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EXECUTIVE SUMMARY

Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 199@jnes the U.S.
Environmental Protectiondeng/ (EPA) to submit a stydon atmopheric mercuy emissions to
Corgress. The sources of emissions that must be studied include electyictaditngeneratig units,
municipal waste combustion units and other sources, induatiea sources. Cgress directed that the
Mercury Study evaluate managpects of mercyr emissions, includimthe rate and mass of emissions,
health and environmental effects, techg@e to control such emissions, and the costs of such controls.

In regponse to this mandate, U.S. EPA lpespared an gjht-volume Mercuy Stud/ Report to
Corgress. This document is a review of meyciate and trarmort (Volume Il of the Rport). The fate
and tranport assessment is one goonent of the risk assessment of U.S. amqtbgenic mercuy
emissions. The modetirsummarized in this volume jmired with an assessment opesure to human
and wildlife populations (Volume V). Conclusions drawn from these gsed are then ingeated with
information in Volumes V and VI relatinto human and wildlife health ipacts of mercwrin the Risk
Characterization Volume (Volume VII) of the pat.

Assessment Approach for Fate of Mercury

This assessment addresses apinesc mercuy emissions from selected, jpaanthrgogenic
combustion and manufactugisource cagories: munigpal waste combustors (MWCs), medical waste
incinerators (MWIs), coal- and oil-fired utiitboilers, and chlor-alkajilants. It does not address all
anthrgogenic emission sources.

Extant mercuy monitorirg data forparticular sources indicate that there is a relatignshi
between emissions and increased mgrconcentrations in environmental media. Available mgrcur
monitoring data around these sources are extretimalted, however, and no cqrehensive data base
describig environmental concentrations has been dgeelo To determine if there is a connection
between the above sources and increased environmental levels, EPA utpzadexnodelig
techngues to address mamgor scientific uncertainties.

The individual eposure assessment in thisgee (Volume V), which relies on the modaiin
resultspresented in this volume, is considered to aalitative stugt basedartly on quantitative
analyses; it is considereglialitative because of inherent uncertainties. Thmsxre assessment draws
upon the available scientific information and deysldwo quantitative trangort anayses, a log rarge
trangort anaysis and a local ipact anaysis. It was intended that these twpes of analses would
provide a more copiete estimate of the nation-wide parct of anthrpogenic emission sources than
either analsis couldprovide individualy.

The assessment of Volume III draw®n the available scientific information apdesents
guantitative modelig anayses which examine the follovgn (1) the lomy rarge trangort of mercuy
from emissions sources thigiuthe atmoghere; (2) the tram®rt of mercuy from emission sources
through the local atmgshere; and (3) thegaatic and terrestrial fate and trang of mercuy at
hypothetical sites. The results from these geed are thenpglied in the eposure assessment of
Volume IV to determine the resulrexposures to yipothetical humans and animals that inhabit these
sites.
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Long Range Atmospheric Transport Analysis

The lorg rarge tranport modelirg was undertaken to estimate thgio@al and national ipacts
of mercuy emissions. It focusses on thedaarnge atmogheric tranport of mercuy and estimates the
impact of mercuwy across the continental U.S. Thypé of modeliig was conducted based on the
atmopheric chemisty of emitted elemental mergufPetersen et al., 1995) and the numerous studies
linking increased mercuyrconcentrations in air, soil, sediments, and biota at remote sites to distant
anthrgogenic mercuy release followedylong rarge trangort. Details of several studies which
demonstrate the Igrarge tranport of mercuy arepresented in Chaier 2. Thes@rovide anple
evidence tqustify this assessment of Igmarge mercuy trangort.

The lorg rarge trangort of mercuy was modeled usgsite-pecific, anthr@ogenic emission
source datapfesented in Volume Il of this Rert) togenerate mean, annual atrpbsric mercuy
concentrations and gesition values across the continental U.S. Thgid®al Lagrargian Model of Air
Pollution (RELMAP) atmogheric model was utilized to model cumulative meycemissions from
multiple mercuy emission sources. Assptions were made concerigithe form and gecies of mercyr
emitted from each source class. The results of the RELMAP mgdedire combined with a local scale
atmopheric model to assess avgeaannual atmaheric mercuy concentrations in air and annual
deposition rates. The continental U.S. was divided into Western and Eastern halgabalame of 90
degrees west logitude. The 50th and 90ftercentiles of th@redicted atmgsheric concentrations and
deposition rates were then used.

Analysis of Local-Scale Fate of Atmospheric Mercury

The local atmgsheric tranport of mercuy released from anthpogenic emission sources was
undertaken to estimate thepects of mercwyr from selected, individual sources. The Industrial Source
Code air dipersion model (ISC3) was utilized to model thpszcesses. Modgllants, defined as
hypothetical facilities which were devgled to r@resent actual emissions from exigtindustrial
processes and combustion sources, were locategotHetical locations intended to simulate a site in
either the Western or Eastern U.S. Thipraach was selected because some environmental mogitorin
studies sggest that measured mergdevels in environmental media and biotayne elevated in areas
around stationgrindustrial and combustion sources known to emit mgrcur

Assessment of Watershed Fate and Transport

Atmogpheric concentrations and miesition rates were used apins to a series of terrestrial and
aquatic models referred to as IEM-2M. IEM-2M is cposed of two intgrated modules that simulate
mercuy fate usiig mass balancegeations describigwatershed soils and a shallow lake. The results of
these terrestrial andjaatic models were used poedict mercuy exposure to kipothetical humans
through inhalation, consuption of drinking water, and igestion of soil, farnproducts (3., beef
products and wgetables), and fish. These models were also usgeidict mercuy exposure in
hypotheticalpiscivorous (i.e., fish-eatg) birds and mammals thrgh their consurption of fish. The
results of these models are utilized in thpasxire assessment cpleted in Volume V.
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Conclusions

. Thepresent stugin corjunction with available scientific knowlgd sypports aplausible link
between mercyremissions from anthpmgenic combustion and industrial sources and mgrcur
concentrations in air, soil, water and sediments. The critical variables congitautins
linkage are these:

a) the gecies of mercyrthat are emitted from the sources;
b) the overall amount of merguemitted from a combustion source;
c) atmopheric and climatic conditions;
d) reduction rates in the soil and water $pd
e) erosion rates within the watershed; and
f) solids dgosition and burial in the water bpd
. Thepresent stug, in corjunction with available scientific knowlgd, syports aplausible link

between mercyremissions from anthpmgenic combustion and industrial sources and
methylmerculy concentrations in freshwater fish. The additional critical variables contigbutin
to this linkage are the followig:

a) the extent (mgnitude) of mercyr mettylation and demethation in the water
body; and

b) the dgree of conplexation of mercuyr with DOC and solids.

. Mercuty is a natural constituent of the environment; concentrations of ngércorary
environmental mediappear to have increased over the last $&ars.

. There is a lack of adgate mercuyr measurement data near the arnbgenic atmopheric
mercul sources considered in thigpoet. The lack of such measured dateclude a
conmparison of the modelmresults with measured data around these sources. Thisgehofita
data includes measured menrcdeposition rates as well as measured concentrations in the local
atmophere, soils, water bodies, and biota.

. From the atmgsheric modelig anal/ses of mercyrdeposition and on a coparative basis, a
facility located in a humid climate has glinér annual rate of mergudeposition than a facilit
located in an arid climate. The critical variables are the estimated washout ratios of elemental
and divalent mercyras well as the annual amountpoécipitation. Pregitation removes
various forms of mercyrfrom the atmaoshere and daosits mercuy to the surface of the earth.

Of the pecies of mercyrthat are emitted, divalent mergus predicted tageneraly deposit to
local environments near sources. Elemental mglisypredicted tageneraly remain in the
atmophere until atmagsheric conversion to divalenpacies or ptake and retentionyplant
leaves and the suligeent d@osition as divalentpecies in litter fall.
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On a national scale, apportionment betweerpscific sources of mercyrand mercuy in
environmental media and biotagrticular locations cannot be describedjirantitative terms
with the current scientific understandiaf the environmental fate of mergur

From the modelig anaysis and a review of field measurement studies, it is concluded that
mercul deposition gpears to be ubuitous across the continental U.S. and at, or above,
detection limits when measured with current gii@imethods.

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
about 20 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 modeliranaysis of the trargort and deosition of stationar point source and
area source air emissions of meycfrom the continental U.S., it is concluded that the follagwvin
geagraphical areas have theghiest annual rate of gesition of mercuwy in all forms (above the
levelspredicted at the 90tpercentile):

a) the southern Great Lakes and Ohio River \alle
b) the Northeast and southern Newgkamd; and

C) scattered areas in the South with the most elevafabidien occurrilg in the
Miami and Tanpa areas.

Measured daosition estimates are limited, but are available for cegaagraphic regions. The
data that are available corroborate the RELMAP modeésults for pecific areas.

Based on modelmanal/sis of the trarngort and deosition of stationgr point source and area
source air emissions of mergurom the continental U.S., it is concluded that the foll@wvin
geagraphical areas have the lowest annual rate pbdiéion ofmercury in all formgbelow the
levelspredicted at the 10tpercentile):

a) the lesgopulated areas of the Great Basin, inclgdsouthern Idaho,
southeastern Ogen, 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 monitorindata, the RELMAP modgiredictions of atmgsheric mercuy
concentrations and wet pigsition across the U.S. are coanable with ypically measured data.
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A number of factorsgpear to affect the local-scale atrpberic fate of mercyremitted ly/from
mgor anthrgogenic sources as well as thagantity of mercuy predicted to dposit. These
factors include the followimg

a)

b)

c)

d)

the amounts of divalent ampdrticulate mercwyr emitted;

parameters that influence tpkime heght, primarily the stack hght and stack
exit gas velociy;

meteorolgy; and

terrain.

From the anafsis of d@osition and on a coparative basis, the gesition of divalent mercyr
close to an emission sourcegigater for regators in elevated terrain (i.e., terrain above the
elevation of the stack base) than for ptoes located in flat terrain (i.e., terrain below the
elevation of the stack base). The critical variableparameters that influence tprime
height, primarily the stack hght and stack exijas velociy.

Modeling estimates of the trapgrt and deosition of stationar point source and area source air
emissions of mercyrfrom the continental U.S. have revealed the follgngartial mass balance.

Of the total amount of elemental merngwigpor that is emitted, aboutgercent
(0.9 metric tonsyr) may be atmopherically transformed into divalent mergur

by tropogpheric ozone and adsorbedgdarticulate soot in the air and
subsguently deposited in rainfall and snowfall to the surface of the continental
U.S. The vast mpority of emitted elemental mergudoes not readil deposit

and is trangorted outside the U.S. or verticaliiffused to the free atmplsere

to becomepart of theglobal gycle.

Nearly all of the elemental mercuwrapor emitted from other sources around the
globe also enters tigdobal g/cle and can be gesited slowy to the U.S. Over

30 times as much elemental mexscuepor is dgosited from these other sources
than from stationgrpoint sources and area sources within the continental U.S.

Of the total amount of divalent mergurapor that is emitted, about ‘f&rcent
(36.8metric tonsfear) dgosits to the surface thrgli wet or dy processes
within the continental U.S. The remaigiB0 percent is tranorted outside the
U.S.or is verticaly diffused to the free atmplsere to becompart of theglobal
cycle.

Of the total amount gdarticulate mercwr that is emitted, about 3&rcent (10.0
metric tonsyear) dgosits to the surface thrg wet or dy processes within the
continental U.S. The remairgr62 percent is trarmrted outside the U.S. or is
vertically diffused to the free atmpkere to becompart of theglobal gscle.

Given the simulated gesition efficiencies for each form of merguair emission (namwgj
elemental mercyr- 1 percent, divalent mercywvapor - 70percent, angbarticulate mercuyr - 38
percent) the relative source contributions to the total apdigemic mercuy deposited to the
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continental U.S. are strgly andpositively correlated to the mass of emissions in oxidized form.
This oxidized mercyroccurs in botlgaseous (ig**) andparticulate (Hj,) forms. While coal
combustion is rg®nsible for more than half of all emissions of meyadarthe inventoy of U.S.
anthrgogenic sources, the fraction of coal combustion emissions in oxidized form ghttiou
be less than that from waste incineration and combustion. Thep&ciatson of mercwyr
emissions from the various sourgpds modeled is still uncertain and is tgbuto vay, not

only amorg source ypes, but also for individugllants as feed stock angeyatirg conditions
charge. With further research, it mdepossible to make a confident ranggiof relative source
contributions to mercyrdeposition in the continental U.S. However, no such confident rgnkin
is possible at this time. Given the total mass of mgrtuowht by EPA to be emitted from all
anthrgogenic sources and EPA’s modgjiaf the atmogheric tranport of emitted mercuyy,

coal combustion and waste plisal most likgl bear thegreatest rggonsibility for direct
anthrgogenic mercuy deposition to the continental U.S.

Based on the local scale atmberic modelig results in flat terrain, at least pbrcent of the
emitted mercur from each facili is predicted to be trapsrted more than 50 km from the
facility.

The models used in the apsik as well as the assptions inplemented concerngithe pecies

of mercuy emitted and the wet andyddeposition velocities associated with atrphsric

mercuy pecies indicate that gesition within 10 km of a faciljt may be dominatedyo
emissions from the local source rather than from emissionparded from rgional mercuy
emissions sources, with some epttans. Pecifically, the modelpredict that in the Eastern
U.S., individual lage anthrpogenic sources dominapgedicted mercwyr deposition within 2.5
km; chlor-alkali facilities ar@redicted to dominateputo 10 km from the source. In the western
site, the modelpredict that the dominance of local source meraeposition in emissions
extends bgond thepredicted rage of the eastern site.

Of the mercuwy deposited to watershed soils, a small fraction is ultinyai@ngorted to the
water bog. Deposition to and evasion from soils as well as the amount of reductiqpaén u
soil layers are irportant factors in the determimgrsoil concentration of mercyr In forested
watersheds capy interactions caprovide sgnificant fluxes both to and from the atnpbgre.
Mercury from litter fall mgy be an inportant source of mercyito some soils and water bodies,
but the mgnitude of the contribution from this source is uncertain at this time.

The net mercyr metlylation rate (the net result of mgtation and demetration) for most soils
appears to beguite low with much of the measured mg@thercury in soilspotentially resultirg
from wet fall. A sgnificant and inportant excption to this ppears to be wetlands. Wetlands
appear to convert a small bugsificant fraction of the dapsited mercuyr into metlylmercury;
which can be eported to neanpwater bodies angotentially bioaccumulated in thegaatic food
chain.

Both watershed erosion and direct atpiesic dgosition can be important sources of merour
to the water bog depending on the relative sizes of the water gahd the watershed.

There @pears to be great deal of variabilit in theprocessig of mercuy amorg bodies of
water. This variabilif extends to water bodies that have similar and dissiptilgical
characteristics. Iportantproperties influencig the levels of total mercyrand metlgimercury
in a water bog include:pH, anoxia, DOCproductivity, turbidity, and theoresence of wetlands.
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. Some of the mercyrenterirg a water bog is metlylatedpredominatef through biotic processes
forming metlylmercury (predominatef monometlgimercury). Methylmerculy is accumulated
and retainedyaguatic oganisms. Inportant factors influencipbioavailability of
methylmerculy to aguatic oganisms include DOC and solids, which gdex metlylmercuy and
reduce the bioavailabjaol.

. Methylmercuy is bioaccumulated ipredatoy species of the guatic food chain. The
concentrations of megtmerculy in fish muscle tissue aredhily variable across water bodies.
Within agiven bod/ of water metiilmerculy concentrationgeneraly increase with fish size and
position within the trphic structure.
To improve the quantitative environmental fate 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 quantitative understanding of mercury
chemistry in the emissions plume, the atmosphere, soils, water bodies and biota. Specific needs
include these.
Mercury in the Atmosphere
. agueous oxidation-reduction kinetics in atrpleeric water drplets

. physical adsgstion and condensation of divalent merscgas to ambient
particulate matter

. photolytic reduction ofparticle-bound divalent mercyby sunlight
. convincirg evidence thagjasphase oxidation of mercyis insgnificant

Mercury in Soils and Water Bodies

. uptake and release kinetics of mescénom terrestrial andquatic plants

. biogeochemical mercyrtrangort and transformation kinetics in benthic
sediments

. methylation, demetfilation, and reduction kinetics in water bodies

. soiption coefficients to soils, spended solids, and benthic solids

. conplexation to oganic matter in water bodies

. more data to better discern seasonal trends

. reduction kinetics in soils

. merculy mass balance studies in wetlands

ES-7



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

. uptake kinetics ¥ aguatic plants andohytoplankton
. partitioning and bindiig behavior of mercyrspecies within oganisms
. metabolic transformations of mergurand the effect on ptake, internal

distribution, and excretion

. more measurements of melimercuy concentrations in fish for better
identification of the rage in fish pecies.

. more measurements of melimercury concentrations in other biotic cponents

of the auatic environment such as benthic and macro invertebratesjaatica
macrghytes
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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 an eight-volume Mercury Study Report to
Congress. The eight volumes are as follows:

l. Executive Summary
Il. An Inventory of Anthropogenic Mercury Emissions in the United States
M. Fate and Transport of Mercury in the Environment

V. An Assessment of Exposure to Mercury in the United States

V. Health Effects of Mercury and Mercury Compounds

VI. An Ecological Assessment for Anthropogenic Mercury Emissions in the United States

VII. Characterization of Human Health and Wildlife Risks from Mercury Exposure in the
United States

VIIl.  An Evaluation of Mercury Control Technologies and Costs

This document, which constitutes Volume Ill of the Report to Congress, is a review of processes
involving the environmental fate of mercury. This analysis is one element of the human health and
ecological risk assessment of U.S. anthropogenic mercury (Hg) emissions. The fate and transport of
mercury in the atmosphere as well as through watershed compartments is modeled here; the model results
are paired with an assessment of exposure to humans and wildlife in Volumes IV and VI, respectively.

The information in these two documents is then integrated with information relating to human and
wildlife health impacts of mercury in Volume VII of the report.

This assessment addresses the atmospheric fate and transport of 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, and chlor-alkali plants
(CAP). This volume does not address all anthropogenic emission sources discussed in Volume 1.

Volume 11l is composed of nine chapters and four appendices. The Introduction is followed by
Chapter 2, which summarizes the natural environmental fate processes that comprise the mercury cycle
and lead to the dispersion of anthropogenic mercury in environmental media (i.e., air, rain water, soil and
surface waters and benthic sediments) and biota (i.e., plants and animals). Chapter 3 briefly describes the
measured mercury concentrations in these media.

The fate and transport modeling of mercury is presented in Chapters 4, 5 and 6. Chapter 4
describes the models and modeling approach utilized in this analysis. Figure 1-1 provides an overview of
the fate and transport models used and the exposure routes considered. These models include the long
range atmospheric transport model (RELMAP), the local scale atmospheric transport model (ISC3) and
the aquatic and terrestrial fate, transport, and exposure models (IEM-2M).
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Figure 1-1

Fate, Transport and Exposure Modeling Conducted in the Combined ISC3 and RELMAP Local Impact Analysis
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Figure 1-1
Fate, Transport and Expsoure Modeling Conducted in the Combined ISC3 and RELMAP Local Impact Analysis
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Results obtained from modeling the local and long range atmospheric dynamics of mercury using
ISC3 and RELMAP are discussed in Chapter 5. Chapter 6 describes the results of the fate of mercury as
modeled in terrestrial and aquatic environments. To accomplish this, model plants were developed to
represent major anthropogenic combustion and manufacturing sources: MWCs, MWIs, coal- and oil-
fired utility boilers, and CAPs. The atmospheric fate and transport processes of the mercury emissions
from these representative model plants were modeled on a local scale by the ISC3 model. The 50th and
90th percentiles of atmospheric mercury concentrations and the deposition rates that were predicted by
the RELMAP model for the Eastern and Western halves of the U.S. were added to the predicted mercury
air concentrations and deposition rates that result from individual model plants at 2.5, 10, and 25
kilometers. These sums were used as inputs to the aquatic and terrestrial fate models (IEM-2M) at the
hypothetical Western and Eastern U.S. sites (see Figure 1-1).

Chapter 7 summarizes the conclusions of this volume, including the extent to which the analysis
demonstrates a plausible link between anthropogenic mercury sources and mercury contamination in the
environment. Further research needs are specified in Chapter 8. Chapter 9 lists all references cited in
this volume.

The four appendices to Volume lIl are as follows: Atmospheric Modeling Parameters,
Watershed and Waterbody Modeling Parameters, Model Plant Descriptions, and Bioaccumulation Factor
Development and Uncertainty Analysis.

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, EPA utilized current modeling
techniques to address many major scientific uncertainties. Because of the major uncertainties inherent to
these techniques, the modeling component of this report is essentially a qualitative study based partly on
guantitative analyses. 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. There may exist other chemical reactions in the atmosphere that
reduce divalent species to elemental mercury that 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 local air pollution model that estimates wet and dry deposition of
vapor-phase compounds.
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. There is significant uncertainty regarding the reduction and revolatilization of deposited
mercury in soils and water bodies.

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

. More data are needed quantifying the kinetics of mercury methylation and demethylation
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 assessment draws upon the available scientific information and presents quantitative
modeling analyses that examine: (1) the long range transport of mercury through the atmosphere; (2) the
transport of mercury through the local atmosphere; (3) the aquatic and terrestrial fate and transport of
mercury at hypothetical sites; and finally (4) 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.

11 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, sediments, and biota at remote sites to distant
anthropogenic mercury release followed by long-range transport. Details of several studies that
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 Il 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 combined with a
local scale atmospheric model to assess average annual atmospheric mercury concentrations in air and
annual deposition rates. 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.

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. The Industrial Source
Code air dispersion model (ISC3) was utilized to model these processes. Model plants, defined as
hypothetical facilities that were developed to represent actual emissions from existing industrial
processes and combustion sources, were located in hypothetical locations intended to simulate a site in
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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.

1.3 Modeling Terrestrial and Aquatic Fate of Mercury

Chapter 6 uses atmospheric concentrations and deposition rates from this volume as inputs to a
series of terrestrial and aquatic models. These were initially described in U.S. EPA's (1990) Methodology
for Assessing Health Risks to Indirect Exposure from Combustor Emissions and a 1994 Addendum. In
response to reviewer comments, these models have been updated and are now identified collectively as
IEM-2M. IEM-2M is composed of two integrated modules that simulate mercury fate using mass
balance equations describing watershed soils and a shallow lake. IEM-2M simulates three chemical
components: elemental mercury (Hg ), divalent mercury (Hgll), and methyl mercury (MHg). The mass
balances are performed for each mercury component, with internal transformation rates lifking Hg ,
Hgll, and MHg. Sources include wetfall and dryfall loadings of each component to watershed soils and
to the water body as well as diffusion of atmospheri¢ Hg vapor to watershed soils and the water body.
Sinks include leaching of each component from watershed soils, burial of each component from lake
sediments, volatilization of Hg and MHg from the soil and water column, and advection of each
component out of the lake.

At the core of IEM-2M are 9 differential equations describing the mass balance of each mercury
component in the surficial soil layer, in the water column, and in the surficial benthic sediments. The
equations are solved for a specified interval of time, and predicted concentrations are output at fixed
intervals. For each calculational time step, IEM-2M 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 turn, to
calculate concentrations in animals. IEM-2M simultaneously performs an aquatic mass balance driven by
direct atmospheric deposition along with runoff and erosion loads from watershed soils. MHg
concentrations in fish are derived from dissolved MHg water concentrations using bioaccumulation
factors (BAF).

Mercury residues in fish were estimated by making the simplifying assumption that aquatic food
chains can be adequately represented using four trophic levels. These trophic levels are the following:
level 1 - phytoplankton (algal producers); level 2 - zooplankton (primary herbivorous consumers); level 3
- small forage fish (secondary consumers); and level 4 - larger, piscivorous fish (tertiary consumers).
This type of food chain typifies the pelagic assemblages found in large freshwater lakes, and has been
used extensively to model bioaccumulation of hydrophobic organic compounds. It is recognized,
however, that food chain structure can vary considerably among aquatic systems resulting in large
differences in bioaccumulation in a given species of fish. In addition, this simplified structure ignores
several important groupings of organisms, including benthic detritivores, macroinvertebrates, and
herbivorous fishes. A second simplifying assumption utilized in this effort was that methylmercury
concentrations in fish are directly proportional to dissolved methylmercury concentrations in the water
column. Itis recognized that this relationship can vary widely among both physically similar and
dissimilar water bodies. Methylmercury concentrations in fish were derived from predicted water
column concentrations of dissolved methylmercury by using BAFs for trophic levels 3 and 4. The BAFs
selected for these calculations were estimated from existing field data. Respectively, these BAFs
(dissolved methylmercury basis) are 1.6 10 and 6.8 x 10 .
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The results of these terrestrial and agquatic models were used to predict mercury concentrations in
environmental media and biota.

