OE-02 37E-03 1.9E-02 6.7E-04 7 SE-04 1.9E-03 11E-03 7.5E-04
Large Coal-fired Uulity Boiler 5.7E-01 2.7E-02 1.3E-01 4.8E-03 5 3E-03 1.3E-02 8.0E-03 5 3E-03
Medium Coal-fired Utility Boiler 4 5E-01 21E-02 1.1E-01 3.8E-03 4.2E-03 1.1E-02 6 3E-03 4 2E-03
Small Coal-fired Culity Boiler 8 1E-02 3.8E-03 1.9E-02 6.8E-04 7 SE-04 1.9E-03 1 1E-03 7.5E-04
Medium Oil-fired Uulity Boiler 1 4E-02 6 6E-04 3 3E-03 1 2E-04 1.3E-04 3 3E-04 2 0E-04 1 3E-04
Chlor-alkali plant 9.0E+00 4.2E-01 2.1E+00 7.5E-02 8.4E-02 2.1E-01 1 3E-01 8 4E-02
Primary Copper Smelter 1 3E+00 6 1E-02 3 1E-01 1.1E-02 12E-02 3 0E-02 1.8E-02 1.2E-02
Primary Lead Smelter 7.2E+00 3.4E-01 1 7E+00 6 0E-02 6.7E-02 1.7E-01 1.0E-01 6 TE-02
10 km
Large Mumicipal Waste Combustor 2.6E+00 1 2E-01 6 2E-01 2.2E-02 2.5E-02 6.1E-02 37E-02 2.5E-02
Small Mumnicipal Waste Combustor 4 5E-01 2.1E-02 1 1E-01 3 8E-03 4.2E-03 1.1E-02 6 3E-03 4 2E-03
Conttnuous Medical Waste Incinerator 3.6E-01 1.7E-02 8 6E-02 3.0E-03 3 4E-03 8.5E-03 5.1E-03 3 4E-03
Intermuttent MWI 1 2E-02 5.4E-04 2.8E-03 9.8E-05 1.1E-04 2.7E-04 1.6E-04 1.1E-04
Large Coal-fired Utility Boiler 1.1E-01 5.0E-03 2.5E-02 8.9E-04 9 9E-04 2.5E-03 1.5E-03 1.0E-03
Medium Coal-fired Uuility Boiler 7 3E-02 3 4E-03 1.7E-02 6.2E-04 6.9E-04 1.7E-03 1.0E-03 6.9E-04
Small Coal-fired Utility Boiler 1.3E-02 5.9E-04 3.0E-03 1.1E-04 1.2E-04 2.9E-04 1.8E-04 1.2E-04
Medum Oil-fired Unlity Bosler 2 1E-03 9.8E-05 4.9E-04 1.8E-0S 2.0E-05 4.9E-05 2 9E-05 2.0E-05
Chlor-alkal plant 9.7E-01 4.5E-02 2.3E-01 8.1E-03 9 0E-03 2.3E-02 1.3E-02 9 0E-03
Primary Copper Smelter 2 1E-01 9 8E-03 4.9E-02 1 8E-03 2.0E-03 4.9E-03 29E-03 20E-03
Primary Lead Smelter 1.2E+00 5.5E-02 2.8E-01 9 9E-03 1.1E-02 2.7E-02 1.6E-02 1.1E-02
25 km
Large Municipal Waste Combustor 6 0E-01 2.8E-02 1 4E-01 5 1E-03 5 6E-03 14E-02 8 4E-03 5 6E-03
Small Municipal Waste Combustor 12E-01 5 4E-03 27E-02 9 7TE-04 1 1E-03 27E-03 1.6E-03 1.1E-03
Continuous Medical Waste Incinerator 9 0E-02 4.2E-03 2 1E-02 7 6E-04 8 4E-04 2.1E-03 1.3E-03 8 4E-04
Intermuttent MWI 2.8E-03 1 3E-04 6.5E-04 2.3E-05 2.6E-05 6 SE-05 3 9E-05 2 6E-05
Large Coal-fired Utlity Boiler 2.1E-02 9.9E-04 5 0E-03 1.8E-04 2.0E-04 5.0E-04 3 0E-04 2.0E-04
Medium Coal-fired Utility Boiler 1.6E-02 7 3E-04 3.7E-03 1 3E-04 1.5E-04 3.7E-04 2.2E-04 1 5E-04
Small Coal-fired Utility Boiler 3.0E-03 1.4E-04 7.1E-04 2.5E-05 2.8E-05 7.0E-05 4.2E-05 2 8E-05
Medium Oil-fired Utihity Boiler 47E-04 2.2E-05 1.1E-04 4 0E-06 4.4E-06 11E-05 6.6B-06 4 4E-06
Chlor-alkali plant 2.1E-01 9.8E-03 4.9E-02 1.8E-03 2.0E-03 4.9E-03 2 9E-03 2.0E-03
Primary Copper Smelter 5.1E-02 2.4E-03 1.2E-02 4.3E-04 4 8E-04 1.2E-03 7 1E-04 4.8E-04
Primary Lead Smelter 2 9E-01 1 4E-02 7 OE-02 2.5E-03 2.8E-03 6 9E-03 4.1E-03 2 8E-03
&
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Table 6-12
Predicted Intakes for Wildlife Receptors for the
Western Site Based on COMPDEP Results

