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ABSTRACT

The U.S. Environmental Protectioh r, gency (EPA) is preparing, for the U.S. Congress, a report evaluating the need
to regulate mercury (Fig) emissions from electric utilities. This study, to be completed in 1995, will have important

' health and economic implications. In support of these efforts, the U.S. Department of Energy, Office of Fossil
Energy, sponsored a risk assessment project at Brookhaven National Laboratory (BNL) to evaluate methylmercmy
(MeHg) hazards independently. In the BNL study, health risks to adults resulting from Hg emissions from a

• hypothetical 1000 MW e coal-fired power plant were estimated using probabilistic risk assessment techniques. The
approach draws on the e,_tant knowledge in each of the important steps in the calculation chain from emissions to
health effects. Estimated results at key points in the chain were compared with actual measurements to help
validate the modeled estimates. Two cases were considered: the baseline case (no local impacts), and the impact
case (maximum local power-plant impact). The BNL study showed that the effects of emissions of a single power
plant may double the background exposures to MeHg resulting from consuming fish obtained from a localized area
near the power plant. Even at these more elevated e,,q_osure levels, the attributable incidence in mild neurological
symptoms (paresthesia) was estimated to be quite small, especially when compared with the estimated background
incidence in the population. For example, in a population of 10,000 heavy fish eaters, about one case of
paresthesia due to fish consumption would be expected in the absence of a power plant, fewer than three cases v,ith
the plant, and about 220 cases due to all other causes. Many implicit and explicit sources of uncertainty exist in
this analysis. Those that appear to be most in need of improvement include data on doses and responses for
potentially sensitive subpopulations (e.g., fetal e,,q3osures). Rather than considering hypothetical situations, it
would also be preferable to assess the risks associated with actual coal-fired power plants and the nearby sensitive
water bodies and susceptible subpopulations. Finally, annual total Hg emissions from coal burning and from other

anthropogenic sources are still uncertain; this makes it difficult to estimate the effects of U.S. coal burning on
global Hg concentration levels, especially over the long term. MeHg is a!so suspected of contributing to delayed
childhood development due to effects arising from the suspected sensitivity of the fetus to exposure during

pregnancy. These suspected risks may play a critical role in the debate regarding the need to control Hg emissions
and are now being examined by BNL and other organizations.
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EXECUTIVE SUMMARY

The U.S. EnvironmentalProtectionAgency (EPA) is preparing,for the U.S. Congress,a reportevaluating the need
to regulatemercury (Hg) emissions fromelectric utilities. This study,to becompletedin 1995, will have important
health and economic implications. In support of these efforts, the U.S. Departmentof Energy, Office of Fossil t

Energy, sponsored a risk assessment projectat BrookhavenNational Laboratory(BNL) to evaluate methylmercury
(MeHg) hazards independently.

$

In the BNL study, health risks to adults resulting from with Hg emissions from a hypothetical 1000 MWe coal-
fired power plant were estimatedusingprobabilisticrisk assessmenttechniques. The approachdraws on the extant
knowledge in each of the importantsteps in the calculation chain from emissions to health effects. Estimated
results at key points in the chain were comparedwith actualmeasurementsto help validate the modeled estimates.
Two cases were considered: the baseline case (no local impacts), and the impactcase (maximum local power-plant
impact).

The BNL study showed that the effects of emissions of a single power plant maydouble the backgroundexposures
to MeHg resulting from consuming fish obtainedfrom a localized area nearthe power plant. Even at these more
elevated exposure levels, the attributableincidence in mild neurological symptoms (paresthesia)was estimated to
be quite small, especially when compared with the estimated background incidence in the population. For
example, in a population of 10,000 heavyfish eaters,about one case of paresthesiadue to fish consumption would
be expected in the absence of a power plant, fewer than threecases with the plant.,and about 220 cases due to all
othercauses.

MeHg is also suspected of contributingto delayedchildhooddevelopmentdue to effects arising from the suspected
sensitivity of the fetus to exposure duringpregnancy. These suspected risks may play a critical role in the debate
regardingthe need to control Hg emissions and arenow being examinedby BNL andotherorganizations.

Many implicit and explicit sources of uncertaintyexist in this analysis. Those that appearto be most in need of
improvement include data on doses and responses for potentially sensitive subpopulations(e.g., fetal exposures).
Rather than considering hypothetical situations, it would also be preferable to assess the risks associated with
actual coal-fired power plants and the nearby sensitive water bodies and susceptible subpopulations. Finally,
annual total Hg emissions from coal burningand from otheranthropogenic sources arestill uncertain; this makes
it difficult to estimate the effects of U.S. coal burning on global Hg concentrationlevels, especially over the long
term. The remainderof this summarypresentsthe frameworkof the risk assessmentused by BNL and some of the
moreimportanttechnical findings.

Emissionsand A.tmosphericProces..ses

The hypothetical power plant e_mined in this study was assumed to burn coal having the U.S. average content of
Hg (0.08 ug/g). The emission controls (electrostaticprecipitator)used at this plant only reduce the Hg emissions
by about 10%. This results in an estimated total Hg emission rate of 180 kg/y from the hypothetical plant,
comprising elemental, reactive, and particulate Hg. A Gaussian plume model was used to estimate the local
annual average air concentrationsof the three species and deposition rateswere estimated for each within 50 km.
In modeling deposition, Hg speciation was importantbecause of the variations in water solubility of the different
Hg species. Dry deposition was model_,dby assuming a value for the drydepositionvelocity, defined as the ratioof
the deposited flux to the air concentration. Wet deposition was modeled in two differentways, using either the
washoutratio (ratio of concentration in precipitationto air concentration)or a dynamicplume depletion algorithm.
The modeling results suggest that Hg emissions from the plant could double the total local backgrounddeposition ,f

at the point of maximum impact, but thatabout 95%of the Hg emissions from a tall stackwould travel beyond the
50 km radius. At this distance, the incremental Hg deposition from the plant would be of the order of 1%of
backgroundlevels. Measurements of Hg in rain near an incineratorwere used to validate the local deposition l,

model.



Fish ConsumptionRatesand.the Distributionof Baseline MeHgDgses

The U.S. population is exposed to MeHg principally throughthe consumption of fish. Fish consumptionstatistics
from various sources were used to estimate the MeHg dose to the population. Surveys and national fishery

, statistics suggest that the overall average per capitafish consumptionrate is about 25 gtd (about 1 meal per week),
with a 95th percentile level of about80 g/d. About95%of the U.S. populationconsumessome fish over the course
of a year. Mercury levels tend to be higher in freshwatersport.fishingspecies; the BNL assessment selected the
upper Midwest region for study because freshwaterfish consumption tends to be higher there; the average daily
(baseline)total MeHg dose was estimated to be about4.6 gg/d. The 99th percentile was about 34 pg/d, which is
only about 10%of the EPA referencedose that defines the safe limit for adults. Because of the large uncertainties
remainingin the specification of aquatic methlyation processes, the estimated increase in freshwater fish MeHg
due to Hg deposition from the hypothetical plant is assumed to be proportional to the change in local Hg
deposition. Thus, the MeHg dose to the populations cons_aminglocally-caught fish near the plant would increase
in proportionto their freshwaterfish consumption.

Metabolic Processes

In contrast to both carcinogenic and irritantair pollutants,the dose metric of concern for MeHg is neither the total
accumulated dose nor the maximum acute level, but the equilibrium body burden that is attained as a balance
betweensteady intake andexcretion. Body burdennot only controlshealth responses,but can be directlyrelated to
measurablelevels of MeHg in blood andhair. Becausea high body burdenof MeHg can only be obtained by eating
fish more often, the averaging process that takes place with respect to individual doses obtained from eating
disparate meals over time is an important feature that must be included in a risk assessment. Monte Carlo
simulations were used to develop an empirical model of this process. The resulting body burden estimates were
then used to predict the baseline distributionof MeHg in bloodand in hair, and these values were found to compare
satisfactorily with the available measurements.

Dose-ResponseFunctions

The central nervous system is the principal target for MeHg, with the potential for effects on sensory, visual, and
auditory functions. Individuals may vary greatly in their responses. Paresthesia is perhaps the miidest symptom of
MeHg poisoning, and response data on 122 Iraqi adultswho consumed Hg contaminated bread in 1971-1972 were
used to derive a continuous dose-response function. A logistic regression model that best fit the observations in the
region of low dose (which is of primary interest here) was selected for use in this risk assessment. The
uncertainties in the parameters of this function were seen to be the primary source of uncertainty in the overall
assessment. The implications of using a threshold-basedor deterministic hockey-stickfunction were also explored.

Assessment of Baseline and!ncrementa!.Risksfroma I000 MWePlan__._lt

Using a probabilistic approach, the human uptakeof MeHg from fish consumption was estimated for baseline and
power-plant impact cases. The effects of power plant emissions on marine species were assumed to be negligible,
since these species are primarily affected by global levels of Hg, and the U.S. utility industry contributes less than
1% of the existing global pool each year. The risk analysis was performed for several different assumptions
involved in the metabolic model and predicteda baseline average risk level of about 0.002-0.003% (2-3 chances in
100,000), with a 95th percentile risk range of 0.006-0.012%. When power plant increments were added, the
expected average risk level increased to 0.004-0.007% with an upper 9Sth percentile risk of 0.013-0.027%. If a
deterministic hockey-stick dose-response model had been used instead of the logistic model, the incremental

. frequency of paresthesia would have had about a 99%chance of being zero.
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1.0 INTRODUCTION

1.1 Background Information on the Health Effects of Mercury

• Mercury has been feared and respected among the elements since antiquity. Based on their experiments with
destructiveheating and distillation, the Greeksbelieved that metals were composed of only two elements: sulfur
and mercury. Sulfur was identified as the "soul" of the metal and mercurywas its intelligence (Salzburg, 1991).

, This classification now seems ironic in terms of modern society's priorities for environmentalcontrol, in which
these two elements seem to weigh so heavily.

Mercuryoccupies a special place in the hierarchyof environmental pollutants. Unlike manyof the "air toxics,"
adverse health effects from Hg have been convincingly demonstratedin the past. because of several unfortunate
poisoning incidents. Although mercury is distributedthroughout the environment as an air pollutant, its toxic
effects result only from ingestion of methylmercury(MeHg),which is defined as the CH3Hg+ ion in whateverform
it appears. MeHg is normallyonly found in seafood, as a resultof bioaccumulationprocesses;however, there have
been isolated incidents of human consumption of foodstuffs contaminatedby mercuryfungicides. Unlike most
other air pollutants, there are few permanent sinks for mercury in the environment,and emissions from a given
source may eventually be spread around the planet. As a result, adverse effects must be considered on scales
ranging from local to global.

For the purposes of assessment of health effects, it is importantto divide the mercury compounds found in the
environment into two groups: inorganic Hg, primarily elemental mercuryvapor or Hg0, and organic mercury,
primarilymethylmercury,MeHg. The toxicity of mercuryhas been knownfor millennia, mainly as poisoning from
inorganic Hg from occupational exposures (the "mad hatter" syndrome). The toxicity of organic mercury was
demonstratedmore recently in humans by poisoning events in Japandue to consuming fish from MinamataBay
(WHO, 1990) and in lraq from eating seed grain which had been coated with MeHg 03akiret al., 1973). The
effects of organic mercurypoisoning are neurotoxicdue to accumulationin brain tissues and range from a slight
numbness in the extremities (paresthesia) to death. Organic mercury(i.e., MeHg) readily passes the placenta,
leading to concerns that maternalexposuremay lead to neurologicalproblemsin offspring (Clarkson,1993).

The extreme variability typical of responses to organic mercury poisoning was shown in an unfortunate incident in
New Mexico in 1969 (Pierce et al., 1972). Over a 14-weekperiod, ? family members atepork from an animal that
had been fed contaminated seed grain. Although they all were reported to have eaten approximately equal
amounts, only 3 members of the family (ages 8, 13, and 20) became seriously ill. In addition, a child that was in
utero duringthis period was born with severe neurological difficulties. The three children were stricken in inverse
order of age: the youngest remained permanently blind and unable to converse; the next recovered to a state of
some self.sufficiency, but with vision capableof light perceptiononly, and the oldest recoveredto the point where
she only suffered from constrictionof visualfield. The other family members"remaineda_'mptomatic," although
the mother was reported to have had slight slurring of speech during a 2-week period. Given this extreme
variability in response to even very high doses of MeHg, the need for a probabilistic approach to health risk
assessment seems obvious.

1.2 Environmental Regulations for Mercury

Mercury was originally designated as a hazardous air pollutant by the U.S. Environmental Protection Agency
(EPA) in 1971 (36 FR 5931; March 3l, 1971). It was subsequently included as one of eight substances listed in the
National Emission StandardFor HazardousAir Pollutants (NESHAP) provisions (40 CFR 61).

In 1975, standards were set for stationary sources which process mercury ore to recover mercury,use mercury
chloe-alkali cells to produce chlorine gas and alkali metal hydroxide, or incinerate or dry sludge from wastewater

• treatment plants. Emissions to the atmospherefrom mercury oreprocessing facilities and mercurycell chlor-alkali
plants were limited to 2300 grams of mercuryper 24-hour period. Emissions from sludge incineration plants,
sludge drying plants or a combination of these that process wastewater treatment plant sludges were limited to
3200 grams of mercuryper 24-hour period (40 FR 48302, Oct. 14, 1975). Owners and operators were required to

1



performemission testing and sludge sampling. Specific testing and sampling methodsand reporting requirements
were finalized in 1987 (52 FR 8727 March 19, 1987).

The 1990 Amendments to the Clean Air Act may eventually supplant NESHAPS, by requiring percentage
reductionsfor 189 listed HazardousAir Pollutants from identified sourcecategories. Title Ill of the Amendments
(the Act) lists mercury compounds as one of the identified Hazardous Air Pollutants. The section "Specific
Pollutants"[(c)(6)] directs the EPA to list sources that account for 90%of the aggregate mercuryemissions to air
which aresubjectto standards,by 1995. Suchstandardsarc to be promulgatedby 2000. This provision, however,
doesnot includeair pollutants emittedby electric utility steam generatingunits.

Consequently, to date there is no regulation of mercury emissions from electric utilities, including clean coal
technologyplants. Section (n) of Title III, "Other Provisions,"directs the Administratorto conduct three studies
which will assist the EPA in determiningwhether toxic air pollution regulationsare needed, as well as providing
enoughdata to determineappropriatestandardsforutilities.

Twoof the three studiesdeal with mercury:

"The Administratorshall conduct...astudyof mercuryemissions front the electric utility steam generating
industry..." This reportis to besubmitted to Congressby November 1994.
"The National Institute of Environmental Health Sciences shall conduct...a study to determine the
threshold level of mercuryexposurebelow which adversehumanhealth effects are not expected to occur."
A draftof this report is currentlyundergoingagency review.

It is difficult to make any predictionas to the outcomeof these studiesbecause of the ambiguity of the Act, which
does not define the scope of these studies nor how they are to be performed. Further, it does not identify any
analyticalprotocolsfor analyzing the emissions, nordoes it identifyan "acceptable"level of risk. However, it can
be assumed that, because of the large amounts of data being assembled for the studies, if standardsare proposed,
they will be promulgatedrelatively quickly. In contrastto the sourcepoints covered in section (c)(6), there will
likely notbe a five-year period betweenidentificationand promulgationof standards.

Section 129(a)4 of the Act calls for the EPA to specify numerical limitations for mercury emissions from
MunicipalSolid Waste incinerators. Although imminent, there is no set standard to date. There is, however, a
draft standard(EPA Docket #A90 45 II-F-I) which states that incineratorsmust achieve either 80% reductionin

': _--: mercuryemissions or a discharge Hg concentrationless than 100 I_g/m3at 7% 0 2. To place the latter emission
limit in the context of coal combustion, considerthat the flue gas concentrationof Hg from firing coal containing
0.08 ppm of Hg is about 8-10 I_g/m3. However, typical power plants operate at much higher firing rates than
incinerators,so that the actual mass emission ratesmay be morecomparable.

1.3 Outline of This Report

The DOE studies of toxic air emissions from coal combustionare intendedto providesupport for the forthcoming
regulatoryagenda. This report includes the following sections. First, the ex-tantassessments of MeHg in the
environmentare summarized and critiqued, after which the frameworkof this assessment of the effects of co,'d
combustion is laid out. Data on emissions from power plants are then reviewed and the types of clean coal
technologies that should prove effective in reducingHg emissions arediscussed. Considerableeffort was devoted
towardsdeveloping an empirical understandingof the factors that affect (existing) mercury levels in freshwater
fish, since these arethe species most likely to be impactedby local coal combustion. Similarly, a variety of sources
of data on ratesof seafood consumptionwasexamined, in orderto derive a realistic statistical distribution of MeHg
doses. Those doses are converted to body burdens using an empirical model that accounts for the averaging
process,and a logistical dose-response functionis developedthat uses bodyburdenas input. The risk assessment
resultsare reviewed in the context of backgroundneurological symptomlevels, and overall conclusions from this
phaseof the work arepresented andout standingresearchneedsare discussed.



This reporthas evolved over a l-year period as analyticaltechniques and the availabledata bases have improved.
The most recent informationavailablehas been incorporated,accepting the uncertaintiesthat may resultfrom lack
of completevalidation of the new data. For example, reviewershave e._-essed reservationsabout the speciationof
mercuryemissions, about the definitions of "anthropogenic" and "natural"sources in the context of historical

• increases in the Hg content of biosphericreservoirs,about the need for mesoscale transportand deposition models,
and concerning the effects of a possible relationshipbetween fish consumptionand body mass (Moskowitz et al.,
1994). _e.,'s are therefore urged to use this report as a step along the way towards a more complete

• understandingof mercuryhealth risks and to monitorthe emergingtechnical literature for furtherdevelopments.

2.0 PREVIOUS MERCURY ASSESSMENTS

Previousassessments of the health risks of mercuryhave been of two general types:assessment of the baseline risks
due to all sources nf atmospheric mercury, a3d assessment of the incremental effects of emissions from specific
sources or types of sources. As discussed below, a good understandin_ of the baseline is a prerequisite for
considering the incrementalrisks. Virtuallyall partiesagree that the overage health risks from MeHg aretrivial;
what may be at issue are the estimates of extreme values, which must be derivedfrom probabilisticconsiderations.
Probabilistic methods have come into use for such purposes only relatively recently. Some of the previous
assessment efforts have been rathei"simplist!c when viewed in that light, but are included in this section for
completenessand perspective.

2.1 Assessment Methods

There are perhaps two basic methods of risk assessment that have been used in these studies. The more
comprehensive analyses comparemethylmercurydoses to those leading to actual observedneurological responses
or to mathematical models of those responses. The major poisoning incidents mentioned above are often the
sourceof such dose-response data. The other analyses rely on dose thresholds or "no observed adverseeffect"
levels 0qOAELs) thathave been establishedby various regulatoryor advisoryagencies, such as the Food and Drug
Administration(IDA), the EPA, or the WorldHealthOrganization(WHO). In all cases, it is necessary to estimate
the distribution of MeHg doses to the various populations being considered. In most general populations, the
averagedoses of MeHg arewell below the steady-statelevels at which neurological responsesmight be expected, so
thatthe adequacy of the assessment depends on the methodsby which extreme cases areconsidered and the levels
of realism incorporatedin the assumptionsused.

2.2 Assessments of Baseline Risks

2.2.1 The National AcademycTfSciences (bIAS)Study, "S.eaf_odSafer3'."The Instituteof Medicine of the NAS
prepareda comprehensiveaccount of many of the risks involved in eating seafood, including natural toxins,
organic pollutants, and trace metals including mercury(Ahmed, 1991). Their methodology included individual
variabilityin MeHg uptakeand metabolic half-life and was based on mathematicalmodels of the responses to the
Iraqi grain poisoning incident (Marsh et al., 1987; Bakir et al., 1973). The objective of this analysis was to
estimate the actual risks entailedat the regulatorythresholdsmost often used, with and without a safety factor of
10. Although the reportpresenteddataon seafoodconsumptionand mercurycontaminationlevels, it did not go on
to combine the two distributions in order to estimate the actual population risks. The report concluded,
nevertheless"risks that may be significant includereproductiveeffects from polychlorinated biphenyls (PCBs) and
methyimercury,and, possibly, parkinsonismin the elderlyfromlong-term mercurye,xposure."

. 2.2.2 The !.986FDA Analysis. The NAS studydescribed above criticized a previousFDA effortby Tollefson and
Cordle(1986) for its reliance on acceptable daily intake levels (ADIs) ratherthan on dose-responsefunctions, and
on its failure to considera wide range of fish species (the lattercriticism seems unjustifiedsince consumptionand
mercurydata were providedfor6 species and mercurydataforanother20 or so). Tollefson and Cordle concluded
"Themajority of fish consumersin the United States could easily double their intake and still remain below the
ADI." They went on to defend the FDA action level of 1 _g/g Hg in fish as providing adequate protectionfor
adultsand children.
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2.2.3 The _.993FDA Risk Ass_.ssment. The FDA (C. Carrington,personal communication, August 1993) is
developing at spreadsheet-basedprobabilistic model to assess the health risks from mercury in tuna fish. This
model samplLesfrom discrete distributions of mercury in tuna and tuna consumption levels, develops equilibrium
bloodFig levels for a numberof individuals, addsbackgroundblood Hg levels, and then eva.uates their risks based
on the Iraqi poisoning data. Only fragmentaryinformation aboutthis model is available, but it appearsthat the
fish consumption data are based on only the tuna-consuming portion of the population, with a mean consumption
rateof 31 g/d. According to the data in Section 7.0, this value seems inordinately high. The endpoint in question
here is the transfer of effects of maternalconsumption of MeHg to fetaland child development. Details and results
fromthis model have notyet been published.

2.2.4 National Institute of Environmental Health Sciences fNIEHS). NIEHS was requested by Congress to
"....determine the threshold level of mercury exposurebelow which adversehumanhealth effects are not expected
to occur." A preliminary dratt copy of this report (J. Fouts, personal communication, 1993) was obtained; it
discusses the availabledose-responseinformation andprovides some fish consumptiondata and exposure estimates
formethylmercury. The report evaluates the available data on fish consumptionand their uncertainties, including
subgroups of high fish consumers, but makes no estimates of population exposures to MeHg. To satisfy the
Congressional mandate,the NIEHS report cites the doses or fish concentrationsthat havebeen deemed "tolerable"
by the FDA, EPA, andWHO.