14 Exposure Modeling Rationale

The results of these modeling efforts are used in Volumes IV and VI to predict exposures to
hypothetical humans and wildlife. This section explains the decision to estimate mercury exposure based
on the results of environmental fate modeling of stack emissions from anthropogenic sources rather than
attempting 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. Mercury is present in many different potential contact media. 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 such as coal,
medical wastes, and municipal solid wastes. Unlike dioxin it is not created during the combustion
process but is released by it. At temperatures typical of many combustion and manufacturing processes,
mercury is emitted in a gaseous form rather than a particulate form; therefore, it is difficult to control
mercury emissions from the source.

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 estimated and included in this effort.

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 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.

Many different yet valid approaches may be used to obtain estimates of mercury exposure.
These include: direct measurement of mercury concentrations in source emissions (e.g., stack monitoring
data), 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
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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 available data arose from the
lack of extensive measurement data near U.S. anthropogenic sources of concern. Itis likely that these
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 Il of
the Report to Congress. Using a series of environmental fate models and hypothetical scenarios, the
mercury concentrations in environmental media and pertinent biota were estimated. Ultimately in
Volume IV and VI mercury contact with human and wildlife receptors was estimated. In Volume IV 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 8.

15 Factors Important in Modeling of Mercury Exposure
Factors important in the estimation of mercury exposures modeled 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 industrial process source]
are anticipated to have different local scale impactg
due to physical source characteristics (e.g., stack
height), the method of waste generation (e.g.,
incineration or mass burn) or mercury control devig
and their effectiveness.

k Four main source categories, with a total of 11
different source types, selected based on their
estimated annual mercury emissions or potential tq|
be localized point sources of concern.
es

Mercury emission rates
from stack

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

ofEmissions of model plants based on emissions
inventory.

Mercury species
emitted from stack

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

heTwo species considered to be emitted from sourcq
elemental and divalent mercury

Form of mercury
emitted from stack

Transport properties can be highly dependent on
form.

Both vapor and particle-bound fractions consideref.

Deposition 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 emission
from source

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

Equilibrium fractions estimated in all environment
media for three mercury species: elemental mercjly,
divalent species, and methylmercury.

Transformation of
mercury in watershed
soil

Reduction and revolatilization of mercury in soll
limits the buildup of concentration.

Rate constants are estimated from measured evaq
fluxes at three locations, as reported in scientific
literature.

Transport of mercury
from watershed soils to
water body

Mercury in watershed soils can be a significant
source to water bodies and subsequently to fish.

Runoff and erosion rates are calculated as a funct|
of average meteorological and watershed
characteristics.

Transformation of
mercury in water body

Reduction, methylation, and demethylation of
mercury in water bodies affect the overall
concentration and the MHg fraction, which is
bioaccumulated in fish.

Rate constants are estimated from the scientific
literature, and are calibrated to give the average
observed MHg fraction.

Facility locations

Effects of meteorology and terrain may be significal

of terrain on results addressed separately.

Location relative to
local mercury source

Receptors located downwind are more likely to ha
higher exposures. Influence of distance depends (
source type.

e Three distances in downwind direction considered}
n

Contribution from non-
local sources of
mercury

Important to keep predicted impacts of local sourcq
in perspective.

s Results of local mercury source are combined with
estimate of impact from non-local sources from
RELMAP.

Uncertainty

Reduces confidence in ability to estimate exposurg
accurately.

Probabilistic capabilities possible for any
combination of sources and scenarios. In the curr
study, limited uncertainty analyses conducted for
major aspects of atmospheric transport modeling .
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1.6 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.

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

Erosion
The removal of soil particles by wind and water. Water erosion is usually characterized by one
or more of the following types 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
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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 large
fluctuations in air concentrations caused by meteorological factors such as wind 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.
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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 surface 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. OVERVIEW OF ENVIRONMENTAL FATE OF MERCURY

This chapter summarizes information about the mercury cycle 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 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.

The chapter is organized into four main sections. Section 2.1 provides an overview of mercury in
the environment, including the environmental chemistry of mercury and the mercury cycle. Section 2.2
summarizes major atmospheric processes, including mercury emissions, transformation and transport,
deposition, and re-emissions. Section 2.3 describes the terrestrial and aquatic fate of mercury, and Section
2.4 describes the fate of mercury in marine environments.

2.1 Mercury in the Environment

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 reports (Swedish EPA, 1991; Mitra,
1986; Fitzgerald and Clarkson, 1991; Fitzgerald, 1994), 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; Expert Panel on Mercury Atmospheric Processes,
1994). 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 also
illustrates the various transport and transformation processes that are expected to occur and includes a
number of infinite and/or indefinite loops.

Figure 2-1
The Mercury Cycle
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2.1.1 Chemistry 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 mg/m greatly exceeds the average
permissible concentrations for occupational (0.05 mg/m ) or continuous environmental exposure (0.015
mg/n?) (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:°Hg (metallic)?Hgiercurous), and Hy
(mercuric-Hg(ll)). 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 HgCI , Hg(QH) and HgS; the methylmercury 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 HgCI 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).

2.1.2 The Mercury Cycle

Given the present understanding of the mercury cycle, the flux of mercury from the atmosphere
to land or water at any one location is comprised of contributions from:

. The natural global cycle,

. The global cycle perturbed by human activities,
. Regional sources, and

. Local sources.

Recent advances allow for a general understanding of the global mercury cycle and the impact of
anthropogenic sources. It is more difficult to make accurate generalizations of the fluxes on a regional or
local scale due to the site-specific nature of emission and deposition processes.
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2.1.2.1 The Global Mercury Cycle

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
sediments may contain about'1§ of mercury, mainly as HgS. Nriagu also estimated that ocean waters
contain around 18 g, soils and freshwater sedimefts 10 g, the biosptere 10 g (mostly in land biota),
the atmosphere 0 g and freshwater on the order'of 10 g. This budget excludes "unavailable" mercury
in mines and other subterranean repositories. A more recent estimate of the global atmospheric
repository by Fitzgerald (1994) is 25 Mmol or approximately 3x10 g. The estimate of Fitzgerald (1994)
is 50 times the previous estimate of Nriagu (1979) and illustrates how rapidly the scientific
understanding of environmental mercury has changed in recent years.

Several authors have used a number of different techniques to estimate the pre-industrial
mercury concentrations in environmental media before anthropogenic emissions became a part of the
global mercury cycle. 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, anthropogenic 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
percent 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. The panel
estimated that anthropogenic emissions may currently account for 50 - 75 percent of the total annual
input to the global atmosphere (Expert Panel on Mercury Atmospheric Processes, 1994). The estimates
of the panel are corroborated by Lindqvist et al., (1991), who estimated that 60 percent of the current
atmospheric concentrations are the result of anthropogenic emissions and Porcella (1994), who estimated
that this fraction was 50 percent. Horvat et al., (1993b) assessed the anthropogenic fraction as
constituting 40 to 50 percent 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; Benoit
et al., 1994). The percentage of current total atmospheric mercury which is of anthropogenic origin may
be much higher near mercury emissions sources.

A better understanding of the relative contribution of mercury from anthropogenic sources is
limited by substantial remaining uncertainties regarding the level of natural emissions as well as the
amount and original source of mercury that is re-emitted to the atmosphere from soils, watersheds, and
ocean waters. Recent estimates indicate that of the approximately 200,000 tons of mercury emitted to
the atmosphere since 1890, about 95 percent resides in terrestrial soils, about 3 percent in the ocean
surface waters, and 2 percent in the atmosphere (Expert Panel, 1994). More study is heeded before it is
possible to accurately differentiate natural fluxes from these soils, watersheds, and ocean waters from re-
emissions of mercury which originated from anthropogenic sources. For instance, approximately one-
third of total current global mercury emissions are thought to cycle from the oceans to the atmosphere
and back again to the oceans, but a major fraction of the emissions from oceans consists of recycled
anthropogenic mercury. According to the Expert Panel on Mercury Atmospheric Processes (1994) 20 to
30 percent of the current oceanic emissions are from mercury originally mobilized by natural sources
(Fitzgerald and Mason, 1996). Similarly, a potentially large fraction of terrestrial and vegetative
emissions consists of recycled mercury from previously deposited anthropogenic and natural emissions
(Expert Panel, 1994).
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Comparisons of contemporary (within the last 15-20 years) measurements and historical records
indicate that the total global atmospheric mercury burden has increased since the beginning of the
industrialized period by a factor of between two and five (see Figure 2-2). For example, analysis of
sediments from Swedish lakes shows mercury concentrations in the upper layers that are two to five
times higher than those associated with pre-industrialized times. In Minnesota and Wisconsin, an
investigation of whole-lake mercury accumulation indicates that the annual deposition of atmospheric
mercury has increased by a factor of three to four since pre-industrial times. Similar increases have been
noted in other studies of lake and peat cores from this region, and results from remote lakes in southeast
Alaska also show an increase, though somewhat lower than found in the upper midwest U.S. (Expert
Panel, 1994).

Although it is accepted that atmospheric mercury burdens have increased substantially since the
preindustrial period, it is uncertain whether overall atmospheric mercury levels are currently increasing,
decreasing, or remaining stable. Measurements over remote areas of the Atlantic Ocean show increasing
levels up until 1990 and a decrease for the period 1990-1994 (Slemr, 1996). Measurements of deposition
rates suggest decreased deposition at some localities formerly subject to local or regional deposition (see
Section 2.1.2.2 below). However, other measurements at remote sites in northern Canada and Alaska
show deposition rates that continue to increase (Lucotte et al., 1995; Engstrom and Swain, 1997). Since
these sites are subject to global long-range sources and few regional sources, these measurements may
indicate a still increasing global atmospheric burden. More research is necessary; a multi-year, world-
wide atmospheric mercury measurement program may help to better determine current global trends
(Fitzgerald, 1995).

2.1.2.2 Regional and Local Mercury Cycles

According to one estimate, about half of total anthropogenic mercury emissions eventually enter
the global atmospheric cycle (Mason et al., 1994); the remainder is removed through local or regional
cycles. An estimated 5 to 10 percent of primary Hg(ll) emissions are deposited within 100 km of the
point of emission and a larger fraction on a regional scale. Hg(0) that is emitted may be removed on a
local and regional scale to the extent that it is oxidized to Hg(ll). Some Hg(0) may also be taken up
directly by foliage; most Hg(0) that is not oxidized will undergo long-range transport due to the
insolubility of Hg(0) in water. In general, primary Hg(ll) emissions will be deposited on a local and
regional scale to the degree that wet deposition processes remove the soluble Hg(ll). Dry deposition
may also account for some removal of atmospheric Hg(ll). Assuming constant emission rates, the
guantity of mercury deposited on a regional and local scale can vary depending on source characteristics
(especially the species of mercury emitted), meteorological and topographical attributes, and other
factors (Expert Panel, 1994). For example, deposition rates at some locations have been correlated with
wind trajectories and precipitation amounts (Jensen and Iverfeldt, 1994; Dvonch et al., 1995). Although
these variations prohibit generalizations of local and regional cycles, such cycles may be established for
specific locations. For example, unique mercury cycles have been defined for Siberia on a regional scale
(Sukhenko and Vasiliev, 1996) and for the area downwind of a German chlor-alkali plant on a local scale
(Ebinghaus and Kruger, 1996). Mercury cycles dependent on local and regional sources have also been
established for the Upper Great Lakes region (Glass et al., 1991; Lamborg et al., 1995) and the Nordic
countries (Jensen and Iverfeldt, 1994).
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While the overall trend in the global mercury burden since pre-industrial times appears to be
increasing, there is some evidence that mercury concentrations in the environment in certain locations
have been stable or decreasing over the past few decades. For example, preliminary results for eastern
red cedar growing near industrial sources (chlor-alkali, nuclear weapons production) show peak mercury
concentrations in wood formed in the 1950s and 1960s, with stable or decreasing concentrations in the
past decade (Expert Panel, 1994). Some results from peat cores and lake sediment cores also suggest
that peak mercury deposition in some regions occurred prior to 1970 and may now be decreasing (Swain
et al., 1992; Benoit et al., 1994; Engstrom et al., 1994; Engstrom and Swain, 1997). Data collected over
25 years from many locations in the United Kingdom on liver mercury concentrations in two raptor
species and a fish-eating grey heron indicate that peak concentrations occurred prior to 1970. The sharp
decline in liver mercury concentrations in the early 1970s suggests that local sources, such as agricultural
uses of fungicides, may have led to elevated mercury levels two to three decades ago (Newton et al.,
1993). Similar trends have been noted for mercury levels in eggs of the common loon collected from
New York and New Hampshire (Mcintyre et al., 1993). The downward trend in mercury concentrations
observed in the environment in some geographic locations over the last few decades generally
corresponds to regional mercury use and consumption patterns over the same time frame (consumption
patterns are discussed in Volume I1).

2.2 Atmospheric Processes
Basic processes involved in the atmospheric fate and transport of mercury include: (1) emissions
to the atmosphere; (2) transformation and transport in the atmosphere; (3) deposition from the air; and

then (4) re-emission to the atmosphere. Each of these processes is briefly described below.

2.2.1 Emissions of Mercury

As discussed fully in Volume II, mercury is emitted to the atmosphere through both naturally
occurring and anthropogenic processes. Natural processes include volatilization of mercury in marine
and aquatic environments, volatilization from vegetation, degassing of geologic materials (e.qg., 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 mercury mobilized from deep geologic deposits and added to the
global cycle by human activity. Based on estimates of the total annual global input to the atmosphere
from all sources (i.e., 5000 Mg from anthropogenic, natural, and oceanic emissions), U.S. sources are
estimated to contribute about 3 percent, based on 1995 emissions estimates as described below.

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 emissions are thought
to include both gaseous and particulate forms of mercury. Gaseous mercury emissions are thought to
include both elemental and oxidized chemical forms, while particulate mercury emissions are thought to
be composed primarily of oxidized compounds due to the relatively high vapor pressure of elemental
mercury. 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. Most of the mercury emitted at the
stack outlet is found in the gas phase although exit streams containing soot can bind up some fraction of
the mercury. The divalent fraction is split between gaseous and particle bound phases (Lindqvist et al.,
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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 Il of this Report to Congress. The
reader should note that the data presented in this table are estimates; uncertainties include the precision
of measurement techniques and the calculation of 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. Due
to these and other uncertainties, other sources have calculated different total emissions estimates using
similar methods (for example, see Porcella et al., 1996).

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 (Lindgvist et al., 1991).

2.2.2 Mercury Transformation and Transport

Hg(0) has an average residence time in the atmosphere of about one year and will thus be
distributed fairly evenly in the troposphere. Oxidized mercury (Hg(ll)) may be deposited relatively
quickly by wet and dry deposition processes, leading to a residence time of hours to months. Longer
residence times are possible as well; the atmospheric residence time for some Hg(ll) associated with fine
particles may approach that of Hg (Porcella et al., 1996).

The transformation of Hg (g) to Hg(ll)(ag) and Hg(l1)(p) in cloud water demonstrates a possible
mechanism by which natural and anthropogenic sources%f Hg to air can result in mercury deposition to
land and water. This deposition can occur far from the source due to the slow rafe of Hg (g) uptake in
cloud water. It has been suggested that this mechanism is important in a global sense for mercury
pollution, while direct wet deposition of anthropogenic Hg(ll) is the most important locally (Fitzgerald,
1994 Lindgvist et al., 1991, Chapter 6). Gaseous Hg(ll) is expected to deposit at a faster rate after
release than particulate Hg(ll) assuming that most of the particulate matter is less than 1 um in diameter.
An atmospheric residence time of ¥ - 2 years for elemental mercury compared to as little as hours for
some Hg(ll) 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.

This great disparity in atmospheric residence time betweén Hg and the other mercury species
leads to very much larger scales of transport and deposition foiGémerally, air emissions of Fig
from anthropogenic sources, fluxes of°’Hg from contaminated soils and water bodies and natural fluxes
of Hg® all contribute to a global atmospheric mercury reservoir with a holding time of % to 2 years.
Global atmospheric circulation systems can take Hg emissions from their point of origin and carry them

2-7



Table 2-1
Annual Estimates of Mercury Release by Various Combustion and
Manufacturing Source Classes (U.S. EPA, 1997)

Annual Mercury
Source Emission Rate

Combustion Sources - Total 125.2 Mglyr (137.9 tonsl/yr)

Electric utilities

Oil- and Gas-fired 0.2 Mglyr (0.2 tonsl/yr)

Coal-fired 46.9 Mglyr (51.6 tons/yr)

Incinerators

Municipal waste combustors | 26.9 Mg/yr (29.6 tons/yr)

Medical waste incinerators 14.6 Mg/yr (16.0 tons/yr)

Commercial/Industrial boilers | 25.8 Mg/yr (28.4 tons/yr)

Chlor-alkali production 6.5 Mglyr (7.1 tonsl/yr)
Primary lead smelting 0.1 Mgl/yr (0.1 tonsl/yr)
Primary copper smelting 0.06 Mg/yr (0.06 tonsl/yr)
Other combustion sources 10.8 Mg/yr (11.9 tons/yr)
Other sources 12.1 Mglyr (13.3 tons/yr)

anywhere on the globe before transformation and deposition occur. Emissions of all other forms of
mercury are likely to be deposited to the earth's surface before they thoroughly dilute into the global
atmosphere. Continental-scale atmospheric modeling, such as that performed for this study using the
RELMAP, can explicitly simulate the atmospheric lifetime of gaseous and particulate Hg(ll) species, but
not H . Although HY is included as a modeled species in the RELMAP analysis, the vast majority of
Hg® emitted in the simulation transports outside the spatial model domain without depositing, and the
same is generally thought to happen in the real atmosphere. Natfiral Hg emissions and anthropogenic
Hg® emissions from outside the model domain are simulated in the form of a constant backgfound Hg
concentration of 1.6 ng fapproximating conditions observed in remote oceanic regions (Fitzgerald,
1994). This background Mg concentration is subject to simulated wet deposition by the same process as
explicitly modeled anthropogenic sources o Hg within the model domain.

Explicit numerical models of global-scale atmospheric mercury transport and deposition have

not yet been developed. As our understanding of the global nature of atmospheric mercury pollution
develops, numerical global-scale atmospheric models will surely follow.
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2.2.3 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). Both particulate and gaseous divalent mercury are assumed to dry deposit (this is defined as
deposition in the absence of precipitation) at significant rates when and where measurable concentrations
of these mercury species exist. The deposition velocity of particulate mercury is dependent on
atmospheric conditions and particle size. Particulate mercury is also assumed to be subject to wet
deposition due to scavenging by cloud microphysics and 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.

In contrast, elemental mercury vapor is not thought to be susceptible to any major process of
direct deposition to the earth's surface due to its relatively high vapor pressure and low water solubility.
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 suggeistesitthat
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 dissolved-oxidized and particulate mercury content.

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 when
air concentrations of elemental mercury are above an equilibrium level for the local forest ecosystem. At
lower air concentration 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 this
may be explained by the volatilization of elemental mercury from the canopy/soil system, most 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 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 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 plant/soil systems accumulate airborne
elemental mercury when air concentrations are higher than the long-term average for the particular
location, and release elemental mercury when air concentrations fall below the local long-term average.
On regional and global scales, 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).
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There is an indirect pathway, however, by which elemental mercury vapor released into the
atmosphere may be removed and deposited to the earth's surface. Chemical reactions occur 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 in this aqueous reduction-
oxidation balance are thought to be oxidation of elemental mercury with ozone, reduction of divalent
mercury by sulfite (S¢¥) ions, or complexation of divalent mercury with soot to form particulate
divalent mercury:

Hg"(g) -> HJ (aq)

Hg°(aq) + Q (aq) -> Hg(ll)(aq)

Hg(ll)(aq) + soot/possible evaporation -> Hg(Il)(p)
Hg(I)(ag) + SQ*(aq) -> HJ (aq)

(9) = gas phase molecule
(aq) =aqueous phase molecule
(p) = particulate phase molecule

The Hg(ll) produced from oxidation of g by ozone can be reduced bacKto Hg by sulfite; however, the
oxidation of HJ by ozone is a much faster reaction than the reduction of Hg(ll) by sulfite. Thus, a
steady state concentration of Hg(ll)(aq) is built up in the atmosphere and can be expressed as a function
of the concentrations of Hg (g),O (9); 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(ll)(aqg) produced would then be susceptible to atmospheric removal via wet deposition.
The third reaction, however, may transform most of the Hg(ll)(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(ll)(aqg), and S atoms in the soot matrix will bond readily to
the Hg(ll)(ag). The resulting Hg(I)(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). 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).

Mercury released into the atmosphere from natural and anthropogenic sources deposits mainly as
Hg(ll), from either direct deposition of emitted Hg(ll) or from conversion of emitted elemental Hg to
Hg(ll) 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.

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(ll) may
revolatilize through reduction and be released back to the atmospherg &oHéig(ll) may also be
methylated to form methylmercury; these two forms may remain in the soil or be transported through the
watershed to a water body via runoff and leaching. Mercury enters the water body through direct
deposition on the watershed, and mercury in water bodies has been measured in both the water column
and the sediments. Hg(ll) in the waterbody may also be methylated to form methylmercury; both Hg(ll)
and methylmercury may be reduced to forn? Hg which is reintroduced to the atmosphere.
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2.2.4 Re-emissions of Mercury into the Atmosphere

Re-emission of deposited mercury results most significantly from the evasion of elemental
mercury from the oceans. In this process, anthropogenically emitted mercury is deposited to the oceans
as Hg(ll) and then reduced to volatile Hg(0) and re-emitted. According to one estimate, this process
accounts for approximately 30% (10 Mmol/year) of the total mercury flux to the atmosphere (Mason et
al., 1994). Overall, 70 to 80 % of total current mercury emissions may be related to anthropogenic
activities (Fitzgerald and Mason, 1996). By considering the current global mercury budget and estimates
of the preindustrial mercury fluxes, Mason et al. (1994) estimate that total emissions have increased by a
factor of 4.5 since preindustrial times, which has subsequently increased the atmospheric and oceanic
reservoirs by a factor of 3. The difference is attributed to local deposition near anthropogenic sources.
Although the estimated residence time of elemental mercury in the atmosphere is about 1 year, the
equilibrium between the atmosphere and ocean waters results in a longer time period needed for overall
change to take place for reservoir amounts. Therefore, by substantially increasing the size of the oceanic
mercury pool, anthropogenic sources have introduced long term perturbations into the global mercury
cycle. Modeled results from Fitzgerald and Mason (1996) estimate that if all anthropogenic emissions
were ceased today, it would take about 15 years for mercury pools in the oceans and the atmosphere to
return to pre-industrial conditions. The Science Advisory Board, in its review of this study, concluded
that it could take significantly longer. The slow release of mercury from terrestrial sinks to freshwater
and coastal waters will likely persist for much longer, though, effectively increasing the lifetime of
anthropogenic mercury further (Fitzgerald and Mason, 1996). This may be particularly significant
considering that surface soils currently contain most of the pollution-derived mercury of the industrial
period. Recently published studies, however, indicate that mercury in soil may be reduced and
revolatilized, in that the capacity of soils to sequester airborne mercury must be reconsidered (Kim et al.,
1995; Lindberg, 1996). Thus, re-emissions of anthropogenic mercury will contribute to long term
influences on the global biogeochemical cycle for mercury.

2.3 Terrestrial and Aquatic Fate of Mercury

2.3.1 Mercury in Soll

Once deposited, the Hg(Il) 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
formation of inorganic Hg(ll) compounds such as HgCl , Hg(©OH) and inorganic Hg(ll) compounds
complexed with organic anions (Schuster 1991). Although inorganic Hg(ll) 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(ll) 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(ll), 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(ll)
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compounds/complexes mediated by humic substances (Nriagu, 1979) and by light (Carpi and Lindberg,
1997). This H§ will diffuse through the soil and re-enter the atmosphere. Methylmercury can be
formed by various microbial processes acting on Hg(ll) substances. Approximately 1-3% of the total
mercury in surface soil is methylmercury, and as is the case for Hg(ll) species, it will be bound largely to
organic matter. The other 97-99% of total soil mercury can be considered largely Hg(ll) complexes,
although a small fraction of Mercury in typical soil will be'Hg (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).

2.3.2 Plant and Animal Uptake of Mercury

The Hg(ll) 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 #ith 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 readily converted to Hg(ll) in the plant interior,
since even leafy vegetables do not appear to contain ahy 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 C| complexes can increase Hg(ll) movement
somewhat. Overall, mercury concentrations in plants, even those whose main uptake appears to be from
the air, are small (see ambient mercury concentrations tables). Accordingly, livestock typically
accumulates little mercury from
foraging or silage/grain consumption, and mercury content in meat is low (see tables in the ambient
mercury concentrations section). Due to these factors, the terrestrial pathway is not expected to be
significant in comparison to the consumption of fish by humans and wildlife as an exposure pathway of
concern for mercury.