Percent of surface water concentration dissolved' 77% Methylmercury Fish Predicted Methylmercury Intakes (mg/kg/day)
Concentrations (ug/g)
Plant Mercury Surface Water Tropmic 3 Trophic 4 |Bald Eagle Osprey  Kingfisher River Ouer  Mink
Concentration (ng/1)
25 km
Large Municipal Waste Combustor 7.1E+00 36E-01 18E+00 | 6.5E-02  72E-02 | 8E-01 1.IE-01 72E-02
Small Municipal Waste Combustor 1.3E+00 6.7E-02  3.4E-01 1.2E-02 13E-02 3.4E-02 20E-02 1.3E-02
Continuous Medical Waste Incinerator 1.6E+00 79E-02 4 0E-01 1.4E-02 16E-02  4.0E-02 24E-02 16E-02
Intermitient Medical Waste Incinerator 6.0E-02 31E-03 16E-02 ] SSE-04 61E-04 L.SE-03  9.2E-04 61E-04
Large Coal-fired Utlity Boiler 2.2E-01 1.1E-02  57E-02 | 2.0E-03 23E-03 57E-03 34E-03 2.3E.03
Medwm Coal-fired Utlity Boiler 1 6E-01 8.0E-03  4.0E-02 | 14E-03 16E-03 4.0E-03 24E-03 1.6E-03
Small Coal-fired Utility Boiler 3.2E-02 16E-03 82E-03 | 29E-04 32E-04 8.1E-04 4.8E-04 32E-04
Medum Oil-fired Utility Boiler 4.6E-03 2.3E-04 1.2E-03 | 42E-05 46E-05 I.2E-04 69E-05 4.7E-05
Chlor-alkali plant 8 2E+00 42E-01 2.1E+00 | 7.5E-02 83E-02 21E-01 12E-01 8.3E-02
Primary Copper Smelter 4 3E-01 22E-02  1.1E-01 40E-03  45E-03 11E-02  6.7E-03  4S5E-03
Primary Lead Smelter 2 6E+00 13E-01 6.8E-01 24E-02 27E-02 67E-02 40E-02 27E-02
10 km
Large Municipal Waste Combustor 1.7E+00 8.9E-02  4.5E-01 1.6E-02  18E-02 44E-02 2.6E-02 1.8E-02
Small Municipal Waste Combustor 3 4E-01 1.7E-02 8.7E-02 | 3.1E-03 34E-03 8.6E-03 S.1E-03 34E-03
Continuous Medical Waste Incinerator 32E-01 1.6E-02  8.3E-02 3.0E-03 33E-03 82E-03 49E-03 33E-03
Intermuttent Medical Waste Incinerator 1 0E-02 5.3E-04 2.7E-03 | 9.6E-05 11E-04 2.7E-04 16E-04 1.1E-04
Large Coal-fired Utility Boiler 6 6E-02 34E-03 1.7E-02 | 6.1E-04 6.8E-04 L.7E-03  1.0E-03 6.8E-04
Medwum Coal-fired Utility Boiler 3.9E-02 2.0E-03 1.0E-02 | 36E-04 40E-04 1.0E-03 6.0E-04 4.0E-04
Small Coal-fired Utility Boiler §.0E-03 41E-04 2.1E-03 | 7.3E-05 81E-05 20E-04 1.2E-04 B8.1E-05
Medum Oil-fired Utility Boiler 1.2E-03 S9E-05 3.0E-04 | 1.1E-0S 12E-05 29E-05 1.8E-05 1.2E-05
Chlor-alkal plant 1.0E+00 5.1E-02  2.6E-01 9.2E-03 1.0E-02 26E-02 1.5E-02 1.0E-02
Primary Copper Smelter 11E-01 55E-03 2.8E-02 | 99E-04 11E-03 28E-03 16E-03 1.1E-03
Primary Lead Smelter 6 SE-01 3.3E-02 1.7E-01 59E-03  66E-03 {7TE-02  99E-03  6.6E-03
25 km
Large Municipal Waste Combustor 6 3E-01 3.2E-02  1.6E-01 S.8E-03  64E-03 L 6E-02  96E-03 64E-03
Small Municipal Waste Combustor 12E-01 6.0E-03  3.0E-02 1.1E-03  1.2E-03  3.0E-03 1.8E-03 1.2E-03
Continuous Medical Waste Incinerator 9 5E-02 48E-03  2.4E-02 87E-04 9.7E-04 24E-03 14E-03 97E-04
Intermittent Medical Waste Incinerator 2.9E-03 1.5E-04 7.4E-04 | 2.6E-05 29E-05 7.3E-05 44E-05 29E-05
Large Coal-fired Utility Boiler 2.1E-02 11E-03  5.3E-03 19E-04 2.1E-04 5.3E-04 3.1E-04 2.1E-04
Medium Coal-fired Utility Boiler 12E-02 6 3E-04 32E-03 | 11E-04 13E-04 3.2E-04 19E-04 1.3E-04
Small Coal-fired Utlity Boiler 2.8E-03 14E-04 73E-04 { 2.6E-05 29E-05 7.2E-05 V 43E-05 2.9E-05
Medum O1l-fired Utility Bouter 4.0E-04 2.1E-05 1.0E-04 | 3.7E-06 4.1E-06 |.OE-05 6.2E-06 4 1E-06
Chlor-alkali plant 2.6E-01 1.3E-02 6.8E-02 | 2.4E-03 27E-03 6.7E-03 4.0E-03 27E.03
Primary Copper Smelter 3.8E-02 2.0E-03 9.9E.03 | 3.5E-04 39E-04 9.8E-04 59E-04 39E-04
Primary Lead Smelter 2.4E-01 1.2E-02 6.1E-02 | 21E-03 24E-03 6.0E-03 36E-03 2.4E-03
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Animals with the highest ingestion rate (per body weight) generally had the highest methylmercury
intakes, except in cases where a species prefers preying on trophic 4 fish. For example, the river otter
eats less on a per weight basis than the osprey but eats more highly contaminated fish, and receives a
higher mercury exposure as a result.