2.2.5 The New JerseyBaseline Risk Assessment. The most recent general assessment of baseline risks is that of
Stern (1993), who used the data on Iraqi mothersand children,as analyzedby Marsh et al. (1987) to estimate the
risks entailed in the current U.S. EPA reference dose (0.3 _tg/dayper kg of body weight). Stern also discusses
other relevant epidemiological studies of MeHg and neurological symptoms. He concludedthat the referencedose
should be reduced to 0.07 _g/kg/day to preclude effects on fetal development. It was not clear from this paper
whetherthis was also an official position of the New JerseyDepartmentof EnvironmentalProtectionand Energy.

The assumptionsand inputdata used by Sterncould be considereda point of departurefor the present assessment.
Data on mercury content of various marine species were takenfrom the 1978 surveyby Hall et al. and combined
with consumption data from a nationwide surveyfrom 1982-87, in a probabilisticanalysis. The average mercury
concentration, weighted by percentage of the catch, was 0.11 _tg/g, with a maximum of 1.0. This algorithm
implicitly assumes thatthe variabilityin the MeHg concentrationof the fish eatenin various amounts comes from
variationsby species, rather than variations within species due to age, weight, length, etc., and ignores typical
consumption patternsinvolving a mixture of species. The maximum consumptionrate consideredwas 227 g/d
(0.5 Ib/d,7 days a week), with an averageof 32 g/d (slightly more than 1 meal per week), based on an unpublished
FDA document. These consumption rates pertain only to that segment of the population that consumes fish on a
regular basis, which Stern estimatedto be about85% (basedon surveys). On this basis, he estimated that 3% of
the (fish-eating) 70 kg adults exceeded the present EPA reference dose, and that 23% of the 62 kg females
exceeded the recommendedlower standardfor fetaleffects.

2.3 Risk Assessments for Mercury Sources

2.3.1 Nfw JerseyMunicipal Solid w_t¢ Incinerators. In 1992, the New JerseyTask Forceon MercuryEmissions
Standard Setting released an analysis of six specific incinerators for which mercury emission rates had been
determined. Their method of analysis was to predict downwind air concentrations using standard dispersion
models, estimate wetand dry deposition ratesand run-off,and then to estimate ratesof Figaccumulation in aquatic
sediments and subsequent bioaccumulation in fish. In order to estimate the incremental MeHg dose, estimates
were made of the amount of locally-caughtfish consumed, which was takenas equal to the national average for all
types of fish. The consumptionvalue used (32 g/d) was obtained froman internalFDA publication. These doses
were then comparedto the referencedose. Such an assessment approachdoes notactuallyestimate health risks per
se, since dose-response information underlying the referencedose levels is not considered. This report also
includes the baseline risk estimates published by Stern (1993), which were discussed above, in orderto providean
estimate of the MeHg backgroundupon which the incrementalrisk is imposed.



The New Jersey analysis used the maximum annual averageair concentrationsfrom each incineratoras a starting
point, and applied these values to hypothetical lakes, assuming that all of the mercury was emitted as soluble
HgCl2. These concentrationincrements were about the same as the existing ambient mercurybackground (see
Section 5.8 for a discussion of actual measurementsof Hg wet deposition near a New Jersey incinerator). This

, mercurywas assumed to be depositedwet and dry into the watershed,where it accumulatedin lake sediments for
20 years. The bioconcentrationfactor used was based on sediment Hg concentrations and was chosen to be
representativeof New Yerseylakes, but no considerationwas given to the implied fish species involved and their

• actual rates of consumption by humans (the basic data were obtained from northern Minnesota lakes). The
resulting fish MeHg concentrations due to the incrementaleffects of incineratorsrangedfrom 0.7 to 2.68 mg/kg,
while the baseline concentrationsdue to all other mercurysources averagedonly 0.11 mg/kg, with a maximum of
1.0 mg/kg. As discussed in Section 5.8, point sources with modeststackheights may result in local hot spots of Fig
deposition; however, for site-specific assessments such as this, the existence of waterbodies providing edible fish
mustbe shown, and Hg deposition should be averagedover their entire watershedareas.

Consumptionrates of these locally-caught fish were assumed to be the same as the U.S. average for all ,.'ypesof
fish, adjusteddog.ward to reflectabsence of fishing during the winter, to yield a figure of 24 g/d/person. This
correspondsroughly to one fishing trip per week over the 9 remainingmonths of the year, based on New York
State'ssurveyof anglers (Pat Festa, personal communication,August 1993). The overall conclusions of the New
Jersey assessment were that the currentEPA referencedose should be reduced,and that emissions from existing
incineratorsmay cause "significantincrease in the ingestion of methyl/nercury."

2.3.2 Power Plant Risk Analy.sis. Constantinouet al. (1993) presenteda power plant risk analysis for mercury
with both deterministic and probabilisticelements. They considered a range of exposure pathways, including
inhalation,drinking water, and ingestion of plantsand fish. Ingestion of fish was found to be the most important
pathwayin their deterministic (worstcase) analysis. The endpointof this analysiswas the fractionof the re:ference
dose implied by the incremental effects of a single power plant, which they identified as the "hazard index."
Inorganicand organic mercuryhazardswere combined in this analysis. The modeling inputsfor the deterministic
analysis featured "conservative" assumptions for the point estimates that might be suitable for a regulatory
perspective. The probabilistic analysis used distributionsof parameters from the literature, which may or may nor
encompass the deterministic point estimates (personal communication, E. Constantinou, April 1994). The
assumptions of the two analyses are compared in Table 2.1. The power plant was assumed to have emissions
controls, and the modeling incorporatedthe actual positions of lakes within its near-field impact area.

Table 2.1 Modeling Inputs for the Analysis of Constantinou et al. (1993)

P_.rameter DeterministicValue . ProbabilisticValues
Hgemissions 1.4 mg/s 1.4 mg/s
Hg species Hg++(particulate) Hg0
Hgreactions none 1st orderrate
Hg(gas) scav. none 2.4 E.-4
HgLl_rt)scav. 4.3 E-4 7.2 E-4, GSD*-0.67
Hg landrun-off 98% 85-95%
Hg methylated 100% l- 10%
fish bioconc. 33,000 4675, GSD=0.85
fish consumption rate 37 g/d 2.5 g/d, GSD-I.99

• GSD = geometric standarddeviation, see Appendix A.

For the deterministic analysis, the total hazard index due to the plant was estimated to be about 0.09; for the
probabilisticanalysis, the expected (i.e., mean) value was 0.0014 with a GSD of about 4.5. The deterministic value

. fell at about the 99th percentile of the probabilisti_,dose distribution. This analysis providesa good example of the
e_ansion of uncertainty that can occur in a chain calculation involving many individually uncertain inputs.



2.3.3 New york State Methodoloev forEstimating E_ernalities. Rowe et al. (1993) proposeda methodology for
estimating health effects of coal combustion, for applicationto New York Power plants. The Hg emission rates
cited are about twice the national average, according to the most recent EPP,/ data (D. Porcella, personal
communication, 1993). They assume all Hg is emittedin solubleform (HgCI2). All deposition is concentratedin
one catchment area (watershed). Much of the analytical methodology follows the New Jersey model described
abovefor incinerators. The mechanism formaking Hg available for bioconcentrationby fish is through uptakeby
sediments during the plant's lifetime (60 y), for release to the watercolumn. The bioconcentrationfactors (BCF)
used are keyed to sedimentHg concentrations. A single BCF is used for all fish species; no account is takenof t

chemicalor geomorphic factors associatedwith the lakeor watershed. The model considersbackground levels of
MeHg in fish and in humans,but assumes a nationalaverage seafoodconsumptionrateof 32 g/d (no source cited).
A parametricapproachwas takento the ingestion of locally-impactedfreshwaterfish: I meal/too, 4 meals/too, and
10 meals/too. Data from the Iraqi grainpoisoning accident were used to developdose-responsefunctions for adult
paresthesiaand retardationin children through placental transfer. In addition,the EPA "lowestobserved adverse
effect levels"(LOAELs)were used to set thresholdsof no effect.

This model is applied to 3 specific New York lakes, and it is noted that small lakes may concentrate the Hg
emissions to a greater e_ent, but that the population exposed to the fish in such a lake will be small, a
compensating factor. All told, this is probablythe most thorough investigation of power plant impacts, but it
would havebeen greatlyimprovedby the applicationof probabilistictechniques.

2.4 Summary of Previous Mercury Risk Assessments

The extant assessments of mercuryrisksare basedon dataassembledfrom a wide rangeof sources and disciplines;
a common methodology has notyet evolved. With the benefit of hindsight, it appearsthat improved accuracyand
relevancewould resultfromincorporating the following features:

1. Use of probabilisticratherthan deterministicmethods.
2. Disaggregation of the total seafood diet into separatecomponentsfor which distributionsof mercury
contents and ratesof consumptioncan be estimated.
3. Identifyingparticulardietarycomponents thatmightbe sensitive to power plantimpacts.
4. Consideringequilibriumratherthan instantaneousbloodlevels of Hg.
5. Incorporatingthe dose-responsefunctionsfor the endpointsof interestdirectly into the assessment,
including the associateduncertainties.
6. Using area-averageddepositionto a water body.

3.0 FRAMEWORK OF THE PRESENT ASSESSMENT
AND OVERVIEW OF INPUTS AND ASSUMPTIONS

This assessment has beendesigned to take maximumadvantageof the available e.xverimentalobservations, as a
means of reducing the degree to which worst-case assumptions may enter. In this phase of the assessment,
paresthesia in adults is used as the health endpoint of concern. A subsequentassessment phase could then
substitutematernal-fetaleffects into the basic framework. The basic elements aresummarizedin Table 3.1.

3.1 Source Characteristics

The study is based on a hypotheticalpower plant, as a paradigm. Extension to the U.S. population of all U.S.
power plants is thus only a matter of acquiring the necessary data on source and receptorcharacteristics. The
fraction of mercury emitted as Hg++ is assumed to dependmainly on the CI"content of the coal. The presenceof
flue-gas clean-up devices is an option. The plant is assumed to have a nameplateratingof 1000 MWe, a capacity
factorof 80%, and a stackheight of 200 m, and to be located in the upper midwest in reasonably level terrainin
the vicinity of sport fishing lakes. Average mercury content in the coal is assumed (0.08 ppm). Statistical
distributionsof these deterministicparametersmaybe addedlateras appropriatedatabecome available.
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Table 3.1 Features of the bNL Mercury Assessment Model

Mercuryemissions Fraction of Hg emitted as Hg++ is estimated based
on CI" content of coal. Effects of air pollution

• controlsareestimated.

Transport,dispersion,and deposition Gaussianplume transportand dispersion model for
• threeHS species for distancesupto 50 kin. Constant

values of deposition velocity and washout ratio for
each class of Hg compounds. No atmospheric
chemical reactions.

Accumulationin surfacewaters All Hg deposited within the watershedis assumed to
enter the water body. Incremental wet+dry
depositionis estimated.

Contributionsto global background Any Hg not deposited within 50 km is assumed to
enter global pool. Global deposition is increased in
proportionto (net) emissions.

Effects of local sources on fish Hg content In the absenceof better information, the average Hg
in each fish species is assumed to increase in
proportionto the Hg depositionincrement(local plus
global).

BackgroundHgdosefromseafood The dose distribution is calculated by using
probabilistic methods to sum (log normal)
distributionsof the productof Hg concentrationand
consumptionratefor fresh-waterand marine species
and forcanned tuna.

Equilibriummetabolic model The equilibriumlevel of the bodyburdenof MeHg is
estimated by considering the frequency of the three
differentt)ves of fish meals, in addition to the total
MeHg dose. The distribution of body burden is
estimated'using pmbabilistic methods, from
distributionsof Hg dose, body mass, and half life of
Hg, as a baseline and with power plant contributions
to MeHg in freshwaterfin fish.

Distributionsof the parametersof a continuous dose-
Dose-responsefunctionsand risk analysis response model are developed from the Iraqi

paresthesiadata and used to estimate levels of risk
for the baseline case and for the incremental effects
of a 1000MWe hypotheticalpowerplant.



3.2 Dispersion and Deposition of Airborne Hg

Results from a standard EPA dispersion model are used to estimate annual air concentrations up to 50 km
downwind. A pattern of rainfall frequency by wind direction is assumed and wet and dry deposition rates of o

mercury are estimated, based on washout ratios and dry depositior velocities. Mercury not deposited within 50 km
is assumed to contribute to the global background. This calculation is based on a mass balance of annual mercury

input from coal, the removal characteristics of control devices, and the depletion of the plume by wet and dry
deposition. Extension to downwind distances greater than 50 km is only a matter of applicability of the dispersion
model.

3.3 Receptor Characteristics and Pathways

Fish ingestion is assumed to be the only important pathway for exposure to MeHg (Gunderson, 1988). The
watershed drainage area is assumed to be twice the lake area, for the purpose of estimating mercury inputs. The
basis for estimating changes in fish MeHg content due to the power plant is by means of the incremental mercury

deposition ratio: power plant contributions in relation to (global) background. Typical measurements are used to
estimate background levels. These calculations are carried out by major categories of fish species, in order to
preclude the need to estimate bioconcentration factors for each species. Thus far in the calculation chain, all data
are deterministically based on single-point estimates: probabilistic methods could be applied to thi_ part of the
analysis as data become available. This approach allows identification of the separate uncertainty contributions of
source and receptor characteristics in relation to those of the dose and response characteristics.

3.4 MeHg Dose Distributions

The (adult) population at risk is assumed to consume a mixture of four types of seafood: fresh and/or frozen marine
species, shellfish, canned fish, and locally caught freshwater species. Only the last category is assumed to be

directly affected by the power plant in question; the other three categories are assumed to be affected only by
increases in global Fig background resulting from the Hg not deposited locally. Survey data on fish consumption
are tlsed to generate these probability distributions. Survey data on mercury in fish are also used, and the product
of these two distributions defines the distributions of average (steady-state) daily mercury dose to the population at
risk accrued over time. Both the baseline doses and the incremental doses from the power plant are considered.
Their relationship with EPA and WHO reference doses is noted, but such comparisons are incidental to the
framework of the risk assessment.

3.5 Health Responses

The response to ingestion of MeHg is an increase in blood MeHg, which in turn affects central nervous system
function, since MeHg passes the blood-brain barrier. The rate of transfer from diet to blood is a dynamic process
which reaches steady state in a matter of months, given a steady intake (ingested Hg not retained in the body is
excreted and re-enters the biosphere). The parameters of this process are body mass, fraction of body weight as
blood, and the half-life of mercury in blood. Experimental data on all three parameters are used to generate a
distribution of metabolic transfer functions. Since the model is based on the cumulative response to methylmercury

over a period of several half-lives, it is necessary to estimate the statistical properties of the dose integrated over
this time, as opposed to the distribution of individual meals. Those individuals eating fish more often will tend to
have less statistical variation than those eating fish only rarely, because of the averaging process.

The product of long-term dietary intake and transfer function distributions yields a distribution of MeHs
concentrations in blood. This distribution in turn drives dose-response functions for adult paresthesia, which have
their own uncertainties. These uncertainties include the choice of the functional form of the model (continuous

risk vs. threshold response functions), background paresthesia levels, and the statistical uncertainties in each of the
models. The resulting distributions of risks are then fed back to the source characteristics module to consider the
need for (additional) source controls on mercury emissions.
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3.6 Probabllistic Risk Assessment Methods

Traditional (i.e., deterministic) risk assessments combine a series of average, conservative, or worst case point
estimates to derive a combined point estimate of the overall risk (here "conservative" is taken to mean biased in the

• direction of higher risk). As noted by Bu_laster et al. (1990), there are several major limitations with this
procedure. First, when point estimates are used, risk managers have no way of knowing the probabilities
associated with the worst-case risk estimates. Second, the results can be biased by artificially assigning a high

• degree of conservatism to key parameters. Third, traditional sensitivity analyses may be misleading when key
parameters are at or near their existing maximum values. For these reasons, the traditional risk assessments are
useful only when the estimated risks fall below a de minimus value. When the risks exceed the ,:e mlnimu$ value,
the outputs from most deterministic risk assessments are of little value.

For these reasons, in this assessment, estimates of risk were prepared using probabilistic sampling techniques. In a

probabilistic analysis, each of the many parameters within the equations that comprise the risk model is defined by
a probability distribution _mction (PI_F) instead of by single point estimates. The PDF is an ex'plicit reflection of
the full range of possible values combined with some measure of the probability of occurrence for each parameter
value. The analysis proceeds by sampling independently from each PDF and carrying each result or "realization"
through the calculation chain until a distribution of output values is derived. This distribution provides an
"expected" value, defined as the average of all the realizations, and a number of other statistics, such as median
(50th percentile), 95th and 99th percentiles. Note that the maximum risk developed from such probabilistic
methods is an unstable statistic which can vary greatly from trial to trial; furthermore, the maximum prodicted risk
will increase with the number of realizations in each trial. Even if the input distributions are well.defined, such as
normal (Gaussian) or log normal (see Appendix A), the output distributions are not limited to such prescribed
definitions. They may be distributions best described as log normal with a very long tail. The shapes of the output
distributions relate in part to the algorithms used to calculate risk and to the inclusion of muitiplicative or
nonlinear equations. The number of successive realizations should be adequate to describe the input parameter
distributions; most of the results in this assessment were based on S000 trials.

The computational package used in this assessment (@RISK) allows a choice of either "Latin Hypercube" er
"Monte Carlo" sampling techniques, which are basically similar. They differ principally in their sampling
strategy. Latin Hypercube sampling techniques stratify the input PDFs in order to emphasize the most likely
values, while Monte Carlo sampling uses completely random sampling. Because of the stratified inputs, Latin

Hypercube sampling techniques can be more computationally efficient than the better-known Monte Carlo
approach.

The calculated t'DFs give the risk manager an explicit description of the uncertainty surrounding the risk estimate.
On the basis of these PDFs, it is possible for the decision maker to make expiicit judgments about the degree of
conservatism to be included in the final decisions. This contrasts with the alternate approach, where the degree of

conservatism is implicitly built into the model results by the modeler, is not explicitly displayed, and may not be
understood by the decision-maker.

For this assessment, three different types of risk estimates are considered for the endpoints in ti_lestion (initially,

adult paresthesia). First, the expected individual risk, averaged over the entire population being ¢_nsidered. For
the baseline case, this is the entire U.S. population. When the effect of the hypothetical power plarl,t is considered,
this statistic is interpreted as applying to the population that consumes fish from the affected water body. Next, the
"maximally exposed" individual is considered, taken as the 95th or 99th percentile of the distribution of exposed
individuals. This estimate may be interpreted as applying to a subsistence fisherman. Finally, the number of

. additional cases of paresthesia to be expected in the exposed populations at risk is estimated. For this latter risk
estimate, it is important to have reliable estimates of the actual population densities to be expected in areas gith

important recreational fishing activities.
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4.0 EMISSIONS OF MERCURY FROM POWER PLANTS

In this section, background information on mercury emissions from coal-fired power plants is presented. Total
mercuryemissionsdependon thecoalmercurycontentand thetypesofemissionscontrolequipment;Chv etal.

(1993)indicatethatrecentlymeasuredHg emissionsareintherange4-8Ib/1012Btu,roughlycorrespondingtoFig

contentsof0.05=0,I0ppm. Earlierdataon mercuryincoalhad indicateda highermean and a much largerrange

ofvalues(0.04=0.34ppm [Obermilleretal.,1991]).The changesappeartobe due to improvedmethodsof

samplingand analysis.The chemicalformofthemercuryemittedappearstodependon thechloridecontentofthe
coal;inaddition,somemercurycompoundsareremovedmoreefficientlyby controldevicesthanothers,

Basedon 1992coalconsumptionof 895 milliontons,ofwhich 7g0 milliontonsisconsumedby utilities(EIA,

1993),U.S mercuryemissionsfrom coalburningwould be.estimatedat72 tons,whilean estimatebasedon

previousdatawould be about140 tons.In comparison,themunicipalsolidwasteindustryestimatesitsannual

emissionsofHg at44 tons;themercurycontentofthetotalU.S.solidwastestreamwas estimatedatabout360
tonsfor1989;notallofthiswastewas combusted,however(ICFKaiserEngineers,1992).

4.1 Mercury Species of Interest

.Almost all of the mercury in flue gas is in the gaseous state (Lindberg, 1980). However, recent studies indicate
that 50% to 90% of the mercury in flue gas from coal firing may be oxidized (Bloom et al., 1993; Chu et al., 1993):
most of these oxidized species are probably also gaseous. The conversion of elemental to oxidized Hg depends on
the interplay of several factors, including temperature of the combustion zone, residence times and temperatures in
heat exchangers, and the chloride content (CI') in the coal. According to Feisvang et al. (1993), the CI" content
appears to have a strong influence in convening Hg0 to Hg++ (Figure 4.1). As shown in this figure, in four of the
five plants using coal with CI" content above 0.02%, the fraction of oxidized mercury was 0.70 or more. The
estimated range of CI"in U.S. coals is 0.04-0.2% (C. Schmidt, personal communication. April, 1994), so that it is
expected that a large fraction of the emitted mercury will be reactive.
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Figure 4.1. Data on the fraction of total emitted Hg measured as reactive Hg, as a function of fuel chloride content.
Graph front Felsvang et a!.(1993); additional data (+ symbols) from Ontario Fiydro (O. Melo, personal
communication).
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4.2 Mercury Emissions Control

' As discussed above, most of the Hg in coal is vaporized, while about 10% is associated with the fly ash. The latter
can be removed by particulate control equipment, whereas removal of gaseous mercury requires additional control

equipment. The gaseous species include both elemental and oxidized forms. More than 90% of the oxidized form
' of Hg, F "marily HgCI2, is likely to be removed by conventional wet and dry (e.g., activated carbon) scrubbing

processe_,, while very little of the elemental Hg will be removed by scrubbing, because of its low solubility.
Accurate estimates of Hg removal effectiveness are difficult to make, because the low Hg concentrations (0.1-10

_g/m 3) typically encountered in flue gases present a difficult challenge for sampling and detection methods. All of
today's U.S. coal-burning power plants have some kind of particulate control device, usually electrostatic
precipitators (ESPs).