2.3.3 Mercury in the Freshwater Ecosystem

There are a number of pathways by which mercury can enter the freshwater environment: Hg(ll)
and methylmercury from atmospheric deposition (wet and dry) can enter water bodies directly; Hg(ll)
and methylmercury can be transported to water bodies in runoff (bound to suspended soil/humus or
attached to dissolved organic carbon); or Hg(ll) 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 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 these data
are presented in Appendix B.
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Partition coefficients have been calculated for the relative affinity of Hg(ll) and methylmercury
for sediment or soil over water. Values of the partition coefficignt K (concentration of mercury 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(ll) and methylmercury (Appendix B), indicating a strong preference for Hg(ll) and methylmercury to
remain bound to soil, bottom sediment or suspended matter (increasing affinity in that order). Of course,
a river or lake freshwater system has a larger volume of water than sediment, and a significant amount of
Hg(ll) 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 HgCI 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(ll) 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; (Lindgvist 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(ll) and methylmercury organic
complexes are particle-bound in the water column. The rest is in the dissolved and DOC-bound 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). Hg is produced in freshwater by humic acid reduction of Hg(ll) or
demethylation of methylmercury mediated by sunlight. An amount will remain in the dissolved gaseous
state while most will volatilize. As noted previously,’Hg 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(ll) or methylmercury -> Hg -> volatilization. For many lakes, however, sedimentation of
the Hg(ll) 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 B). The water column methylmercury
concentration is a result of methylation of Hg(ll) which occurs in the bottom sediment and the water
column by microbial action and abiotic processes. In a number of sediment-water systems, it has been
found that 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 is thought to be replaced by additional
methylation of Hg(ll) 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 into the atmosphere, settle into the sediment or be taken up by
aquatic biota. After entry, the movements of mercury through any specific water body may be unique.
Mercury in the water column, in the sediment, and in other aquatic biota appears to be available to
aguatic organisms for uptake.

Methylation is a key step in the entrance of mercury into the food chain (Sorenson 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). Not all mercury compounds entering an aguatic ecosystem are methylated, and demethylation
reactions (Xun et al., 1987) as well as volatilization of dimethylmercury decrease the amount of
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methylmercury available in the aquatic environment. There is a large degree of scientific uncertainty
and variability among water bodies concerning the processes that methylate mercury.

Bacterial methylation rates appear to increase under anaerobic 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 appears 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 water body. 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 (dry weight basis, compared
with the water methylmercury concentration) are on the order®f 16 - 10 (Bloom, 1992; Appendix D).
Overall, methylmercury production and accumulation in the freshwater ecosystem places this pollutant
into a position to be ingested by fish-eating organisms.

This bioaccumulation of methylmercury in fish muscle tissue occurs in water bodies that are
remote from emission sources and seemingly pristine as well as in water bodies 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.

2.4 Fate of Mercury in Marine Environments

This section describes the environmental fate of mercury in the marine environment. Two
models are presented here: a composite conceptual model of the whole ocean, largely based on the data
and modeling presented in the literature by Fitzgerald and coworkers; and a model developed for ocean
margins by Cossa et al. (1996). Ocean margins occur at the convergence of continents and oceans; they
include geologic features such as estuaries, inland seas, and continental shelves and are characterized by
high productivity. These models are very general in nature and reflect only a basic understanding of the
movements of mercury in marine environments. Examples of data collected from U.S. coastal waters are
also included here. The arctic marine system is not examined in this section.

As noted earlier, mercury is an atmophillic element and, as such, its global transport occurs
primarily through the atmosphere. Elemental mercury, the principle species found in the atmosphere,
has a high vapor pressure and a low solubility in water. As a result of these properties, the half-life of
atmospheric mercury is thought to be a year or longer. Elemental mercury appears to be deposited to
ocean waters primarily through wet deposition. Oxidizing reactions in the atmosphere may also play a
role in the conversion of elemental mercury to more reactive atmospheric species which are subsequently
deposited.

Mercury found in ocean waters and sediments comprises a large reservoir of the total mercury on
the planet. The conceptualization of oceans as reservoirs of mercury is fitting for they serve both as

2-14



sources of mercury to the atmosphere as well as environmental mercury sinks (Mason and Fitzgerald,
1993; 1996; Cossa et al., 1996). The forms and species of mercury present in the ocean waters and
sediments may be transformed as a result of both biotic and abiotic factors within the ocean. The most
significant species of mercury from an ecologic and human health perspective is monomethylmercury
(MHg). Both monomethyl- and dimethylmercury have been measured in ocean waters (Mason and
Fitzgerald, 1990). MHg shows strong evidence of bioaccumulation and biomagnification in the marine
food web, potentially posing risks to consumer species (particularly apex marine predators and
piscivores).

2.4.1 Models of Mercury in the Oceans

Rolfus and Fitzgerald (1995) employed a simple ocean model to examine mercury deposition
and concentrations in fish. This model is largely derived from data collected by Fitzgerald and
collaborators. In the model, the ocean is divided into 3 compartments: coastal zones, areas of upwelling,
and open ocean. The open ocean accounts for roughly 90 percent of the total area of the oceans but very
little fish production; the coastal and upwelling regions account for roughly 10 percent and 0.1 percent
of the total area, respectively, but almost all fish production (each area accounted for about 50 percent of
the total production). Mercury inputs to their model include atmospheric deposition, flow from riverine
systems, and flow from upwelling regions of the ocean.

Mercury inputs are assumed to occur to the mixed layer. Corroborating this assumption, Mason
and Fitzgerald (1996) have suggested that there is a relationship between increased concentrations of
reactive mercury in surface waters and predicted atmospheric deposition rates in the North Atlantic.

From the mixed upper layer of the ocean waters, reactive mercury is transported through attachment to
particulates (i.e., scavenging) to regions or layers of the ocean where methylation occurs (those areas
naturally lower in oxygen). Particles containing mercury are predicted to deteriorate as they descend,
releasing the mercury. The model assumes that monomethylmercury is produced in these low oxygen
regions below the thermocline in the open ocean and upwelling compartments. The mercury is then
transported to the mixed layer at a depth of less than 100 meters where it is incorporated into the lower
levels of the food web (Mason and Fitzgerald, 1990; 1993; 1996). Specifically, after transport from the
mixed layer, most of the reactive mercury is assumed to become methylated to form dimethylmercury in
the subthermocline waters, although direct formation of monomethylmercury from reactive mercury is
also possible. Dimethylmercury is unstable in marine waters, and most dimethylmercury formed there is
assumed to decompose to form monomethylmercury (Mason and Fitzgerald, 1996). Some of the
monomethylmercury is then converted to°Hg , which is assumed to be transported to the surface resulting
in a supersaturation of the elemental species in surface waters. Elemental mercury thus may evade back
to the atmosphere from the surface waters. It is hypothesized that the transport of reactive mercury from
the mixed layer controls the rate of methylmercury formation; this rate appears to be related positively to
primary productivity (Mason and Fitzgerald, 1996).

In the model, reduction of reactive species t@ Hg in the mixed layer and subsequent evasion
from the mixed layer is a significant mechanism by which mercury is eliminated from marine waters,
with rates of up to one percent per day reported in the open ocean. Reduction is associated with both
abiotic and biotic components of the marine environment (Mason et al., 1995). Roughly 10 to 30 percent
of the reduction has been attributed to abiotic factors. Abiotic reduction may be mediated by sunlight;
Xiao et al. (1994) showed in an experimental aquatic system that the combination of fulvic and humic
acids with synthetic sunlight resulted in reduction of dissolved divalent species. Weber (1993) has
suggested that abiotic reduction may be mediated by the presence of methyltin compounds and humic
acid. The remainder of the reduction of reactive species is the result of biologic activities. Evidence
presented by Mason et al. (1995) indicates that bacteria and cyanobacteria are responsible for much of
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the biologic reduction of mercury in the mixed layer.

Mercury methylation in the coastal compartment of the model (which includes estuarine regions)
is assumed to occur both in the sediments and in the water column near the oxycline (Rolfus and
Fitzgerald, 1995). Itis assumed that methylmercury in this compartment is transported to the mixed
layer and incorporated into the lower trophic levels of the marine food web. The total deposition of
mercury was estimated at 10 Mmoles/year; the input from rivers and estuaries was estimated to be
approximately 10 percent of this value (about 1 Mmole/year). The inputs to the upwelling zone from
cooler, deeper waters is assumed to be 0.5 Mmoles/year.

To sustain fish methylmercury concentrations, Rolfus and Fitzgerald (1995) predict that in the
open ocean 0.02 percent of the total mercury deposited is methylated and transferred via the food web to
fish. Fractions of the total mercury deposited that are necessary for sustaining levels in fish from the
upwelling and coastal regions of the oceans are estimated to be 5.4 percent and 20 percent, respectively.
Overall, approximately 2 percent of the deposited mercury is needed to maintain fish concentrations of
0.2 ppm. The differences in necessary fractions between the three areas are related to trophic structure,
deposition, and methylmercury production.

The cycling of mercury proposed by Mason et al. (1994) was reexamined and revised by Hudson
et al. (1995). In this model, the yearly deposition of mercury to the oceans was assumed to be roughly
the same as that of Mason et al., 1994 (approximately 10 Mmol/yr); oceanic emissions were reduced by
10 to 25 percent of the Mason value. Oceanic burial fluxes were assumed by Hudson et al. (1995) to be
about half of the value assumed by Mason et al. (1994) (approximately 0.4 vs 1 Mmol/yr, respectively).
Hudson et al. (1995) also accounted for mixing into the ocean interior, which was neglected by Mason et
al. (1994).

Several authors, including Rolfus and Fitzgerald (1995), conclude that increases in the
deposition of mercury that result from increases in anthropogenic emissions will result in enhanced food
chain bioaccumulation and higher concentrations of mercury in marine fish.

2.4.2 Modeling Estuaries and Coastal Regions

Estuaries and coastal regions may be more highly affected by anthropogenic mercury sources.
These regions are directly affected by mercury transported from freshwater rivers as well as direct
oceanic discharges. These regions are also potentially affected to a greater degree by reactive mercury
species and particulate-bound mercury released to the atmosphere from nearby anthropogenic sources.
Reactive mercury species in the vapor-phase are assumed to deposit more rapidly than vapof-phase Hg .
The atmosphere above these coastal waters may also have higher concentrations of oxidants. For some
mercury-contaminated estuaries, the primary source of mercury contamination appears to be aquatic
discharges rather than atmospheric deposition.

Cossa et al. (1996) have reviewed data collected in coastal regions and constructed a mercury
mass balance model specifically for these areas. In this model, fluxes from river systems to ocean
margins were determined to be the largest input of total mercury to coastal systems. Annually, about 4.8
Mmol of mercury are assumed to be added via riverine systems. Cossa et al. (1996) noted that measured
concentrations of total mercury are highly variable, with the highest measured concentrations found in
rivers passing through urban and industrialized areas. Over 90% of the total mercury transported from
river systems is bound to particles. Much of this transported particle bound mercury appears to be
unreactive and is assumed to be buried in near shore sediments. However, Cossa et al. (1996) also note
the potentially important lack of data describing mercury concentrations in tropical river systems.
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Atmospheric deposition to coastal waters was estimated to be approximately 2 Mmol/yr. Much
of the deposited mercury in the model is assumed to be chemically reactive, participating in chemical
reactions in the marine environment. Atmospheric deposition of mercury to other parts of the oceans
followed by transport via upwelling to the coastal regions was also thought to be an important source of
total mercury into these areas, accounting for between 2.5 and 3.5 Mmol/yr. The movement of mercury
from sediments to coastal waters is considerably less important than the other inputs for this model. In
total, approximately 3.3 Mmol of mercury is estimated to be present in the coastal waters.

Fluxes of total mercury from coastal waters include (listed in approximate order of significance):
sedimentation of particle bound mercury derived from both riverine and upwelling regions; export to the
open ocean; and evasion to the atmosphere. On a global scale, evasion is speculated to be balanced by
deposition to the oceans; regional imbalances may occur with deposition exceeding evasion in the
northern latitudes and the converse occurring in the southern latitudes.

Cossa et al. (1996) have used this model to describe methylmercury in coastal waters. Inputs to
coastal waters occur through upwelling from other parts of the ocean (0.1-0.2 Mmol/yr), atmospheric
deposition (0.02 Mmol/yr), river systems (0.01 Mmol/yr), and sediments (0.001 Mmol/yr). An unknown
guantity is assumed to pass back to the atmosphere through evasion after undergoing demethylation.
Approximately 0.05 Mmol/yr was predicted to deposit to the sediments and less than 0.04 Mmol/yr was
predicted to pass to deep ocean. The model indicates that more than half of the methylmercury in coastal
aguatic species originated in waters of the deep ocean; the remainder is the result of methylation of
reactive mercury in coastal waters and methylmercury from other sources. Cossa et al. (1996) noted
general agreement between their model and the model proposed by Mason and Fitzgerald (1993) and
Rolfus and Fitzgerald (1995).

Mercury (particularly methylmercury) clearly accumulates in coastal marine food webs. Two
general food webs can be conceptualized: a benthic sediment community which includes
macroinvertebrates; and a community that resides primarily in the water column, which includes
phytoplankton and zooplankton as well as planktivorous and piscivorous fishes. For mercury species to
accumulate within members of these food webs, they must be bioavailable and retained within the
tissues.

Mercuric ions in anoxic sediments are transformed to monomethylmercury primarily through
biotic processes. The bulk of this activity appears to occur in the top layers of the sediment. Compeau
and Bartha (1985) showed that sulfate-reducing bacteria siidsatfovibrio desulfuricanare the
primary group of organisms responsible for this reaction. The organic matter content of the sediment
appears to be a factor controlling mercury methylation rates (Choi and Bartha, 1994). Production of
methylmercury in sediments would enable benthic organisms to accumulate this species. Gagnon and
Fisher (1997) have examined bioavailability of particle-bound inorganic divalent mercury and particle-
bound monomethylmercury to a species of marine mussel and concluded that the assimilation of particle-
bound methylmercury is greater than particle-bound inorganic mercury. Furthermore, dissolved
methylmercury and divalent mercury are both assimilated in mussels to a greater degree than particle-
bound species. However, because particulate mercury species dominate dissolved mercury in coastal
waters, Gagnon and Fisher (1997) have concluded that particle-bound methylmercury is likely the major
source of this chemical species to mussels. Other organisms that dwell in the benthos may share these
characteristics with the mussel. Of particular concern are benthic worms (Bryan and Langston, 1992)
and higher invertebrates as well as some species of carnivorous fish (Syclogwssus macrostomas
(Joseph and Srivastava, 1993) and terrestrial vertebrates (such as carnivorous birds) which consume
these benthic organisms. Mercury species may also impact detritivores, as high mercury concentrations
have been associated with decomposing plant materials (Bryan and Langston, 1992). Some benthic
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invertebrates also have been reported to contain elevated levels of inorganic mercury species.

The food web that exists primarily in the water column may be impacted by methylation of
reactive mercury species. Concentrations of methylmercury in predatory piscivorous marine fishes that
inhabit coastal waters (such as sharks) may exceed 1 ppm (see Volume IV of this Report). Much of this
methylmercury is thought to be transferred through the food web.

2.4.3 Mercury Budget for a Coastal Waterbody in U.S.A.

Mercury fluxes may be defined more precisely for a specific body of water. For example,
Vandel and Fitzgerald (1995) have developed a preliminary mercury budget for Narragansett Bay in
Rhode Island. The average residence time for waters within this estuary was determined to be 24 days.
River waters which drained into the bay had higher concentrations of total mercury than water in the bay;
a major component of total mercury in the freshwaters was the strongly-bound fraction. Concentrations
of the strongly-bound fraction appeared to decline as the salinity increased. The estimated mercury flux
from the rivers which drain into the bay was 61 g/day (69% of the total flux). Point sources such as
waste water treatment facilities were estimated to contribute 18.5 g/day (21% of total flux), and
atmospheric deposition was estimated to be 10 g/day (10%of total flux). Approximately half of the
mercury entering the bay was predicted to be retained within the estuarine sediments; the remainder of
the mercury is transported to the ocean through tidal exchange.
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3. MEASURED CONCENTRATIONS

This chapter first presents available measurement data for mercury in environmental media and
biota. This is followed by a discussion of efforts to collect measurement data from remote locations and
near anthropogenic sources of concern. Note that this chapter does include measured mercury
concentrations in wildlife that function as vectors to humans but does not include measured
concentrations in final receptors of concern (i.e., humans and selected wildlife receptors). Measurement
data for people and wildlife are presented in Volumes IV and VI, respectively.

3.1  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 improvements and
standardizations in analytical methodologies enable reliable data on the 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 ).

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 pg/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 to 2 ng/L for water samples (Sorensen et al.,
1994), 0.1 ng/g for biota (Cappon, 1987; Bloom, 1992) and 0.1°ng/m 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.

3.2 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 (Chapter 2).
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(ll); the exception is fish in which the most common form is methylmercury.

3.2.1 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
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Processes, 1994; Hovart 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 3-1 and 3-2, 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(ll) compounds.

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

Keeler et al., (1994) measured vapor- and particulate-phase atmospheric mercury concentrations
from a site in Chicago, IL, two sites in Detroit, Ml 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, Ml 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 um) and coarse (>2.5 um). 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, Ml 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).

Table 3-1
Summary of Measured Mercury Concentration
in Air (U.S. EPA, 1993)

Total Atmospheric Mercury (ng/m? %Hg(Il) % Methylmercury

Rural areas: 1 -4 1-25% 0-219%
Urban areas: 10 - 170

@ Higher fractions in urban areas
® Generally % methylmercury on low end of this range
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Table 3-2

Measured Vgor- and Particulate-Phase Atmogheric Mercury Concentrations

Site Vapor-Phase Mercyr Particulate-Phase Mergu€onc. | Reference

Conc. in i/m* Mean in ng/m®

(Rarge) Mean (Rage)
Chicago, IL 8.7 (1.8-62.7) 0.098 (0.022-0.52) Keeler et al., (1994)
Lake 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, Ml 2.0 (max 4.4) 0.10 (max 0.21) Keeler et al., (1994)

0.022 (max 0.077)

Keeler et al., (1995)

Detroit, Ml 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)

Detroit, Ml Site B 3.7 (max 8.5) 0.30 (max 1.23) Keeler et al., (1994)
Pellston, 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 Couny, FL? 1.8 0.034 Dvonch et al., (1995)
Baclground Site near

Atlantic Ocean (Site 1)

Broward Couny, FL 3.3 0.051 Dvonch et al., (1995)
Inland (Site 2)

Broward Coury, 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, Aver (1.4-5.3): 0.062 (0.005-0.18) Particulate: Fitgerald et al., (1991)

Pt, CT

95-100% elemental;
0-1% metlylmercuy

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

Crab Lake, WI

1.7

Winter 0.006
Summer 0.014

Lamboxg et al., (inpress)

#Diurnal variations were also noted; elevated concentrations were measugtd. aFar examle at site 2 the avege nighttime vaor-phase
concentration was 4.59mme. This was attributed to little vertical mixdrand lower mixig heights that occur in this area aght.

99% of Total Gaseous Merguis Hg’. During 1 month (October) the mean mgtherculy concentration was measured to bep@a? with a
range of 4-38pg/m?; 0.7% of the totajjaseous mercyrwas metllmercury. During November it was measured as fg? and from

December thragh August it was measured below the detection limit ggén®).




3.2.2 Mercury Concentrations in Precipitation

Mercury concentrations in precipitation are shown in Table 3-3. 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, while mercury in surface waters can be lost by revolatilization from the water body and
sequestration in the sediment.

Table 3-3
Measured Mercury Concentrations in Precpitation

Site Mean Mercury Concentration in Reference

precipitation, ng/L Mean (Range)

Ely, MN 20in 1988 1988-89 data: Glass et al., (1992)
51in 1989 1990 data: Sorensen et al., (1992)
13 in 1990

Duluth, MN 23in 1988 1988-89 data: Glass et al., (1992)
11in 1989 1990 data: Sorensen et al., (1992)
13 in 1990

Marcell, MN 18 in 1988 Glass et al., (1992)
18 in 1989

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

Cavalier, ND 19 in 1990 Sorensen et al., (1992)

International Falls, MN 9in 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, WI 11 (3.2-15) in rain Fitzgerald et al., (1991)
6 in snow

Crab Lake, WI 7.9 inrain Lamborg et al., (1995)
3.3in snow

Underhill Center, VT 8.3 Burke et al., (1995)

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

Total: 35 (15-56)
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)

@ Both the concentrations of mercury in precipitation and the amount of precipitation 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 reactive mercury
was 1.0 ng/L. Higher particulate concentrations were observed in the winter.
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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 minor, and its origins are uncertain (see
Table 3-4).

Table 3-4
Measured Mercury Concentrations in Rain Which Include Methylmercury Estimates (rg/L)
Study Descrption Total Methyl- % Methyl- Reference
Mercuty mercuy mercugy
(ng/L) (ng/L)
Swedish rain: 9 saptes and 7.5-89.8 0.04-0.59 0.1-3.7 Lee and Iverfeldt
4 sites. (1991)
6 Sanples at Little Rock 3.5-15 0.06-0.22 0.4-6.3 Fitzgerald et al.
Lake, WI. (1991)

N.B. The difference between Total merg@and metllmerculy can be considereddfll) species (Brosset 1981; U.S.
EPA 1988). This is assumed for all water phas.

3.2.3 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.

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 deposition of mercury contributing the most to the total. The total
amount deposited was approximately 10 (fg/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
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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 3-5. 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 reactivity 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 precipitation (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 example, Engstrom et al., (1994) used lake core sediments to estimate a current
deposition rate of 12.5 pgfm /yr and a preindustrial (natural) deposition rate 3?7 pg/m /yr for remote
lakes located in Minnesota and northern Wisconsin. Benoit et al., (1994) analyzed mercury
concentrations in a peat bog at a Minnesota site. The estimated pre-1900 deposition rate at this site was
7.0 ug/m /yr, and the current mean deposition rate was estimated to be 24.5 pg/m /yr. Estimates of total
deposition are given in Table 3-6.
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Table 3-5

Mercury Wet Deposition Rates (ug/n /yr)

Site Wet Mercury Deposition Rates (ugim /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 20in 1988 1988-89 data: Glass et al., (1992)
6.5in 1989 1990 data: Sorensen et al., (1992)
9.31in 1990

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

Bethel, MN 131in 1990 Sorensen et al., (1992)

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

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

MN

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

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

Little Rock Lake, WI | 4.5 from rain Fitzgerald et al., (1991)

2.3 from snow

Crab Lake, WI 4.4 from rain Lamborg et al., (1995)
0.8 from snow

Nothern MN 10-15 Sorensen et al., (1990)

Pellston, Ml 5.8inyearl Hoyer et al., (1995)
5.5in year 2

0.07 ug/M (max 0.51) per rainfall event

South Haven, Ml

9.5inyear1
13 in year 2
0.12 ug/Mm (max 0.85) per rainfall event

Hoyer et al., (1995)

Dexter, Ml

8.7inyear1
9.1inyear 2
0.10 ug/m (max 0.98) per rainfall event

Hoyer et al., (1995

Underhill Center, VT

9.3
0.07 ug/m_per rainfall event

Burke et al., (1995)

3-7




Table 3-6

Estimated Mercury Total Deposition Rates

Site

Estimate of Pre-

industrial Annual
Deposition Rates
pg/nt lyr

Estimate of Current Annual
Deposition Rates pg/fm /yr

Reference

Minnesota and northern| 3.7 12.5 Swain et al. (1992);
Wisconsin Engstrom et al., (1994)
Lake core sediments
Minnesota 7.0 24.5 Benoit et al., (1994)
Peat bog core sampling
Little Rock Lake, Wt 10 Fitzgerald et al., (1991)

Crab Lake, WA

7.0 (86% estimated to

deposit in summer)

Lamborg et al.,
(1995)

@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/m /yr was estimated. Lamborg et al., (1995) noted the smaller particle sizes in the winter and assumed a deposition
velocity 0.1 cm/s for the average winter concentrations (7 Hg/m ) and a deposition velocity of 0.5 cm/s for average summer

concentrations (26 pg/fn ).

3.2.4 Mercury Concentrations in Water

Tables 3-7 through 3-9 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.

3-8




Table 3-7

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

Study Descrption Total Methyl- % Reference
Mercury mercugy Methyl-
(ng/L) (ng/L) mercuy

Swedish lakes: 8 sites, 2-4 galas 1.35-15 0.04-0.8 1.0-12 Lee and Iverfeldt (1991)
each.
Swedish mires: 8 sites, 4 sples 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 salas 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 microlyer Cleckner et al. (1995)

8.0 at 0.3m

6.3 at 10m
Lake Chamilain (filtered) 3.4 microlyer Cleckner et al. (1995)

3.2at0.3m

2.2 at 15m

Lakes | 0.04-74 NA NA NJDEPE (1993)
Rivers and Streamg 1-7
Table 3-8

Measured Mercury Concentrations in Ground/Drinkin g Water (ng/L)

Study Descrption

Total Mercuy

Reference

Southern New Jergalomestic wells

Up to and exceedm2000

Dooley (1992)

Drinking/Tap water in U.S.

0.3-25

NJDEPE (1993)

Washirgton State well

0.3

Bloom (1989)
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Table 3-9
Measured Mercury Concentrations in Ocean Water (ig/L)

Study Description Total Mercury Reference
(ng/L)
Review on concentrations of dissolvefd 0.5-3.0 WHO (1989)

mercury: Open ocean

Review on concentrations of dissolvefd 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)

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. Lindqvist 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 3-9 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).