6.2.6  Mass Balances within the Local-Scale Domain

In this section the fraction of the mercury emitted from each hypothetical facility that is
predicted to deposit within 50 km is estimated. The area-averaged wet and dry deposition rates are
also estimated based on the fraction from the single source that is predicted to deposit within 50 km.

Tables 6-13 and 6-14 show the results for all facilities at both sites. These results were
obtained by using a total of 480 receptors for each facility and site. The receptors were placed in 16
directions around the facility and 30 distances, from 0.5 km to 50 km. The difference between the
lower bound and upper bound estimates is due to the method of interpolation between receptors.

In general, 1-25% of the total mercury emitted is predicted to deposit within 50 km at the
humid site in flat terrain, while 0.5-18% is predicted to deposit at the arid site. This implies that at
least 75% of the total mercury emissions is transported more than 50 km from any of the sources
considered, and is consistent with the RELMAP results that predict that mercury may be transported
across large distances.

The differences between the results for the two sites are due primarily to the differences in the
frequency and intensity of precipitation, although one can expect other differences due to the
frequency of each particular stability class during the year. As shown in Table 6-15, at the humid site,
precipitation occurs about 12% of the year, with about 5% of this precipitation of moderate intensity
(0.11 to 0.30 invhr). At the arid site, precipitation occurs about 3% of the year, with about 2% of the
precipitation of moderate intensity.