4.2.1 Elccp'ostati¢ preciDitator_ (ESPs). Preliminary measurements at plants burning bituminous coal indicate
that conventional ESPs remove less than 20% of the Hg present in flue gases (Chu et. al, 1993). Since most of the

Hg is in the vapor phase, ESPs can not be effective control devices unless Hg condenses onto droplets at or before
the device (Benson et al., 1993). Meij (1991) suggests that Hg removal efficiency across an ESP improves with

increasing chloride content in coal, suggesting that CI" may reduce the electrical resistivity of the particulates and
aid the efficiency of particulate collection on the ESP plates. In this assessment, a 10% removal efficiency is
assumed for the reference case. This efficiency would be increased if the presence of control systems was assumed,
as discussed below.

4.2.2 Wet Scrubbing. The removal Of Hg by a combination of ESP and wet scrubbing is reported by several
sources. Meij (1991) (reported by Hobblett et al., 1993) indicates removal efficiencies from 10 to 70% for such
systems. Nobblett et al. also report that Hg removal depends on the chloride content in the coal, simply because of
the oxidation to water-soluble HgCI2. For plants burning western U.S. low chloride (<0.01%) coals, the Hg
removal ranged from 5% to 25%, while for plants burning eastern coals (chloride from 0.1-0.3%), the efficiency of
Hg removal ranged from 45% to 96%.

4.2.3 Dry $¢rul;_bing. There are two major types of dry scrubbing systems: spray dryer absorption (SDA) and dry
injection. SDA has been applied to hundreds of coal-fired boilers, municipal solid waste, and hazardous waste
plants, to remove acid gases and particulates from emission streams. In a spray dryer, the sorbent solution or
slurry (usually lime slurry), is atomized into the incoming flue gas streams to increase the liquid-gas interface and
to promote the mass transfer of the contaminant from the gas to the slurry. Simultaneously, the thermal energy of
the gas evaporates the water in the slurry droplets to produce a dry powder that contains the contaminant and some
unreacted alkali. After leaving the spray dryer, the powder-carrying gas passes through a fabric filter or ESP
where the dry product is collected. Dry injection generally involves pneumatic introduction of a dry, powdery
material into the flue gas stream with subsequent collection of the contaminated powder on a fabric-filter or ESP.
The injection point in this process can be anywhere from the boiler-furnace area all the way to the flue gas entrance
to the bag-house, depending on operating conditions and design criteria (Holmes et aJ., 1993).

Efficient removal of both elemental and oxidized mercury may require a combination of SDA and solvent

injection. In a combined system, a powdered dry sorbent (usually activated carbon) is injected in the duct carrying
the effluent gas, usually upstream of the spray dryer absorber. Elemental mercury and mercury oxides are
physically and chemically adsorbed on the st,,'face of carbon. A fabric filter (bag-house) is used downstream of the
injection chamber to collect the contaminated carbon along with other particulates in the flue gas. Felsvang et al.
(1993) report mercury removal efficiency of several SDA systems in coal-fired power stations operating in the US
and Europe. As shown in Table 4.1, these e_ciencies range from 6% to 96%. Also shown in this system is a
strong influence of the coal CI" content on the removal efficiency. The efficiency of the SDA system in Plant D
(last entry in Table 4.1) increased from 96% to more than 99% when a carbon injection system was added.

Felsvang et at. (1993) also report the results of a pilot plant study which further quantifies the effect of adding
sorbent injection to the SDA. Two types of coal of different chloride content were used in this study: coal A, with
0.019% CI', and coal B, with 0.094% CI'. With SDA alone, the mercury removal efficiency from coal A emissions
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was 57%,where_,sfrom coal B. it was 78%. It appearsthat the efficiency of the SDA is stronglydependent on the
fractionof oxidized Hg. Combining SDA with activatedcarbonincreased the efficiency for both types of coal to
9(P,A.However, it was foundthat coal A requiredfive times morecarbonthan coal B. This is probablydue to the
fact that coal B, with higherCI"content, producesa higher fractionof soluble Hg (mainlyas HgCI2, which is also
more reactive) and less (insoluble) elemental Hg than coal A. In a SDA system without carbon injection, the
inherentremoval of elemental Hg is practicallyzero, whereasthe inherentremovalof water-solubleoxidized Hg is
95%. With active carbon injection, removal of elemental Hg can increase up to about 5-60% (Figure 4.2).
Obviously, the higher the quantity of elemental Hg in the emission stream, the larger the quantity of carbon
required. In addition, Jozewicz et al. (1993), and Felsvang et al. (1993) reportthat chemically activated casbons
are severaltimes moreeffective in removingHg than thermallyactivatedones. Chemical agents used in activation
include compounds of iodine, sulfur and chlorine, with iodine appearing to be the most effective impregnant
(Figure 4.3).

Table 4.1 Effect of Coal Chlorine Content on Removalof Hg from Flue Gas
H i i ii

_ Plant FlyAsh Loading .Coal CI- Content % Hg Removed
A 14 ......
B High Low 23
C (0.01%) 6
G 16

IH i1= i ii _

E Low '" 55

H High 44
F Medium - (0.1-0.3)% 89
D High 96

100_ .. _,

7iI
,.. eO _---' O

O Hg0

..... t l I t '
0 1 2 3 4 $ 6

relotive corbon injecUonrote

Figure 4.2. Effect of carboninjectionon Hg removalby spray-dryerabsorptionsystems.
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Figure 4.3. Effect of chemical carbonactivationagentson Hg removal.

4.2.4 Condensing He_ttExchaneer. This device is reportedto be effective in removingpanicles along with gases
and vapors. Such removal is accomplished as water condensesaround panicles, forming droplets that can be
capturedin a scrubbingdevice. There are a numberof condensingheat exchangersoperatingon district heating
plants in Scandinavia, and, accordingto Mcllvaine (1993), mercuryis effectively removedby these devices.

4.2.5 AestivatedChar Filter. In many waste incineratorinstallationsin Europe,mercuryis removedfrom the gas
streams by a final-stage filter with activatedchar placed a_er the conventional air pollution control equipment.
McIlvaine (1993), in a literaturereview of several controloptions (e.g., wet scrubber,activated char, condensing
heat exchanger, carbon injection), reports that char filters are the most efficient devices for mercury removal.
However, he does not refer to Hg speciation and the variationof Ci= in the flue gas streams is not considered.
Also, this option is probablythe most expensive to implement in power plants, given the high flow rates of stack
gases.

4.3 Summary of Data on Mercury Emissions.

Recent data on Hg emissions from coal indicate lower and less variable values than previously reported. In
addition, the chemical form of the emitted Hg appearsto be important,since the soluble compounds may be more
emciently removed by flue gas treatment. Ratesof Hg removalrangefrom about 10%to 80-90%. Definitive data
on these trends await release of results from the EPRI PISCESprogram(Chu et al., 1993); in the interim, an
averagevalue of Ha in coal (0.08 ppm) is assumed,with minimal (10%) removalby controlequipment.

5.0 MERCURY IN THE ENVIRONMENT AND THE FATE OF MERCURY EMISSIONS

In this section, the informationnecessaryto consider mercuryemissions in the contextof environmental impacts is
presented. This includes comparisonsof total Hg emissions and the ratesof dispersionand deposition from point
sources such as power plants. Finally, a protocol for estimating deposition from a hypothetical power plant is
derived.
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5.I Background Information

There are many sources of mercury in the environment. Mercuryis extractedfrom the earthprimarily as cinnabar
(HgS). Annual worldwide production is about 10,000 tons, and smelting and ore routing can produce local
emissions of mercuryvapor. Global annual anthropogenicemissions have been estimated at about 3000 tonnes;
natural emissions may be up to twice that amount (WHO, 1991). Coal combustion releases mercury to the
atmosphereprimarilyas gases, while municipal incinerationreleases both gaseous and particulateforms. Certa/n •
industrialprocesses, chiefly chlor-alkaliplants, wereknown to releaselarge amountsof mercuryto air and aqueous
wastestreams (Wheatley, 1979), but these have now been largely broughtunder control in the developedworld.
Naturalemissions emanatefrom volcanoes, from soil andbiota, and from sea sprayand forest fires. While there
arc considerable uncerta/nties, natural and anthropogenic emissions of mercury are thought to be roughly
comparable. Suffice it to say, there are no major(individual) sources of mercuryemissions on the planet, and the
problemshould be regardedas global in scope.

The atmosphericmercurycycle is quite complicated, since the residence time of Hg vapor in the atmosphereis
long (weeks to ca. I y) and there arefew permanentsinks. Aquatic sediments providerelatively long-termstorage,
but organic Hg released to the water column can be reducedto mercuryvapor and reemitted to the atmosphere.
Even mercury in dentalamalgamscan be recycledtht;oughcremation.

The pathways for humanexposure to mercuryinclude inhalationof airbornemercury,which is mainly inorganic,
and through ingestion of foods containing mercury, mainly as MeHg. Many studies have shown that the most
important pathway is through consumption of predatory fish, since they can bioconcentrate methylmercuryby
manyordersof magn/tude as it worksup the food chain. Mercury in drinking waterand in other foods does not
constitutean importantpathway(except perhapsfor the low doses characteristicof non-fisheaters).

This assessment deals with two of the most important environmental cycles of mercury, the atmospheric and
aquatic-biologicalcycles. The atmosphericcycle involves anthropogenicemission of mercury, conversion in air to
the oxidized state, depositionby aerodynamicandprecipitationprocesses,conversionin soil and water of deposited
oxid/zed (Hg++) species to gaseouselemental mercury(Hg0) and dimethyl mercury(CH3)2Hg, and subsequentre-
oxidation of elemental mercury to water-solubleforms. This cycle ends with the deposition of non-volatile forms
to soils and aquaticsediments, wherethe mercurymay remain for long periods.

The aquatic-biological cycle of mercury involves the formationof methylmercury(CH31-1g+),its enrichment in
organ/sinsand nutrit/onalchains, and finally, destruction(i.e., demethylation)of methylmercury. Methylmercury
is the dominant form of mercuryin higher organisms, although it representsonly a small amount of the total
mercury in the atmosphereand in precipitation. The rates of formation and destructionof methylmercury are
thereforeveryimportantfordetermining the enrichmentof mercury in aquaticorganisms.

Once mercuryis in the atmosphere,it may reactwith otheratmospheric constituentsand be transformedfrom one
oxidation state to another. The primary transformations taking place in the atmosphere involve ox/dation of
gaseous Hg0, by O3, HCf, CI2 or 0 2, to inorganic compounds of Hg++ (only small quantities of insoluble
methylmercuryand soluble methylmercurychloride may be formed in the atmosphericaqueous phase). Because of
these reactions and the fact that most mercuryemitted at the stack is oxidized already, it is reasonableto assume
that most mercuryin the plume will be in water-solubleform. However, it is possible that some reducingreactions
maytake place in theplume, which could reducethe fraet/onof solublemercury.

In the aqueous phase (e.g., rain, cloud, or fog aerosols), reactions involve the oxidation of Hg0 to Hg++, the
reductionof Hg++ to Hg0 and the dissociation/complexingof the oxidized species.

5.2 Mercury in Natural Fresh Waters

Several studies havebeen done in Europeand the U.S. on deposition of atmospheric mercuryin lakes. A study of
Hg levels in 220 lakes in southern and central Sweden showed an implied relationship with atmospheric
deposition. The reportedmean values of mercury concentrationin fish (pike) were 0.68 and 0.86 mg/kg for the
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two regions respectively, while the natural background level of fish is estimated to be in the range of 0.05-0.2
mg/kg (Bjorklund et al., 1984). A study of 80 lakes in northeastern Minnesota (Sorensen et. al., 1990) shows
similar cleated Hg concentrations in pike (i.e., 0.44 mg/kg) The estimated atmospheric annual Hg inputs to these

' lakes together with Hg concentrations in the water are shown in Table 5.1. These data give an idea of the
variabilityof mercuryinputs in a locationrelatively remotefrom stronganthropogenic sourcesand show the range
of bioconcentrationin sediments and plankton.

I'

Table 5.1 Summary of Mercury Concentrations in Northeastern Minnesota Lakes

Atmo_heric inputs mean minimum maximum
averageprecipitationconcentration(ng/L) 18.7 16.8 24.2
annual wetdeposition* (p.g/m2/y) 12.6 10.4 15.4

_oncentration measur_:ments
surfacewaters (ng/L) 2.47 0.9 7.0
surfacesediments (rig/g) 174 34 753
zooplankton(ng/g) 87.9 9.5 209

* wet deposition falling directly on lake surface.
Source: Sorensenet al. (1990), based on 1988 Hg concentrations and long-term precipitation
data.

Data compiledby Lindqvist (1985) indicate that the predominant mercury compounds in fresh waters are inorganic
and monomethyi mercury compounds (Table 5.2). The chlorides HgCI2 and CH3HgCIare the main mercury
compoundsin neutral to acidic water environments, whereas in alkaline environments the hydroxide compounds
Hg(OH)2 and CH3HgOHprevail. Thus, lake pH is expected to play an importantrole in the bioaccumulationof
mercuryin aquaticorganisms.

5.3 Mercury in the Atmosphere

Mercuryis present in the atmosphere in three oxidation states: elemental, Hg0; monovalent, Hg+; and divalent
mercury,Hg++. Mercuryis emittedby anthropogenic sources in elemental and various oxidized forms. Elemental
Hg and (CH3)2Hg also enter the atmospherevia biological processes. Oxidized inorganic forms (e.g., HgCI2) are
extremely water-soluble, methyl chlorides (e.g.,HgCH3CI) are also quite soluble, whereas elemental Hg and
dimethyi mercury (CH3)2Hg are insoluble forms. Until recentlyit was generally assumed that the main form of
volatile mercury in air is elemental Hg; this is still the case for Hg generatedfrom naturalsources, but there is
evidence that plumes emittedfrom coal-burningpower plantsmay contain a large fractionof water-soluble HgCI2,
at least initially (Bloom, 1993), as shown in Figure 4.1. Backgroundambientair concentrationsin remote areas
are in the range of 1-3 ng/m3, and as high as 10 ng/m3 in urbanareas. Lindberg(1980) measuredconcentrations
of total gaseous mercury in excess of 1000 ng/m3 in the plume of a coal-fired power plant within a few km from
the source. Since concentrationsof 5-10 pg/m3 are expected at stack exit, these data imply somewhat less
dispersionthan might havebeen ex'pectedfor that downwinddistance.

The degreethat these compoundsare removedfrom the atmosphereby rain dependson their solubility in water. A
list of these compounds and their Henry'sLaw constantsis shown in Table 5.3. These Henw's Law constants arc
expressedas the ratio of the volumetricconcentrationof a compound in a gas-phase which is in equilibriumwith
its aqueousphase, over its concentration in the aqueousphase. A high value implies a high degree of volatility;

• note the increaseswith temperature.
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Table 5.2 Distribution of Mercury Compounds in Natural Fresh Waters
(values are percentagesof eithertotal inorganic(a) or totalmonomethylmercury(b)

_omoound pH of waterbody
4 5 6 7 8

a. InomanlcComoounds

HgCI3" 0.2 0.2 0.1 0.1 -
HgCI2 99.6 98.8 91.1 34.1 0.1
HgOHCl 0.1 0.9 8.5 49.4 6.2
HgCI+ 0.2 0.2 0.2 0.1
Hg(OH)2 - 0.002 0.2 16.4 93.7

Total 100 100 100 100 100

b. MonomethvlComoounds
CH3HgCI 97.8 97.1 89.8 33.5 1.9
CH3HgOH 0.1 0.8 8.4 65.8 98.1
CH3Hg+ 2.1 2.1 1.9 0.7 0.04

Total 100 100 100 100 100

1 Adaptedfrom Lindqvist(1985).

Table 5.3 Henry's Law Constants of Atmospheric Mercury Compounds*

Compound Formula Henry Law Constant Temp(°C)
Elemental mercury Hg° 0.29 20
Methyl mercury (CH3)2Hg 0.15 0

0.31 25,,, , J ,, ,,.,.

Methyl mercury chloride CH3HgCI 0.9e-5 ' 10
1.6e-5 15
1.9e-5 25

, ,

Mercury hydroxide Hg(OH)2 1.6e-6 10
3.2e-6 25

Methyl mercury hydroxide CH._HgOH ~10e.7
Methyl chloride HgCI2 1.2e-8 10

2.9e-8 25

*adopted from Lindqvist (1985).

Mero-_/can be retained in the atmosphere for long periods and consequently is transportedover long distances
(Lindq_st, 1985). Elemental mercury has a residence time between 0.5 and 1.5 years, whereas most oxidized
species have lifetimes of hours or days in the atmosphere (Iveffeldt and Lindqvist, 1986). Short lifetimes imply
rapiddeposition and thus local impacts. Assuming a lifetime of one day, these compoundswould be tmns_rted
several hundred kilometers downwind before they convert to other forms;this provides an estimate of the scale of
interestfor local impacts. In this assessment,the fractionof soluble to total mercuryis assumed to remain roughly
thesame within the geographicalscale considered(i.e., 50-100 km radius).

5.4 Mercury in Terrestrial Systems

Nater and Grigal (1992) sampled organic litter and surface and subsurface soils along a broad transect in
Minnesota, Wisconsin, and Michigan. They noted a slight increase in surfaceHg from west to east, which is
consistentwith increasing anthropogenicdeposition. The subsurfaceHg appearedto be invariant with direction,
andcomparison of the difference between the range of values found at the surfacewith subsurfaceFig implied from
35 to 165years of deposition"at the estimatedpresent depositionrateof 15 ttg/m2/y. Hg concentrations in organic
litterwere much higher than in soil, and also higher than in mostU.S. coals. The amount of Hg currentlystoredin
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the terrestrialreservoirappears to be much higher than the annual rates of deposition, even aroundpoint sources
(see below).

5.S Plume Dispersion
e

The Hg concentrations used in this study are annual average ambient concentrations at ground-level, estimated
from a Gaussian dispersion model, assumingpoint-sourcereleases (Lipfertet al., 1986). Hourlyaverage estimates

' from models of this type are consideredto be accuratewithin a factor of 2 at least 50% of the time (Turneret al.,
1985),when applied to flat terrainanddownwind distancesfrom a few hundredmetersto abouttwentykilometers.
The statistical propertiesof the distributions of plume impacts are not well known, but since values cannot be
negative, a log normal distribution may be a reasonableassumptionfor this purpose. This assumption translates
into a geometric standarddeviationof about2.8, such thatthe 95%confidence limits for an individual impactwith
a median value of 1.0 would be about0.13 and 7.8 (plus or minus a factorof 7.8). However,based on a peak-to-
mean concentrationratio of 30, therewould be about 260 such impact events annually,such that the corresponding
uncertainty in the annual average would be plus/minus 13%. If the model were run for a longer period, the
confidencelimits wouldbecome even tighter. These calculationspertainto a single pointsource;the impacts from
multiple sources are additive on an annual basis, but rarely on an individual impact e_ent basis (which would
require the multiple plumes to coincide in direction). The uncertain_ of these predictions when applied over
complex terrainand longer distances is significantly greater.

The atmosphericHg concentrationsused in this studyare annual averagesat groundlevel. Although ratesof total
deposition may depend on the vertical distribution of mercurywithin the plume, ground level concentrationsare
usedbecause the drydepositionvelocity (Vd) and the washout ratio (WR)are defined in referenceto ground level
concentrations:

Vd = Deposition flux of compoundto the ground
Concentration of compoundin surface-levelair

WR = _oncentrati0n of c0mpou.ndin vrecivitation
Concentration of compoundin surface-levelair

The assumption embeddedin these definitions is that the vertical distributionof Hg concentrationsdownwind of
the release is uniform over a certain height H. This is true at distances greater than about 2 km under most
atmospheric conditions, as discussed below; it may not be true at the point of maximum ground-level impact.
However, it is not clear whether the values of Vd and WR available from the literatureare applicableto plume
impactconditions, in any event.

The lower part of the troposphere, the atmospheric boundary layer (ABL), is closely coupled with the earth's
surfaceby turbulentexchange of mass, momentumand energy. The depth of the ABL varies from tens of meters
when the air near the surface is stably stratified, to several kilometerswhen the atmosphericconditions are highly
unstable. In the lowest partof the ABL, the surface layer (SL), concentrationof pollutants may vary significantly
with height. However, the thickness of the SL is small, about 10%of the thickness of the ABL. Above the $L, in
the bulk of the ABL, in most locations and for most of the time, turbulent eddies predominantlyaffect vertical
transport,mixing is very efficient,and verticalconcentrationgradientsare very small (Dabberdtet al., 1993).

m

Goldberg (1972) has suggested that all atmospheric Hg is included in a column not higher than 5 km, whereas
Williston (1968) showed that the highest concentrationsof Hg are close to the ground. Based on these studies,
Airey(1982) concluded that it is more realistic to use averageconcentrations within heights of 0.5 km or less for
scavenging calculations. Wet deposition estimates in this assessment are based only on Hg concentrations

• calculatedat groundlevel.
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5.6AtmosphericRemovalProcessesforHg

Mercuryisremovedfromtheatmospherebytwomechanisms:l)"dry"deposition,(i.e.,depositionintheabsence
ofhydrometeors),2)wetdeposition,(i.e.,absorptionintodropletsfollowedbydropletremovalandprecipitation).
Both mechanisms arc driven by the concentrationof Hg in the air, that is, higher ambientHg concentrationsresult
in proportionatelyhigherdeposition rates.

Mercuryfluxes from soils and natural waters havebeen studied in the laboratoryand in the field. Dry deposition
has been found to be quite variablein terms of both magnitudeand direction - undercertain conditions, both soils
and water bodies can emit mercury vapor, especially as temperature increases. In remote areas away from
anthropogenicmercurysources,only wet deposition has a known(constant)directionof mass transfer.

5.6.1 Dry Dg_oosition. Dry deposition can be parameterizedby a deposition velocity, Vd, which was defined
above. The dry deposition velocity of particles depends on their physical state and size distribution, whereas the
deposition velocity of gases is mainly dependent on the characteristicsof the surfaceon which the particles are
deposited. Only a small fractionof Hg exists in particulateform in U.S. power plant emissions, since these plants
are equippedwith particulatecontrols. In this study, it was assumed that the fractionof particulates in the post-
controlemission stream is 1%of the total mercuryemitted,based on the finding of a particulatecontent of 0.7% in
a Tennessee plantby Lindberget al. (1991).