3.2.5 Mercury Concentrations in Soil/Sediment

Table 3-10 presents reported mercury 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(ll).
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Table 3-10
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 0.3-1.3 0.6-1.5 Lindqgvist et al. (1991)
Wallace Falls, Cascades (WA) 155 - 244 1.0-2.6 0.5-1.2 | Lindqvist et al. (1991)
Control Soil, New York State 117 4.9 4.2 Cgppon (1981)
Compost, New York State 213 7.3 3.3 Cgppon (1987)

Garden soil, New York State 406 22.9 5.3 Cagppon (1987)

Typical U.S. Soils 8-117 NA NA NJDEPE (1993)

N.B. As in water samples the fraction of i°, if present at all, will be vgrsmall conpared to Hy(ll) (Revis et al., 1990), and the
difference between Total merguaind metlimerculy can be considered to beyH) to be pecies.

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 sail.
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 after 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 3-11). 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).

Two large-scale monitoring projects have measured mercury levels in coastal sediments: the
Naional Oceanic and Atmospheric Administration’s (NOAA's) National Status and Trends (NS&T)
Program and EPA’s Environmental Monitoring and Assessment Program (EMAP) for estuaries. These
programs and their findings are discussed below.

3-11



Table 3-11
Measured Mercury Concentrations in Freshwater Aquatic Sediment

Study Description Total Mercury (ng/g Reference
dry weight)
80 MN Lakes 34-753; mean 174 Sorensen et al. (1990)
North Central WI Lakes 90-190 Rada et al. (1989)
Little Rock Lake, WI 10-170 Wiener et al. (1990)
U.S. Lake sediment mean ranges| 70-310 NJDEPE (1993)

NOAA’s NS&T Program was initiated in 1984 to determine the status of, and detect changes in,
the environmental quality of our Nation’s estuarine and coastal waters. Currently, the NS&T Program
conducts periodic chemical monitoring for more than 70 organic chemicals and trace elements in benthic
(bottom-dwelling) fish, sediments and bivalve mollusks (mussels and oysters) at more than 300 sites
throughout the United States. The Mussel Watch Project and the Benthic Surveillance Project, which are
components of the NS&T Program, have measured concentrations of mercury in sediments. These data,
collected during the period 1984-1991, are summarized on a regional basis in Table 3-12.
Concentrations along the North Atlantic, Middle Atlantic, and Pacific coasts (0.14, 0.12, and 0.08 ug/g
dry weight, respectively) are higher relative to those along the South Atlantic and Eastern and Western
Gulf coasts (0.03, 0.05, and 0.04 ug/g dry weight, respectively). The highest concentrations measured
exceed 2.0 pg/g dry weight along the North Atlantic and Pacific coasts (5.00 and 2.20 pg/g dry weight,
respectively). Information on temporal trends is not available.

EMAP is a national program initiated in 1989 in response to the EPA Science Advisory Board'’s
recommendation to monitor the status and trends of U.S. ecological resources -- terrestrial, freshwater
and marine. The program is directed by EPA’s Office of Research and Development, with participation
by other federal agencies (e.g., NOAA, U.S. Forest Service, U.S. Fish and Wildlife Service). One of the
original goals of EMAP was to quantitatively evaluate the condition of coastal estuaries by monitoring
environmental conditions, including sediment contamination. More recently, the goals of EMAP have
been refined to emphasiZadicator developmehfand other methods for translating monitoring data
into assessments of ecological condition. There will be diminished emphaiss on large-scale monitoring.
Nevertheless, sediment contamination levels were measured in the Virginia Province (Cape Cod to
Chesapeake Bay) during the period 1990-1993. For the 1992 samples, the median mercury
concentrations in Chesapeake Bay and Long Island Sound sediments were 0.054 and 0.088 pg/g dry
weight, respectively (Strobel et al. 1994).
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Table 3-12
Mercury Concentration in Sediments from NS&T Sites (1984-1991)

Concentration Median
Region States Range Concentration
(ug/g-dry weight) (ug/g-dry weight)
North Atlantic ME, MA , RI, CT, NY, NJ 0.007-5.00 0.14
Middle Atlantic DE, MD, VA 0.010-0.84 0.12
South Atlantic NC, SC, GA, FL (east coast) 0.002-0.27 0.03
Eastern Gulf of Mexico | FL (west coast), AL, MS 0.007-0.98 0.05
Western Gulf of Mexico| LA, TX 0.009-0.34 0.04
Pacific CA, OR, WA, HI, AK 0.009-2.20 0.08

3.2.6 Mercury Concentrations in Biota

Elevated mercury concentrations in fish have been measured across the U.S. As seen in Figure
3-1, 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).

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 IAEA 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.)
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Figure 3-1
Mercury Fish Consumption Adyvisories of the U.S.
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The data from two studies national in scope are summarized in Table 3-13. 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 pg/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 (Qg7g 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 pg/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
Mg/g, and the mean across all fish and all sites was 0.26 ug/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.

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. wagl@1\Whereas the mean
mercury concentration reported by Bahnick et al. was 0g26. 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).

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
aqguatic 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 3-13
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.

% Channel and flathead catfish.

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

® Brown trout only.

Another national study of pollutant contamination in biota is the Mussel Watch Project, which is
a component of NOAA’s NS&T Program. The Mussel Watch Project measures concentrations of
organic and trace metal contaminants in fresh whole soft-parts of bivalave mollusks (i.e., mussels and
oysters) at over 240 coastal and estuarine sites. These data, which are available for 1986-1993, are
summarized in Table 3-14. Concentrations along the North Atlantic, Eastern Gulf, and Pacific coasts
(0.15, 0.14, and 0.11 pg/g dry weight, respectively) are higher relative to those along the Middle Atlantic,
South Atlantic, and Western Gulf coasts (0.06, 0.09, and 0.08 pg/g dry weight, respectively). The
highest concentrations measured exceed 1.0 pug/g dry weight along the Western Gulf and Pacific coasts
(1.80 and 1.01 pg/g dry weight, respectively).
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Table 3-14
Mercury Concentration in Bivalve Mollusks from Mussel Watch Sites (1986-1993)

Concentration Median
Region States Range Concentration
(ug/g-dry weight) | (ug/g-dry weight) |
North Atlantic ME, MA | RI, CT, NY, NJ 0.005-0.72 0.15
Middle Atlantic DE, MD, VA 0.003-0.33 0.06
South Atlantic NC, SC, GA, FL (east coast) 0.012-0.98 0.09
Eastern Gulf of Mexico | FL (west coast), AL, MS 0.005-0.72 0.14
Western Gulf of Mexico | LA, TX 0.002-1.80 0.08
Pacific CA, OR, WA, HI, AK 0.002-1.01 0.11

For the purpose of temporal analysis, annual Mussel Watch data on mercury concentrations in
bivalve mollusks at specific sites have been aggregated to national geometric means (O’Conner and
Beliaeff 1995). The national means, which are shown in Table 3-15, do not show any temporal trend in
mercury concentrations in mussels and oysters for the period 1986-1993.

Table 3-15
Nationwide Geometric Mean Concentrations of Mercury in Bivalve Mollusks (1986-1993)

1986 | 1987 (1988 | 1989 |[1990 | 1991 | 1992 [ 1993

Mean Mercury Concentration[ 0.11 | 0.11 |0.11 |0.12 |0.09 |0.11 |0.11 |0.12
| (Lg/g-dry weight)

Temporal trend analysis was also conducted on a site-by-site basis for 154 Mussel Watch sites
that had data for at least six years during the period 1986-1993 (O’Conner and Beliaeff 1995). Seven
sites exhibited an increasing trend in mercury concentrations, and eight sites exhibited a decreasing trend
in mercury concentrations, with 95% statistical confidence. The sites with increasing and decreasing
trends are shown in Table 3-16.
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Table 3-16
Trends in Mercury Concentrations in Bivalve Mollusks (1986-1993)

Site Name State

Increasing Trend

Mobile Bay - Hollingers Island Cahnnel AL
Lake Borgne - Malheureux Point LA
Galveston Bay - Confederate Reef TX
Point Loma - Lighthouse CA
San Francisco Bay - Emeryville CA
Point Arena - Lighthouse CA
Crescent - Point St. George CA

Decreasing Trend

Charlotte Harbor - Bord Island FL

Mississippi Sound - Pascagoula Bay MS
Sabine Lake - Blue Buck Point X

Mission Bay - Ventura Bridge CA
Marina Del Rey - South Jetty CA
Elliott Bay - Four-Mile Rock WA
Sinclair Inlet - Waterman Point WA
Whidbey Island - Possession Point WA

The studies reported by Lowe et al. (1985) and by Bahnick et al. (1994) and the Mussel Watch
Project are systematic, national examinations of pollutant concentrations in biota. Higher mercury
concentrations in biota have been found in other studies that focused on specific locations. These data,
which are presented below, indicate wide variations in mercury levels in biota.

Table 3-17 summarizes measured mercury concentrations in freshwater sportfish as reported by
a number of researchers, and Table 3-18 summarizes available data on measured mercury concentrations
in saltwater commercial fish. 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 .oyl
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 (1992b); Simonin et al. (1994); and Florida DER (1990). Due to the importance of fish mercury
levels, discussions of several of the mercury studies referenced in the tables are summarized here.

The New Jersey Department of Environmental Protection and Energy collected individual fish
samples throughout the state (NJDEPE 1994). Generally larger fish were sampled from New Jersey
rivers, lakes and reservoirs known to be contaminated with mercury or at risk for mercury contamination.
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Samples were prepared as skin-off fillets, and clean protocols were used throughout the analysis.
Mercury levels in fish exceeded the FDA Criterion of 1.0 ug/g (wet weight) in 50 of the 313 sampled fish
and at 15 of the 55 sample locations. It is noted that the FDA criterion 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 3-17 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 -/@&ywet wt., the corresponding range for
the lowest pH lake was 0.63 - 2.28/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.
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Table 3-17
Measured Mercury Concentrations Freshwater Sportfish (Total Mercury, ug/g wet wt.)

Study Pike/Pickerel Walleye Bass Bottom Feeders Panfish Trout Reference

2 yearold: 0.23
4 year old: 0.36 Simonin et al. (1994)
12 Adirondack Lakes 6 yearold: 0.41
8 yearold: 0.46
10+ year old: 1.65

16 New York Lakes Yellow Perch: Mills et al., (1994)
0.01-0.64
Punkin Seed:
0.01-0.19

42 New Jersey Lakes and Rivers, averages of 4

pH categories 0.15-1.45 0.15-1.16 0.07-0.72 0.10-0.32 0.05-0.64 NJDEPE (1994)
Historical trends in mean fish concentrations in 1930s (museum): 0.08-0.29 1930s: 0.08-0.20 Swain and Helwig (1989)
NE Minnesota Lakes 1980s: 0.12-0.37 1980s: 0.07-0.73
Mean concentrations in 65 northern MN lakes 0.14-1.52 0.13-1.75 Sorensen et al. (1990)
Ashtabula River, OH; Means LMouth: 0.15 Carp: 0.05 Bluegill:0.07-0.17 U.S. EPA (1992a)
Smouth: 0.12
Saginaw River, MI; Means Fillets: .12 Carp: 0.07 U.S. EPA (1992b)
Northern Michigan Lakes 0.10-1.64 0.11-1.00 Gloss et al. (1990)
Large fish above dams in 3 Michigan rivers 0.11-0.28 <0.05t00.72 < 0.05t0 0.23 < 0.05t00.73 0.20 - 0.45 Giesy et al., (1994)
Mean Concentrations (and ranges) in Fish from 0.28 (0.25-0.31) 0.29 (0.20-0.37) S. Mouth: 0.25 (0.12-0.43) Channel Cat: 0.39 (0.20- Sorensen et al. (1991)
the St. Louis River, MN Rock: 0.35 (0.14-0.61) 0.74)
Red H. Sucker: 0.41
(0.32-0.55)
W. Sucker: 0.27 (0.12-
0.37)
Historical trends in Onondaga lake Smallmouth 1970: 1.96 1975:1.09 1979: 0.68 1984: 1.04 1987:1.75 Sloan et al. (1990)
Bass, Syracuse, NY 1972:1.26 1977:0.87 1981: 1.23 1985: 1.20 1988: 1.43
1974:0.81 1978: 0.68 1983: 1.08 1986: 1.05 1989: 1.71
38 Wisconsin Lakes 0.16-1.74 Lathrop et al. (1989)
34 Northern Wisconsin Lakes 0.19 - 0.999 Gerstenberger et al., (1993)
53 Florida lakes 0.04-1.90 Lange et al. (1993) |
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Table 3-17 (continued)

Measured Mercury Concentrations Freshwater Sportfish (Total Mercury,ug/g wet wt.)

Study Pike/Pickerel Walleye Bass Bottom Feeders Panfish Trout Reference

Florida Surface Waters Lakes: 0.07 - 0.85 Florida DER (1990)
Streams: 0.22 - 2.37
Mean Concentrations (and ranges) in Maine 0.92 (0.58-1.22) LMouth: 0.57 (0.26-0.95) Yellow Perch: Brook: 0.30 (0.05-0.79) Stafford (1991)
Predatory Fishes SMouth: 0.67 (0.31-1.12) 0.28 (0.18-0.81) Brown: 0.29 (0.12-0.45)
St. Lawrence River Drainage at Massena, NY. 0.21-0.97 0.24-0.93 SMouth: 0.37-0.71 W. Sucker: 0.12-0.55 Punkinseed: 0.10-0.35 Rainbow: 0.12-0.13 New York DEC (1990)
Rock: 0.34-0.76 B. Bullhead: 0.08-0.32 Y. Perch: 0.18-0.59

9 Canadian Shield Lakes 0.24-3.44 MacCrimmon et al. (1983)
Ontario Lakes 0.07-1.28 0.09-3.24 Wren et al. (1991)
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Table 3-18
Measured Mercury Concentrations in Saltwater Commercial Fish and Shellfish (ug/g wet wt.)

Mean Hg-tot
Fish U.S. EPA Cramer (1992) USDOC (1978) References
(1992c)
Cod 0.03 0.13
Canned Tuna 0.17 0.24
Fish Sticks 0.21
Shrimp 0.18 0.46
Crabs/Lobsters 0.03-0.08 0.25
Salmon 0.05-0.32 .005
Flounder 0.03 0.06
Clams 0.02 0.05
Boston Mackerel (2 samples) 0.03-0.05 NJDEPE (1994)
Porgy (3 samples) 0.08-0.14 NJDEPE (1994)
Spot (5 samples) 0.02-0.06 NJDEPE (1994)
Scallops 0.05 NOAA (1978)

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. Data on mercury
concentrations in marine finfish obtained from the National Marine Fisheries Service are summarized in
Table 3-19.Tables 3-20 and 3-21 sumarize data fromNh&onal Marine Fisheries Servioa mercuy
concentrations in marine shellfish and molluscghatpods.
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Table 3-19
Mercury Concentrations in Marine Finfish

Fish Mercury Concentration Source of Data
(1g/g, wet weight)
Anchow! 0.047 NMFS
Barracuda, Pacific 0.177 NMFS
Codf 0.121 NMES
Croaker, Atlantic 0.125 NMFS
Eel, American 0.213 NMFS
Floundef 0.092 NMFS
Haddock 0.089 NMES
Hake 0.145 NMFS
Halibut® 0.25 NMES
Herring’ 0.013 NMFS
Kingfish® 0.10 NMES
Mackere? 0.081 NMFS
Mullet®® 0.009 NMFS
Ocean Perch 0.116 NMFS
Pollack 0.15 NMES
Ponpano 0.104 NMFES
Pomgy 0.522 NMFS
Ray 0.176 NMFS
Salmor? 0.035 NMFES
Sardine& 0.1 NMFS
Sea Bass 0.135 NMFS
Shark* 1.327 NMFS
Skaté® 0.176 NMES
Smelt, Rainbow 0.1 NMFS
Sngper'® 0.25 NMFS
Sturgeont’ 0.235 NMFS
Swordfish 0.95 FDA Conpliance Testig
Tund® 0.206 NMFS
Whiting (silver hake) 0.041 NMFS

! This is the avege of NMFS mean mercyrconcentrations for both sped anchoy (0.082..g/g) and northern anchgy0.010ug/g).

2 USDA data basepscified the consuption of the Pacific Barracuda and not the Atlantic Barracuda.

3 The mercwy content for cod is the avemof the mean concentrations in Atlantic Cod (0.4 and the Pacific Cod (0.124)/g).

4 The mercwy content for flounder is the avgiof the mean concentrations measured ypég of flounder:Gulf (0.14%g/g), summer (0.127
1g/g), southern (0.078g/g), four-got (0.090..g/g), windowpane (0.151.g/g), arrowtooth (0.02@.g/g), witch (0.083ug/g), yellowtail (0.067
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1g/g), and winter (0.066.9/g).

5 The mercuwy content for Hake is the avgeof the mean concentrations measured ipést of Hake: silver (0.041g/g), Pacific (0.091
g/g), otted (0.042+0/g), red (0.076.0/g), white (0.112:g/g), and blue (0.4059/g).

® The mercwy content for Halibut is the avega of the mean concentrations measured yp8s of Halibut: Greenland, Atlantic, and Pacific.
" The mercwy content for Herrig is the averge of the mean concentrations measured ypdst of Herrig: blueback (0.Qug/g), Atlantic (0.012
©g/g), Pacific (0.03Q«g/g), and round (0.0089/9).

8 The mercuy content for Kimfish is the averge of the mean concentrations measured p&s of Kirgfish: Southern, Gulf, and Northern.
® The mercuwy content for Mackerel is the avegof the mean concentrations measured ipést of Mackereljack (0.138.g/g), chub (0.081
wg/g), and Atlantic (0.02%.g/g).

©The mercuy content for Mullet is the avega of the mean concentrations measured yp@st of Mullet: stpped (0.011xg/g) and silver (0.007
uglg).

1 The mercuy content for Ocean Perch is the ageraf the mean concentrations measured ip@st of Ocean Perch: Pacific (0.08§/g) and
Redfish (0.149:g/g)

2The mercuy content for Salmon is the avgerof the mean concentrations measured ip&st of Salmonpink (0.019..g/g), chum (0.030
1g/g), coho (0.038:9/g), sockge (0.027.g/g), and chinook (0.063g/g).

3 Sardines were estimated from mescooncentrations in small Atlantic Hergn

4 The mercuy content for Shark is the aveeaof the mean concentrations measured ip8st of Shark: giny dogfish (0.607..9/g),
(unclassified) dgfish (0.477u1g/g), smooth dgdfish (0.991..0/g), scallgped hammerhead (2.088/g), smooth hammerhead (2.668/9),
shortfin mako (2.5392.g/g), blacktp shark (0.703.g/g), sandbar shark (1.39&/g), and thresher shark (0.481/g).

*The mercuy content for skate is the avgeaof the mean concentrations measured ip&st of skate: thognskate (0.20Q.g/g), little skate
0.135u0/g) and the winter skate (0.138)/qg).

6 The mercuy content for snaper is the aveige of the mean concentrations measured/pes of snpper:

" The mercuy content for stugeon is the avege of the mean concentrations measured yp@st of stugeongreen stugeon (0.218.g/g) and
white stugeon (0.251.g/g).

8 The mercuy content for tuna is the avgof the mean concentrations measured ipést of tuna: albacore tuna (0.264/g), skipjack tuna
(0.13619/g) andyellowfin tuna (0.218:9/g)

Table 3-20
Mercury Concentrations in Marine Shellfish
Shellfish Mercury Concentration Source of Data
(«g/g, wet weight)
Abaloné 0.016 NMFS
Clant 0.023 NMFS
Crap 0.117 NMFS
Lobstef 0.232 NMFS
Oysters 0.023 NMFS
Scallog 0.042 NMFS
Shrimg 0.047 NMFS

! The mercury content for abalone is the average of the mean concentrations measured in 2 types of abalone: green ahaifgea(dol1

red abalone (0.021g/g).

2 The mercury content for clam is the average of the mean concentrations measured in 4 types of clam: hard (or quahog) etfig),(0.034
Pacific littleneck clam (Q.g/g), soft clam (0.02%g/g), and geoduck clam (0.033/g).

% The mercury content for crab is the average of the mean concentrations measured in 5 types of crab: blue gigllg)dl4geness crab
(0.1831.9/9), king crab (0.07Qg/g), tanner crab (C.opil)d0.088.g/g), and tanner crab (C.baiyd0.102..9/g).

* The mercury content for lobster is the average of the mean concentrations measured in 3 types of lobster: spiny (Atlantic) lobster (0.108
19/g), spiny (Pacific) lobster (0.21@/g) and northern (American) lobster (0.3789).

® The mercury content for oyster is the average of the mean concentrations measured in 2 types of oyster: eastern qygtg)y {0022

Pacific (giant) oyster (0.023g/g).

® The mercury content for scallop is the average of the mean concentrations measured in 4 types of scallop : sea (smooth) sgalig)p (0.101
Atlantic Bay scallop (0.038g/g), calico scallop (0.026g/g), and pink scallop (0.004y/g).

" The mercury content for shrimp is the average of the mean concentrations measured in 7 types of shrimp : royal red shyigig)(0.074
white shrimp (0.054:g/g), brown shrimp (0.048g/g), ocean shrimp (0.053)/g), pink shrimp (0.03Lg/g), pink northern shrimp (0.024

19/g) and Alaska (sidestripe) shrimp (0.0420).
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Table 3-21
Mercury Concentrations in Marine Molluscan Cephalopods

Mercury Concentrations in Marine Molluscan Cephalopods

Cephalopod Mercury Concentration Source of Data
(«glg wet wt.)