Wet deposition is predicted to be an effective removal mechanism within 50 km of the source
for some facilities. For the humid site in the year considered, precipitation occurs for about 12.5% of
the year.. This value is to be compared to the percent of total emissions wet deposited within 50 km.
For some facilities, 6-10% of the total emissions is predicted to wet deposit within 50 km at the humid
site, implying that 50-80% of the plume is being washed out within 50 km during periods of
precipitation.

Wet deposition is predicted to dominate total deposition except for those facilities with low
stacks: the medical waste incinerators and the chlor-alkali plant. This is because the predicted air
concentrations are higher, and hence more dry deposition is predicted to occur. In general, the fraction
of total emissions that is predicted to wet deposit within 50 km is positively correlated with the
fraction of emissions that are divalent mercury. This is due to the assumed higher solubility of the
divalent species compared to that of elemental mercury.

The percentage of mercury deposited within 50 km depends on two main factors: facility
characteristics that influence effective stack height (stack height plus plume rise) and the fraction. of
mercury emissions that is divalent mercury. In most cases, the effective stack height affects only the
air concentrations, and hence dry deposition. It does not affect predicted wet deposition because the
precipitation is assumed to originate above and pass through the entire plume.
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Table 6-15
Precipitation Frequencies at the Humid and Arid Sites

Breakdown of Precipitation Hours (% of precipitation)
Site Hours of Precipitation
(% of year) Trace to 0.1 in/hr | 0.11 to 0.3 in/hr > 0.3 in/hr
Humid Site 1098 (12.5%) 1044 (95%) 50 (4.5%) 4 (0.4%)
Arid Site 220 (2.5%) 214 97%) 5Q.3%) 1 (0.5%)

Exceptions occur when the effective stack height is above the mixing height, in which case no
deposition is predicted to occur, or when the receptor .is located above the effective stack height (see
Appendix D for details on how terrain is addressed). The former can happen routinely for facilities
with extremely high stacks and large exit gas velocities (e.g., large coal-fired utility boiler).

The differences between the results for the LMWC and SMWC are primarily due to
differences in the parameters used to estimate the effective stack height (stack height plus plume rise):
stack height, stack diameter, and exit temperature (please see Table 6-6 on page 6-6-5 of this volume
for a summary of all model plant characteristics). The effective stack height is used to estimate dry
deposition. The lower plumes predicted for the SMWC result in higher air concentrations, and hence .
higher predicted dry deposition. About twice as much of the emitted mercury is predicted to dry
deposit for the SMWC than for the LMWC. This difference is roughly the same as the ratio of the
stack heights (LMWC stack is about twice as high as that of the SMWC). Wet deposition is only
affected by differences in wind speed at stack top, and in this case the ultimate effects are minimal. .
The wind speed at stack top is extrapolated from the height at which it was measured using wind
profile exponents (see Appendix D).

In addition to the total mercury emission rate, which does not affect the fraction deposited
within 50 km, the only difference between the CMWI and the IMWI is the assumed stack diameter:
2.8 m for the CMWI and 1.2 m for the IMWI. The stack diameter is used to calculate air
concentrations and dry deposition rates. The predicted wet deposition rates do not depend on the stack
diameter and so there is no difference between the predicted wet deposition for the two facilities.
There are differences in the predicted dry deposition, and these differences must be due solely to the
difference in stack diameter. Because the assumed exit temperature of the facilities is so high (1500
F), buoyancy forces are always predicted to dominate the plume's rise from the stack. The buoyancy
flux is estimated using the method of Briggs (1975), and this estimate is positively correlated with
stack diameter (see Appendix D). The larger diameter for the CMWI results in a larger buoyancy
flux, which results in slightly higher plumes than that for the IMWI. This results in lower air
concentrations and dry deposition rates for the CMWI than that of the IWML

Differences between the results for the utility boilers are due primarily to the difference in
stack heights. This is also the reason for the differences between the results for the PCS and PLS.
For all utility boilers, less than 10% of the total mercury emitted is predicted to deposit within 50 km.
Again, this is a reflection of the high effective stack heights associated with this source class.
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The deposition rates averaged over the entire 50 km radius region surrounding each facility are
given in Tables 6-16 and 6-17. These values are comparable to or well below typically reported
deposition rates (see Section 2).