Although recent data indicatethat a high proportionof mercuryin coal-fired power plant stacks may be Hg++, no
information is available on its composition as it travelsdownwind in the plume. It has been suggested that the
Hg++ may be reducedback to Hg0 by SO2 (S.E. Lindberg,personal communication,October 1993). However, in
the presence of HCI, Hg++ will be complexed as HgCI2, which would allow little reduction; Hg++ may be
distributedbetweengasanddropletphases,whichcanaffect its dry depositionvelocity(C. Seigneur,personal
communication,April, 1994). As a reactivegas(suchasHNO3), it maybeexpectedto depositrapidly. The dry
depositionrates for particlesdependontheirsizes;fine particlesdry.depositmuchmoreslowlythanreactivegases,
forexample.

Valuesof depositionvelocity'of mercuryvaporsreportedin theliteraturerangefrom0.006 to0.5 ends,thelowest
depositionratesoccurringin a deciduousforestduringthedormantperiod. Clark(1993)reportsvaluesfor forests
whichvaryfrom0.00] cm]sinwinterto 0.03 endsinsummer.Foran initialestimateof drydepositionof gaseous
Hg0, an estimate_ value of 0.02 cm/s is used. It is importantto note that the more reactiveforms of Hg such as
Hg++ or HgCI2 n_y be deposited at higher velocities than elemental Hg0. Deposition of reactivecompounds is
not limited by leaf pa_.F,ways (e.g., stomataand mesophyll) but is !_rimarilycontrolledby aerodynamic resistance.
Deposition velocities of reactive gases can range from about 10"-' cm/s up to 10 cm/s; their values depending
primarily of the chemical characteristics of the gas and the roughness of the surface (see Table 5.4). From these
values it appearsthat a good approximationfor HgCI2 drydeposition is 1.9 cm/s.

The rate of drydeposition can be expressed as

DD=Vd C(r,0) Id [5oll

where Vd is expressed in m/s, C(r,0) is the ambient ground level concentrationat distance r from the source
[g/m3], and Id is the ratio of the time that is either dry or rains only lightly, i.e., not more than 0.1 inch per hour.
The 1_!value used in the currentstudy is 0.92, which corresponds to typicalNortheasternU.S. climate.
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Table 5.4 Typical Dry Deposition Velocity (Vd) Values of Some Reactive Gases

Compound Surface ,, Vd,,r,aneefends)
CI2 alfalfa 1.8.2.1

, fluorides forage 1.4-2.4
iodine grass 0.5-4.0
NO2 alfalfa 1.9

• SO2 forest < 2
SO2 mediumgrass 0.8-1.9
$0 2 water 0.46

so_: Sehmel (1980)

Table S.S Measured Values of Wet Deposition of Hg

location wet dep rate(_g/..m_2_/) precipitatiQnfro) reference
NE Minnesota 12.6 0.67 Sorensenet al., 1990
southernSweden 20 -0.8 Johanssonet al., 1991
New England coast 10 1.0 Fogg&Fi_-,.gerald,1979
New Jerseybackgr. 10-12 1.0 Greenberg_.*al., 1992
Italy(background) 6-7 ~1.0 Ferraraet al. (2986)
Italy (urban) 10 ~1.0 Ferraraet al. (19_,_)
Italy(nearHg sources) 12-22 ~1.0 Ferraraet al. (1986)

5.6.2 Wel;Deposition. Wet deposition rates depend on the solubilityof the mercurycompounds present and the
rateof precipitation. Table 5.5 presentsdatafrom the literature.

The annualflux of mercurydepositionon ground-level surfacescanbe estimatedby

WW=WR C(x,y,0) P [5-2]

where WR is the washout ratio [dimensionless],C(x,y,0) is the ambientgroundlevel concentration[g/m3], and P
is the annual averageprecipitation[m/yr].

Washoutratios in the range of 103 to 106 are reported in the literature;these are listed in Table 5.6. The low
ratios listed in the first column of this table correspond to total mercury, whereas the highest value, 106
correspondsto particulatesemittedfromforest sources. In this assessment,a mid-pointvalueof 105 is used for the
deposition of water-solublemercury in the plume. This numberis based on soluble mercuryand is one to two i

ordersof magnitudehigher than the ratiosbased on total mercury.
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Table 5.6 Estimates of Approximate Hg Washout Ratios*

*ratiosof totalHg concentrationsin rainto various Hg concentrationsin air, dimensionless

Merry cQm_unds in air location reference
total Hg solubleHg

104 105 ruralSweden (a)
104 ruralItaly (a)
104 ruralUK (a)
3 x 104 urbanJapan (a)
0.8-1.4 x 103 centralItaly (b)
106 tropicalPacific (a)

_._Nmmmm_m_mm,z -- -=:-------::::: =--'_=--------_---=-_"-m ,ammqm.o,mmmm_.m ._,mNmmm,Nmmm_mmm.mm_

*ratiosof total Hg concentrationsin rainto variousHg concentrationsin air, dimensionless
References:(a) Lindqvist(1985) (b) Ferraraet al. (1986)

5.7 A Model of Anthropopnic Hg Accumulation in Lakes

Mcrcm3, contamination of remote lakes in the North-centralUnited States has been attributed to increasing
depositionof atmosphericmercury. Swain et al. (1992) measuredHgconcentrationsin sediments of seven lakes in
Minnesotaand Wisconsin and calculated thatthe annual atmosphericHg deposition(wet + dry) increasedfrom3.7
to 12.5 ttg/m2 since 1850. The lakes in this study were not in the vicinity of any power plants or other
anthropogenic sourceof mercuryand the deposition increasewas similaramong lakes, implying regional or global
sources for the mercury enteringthese lakes. These investigatorsalso foundthat atmospheric Hg deposition to an
areaof terrestrialcatchmentseveraltimes the size of a lake is transportedto the lake. According to their study,the
currentdepositionflux canbe describedfrom the equation

Ful[ttg/m2yr]- 12.5 + 3.27 Ad/AL [5-31

andthe preindustrialdepositionflux from

Ftd[ttg/m2yr]= 3.7 + 0.83 Ad/AL [5-4]

where Ad is the area of the terrestrialcatchmentaroundthe lake and AL is the area of the lake.

The depositionflux due to anthropogenicsources is estimatedby subtractingEquation [5-4] from [5-3]:

Ftd[ttg/m2yr]-- 8.8 + 2.44 Ad/AL [5-5]

For direct to depositionto a lake, this equation resultsin a flux of about 11 ttg/m2yr. This estimate includesboth
direct deposition of Hg from currentanthropogenic sources and deposition of atmospheric Hg which may have
come from outgassing from previouslydeposited Hg. For Ad/AL = 0, the estimate of currentdeposition fromF.q.
[5-3] is similar to other values measured in the United States for wet deposition alone (see above), implying a
modest contributionof dry deposition of elemental Hg. This also implies that these wet deposition measurements
must also reflect the presence of anthropogenicHg contributions,even in remotelocations.

An alternative scavenging model derived from field measurements(J. Shannon, personal communication, 1993) is
based on the assumption that any rain event will remove approximatelyhalf of the mercury in the atmosphere.
Mass balance calculations showed agreement with this hypothesis, under the assumptionsof: a) washout occurs
through an atmospheric boundary layer of 0.5 km thickness; b) the concentration of soluble Hg reduces
exponentially to 50% of its initial value during a single precipitation event; c) one hundred precipitationevents
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occur in a course of a year and the time between such events is sufficient for atmosphericmercuryto resume its
previousconcentration.

• 5.$ Measured Deposition Patterns Around Point Sources

Greenberget al. (1992) measured Hg concentrations in rain near a large resource recoveryplant in New Jersey.
• The maximumallowable emission rateis 45 g/h, and the stack height is about60 m (Greenberg, 1994). Using the

methods of Lipfen et al. (1986), a maximum annual average ground-levelconcentration of total Hg due to this
plant of about 1.3 ng/m3 is estimated, located about0.5 km downwind. The data on Hg in precipitation over the
six rain events sampled were then averagedby approximateradiusfrom the plant (Figure 5. I). The data clearly
show the maximum rain concentrationand thus wet deposition occurs close to the source (within about I km).
This is reasonablyconsistent with the present model, and the washout rat/onimplied by this comparison is about
I.I x 105, which is consistent with the data of Table 5.6 if a high fraction of soluble Hg in the stack plume is
assumed. Given the likely presence of CI"from burning plastics, the assumption seems reasonable. Although
Greenberget al. estimated the backgroundHg concentrationat about 18 ppt, the plot shows that 10-12 ppt is a
morelikely range. With I m of annual precipitation,the backgroundwet Hg deposition would be 10-12 pLg/m2y.
Figure 5.I also shows that the envelope of maximumHg depositiondecreases with distancefrom the plantat a rate
somewhere between r"I and r"2, depending on how much c4"edeneeis given to the data point based on only 1
sample. Hogstromet al. (19'79 estimated that about 30%of the mercuryemitted from a chlor-alkali plant was
depositedwithin the first4 km., althoughwet deposition appearedto be still elevatedat I0 times this distance.
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Figure 5.1. Average concentrations of Hg in precipitation, nleasured for 6 rain events, near a New Jersey
incinerator.Data fromGreenberget al. (I 992).

5.9 Plausibility Checks Based on Global Mass Balance Calculations

Oneway of verifyingthe reasonablenessof these parameterestimates involves examining global averages. Natural
sources of mercury were estimated to release from 2700-6000 tonnes annually (WHO, 1991), anthropogemc
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sourcesaddaboutanother3000tonnes.When referencedtothesurfaceareaoftheplanet(510x 106kin2),these
amounts would correspond to average flux rates of 11-18 l_g/m2/yr,assuming a uniformdistributionwith no point
sources. Laboratoryexperiments havefound flux ratesof a similar magnitude (Xiao et al., 1991), with a negative
sign (emission) in summer and a positive (deposition) sign in winter. This is consistent with the finding by
Hogsttom et al. (1979) of atmosphericmercurygradients radiatingaway from a point source even upwind of the
source,which was takenas evidence of the re-emission of previouslydeposited merctw/. Now, if a global average
Hg0 concentration of 1.5 ng/m3 (Lindqvist, 1985) and an average dry deposition velocity of 0.02 cm/s are
assumed,the resultingaverage deposition flux is about 10 _g/m2y. The globalaverage wet deposition flux appears
to be of the orderof at least 5 I_g/m2y,so that the total annual Hg depositedappearsto be about 15 _g/m2. which

f agrees with the figures quotedby Naterand Grigal (1992) and with the estimates of Swain et al. (1992) from lake
sediments, mentioned above.

An additional mass balance consideration includes the ratio of deposition to the apparenttotal Hg content of the
earth'satmosphere. Based on an estimatedglobal average ambientconcentrationof 1.5 ng/m3, the atmospheric
reservoirwould contain about 4500 tonnes of Hg. Using the estimated dry deposition velocity of 0.02 cm/s, the
annual rate of deposition would be about 3200 tonnes. When wetdeposition is added, these figures are roughly in
balance. The ratio of the atmospheric pool of Hg to the emission rategives an estimateof the averageHg residence
time, in this case about 1 year. If the atmosphericmercury is all trappedin a lower portionof the atmosphere,the
residencetime would be shorter.

5,10 The BNL Model for Incremental Hg Deposltion from Point Sources.

The total deposition of mercury on ground level surfaces can be estimated once the distributionof ground level
ambientconcentrationis known. In these atmospheric dispersion calculations, Hg emissions from a hypothetical
1000 MWe power plant working 75%of the time were assumed,together with an Hg content in coal of 0.08 ppm
(the U.S. average),and that 90%of it is emittedfrom the stack:the averageHgemission ratefrom the plantis thus
5.7 mg/s (0.05 lb/hr). The assumptionof 75% reactiveHg is consistentwith a coal chloride content of about0.1%
or more, if the dataof Figure 4.1 hold.

The model calculationsfor a hypothetical1000 MWe power plantarebased on the following parameters:

stack height: 200 m.
total Hg emission rate 5.7 m_s (180 kg/y)
maximumannual average groundlevel concentrationratio(X/Q) 6 x 10-9 secYm3
radius at which this occurs 2.0 km
distributionof wind and precipitationdirection uniform
annual precipitation 1 m.
fraction of paniculate H[g 0.007
fraction of soluble (Fig"-") Hg 0.75

(Hg species) H_g0 H_g++ H_gpart.
drydeposition velocities (cm/s) 0.02 1.9 -43

washout ratios -..0 105 106

In addition to these fixed parameters, the model requires information on the rate at which annual average air
concentrationsdecreasewith radius downwind of the plant. Data obtainedby Lipfertet al. (1986) from model runs
using the Cincinnati (OH)wind rosewere used. The rate of decreaseof Hg deposition downwind of the maximum
point is seen to be more gradualthan most of the data observednear an incinerator in New Jersey(Figure 5.1).

Shoulddata on ambientconcentrationsspecific to wind directions become available, then the relative frequencyof
precipitationforwinds in the appropriatedirection should be included in the model.

In this model, mercurynot deposited within 50 km of the source is assumed to remain airborne and to eventually
become partof the global background. Thus the rateof airborne mercuryflux beyondthe 50 km radius, is
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l ioorne =Q [5-61 ,
u

whereQ is the emission flow rate and Rid is the rateof total depositionwithin the specified radius, calculatedby
integratingthe product of deposition flu.,((Ftd) and incrementaldeposition area from the plant out to the desired

• radius. Note that circularsymmetryis assumed in this case, for simplicity.

50

Rtd = 2_ ]Ftd(r) r dr [5-7]
0

Thedepositionflux is thenestimatedasthesumof the contributionsfromwetanddrydepositionfor the3 groups
ofmercuryspeciesindexedby i: soluble,non-solubleandparticulateforms. Thus,

Ftd(r) = i_ DDi(r) + l:iWWi(r)' i=soluble,non-soluble,particulate [5-8]

where DDi(r) and WWi(r) are the fluxes of dry and wet depositionintroducedearlierin section 5.6. These fluxes
arecalculatedby

DDi(r) = Vd aiC(r,0) Id [5-91

WWi(r)= WR aiC(r,0) P [5-10]

where C(r,0) is the total ambientground level concentrationof total mercuryat distancer fromthe plant, ai is the
fractionsof the concentrationsof soluble, non-soluble and particulateforms of mercury,Id, is the ratio of time it
does notrain heavily in a particularlocation, andP is the annualaverageprecipitationin same location.

The resultsof these calculations are shown in Figure 5.2; note that the dry depositioncontributionis the difference
between the two curves shown. The extension to a radiusof 100 km is shown as a dotted line since Gaussian
models of this type aretraditionallylimited to 50 kin. The maximumpredictedtotal incrementaldeposition rateis
17 I_g/m2y,which drops slowly with radius for the first few kin. This value of local incremental depositionthus
only applies to small watersheds in the immediateVicinityof the plant. Since largerwatersheds wouldsee a lower
average incremental rateof deposition but would augmentthe directdeposition to the lake with run.off from the
watershed, this maximum value is used in the impact estimates. A factor of 2 is takenas the nominalestimate of
the local change in total Hg deposition due to the hypotheticalpower plant.

The total fractionof HS deposited out to 50 km is about 5.2%; to 100 km, about 6.7%. These fractionswould be
increased considerably if a shorter stack height had been assumed, since maximum concentrations increase
approximatelywith the squareof stack height. This probablyaccountsfor Hogstrom's(1979) finding of a higher
fraction of deposition near a chlor-alkali plant. The wet deposition rates are based on ground-level Hg
concentrations,which are assumed to be uniformwith height as a long-termaverage. Deposition in the first 2 km
from the stack is thus very uncertain, since some Hg could wash outof the plume while it is still alott. However,
the deposition measurements shown in Figure 5. I support the BNL model, and the surface area affected by this
uncertaintyis relativelysmall. Thus, this initial region has been neglected. The characteristiccurves for wet, dry

• and total depositionareparallelbecause all depositionis based on the same downwindprofile of annual averageair
concentrationand because uniform terrainand rates of precipitationareassumed.

, The total deposit/on rate witlun an area of 50 km arounda I000 MWe power plant is about I0 kg/yr; the residual
amount of about 170 kg/yr is assumed to contribute to the backgroundmercury. Sinceglobal Hg emissions from
naturaland anthropogenic sources are about 4000 and 3000-6000 tonnes per year, respectively (WHO, 1991), it
may be assumed that the global Figimpacts of a single power plant may be neglected. This may also be the case
for the entire U,S. utility industry,based on an estimatedtotalemission rateof 72 tonnes/y. Howeverthis analysis
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is essentially stationary in t/me - it does not consider the possible long-term effects of increases in the global pools
of Hg.

Altbough this is intended to be a probabilistic risk assessment, we have not studied the effects of uncertainties in
the parts of the overall risk model that deal with transport and deposition from a source. We have tried to allow for
some portion of this variability by varying the incremental deposition relative to background from 50% to 200%,
with the intent of includ/ng uncertainties about the model formulation as well as in the model parameters in this

range. Sensitivity studies would be useful to identify those elements of the local impact calculations that have the
largest effect.
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Figure 5.2 Estimate rates of total and wet deposition of mercury from a hypothetical 1000 MW e power plant
burning coal with average Hg content.
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6.0 MERCURY CONCENTRATION LEVELS IN SEAFOOD

Studies have shown that the only significant pathway for methylmercury to humans is through consumption of
, contaminated seafood (Constantinou et al., 1993; Gunderson, 1988). This results from the extremely low

concentrations of mercury in the atmosphere and in deposits and from the ability of predatory fish to
bioconcentrateMeHg by manyordersof magnitude.

As discussed below, the important fish contributionsto the U.S. diet include shellfish, canned fish products,and
fresh and frozen fin fish. Marine species tend to dominatethe last category, but freshwaterspecies are far more
likely to be affected by local and regional sources of mercury emissions. Mercury levels in each category are
dis_ below, from the perspectiveof estimating the statisticalpropertiesof their distributions.

6,1 Mercury Levels in Freshwater Fish

Much of the concern about mercury as an environmentalpollutant stems from the high concentrationsof MeHg
found in sport fish. Twenty-six states now have advisorieswith regard to consumptionof certain fish species
(Figure 6.1); concentrationthresholds range from 0.5 to 1 I,tg/g, and concentrationsin excess of these advisory
levels occur with some regularity (Gloss e'tal., 1990). Moreover, lakes and streamsin the interiorof the United
S_'_esare the locations most likely to be impactedby local sources of airbornemercuryemissions, including those
from coal burning. The success of any assessment of these effects thus depends critically on a detailed
understandingof the baseline levels of mercuryin fresh-waterspecies.

Figure6.1. States havingadvisories for fish consumptionbasedon mercurycontent.
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6.1.1 _PA Data Base. There is only one known naUonaldatabaseon contamhmntsin fresh-water _ies (U.S.
EPA, 1992), but these data were deliberatelyobtained from polluted locations (not necessarily polluted with
_rcury, however) and thus may not comprise a representativebaseline. Figure 6.2 shows the locations of
sampling and Figure 6.3 presents a frequencydistributionof the mercurylevels found, together with consumption
Fig advisory levels for several states. Most of the freshwaterspecies are included in the EPA data base, with the !

. notable exception of yellow perch (a small and generally less desirablespecies for sport fishing). The median of .
this distributionis 0.12 _g/g with a GSD of about2.3 0_asedon the upper tail). One can see from Figure 6.3 that
the upper and lower tails of the distributionarequite different, this probablyresultsfrom the inability to measure
very low Hg concentrations.

6.1.2 Data fromU?vcr Michizan. A moreuseful data set for the present purpose is that of Gloss et ai. (1990) and
Cusimanoet al. (1989, who sampled 49 lakes in the Upper Peninsula of Michigan as part of the National Surface
WaterSurvey. These lakes were thought to be remotefromlocal sources of mercurypollution. A variety of species
were caught, and detailed damwere presentedfor864 fish takenfrom 37 different lakes. These data were made
available to BNL for this analysis. The species forwhich mercuryanalyses were done included brooktrout, large
and small-mouth bass, northernpike,walleye, white sucker,and yellow perch. In termsof numbersof fish, yellow
perch was the dominantspecies. A detailedanalysisof this dataset by individualfish and by lake characteristics is
given in Appendix B.

The data on each fish include age, length, weight, and mercury content. The mercury data reported are total
mercury from muscle specimens: the MeHg content was reported to be about 99%. The lake data available in
Cusimano et al. (1989) included pH, DOC, certain chemical parameters,lake and watershed areas, sampling
depth, and hydrologicaltype. Deducing the importanceof lake propertieson mercury levels can be importantfor a
national assessment of the effects of coal burningbecause lake properties (especially acidity) vary regionally and
also affect fish abundance.

This analysis was intended to explore the dependence of Hg levels on fish characteristics, vis-a-vis lake
characteristics. This analysiswas conductedat two levels. First, data on the individual fish caught are used, in
orderto test for the dependence of mercury levels on various physical andchemical parameters. Then averages for
each lake and majorspecies (large mouth bass, northernpike, white sucker,and yellow perch) are used to examine
the influence of lake characteristics in more detail:data on mercury levels in the lake waters were not available.
Finally, the fish catch statistics were used to examine the probabilitiesof sport fishermen catching high-mercury
content fish by angling.

Figure 6.4 plots the frequencydistributions of Hg, for indivitlualspecies (Figure"6.4a)and averaged over all fish
species in each lake (Figures6.4b to 6.4c). Not only arethe distributionsof Hg within each lake positively skewed,
suggesting a log normaldistribution,the distributionsof the lake averagesand medians are similarly skewed. The
average of these medians is 0.21 ttg/g, with a GSD of 2.8, andthe medianlake had a median Fig level of 0.17 ttg/g.
Weighting by the numberof fish caught (speciesanalyzedfor Hg), the medianHg level was 0.28 _tg/g. There was
no relationshipbetween median mercury level and total mass of fish harvested (Figure 6.5). However, the most
productive lakes had mercurylevels slightly below the median forall lakes in this data set.