Octopus 0.029 NMFES

Squid 0.026 NMES

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

The New York State Department of Environmental Conservation has investigated chemical
residues found in a wide variety of edible aquatic organisms from the New York-New Jersey Harbor
Estuary. In 1993, 23 fish species, six bivalve species, two crustacean species and one cephalopod
species were collected from sixe areas of the Harbor estuary (Skinner et al. 1996). Average total
mercury concentrations in these samples did not equal or exceed 1 pg/g-wet weight for any species;
however, two individual striped bass samples did exceed 1 ug/g-wet weight (1.046 and 1.252 pg/g-wet
weight). An average mercury concentration exceeding 0.5 pg/g-wet weight was found only in striped
bass larger than 762 mm, and an average mercury concentration exceeding 0.25 pg/g-wet weight was
found in striped bass and tautog. In striped bass, there was a significant (p<0.05) correlation between
size (i.e., age) and mercury concentration (Skinner et al. 1996). Non-detectable mercury concentrations
were most prevalent in the six bivalve species, butterfish, winter flounder, the hakes and American eel.
Mercury concentrations in fish, bivalves, crustaceans and cephalopods exhibited no consistent spatial
variations within the harbor estuary (Skinner et al. 1996). The data are presented in Table 3-22.
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Table 3

-22

Mercury Concentrations in Biota from the New York-New Jersey Harbor estuary (1993)

Mercury Concentration (ug/g-wet weight): Mean + Standard Deviation

Upper Bay East River The Kills Jamaica Bay | Lower Bay New York All Areas
Species Areal Area 2 Area 3 Area 4 Area 5 Bight Apex
Area 6 Areas 1-6
Fish
American eel 0.202+0.115 0.025 0.338+£0.208 | 0.059+0.047 | 0.260+0.231 NA 0.167+0.178
Atlantic herring 0.127+0.049 NA NA NA 0.170 7652 0.119+0.059
Atlantic tomcod | 0.059+0.059 | 0.119+0.046 | 0.283+0.138 NA NA NA 0.154+0.128
Bluefish 0.126+0.024 NA 0.527 0.130+0.025 NA 0.055 0.151+0.112
<305 mm
305-559 mm NA 0.095 NA 0.151+0.097 | 0.184+0.049 | 0.242+0.081 | 0.183+0.083
>559 mm 0.414+0.182 | 0.338+0.066 NA 0.276+0.033 0.162 0.233+£0.076 | 0.312+0.122
Butterfish 0.073+0.049 0.025 0.043+0.031 NA 0.035+0.017 0.025 0.041+0.030
Cuner 0.256+0.036 | 0.185+0.083 | 0.209+0.061 | 0.275+0.133 | 0.164+0.011 | 0.389+0.166 | 0.246+0.112
Kingfish 0.056 NA NA 0.038+0.023 NA 0.025 0.039+0.020
Northern sea 0.025 NA NA 0.141 NA 0.196 0.139+0.111
robin
Porgy NA 0.071 0.060 0.094+0.040 | 0.044+0.027 | 0.037+0.016 | 0.060+0.035
Rainbow smelt 0.106+0.034 NA NA NA NA NA 0.106+0.34
Red hake NA NA NA NA NA 0.078+0.065 | 0.078+0.065
Sea bass 0.151 NA NA NA NA 0.097+0.041 | 0.106+0.043
Silver hake NA NA NA NA NA 0.025 0.025
Spot 0.042+0.029 NA 0.025 NA 0.045+0.035 0.025 0.039+0.026
Spotted hake 0.106+0.026 NA 0.077+0.046 NA 0.044 0.025 0.065+0.042
Striped bass 0.163+0.076 | 0.295+0.211 | 0.377+0.130 | 0.129+0.068 NA NA 0.258+0.160
<457 mm
457-610 mm 0.289+0.122 | 0.391+0.199 | 0.325+0.110 | 0.198+0.050 | 0.340+0.169 | 0.150+0.054 | 0.284+0.150
610-762 mm 0.435+0.359 | 0.648+0.368 NA 0.299+0.130 | 0.242+0.163 | 0.241+0.021 | 0.389+0.288
>762 mm 0.534+0.104 | 0.524+0.296 NA 0.578 0.437 0.572 0.528+0.261
Striped sea robin NA NA NA 0.209 0.105+0.072 0.357 0.176+0.122
Summer 0.094+0.039 NA NA 0.125+0.038 | 0.122+0.076 | 0.065+0.016 | 0.102+0.050
flounder
Tautog 0.337+0.319 | 0.353+0.120 NA 0.203+0.087 | 0.133+0.044 | 0.320+0.307 | 0.267+0.197
Weakfish 0.250+0.209 NA 0.177+0.078 0.096 0.154+0.08 0.025 0.167+0.120
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Mercury Concentration (ug/g-wet weight): Mean + Standard Deviation
Upper Bay East River The Kills Jamaica Bay | Lower Bay New York All Areas
Species Areal Area 2 Area 3 Area 4 Area 5 Bight Apex
Area 6 Areas 1-6
White perch 0.207+0.054 | 0.281+0.11 | 0.397+0.179 0.025 NA NA 0.230£0.172
Windowpane 0.127+0.062 NA 0.105+0.04 NA 0.124+0.047 | 0.093+0.017 | 0.112+0.041
flounder
Winter flounder | 0.070+0.068 | 0.033+0.016 | 0.035+0.018 | 0.092+0.022 | 0.056+0.034 | 0.036+0.019 | 0.061+0.04
Bivalves
Blue mussel NA 0.025 NA 0.064+0.041 0.025 0.025 0.036+0.026
Eastern oyster 0.059 0.025 0.091+0.021 NA 0.025 NA 0.049+0.031
Hard clam NA NA NA 0.025 0.025 NA 0.025
Horse mussel 0.082+0.021 | 0.051+0.046 | 0.042+0.029 NA 0.025 NA 0.055+0.034
Softshell clam 0.025 0.071+0.03 | 0.101+0.011 0.025 0.025 NA 0.052+0.035
Surf clam NA NA NA NA Na 0.025 0.025
Crustaceans
American NA NA NA NA 0.246 0.162+0.06 | 0.170+0.062
lobster
-muscle
-hepatopancreas NA NA NA NA 0.068 0.061+0.029 | 0.062+0.028
Blue crab 0.112+0.068 | 0.134+0.087 | 0.199+0.068 | 0.132+0.148 | 0.253+0.169 NA 0.166+0.119
-muscle
-hepatopancreas| 0.074+0.035 | 0.140+0.149 | 0.084+0.068 | 0.066+0.044 | 0.100+0.031 NA 0.093+0.077
Cephalopod
Longfin squid NA NA NA NA 0.096+0.075 | 0.035+0.017 | 0.065+0.059

The detection limit was 0.050 pg/g; a reported value of 0.025 pg/g represents one-half the detection limit.
NA = No samples available or none analyzed

By comparing the mercury concentration in fish with concentrations in other biota (Tables 3-23
through 3-24), 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(ll) 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 (see Tables 3-25
and 3-26). 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 plant BCFs in Appendix B.
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Table 3-23
Measured Mercury Concentration in Meats

Study Descrption Total Mercuy Approx. Total % Methyl- Reference
(ng/g wet weght) Mercury (ng/g mercuy
dry weight)*
6 Sainaw River, M| "roaster" ducks 48 124.7 NA U.S. EPA (1992b)
Jgpan backround levels
Chicken 12 31.2 NA Shitara and Yasumasg|
(1976)
Beef 5 13.0 NA Shitara and Yasumasg|
(1976)
Pork 21 54.5 NA Shitara and Yasumasg|
(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 - Contrajroup 2-3 5.2-7.8 NA Vreman et al. (1986)*
Beef Muscle - Egosedgroup 1-4 2.6-10.4 NA Vreman et al. (1986)*
Beef Liver - Controbroup 3000 - 7000 7800 - 18000 NA Vreman et al. (1986)*
Beef Liver - Exposedgroup 9000 - 26000 23400- 67000 NA Vreman et al. (1986)*
Pork (raw and sauga) <1 <2.6 0-70% Bloom and Kuhn (1994)
Chicken (raw and lunch meat) <1to 29 <2.6to75.4 20-67% Bloom and Kuhn (1994
Turkey (lunch meat) <1 <2.6 >20% Bloom and Kuhn (1994

* See Apendix A for a more coplete discussion of this stud
! Based on an assumed water content of 0.615, which isgaviersbeef (Baes et al., 1984)
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Table 3-24
Measured Mercury Concentrations in Garden Produce/Crops

Study Descrption Total Methyl- % Reference
Mercury mercugy Methyl-
(ng/g dry mercugy
weight)
NY Garden conditions: Legfvegetables 64-139 9.5-30 15-23 Cagppon (1987)
NY Garden conditions: Tuberopiants 11-36 0.3-6.6 11-36 Cagppon (1987)
NY Garden conditions: Cole 50-64 8.8-12 18 Cagppon (1987)
NY Garden conditions: Fruitqivegetables 2.9-27 0-2.4 0-9.1 Cagppon (1987)
NY Garden conditions: Beans 4.3 0 0 Cagppon (1987)
Herbs; Garden sgptes from Begium 13¢ Temmerman et al. (1986)
baclground
N.B. No Hg’was detected iplants (C@pon, 1987).
dConversion to drwt. assumig 90% water i wt.
Table 3-25

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 et Concentration
(ng/g wet weight) l., 1984) (ng/g dry weight)

Lettuce,greenhouse 2 0.948 38.5
Tomato,greenhouse 1.3 0.941 22.0
Cucumbergreenhouse 0.3 0.961 7.7
Spinach 5 0.927 68.5
Carrot 2 0.882 16.9
Potato 3 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 3-26
Range of Mercury Concentrations in Selected Grain Products

Grainproduct Rarge (g/g wet weght) | Rarge (rg/g dry weight)' | Reference

Wheat <0.1- 30 <0.1-34

Barley 1-30 11-34 Wiersma et al., (1986)
Oats <0.1-20 <0.1-22

Maize 15-6.5 1.7-7.3 Szymczak and Giata

(1992)

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

3.3 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.

3.3.1 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 numerous 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
0.051 to 0.089 ng/M , and the 90th percentile particulate mercury levels ranged from 0.21 to .10 ng/m .
The highest values reported were 0.63 rig/levated 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 patrticles. 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.

3.3.2 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
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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).

3.3.3 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 of 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 2.5 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 (1991).

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 through 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. It 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.

3.4 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.
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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.
However, 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 4,5, and 6
of this document. The conclusions are discussed in Chapter 7. Materials in Appendices A-G support the
modeling effort.

3.4.1 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. The highest value
recorded downwind of the facility was Q.8 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 x1.0 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-day 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.
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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.

3.4.2 Chlor-Alkali Plants

Temple and Linzon (1977) sampled the mercury content of foliage, soll, 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 15g/g (300 times the background level of 043g) in maple foliage up to 260 m
downwind, and concentrations 10 times background were found 1.8 km downwind. Mercury levels in
soil averaged 3g/g (75 times the background level of 03¢g) within 300 m of the plant, and soll
concentrations averaged 6 times background 1.8 km downwind. The mercury levels in snow ranged
from 0.9-16ug/L within 500 m of the plant dropping to 0.2@/I 3 km downwind. The background
level was found to average 0.08/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.g/g in woody plant leaves, 0.05-0.68/g in herbaceous plants, and 0.11-2:@4y in humus. In
contrast, mercury levels for identical species of plants in the uncontaminated area (three sites) ranged
from 0.02-0.07xg/g in woody plant leaves, 0.02-0.08/g in herbs, and 0.02-0.%@/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.

3.4.3 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
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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 lllinois. 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 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.

3.4.4 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 97g/g of mercury compared to the control soil level of 2By, 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.g/g of mercury in the control and mine soils, respectively. The roots of alfalfa contained
0.53 and 9.8.9/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.

3.4.5 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. As shown in Table 3-27, the average vapor and
particulate phase atmospheric mercury concentrations were higher at the inland sites than at the site near
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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% figiswas 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.

Table 3-27
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/m | conc. in rain, ng/L Mercury conc. in
ng/n? (Range) rain, ng/L (Range)

Background Near 1.8 34 35 (15-56) 1.0 (0.5-1.4)

Atlantic Ocean (Site 1)

Inland (Site 2) 3.3 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(1.7-3.7)

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, Ml (see Table 3-28). 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 3-28
Mercury Concentrations Measured at Two Sites in the Atmosphere Over Detroit, Ml
Site Mean Vapor-Phase Mercury Mean Particulate-Phase Mercury
Concentrations in, ng/fm (Maximum Concentrations in pgfm , (Maximuni
Measured Value) Measure Value)
Detroit, MI Site A >40.8, (>74) 341 (1086)
Detroit, MI Site B 3.7, (8.5) 297 (1230)
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4. MODEL FRAMEWORK

This section describes the models and modeling scenarios used to predict the environmental fate
of mercury. Measured mercury concentrations in environmental media were used when available to
parameterize these models. Human and wildlife exposures to mercury were predicted based on modeling
results.

4.1 Models Used

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 in
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 W
and dry deposition flux for each 40 km grid in the U.S. due to all
anthropocentric sources of mercury in the U.S.

D
—

=

ISC3 Predicts annual average atmospheric concentrations and depositio
fluxes within 50 km of mercury emission source

IEM-2M Predicts environmental mercury concentrations based on air
concentrations and deposition rates to watershed and water body.

4.2 Modeling of Long-Range Fate and Transport of Mercury
4.2.1 Objectives

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 and the most current emissions
data. 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 over a
typical year?" It is known that year-to-year variations in accumulated precipitation and wind flow
patterns affect the observed quantity of mercury deposited to the surface at any given location.
Meteorological data for the year of 1989 was used since most of the continental U.S. experienced near
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normal average weather conditions during that year. A secondary 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 have
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.

4.2.2 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 RELMAP model was used to predict the average annual atmospheric mercury
concentration and the wet and dry deposition flux for each ¥z degree longitugddyree latitude grid
cell (approximately 40 km square) 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 used were those
presented in Volume linventory of Anthropogenic Mercury 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).

4.2.3 Description of the RELMAP Mercury Model

Previous versions of the RELMAP are described and evaluated in Eder et al. (1986) and Clark et
al. (1992) and a separate description of the initial development of the RELMAP mercury modeling is
provided in Bullock et al. (1997a). 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 the RELMAP was developed to handle three species of mercury: elemental vapor
(Hg°), divalent vapor (the mercuric ion, #ig ) and particulate Hg, (Hg ), and also aerosol carbon soot.
Recent experimental work indicates that ozone (Munthe, 1992) and carbon soot (lverfeldt, 1991; Brosset
and Lord, 1991; Linqvist et al., 1991) are both important in determining the wet depositioh 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’Hg wet deposition parameterization. Observed
ozone (Q ) air concentration data for the simulation period were obtained from EPA's Aerometric
Information Retrieval System (AIRS) data base. Thus, it was not necessary to inglude O as an explicitly
modeled pollutant. Methyl mercury was not included in the mercury version of RELMAP because it is
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not yet known if it has a primary natural or anthropogenic source, or if it is produced in the atmosphere.
Unless specified otherwise in the following sections, the modeling concepts and parameterizations
described in the EPA users' guide (Eder et al., 1986) were preserved for the RELMAP mercury modeling
study.

4.2.3.1 Physical Model Structure

RELMAP simulations were originally limited to the area bounded by 25 and 55 degrees north
latitude and 60 and 105 degrees west longitude, and had a minimum spatial resolution of 1 degree in both
latitude and longitude. For this study, the western limit of the RELMAP modeling domain was moved
out to 130 degrees west longitude, and the modeling grid resolution was reduced to ¥ degree longitude
by s degree latitude (approximately 40 km square) to provide high-resolution coverage over the entire
continental U.S.

The original 3-layer puff structure of the RELMAP has been replaced by a 4-layer structure. The
following model layer definitions were used for the RELMAP mercury simulations to account for the
development of deeper nocturnal inversion layers during autumn and winter and higher convective
mixing heights in the spring and summer:

Layer 1 top - 30 to 50 meters above the surface (season-dependent)
Layer 2 top - 200 meters above the surface

Layer 3 top - 700 meters above the surface

Layer 4 top - 700 to 1500 meters above the surface (month-dependent)

4.2.3.2 Mercury Emissions

Area source emissions were introduced into the model in the lowest layer. Point source
emissions were introduced into model layer 2 to account for the effective stack height of the point source
type in question. Effective stack height is the actual stack height plus the estimated plume rise. The
layer of emission is inconsequential during the daytime when complete vertical mixing is imposed
throughout the 4 layers. At night, since there is no vertical mixing, area source emissions to layer 1 are
subject to dry deposition while point source emissions to layer 2 are not. Large industrial emission
sources and sources with very hot stack emissions tend to have a larger plume rise, and their effective
stack heights might actually be larger than the top of layer 2. Since, however the layers of the pollutant
puffs remain vertically aligned during advection, the only significant process effected by the layer of
emission is nighttime dry deposition.

Mercury emissions data were grouped into eleven different point-source types and a general
area-source type. The area source emissions data describe those sources that are too small to be
accounted for individually in pollutant emission surveys. For the RELMAP mercury modeling study,
area sources were assumed to emit mercury entirely in the forn? of Hg gas, while ten of the point source
types were each assigned mercury speciation profiles based on previous European research (Petersen et
al., 1995) and the results of stack testing at a medical waste incinerator in Dade County, Florida (Stevens
et al., 1996). These speciation profiles defined the estimated fraction of mercury emittéd as’Hg , Hg ,
and Hg . For medical waste incinerator speciation estimates, it was assumed that one-quarter 8f the Hg
emissions measured in the hot stack exhaust would quickly convertto Hg form upon cooling and
dilution in ambient air. Municipal waste combustors and medical waste incinerators were further
grouped by the types of air pollution control devices (APCDs) indicated for each plant in the inventory
and separate speciation profiles were assumed for each group based on the assumptiSatitaHgg
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are preferentially extracted from the waste stream and tHat Hg is extracted only aftét all Hg , and Hg is
removed. The total mercury extraction efficiency for each APCD configuration was based on
information presented in Volume Ihventory of Anthropogenic Mercury Emissionighe mercury

emissions inventory for hazardous waste combustors included estimates of the emission speciation for
each plant and no general assumption of speciation profile was required.

There remains considerable uncertainty as to the actual speciation factors for each point source
type. A wide variety of alternate emission speciations have been simulated for important groups of
atmospheric mercury sources in order to test the sensitivity of the RELMAP results to the speciation
profiles used (Bullock et al., 1997b). This work showed that the RELMAP modeling results are very
strongly dependent on the assumed emission speciations. The emission speciation profiles used for this
study are shown in Table 4-2. The total (non-speciated) mercury emissions inventory used is that
described in Volume Il of this Report. Figures 4-1, 4-2 and 4-3 show the total mercury emissions from
all anthropogenic sources in the form of°Hg *Hg and Hg , respectively. Speciated data derived from
actual monitoring of sources are a critical research need. These data are needed to establish a clear
causal link between mercury originating from anthropogenic sources and mercury concentrations
(projected or actual) in environmental media and/or biota.

Global-scale natural emissions, recycled anthropogenic emissions and current emissions from
anthropogenic sources outside the RELMAP model domain were accounted for by superimposing an
ambient atmospheric concentration o’Hg gas of 1.6 hg/m . This use of a constant background
concentration to account for global-scale and external anthropogenic emissions is the same technique
used by Petersen et al. (1995). Functional limitations of Lagrangian pollutant parcel modeling prevent
any explicit treatment of emission sources located outside the spatial domain of the RELMAP as no
external starting point for parcel trajectories can be defined. Natural and recycled emissions from soils
and water bodies within the model domain cannot be treated explicitly due to the number of simulated
pollutant parcels that would originate from all locations. Even if these natural and recycled parcels were
explicitly modeled, the prevailing west-to-east atmospheric flow of the mid-latitude northern hemisphere
would produce an artificial west-to-east gradient in the simulated effects from these pollutant parcels.
The deposition parameterizations described in section 4.2.4.1 were used to simulate the scavenging of
Hg® from the constant background concentration throughout the entire RELMAP model domain. The
result was used as an estimate of the deposition of mercury from all natural sources and anthropogenic
sources outside the model domain.
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Table 4-2
Mercury Emissions Inventory Used in the RELMAP Modeling

e Speciation Percentage
Mercury Emission Source Type EEE:;/?'S”S - -
Hg"* | Hg Hg: ©
Electric Utility Boilers (coal, oil and gas) 46,183 50 30 20
Standard 17,393 20 60 20
Municipal Waste 50% Control 9,099 40 45 15
Combustors 85% Control 219 100 0 0
Total 26,711
Commercial and Industrial Boilers 25,650 50 30 20
Standard 13,177 2 73 25
Medical Waste Incineratorgs 94% Control 1,365 33 50 17
Total 14,542
Chlor-Alkali Factories 6,482 70 30 0
Hazardous Waste Incinerators 6,435 58 201 22
Portland Cement Manufacturing 4,355 80 10 10
Residential Boilers 3,244 50 30 20
Pulp and Paper Plants 1,651 50 30 20
Sewage Sludge Incinerators 799 20 60 20
Other Point Sources 3,072 80 10 10
Area Sources 2,721 100 0 0

2Hg’ represents elemental mercury gas

® Hg?* represents divalent mercury gas

°Hg, represents particulate mercury

T The inventory included emissions speciation for each plant. Speciation percentages shown are cumulative for all
hazardous waste incinerators in the inventory.



Figure 4-1
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Figure 4-2
Hg** Emissions from All Anthropogenic Sources (Base)

(Megagrams per year)

A

9 L <003
B 003 10 0.9
B o003
B oo
. >= ]

4-7



Figure 4-3
Hg(p) Emissions from All Anthropogenic Sources (Base)
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Figure 4-3
Hg(p) Emissions from All Anthropogenic Sources (Base)
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4.2.3.3 Carbon Aerosol Emissions

Penner et al. (1993) concluded that total carbon air concentrations are highly correlated with
sulfur dioxide (SQ ) air concentrations from minor sources. They concluded that the emissions of total
carbon and SO from minor point sources are correlated as well, since both pollutants result from the
combustion of fossil fuel. Their data indicate a 35% proportionality constant for total carbon air
concentrations versus $O air concentrations. The RELMAP mercury model estimated total carbon
aerosol emissions using this 35% proportionality constant agd SO emissions data for minor sources
obtained by the National Acidic Precipitation Assessment Program (NAPAP) for the year 1988. Much of
these SQ emissions data had been previously analyzed for use by the Regional Acid Deposition Model
(RADM). For the portion of the RELMAP mercury model domain not covered by the RADM domain,
state by state totals of SO emissions were apportioned to the county level on the basis of weekday
vehicle-miles-traveled data since recent air measurement studies have indicated that aerosol elemental
carbon can be attributed mainly to transportation source types (Keeler et al., 1990). The county level
data were then apportioned by area to the individual RELMAP grid cells. Total carbon soot was
assumed to be emitted into the lowest layer of the model.

4.2.3.4 Ozone Concentration

Ozone concentration data were obtained from U.S. EPA's Aerometric Information Retrieval
System (AIRS) and the Acidmodes experimental air sampling network. AIRS and Acidmodes data were
available hourly. For each observation site in the AIRS database, the ozone concentrations were
computed for the two mid-day RELMAP time steps by using the mean concentration value during the
two corresponding time periods (1000-1300 and 1400-1600 local time). The mean of these two mid-day
values was used to estimate the ozone concentration for the time steps after 1600 local time and before
1000 local time the next morning. This previous-day average was used at night since ground-level ozone
data are not valid for the levels aloft where the wet removal of elemental mercury was assumed to be
occurring. Finally, an objective interpolation scheme usirfg 1/r weighted averaging was used to produce
complete ozone concentration grids from observational data for each time step, with a minimum value of
20 ppb imposed.

It is recognized that, by estimating nighttime elevated ozone concentrations from observed
ground-level ozone concentrations of the previous day, we do not resolve any possible advection of
ozone concentration gradients during the nighttime hours. Since it is well documented that ground level
observations of ozone concentration do not correlate well with actual elevated concentrations at night,
we opted not to use nighttime surface-level data. Since observations of elevated ozone concentration
were not available except in rare instances, we believe that estimation based on previous-day
observations were our only recourse short of explicit modeling of ozone advection and chemistry within
the RELMAP which is not currently possible. By not resolving the advection of ozone gradients, it is
possible that nighttime precipitation could co-locate with erroneous estimates of o0zone concentration.
Given that high ozone concentrations do not normally occur with precipitation, these erroneous estimates
of ozone concentration would most likely be too high, leading to an artificial bias toward high simulated
Hg® oxidation and subsequent wet deposition. Since there remains considerable uncertainty about the
true nature of HYy oxidation in cloud water and its controlling effect on wet deposition, the risk of
modeling errors related to nighttime ozone concentration estimates from previous-day observations was
deemed acceptable.
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4.2.3.5 Lagrangian Transport and Deposition

In the model, each pollutant puff begins with an initial mass equal to the total emission rate of all
sources in the source cell multiplied by the model time-step length. For mercury, as for most other
pollutants previously modeling using RELMAP, emission rates for each source cell were defined from
emission inventory data, and a time step of three hours was used. The initial horizontal area of each puff
was set to 1200 ki , instead of the standard initial size of 2500 km , in order to accommodate the finer
grid resolution used for the mercury modeling study; however, the standard horizontal expansion rate of
339 knt per hour was not changed. Although each puff was defined with four separate vertical layers,
each layer of an individual puff was advected through the model cell array by the same wind velocity
field. Thus, the layers of each puff always remained vertically stacked. Wind field initialization data for
a National Weather Service prognostic model, the Nested Grid Model (NGM), were obtained for each
0000 and 1200 GMT initialization time during the year of 1989. Wind analyses foptb897 vertical
level of the NGM were used to define the translation of the puffs across the model grid, except during the
months of January, February, and December, wheo #943 vertical level was used to reflect a more
shallow mixed layero, is a pressure-based vertical coordinate equal tQ,(P-R,UP , -P ). The
0,=0.897 an,=0.943 levels approximate elevations above ground level of 1000 m and 500 m,
respectively. These wind fields at 12-h intervals were linearly interpolated in time to produce the wind
fields used to define puff motion for each 3-h RELMAP time step.

Pollutant mass was removed from each puff by the processes of wet deposition, dry deposition,
diffusive air exchange between the surface-based mixed layer and the free atmosphere, and, in the case
of reactive species, chemical transformation. The model parameterizations for these processes are
discussed in Section 4.2.4. Hourly precipitation data for the entire year of 1989 from the TD-3240 data
set of the U.S. National Climatic Data Center were used to estimate the wet removal of all pollutant
species modeled. A spatial and temporal sub-grid-scale analysis of these hourly observations was
performed using a process previously developed for sulfur wet deposition modeling (Bullock, 1994).

This process provides resolution of precipitation variability not obtainable by simple numerical
averaging of all observations within each grid cell and time step. Wet and dry deposition mass totals
were accumulated and average surface-level concentrations were calculated on a monthly basis for each
model cell designated as a receptor. Except for cells in the far southwest and eastern corners of the
model domain where there were no wind data, all cells were designated as receptors for the mercury
simulation. When the mass of pollutant in a puff declines through deposition, vertical diffusion or
transformation to a user-defined minimum value, or when a puff moves out of the model grid, the puff
and its pollutant load is no longer tracked. The amount of pollutant in the terminated puff is taken into
account in monthly mass balance calculations so that the integrity of the model simulation is assured.
Output data from the model includes monthly wet and dry deposition totals and monthly average air
concentration for each modeled pollutant, in every receptor cell.

4.2.4 Model Parameterizations

4.2.4.1 Chemical Transformation and Wet Deposition

The simplest type of pollutant to model with RELMAP is the inert type. To model inert
pollutants, one can simply omit chemical transformation calculations for them, and not be concerned
with chemical interactions with the other chemical species in the model. In the mercury version of
RELMAP, particulate mercury and total carbon were each modeled explicitly as inert pollutant species.
Reactive pollutants are normally handled by a chemical transformation algorithm. RELMAP was
originally developed to simulate sulfur deposition, and the algorithm for transformation of sulfur dioxide
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to sulfate was independent of wet deposition. For gaseous mercury, however, the situation is more
complex. Since there are no gaseous chemical reactions of mercury in the atmosphere which appear to
be significant (Petersen et al., 1995), for this modeling study mercury was assumed to be reactive only in
the aqueous medium. Elemental mercury has a very low solubility in water, while oxidized forms of
mercury and particle bound mercury readily find their way into the aqueous medium through dissolution
and particle scavenging, respectively. Worldwide observations of atmospheric mercury, however,
indicate that particulate mercury is generally a minor constituent of the total mercury loading (Iverfeldt,
1991) and that gaseous elemental mercury (Hg ) is, by far, the major component. Swedish measurements
of large north-to-south gradients of mercury concentration in rainwater without corresponding gradients
of atmospheric mercury concentration suggest the presence of physical and chemical interactions with
other pollutants in the precipitation scavenging process (lverfeldt, 1991). Aqueous chemical reactions
incorporated into the mercury version of RELMAP were based on research efforts in Sweden (Iverfeldt
and Lindqvist, 1986; Lindqvist et al., 1991; Munthe et al., 1991; Munthe and McElroy, 1992; Munthe,
1992) and Canada (Schroeder and Jackson, 1987; Schroeder et al., 1991).