6.2.7 Summary of Local Impact Analysis Results

Air Modeling

The predicted average atmospheric mercury concentrations that result from the emissions of
the model plants were generally low. Only mercury emissions from the chlor-alkali model plant
markedly elevated predicted air concentrations at the receptors considered. Using the COMPDEP
model and assuming flat terrain at the two hypothetical sites, 75% or more of the emitted mercury was
predicted to be transported beyond the 50 Km modeling domain of the local impact analysis. The
percentage of emitted mercury predicted to deposit within 50 Km of the local source ranged from
0.5% to 25% for all model plants at both sites. Deposition of mercury emitted to the atmosphere from
the model plants occurred through both wet and dry mechanisms. Removal of atmospheric mercury
through precipitation was, in general, predicted to dominate total mercury deposition near the model
plants. The wet deposition of mercury was predicted to be greater at the more humid eastern site than
at the more arid western site. The predicted dry deposition rate depended on the predicted
atmospheric concentrations of vapor-phase divalent mercury and, to a lesser extent, particle-bound
divalent mercury. As the distance of the receptor from the stack of the model plant increased, the
percentage of total deposition which resulted from dry deposition was predicted to increase. At this
time no suitable data exist for comparing the predicted deposition patterns around the model plants.

Environmental Media Modeling

The predicted soil and surface water body concentrations of mercury were most heavily
influenced by the predicted total mercury deposition rate from a local source. The predicted soil and
surface water body mercury concentrations were all within the range of measured mercury
concentrations for these media. Differences between the hypothetical watersheds of the eastern and
western sites account for the variation in water body loading from mercury deposited onto the
watershed.

Biota Modeling -

The mercury concentrations in green plants were the result of direct deposition and air-to-plant
transfer onto exposed foliar surfaces, and soil-to-plant transfer. As modeled in this assessment, small
amounts of mercury in green plants were predicted to result from direct deposition and soil-to-plant
transfer. Most of the mercury predicted to occur in green plants was the result of air-to-plant transfer
for those types of green plants for which this route of transfer was deemed appropriate. Since
air-to-plant transfer is primarily the product of the concentration of the pollutant in the air and the
air-to-plant biotransfer factor, model plants with the highest predicted atmospheric mercury
concentrations have the highest predicted mercury concentrations in green plants. Although the data
are not extensive particularly near many of these anthropogenic sources, the predicted concentrations
in green plants are within the range of measured concentrations. The predicted speciation of mercury
in green plants was consistent with the reported values.
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The mercury concentrations in all animal products except fish were predicted to be low. This
was the result of generally low concentrations in plants and small plant-to-animal and soil-to-animal
biotransfer factors. The predicted concentrations and speciation of mercury in animal products was ‘
consistent with the reported values.

Mercury concentrations in fish were predicted to be the highest of the biota considered.
Mercury concentrations in fish were the product of the bioaccumulation factor and the dissolved
concentration of mercury in surface water. The predicted mercury concentrations in fish were within
the range of reported values. There is a great deal of uncertainty and variability associated with the
uptake of mercury by fish.

Human and Wildlife Exposure Modeling

Human exposure to anthropogenic mercury was predicted to be dominated by indirect routes
of exposure except for the hypothetical average urban dweller. This individual was assumed to be
exposed to emitted mercury from inhalation and soil ingestion only. For all other exposure scenarios,
except those including fish consumption, the divalent species was predicted to be the primary species
to which humans were exposed. For those hypothetical individuals exposed through consumption of
both green plants and animal products, mercury exposure through consumption of green plants was
greater than through consumption of animal products. This was the result of low plant-to-animal and
soil-to-animal biotransfer factors when compared to the air-to-plant biotransfer factors.

Those hypothetical humans who were assumed to consume fish had the highest exposures.
This was a result of the bioaccumulation factor into fish. Methylmercury was the primary species to
which these individuals were exposed. On a per body weight basis, children were predicted to be
more exposed than adults.