The distributionof median mercury levels in individual lakes is somewhat more variable than the distributions
within lakes. Thus, if it is assumed that a subsistence fishing populationmay be utilizing any randomly selected
lake, a GSD of about 3.0 seems appropriate,witha median Hg concentrationofabout 0.17 _tg/g. This implies 5%
and 95% lake medians of about 0.03 and 1.05 _tg/g,respectively. However, if more than one lake is utilized, as
would seem likely for lakes of this size, the variability in mercury levels averaged over the population's total fish
harvest would likely decrease. The largerthe populationat risk, the closertheir mercuryintakes will approachthe
average for the region. This may ex]_iainwhyepidemiological surveys of indigenous populations find so few cases
of adverse health effects: sampling variability dominates studies of small populations, and the tendency toward
more nearlyaverageconsumption levels affects large populations.
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Figure6.2.LocationsofsamplingbyEPA forcontaminantsinfish.Source:U.S.EPA (1992).
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The detailed analysis of mercmy in Upper Michigan fish (Appendix B) was limited by the relatively few
observations,but suggests the following conclusions:

. I. The effects of lakecharacteristicson fish mercurylevels varyby species;maximum levels for d/fl'erent
species (afteraccounting forweight) will not occur in the same lake, in general. This in turnsuuests that
assessments shouldbe specific to defined fish species, and that genericbioaccumulationfactorsshould not

, be used.

2. When statistically significant, the effects of DOC and pH on Hg have the expected signs, which
reinforcesthe conventionalwisdom about the relevant mechanisms forbioaccumulationof Hg.

3. The relative size of the catchment area for atmosphericmercurywas never a statistically significant
parameter,in spite of its large range, and was negative in 3 of the 4 cases. This finding suggests the
influence of other factors with regardto terrestrial transportof deposited Hg, which could include the
natureof the watershedterrainandgroundcover and lakevolume, It wouldappear from these data to bc
problematicto assume thata substantialfractionof the Hg depositedin the watershedwill end up in fish,
although doing so constitutesa conservativeassumption.

6.1.3 _Dat_on Mercu_ in FreshwaterFish from Other Sources. There are several additional sources of data on
mercuryin freshwaterfish; a summary of 3 of them is providedin Table 6.1. The average and median mercury
concentrations for fresh-water species sampled by EPA are 0.19 and 0.14 _g/g, respectively. The standard
deviation (SD) and geometric standard deviation (GSD) are0.15 and 2.46, respectively. These values providean
estimate of the maximum likely mercury concentration(based on 1.65 standarddeviations, or approximately the
95th percentile) of about 0.67 _g/g. Since the mercury concentrationcan never be negative and the maximum
species average was 0.68, it is concluded that the distributionamong species in Table 6. l is approximately log
normal and maybe representedby these statistics.

Figure 6.6 comparesthe results from the 3 surveys representedin Table 6. I. In most instances, the NOAA data
have higher mercury levels, suggesting a downward trend over time that might be due to a tendency toward
catching smaller fish. It is also possible that some of the discrepancymay be explained by changes in laboratory
techniquesover time.
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Figure 6.6. Comparisonof rig levels in freshwaterfin fish as determinedby EPA (1992) and NOAA (1978).
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Table 6.1 Mercury Levels in Freshwater Fish According to Three Surveys

.... tPAd,U (Ira FO,d,m(lure ' _ e,. (1era "

,_0 Jav'gHI; I elddov.. O ea.ml=4edlav'_H_ rl_ dJeampled Iw*gHg muHg' dJeampk)d
American Eel 0.190 1

Bees 0.267 002S 3

BIgmoum Buffalo O.OM 0.035 4
Black Buffalo O.120 1

Black Bullhead 0.073 0.040 2

Black C_app_e 0.150 010S 4
BkiokDrum 0.067 0.017 3 0.150 0.60 137

Bhick Redhoreo 0.160 1

Bhicklaii Redhorso 0.580 I

Blue Catfish 0.200 O.141 4

Bluegill 0.268 0.298 5 0.260 1.01 49
Bo_¢¢to 0.020 1

Bowf'_ 0.300 0.200 2

BddgeUpSucker 0.240 0.172 4
BrookTrout 0.105 0.025 2 0.025 OO.13 5

Brown Bullhead 0.093 0.047 3

Brown Trout O.126 0.O83 9
BullMad 0.025 1

Carp O.109 0.136 153 0.130 1 0.180 0.54 52

Catl'u;h O.128 0.091 13 0.020 00.02 11 O.150 0.38 35

Chain Pickerel 0.677 0.280 3
Channel Caffish O.121 0.082 26

ChkJelmouth 0.025 1

:Chub O.140 1

Coast Scuipin 0.02S 1

Gomposito Bonom O.t60 1

Crap¢_, 0.170 o.030 4 0.260 1.3g 212
CrayrcJh (whote) 0.025 1
Crook Chublucker O.GO0 1

Croaker 0.020 0.030 2

Cuflhroet Trout 0.070 1

OollyVarden 0.060 2
Flmlhud Caffiah 0.223 0.2S8 8

Freshwater Drum 0.157 0.064 3

_azerd Shed O.02S 1

GoldenRodtmmo 0.240 I

0.210 1

Gray RedhmN 0.150 1
Green8,rdeh 0.420 1
_oonlllh 0.070 I

Greylin 8u_ker 0.070 1
I.latdhead CatCh O,180 1

Lake Chublucker 0.130 I

Lake Trout 0.220 1

Lake Whitefish 0.0O0 1

Sucker 0.110 0.030 2

Laqlo-mw_uI5Bass 0.448 O.MI 60 0.310 1
e
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Table 6.1 (toni'd) Mercury Levels in Freshwater Fish According to Three Surveys

EPA dam (1092) FDA dahl (1_) _ NOAA dala (II78)

!Lo,_,.,s..nsh...... 0.145 0.015 2 ....
L.of1_rloeISucker 0.063 0.0_8 2

Mountain Whileflih 0.10O 1
N. Redhonlo 0.220 1

North Hogsucker 0.230 1

Per©h 0.130 0-0.31 3

Northern Pike 0.311 0.168 9 0.044 00.16 S 0,610 1.71 87
P_kerel 0.640 1

Ouillb_©k 0.040 1

Quillback Carl)sucker 0.366 1

Rainbow Trout 0.047 0.031 8

Red Drum 0,337 3

Redbreast Sunfish 0.070 1 0,310 1.20 1?4
Rede&r SunflIh 0.110 1
Redeye Ban 0.550 1

Radhorse Sucker 0.256 0.220 16

River C4rpsuckar 0.063 0.038 2
Rock Bass 0.160 0.036 3

Rollen (catfish) 0.010 1

S4cramenlo Sucker 0.122 0,089 3

S4uger 0.367 0.082 3

Sculpin 0.253 0.055 2
Shorl_ad Redhorse 0.125 I

S,hrerRadhorse O.140 1

Small-mouth Bass 0.323 0.259 22

•_nall,mouth Buffalo 0.156 0.088 4

Spot 0.280 0.360 2 0.040 0.18 80
Spolted Bass 0.410 0.170 2

81_=nedDrum 0.020 1

8pc_ed Sucker O.123 0.057 10

8quewflsh 0.420 0.306 9

Sbtped Bass 0.370 0.020 2 0.750 2.00 231
Sucker 0.120 0.063 37 0.I 10 0.05-0.19 3

111apto 0.046 0.032 2 0.010 0.0.02 8

Trout 0.1 I3 0.064 2 0.025 0-O.13 S
WalMye 0.404 0.387 21

Wlmlou_ 0.280 1 '

White Bass 0.362 0.209 6

White Catfleh 0.060 0,022 3

While Crappie 0.227 0.239 7
White Peroh 0.108 0.101 3

W1dloSucker 0.116 0.077 M

. White 8uflperch 0.130 1

Yeknv Btdlhesd 0.4(10 1
.......

Data sources:U.S. EPA (1992). IDA: Cramcr(1992). NOAA: Hail ct al. (1978).
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The variationamong these dataand with respect to the Michigan data discussed above is considerable, which is
further suggestive evidence of the role of environmental factors. For example, Sloan and Schofield (1983)
investigated the influence of Adirondack lake pH and of the effects lake liming as a means to reduce pH on
mercury levels in brook trout, and found that acid drainage lakes had the highest mercury levels regardlm of
liming status.

Sorensenet al. (1990) sampled northernpike in 65 Minnesota lakes and found Hg levels ranging from 0.14 to 1.52
pg/g, after standardizingto a fish length of 55 cm. Thus, the variationjust due to location (i.e., lake), implied a
GSD of about 2.0, while the Michigan data imply a GSD of about 3.0 when both fish species and length are also
varying. The lakes sampledby Sorensenet al. were much largeron average than the Michigan lakes (328 ha vs. 9
ha, and they founda negative relationshipbetweenlake size and lake mercurycontent. The mercurylevels in pike
in the two data sets are thus seen to be consistent. Sorensenet al. (1990) also found that the strongest correlates
with mercury in northern pike (after adjusting to a standard length) were mercury levels in lake water and in
zooplankton, which in turn were correlatedwith a numberof lake and watershed physical and chemical factors.
Their regressionequation for northern pike implied a small effect of lake pH, about 7% increasefor a pH change
from7 to 5.

Walleye Fig concentrationswere examined in 219 Wisconsin lakes by Lathrop et al. (1991). They found that
concentrationsincreasedwith fish size and decreasedwith lake alkalinity. The least acid lakes hadHg levels from
0.2 to 0.5 _g/g; the most acid lakes had Hg concentrations from 0.3 to 1.3 _g/g. However, only 42% of the
individual fish variation in Hg was explained by these parameters.

Richardsonand Currie(1993) cite the following dataon mercuryin fish found in Ontario lakes:

Hg level (j_g/g)
_'cies no. sampled no. lakes median range
lake trout 2968 182 0.20 0.01-6.13

walleye 5620 334 O.50 0.01-5.42
northernpike 4657 360 0.45 0.02-5.00
all combined 13245 607 0.39 0.01-45.13

These data are reasonably consistent with those from Upper Michigan but are weighted towards the high-Hg
species. The ranges of Hg imply GSD values of about 3.0 based on Figure A.4 (see Appendix), which is also
reasonably consistent with the U.S. survey data.

Hg data for 4 species from Lake St. Clair, MI (g. Hesselberg, personal communication, 1993) show a strong
downward trendin Figfrom 1970 to 1976, especially after the data are adjusted to a common weight for each year.
This trendis due to the phase-out ofa chlor-alkali plant: the gradual decline in the levels of rig in fish reflects the
lag in the biological processes after the Fig input was reduced. Presumably,a similar lag would be seen if a new
source were introduced.

It would appear from these results that a comprehensive assessment of the effects of lake morphology and
chemistry will require data on lake type (and probably watershed/lake area ratio and the types of terrain and
ground cover in the watershed), pH and DOC. The relative frequency of drainage vs. seepage lakes varies
regionally, seepage lakes are common in Floridaand in the upper Midwest, but less common in the Northeast (J.
Baker, personal communication, September 13, 1993).

6.2 Mercury in Marine Species

The most comprehensivesourceof data on mercuryin marine species is the NOAA survey reportedby Hall et al.
(1978), which is characterized by relativelylarge numbersof samples for each species (20-1000), almost 19,000
fish samples in all. A more recent source of marine mercury data was provided by the U.S. Food and Drug
Administration,based on very limited sampling (Cramer, 1992). These data are comparedto the EPA data set in
Table 6.2, and crossplots are provided for comparison in Figures 6.7a and b. The average and median mercury
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contents of shellfish sampled by EPA are0.051 and 0.026 lag/g,respectively.For marine fin fish, the figures were
0.21 lag/g and 0.11 lag/g, respectively. Note that the highest mercurylevels are found in swordfish and shark,
which ate species whose consumptionby humans tends to be limited. Mercury levels in the more commonly
consumed marine spo_es, including shrimp, flounder,pollock, salmon, and whitefish, are much lower. Tuna is

• discussed below, as areweighted averagemercurylevels.

The effect of the local marine environment in Southern California was assessed for dover sole by Fowler et at.
" (1975). They found no difference in average mercury levels between 11 fish taken from a coastal basin

contaminated with toxic metals in the sediments and 12 fish from an uncontaminatedcoastal basin off Santa
Barbara. This raises questionsas to the role played by local drydeposition and urban run-off(although Southern
California ,,,,'asprobablynot the best place to test this hypothesisfor mercurybecause of its typically modest
precipitationvolumes).

Figures6.6 and 6.7 show consistentlyhigher mercury levels in the 1978 NOAA survey. The questionarises as to
whetherthe differences maybe due to a decreasingtemporaltrendor to differences in the sampling characteristics.
Note from Table 6.2 that the older data set has far more samples per species, but the mean and medians of log
normaldistributionsareunaffectedby the numberof samples. The conclusion thus follows that the datasupporta
decreasing trend in average mercury in fish, but it is not possible to determine whetherthis is a real trend or an
artifact of sampling and analytical procedures. Figure 6.8 tries to estimate GSD's from the ratios of maximum to
average concentrations, recognizing that these will be underestimatesbecause the medians are always lower than
the averages in such distributions. Most of the data fall between GSDs of 1.5 and 3 and there is no consistent
difference between freshwaterand marine species in this regard.
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Figure 6.7. Comparisonof Hg levels in marine species as determinedby EPA (1992) and NOAA (1978). (a)
shellfish. (b) marinefin fish.
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Table 6.2 Mercury Levels in Marine Species According to Three Surveys

EPA dam (l_n_) FoA dell (1ffil2) " NOAA ¢iall(1970) o

.p._., '" l.v'oH9 ,._'_.v .,.m_. ;Y'9H_ ,,.._,. • ,amidsv'9H_,.maXH0 • ;,;m._-_
_J_k:ne 0.010 0.12 :O-
Clam NO 5 0.049 0.20 684 "

Crab 0.032 0.0.09 34 0.140 0.61 314

King Crab 0.070 0.24 I_
Lobster 0.060 0.0.14 3 0.340 1.60 770
SpinyLobster 0.020 1 0.110 0.37

Shrimp 0.180 0-2.0 11 0.040 0.33 353
Mussel 0.000 1

She,fish 0.000 1

Soft Shell Clams 0.017 0.009 3

Squki, Octopus NO 0.031 0.40 339

ScallOl_ 0.030 0.22 138
Oyslers 0.025 1 0.027 0.43 280

P,c,_oystsr, 0.025 o.00o 2
F_., o.oa3 o.o2o 14 0.06o o_o,os 4 0.0o6...... o.aa 117j
Ocean Pa¢ch 0.006 0-0.03 4 0.130 0.59 268

TrueCod 0.025 1 trace 2 0.125 0.59 134
Haddock trace 1 O.110 0.36 68

AtlanticCroaker 0.025 1 0.220 0.13-0.32 2 0.124 0.81 217

ISurfSmelt 0.030 I 0.016 0.06 53
Flathead Sole 0.033 0.008 1

Polkx:k 0.040 O.0.10 7 0.140 0.93 227

AlJantk:Salmon 0.050 0.000 2 0.005 0-O.11 22 0.040 0.21 806
Gklnt Kingfish 0.050 1 0.075 0.33 19

=Wldleflsh 0.060 I 0.044 0-0.31 8 0.034 0.23 84
Blackrmh 0.060 1

Stingray O.OeO I

While Sturgeon 0.095 O.OOS 2

SpottedSealrout 0.100 0.036 3 0.242 1.19 201
Weakfish 0.110 1 0.110 1

Mackerel 0.110 0-0.23 3 0.048 0.19 111
Pink Salmon 0.110 1

Diamond Turbot O.110 I

Bluefish 0.120 0.061 9 0.200 1 0.370 1.26 94
Brown Trout O.128 0.063 9

Mullet 0.025 1 0.140 0.0.27 2 0.016 0.26 191

Red Snapper 0.150 1 0.140 0.07-0.26 S 0.450 2.17 789
Tuna 0.170 0.0.75 245 0.260 0.90 261

Dolphin 0.170 0.12.0.21 3 0.140 0.53 73
, SaltwaterCatfish 0220 0.150 7 0.020 0.0.06 11 0.475 1.20 01

Bonito 0.360 I 0.340 0.74 438
Grouper 0.420 0.35.0.48 2 0.600 2.45 928
Chinook Salmon 0.320 1

Sheepshead 0.323 0.221 3

StripedBase 0.370 0.020 2 0.750 2.00 231

Swordfish 0.930 0.26-3.22 99 1.210 2.72 115
LongnoseGar 0.660 1 *

Leopard Shark 0.890 1 1.110 0.23-2.95 71 1.240 4.53 588

Dam sources:U.S. EPA (1992). FDA: Cramer(1992). NOAA: Hall et al. (1978).
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Figure 6.8. Ratios of maximumto average Hg concentrationsin NOAA fish samples,by species. Lines of constant
geometricstandarddeviations(GSD)areshown

6.3 Mercury in Canned Fish Products

Cannedtunafish representsan importantportionof averageAmericanfishconsumption,andspecialattentionis
warrantedto obtainan accuratemeasureof its mercurycontent. The otherimportantcannedfish speciesare
salmonandsardines,bothof whichhaveaverageMeHg around0.02 Ixg/g(Hail, 1974). Hall alsoanalyzed20
samplesof a varietyof cannedseafoodfor methylandtotalmercury. The averagemethylmercuryfor tunawas
0.32 I,tg/g,whichwasabout89%ofthetotalmercury.TheGSDof thisdistributionwasabout1.5.
The 1978NOAh, surveycontainedtotalmercurydataforthreetunaspecies:

_ecies # of samples av'eHg max Hlz
lightskipjack 70 O.144 0.385

, light yellowfin 115 0.271 0.870
white 76 0.350 0.904

. The weightedaverageof thesesamplesis0.26 I.tg/gandthe GSDis about 1.8. If thedataof Hall (1974) areused
to correctthedatato a methylmercurybasis,theaveragewouldbeabout0.23 Ixg/g.
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Canington (1993) derived a distribution for mercuryin canned tuna which had mean, median, and maximum
values of 0.19S, 0.15, and 0.87 P4g/g,respectively, and SD and GSD values of 0.144 and 2.16. This GSD value,
representing mercury differences due to fish age and weight and environment, is about the same as the GSD's
found among species. It is as,-umedthat these data are for total Hg, of which MeHg representsabout90% (Hall,
1974). If so, the correspondingMeHg level would be 0.175 lag/g.

Cramer (1992) reportsa mean concentration of methylmercury in tuna for 1991-2 (varietynot identified) of 0.17
_g/g, with a maximum of 0.75 I_g/gbased on 245 samples; these data are seen to be consistent with the earlier
samples. Data from the Seychelles Islands (Mathcws, 1983) show somewhathigher tunamercm7 levels (basedon
5 sampleseach): skipjack, 0.29 I_g; yellowfin, 0.23 _g/g; and dogtooth, 1.22 _S/S. These data showed that fish
weight was an important parameter (Figure 6.9); dogtoothand skipjacktuna had about the same mercury levels
after accounting for weight' but yellowfin tuna was an orderof magnitude lower. In 1992, skipjackand yellowfin
accounted for the bulk of commercial landings of tuna by U.S. vessels; 66% and 29%, respectively.) Figure 6.9
also supports the existence of important interspecies gradients in mercuryfor marine fish taken from the same
waters, after accounting for differences in weight. This figure reflects the results of a multiple regression of
log(Hg) against log(weight), with species types as dummy variables, all variableswere stat/sticaIlysignificant and
the effect of weight was very nearly linear. Note that the mercury content of fish could also be related to fish
length or age; bioaccumulation results in part from the relatively long half-life of MeHg in fish. For these
purposes, fish weight is preferredratherthan age, since weight has more relevance to _henumbers of fish meals
andto actual MeHg doses.

Furtherdata on average methylmercury levels in canned tunawere reportedby Yess (1993), who found an average
level of 0.17 ttg/g in 220 samples analyzed by various IDA laboratories. White tuna had higher Hg levels and
tuna packed in oii had substantially lower levels. The median mercury level was 0.14 l.tg/g. However, the
minimum detectable level (MDL) was 0. I0 rig/g, and these values were treatedas 0.0; treating them as half of the
MDL would increase the mean to 0.18 ttg/g. The GSD was about2.3 afterthis correctionwas made.These dataon
mercurylevels in tuna supporta decreasing trend over time during the 19"/0s,it is not clear whether this trend
might be continuing. Anecdotal evidence suggests that such a trend could result from the tendency to harvest
smaller fish, in part because of the increasing scarcityof the resource; smallerfish will have lower mercurylevels,
on average.

1
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Figure 6.9. Mercuryconcentrations in selected species of fish caught in the Seychelles Islands. Lines are best-fit
slopes from a multiple regression against weight and dummy variables for each species. Plotting symbols:
B=bonito, DT=dogtooth tuna, K=kingfish, ST=skipjacktuna,YT=yellowt'mtuna. Data from Mathews(1983).

36



6.4 Summary of Data on Mercury Levels In Fish

Table 6.3 summarizes the parametersof the distributionsof mercuryin fish for the major data sets that were
' examined, based on the assumption of log normaldistributions. In summary,substantialvariationsin the mercury

concentrationsreportedfor a given fish species are found. Some of this may be due to differences in laboratory
techniques over time and the use of total Hg vs. MeHg, but the main sourcesof variability within a given species

' arefish size and age, and for freshwaterspecies, lakeDOCand pH. The effectof watershed/lakesurface area ratio
on Hg content could not be identified from these data (Upper Michigan data; see Appendix B). The variations
among species averages were of about the same orderas those within species, and were probablyrelated to the
trophic level of the fish. If tunafish are consideredseparately, there was no differencebetween mercurylevels in
marineshellfish and marine fin fish, when weighted by the quantifiescaught. Mercury levels for freshwatergame
fish were higher and morevariable, in general. There was the suggestion of a downwardtrend in Hg levels over
time, especially forcanned tuna,but this could notbe confirmedstatistically. Betterdataon currentmercury levels
in seafood arebadlyneeded.