Unlike other pollutants that have been modeled with RELMAP, mercury has wet deposition and
chemical transformation processes that are interdependent. A combined transformation/wet-removal
scheme proposed by Petersen et al. (1995) was used. In this scheme, the following aqueous chemical
processes were modeled when and where precipitation is present:

1) oxidation of dissolved Hg by ozone yielding®g
2) catalytic reduction of this Hby sulfite ions
3) adsorption of Hg onto carbon soot particles suspended in the aqueous medium

Petersen et al. (1995) shows that these three simultaneous reactions can be considered in the formulation
of a scavenging ratio for elemental mercury gas as follows:

k C
1.i.[03]aq.(1+|<3, Soot)
Hyg r

W(Hg% = =
(Hg®) "

where,

k, is the second order rate constant for the aqueous oxidatiorf of Hg by O equal to
47x10 M*s",

k, is the first order rate constant for the aqueous reduction Bfaigulfite ions equal
to 4.0x 10 8 ,

Hy, is the dimensionless Henry's Law coefficient fo°Hg (0.18 in winter, 0.22 in spring and
autumn, and 0.25 in summer as calculated from Sanemasa (1975)),

[O4], is the aqueous concentration of ozone,

K, is a model specific adsorption equilibrium constant (5.0% 16 "'m g ),

C.,ot IS the total carbon soot aqueous concentration, and

r is the assumed mean radius of soot particles (5.0 x1)0
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[Og],, is obtained from this equation:

[03] gas

Ods

03

whereH; is the dimensionless Henry's Law coefficient for ozone (0.448 in winter, 0.382 in spring and
autumn, and 0.317 in summer as calculated from Seinfeld (198))s obtained from the simulated
atmospheric concentration of total carbon aerosol using a scavenging ratio of 5.0 x 10 .

The model used by Petersen et al. (1995) defined one-layer cylindrical puffs, and the Hg
scavenging layer was defined as the entire vertical extent of the model. The RELMAP defines 4-layer
puffs to allow special treatment of surface-layer and nocturnal inversion-layer processes. It was believed
that, due to the low solubility of Hg in water, the scavenging process outlined above would only take
place effectively in the cloud regime, where the water droplet surface-area to volume ratio is high, and
not in falling raindrops. Thus the Plg wet scavenging process was applied only in the top two layers on
RELMAP, which extends from 200 meters above the surface to the model top.

For the modeling study described in Petersen et al. (1995), the wet depositidti wasltreated
separately from that of HgObviously, any H§ dissolved into the water droplet directly from the air
could affect the reduction-oxidation balance between the total concentratiofl of Hg %nd Hg in the
droplet. Since the solubility and scavenging ratio fof ‘Hgmuch larger than that for Mg , and since air
concentrations of Hg are typically larger than those 6f Hg , separate treatmefit of Hg wet deposition
was deemed acceptable for this modeling study also. Thus, process 2 above was only considered as a
moderating factor for the oxidation of dissolved’Hg .

In the exposure analysis in Volume lll, there was no attempt to develop a new interacting
chemical mechanism for simultaneous’Hg and'Hg wet deposition. Althoufgh Hg was recognized as a
reactive species in aqueous phase redox reactions, it was, in essence, modeled as an inert species just like
particulate mercury and total carbon soot. With the rapid rate at which the aquébreddgtion
reaction is believed to occur in the presence of sulfite, it is possible that an interactive cloud-water
chemical mechanism might produce significant conversion of scavendgétbhiy’, with possible
release of that Hg into the gaseous medium.

Wet deposition of Hf , particulate mercury, and total carbon soot in the mercury version of
RELMAP were modeled with the same scavenging ratios used by Petersen et al. (1995). The gaseous
nitric acid scavenging ratio of 1.6 x40 has been applied f6r Hg since the water solubilities of these
two pollutant species are similar. For particulate mercury, a scavenging ratio of 5@vaslQsed,
based on experiences in long-range modeling of lead in northern Europe. As previously mentioned, a
scavenging ratio of 5.0 x 0 was also used for total carbon soot. These scavenging ratfds for Hg ,
particulate mercury, and total carbon soot were applied to all four layers of the RELMAP in the
calculation of pollutant mass scavenging by precipitation.

4.2.4.2 Dry Deposition
Recent experimental data indicate that elemental mercury vapor does not exhibit a net dry
depositional flux to vegetation until the atmospheric concentration exceeds a rather high compensation

point well above the global background concentration of 1.6 A¢Hanson et al., 1994). This
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compensation point is apparently dependent on the surface or vegetation type and represents a balance
between emission from humic soils and dry deposition to leaf surfaces (Lindberg et al., 1992). Since the
emission of mercury from soils was accounted for with a global-scale ambient concentration and not an
actual emission of Hg , for consistency, there was no explicit simulation of the dry depositidn of Hg .

For Hg'* during daylight hours, a dry deposition velocity table previously developed based on
HNO, data (Walcek et al., 1985; Wesely, 1986) was used. The dry deposition characteristics of HNO
and Hg" should be similar since their water solubilities are similar and gaseous dry deposition to
vegetation involves solution into moist plant tissue. This dry deposition velocity data, shown in Table 4-
3, provided season-dependent values for 11 land-use types under six different Pasquill stability
categories. Based on the predominant land-use type and climatological Pasquill stability estimate of
each RELMAP grid cell, and the season for the month being modeled, the dry deposition velocity values
shown in Table 4-3 were used for the daytime only. For nighttime, a value of 0.3 cm/s was used for all
grid cells since the RELMAP does not have the capability of applying land-use dependent dry deposition
at night. Since the nighttime dry deposition was applied only to the lowest layer of the model and no
vertical mixing is assumed for nighttime hours, alFHgodeled would be quickly depleted from the
lowest model layer by larger dry deposition velocities.

For Hg,, Petersen et al. (1995) used a dry deposition velocity of 0.2 cm/s at all times and
locations. Lindberg et al. (1991) suggests that the dry deposition,of Hg seems to be dependent on foliar
activity. In the RELMAP mercury model, daytime dry deposition velocities for Hg were calculated
using a FORTRAN subroutine developed by the California Air Resources Board (CARB, 1987). A
particle density of 2.0 g cirand diameter of 0.3 um was assumed. Table 4-4 shows the wind speed (u)
used for each Pasquill stability category in the calculation of deposition velocity from the CARB
subroutine, while Table 4-5 shows the roughness length (z ) used for each land-use category. During
simulated night, all cells used 0.02 cm/s as the dry deposition velocity forlLkhglberg et al. (1991)
suggested a value of 0.003 cm/s for non-vegetated land, but since the RELMAP can not model land-use
dependent dry deposition at night, the value of 0.02 cm/s was used for these cells by necessity.

For total carbon soot, daytime dry deposition velocities were also calculated using the CARB
subroutine. A particle density of 1.0 g/&m and radius of 0.5 pm was assumed. For nighttime, a dry
deposition velocity of 0.07 cm/s was used for all seasons and land-use types.

Petersen et al. (1995) used local dry deposition factors foradg Hg in addition to the normal
model treatments to remedy an assumed underestimation of the dry deposition rate for mercury species
emitted near the ground due to an underestimation of the ground-level concentration from instantaneous
complete vertical mixing in their model. This local deposition factor was the fraction of the emissions
from a grid cell that were assumed to dry deposit within that grid cell by processes not otherwise
simulated by the dry deposition parameterization. In the RELMAP mercury model, we compensated for
this underestimation of local deposition by simulating all depositions before pollutant parcel transport in
each model timestep. In essence, the parcel was held over its location of origin for 3 h before being
transported away by the horizontal wind. Thus, no use of a local deposition factor in the RELMAP
modeling was deemed necessary.
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Table 4-3
Dry Deposition Velocity (cm/s) for Divalent Mercury (Hg”*)

Season Land-Use Category Pasquill Stability Category
A B C D E F
Urban 483 | 480 | 461 | 430 | 2.79 | 0.36
Agricultural 1.32 | 1.30 | 1.20 | 1.05 | 0.46 | 0.15
Range 189 | 186 | 1.73 | 152 | 0.73 | 0.19
Deciduous Forest 3.61 3.57 3.34 | 3.02 1.68 | 0.29
Coniferous Forest 3.61 3.57 3.34 | 3.02 1.68 | 0.29
] Mixed Forest/Wetland 349 | 346 | 3.27 | 299 | 1.77 | 0.29
Winter Water 1.09 | 1.07 | 098 | 0.85 | 0.38 | 0.13
Barren Land 116 | 1.14 | 1.06 | 092 | 0.39 | 0.31
Non-forested Wetland 2.02 | 200 | 1.89 1.70 | 096 | 0.21
Mixed Agricultural/Range 162 | 160 | 1.48 | 1.30 | 0.60 | 0.17
Rocky Open Areas 198 ( 195 | 1.81 | 158 | 0.73 | 0.20
Urban 459 | 454 | 435 | 405 | 2.49 | 0.36
Agricultural 160 | 156 | 146 | 1.28 | 0.53 | 0.18
Range 149 | 146 | 1.36 | 1.19 | 0.48 | 0.17
Deciduous Forest 342 | 336 | 3.13 | 2.81 | 1.42 | 0.29
Coniferous Forest 342 | 336 | 3.13 | 2.81 | 1.42 | 0.29
] Mixed Forest/Wetland 328 | 323 | 3.05| 278 | 155 | 0.29
Spring Water 098 | 0.96 | 0.89 | 0.77 | 0.31 | 0.13
Barren Land 1.05 1.04 | 097 | 085 | 0.30 | 0.13
Non-forested Wetland 1.85 1.82 1.73 156 | 0.84 | 0.21
Mixed Agricultural/Range 160 | 156 | 146 | 1.28 | 0.53 | 0.18
Rocky Open Areas 184 | 181 | 1.67 | 1.46 | 0.58 | 0.20
Urban 447 | 441 | 412 | 3.73 | 2.07 | 0.36
Agricultural 229 | 225 | 2.04 | 1.76 | 0.72 | 0.24
Range 167 | 164 | 148 | 1.26 | 0.41 | 0.19
Deciduous Forest 332 | 326 | 295 | 257 | 1.04 | 0.29
Coniferous Forest 332 | 326 | 295 | 257 | 1.04 | 0.29
Mixed Forest/Wetland 3.17 | 3.12 | 2.86 | 2.53 1.27 | 0.29
Summer Water 092 | 090 | 0.81 | 0.69 | 0.22 | 0.13
Barren Land 0.98 0.98 0.89 0.76 0.23 | 0.13
Non-forested Wetland 1.91 1.88 1.73 152 | 0.77 | 0.22
Mixed Agricultural/Range 190 | 187 | 1.69 | 144 | 0.52 | 0.21
Rocky Open Areas 195 191 | 1.71 | 146 | 042 | 0.21
Urban 464 | 459 | 435 | 405 | 2.49 | 0.36
Agricultural 202 | 198 | 181 | 1.60 | 0.73 | 0.21
Range 1.78 | 1.74 | 159 | 1.40 | 0.60 | 0.19
Deciduous Forest 346 | 340 3.13 | 281 | 1.42 | 0.29
Coniferous Forest 346 | 340 3.13 | 2.81 | 1.42 | 0.29
Mixed Forest/Wetland 332 | 327 | 3.05 | 2.78 1.55 | 0.29
Autumn Water 1.00 | 098 | 0.89 (| 0.77 | 0.31 | 0.13
Barren Land 1.07 1.06 0.97 0.85 0.30 | 0.13
Non-forested Wetland 1.88 1.86 1.73 156 | 0.84 | 0.21
Mixed Agricultural/Range 193 | 190 | 1.74 | 153 | 0.68 | 0.20
Rocky Open Areas 197 ] 194 | 176 | 1.54 | 0.63 | 0.20
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Table 4-4
Wind Speeds Used for Each Pasquill Stability Category
in the CARB Subroutine Calculations

Stability Category Wind Speed (m/s)

2.0
3.0
4.0
5.0
3.0
2.0

TmMOO @ >

Table 4-5
Roughness Length Used for Each Land-Use Category
in the CARB Subroutine Calculations

Roughness Length (meters)
Land-Use Category : :
spring-summer autumn-winter

Urban 0.5 0.5
Agricultural 0.15 0.05
Range 0.12 0.1
Deciduous Forest 0.5 0.5
Coniferous Forest 0.5 0.5
Mixed Forest/Wetland 04 04
Water 10° 10°
Barren Land 0.1 0.1
Non-forested Wetland 0.2 0.2
Mixed Agricultural/Range 0.135 0.075
Rocky Open Areas 0.1 0.1

4.2.4.3 Vertical Exchange of Mass with the Free Atmosphere

Due to the long atmospheric lifetime of mercury, the RELMAP was adapted to simulate a
continuous exchange of mass between the surface-based mixed layer and the free atmosphere above. In
the modeling of Petersen et al. (1995), a depletion of pollutant from the mixed layer was simulated at the
end of the day based on estimates of the subsidence of the mixed-layer top due to the horizontal
divergence of the wind field. For the RELMAP modeling, a pollutant depletion rate of 5 percent per 3-
hour timestep was chosen to represent this diffusive mass exchange. When compounded over a 24-hour
period, this depletion rate removes 33.6% of an inert, non-depositing pollutant. This compares to an
average diffusive mass loss of 30-40% per day in the European modeling study (Petersen, personal
communication). Since a portion of all modeled species of mercury can deposit to the surface before this
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diffusive mass loss is calculated in the RELMAP, the effective mass loss is somewhat less than 33.6%
per day from this process.

4.3 Modeling the Local Atmospheric Transport of Mercury in Source Emissions

Theprogram used to model the trgust of the anthrpogenic mercuy within 50 km of an
emissions source was the 1S@& deosition model, obtained from USEPA’s (gwrt Center for
Regulatory Air Models (SCRAM) website (thprogram is called GDISCDFT). This model hagas dy
deposition model that waspglied in this stug.

4.3.1 Phase and Oxidation State of Emitted Meycur

Reports describe several forms of mercdetected in the emissions from the selected sources.
Primarily, these include elemental mergHg?® and inoganic mercuric (lg°). General, only total
mercul has been measured in emission yses. The ngorts of MHg in emissions are iprecise. Itis
believed that, if Mg is emitted from industriglrocesses and combustion sourcesgtrantities emitted
are much smaller than emissions @tand Hy*2 Only Hg® and Hy *were considered in the air
dispersion modelig.

The two ypes of mercuy species considered in the emissions aggeeted to behaveuite
differently once emitted from the stack.gkidue to its hih vapor pressure and low water solubjijtis
not expected to dposit close to the facilit In contrast, I§**, because of differences in thgseperties,
is expected to dposit ingreaterquantities closer to the emission sources.

At the point of stack emission and dugiatmogheric tranport, the contaminant isartitioned
between twghysical phases: vpor andparticle-bound. The mechanisms of tams of these two
phases arquite different. Particle-bound contaminants can be removed from thephiEnedy both
wet dgposition (recipitation scaveging) and dy deposition @ravitational settlig, Brownian diffusion).
Vapor phase contaminants malso be dgleted ly theseprocesses, althgh historicalyy their main
impacts were considered to be thghuabsoption into plant tissues (air-to-leaf transfer) and human
exposure occurred thrgh inhalation.

For thepresent angkis, the vpor/particle (V/P) ratio was assumed to lmpi@l to the V/P ratio
as it would exist in the emissiopkime. It is recgnized that this is a sipfification of reality, as the ratio
when emitted from the stack is lilgelo chamge as the distance from the stack increases. It was assumed
that 25% of the divalent emissions from an individual source would att@anticles in theplume. The
uncertainy in this estimate is acknowlged. Essentiayi, particulate mercuyris not measured at stack ti
but has been measuredgames downwind from local sources. It is assumed that the divalent fraction
binds to sulfumparticles.

Theparticle-size distribution madiffer from one combustioprocess to another, gending on
the ype of furnace and deagi of combustion chamber, c@osition of feed/fuelparticulate matter
removal efficieng and degin of airpollution control guipment, and amount of air in excess of
stoichiometric amounts that is used to sustain theeemture of combustion. Thparticle size
distribution used is as estimate of the distribution within an ambient air aerosol mass and not pt stack ti
Based on this assyotion, an aerosqgbarticle distribution based on data collectgdvishitby (1978) was
used. This distribution igft between two modes: accumulation and copesticles. Thegeometric
mean diameter of several hundred measurements indicates that the accumulation mode garniciates
size, and a @esentativgoarticle diameter for this mode is 0.3 microns. The cogasticles are formed
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largely from mechanicaprocesses that spesnd dust, segsay and soilparticles in the air. A

representative diameter for coarsaticles is 5.7 microns. The fractiondrticle emissions aggied to
eachpatrticle class isgproximated based on the determination of the dgwsisurface area of each
representativeparticle size relative to total surface area of the aerosol massg tisirmethod,

approximatel 93% and 7% of the total surface area is estimated to be in the 0.3 and 5.7 micron diameter
particles, repectively.

Table 4-6
Representative Particle Sizes and Size Distribution
Assumed for Divalent Mercury Particulate Emissions

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

*These values are based on geg@metric means of aerogurticle
distribution measurements as described in Whii978).

The geciation estimates for the moghnts were made from thermal-chemical modgbn
mercul compounds in fluegas, from the intgaretation of bench anpilot scale combustor @eriments
and from intepretation of available field test results. The amount of unceytaurtoundiig the
emission rates data varies for each source. There is glsataleal of uncertaiptwith regpect to the
species of mercyremitted.

Although the peciation mg charge with distance from the local source, for this gsialit was
assumed that there were plame reactions thatgiificantly modified the peciation at the local source.
Because of the differences inpisition characteristics of the two forms of meycoonsidered, the
assunption of noplume chemisty is aparticularly important source of uncertaint

4.3.2 Modeling the Degoosition of Mercuy

Once emitted from a source, the meyconay be dgosited to theyround via two mairprocesses:
wet and dy deposition. Wet dposition refers to the mass transfer of dissolgaseous or spended
particulate mercyr species from the atmphere to the earth's surfacg firecipitation, while dy
deposition refers to such mass transfer in the absengecipitation.

The deositionproperties of the twoecies of mercyraddressed in stack emissions, elemental
and divalent mercyr are considered to lgiite different. Due to its gher solubiliy, divalent mercur
vapor is thouyht to dgposit much more adly than elemental mercyr However, at this time no
conclusive data exist to gport accurateuantification of the daosition rate of divalent mercywapor.

In this ana}sis, nitric acid vpor is used as a sugate for Hy™* vapor based on their similar solubjlitn
water. Whether pollutant is in the vpor form orparticle-bound is also iportant for estimatig
deposition, and each is treatechbaeatey.

Dry deposition is estimatedyomultiplying thepredicted air concentration gtound level ly a
deposition velociy. Forparticles, the dr deposition velociy is estimated usgthe CARB afjorithms
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(CARB 1986) that ngresent erpirical relationshps for transfer resistances as a functiopasticle size,
densiy, surface area, and friction velocitFor the vaor phase fraction for elemental mergua sirgle
dry deposition velociy of 0.06 cm/s is assumed. This is based on the geverfahe winter and summer
deposition velocitiegresented in Lindberet al. (1992) for forests. Althgh it is generaly
acknowleded that elemental mergudry deposits with a (net) rate much lower than divalent megrcur
vapor, theprecise value is uncertain, and there can be considerable variaftifitseason and time of
day. Additionally, dry deposition of elemental mercymay not occur at all unless the air concentration
is sufficientl high. Preliminay research (Hanson et al.1995) indicates that under squadregntal
conditions no dr deposition occurs unless the air concentration is at leasty/h®’nthis was termed a
conmpensatiorpoint (the value at which grdeposition would beig to occur is egected to degend on
mary factors, includig time ofyear and theype of florapresent). Thespreliminaly results were not
specifically addressed in the current sgutiowever, sensitiwytanalyses were conducted in order to
determine thg@ossible inpact that such a cgmensatiorpoint might have on theredicted dy deposition
of elemental mercyr(see Section 5.3.4.1 below).

In ISC-GAS, the dr deposition of divalent mercyrvapor was modeledybcalculatirg a diy
deposition velociy for each hour usmthe assumtions usualf made for nitric acid for the put
parameters (see EPA 1996; User's Guide for the GadPBposition Model,page inserts to the User’s
Guide for the Industrial Source Cplax (ISC3) Dipersion Models). Ultimatg| usirg the assumptions
here, the avege predicted dy deposition velociy was about 2.9 cm/s for divalent mencuepor, which
is essentiajl the averge of the values used in the RELMAP modelfar coniferous forests.

Table 4-7
Parameter Values Assumed for Calculation of Dy Deposition Velocities for
Divalent Mercury Vapor

Parameter Value
Molecular diffusivily (cm2/sec) 0.1628
Solubility enhancement factor 10°
Pollutant reactivig 800
Meshyll resistance 0
Henny's law coefficient 2.7¢’

Wet deposition is estimatedybassumig that the wet daosition rate is characterizeg b
scaveging coefficient which dpends omrecipitation intensiy andparticle size. Foparticles, the
scaveging ratios used are from Jindal and Heinold (1991) (sger&i4-4). For the \@or phase
fraction, a scaveging coefficient is also used, but it is calculated g®stimates for the washout ratio,
which is the ratio of the concentration of the chemical in surfaceesepitation to the concentration
in surface-level air. Because of itghér solubiliy, divalent mercuyr vapor is assumed to be washed out
at spnificantly higher rates than elemental mencuepor. The washout ratio for divalent mergwapor
was selected based on an assumed similagitween scavging for divalent mercyr andgaseous nitric
acid. This is based on Peterssen (1995), and the value used for the washout ratio for dpealersisva
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1.6x10 . The washout ratio for elemental meyatapor was assumed to be 1200. This is a calculated
value based on the model of Peterssen et al. (1995), with a soot concentration 0.

Figure 4-4
Wet Deposition Scaveging Ratios Used in Local Scale Air Modelig for Particulate-Bound
Mercury (Jindal and Heinold 1991)
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Table 4-8
Air Modelin g Parameter Values Used in the Bxosure Assessment: Generic Parameters

Parameter Value Used in Stud
Particle Densit (g/cm®) 1.8
Surface Roghness Legth (m)* 0.30
Anemometer Hght (m) 10

Wind Speed Profile Egonents

Stability Class A 0.07
Stability Class B 0.07
Stability Class C 0.10
Stability Class D 0.15
Stability Class E 0.35
Stability Class F 0.55

Terrain Adustment Factors

Stability Class A 0.5
Stability Class B 0.5
Stability Class C 0.5
Stability Class D 0.5
Stability Class E 0
Stability Class F 0
Distance Limit for Plume Centerline (m) 10
Model Run Qutions
Terrain Adustment Yes
Stack-tp Downwash No
Building Wake Effects No
Transitional Plume Rise Yes
Buoyang/-induced dipersion Yes
Calms ProcessgnOption No

2This is used to estimate mlsition velocities foparticles.
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4.3.3 Rationale and Utilif of Model Plant Aproach

Merculy is generaly present as a low-level contaminant in combustion materia@s ¢eal or
municipal solid waste) and industrial material (for more information on mgliaugmissions refer to
Volume Il of this Reort). During combustion and gh-tenperature industrigbrocesses, mercyiis
volatilized from these materials. Because of ighhiolatility, it is difficult to remove mercyrfrom the
post-combustion air stream. As a casence, mercyris released to the atn@gere. As noted
previousy, anthrgogenic mercuy emissions are not the grdource of mercyrto the atmaghere.

Mercury may be introduced into the atn®ere throgh volatilization from natural sources such as lakes
and soils. Congpiently, it is difficult to trace the source(s) of mergwoncentrations in environmental
media and biota. For this reason it is also difficujdm an understandjyof contribution to those
concentrations.

For this assessment it was possible to model the emissionpact of evey mercuy emission
source in each selected industrial and combustion class. dhenslg, the actual mercyremission data
and facility characteristics for gnspecific source were not modeled. Instead, a mpldeit gpproach, as
described in Apendix C, was utilized to devegddacilities which r@resent actual sources. Moghnts
were develped to rgresent four source cafaries; namsf municipal waste combustors, coal and oil-
fired boilers, medical waste incinerators, and chlor-aftalits. The modgblants were degned to
characterize the merguemission rates as well as the atpiesic releas@rocesses exhibitedyactual
facilities in the source class. The modeled facilities were nagrasito exhibit extreme sourcesye.
the facility with the hghest mercwyr emission rate) but rather to serve aspaasentative of the
industrial/combustion source class.