The animals with the highest fish ingestion rate (per body weight) generally had the highest
methylmercury intakes, except in cases where a piscivorous species was assumed to prey more heavily
on trophic level 4 fish. For example, the river otter was assumed to consume less fish on a per weight
basis than the osprey but was assumed to consume larger fish from a higher trophic level which had
higher methylmercury body burdens. As a result the otter was predicted to have a higher mercury
exposure.

6.2.8  Additional Analysis Based on Emission Guidelines for Existing MWCs and New Source
‘ Performance Standards

The exposure analysis for MWCs presented in the local impact analysis was based on the
model plant parameters described in Appendix F. The emission rate was 490 ug/dscm for the large
MWC and 700 ug/dscm for the small MWC model plant. The emission rate for the large MWC was
based on a combination spray dryer/fabric filter achieving 30 percent mercury control. The small
MWC model plant was assumed to not have any appreciable mercury control and was modeled at an
emission rate of 700 ug/dscm. Since this analysis was performed, the U.S. EPA has finalized emission
guidelines for existing MWCs and New Source Performance Standards for new facilities (October 31,
1995). The final rules require new and existing MWCs that combust more than 39 tons of waste per
day, to reduce their mercury emissions to no more than 80 ug/dscm. To reflect this regulation, an
additional analysis was performed which evaluated the large and small MWC model plants at this
emission rate.
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additional analysis was performed which evaluated the large and small MWC model plants at this
emission rate.

To achieve this emission reduction it is likely that most facilities will use activated carbon
injection as a control measure. As explained in Appendix F, activated carbon injection effectively
captures Hg 2+ with the result that the percentage of HgO as a fraction of total mercury increases. In
addition, the fraction of mercury associated with particulate matter (Hg (PM)) also decreases. To
address this change in the mercury speciation profile, three emission scenarios were modeled. These
are illustrated in Table 6-18.

In the three emission speciation profiles the percentage of elemental mercury released ranges
from 30 to 90 percent. The remaining mercury emissions are assumed to be divalent and in the vapor-
phase. The velocity and temperature of the exit gas assumed for the model plants were unchanged
from the local impact analysis.

As described in the previous sections, the two types of mercury species considered in the
emissions are expected to behave quite differently once emitted from the stack. Elemental mercury is
not expected to deposit close to the facility and vapor phase divalent mercury is expected to deposit in
greater quantities closer to the emission sources. Because of the assumptions made pertaining to the
atmospheric chemistry of mercury (i.e., no dry atmospheric chemistry of mercury in the local
atmosphere) and atmospheric partitioning of mercury (i.e., the vapor/particle (V/P) ratio in the local
atmosphere was assumed to be equal to the V/P ratio as it would exist in stack emissions), the
mandated decreases in total mercury emitted and the resulting decreases in the amount of divalent
mercury emitted are predicted to result in decreased concentrations in environmental media and biota.
These predicted decreases are presented in Tables 6-19 and 6-20.

If the elemental mercury emissions comprise 30% of he total mercury emitted, then the
legislated decreases are predicted to result in a decrease of at least 80% of the total mercury air
concentration and total mercury deposition rate at 2.5 Km downwind from the plant, when compared
to the predictions from the model plants developed for the previous section. The corresponding
predicted concentrations in fish are also decreased at least 80% at this distance. If the elemental
mercury emissions comprise 90% of the total mercury emitted, then the legislated decreases are
predicted to result in a decrease of at least 90% of the total mercury concentration in the air and the
total mercury deposition rate when compared to the predictions from the model plants developed for
the previous section. The corresponding predicted concentrations in fish are also decreased at least
90%. That the decreases in the amount of mercury emitted and in the amount of divalent mercury
emitted result in decreased local deposition, is most evident in emission scenario C, in which 90% of
the emissions are assumed to be elemental.
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Mercury Concentrations Predicted in Media and Biota As a Result of Mercury Emissions

Table 6-19

From Municipal Waste Combustors After Imposition
of the MACT Standards in the Hypothetical Western Site