Table 6.3 Summary Data on Mercury Concentrations in Fish

Reference , Year (data) SV¢_:i¢_.... Lo_0tion MedianHa .....GSD Notes
(_g/g)

EPA, 1992 all U.S. 0.12 2.5
freshwater U,S. 0.14 2.5

Glossetal. freshwater Michigan 0.21 2.8 (withinlakes)
(1990) " " 0.17 3.0 (betweenlakes)

" " 0.22 (indiv.fish)

Sorensenet al. freshwater Minnesota 0.39 2.0 (standardized
(1990) to 55 cm)

Richardson & freshwater Ontario 0.39 3.0
Currie

Hall (1974) tuna 0.32 1.5

Hall (1978) 1978 tuna 0.23 1.8
NOAA

Carrington tuna O.15 2.16

Cramer tuna 0.17

Yess tuna 0.14 2.3
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7.0 FISH CONSUMPTION RATES AND ESTIMATES OF POPULATION Hg DOSES

As mentionedpreviously, for the purposes of this assessment it is assumed that the majorpathway for MeHg is
ingestion of smd'ood. This is less likely to be true for low doses, but the assessment is aimed at high doses of
MeHg. The population-averageratesof consumption of fish may be estimated from fisheries productiondata, but
their distributions must be obtainedfrom surveys. One of the important statistics needed from surveys is the
fractionof non-consumersin the population. The mercuryconcentrationdata referredto in this section were taken
from Tables 6. I and 6.2; dose estimates based on numbers of meals consumedassume fish servings of 200 g per
meal.

7.1 Production Statistics

The NationalMarine Fisheries Service(NMPS) publishesan annual reportthatgives U.S. productionstatistics and
trends, with emphasis on marine species. GreatLakes fish productionstatistics are available from the U.S. Fish
and Wildlife Service's GreatLakes Laboratory;this seems to be the only reliable source of production data on

' freshwaterspecies.

7.1.1 Marine Species. The National Marine Fisheries Sen'ice (NIv_S) publishes an annual report on the U.S.
commercial fish catchand its disposition, including humanconsumption. Figure 7. la presentsconsumption trends
since 1910; overall consumption has risen since the late 1960s, peaking in 1986. The subsequent decline in
consumptionhas been attributedto a world-wide decline in the resource(Brown ct al,, 1993), and, presumablyas a
result, prices have risen. This situationmay add to the demandfor recreationalfish catches. However, the New
York Times (August9, 1993) reportedthatregional (]_xr, NJ, CT)commercial marinecatches have increased 59%
over the past 5 years and recreationalfishing has declined, in part because of a limit imposed on the number of
bluefishthat maybc takenper day.

Ahmed (1991) cited the following 1990 NMFS percapita productionfigures:

total commercial fish and shellfish: 19.8g/d
fin fish 8.8 g/d
shellfish 4.2 g/d
canned seafood products 6.3 g/d

In additionto the 4 billion poundcommercial catch, NMFS reportsthat 600 million pounds of fin fish were caught
by 17million anglers, and 200.300 ndllion pounds of shellfish were harvested(an estimate not based on statistics).
Assuming that 50% of the catchwas eaten and was distributedover the anglers'households, additional 8 g/d is
estimated for that portion of the population. Assuming that the figure for the recreational shellfish harvest
representsonly edible meat, these figures would be increasedby another30-50%,butthere is no way to identify the
population involved in recreationalshellfishing. Ahmed (1991) also reports that consumption of commercially
caughtseafood increased 60%from 1979 to 1989; the NMFS figures published in 1993 show an increase of only
20%.

The 1992 U.S. seafoodconsumptionratefromcommercialsources is about 18 g/d perperson, of which about6 g/d
is from canned product and about0.3 g/d representssmokedor salted fish (NMFS, 1993). The largest sourceof
the increase in fish consumptionwas for fresh and frozen fish. All of these productionstatistics are based on the
entireU,S. population, ratherthan the populationof fish-eaters.

Figure 7.lb shows recent trends in the consumption of canned fish products. Tuna fish accounts for the bulk of
this category, currently about4.5 g/d, on average. Salmon and shellfish are the next most important canned fish
categories. Figure 7. lc displays recent trends for the fresh and frozen fish categories (this is not a cumulative
plot), which totaledabout3 g/d forshrimp, 3.5 g/d for fillets andsteaks, and 1.2 g/d for fish sticks and portions.
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Figure 7.1. Trend in U.S. per capita fish consumption. (a) Major categories (cumulative plots). (b) selected
canned fish products (cumulative plots). (c) Trends in consumption of selected fresh and frozen seafood
(individual trend lines). Data from National Marine Fisheries Service (1993).
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It is Jmumedthatthislastcategoryrepresentsmainlywhitingandallied species,whichtendtobe lowin mercury.
These 3 categories account forabout 8 g/d of the approximately12 g/d "freshand frozen"fish in Figure 7.1a.

Fiflm'e7.2 displays the distribution of commercial fish landings by location of the ports. The most important
region is the Pacific Coast and Alaska, followed by the Gulf Coast. Great Lakes landings (freshwater fish)
accountedfor only a tiny fraction (0.3%) of the total in 1992, these fisheries have been declining in commercial
importancefor decades.

Great Lakes (0.3% Em (6.7%).,,,,,
ntic (_. tTol

apeake (7.1%)

Atlantic (2.5%)

Coast (14.8%)

Pacific, Alaska (65.9%)
!

Figure7,2.Liveweightsharesofthe1992U.S.commercialdomest.icfishcatch,bygeographicregionoflanding
port.DatafromNationalMarineFisheriesService(1993).

7.1,2 Freshwater Svecies. The GreatLakes Research Centerof the U.S. Fish and Wildlife Service supplied data
on 1991 commercial fish production,by state and individual Great Lake. The total catch for human food was
given as about 30 million pounds, which checks reasonablywell with the 39 million pound figure (live weight)
reportedby NMFS for Great Lakes ports. This amounts to about 0.6 g per person per day for those 7 states
(excluding Pennsylvania because of its limited lake shoreline), so that it is apparentthatGreatLakes fish must not
constitute a major source of fish food, even for the local region. In addition, whitefish was the most common
species, which is very low in mercury. The distributionof mercuryintakeby species for this fish source is given in
Figure7.3; yellow perch slightly exceeds whitefish, becauseof its muchhigherHgcontent.
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Figure 7.3. Shares of the total mercuryburden in 1991 GreatLakes commercial fish landings, by species. The
weightedaverageconcentrationwas0.11 ppm. Data on fish landingsfrom U.S. Fish and Wildlife Senice; dataon
Hgconcentrationsfromvarious sources.

7,2 Surveys

Data from productionstatistics provideoverall cottsumptionrates, but not their distributionwithin the populations
at risk. This type of informationcan only come from surveys, several of which are reviewed in this section.
Although the extant fish consumption surveysvary considerably in design, some useful information is available
fromalmost all of them. All of these figures aregiven in units of g/person/day(unless otherwisestated).

7.2.1 N'HANE$. The U.S. National Center for Health Statistics surveyed about 28,000 people of all ages from
April 1971 to June 19"/4,as partof their National Healthand NutritionExamination Survey (hi-IANES) (Carroll
andAbraham, 1979). This sun'ey showed that about40% of adult females and about45% of adult males "seldom
or never"ate fish/shel_sh and thatmost of the remainingpopulation ate fish 1-6 times a week. For personsbelow
the poverty level, 0.6% of the sample ate fish every day,,48.4% ate 1-6 times per week, and 51%, seldom or never.
For those above the.povertyline, 0.1% ate fish twice a day, 1% ate everyday, 54% 1-6 times perweek, and 44.9%,
seldom or never. Because most of the population feli into the very broad categories of "seldomor never"or 1-6

meals per week this survey was not very useful for estimating detailed consumption rates within that range.
"Seldom"could be as often as once per month, forexample. However,these data do confirmthat seafoodwas nota
stapleelement of the U.S. diet in the early 1970s.

7.2.2 be NPD Survey- GreatLakes States. Survey data from the National Marine Fisheries Service were made
available by the IDA (G. Cramer, personal communication, 1993), consisting of portions of a l-year national
sample of about 7000 families. About 26,000 panelists completed this survey, reporting the species of fish that
they had consumed within a month; the panel was subdividedevenly to cover an entire year. This portion of the

• NPD surveypertained only to fish consumers in the 8 GreatLakes states, and give average daily consumption of 9
selected freshwaterspecies and of total fish consumption. The actual surveysample size for the 8 states was 2201
persons and was conducted by NPD Research during 1973-".4 (funded by the Tuna Research Institute). The

• consumptionof total and selected freshwaterfish are given in Table 7.1; the marine fish consumptionrates were
obtainedby difference.
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Table 7.1 Results of a Survey of Fish Consumption(j/d) In 8 Great Lakes States, 1973.74

State. Sclecled fresh-water .......... Marinefish ........Total
11, 8.9 13.0 21.9
IN 6.8 9.6 16.4 e

7.3 9.9 i7.2
MN 9.8 8.2 18.0

N_ 6.2 18.3 24.4
OH 8.2 1i.4 19.6

i PA 6.6 12.4 i8.9
WI 10.2 9.5 19.7

Source:NPD Research,Inc.

For all 8 states, the average per capita consumption of selected freshwaterspecies was 7.7 g/d; marine species
averaged 12.6 s/d, for a total of 20.2 s/d, which is substantiallyhigher than the nationalaverage for those years
(15.5 j/d). To place these figures in the context of the 1992 productionvalues cited above, the non-canned portion
(as estimatedfrom nationalproductionfigures) should be multipliedby 1.34 to account for the temporal trend;this
gives an estimate of 24.7 g/d for this segment of the population on a 1992 basis. Incidentally,the EPA Exposure
Factors Handbookcites a figure of 6.5 g/d for the average non.marine fish consumption rate, averaged over the
entire population, including nonconsumers. Comparing the national total fish consumption figure from this
survey, as reported by by Goyer et al. (1985), with the Nq_S commercialproductiontotals for those years shows
thatabout 13%of fish consumption is from noncommercialsources. The NPD survey (as reportedby EPA) also
showed thatpeople in Census Regions with coastal states consumedabout20% morefish on averagethan those in
the interiorregions. The GSD for the datareportedby EPAfor the NPD surveywas about2.15.

The value for marine species in Table 7.1 is slightly lower than the value for commercial landings from Figure
7.1a, whereas it would be expected to be higher since non-fisheaters were excluded from this survey. The
differencecould be due to wastage or non-food use of some portion of the catch, poor recall from the survey, or
errors in the weights of the average meals assumed (which increasedwith age and were higher for adult males).
The minimum, 90th percentile, 99th percentile, and maximum values for all 8 states were 0.1, 15.7, 36.8, and
160.2 for selected freshwaterspecies, and 0.3, 41.7, 92.3, and 201.4 for total fish consumption. This maximum
value correspondsto about 1.2 meals per day for an adult male and 1.5 meals per day for an adult female. The
implied GSDs of these distributions are about 2.5 for freshwaterspecies and 2.0 for all types of fish. Figure 7.4
gives the distributionof mercurydose by freshwaterspecies; pike is the main source. This survey did not provide
data on the fraction of non-fisheaters in those states, but about 95% of the national sample reported eating some
seafood.

7.2.3 USDA Surveys. The U.S. Department of Agriculture (USDA) surveyed food consumption by 38,000
individualsstratifiedinto 16 age-sex groups (Pao et al., 1982). These data were collected for 3-day periods in the
48 conterminousstates; only 24.5% of the sample reportedeating any fish or shellfish within a 3-dayperiod. 0.4%
reportedeating fish on all 3 days; the median numberof fish meals for fish consumers was 1.2 in 3 days, or 146
meals per year. The median amountconsumed (by fisheaters) in 3 days was 37 g/d, which is substantially higher
than any of the other sources of data, the GSD (as reported by EPA, 1990) was about 2.3, which is also slightly
higher, probablybecauseof the short period of record. Assuming thatthe 75.5% of the population not eating fish
during the 3-day survey were in fact non-fisheaters, the national averageconsumption ratewould be about 9 g/d,
which seems too low by about a factorof 2.
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Figure 7.4. Sharesof dietary HB basedon freshwaterfish consumptiondata from 8 Great Lakes states.
ConsumptiondatafromtheNPD survey(1973-74).

For adultsfrom age35 to 75, theseconsumptionratesareslightlyhigher. Assuminga weeklyfish consumption
cyclefor everyone,i.e., that someportionof the "75.5%apparentnonconsumersate fishon theother4 days,and
that theother24.5% did not eatfishon the nonsurveydays,theaveragelong-termconsumptionrateof all usersin
this surveywould be diluted by 3/7, yielding a median daily rateof about 16 g/d on a long-termrather than a 3-day
basis. Tiffs value agrees fairly well with the other surveys and the productiondata. Another approach is to
multiply the mean serving size by 52 to get an annual rate; this results in a mean daily rate (for the whole
population)of 16.6 f/d, which also checks fairlywell withotherestimates.

Even though the USDA survey may not be very useful forabsolutevalues, these datamay be useful for estimating
relative distributionsby age and sex, by geographic region, and by otherdemographiccharacteristics. The survey
also gives breakdownsfor shrimp, canned tuna, and fin fish other than canned, dried,and raw. Figu_'e7.5 plots
consumption rates by household income for the Northcentralstates, forcentralcities, suburbs,and nonmetropolitan
areas, on the basis of "users" (during the 3-day period) (Figure 7.5a) and the whole population (Figure 7.5b).
Suburbanrespondents tended to consume the least fish at most income levels, and centralcity residents the most;
however, high income nonmetropolitan respondentsshowed the highest consumptionrates, abou' a meal every
otherday (during the 3-day surveyperiod).

Although the USDA survey does not present actual figures on annual mean consumption, it does give data in the
same formats for all fish, canned tuna, shrimp, and "fin fish other than canned,dried and raw." By comparing
similar statistics for these various categories, estimates of the fractional consumption rates may be obtained,
assuming that the survey respondents had similareating patterns(i.e., 3-dayvs. long-term)for each category. For
example, 0.4% of the sample aresome fish on all 3 days, 0.1% ate fin fish, 0.1% ate tuna,and less than 0.1% ate
shrimp. Similar relationships are seen among species for the other frequenciesof consumption, but for these

, purposes,serving sizes must be considered. To do this, the product of the quantitieseaten per occasion and the
fractionof the populationusing the product duringthe 3-dayperiodare used. This gives the following breakdown
of total fish consumed:

cannedtuna: 18.3% '"
fin fish: 73.3%
shrimp: 5.8%
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The remaining2.6% is assumed to be other formsof seafood. The tuna share of 18.3% translates into 3.3 g/d by
this methodology,based on a value of 18 g/d (from commercialproductionstatistics)forall typesof seafood. Since
the USDA surveyincludes fish from noncommercialsources,this figure is expected to be on the low side (the tuna
productionfigure is 4.5 g/d). However, this methodologydoes not workfor shrimpconsumption;the 5.8% share is
not compatible with the previous estimate of 4.5 g/d. The difference between the survey figures and the
commercial production figures could also be due to differences in dietary habits between tuna and fin fish
consumers; if people are more likely to eat tuna evew day than they are fin fish (which, incidentally is not
supportedby the survey), then this methodologywill underestimatethe tuna contribution. The problem with the
shrimpdatacould also be that infrequentconsumptioncannotbe accuratelymeasuredwith a 3-day survey.
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Figure 7.5. Survey results on consumption of fish and shellfish in the Northcentral U.S., spring 1977, by
residentiallocation and householdincome(datafrom USDA). (a) consumptionratesfor usersduring a 3-day
period. (b)consumptionratesfor thewholepopulation.
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The USDA 3-daysurveydatawereusedby theEnvironmentalProtectionAgency(EPA)toprovidenational
esfimntesoffish/shellfishconsumptionon anacutebasis,i.e.,thedistributionofconsumptionon anygivenday
(U.S.EPA, 1992,AppendixF). Theseestimatesarenotparticularlyusefulforestimatingthe long-term

, consumption patterns needed to estimate equilibrium levels of mercury in human blood. However, the GSDs of
these distributionswere in the range 1.6 to 2.5.

• 7.2.4 Surveysof Fishermen. New York State surveyed 17,000 freshwaterfishermenin 1988 and collected dataon
fish consumptionand time spent angling for selected species (ConneUyet al., 1990). The most popular species
were bass (type not specified), trout,walleye, and yellow perch, all of which tend to have elevated mercurylevels.
4530 respondentsreported eating an average of 45 fish meals per year (about22 g/d), and includes all kinds of
fish, whetherobtained from sport fishing or not. This value checks well with the earlier survey (NPD) reported
above. The number of meals eaten increased with age, education, and income, but was reasonably uniform
throughoutthe state. Those anglers whofished Lake Ontarioreportedconsumingabout7 meals per year fromthis
source (3.5 g/d); 15%reportedeating morethan 12 meals per year(in contraventionof the state health advisory).
The NPD surveyof freshwaterfish consumers in New York reportedabove foundabout 12 meals per yearfrom all
waters. Althoughabout 70% of those surveyedreportedthat food was an importantmotivationfor fishing in New
York, abouthalf of the fish caughtwere releasedor disposed of.

In 1993, the U.S. EPA sponsoreda survey of anglers using the Ohio River for the 12 months following April 1,
1991. The main emphasis of the survey was on knowledge of and compliance with health advisories on
contaminantsin fish. Five thousand questionnaireswere distributedto holdersof fishing licenses in counties near
the Ohio River in 6 states; responseswere received on the importanceof health advisories, fish consumption by
species, and fish preparationmethods(Knuthet al., 1993). Responses indicating the numbersof meals of different
species were receivedfrom 1084 people;another 109 indicatedconsumptionwithoutgiving the numbersof meals.
Figure 7.6 displays the frequencydistribution of meals, which is approximately log normal, with the low end
truncated at 1 meal per year. The highest consumptionrate for an individual species was 350 meals per year of
large mouth bass; the highest combined species consumption ratewas 364 meals per year. 57.4% indicated they
ate no fish from the Ohio River, and the averagenumberof meals per year (including zeroes) was about 7, which
checks well with the figure for Lake Ontario(Connelly et al., 1988). On the basis of fisheaters only, the average
was about 19 fish meals per year. Average mercuryconcentrationsfor each species were obtained from the EPA
surveyand weighted by the total numbersof meals consumed; this yielded an average mercury,concentration of
about0.28 _tg/g,which checks well with the average mercury levels from Michigan and Minnesota. Using this
figure, the average daily dose was 1.07 _g/d including non fisheaters and 2.91 _tg/d for fisheaters only. The
highest individual daily dose by species was for large mouth bass (86 _tg/d),followed by walleye (29 p.g/d) and
sauger(20 _tg/d). The distributionof doses by species within the 7566 fish meals reportedis given in Figure 7.7;
large mouth bass and sauger are the largest contributors. The frequencydistributionof mercury doses to fish
eaters,based on the overall averageconcentrationof 0.28 _g/g, could eitherbe describedby Figure 7.6 or by a log
normaldistributionwith a median dose of 1.5 _g/d and a GSD of 3,5. The minimum dose was assumed to be
given by a single meal of the species with the lowest average mercurylevel.

Data on coastal recreationalfishing are includedin the EPA ExposureFactorsHandbook(1990). A l-year survey
of 1059 recreationalfishermenin the Los Angeles areafounda medianfish consumptionrateof about 37 g/d, with
a GSD of 4.5. This verywide distributionhad a 95th percentile of 339 g/d, which representsabout 2 fish meals per
day, every day of the year, which seems high for an urban area. By species, the distribution was dominated by
"California'halibut"at 143 g/person/d. Another surveywas reportedforCommencementBay, WA (near Tacoma),
which showed that about 9% of those surveyed fished daily and consumed 381 g/d, of which the 2 largest

• contributorswere reported to be Pacific hake (77 g/d) and "walleyepoilock" (sic) at 180 g/d. These values are
reportedas averages over two seasons and over the fishermen'sfamilies. If the daily figure for the Washington
survey is interpretedas the approximate90th percentileof the entire sample, the two surveys are in reasonable

• agreement. These values were used to develop the guideline recommendationsfor freshwaterfish consumption
and for recreationalfishing in the EPA ExposureFactorsHandbook(1990):
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freshwater fish (general public) 6.5 g/d average
recreational fishermen, 30 g/d average with a 90th percentile value of 140 g/d
subsistence fishermen (Alaska), 304 g/d.

These values should be compared with the summa_ statistics developed for this assessment, which are given in
Table 7.2, below. Note that the factors for recreational fishing were developed exclusively from coastal waters.

7.2.5 Surveys of Subsistence Populations. Richardson and Currie (1993) report surveys of 4327 Amerindians
residing in Ontario reservations, using mercury in hair and in the fish consumed to deduce apparent consumption
rates. Data are presented by age, sex, and reservation location. Males had an apparent median consumption rate
of 19 g fish per day; females, 14 g/d. These rates were higher than the reported Canadian national average of 11
g/d. Apparent consumption rates also increased with latitude, which the authors took as an index of community
isolation. The highest values were about 120 g/d as a reservation median.

Wolfe and Walker (1987) report on the dietary components of 98 communities in Alaska, obtained from 1981 to
1987. Yearly per capita subsistence harvest figures ("dressed" weights) were given for fish, marine mammals, land
mammals, and other foods, and an economic analysis was performed. Data on the species consumed were not

reported. Urban communities in Alaska consumed an average of about 22 g/d of fish, which is remarkably similar
to the figures for the "lower 48" states. The remaining (non-urban) communities displayed a wide range of fish

consumption rates, from 31 to 1541 g/d with a median of about 220 g/d (about 1 meal daily). The range of
consumption rates for marine mammals was similar, but showed little overlap with the fish consumers. The
highest consumption rates were in the interior of the state, in Yukon-Koyukuk County. This county had a
population density of I person in 20 mi2 in 1980. The species most likely to be consumed in the interior regions of
Alaska were reported to be the medium-to-small sized salmon such as chum or silver salmon (R. Mikkeison,
personal communication, 1993), which would have only moderate levels of Hg.

Wolfe and Walker also noted that communities without road access had higher subsistence fish consumption by a
factor of 4, and that road access brings in urban dwellers to share in the harvest, thus reducing the catch per capita.
Thus, it seems unlikely that the upper range of the consumption figures they reported would be applicable to a lake
or stream in the immediate vicinity of a power plant.

7.3 The Distribution of MeHg Doses to Adults

The previous sections presented data on mercury concentrations in selected species and on their rates of
consumption for food. This section combines the two datasets to provide estimates of the distributions of daily
mercury dosesthroughseafood.