This assessment took as its staypnint the results of measured mercemissions from
selected anthpmgenic sources. Usina series of fate models angibthetical constructs, mergur
concentrations in environmental megartinent biota and ultimateimercuy contact with human and
wildlife receptors werepredicted. An effort was made to estimate the amount opt@ceontact with
mercuy as well as the oxidative state and form of mgrocantacted.

In taking the modeplant gpproach, it was realized that there would lFeat deal of uncertant
surroundigy thepredicted fate and trapsrt of mercuy as well as the ultimate estimates opesure.
The uncertaint can be divided into modeljruncertaing andparameter uncertaint Parameter
uncertaing can be further subdivided into uncertgiand variabiliy dependirg on the level to which a
particular modeparameter is understood. A limitgdantitative anaisis of uncertaintis presented. It
is also hped that the direction of future research can be influenced toward rgdoeientified
uncertainties which gnificantly impact ke results.

4.3.4 Develpment and Desartion of Model Plants

Model plants rgresentig four source classes were deyd to re@resent a rage of mercuy
emissions sources. The source gaties were selected for thepmsure assessment based on their
estimated annual merguemissions as a class or theiatential to be localizegoint sources of concern.
The catgories selected were these:
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. municipal waste combustors (MWCSs),

. medical waste incinerators (MWIs),
. utility boilers, and
. chlor-alkaliplants (CAP).

Parameters for each moghéhnt were selected after evaluation of the characteristicgivéa
source catgory and current knowlege of mercuy emissions from that source ogaey. Important
variables for the mercurrisk assessment included mercemission rates, mergugpeciation and
mercuy trangport/deposition rates. Irportant modeplant parameters included stack blef, stack
diameter, stack volumetric flow rate, stayds tenperature plant cgacity factor (relative avege
operatirg hoursper year), stack mercyrconcentration, and mergugpeciation. Emission estimates
were assumed topeesentypical emission levels emitted from exigfisources. Table 4-9 shows the
procesgarameters assumed for each maieht considered in this arnyalis (for details rgarding these
values, see ppendix C).

4.3.5 Hypothetical Locations of Model Plants

There are a varigtof geographic apects that can influence the pacts of mercyr emissions
from an anthrpogenic source. Theseests include factors that affect the environmental cheyniéta
pollutant and thehysics ofplume digersion. Environmental chemigtcan include factors such as the
amount of wet daosition in agiven area. Factors affecgjiplume digpersion include terrain, wind
direction and avege wind geed.

Because wet gmsition mg be an inportant factor leadigito mercuy exposures, gcially for
the more solublepecies emitted, the meteorglpof a location was used as a selection criterion. Two
different ypes of meteorolgy were deemed necesgao characterize the environmental fate and
trangort of mercuy: an arid/semi-arid site and a humid site. The husifitan area was based on total
yearly rainfall. (See Apendix B).

Terrain features refer to the variahjlaf the recptor heght with repect to a local source.
Broadly speakirg, there were two mairypes of terrain used in the modejinsimple, and corplex.
Simple terrain is defined as a studrea that is relativellevel and well below stack pdrather, the
effective stack hght). Conplex terrain referred to terrain that is not piey such as source located in a
valley or a source located near a hill. This includedpters that are above or below the tuf the stack
of the source. Coptex terrain can effect concentratiopkjme trgectory, and deosition. Due to the
conplicated nature oplume flow in conplex terrain, it igprobably notpossible topredict inpacts in
conplex terrain as accuratehs for sinple terrain. In view of the wide rge of uncertaint inherent in
accuratef modelirg the dgosition of the mercyrspecies considered, the jpactsposed ly conplex
terrain were not incgorated in the local scale agsis.

Two generic sites are considered: a humid site east of @eeewest logitude, and a more
arid site west of 90 dpees west logitude (these are described ip@gendix B). Theprimary differences
between the two sites parameterized were the assumed erosion characteristics for the watershed and
the amount of dilution flow from the water bodThe eastern site hagneraly steger terrain in the
watershed than for the other site. A circular drgenlake with a diameter of 1.78 km and agerdeth
of 5 m, with a 2 cm benthic sedimenptiewas modeled at both sites. The watershed area was 37.3 km .
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Process Parameters for Model Plants

Table 4-9

Capacity Stack Heght Stack Hg Emission| Speciation Exit Exit Tenp.
Model Plant Plant Size (% of (ft) Diameter Rate Percent Velocity (°F)
year) (t) (kaglyr)  |(Hg%Hg*/HgH| (m/sec)
Large Municpal 2,250 90% 230 9.5 220 60/30/10 21.9 285
Waste tons/dy
Combustors
Small Municpal 200 tons/dgp 90% 140 5 20 60/30/10 219 375
Waste
Combustors
Large 1500 Ib/hr 88% 40 2.7 4.58 33/50/17 9.4 175
CommercialHMI cgacity
Waste Incinerator | (1000 Ib/hr
(Wetscrubber) actual)
Large Hogpital 1000 Ib/hr 39% 40 2.3 23.9 2/73/25 16 1500
HMI Waste cgpacity
Incinerators (667 Ib/hr
(Good actual)
Combustion)
Small Hogital 100 Ib/hr 27% 40 0.9 1.34 2/73/27 104 1500
HMI Waste capacity
Incinerators (67 Ib/hr
(2/4 actual)
sec.Combustion)
Large Hogital 1000 Ib/hr 39% 40 2.3 0.84 33/50/17 9.0 175
HMI Waste cgoacity
Incinerators (667 Ib/hr
(Wet Scrubber) actual)
Small Hogital 100 Ib/hr 27% 40 0.9 0.05 33/50/17 5.6 175
HMI Waste capacity
Incinerators (Wet | (67 Ib/hr
Scrubber) actual)
Large Coal-fired 975 65% 732 27 230 50/30/20 31.1 273
Utility Boiler Megawatts
Medium 375 65% 465 18 90 50/30/20 26.7 275
Coal-fired Utility Megawatts
Boiler
Small Coal-fired 100 65% 266 12 10 50/30/20 6.6 295
Utility Boiler Megawatts
Medium Oil-fired | 285 65% 290 14 2 50/30/20 20.7 322
Utility Boiler Megawatts
Chlor-alkaliplant 300 tons 90% 10 0.5 380 70/30/0 0.1 Ambient
chlorine/dy

2Hg® = Elemental Mercyr

®Hg?* = Divalent Vaor Phase Mercyr

°Hg, = Particle-Bound Mercyr
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4.4 Modeling Mercury in a Watershed

Atmospheric mercury concentrations and deposition rates estimated from RELMAP and ISC3
drive the calculations of mercury in watershed soils and surface waters. The soil and water
concentrations, in turn, drive calculations of concentrations in the associated biota and fish, which
humans and other animals are assumed to consume. The watershed model used for this report, IEM-2M,
was adapted from the more general IEM-2 methodology (U.S. EPA, 1990; U.S. EPA, 1994, external
review draft) to handle mercury fate in soils and water bodies.

4.4.1 Overview of the Watershed Model

IEM-2M simulates three chemical components -- elemental mercufy, Hg (C ), divalent mercury,
Hgll (C,), and methyl mercury, MHg (C ). In the previous version of IEM-2, these components were
assumed to be in a fixed ratio with each other as specified by the fraction elemental (f ) and fraction
methyl (f). This updated version calculates the fractions in each component based on specified or
calculated rate constants. The equations and parameters are described below, and implemented in an
Excel spreadsheet. The model is parameterized for several hypothetical scenarios as described in
Chapter 5.

IEM-2M is composed of two integrated modules that simulate mercury fate using mass balance
equations describing watershed soils and a shallow lake, as illustrated in Figures 4-5 and 4-6. The mass
balances are performed for each mercury component, with internal transformation rates lifkking Hg ,

Hgll, and MHg. Sources include wetfall and dryfall loadings of each component to watershed soils and
to the water body. An additional source is diffusion of atmospheric Hg vapor to watershed soils and the
water

Figure 4-5
Configuration of Hypothetical Water Body and Watershed Relative to Local Source

Watershed

Local
Source

!

Center of lake ar
2.5 km,
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>
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Figure 4-6
Overview of the IEM-2M Watershed Modules
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Definitions for Figure 4-6

Cooil total mercury concentration in upper soil ng/g
C, total mercury concentration in water body ng/L
Catm vapor phase mercury concentration in air ng/n?
Dyas average dry deposition to watershed ug/mé-yr
Dyus average wet deposition to watershed uglm?-yr
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body. Sinks include leaching of each component from watershed soils, burial of each component from
lake sediments, volatilization of Fig and MHg from the soil and water column, and advection of each
component out of the lake.

At the core of IEM-2M are 9 differential equations describing the mass balance of each mercury
component in the surficial soil layer, in the water column, and in the surficial benthic sediments. The
equations are solved for a specified interval of time, and predicted concentrations are output at fixed
intervals. For each calculational time step, IEM-2M 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 turn, to
calculate concentrations in animals. IEM-2M next performs an aquatic mass balance driven by direct
atmospheric deposition along with runoff and erosion loads from watershed soils. MHg concentrations
in fish are derived from dissolved MHg water concentrations using bioaccumulation factors (BAF).

IEM-2 was developed to handle individual chemicals, or chemicals linked by kinetic
transformation reactions. IEM-2M is expanded to include specific kinetic transformation rates affecting
mercury components in soil, water, and sediments -- oxidation, reduction, methylation, and
demethylation. These transformation rates are driven by specified rate constants. Volatilization kinetics
are included as a transfer reaction driven by specified chemical properties and environmental conditions.

The nature of this methodology is quasi-steady with respect to time and homogeneous with
respect to space. While it tracks the buildup of soil and water concentrations over the years given a
steady depositional load and long-term average hydrological behavior, it does not respond to unsteady
loading or meteorological events. There are, thus, limitations on the analysis and interpretations imposed
by these simplifications. The model's calculations of average water body concentrations are less reliable
for unsteady environments, such as streams, than for more steady environments, such as lakes.

4.4.2 Description of the Watershed Soil Module

The IEM-2M watershed soil module calculates surface soil concentrations, including dissolved,
sorbed, and gas phases, as illustrated in Figure 4-7. The model accounts for three routes of contaminant
entry into the soil: deposition of particle-bound contaminant through dryfall; deposition through wetfall;
and diffusion of vapor phase contaminant into the soil surface. The model also accounts for four
dissipation processes that remove mercury from the surface soils: volatilization (diffusion of gas phase
out of the soil surface); runoff of dissolved phase from the soil surface; leaching of the dissolved phase
through the soil horizon; and erosion of particulate phase from the soil surface. Key assumptions in the
watershed soil module were these:

. Soil concentrations within a depositional area are assumed to be uniform within the area,
and can be estimated by the following key parameters: dry and wet contaminant
deposition rates, a diffusion-driven gaseous exchange rate with the atmosphere, a set of
soil transformation rates, a soil bulk density, and a soil mixing depth.

. The partitioning of mercury components among soil water, soil particle, and soil gas
phases can be described by partition coefficients and Henry’s Law constants.
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Figure 4-7
Overview of the IEM2 Soils Processes
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Definitions for Figure 4-7

vapor phase chemical concentration in air ug/nt
average dry deposition to watershed mg/yr
average wet deposition to watershed mg/yr
total chemical concentration in soll mg/L
reaction product concentration in soil mg/L
background chemical concentration in soll mg/L
chemical concentration in soil gas ug/m?
chemical concentration in soil water mg/L
chemical concentration on soil particles ua/g
Henry's Law constant atm-nt¥ /mole
universal gas constant atm-n7 /mole2K
temperature °K
soil/water partition coefficient L/kg
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4.4.2.1 Development of Soil Mass Balance Equations

The concentration of constitueit in watershed soils can be expressed per unit voluge (C , in
mg/L) or per unit mass ($c, in mg/kg), where BD is soil bulk density (dry weight basis), in kg/L:

C; Sg-BD

SI

Given constant steady depositional loading;l(g/yr) onto a surficial soil layer, the following mass
balance equation governs the mass response:

V,dC,
dt

Lspi * Srsi — S

where:
V. = watershed soil volume (m )
Si = total transformation source in the soil layer (g/yr)
S., = total transport and transformation loss in the soil layer (g/yr).

A simple first-order transformation source from constituent C would be given by:
Srsi * kST ’ Vs ) Csj

where:
ks, = first-order transformation rate constant{yr )

Similarly, a simple first-order loss process would be given by:
S_s,i ksx ’ Vs' Csi

where:
ks, = total first-order loss rate constant {yr )

The basic mass balance equation is applied to three interacting mercury components. For each

componenti,” three phases in local equilibrium are calculated -- gas ph@sa@@n%, agueous phase
(C,, , mg/L), and solid phase (G.9/9):

The fraction of each componéit in each phase -,f ,f , and f --is calculated using partition
coefficients and properties of the soil, as described in a section below.
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The three mercury components are linked by a set of transformation reactions, including
oxidation of total elemental mercury, reduction and methylation of total divalent mercury, and
demethylation of total methyl mercury by two pathways:

ks

Cqr = C

ks

(0]

2T

KSym

Cyp = C

ks,

3T

C C

3T

KSng

1T

These are modeled as first-order processes, each a function of environmental conditions, where:

ks, = oxidation rate constant (yr )
reduction rate constant (yr )

=~
o
[

ks, = methylation rate constant (r )
kSym = demethylation rate constant {yr )
kSpg = mer cleavage demethylation rate constant (yr )

Each mercury component is also subject to a set of transport processes, including leaching and
runoff of dissolved phase, erosion of particulate phase, and volatilization of gas phase. These are
modeled as first-order processes, whete ks is the leaching rate constant {yr ), ks is the runoff rate
constant (yt ), and ks is the erosion rate constant (yr ). Each of these rate constants is a function of
environmental conditions. While leaching, runoff, and erosion are strictly loss processes from the soil,
volatilization is a diffusive exchange process between soil and atmosphere:

C s C

ig ia
Kyt

where:
KSyr = diffusive exchange volume fm /yr)

This diffusive exchange leads to an atmospheric loading that partially balances the volatile loss from the
soil. The net loss rate is the product ofgks  and the concentration gragjent (C -C ). For modeling
purposes, it is convenient to divide this process into a diffusive loading term and a first-order loss term,
where ks is the volatilization loss rate constant (yr ). These are developed in the sections below.

Using the calculated phase fractions, three differential equations can be written to describe the
mercury mass balance in soil:
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V_-dC
: at = Lepy * [ksr-VS]-Csz * [kﬁnd'vs]'css

- [( ksl,l * ks0 * k%?0+ ks, + kse) ) Vs] Cy

V,-dC
: dt = LSD,Z * [kso'vs]' Csl * [ksdm'vs]' CsS

- [(kg +ks, +kspo kg +ks) - V|- C,

V,-dC,

at Lsps * [kq'n'vs]' Ce2

- [( K3+ KSym * KSipg * KSzo Tk, +KS) - Vs] "Cas

The major model coefficients are described in more detail in the sections below.

4.4.2.2 Loads to Watershed Soils

The total atmospheric loading term for comporteént- Ly ; in the mass balance equations -- is
the sum of the wetfall, dryfall, and vapor diffusion fluxes:

(Dydw + Dyww + Lyey) - A

LSDi

where:
Dydw, yearly-average dry depositional flux of comporfeh{g/m?-yr)
Dyww, yearly-average wet depositional flux of compori@h(g/n?-yr)
Lor; yearly-average vapor diffusion flux of compon&rit(g/m?-yr)

The vapor diffusion flux is calculated from the diffusion volume and the atmospheric concentration,

normalized to the surface area:

deiff,i

LDIF,i ’ Ca,i -10°°
S

where:
diffusive exchange volume {m /yr)

Ky =
A, = surface area of the watershed soil elemeRt (m )
C.i = vapor phase atmospheric concentration for compdiiefptg/nt)
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The diffusive exchange volume is calculated from the atmospheric diffusion coefficient:

D-A_-0
L s ¥ . 3.15x10 - 10*
4

T

deiff

where:
D, = atmospheric diffusion coefficient for componéiit(cm’/sec)
0, = soil void fraction
z = characteristic diffusion reference depth (m)
3.15x10 = units conversion factor (sec/yr)
10* = units conversion factor {m /ém )

The product A0, represents the cross-sectional area within the soil through which diffusion occurs.
4.4.2.3 Equilibrium Speciation Reactions
The gas and solid phase concentrations are calculated from the agqueous phase concentration:

Cy, (H/RT)-C,

where:
H = Henry’s Law constant (atm-m /mole)
R = universal gas constant (atni-m /mole-
Ty = temperature°K)
Kg = solids partition coefficient (L/kg)

The total amount of mercury in componéititis the summation across all phases:
CiT Cig.ev * Ciw.ew * cis.BD

where:
0, = soil void fraction (L/L)
0, = soil water fraction (L/L)
BD = soil bulk density (kg/L) on a dry weight basis.

From these equations, the fraction of compofiénh each phase can be calculated:
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f (H/RT,)-6,
9 (H/RT)-6, + 0, + K, BD

0

w

f.
" (H/RT)-6, + 6, + K;-BD

f K, BD
®  (H/RT)-0, + 6, + K, BD

4.4.2 .4 Transformation Processes in Watershed Soils

As described above, five transformation reactions are modeled as first-order rates. Rate
constants are directly specified and applied to the bulk concentration (all phases) to give internal mass
transformation loadings. The oxidation loading¥sC , is subtracted from the Bg mass balance
equation and added to the Hgll equation. The reduction loadivy;Ks,is subtracted from the Hgll
equation and added to the Hg equation. The methylation loadjng.k,,is subtracted from the Hgll
equation and added to the MHg equation. The demethylation loagdjfd &S ;is subtracted from the
MHg equation and added to the Hgll equation. Finallynteedemethylation loading ksV ;C .;is
subtracted from the MHg equation and added to tHfe Hg equation.

There is evidence that reduction in soil is mediated by sunlight, is proportional to soil water
content, and occurs most rapidly within the upper 5 mm of the soil surface (Carpi and Lindberg, 1997).
As a result, the input reduction rate constant k is normalized to a reference, depth z of 5 mm and to
100% water content. The actual reduction rate constant ks used in the model is the product of k , the
soil water contend,, and the ratio of the reference depth to the depth of the soil |Jayer z /z .

4.4.2.5 Transport and Transfer Processes in Watershed Soils

The total transport loss of componéritfrom the soil is the sum of the loss rates due to
leaching, runoff, erosion, and volatilization. In the governing mass balance equations, these loss rates
are expressed as the product of a loss rate constant, the total component concentration, and the soil
volume. The runoff loss constant is a function of the runoff volume and the dissolved fraction of

componenti”:
f
k%?o,i [&3] L
z,) O,
where:
Ro = average annual runoff (m/yr)
zZ = upper soil layer depth (m)
0 = volumetric water content (dimensionless;’cm¥cm )
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f

w aqueous fraction of componéiit concentration.

The first term times the soil volume is the annual runoff volume®in m /yr, while the second term times
the total concentration is the aqueous concentration in the runoff in g/m .

The leaching loss constant is a function of the leaching volume and the dissolved fraction of

componenti”:
ks, [Pl -Ro-EV - fiw
’ ZS eS
where:
P = average annual precipitation (m/yr)
I = average annual irrigation (m/yr)
EV = average annual evapotranspiration (m/yr).

The first term times the soil volume is the annual percolation volumé in m /yr , while the second term
times the total concentration is the aqueous concentration in percolating water, in g/m .

The erosion loss constant is a function of the erosion mass and the particulate fraction of
componenti”:

( X_ - SD- ER) .
Ks,, .
’ z, 1000-BD
where:
Xe = unit soil loss (kg/rh -yr; see Eq [9-3], IED; Wischmeier and Smith, 1978)
SD = sediment delivery ratio
ER = particle enrichment ratio
BD = soil dry density (g/cth )
fis = sorbed fraction of the total componéritconcentration .

The first term times the soil volume is the annual erosion mass in kg/yr, while the second term times the
total concentration is the sorbed concentration on the eroding particles in g/kg.

The volatilization rate constant ks can be derived from the diffusive exchange volume and gas
phase concentration:

kg * Vs Cq  Ksygi - Cyg

kﬁ, diff,i h
VS eV
where:
KSyir; = diffusive exchange volume {m /yr)
V, = soil layer volume (rh )
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0 void fraction.

\

Substituting in the expression forgksgives the volatilization rate constant in terms of the atmospheric
diffusivity and the gaseous fraction of componehtn the soil:

Z.°Z,

ks, (3.15x16 O GV] .

where:
D, = atmospheric diffusivity (cf /sec)
zZ, = soil thickness (m)
zZ, = characteristic diffusive mixing depth (m)
3.15x108 = units conversion factor (sec/yr/cnt )
0 = soil void fraction

\

—h
|

ig gaseous fraction of the total compon&htoncentration.

The first term times the soil volume is the annual gas diffusion volumé in m /yr, while the second term
times the total concentration is the gas phase concentration in the void spack in g/m .

4.4.3 Description of the Water Body Module

The IEM-2M water body module estimates water column as well as bed sediment concentrations
in a shallow lake. Water column concentrations included dissolved, sorbed to suspended sediments and
total (sorbed plus dissolved, or total contaminant divided by total water volume). This framework also
provides three concentrations for the bed sediments: dissolved in pore water, sorbed to bed sediments,
and total. The model accounts for five routes of contaminant entry into the water body: erosion of
mercury sorbed to soil particles; runoff of dissolved mercury in runoff water; deposition of particle-
bound mercury through wetfall; deposition of particle-bound mercury through dryfall; and diffusion of
vapor phase Hg into the water body. The model also accounts for three dissipation processes that
remove mercury from the water body: volatilization of dissolved phaSe Hg and MHg from the water
column; removal of total mercury via "burial" from the surficial bed sediment layer; and advection of
total mercury from the water column via outflow. The burial rate is a function of the deposition of biotic
and abiotic solids from the water column to the bed; it accounts for the fact that much of the soil eroding
into a water body annually is incorporated into bottom sediment. The impact to the water body was
assumed to be uniform. This tends to be more realistic for smaller water bodies as compared to large
rivers or lakes. Key features and assumptions in the surface water body module include the following.

. The partitioning of mercury components between the water column and suspended biotic and
abiotic solids, and between pore water and sediment particles is in local equilibrium as described
by a set of partition coefficients.

. Atmospheric mercury wetfall and dryfall loads are handled as a constant average flux.

. Surface runoff mercury loadings are estimated as a function of the dissolved concentration of

mercury in the surficial soil water (calculated by the soil module as a function of time) and the
specified annual water runoff.
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Soil erosion mercury loadings are calculated as a function of the sorbed concentration of
mercury in the surficial soil layer (calculated by the soil module as a function of time), together
with the calculated annual soil erosion, a sediment delivery ratio, and an enrichment ratio. The
sediment delivery ratio serves to reduce the total potential amount of soil erosion (where the total
potential erosion equals the unit erosion rate in kg/m multiplied by the watershed area, in m )
reaching the water body. This parameter accounts for the observation that most of the eroded
particles mobilized within a watershed during a year deposit prior to reaching the water body.
The enrichment ratio accounts for the fact that eroding soils tend to be lighter in texture, more
abundant in surface area, and higher in organic carbon. All these characteristics lead to
concentrations in eroded soils that tend to be higher than thsise soils.

Diffusive mercury loadings from the atmosphere are calculated as a function of a specified
atmospheric vapor concentration, the calculated dissolved water column concentration, and the
calculated transfer velocity. The dissolved concentration in a water body is driven toward
equilibrium with the vapor phase concentration above the water body. At equilibrium, gaseous
diffusion into the water body is matched by volatilization out of the water body. This specified
air concentration is an output of the atmospheric transport model.

The rate of contaminant burial in bed sediments is estimated as a function of the rate at which
biotic and abiotic solids deposit from the water column onto the surficial sediment layer minus
the rate at which they resuspend to the water column. Burial represents a permanent sink of
eroded soil and mercury concentrations scavenged from the water column.

Separate transformation rate constants allow for the calculation of mercury component fractions
in the water column and benthic sediments.

In the following sections, the mass balance equations and the equilibrium state equations that

link the concentrations are developed.