Plant Distance Species Watershed Air Watershed Untilled Soil Surface Water Tier 3 Tier 4
(Km) Hg®/Hg*t Concentration Total Concentration Concentration Fish Fish
(ug/m®) Deposition (ng/g) (ng/L) (ug/g) (ug/e)
(ug/m? /yr)
LMWC 2.5 30/70 0.04 16.1 322 1.2 0.06 0.31
60/40 0.04 93 18.6 0.7 0.04 0.18
90/10 0.04 2.5 5.1 0.2 0.01 0.05
SMWC 30170 0.01 22 44 02 0.008 0.04
60/40 0.01 1.3 2.6 0.1 0.005 0.02
90/10 0.01 0.3 0.7 0.02 0.001 0.007
LMWC 10 30770 0.03 4.7 93 0.3 0.02 0.07
60/40 0.03 2.7 54 0.2 0.009 0.04
90/10 0.03 0.8 1.6 0.05 0.002 0.01
SMWC 30770 0.07 0.7 13 0.05 0.002 0.01
60/40 0.07 0.4 0.8 0.04 0.001 0.006
90/10 0.07 0.1 0.2 0.02 0.0003 0.002
LMWC 25 30770 0.02 1.9 3.8 0.1 0.005 0.03
60/40 0.02 1.1 2.2 0.06 0.003 0.02
90/10 0.02 0.3 0.6 0.02 0.0009 0.005
SMWC 30/70 0.03 0.3 0.5 0.02 0.0007 0.004
60/40 0.03 02 0.3 0.01 0.0004 0.002
90/10 0.03 0.04 0.09 0.002 0.0001 0.0006
A3
LMWC = Large Municipal Waste Combustor
SMWC = Small Municipal Waste Combustor
Hg® = Elemental Mercury
Hg*™" = Divalent Mercury
June 1996 6-49 SAB REVIEW DRAFT




Table 6-20
Mercury Concentrations Predicted in Media and Biota As a Result of

Mercury Emissions From Municipal Waste Combustors After Imposition
of the MACT Standards in the Hypothetical Eastern Site

Watershed Untilled Surface
Watershed Air Total Soil Water Tier 3 Tier 4
Distance Species Concentration Deposition Concentration Concentration Fish Fish
Plant (Km) Hg°Hg™ (ug/m®) (ug/m? /yr) (ng/g) (ng/L) (ug/g) | (ugle)
LMWC 25 30/70 0.04 443 86.3 32 0.15 0.76 1
60/40 0.04 259 504 1.9 0.09 0.44
90/10 0.04 74 14.5 0.5 0.03 0.13
SMwWC 30/70 0.01 5.0 9.8 04 0.02 0.09
60/40 0.01 29 5.7 0.2 0.01 0.05
90/10 0.01 0.8 1.7 0.1 0.003 0.01
LMWC 10 30/70 0.04 7.6 14.9 04 0.02 0.1
60/40 0.04 4.6 9.0 0.2 0.01 0.06
90/10 0.04 1.6 3.0 0.1 0.004 0.02 -
SMWC 30770 0.01 1.0 19 0.1 0.002 0.01
60/40 0.01 0.6 11 0.03 0.001 0.007
90/10 0.01 02 04 0.01 0.0005 0.002
LMWC 25 30770 0.02 19 37 0.1 0.004 0.02
60/40 0.02 1.2 23 0.1 0.003 0.01
90/10 0.02 0.4 0.9 0.02 0.001 0.01
SMWC 30/70 0.003 03 0.5 0.01 0.0006 0.003
60/40 0.004 0.2 03 0.01 0.0004 0.002
. 90/10 0.004 0.1 0.1 0.003 0.0001 0.0007
6.3 Results of Combining Local and Regional Models

In this section the results are presented for combining the local and regional impacts of

anthropogenic sources. For both the eastern and western sites, the 50th and 90th percentile of the

predicted air concentrations and deposition rates by the regional air model are used in conjunction with

the air concentrations and deposition rates predicted by the local scale model for each plant to obtain
estimates of environmental concentrations and possible exposure for both human and wildlife species.
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6.3.1 Air Concentrations, Deposition, and Water Concentrations

In this section the air concentrations, deposition rates, and water concentrations predicted using
the local and regional scale model results are presented. The predicted concentrations for other media
are given in appendix G.

Tables 6-21 and 6-22 show the predicted air concentration, deposition rates and surface water
concentrations for both sites and each facility, using both the 50th and 90th percentiles o