7.3.1 Dose by Maior Groups of S_cies. The total dose of MeHg is assumed to be comprised of the independent
contributions of canned tuna, fresh and frozen marine fin fish, shellfish, and fresh and frozen freshwater fin fish,

each of which has a log normal distribution. Also, equivalence between total Hg in fish and MeHg is assumed, as
has been shown in several studies. In order to assess the contribution of marine fin fish, the weighted average Hg

concentration is computed, using the distribution of landings by species for 1992 (NMFS, 1993). These are wet
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weights, as opposed to edible weights, but this statistic would still be acceptable if the edible fraction of weight
were the same in all species. The mercuryconcentrationdataused for marinespecies were taken from Table 6.2,
basedon averages of the available Hg data foreach species. Shellfish andfin fish were examined separatelyand a
weighted average Hg level for fin fish was computed, excluding tuna (because most tuna is consumed as canned
product, for which separate consumption statistics are available). Since only edible species have mercury
concentrationdata, this procedureautomaticallyexcludes non-food speciessuch as menhaden.

Figure 7.8 presents these distributions. Figure 7.8a shows thatshrimp and crabare the largest contributorsto the
averageHg dose from shellfish: however, Table 6.2 shows relatively large discrepancies (factorsof 4-5) between
the FDA and NOAA determinations of average mercury levels, the FDA data being high for shrimp and the
NOAA data being high forcrab. Obviously,betterdata are neededto resolve these uncertainties.

The distributions of mercury doses from fin fish are shown in Figure 7.8b. Here the largest contributors are
pollock and tuna, pollock because of the very large catch and tuna because of the relatively high mercury levels.
Table 6.2 also shows a wide discrepancy in the mercurylevels for pollock, but less so for tuna. A high priority
should be given to determiningreliable mercurylevels in pollock, given its high apparentconsumptionrates.

The weighted average mercurylevel for shellfish was 0.09 14/g; for fin fish without tuna, 0.08 _tg/g. These figures
comparereasonably well with the.unweighteddata from Table 6.2 for shellfish, but the weighted average fin fish
mercurylevel is much lower because of the high contributionof pollock. Because of the close correspondenceof
weighted average Hg levels for shellfish and marinefin fish (less tuna), these two categorieswere combined for the
purposeof estimating the distributionof doses.

The 1973-74 N'PDsurvey mentionedabove (Goyeret al., 1985_EPA, 1990, NOAA, 1978) providesan alternative
source of dataon weighted averagemercurylevels and doses. About 65%of the panelists reportedeating tuna, the
next most common categorieswere shrimp and "not reported." These relativeconsumption reports were used to
weight the mercury concentration data of Tables 7.3 and 6.2, in orderto generate weighted averages (the "not
reported"and "other"categorieswere assumed to be processedfish productssuch as fish sticks, composed mainly
of pollock). The weighted averageHgconcentrationswere as follows:

All species: 0.129 ttg/g
fin fish: 0.141 ttg/g
shellfish: 0.084 ttg/g
fin, no tuna: 0.071 _tg/g

Tunawas the largestcontributorto the weighted average mercury in all species, at 43%. The "other"category was
next at 9.9%, followed by shrimp(8.6%). Fresh-watergamefish contributionswere appreciable:large mouthbass,
4.2%; northernpike, 1.7%. The combined contribution of pollock and "other"was I1.7% The contributions of
large predatoryfish such as sharkand swordfishwere quitesmall, since only 41 panelistsreportedeating swordfish
andonly 3 reported eating shark. However,both the availability of these species and dietarypreferencesmay have
changed considerably in the 20 years since this survey was taken.

7.3.2 Hg Doses fromIndividual S_cieq;. Additional data, which apparentlycame from the 1973-74 NPD survey,
were provided by Goyer et al. (1985), including the ratesof consumptionof individual fish species. These data
were used to examine the relativecontributionsto the nationalaverageHgdose in moredetail (Figure 7.9). These
data are similar to, but notentirelyconsistent with, the data given in the EPAExposure FactorsHandbook. Figure
7.9a shows that tuna contributedalmost half of the "national dose" in 1973-74, primarily because of the large
fraction of consumers. The next largest contribution was from (freshwater)bass, because of its relatively high
average Hg content. No other single species played an important role in the weighted national average Hg dose.

i
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However, when the damam rankedby the doses to consumersof selected species (ratherthan being averag_i over
the entire U.S. adult population), a different picture emerges (Figure 7.9b). Consumers of pike or bass (both
freshwaterspecies) receive almost twice the national averageHg dose from these species alone, because both the
Hg levels and the consumptionratesfor users were h/gh, consumptionof otherspecies would add to their average
daily dose levels. Tuna ranksfar down in this rankingbecauseof the relatively low averageconsumption ratesby
users (6.1 S/d according to Coyeret at.; 3.5 g/d accordingto the EPA ExposureFactorsHandbook).

The NOAA report citing the NPD surveyresults (NOAA, 1978) also providedsome informationon the upperpart
of the distributionof doses. They used the "acceptabledaily intake" (ADI) of MeHg of 30 Itg fora 70 kg person as
a reference. 99.81% of the panelists were within this dotage. Based on an average consumpt/onof 20 S/d and a
weighted average Hg level of O.13 Its/g, the average dose is 2.6 Itg/d. Assum/ng a GSD of 3.0 would result in an
estimated 99% of the sample within the ADI (neglecting the effects of body weight on ADI and dose). This
indicates that exposure may have increasedsince 1973-74, which is consistentwith the trendtowards higher rates
of consumptionshown in Figure 7. la.

The FDA surveys contaminantsin food periodicallyby meansof a "marketbasket"survey,in which retail foods are
purchasedat different locations in the United States and analyzedfor the presence of a numberof contaminants,
including mercury. The marketbasketcomprisesabout 120 different foods, 20-30 samples of are collected each
year. The latest such survey(Gunderson, 1988) was conductedfrom 1982 to 1984 and foundan average total daily
intakeof mercuryof 3.38 Its/d. The valueswerehigherfor malesand.increasedwithage;thesetrendsarealso
seen in seafood consumption, and Gundersonreportedthat 77% of the total Hg intake came from seafood. This
provides an excellent check on the national average dose from seafood estimatedabove, since 0.77 x 3.38 = 2.6
ps/d (the figure given above). The FDA marketbasket surveywas based on 16 samples each of haddock or cod
fillet (0.12 Fts/g average Hg), canned tuna (0.277 Its/g), fresh or frozen shrimp (0.028 ItS/g), and commercial fish
sticks (0.025 ItS/g). The total fish consumptionlevel implied by these figures is 22 S/d, assuming equal quantities
of all 4 items. The FDA reportdid notstate whetherthe mercuryfound in foods other than seafood was inorganic
or MeHg; the only non-seafooditemwith noticeablemercurylevels was canned mushrooms,with 0.03 Its/g Hg.

7.3.3 .D.atafor Use in Pro_bilistic Simulations of the Distributionof Fish Consumptionand He Doses. This
assessment is concernedwith the impactof coal combustionon mercurydeposition and subsequenthealth effects.
Accordingly, the Upper Midwest was selected as the geographicareaof interest. This region is reasonablydensely
populated,has many lakes with game fish, and generateselectricityfromcoal. The specific case considered is the
adultpopulation in the GreatLakes states that consume freshwaterfish. The mean and median concentrationsof
MeHg andtheir GSDs, andthe meanand median consumptionratesandtheir GSDs aregiven in Table 7.2.

Table 7.2 Representative Statistics for Components of the Seafood Diet in Northcentral States

Com_nent ..... Me,ins Median_ GSD_ ApparentDose
diet Hg diet Hg diet Hg mean
g/d ps/g g/d ps/g S/d tts/g Itg/d

canned tuna 4.5 0.195 2.7 0.15 2.7 2.16 0.88
freshwaterfin fish 10.3 0.28 6.8 0.15 2.5 3.0 2.88
other marine species 9.9 0.077 7.2 0.061 2.0 2.2 0.76

total seafood 24.7 4,52
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The GSD for tuna consumptionwas developedby assuming that the maximum consumptionof canned tuna is one
3-oz can every day. The total and freshwaterconsumption figures were taken from the NPD survey, adjusted to
1992, and the marine species figure was obtained by difference, in this case, marine seafood includes fin fish,
shellfish, andcanned productother than tuna.

A probabilisttcsimulation of these distributionswith 10,000 iterations producedthe statistics for the components
and the total dose shown in Table 7.3. Note that each line in Table 7.3 represents a separatedistribution, the
ind/vidualpercentiles do not sum to the total.

Table 7.3 Probabillstic Simulation of Hg Dose in Northcentral States (pg/d)

Component Mean Median 5% 95% 99%
_ ¢m4m4mlna, om o,ml_mMm_ _4m4m_mmaHl,m4mm N m4m _mD msoim,m o m amms4J _ m m m m mm m @ m Q m m e mm m m o m omm mm m

canned tuna 0.92 0.42 0.054 3.3 7.5
freshwaterfin fish 2.90 1.03 0.10 10.5 29
marine species 0.75 0.44 0.076 2.4 4.7

total seafood 4.59 2.70 0.72 13.4 34.2

Freshwaterfish are seen to contribute the largest amount of Hg, by far, resulting in a mean dose for the
Northcentralregion that is somewhathigher than the FDA marketbasket figure for the whole U.S. However, it is
possible that all consumers tend to eat the same total amount of fish and thus that the freshwatercontribution
would be replaced by another source for a different population without access to fresh water. If the substituted
seafood had an average mercuryconcentrationof 0.09 _g/g (corresponding, for example, to a mixture of other
marinespecies), the aboveanalysiswould conformquite well to the FDA figure for seafood of 2.6 _g/d. The mean
and medians of this distribution correspond to about one adult meal per week, depending on the mercury
concentration. Figure 7.10 presentshistogramsof the total dose and its logarithm;note that even the distribution
of logs is positively skewed, because of the addition of several log normal distributionswith different GSDs
comprising the total.

The extremes of this distributionmay be evaluated as follows. The 99th percentile of the total dose obtained in
10000 samples was 34 _g/d and the maximum was 174 _g/d, dominated entirely by freshwater fish. This
maximumvalue (which is not a robuststatistic) correspondsclosely to 2 meals per day at 0.5 _s/g (or 3 meals/day
at 0.3:t_g/g), which would be appropriatefor subsistenceon a single species of gamefish such as large mouthbass
or walleye. If this distribution were extended to include the maximum subsistencepopulation in Alaska (where
species such as pink salmon tendto be the mainstayof the diet), the maximum daily dose wouldbe about 170 _g/d.
These values are consistent with a dosage distribution developed from a survey in the late 1960s (reported by
Clarkson,1990), which found a mean daily intake of 36 ng/d per kg of body weight (about 2.5 _g/d for an adult)
witha 99thpercentile valueof 243 ng/kg/d (17 _s/d for an adult). If the approximate40% increase in average per
capita fish consumption that has occurred since then is taken into account, these rateswould be 4.2 and 28 _g/d,
respectively. Note that the appropriateHg concentrationto be used for such an e_reme case is not the maximum
individual fish mercury level, but the species average, since the only way an individualcan accumulate such a
large daily average consumption rate is by eating fish frequently. This process will drive the yearly average
mercurylevel closer to the average for that species, because of the central limit theorem.

However,the minimum levels of fish consumption may havebeen overstated. The NPD survey found that 95% of
the populationate some seafood duringa 1 month period; assuming that this monthwas not atypical, then 5% of
the population would be estimated to eat no seafood. The 5%point of the total seafood distribution of Table 7.3
corresponds to about7 fish meals per year, which is significantly higher than zero in this context.

52



Expected

Result.= ,,............................. e

4..5858ggJ @RISK _imulattion I Sarnnlina_ Lal:an Hvnmrcube
, J TOTAL I  To,,=1o60o

4.0_ .j_, ......_ .,., ._.,. .... ,., ........... ,....,. ........... . .... , .., .. ........

Iq,

.32_,,.......................................................................

24-_0..............................

16_ ........................................ ' ...................

0 2.5 5 7.5 10 12.5 15 17.5 20
Actual Values (in Cell J30)

Expected
Result=

.4535878 @RISK Simulal:ion J Sampling= Lal:in Hy_ercube
LOGTOTAL I l_Trials= 10000

20_ ......................................................................

.I

8_

O=
-1 -.63 -.25 .13 .5 .88 1.25 1.63 2

Actual Values (in Cell K30)l

Figure7.10. Histograms ot'U.S, average dailyHg dose from sc_ood.
(a)dailydoserates(p_d).Co)logof'dailydoserates.

$3



Tables 7.2 and 7.3 should be considered to applyto flsheatersonly and the numbersshould be deflated byS%to
make them applicable to the entire population, Also, as discussed below, very infrequentfish-aters may never
reachan equilibrium level of H8 in their blood, so that the dose-response functionsare probablynot sppl/cable to
them in any ovenL However, the dataon tuna consumptionincluded above appearsto reflectthe whole population.
ratherthan the sub-populationof tunaflsh eaters. Since mercurytuna is not FestiY aUectedby coal burn/n& use of
thesedatais consistentwith theoverallgoalof theassessment.

J

7.4 Summaryof Dataon FishConsumptionand MeHg DoleDistributions

A reviewof thedataavailablefrom varioussourceshasshownthat it is necessaryto combinesomeof themin
order to derive statistics appropriatefor this assessment. For example, many of the data on distributions of
consumption date from i973-74, and overall seafood consumption has increasedsubstantiallysince then. Thus,
the trend data from national production statistics are used to adjust the older distributional statistics upwardto
more nearlyreflectcurrentconsumptionlevels. However,if publicpreferencesfor certainspecieshavechanged
over the years, this proceduremay entail errors. Good support is found fromboth surveysand production statistics
for an overall average seafood consumption rate in the Northcentral states of about 2_ g/d, with a 95th percentile
level of about 80 g/d. About 95% of the U.S. populationconsumes some seaf.oodover the course of a year. The
average MeHg daily (baseline) dose for consumersor freshwaterfish in the NorthcentralU.S. was estimated to be
about 4.6 l_g/d, and the 99th percentile was only about 1I% of the lowest adult dose estinuttedto exhibit adverse
health effects, as reportedby Clarkson(I 990).

8.0 UPTAKE OF MeHg: THE EQUILIBRIUM DIET-BLOOD-BODY BURDEN RELATIONSHIP

Est/maflon of MeHg doses takes the assessment process to the point of entry to the human body. For many a/r
pollutants,the subsequentprocesses of uptake and transportto target tissues or organs are not well defined. For
MeHg, however,both theoryand experimental data areavailable.

For example, Nordberg and Strangert (1978) make distinctions between carcinogenic and noncarcinogenic
responses. Carcinogenic responses are considered to bc stochastic processes, because the initial growth of
cancerous cells in an individual cannot bc predictedfrom first principles, The populationdose.response curve is
basedon an aggregation of individual responsesand may often be depicted as linear, with no threshold dose. Dose
may be expressed as the productof concentrationand exposure time, say, overa lifetime.

Por the noncarcinogenic eff'ectsof'interest here, Nordber8and Strangert considerthat a critical dose gives rise to
defined effects in specific organs. For MeHg, the target organ is the brain, where the onset of' neurological
symptoms has been estimated to begin at a concentrationlevel of about 1 ppm, which corresponds to about 200
ng/iJin blood (Berlin, 19"76).The concentration of MeHg in bloodis a useful assessment parameter, because it can
re_tfly be measured and thus reference data are available, and because blood is the medium of' circulation of
poisons within the body. Variations in blood and brain concentrationsmay occur from individual differences in
metabolicprocesses.

The task of estimating the distributions of' blood MeHg levels and the resulting body burdens resulting from
specific levels of dietaryintake is considered in this section. Note that concentrationsof.Hg in human hairare also
used as an indicatorof.bodyburdenor dose, especiallybecause gradients along a length of'hairprovide a dynamic
recordof exposure. However,concentrations in hairare also nlYectedby inorganic Hg and may be compromisedby
externalan//'acts. The baseline risk assessment then provides an opportunityto compare the distributionsof body
burdens,blood and hair levels of'MeHg with actual measurementsas a realitycheck on the methods used.

8.1 A Theoretical Model

8.1.I Basic Processes. The absorption of IVieHgin the intestinal tract is essentially complete (Nordbergand
Strangcn, 1985). MeHg is then excreted from the body as a first-orderd_cay process (Clarkson, 1990), such that
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the fraction remaining from an individual dose ingested at time t may be r_,wmmntedas eokT,where k is the
eliminationconstant. If repeated doses of magnitude m (l_g/d)are ingestedon a steadybasis, an equilibrium body
burdenis reachedthatmay be estimated by

. Bee= _n(2) [8-tl

where tb _s the biologieal haif.life. F.,q.[8-11 results in an equilibriumbodyburdenof about 100 lima daily intake, fora half.life of 70 days.

Figure8.1 depicts the cyclk_l increase in body burdenof a substancewith a half-life about70 days 0c=O.Ol)and a
_le of fruh intake of unit magnitudeevery 4 weeks (m=1/28). The figure shows that equilibriumbody burden
level 0BBe = 100/28 - 3,57) is neverreachedin a furictsense because of the cyclical intake; a blood umple taken
immediatelyafter the intake cycle would read about 30% higher than one takenjust before. However, Eq. [8-1]
holds if body burden levels are averagedover an intake cycle, and a quasi.steady state is reached a,qer3.4 half.
Hveshaveelapsed (97% of equilibrium is reachedafter 5 half.lives). When individualvariations in observed half.
lives ate conside_ (disctmed below), quasi.equilibrium times would range from about 4 months to almost 2
years. As the frequency of fish consumption (m) increases, the total body burden increases proportionately
accordingto Eq. [8-1], and the relative cyclical effect of each meal decreases. For consumptionof fish on a daily
basis, for example, this variation would amount to a swing of only 1%. However, the rate of progress toward
equilibriumdoes not depend on therate of intake of MeHg.

t
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• Figure 8.1. Simulated metabolicbuild.upof a substancethatis ingestedevery28 days, with a half-life of 70 days.

. MeHg concentrations in blood may be predicted from Eq. [8-1] by referring the body burdento the volume of
blood, Kershawet al. (1980) studied the dynamics of mercuryretentionbased on consumptionof single fish meals
by 5 volunteers and developed a theoretical model of the process. The output from this model is the factor (A)
linearly relating equilibriumbloodMeHs level (EB. pg/L) with dietaryintake(m, pg/d):
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A =_$/m - (ft)/(0.07W In[21) [8-21

where f is the fraction of the dose deposited in blood, t is the biological half.life of MeHf. and W is body hum
(kg), The f_or 0.07 was aumned by Kershaw et al. to represent the ratio of blood volume (L) to body weight
0t..g),based on ruearch by MieUinen (1972), who compared blood con_ntratiou with whole-body counts of
rsdiolabeledlvleHg. Kershawet al. used the datafrom five volunteers to evaluate Eq, [8-21and derived a value of
0.9 for (A) for a 70 kg person. Note that the factor (A) represents the fraction of the body burden of MeHg in
blood, which would be expected tobe less than unity, due to uptakeof some of the MeHgby tissue and organs.

MieWnen (1972) reported that the half.life of MeHg is blood was "considerably"shorter ($0 days) than in the
whole body (76 daD), but his decayplots show that muchof the excess decay occurs in the first 2 weeks and that
the long-term decay rat_ in blooctare closer to those in the whole body. The difference between the two group
means was only marginally significant.

8.1.2. Individual Variability. Miettinen'sdatafor whole.body half lives were normallydistributedwith a mean of
76 days and a standard deviation (for individuals) of about 11 days. This would yield a 5%-95% range from 46
days to 96 days for the populationwhole-bodyhalf.lives and a GSD of 1.25.

The experiments of Kershaw et al. (1980) also determinedhalf.lives of Hg in blood for 5 subjects, in hair for 1
subject, and hair/bloodratiosat near-peakHg levels. The range in blood half,lives was from47 to 67 days,with a
mean of 52 days. The data on hair were shown only as a plot, and the rateof decay of Hg concentrationsappeared
_obe aboutthe same as in blood for thatsubject(t--,70 days).

The half-lives of rig in hairvariedfrom 35 to 189days in 48 Iraqipoisoning victims (AI-Shahristaniet al.. 1974).
This distributionwas found to be approximatelylog normalby Ahmed (1991), with a median value of 68.2 days
and a geometric standarddeviation of 1.395. Others have representedit as normalbut bimodal, with one peak at
about 65 days applying to about 87%of the group, andanother smaller peak at about 130 days, applicableto the
remainder. Sherlocket al. (1984) also founda range in biological half-lives among 20 volunteers, with an average
ofahout 52 days (measuredin whole blood). According to IPCS (1990), half-lives in blood tend to be shorterthan
in the whole body, but hair and blood values are about the same, with a wider range observed in hair. There is
suspicion that a part of the wider range in hairmightbe artifactual.

Fromfirst principles, it folto_3 that a given amountof MeHg fromfish consumed by a light-weight person would
have more effect than ff consumed by a heavier person, ceteris par/bus. Thus, a probabilisticrisk analysis must
include the expected variability in body mass in the populationat risk. Since thereare no published data on actual
fish cotmtmption patternsby bodymass, it is necessaryto make assumptionsabout the relationshipbetween fish
consumptionand body mass.

The range in body mass of the U.S. population is appreciable:the National Centerfor HealthStatisti,;_gives mean
weights of about 157 lb (71.4 kg) for both sexeso ages 18.74, with a standard deviation of 34.8 Ib (15.8 kg)
(Robinson, 1981). However, the distribution appearsto be more nearly log normal, since 3 standarddeviations
below the mean correspondsto about53 lb., which is very light for an adult, and 3 standarddeviations above the
mean correspondsto 261 lb,, which is also somewhat on the low side of extreme weights, Convertingthe standard
deviation to a geometric basis gave more reasonable results in a log normal model: mean ffi 157 lb (71.4 kg),
0,64% Im than 88 lb (40 kg), and0.68% greaterthan 264 lb. (120 kg).