4.4.3.1 The Water Body Equations

Given the loading of mercury from atmospheric deposition and the surrounding watershed, the

following mass balance equations govern the concentration response in the water column and surficial
benthic sediment layer of a shallow lake:

where:

V dC
WTWt I‘T - fo.th + st' (Cdb_cdw)
- [Vs'Csw + Vg’ CBw B Vrs'Cbt]'Aw
+ SN( B kV.AW.CdW
Vdeb
dt F - Row (Cap = Can) *+ St

+ [Vs. Csw + VSB. CBW - (Vrs + Vb) ’ Csb] ) AW
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Cut = total water column concentration (mg/L)

Cy = total benthic concentration (mg/L)

Cuw = dissolved water column concentration (mg/L)

Cuw = dissolved benthic concentration (mg/L)

Ca = particulate abiotic water column concentration (mg/L)
Cow = particulate biotic water column concentration (mg/L)
C, = particulate (sorbed) benthic concentration (mg/L)

C, = atmospheric concentrationg/m?®)

V., = water column volume ()

Vv, = benthic volume (rh )

L, = total loading (g/year)

vi, = dilution flow (n? /year)

R, = pore water diffusion volume (m /year)

A, = surface area ()

A = settling velocity for abiotic solids (m/year)

Vg = settling velocity for biotic solids (m/year)

Vi = resuspension velocity (m/year)

Vv, = burial velocity (m/year)

Sit = net transformation source in the water column (g/yr)
Syt = net transformation source in the benthic sediment layer (g/yr)

Thepore water diffusion volume is calculated as:

Esw' Aw. ebs
sw Zb
where:
E. pore water diffusion coefficient (hyéar)
Ops = benthicporosity (L,/L)
z, = surficial benthic Iger dgoth (m)

The first term in the water column mass balance equation describes external loading, while the
second term describes advective export. The third term covers net pore water exchange with the surficial
benthic layer, and is also present in the benthic sediment equation. The fourth term gives net deposition
of particulate mercury, including settling of abiotic and biotic solids and resuspension of benthic solids.
These processes are also represented in the benthic sediment equation. The fifth term in the water
column equation gives the net internal transformation source, while the last term gives the net
volatilization loss.

The benthic sediment mass balance equation contains terms for pore water exchange, internal
transformation source, and net solids transport, which includes deposition, resuspension, and burial.

These basic equations are applied to three interacting mercury components. For each component

“i” in the water column, three phases in local equilibrium are calculated -- aqueous phase/(Q,
abiotic solid phase (Cx0/g), and biotic solid phase (Cug/9):
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In the sediments, two phases in local equilibrium are calculated -- aqueous pore water ghase (C , mg/L)
and sediment phase {(:g/g). The fraction of each componéiitin each phase -3 f, f,;, and f, ; in

the water column angf and,f inthe sediments -- is calculated using partition coefficients and
properties of the solids and sediment, as described in a section below.

The three mercury components are linked by a set of first-order transformation reactions,
including oxidation of total elemental mercury, reduction and methylation of total divalent mercury, and
demethylation of total methyl mercury by two pathways:

kw, Kb,
Car = Cuz Coia Co2
kw, kb,
kw, Kby,
Caz = Cus Co2 Coia
kw_ kb,
Caz = Cus Cota Coi
kw_, Kb 4
where:
kw, = water column oxidation rate constant{yr )
kb, = benthic oxidation rate constant {yr )
kw, = water column reduction rate constant’(yr )
kb, = benthic reduction rate constanttyr )
kw, = water column methylation rate constant'(yr )
kb, = benthic methylation rate constanttyr )
kwy, = water column demethylation rate constant (yr )
kb, = benthic demethylation rate constant'(yr )

kw4 = water columrmer cleavage demethylation rate constant (yr )
kb.q benthicmer cleavage demethylation rate constant (yr )

Each of these rate constants is a function of environmental conditions. Their values are specified as input
to the IEM-2M model.

Each mercury component is also subject to a set of transport processes, including advective
export of all phases in the water column, volatilization and pore water exchange of dissolved phase, and
settling, resuspension, and burial of particulate phase. These are modeled as first-order processes as
described in the general water column and benthic sediment mass balance equations above.
Volatilization is modeled as a surfictdhin-film” exchange process in which the dissolved concentration
in the water column is driven toward equilibrium with the atmosphere:
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Cai - 10°®
|volati|ization Kvi ’ A\N ’ de,i I —

v, dC,, |
H/RT,

dt

where:
K., = conductivity of componertt” through the air-water interface (m/yr)
H, = Henry’s Law constant for componeéiit (m*-atm/mole)
R = Universal Gas constant (atm-m /mok)
Ty = water temperaturée k)
C.i = componenti”, vapor phase air concentration (ug/m )

For modeling purposes, it is convenient to divide this process into a diffusive loading term and a first-
order loss term, where kyis the volatilization loss rate constanttyr ). These terms are developed in
the sections below.

Using the calculated phase fractions, six differential equations for the three mercury components
in water column and sediments can be expressed in their mass balance form, grouping constants and
model parameters within brackets:

V,,-dG,,
w - 1 LTl + [VS-(kSRO+ kSF)]'Csl + [kWr.VW}CWt,Z + [kwmd'VW]-th,a
B [fo * Rowfaws + (Kwyy +kwo) -V, + (Votgy, +VsB'wa,1)°Aw]°Cm,1
+ [RSW'(fdb,llebs) + Vrs'fsb,l.Aw].Cbt,l
V,-dG,
w - 1,2 L, + [VS'(kSRo + ks@)].c52 + [k\,\,o.\/w].th’1 + [dem'Vw]'th,a

- [fo + Rs f + (kWr + ka)'Vw + (Vs.fsw,Z +VSB.fBW,2).AW:|.CWt,2

w ' dw,2

+ I:RSW. (fdb,ZIObs) + Vrs.fsbgz'Aw]'Cbt,Z

VW ) d QN'[,3
dt

- [fo + st°de3 + (ka,S + kad + dem) .Vw + (Vs. fsvv,3 + VsB.wa,a) 'Aw]'cwt,S

+ [RSW. (fdb,3/9bs) + Vrs.fsh?:.Aw].Cbt,s

I-T3 + [Vs.(kSRO * kSQ]OCss + [ka.VW].CWt,Z
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% dCbt,l

at [st'fdw,l * (Vs T +VsB'wa,l)"A‘w]'cwt,l * [kbr'vb]'cbt,z

* [kbmd'vb]'cbt,s - [st' (fap.1/ 069 * (Vis * Vi) T Ay * (kbo)'vb]'cbt,l

V- dG,
Tt’z [st'fdw,z + (Vo fsno +VsB'wa2)'Aw]'C\Nt,2 - [kbo'vb].cbtyl

* [kbdm'vb]'cbt,s - [st (fan2/Opd + (Vis * Vi) Topo A, + (KD, kbm)'vb]'cbt,z

V- d Cbt,3

at [st'fdw,s * (Vs fous +VsB'wa,a)'Aw]'cwt,s * [kbm'vb]'cbt,z

- [st' (fana/Opd + (Vis * Vi) Fopa Ay + (KBpg * kbdm)'vb]'cbt,s

Combined with the soil mercury equations expressed in the previous section, there are nine mass
balance differential equations to solve for nine state variables -- elemental, divalent, and methyl mercury
in the soil, water column, and benthic sediments. These differential equations have constant parameters
and can be solved for specified time intervals using a standard ODE solver. The following sections
describe how the model parameters in the water body differential equations are calculated or specified.

4.4.3.2 The Solids Balance Equations

The abiotic and biotic solids must be modeled in order to predict the dissolved and particulate
mercury fractions. These determine the amount of mercury lost through deposition and burial, and also
influence the bioavailability of methyl mercury in the water column. The differential equations
describing the fate of watershed-derived solids in the water colupn (S ), internally-generated biotic
solids in the water column {5, and total solids in the benthic sediments (S ) are given by:

Vv, ds,

— ¥ [LSe-AS-los] - M, VeALS, + A S,

VW + VSB.AW].SBiO

mort

vV, dS;
w_dtSB'O +Leg Al - [VE, + K

V- dS

dt + [VS.SW * VsB'SBio]'Aw B [(Vrs * Viin * Vb)'Aw]'SB
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where:

watershed solids erosion load (kg/m -yr)

net internal production of biotic solids (¢/m -year)
phytoplankton mortality rate (yr )

mineralization rate for upper benthic solids (m/year)

Se
SB

mort

< X Xrrr

min

For long-term average calculations using average watershed loading and waterbody prodygtivity, S

Ssi0; @and § can be assumed to be at steady-state. If Sg, vV , Vo,@nd k  are specified, then the water

column solids concentrations and the burial velocity can be calculated from:
LSe'As':I'§ * Vrs'Aw'SB
VE + v A,

Lsg Ay
fo * kmort'Vw * VsB'A\N

SBio

Vs’ Sw + Vg’ SBio_ (Vrs * Vmin) ’ SB
° S

4.4.3.3 Loads to the Water Body

The total chemical load term;lin the mass balance equation is the sum of the loadings for each
component "i." Component loadings included wet and dry deposition, impervious and pervious runoff,
erosion, and atmospheric diffusion:

L + L +LR’i+L + L

T Depi RLi Ei Dif,i

where:

total component "i" load to the water body (g/yr)
deposition of particle bound component "i" (g/yr)
runoff load from impervious surfaces (g/yr)
runoff load from pervious surfaces (g/yr)

soil erosion load (g/yr)
diffusion load for vapor phase component "i* (g/yr)

T,i
Dep,i
RLi
R,i

| e A

E,i

L Dif,i

The runoff and erosion loads required estimation of average contaminant concentration in

watershed soils that comprise the depositional area. These concentrations were developed in terrestrial

sections above.

Load due to direct deposition-- The load to surface waters via direct deposition is solved as follows:
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I‘Dep,i (Dydsi * Dywsi) ) A\N
where:

Loepi = direct component "i" deposition load (g/yr)

Dyusi = yearly dry deposition rate of component "i" onto surface water body (g
pollutant/nt -yr)

Dpwsi = yearly wet deposition rate of component "i" onto surface water body (g
pollutant/nt -yr)

A, = water body area (fn )

Load due to impervious surface runoff-- A fraction of the wet and dry chemical deposition in the
watershed will be to impervious surfaces. Dry deposition may accumulate and be washed off during rain
events. If the impervious surface includes gutters, the pollutant load will be transported to surface
waters, bypassing the watershed soils. The average load from such impervious surfaces is given by this
equation:

Lei (Dyuwi * Dyaw) = A
where:
Ly = impervious surface runoff load for component "i" (g/yr)
A = impervious watershed area receiving pollutant depositién (m )
Dywwi = yearly wet deposition flux of component "i"* onto the watershed*(g/m -yr)
Dyowi = yearly dry deposition flux of component "i" onto the watershed¥g/m -yr)

Load due to pervious surface runoff-- Most of the chemical deposition to a watershed will be to

pervious soil surfaces. These loads are accounted for in the soil mass balance equation. During periodic
runoff events, dissolved chemical concentrations in the soil are transported to surface waters as given by
this equation:

Lri Ko~ Vs © Gy
where:
Lri = pervious surface runoff load for component "i* (g/yr)
KSzo, = soil runoff rate constant for componéitt(yr™)
Cq = component "i" concentration in watershed soils fg/m )
V, = volume of pervious soil layer = Az, (n7)
A, = surface area of pervious soil layer = WA - WA?*(m )
WA, = total watershed area receiving pollutant depositioh (m )
WA, = impervious watershed area receiving pollutant depositién (m )
zZ, = depth of surface solil layer (m)

Load due to soil erosion -- During periodic erosion events, particulate chemical concentrations in the
soil are transported to surface waters as described by this relationship:

L kSE| ’ Vs ’ Csi

E,i

Le; = soil erosion load for component "i" (g/yr)
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ks,;, = soil erosion loss rate constant for comporigntyr™)

Load due to gaseous diffusion- The volatilization equation presented above is divided into a diffusive
loading term and a loss term in IEM-2M. The diffusive loading term is given by:

Loiwi Ko " Ay

C, -10°
H/RT,

where:
I-Dif,i

A

diffusive loading rate for component "i" (g/yr)

overall transfer rate, or conductivity for component "i" (m/yr)

surface area of water body{m )

component "i" vapor phase air concentration over water body {pug/m )
component "i" Henry's Constant (atm-m /mole)

universal gas constant, 8.206>10 atfn-m /mkle-

water body temperaturéK)

units conversion factor (g/ug)

=

T ITO>X

=

K
0—6

This treatment of volatilization is based on the well-known two-film theory (Whitman, 1923), as
implemented in standard chemical fate models (Burns, et al., 1982, Ambrose, et al., 1988). The
equations for K; are presented in the volatilization loss section below.

4.4.3.4 Equilibrium Speciation Reactions

In the previous methodology, all mercury components and phases were assumed to be in
equilibrium. The equations presented here drop the assumption of equilibrium among components and
between water column and underlying sediments. For each mercury component, the fractions in the
agueous phase and on the particulate phases are calculated for the water column and for the benthic
sediments from partition coefficients, solids concentrations, and porosities:

f 1

dw,i _ _
1+ de,i'SN':I-OG * KBio,i'SBio'lo6
; dei'SN'lo’G
™ 14K, -S5-10°% + K, -S. -10°
dw,i S/v Bio,i SBio
f KBio,i "Sgio” 10°
Bw,i

1+ Kd\/v,i'sm'lcr6 + KBio,i'SBio.loiﬁ
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O

S

fa Ops + de,i'SD.]'O?G

f Kani 'S’ 10°

> Ops + Kgpi S, 10°°

where:

foi = aqueous phase fraction for component “i” in the water column
fi = aqueous phase fractions for component “i” in the benthic sediments
foi = abiotic particulate fraction in the water column
fawi = biotic particulate fraction in the water column
fo; = particulate fraction in the sediments
S, = abiotic solids concentration in the water column fg/m )
S biotic solids concentration in the water column &/m )
S, = solids concentration (dry density) in the benthic sediments’(g/m )
Kawsi = partition coefficient for abiotic solids in the water columg) (L./kg )
Kgo, = partition coefficient for biotic solids in the water colump, (L gkg )
Ko, = partition coefficient for benthic solids (L /kg )
Ops = porosity of the upper sediment beq, (L /L).

4.4.3.5 Transformation Processes in the Water Body

As described above, five transformation reactions are modeled as first-order rates. Rate
constants are directly specified and applied to the bulk concentration (all phases) in the water column and
in the benthic sediments to give internal mass transformation loadings. The oxidation loadings --
kw,V,;C,, in the water column and kW ,:C,,, in the sediments -- are subtracted from thérhiass
balance equations and added to the Hgll equations. The reduction loadifgs;&w, and kgV ;C,,,,
are subtracted from the Hgll equations and added to the Hg equations. The methylation loadings,
kw,'V,-C,..and ki -V, -C, ,, are subtracted from the Hgll equations and added to the MHg equations.

The demethylation loadings, kyw ,,C,.; and kly;V ;C ., ; are subtracted from the MHg equations and
added to the Hgll equations. Finally, therdemethylation loadings, kywV , C,.;and ki ;V;C,, ; are
subtracted from the MHg equations and added to tHe Hg equations.

While the transformation rate constants are specified as input to the IEM-2M model, it is
understood that their values may be affected by several environmental properties, including pH, DOC,
anoxia, sulfate concentrations, and water clarity. Many of these dependencies are under investigation by
the scientific community; some are built into the Regional Mercury Cycling Model (R-MCM). It was
decided not to program the environmental rate dependencies into the IEM-2M, but rather to require their
consideration external to the model. The rate dependencies and values for the rate constants are iscussed
in Appendix B, with citations to the current scientific literature. A qualitative summary is given here.
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Low pH conditions should favor oxidation of Hg , while high pH conditions should favor
reduction of Hgll. Lower pH, then, should lead to lower volatilization loss and higher levels of Hgll that
can be methylated. Reduction and demethylation in the water column appear to be mediated by sunlight.
Low water clarity due to high concentrations of DOC and solids should lead to slower reduction and
subsequent volatilization loss, and higher levels of total and methyl mercury. Methylation is mediated by
anaerobic bacteria, predominantly sulfate reducers. Anoxic conditions and moderate concentrations of
sulfate should lead to more rapid methylation. DOC affects mercury in several ways. High levels of
DOC compete with solids in complexing Hgll and MHg, thus promoting more mobility of these
components from the benthic sediments to the water column. The DOC-complexed mercury does not
volatilize, further promoting higher levels of mercury in the water column. Other reactions, however,
may also be retarded by DOC complexation, including bioaccumulation in the aquatic food web.

4.4.3.6 Transport and Transfer Processes in the Water Body

Mercury components are transferred between the water column and benthic sediment
compartments of a water body through pore water diffusion, solids deposition, and resuspension. They
are lost from the water body due to advection, burial, and volatilization.

Advection -- Advective flow from the water body removes all phases of compéifeaita rate

proportional to the average volumetric flow rate, Vf , and the water column concentrgtiohnC

impacted water body derives its annual flow from its watershed or effective drainage area. Flow and
watershed area, then, are related, and compatible values should be specified by the user. Given the area
of drainage, one way to estimate annual flow volume is to multiply total drainage area (in length squared
units) by a unit surface water runoff (in length per time). Wager Atlas of the United Stat@Seraghty

et al., 1973) provides maps with isolines of annual average surface water runoff, which is defined as all
flow contributions to surface water bodies, including direct runoff, shallow interflow, and groundwater
recharge. The values ranged from 5 to 40 infyr (0.13 to 1.0 m/yr) in various parts of the United States.

Pore Water Diffusion -- Pore water diffusion exchanges dissolved constituents between the water

column and the benthic sediments. As expressed in the mass balance equations above, this exchange is
the product of the pore water diffusive volume and the dissolved phase concentration gradient between
the pore water and the water column:

Row * [fawi Coti = (fani/ ebs)'cbt,i]

where:
RSW
ebs

pore water diffusive volume (i /yr)
benthic porosity (| /L)

The diffusive volume is calculated from the pore water diffusion coefficient:

Ry, M - 3.15x10
z,
where:
E., = pore water diffusion coefficient (m /sec)
A, = water body surface area{m )
Ops = benthic porosity (| /L)
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z, = benthic layer depth, taken as the characteristic mixing length (m)
3.15x10 units conversion factor (sec/yr)

The product A-0,.represents the cross-sectional area within the sediment layer through which diffusion
occurs.

Solids Movement --The sorbed fraction of componéiit moves at the same velocity as its particulate
carrier. The solids balance equations include the processes of abiotic and biotic deposition,
resuspension, and burial. As expressed in the mercury mass balance equations above, abiotic and biotic
deposition is the product of the solids deposition velocity, the particulate phase concentrations in the
water column, and the surface area:

(Vs' Aw)' <fsvv,i ' th,i) * (VsB' AN) (wa,i ' th,i)

where:
A, = water body surface area{m )
A = abiotic solids deposition velocity (m/yr)
Vg = biotic solids deposition velocity (m/yr)
Cui = total componenti” concentration (g/m )
fowi = fraction of componerti” concentration sorbed to abiotic solids
faw, = fraction of componerfi” concentration sorbed to biotic solids

In a similar manner, resuspension is the product of the sediment resuspension velocity, the
particulate phase concentration in the sediments, and the surface area:

(Vrs ’ AW) ' (fsni ) Cbt,i)

where:
A, = water body surface area{m )
Vi = sediment resuspension velocity (m/yr)
Cuhi = total componertti” concentration in the sediment (g/m )
fepi = fraction of componerti” concentration sorbed to sediment solids

Finally, burial is the product of the sediment burial velocity, the particulate phase concentration in the
sediments, and the surface area:

(Vb ) A\N) ) (fshi ) Cbt,i)

where:
A, = water body surface area{m )
Vv, = sediment burial velocity (m/yr)
Cuhi = total componertti” concentration in the sediment (g/m )
fepi = fraction of componerti” concentration sorbed to sediment solids
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Volatilization -- The volatilization equation presented above is divided into a diffusive loading term and
a loss term in IEM-2M. The volatilization loss term is given by:

Vi wt,

K, A, C “ilvof g
i A\N dw,i Z w dw,i

where:
K. = overall transfer rate, or conductivity for compon@h{m/yr)
A, = surface area of water body{m )
z, = depth of water column (m)
V., = volume of water column (in )
Copi = dissolved concentration of componéiitin water column (g/rh )
fowi = dissolved fraction of componefit in water column
Cui = total concentration of componeéiit in water column (g/rh )

From this equation, the rate constant for volatilization loss used in the mass balance equation can be
derived:

kW . V,i dwi
Vi Zw
where:
kw,; water column volatilization loss rate constant for compofieiyr™)
K., = overall transfer rate, or conductivity for componeh{m/yr)
fowi = fraction of componerti” in the water column that is dissolved
z, = water body depth (m)

The overall transfer rate, Kor conductivity, was determined by the two-layer resistance model
(Whitman, 1923; or see Burns, et al., 1982 or Ambrose, et al., 1988). The two-resistance method
assumes that twstagnant film$ at the air-water interface are bounded on either side by well mixed
compartments. Concentration differences serve as the driving force for the water layer diffusion.
Pressure differences drive the diffusion for the air layer. From mass balance considerations, it is obvious
that the same mass must pass through both films; thus, the two resistances combine in series, so that the
conductivity is the reciprocal of the total resistance:

-1 -1
1 -1 Hi
K = (R, #Re)) ™ = Ky 7 [KG,i ]

R T,
where:
R = liquid phase resistance (year/m)
K = liquid phase transfer coefficient (m/year)
Re.i = gas phase resistance (year/m)
Kei = gas phase transfer coefficient (m/year)
R = universal gas constant (atnm /mok&-
H, = Henry's law constant for component "i" (atn¥m /mole)
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Ty = water body temperaturéK)

The value of K, the conductivity, depends on the intensity of turbulence in a water body and in
the overlying atmosphere. As the Henry's Law constant increases, the conductivity tends to be
increasingly influenced by the intensity of turbulence in water. As the Henry's Law constant decreases,
the value of the conductivity tends to be increasingly influenced by the intensity of atmospheric
turbulence.

Because Henry's Law constant generally increases with increasing vapor pressure of a compound

and generally decreases with increasing solubility of a compound, highly volatile low solubility
compounds are most likely to exhibit mass transfer limitations in water, and relatively nonvolatile high
solubility compounds are more likely to exhibit mass transfer limitations in the air. Volatilization is
usually of relatively less magnitude in lakes and reservoirs than in rivers and streams.

The estimated volatilization rate constant was for a nominal temperature Gf 20is adjusted
for the actual water temperature using the equation:

_ T-20
Kv,i,T - Kv,i,20 0( )

where:

temperature correction factor, set to 1.026.
water body temperaturéQ)

— @
I

There have been a variety of methods proposed to compute the liguid (K ) and gasgphase (K )
transfer coefficients. For a stagnant system, the transfer coefficients are controlled by wind-induced
turbulence. For stagnant systems, the liquid film transfer coefficignt (K ) is computed using the
O'Connor (1983) equations:

0.5

0.33

K, -u| 22| [XZ] s¢,%¢(3.15%10)
’ Pw }'2

0.33
Kg; =u” ( k/{ ) S¢,”*"(3.15x10)
2

where:
u” =Ccl°w
] v
G fa) Da
pa ai a,i
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a,i

a

w

MW,

(1.32+ 0.009T,) x 10!

log (K,,)

and:

1-8.8x10°T,

1301 _ 3.0233

998.333 + 8.1855[,,-20) + 0.00585T,, - 20

shear velocity (m/s)

drag coefficient (= 0.0011)

wind velocity, 10 m above water surface (m/s)

density of air corresponding to the air temperature (§/cm )
density of water corresponding to the water temperature fg/cm )
von Karman's constant (= 0.4)

dimensionless viscous sublayer thickness (= 4)

air Schmidt number for component "i" (dimensionless)

water Schmidt number for component "i" (dimensionless)
diffusivity of component "i" in air (crh /sec)

diffusivity of component "i" in water (cf /sec)

viscosity of air corresponding to the air temperature (g/cm-s)
viscosity of water corresponding to the water temperature (g/cm-s)
dynamic viscosity of air (cf /sec)

molecular weight of component "i"

air temperature’C)

water temperaturé C)

units conversion factor (sec/yr)
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5. ATMOSPHERIC FATE AND TRANSPORT MODELING RESULTS

This chapter summarizes the results of the atmospheric fate and transport modeling of mercury
using the long-range and local models.

5.1 Long-Range Atmospheric Fate/Transport Modeling

5.1.1 Mass Balances of Mercury within the Long-Range Model Domain

The general mass balance of elemental mercury gas, divalent mercury gas, and particle-bound
mercury from the RELMAP simulation results using the assumed emission speciation profiles are shown
in Table 5-1. The mass-balance accounting for the simulation using the meteorological data from the
year 1989 shows a total of 141.8 metric tons of mercury emitted to the atmosphere from anthropogenic
sources. This simulated emission total differs slightly from the national totals indicated in Volume I
since the states of Alaska and Hawaii are not within the model domain. The RELMAP simulation
indicates that 47.6 metric tons of anthropogenic mercury emissions are deposited within the model
domain and 0.4 metric tons remain in the air within the model domain at the end of the simulation. The
remainder, about 93.8 metric tons, is transported outside the model domain and probably diffuses into the
global atmospheric reservoir. The simulation also shows 32.0 metric tons of mercury is deposited within
the model domain from the global atmospheric reservoir, suggesting that about three 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 79.6 metric tons, or slightly more than one-half of the mass
of all atmospheric emissions from anthropogenic sources in the lower 48 United States.

Table 5-1

Mercury Mass Budget in Metric Tons from RELMAP Simulation

0a 2+b c Total
Source/Fate Hg Hg Hg, Mercury

Total U.S. anthropogenic emissions 63.5 52.3 26.0 141.8
Mass advected from model domain 62.3 155 16.0 93.8
Dry deposited anthropogenic emissions 0.0 22.9 0.5 23.4
Wet deposited anthropogenic emissions 0.9 13.8 9.5 24.2
Remaining in air at end of simu