8.2 gpidemlological Determinations of the Metabolic MeHg Relationships

Severalstudies haveprovidedconcurrentdata on MeHg in humandiet and in blood(or hair) that could be used for
experimental verification of the model of Kershawet al. (1980), over a longer term. Of course, such studi_ may
be limited by the numbersof subjectsstudiedandby the accuracywith which dietary intake can be determined,but
it is important to determine if the results are compatible with theory after allowances are made for these
limitations. Kershaw et al. providedresults fromseveral of these older studies (convertedto a whole-bloodbasis),
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Clarkson (1990) reports Swedish data in which blood mercury was determined and plotted against self-estimated
dietary intake of MeHg for 6 long-term fisheaters. This relationship appeared to be described by the log-log model

J,

Log (blood) = -1.75 + 1.12 log (diet) [8-3]
(0.16)* (0.11)*

o

Since the relationship should theoretically be linear (regression coefficient = 1.0), and such a relationship falls
within the confidence limits of Eq. 8-2, a "background" value to be added to the data set was found that would

yield a coeHi_ent of unity. This value was a blood Hg of 0.55 at an intake of 10 ng/kg/day, or about 1 fish meal
per month for a 70 kg person. This model is

log (blood) - -1.365 + 1.0 log (diet) [8-41
(0.16)* (0.07)*

or, in terms of a linear model, blood MeHg -- 0.73 dietary MeHg (A=0.73).

Sherlock et al. (1984) studied the dynamics of blood MeHg in 20 subjects who consumed controlled diets of halibut
(from a common source) for about 100 days. They were subdivided into 4 dose levels, of 42, 77, 101, and 226 _tg
MeHg per day. At the end of the experiment, their average blood MeHg levels formed a nearly perfect (R=0.997)
linear relationship with their average dietary intake leve!s. The average value of (A) from this study was about
0.82, with a standard deviation of 0.10, after removal of an outlier. They also found a relationship between half-

life and body mass that gave a smaller dependence of(A) on body mass than shown by Kershaw et al. (1980). This
relationship was judged to be the most credible among the meager data available; it justifies the use of the
equilibrium model in relating daily intake to body burdens on a long-term basis.

8.2.2 Baseline Data on Mercury in B!0Cd and Hair A number of population-based surveys have been conducted on

the mercury content of human blood and hair. In some cases, the absolute concentration levels have been shown to
depend on analytical techniques, especially as to whether MeHg of total Hg is being determined, and to vary with
the rate of fish consumption. These data are useful to this assessment for two reasons: as a reality check on the
fish dose-body burden relationship and to confirm the relative distributions of concentrations.

As discussed below, the distribution of MeHg body burden for an individual tends toward the central (median)
value as additional meals are consumed from the same supply of seafood. Thus, we would expect that the
distributions of MeHg found in blood samples drawn from a population stem mainly from individual differences in

physiology, including body mass and the half-life of mercury, although there will be some contribution to MeHg
variability from variations in diet as well. -With data obtained on a random schedule, some samples may be
obtained soon after a fish meal, thus deviating from equilibrium. We examined extant data on blood and hair Hg,
as follows.

Wheatley et al. (1979) obtained over 35,000 hair and blood samples from native populations in Canada, including
some from communities impacted by discharges from chlor-alkali plants. The distribution data are shown in

Figure 8.3. For the entire sample (Figure 8.3a), the median blood level is about 12 ppb, and the GSD was
estimated to be about 2.84. However, the distributions varied considerably by province (Figure 8.3b). The Quebec

and Ontario data had higher and more variable levels than those from Manitoba, Saskatchewan, and Alberta
(GSD-2.4). We might h)13othesize that the presence of high-dose individuals within a population will increase
both the mean and the standard deviation.

* standard deviations
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The dataofGrandjeanetal.(1992)fromtheFaroeIslandsprovidean opportunitytoexaminetheeffectof
differencesinfishconsumptionrateonthedistributionsofbloodandhairHg. Theoverallmedianbloodlevelwas
121ppb,withaGSD of2.32.However,theGSD ofthosereportingnofishconsumptionwasmuch higher(4.51),
suggesting that some portion of this cohort may have in fact consumed MeHg, perhaps from whale meat. The
GSDs of the higherconsumptioncohorts rangedfrom 1.8 to 2.5, showing that there is still considerablevariability
in bodyburdeneven alter consumptionrate has been controlledfor.

_t

Stratification by fish consumptionwas also done by Den Tonkelaar et al. (19747), for a sample from the Dutch
population. Here median blood levels were much lower, from 1.5 ppb for non-fisheatersto 4.4 ppb for once-per-
week eaters. The GSDs did not vary systematically by consumptionlevel, however, and were in the range 1.7 to
2.1.

Mercury in blood and hair were also examined in various otherpopulations, with the results given in Table 8.1.
We see a wide range in mean Hg levels, but surprising uniformityin the GSD's. The mean GSD is about 2.1_the
highest value is also for the largestsample (Wheatley, 1979), which compriseda variety of different populations.
Those subpopulations includingsubsistence fisheaterstendedto have largerGSDs, as mightbe expected.

Table 8.1 Baseline Data on Hg in Blood and Hair

Reference population # subjects determination mean• GSD

Grandjeanet at. Faroe Isl. 997 cordblood 24.2 2.3
(1992) mothers maternalhair 4.5 2.3

Wheatley Canadian 35683 blood 12.2 2.8
(1979) natives (some values basedon hair)

Ahmed South Haven, MI 14 blood 1.6 2.3
(1991) Algonac, ]VII 30 blood 2.3 2.0

Turneret al. Peruvians
(1980) fisheaters 128 blood 82 --1.9

controls 190 blood 9.9 -2.1

Heckeret al. Ann Arbor,MI 100 blood 0.95 1.4
(1974) S.Amer.Indians 90 blood 1.4 1.7

Dennis & Fehr Saskatchewan 679 blood 6.7 2.2
(1975) (native & non-native)

Petersenetal. Wisconsin 326 blood 3,9 -2.2
(1994) Chippe_'as

Shimomuraetal. rural 1324 hair 2.53 2.1 .
(1980) Japanese

Smith et al. sampleof U.S. 1431 hair 0.48 2.35 .
(1985) women of childbearingage

• bloodvalues in ttg/L, hairvalues in I.tg/g
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8.2.3 I,;_ of Mercury in Hairas an Indicatorof MeHz Dose. Use of mercury in hair as an indicatorof exposure
has the advantage of providing retroactive information. By using the rate of hair growth, typically 1-1.5

° cm/month,and Hg concentrations at different distances from the scalp, an exposureprofile may be constructed.
Airey (1983) reviews sampling and analysis procedures, and notes that interference can result from dyes,
shampoos,and bleaches, as well as from dust and dirt. Headhairtypically contains more mercurythan body hair.

' Aireycites the work of others showing that while inorganicHg is about4-5% of MeHg in redblood cells, it is 16-
20% in hair. She notes that hairHg can be much higher in people who have been occupationallyexposed to Hg.
Airey also reviews the literatureon the MeHg concentrationlevels at which neurologic effects have been noted,
andprovideddata on average hairHg levels from differentcountries. For the UnitedStates, the weighted average
was 2.9 ppm. She also developedseveral regressionequationsrelatinghairHg to fish consumption,forexample

HairHg (ppm)= 1.05 + 0.095 fish intake(kg/pers/y) [8-5]

Based on the U.S. average consumption rate of 25 g/d, the U.S. average hair concentrationshould be about 1.9
ppm, accordingto this equation. Figure 8.4 is a plot of internationaldata on Hg in hairvs. estimateddaily MeHg
dose; the regressionline is approximately(withoutthe Kenyaoutlier)

hairHg (ppm) -- 1.6 + 0. L4dose (ttg/day) [8-6]

This yields an average U.S. hairHg level of about2.3 ppm. Although Airey's paperwas not specific on this point,
it appearsthat her values arefor total Hg in hair.

The country-averagehair Hg data suggested higher values in midlatitude northernhemisphere countries which
could be due to fossil fuel burning,but it was also suggested thatlower soil temperaturesin the northcould retard
Hg volatilization and thus re-emissionof Hg back into theatmosphericcycle.

Other data on backgroundlevels of Hg include those of Chattopadhyayand Jervis(1974), who found median Hg
levels of 1.2 ppm in ruralOntario (100 km fromindustrialareas)and2.0-2.3 ppm in urbanToronto. Gowdyet al.
(1977) reporta mean concentration of about L4 ppb of total Hg in whole blood from 210 individuals in the
Washington, DC area, which was reducedto about 8 ppb after deleting 9 "abnormal"values over 50 ppb. These
figures would convert to approximately3.5 and 2.0 ppm in hair, but Gowdy et al. also reportedthat "more than

of the blood Hg was organic. Their ratio between whole bloodand red bloodcells was estimatedto be about
0.76. No "stigmata"of rig poisoning were notedin the 9 patientswith morethan 500 ppb in blood.

10.
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Figure 8.4 Average total Hg in hair for selected countries,as a function of estimatedMeHg intake. Data from
_rey (1983).
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Kyle and Ghani (1982) presenteddata on fish consumptionand hairHg for PapuaNew Guineans which showed a
relationship between the two parameters. This population may be of some interest since the probability of
contaminationby hair preparationsmay be lower than in more developed countries. The following relationship
between inorganic andmethylmercuryin hairwas derivedfromthese data:

InorganicHg =0.35 + 0.18 MeHg [8-7]
t

the highest MeHg level used in developing this equationwas 40 ppm. If we use Eq. 8-7 to adjust Airey*sdata to a
MeHg basis, we get about 1.1 ppm as the baseline (no fish consumption) and 1.65 ppm with average fish
consumption.

The highest hair Hg level reported in Ontario Amerindians by Richardsonand Currie (1993) was 128 ttg/g.
Mercury levels (and apparentfish consumption) were also higher in summerand increased with age. Values for
teenagerswere about 1/3of those for personsover 50.

8.3 An Algorithm for the Steady-State Distribution of MeHg Body Burdens in a Heterogeneous Population

Methyimercury does not accumulate indefinitely in humans, but follows a first-order decay process with
elimination mainly in feces. This decay process is characterizedby the biological half-life (tb), which varies from
about50 to 150 days or more. The effects of MeHg, and its concentrationsin organs, blood, and hair, will be a
fimction of bodyburdenper unitof body mass (BM), which is a kind of gross concentrationmetric. This unit body
burden (UBB) will depend on the rate of intake m (which we assume to be steady) and the body mass and
biological half-life for the individual. Variations within a populationof these three parameterswill give rise to
variations in bloodand hairconcentrationsand in neurologicaleffects, if any.

The distributions of these parameterswithin a population will reflect two separate sources of variation: for each
individual, variations in dietary intake;betweenindividuals, variations in bodymass and biological half-life. Data
are available on the distributionsof body mass and biological half-life butwe mustfirst estimate the distributionof
individual intake rates and the corresponding equilibrium levels. To do this, we examine the dynamics of
accumulationand excretion, according to the first-orderdecay law which has been found to be appropriatefor
MeHg:

BBt = m(l-e'kt)/k [8-8]

where m is the daily intake rateand k is the elimination constant [In(2)/tb]. At equilibrium, Eq. [8-8] integrates
to

BBeq = m/k [8-9]

We are interested in the distribution of BBeq for an individual who consumes seafood by means of a random
selection process froma supply thatvaries in mercurycontent. We wish to estimate the long-term probabilitythat
an individual could consistently obtain a sample that is biased either low or high with respect to the mean MeHg
level, either within a given fish species or for all species. The parameters here are thus the mean and standard
deviationof the mercurycontent of seafood, the rate of consumption, and theelimination constant.

Rate of consumption in turn is given by the average meal size and the frequencyof eating, which specifically
accounts for the fact that the only practical way an individual can increase his mercury dose from a random
seafood supply is by eating fish more often. We take 200 g for the average(non-tuna) fish meal and 70 g for the
average tuna meal. The frequency (f) of eating is thusgiven by m/200 or m/70, depending on the meal. For daily
consumption,f=l.

The elimination constant k depends on tb,which varies among individuals:
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Individuals with high _ will retainMeHg longer, which increases the body burdenof MeHg for a given intake
rate, without a concomitant increasein variabilitydue to variations in MeHg in the foodsupply.

B

8.3. I Simulationof Recession Towardthe Mean foran Individual

' We used MonteCarlo simulations to study the regression toward the mean of a distributionof sequential inputs
with a first-orderdecay process for an individual seafood consumer. Without this decay process, the variance of
the mean would be reduced directly with the number of independent meals. However, with decay, the most
recentlyconsumedmeal counts more, and a closed-form solution is not convenient. We used _,R/SK (Palisades
Corp., 1988) to simulate this process, for a two-yearperiod (about I0 half-lives), for daily, weekly, and monthly
consumptionrates. In this example, we assumed a 200 g meal, drawnfrom a seafood supply characterizedby a
median Hg concentrationof 0.2 _g/g and geometric standarddeviationsof 1.4, 2.2, and 3. tbSof 35, 70, and 140
days were assumed. A Iognornmldistribution was assumed to represent the underlying distr/bution of mercury
concentrationsin individual meals. The distributions simulatedby @..,RISKwere expressed as baSel0 logarithms
and then convertedto actualvalues for the purposeof plotting.

The results are given in Figures 8.5 to 8.9. We see that both the mean values of BBeq and their standard
deviationsare affected. Figure8.5 shows thatthe values obtainedfrom the simulation areconsistently higher (1_oth
medians and meansof the distributions)than the values obtainedfromEq. [8-9]. This resultsfrom the nor,-linear
nature of the process and the variability of the underlying mercury distribution,since the "excess" increases
stronglywith GSD (Figure 8.6). Changes in the elimination constantk had only minoreffects on the equilibrium
meanbody burden. However, in terms of the extreme values of the equilibriumdistributions, this gain in average
body burdenis offset by the reductionin variability that results fromaveraging over many meals. Figures 8.7a-c
show that the GSD at equilibriumis sharply reduced,but levels off in exactly the same way that the body burden
does. The productof GSDecI and the square root of the number of'meals is approximatelyconstant for a given
underlying GSD. Figure 8.8 shows the relationship between initial and equilibrium GSDs; we see that the
elimination constant has a large effect for infrequent consumption and a much smaller effect for daily
consumption. The percentagechanges in GSD due to changes in k wereabout the same forboth frequencies.

We used multiple regression analysis of the simulation results to develop an empirical expression for the data
shown in Figure 8.8 that would be suitable for use in the risk analysis. Basically, we need to predict the
equilibriumstandarddeviation of the body burdenof MeHg as a function of the underlyingstandarddeviation of
the food supply, the frequencyof consumption, and the individualtb. The best fit in termsof R2 was obtained by
fitting the logs of the standard deviationsderived fromthe simulation:

log(sigma) = -1.334 + 0.438 log(k) + 0.485 log(l/f) + L.795 log (GSD0) [8-11]

This expressioncomes very close to the 1/2 power relationshipsfor k and f that would be expected from theory,
and we found that the errorentailed by substituting0.5 for these coefficients was negligible. This yielded the
following empirical relationship:

I log(sigma)= -1.211+ 1.766log(OSD0)+ 0.5log(k/f) [8-12]

i,
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Figure8.5. Resultsfromsimulationsof theapproachto equilibriumbodyburdenof MeH8 for variousratesof fish
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Results from 1000 trials
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Figure8.8 Effectof underlyingGSDandmealfrequencyonequilibriumbodyburdenGSD.

Figure8.9 comparesthevaluesofthestandarddeviationsatequilibriumasderivedfromthesimulationswith those
predicted by Eq. 8-12. We see two areas of disagreement, near the origin and at large values of sigma, both
constitutingoverpredictionof variability. The formerresultsfrom the factthatwe expect sigma to equal zero when
the underlying GSD is unity; however, the forms of Eq. 8-II and 8-12 do not admit zeros for sigma. The
overprcdictionat high values of sigma result in part from plotting Figure 8.9 in terms of actual values rather than
the logarithms which were used in developing the empirical fit. In the region of primary interest, small but non-
zerovalues of sigma, the two sets of data agree verywell. Sinceoverpredictionof variabilitywill leadto increased
risksand is thus "conservative,"we deemed Eq. 8.12 acceptablefor ourpurposes.

66



I o x,m.t.,,t. .x.ot,it=l °,4-

0.3-

0.25-
_.. ¢;

0.2-

J_ 0.15-

0.1 _

005,,JI -I ! i ! "'"

0 0.05 0.1 0.15 012 0.25 0.3
sigma from simulation

Figure 8.9 Comparison of approximateestimates of equilibriumGSD to the values obtainedfrom the simulation,
forEq. 8.11 (exact fit) and 8. t2 (approximatefit).

8.3.2 AvvlicationtoSimulationofEqui!ibriumBodyBurdens

Asanexample,thesedatashowthatincreasingthefrequencyof fishconsumptionfrommonthlyto daily increases
the meanbodyburdenof MeHg by abouta factorof 30, but that theupperpointsof the distributionwill only
inc,'easebyabouta factorof 20.

i

TheempiricalrelationshipsfromFigures8.6 and8.8arethenusedin a MonteCarlosimulationofa populationof
fishconsumers,in whichdistributionsof m, tb,andBM areusedto generatea distributionof unitbodyburdens.

• The GSDsof thesedistributionsmaythenbecomparedwiththeobservedGSDsof mercuryinbloodand in hair,as
a realitycheckontheoverallsimulation.Theseresultsareprovidedin Section10, in conjunctionwith the actual
riskassessmentcalculations.
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9.0 Hg4LTH ]gFF]l:C'TSOF MERCURY AND DOSg-RII:$PONSg FUNCTIONS

The centnd nervoussystem is the principal targetfor MeHg, with the potential for effects on aemory, visual, and
audito_ functions. Low doses maycreate non-q_iflc symptomssuch amI_r_Jthesis (tingling of the extremities),
nulalse, or blurredvision. Higher doses my bring dcal'nm, Ion of coordination when walking, and speech
dimnkn, and, in extmne cases, coma and death (WHO, i990), Effects of Me.qO on the developing fetus are
thought to be more critical than on adults. Accordingto WHO (1990), "it affects normal neuronal development,
leading to alteredbrainarchitecture,heterotopiccells, anddecreasedbrainsize."

In this section, we use data fromthe Iraqi grainpoisoning incident to develop a dose.repsonse function for use in
the risk assessment, msd we also review various epidemiologtcal studies on chronic intake of MeHg. Adult
pin.abatis was selected as the endpointfor the dose-responsefunction, Parcsthesia is perhaps the mildest readily
observablesymptomof MeHg poisoning in adults.

One of the requi_ts forassessing the health risks of mercmy as a pollutant is a valid dose-responsefunction.
The supporting data for such functions have largely been obtained from past incidents of acute methylmercury

poisoning. Applicationof such acute responsedata to chronic exposuresis still an open question, but, at
present, these are the only dataavailableto workwith.

9.1 The Iraqi Grain Poisoning Data

The incident described below is that of a mass poisoning incident in Iraqin 1971.72 resulting from use of seed
grain treatedwith mercuryfungicides to bake home-madebread(Bakiret al., 1973). However, the data presented
by Bakir et al. are incomplete and requiressome manipulationand cross-referencingwith other publications. The
basic data set includes 122 Iraqi adults and older children, for whom blood mercury levels were determined
sometime after the incident. This determinationwas based in part on consumption of the poisoned bread and
calculations of the bodyburdensof MeHK;the independent(dose) variable in this study may thereforebe mtcertaln.
Variousneurological symptomswere noted, upto andincluding death. Of these symptoms, paresthesia(numbness
and tingling of the extremities) may be considered the least severe and has been selected for this exploration.
There were 59 observed cases of paresthesia,distributedaccordingto blood level groupingas shown in Table 9.1.

Table 9.1 Frequency of Paresthesia in Iraqi Adults*

estimated
ffoup # , blood He ranee .... bodyburden no.ofsubiects no,of cases freauencv

(ng/ml) (mg)
1 0-100 4 21"* 2 0.095
2 101-500 25 19"* 1 0.05
3 501-1000 55 19 8 0.42
4 1001-2000 105 17 10 0.59
5 2001-3000 168 25 20 0.80
6 3001-4000 202 17 14 0.82
7 4001-5000 243 4 4 1.00

* actually, patientsover age 9 ** regardedas controls

It should be noted that paresthesia is not uncommonin unexposed populations and thus that some residual or
backgroundprevalence rate shouldbe expected, perhapsof the orderof a few percent. Note also that MeHg blood
levels of around 10 ng/ml areexpected in normalunexposedpopulationsand thusthat it is highly likely that all of
these subjectswere actuallyexposed to contaminatedbread.
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Bakir et al. (197:]) provided 8 descriptionof the incident. Patients were seen in hospital and at home. The close
was estimatedfrom the lVfeHgin flour, the weight of each loaf. and estimatesby imtients of the numberof loaves
consumedover specUledpe_ods. Symptomswerejudged, and damfor 120 patientswere grouped into 7 exposure

, catqtortes. The lowest 2 _,oups were considered controls (une,'q)osed): the fr_uency of paresthesia in these 2
lproupscombined was 7.S*/,.

!

, Blood MeHs data were obtainedafter the fact, from20 to 11S days afterex3_osure(average of about65 days later).
This means that the blood concentrationsare low by abouta factor of 2. This was mentioned by Bakir et al., but
was recopized specificallyby Marsh(1987).

These delayed bloodMeHg determinationswere used in a dynamicequationwhich accountedfor the loss ,-JrMeHg
only during the accumulation (exposure) phase to estimate body burdens, at the time of symptoms and at peak
exposures. These body-burdendata were not tabulated by Bakir et al., but may be read from the graphs. They
correspondwell with the values tabulatedsubsequentlyby Nordbergand Stran$ert(1978). If a blood half-life of
from 62 to 75 days is used, the blood MeHs levels tabulatedby Bakir et al. can be reproduced,starting with the
body burdens given by Nordbergand Strangen, and indeed, Bakir et al. state that this is how their body burdens
were derived (the averagebody weight for the patients is needed, and may be obtainedfrom AI-Shahristani et al.
(1974): 46.6 ks). This means that the symptom frequenciesplottedby Bakiret al. have bern associated with both
blood MeHs and bodyburdensthat aretoo low, by abouta factor of 2.

An alternate source of informationis the study based on hairMeFIsby AI-Shahristanief,al. (1974). This paper

gives data on patient age and sex, daily input of MeHs, bodyweight (indirectly),and the rate of daily increase of
MeHg in hair during the accumulationphase, for 30 selected patients. Near the start of exposure, it may be
assumed that the rateof increase in hair is proportional to the daily intake level (since there hasn'tbeen enough
time for substantialexcretion). Figure9.1 plots the daily increase in hairMeHs against the estimated daily intake
perunit of body mass.* Oneoutlier is seen, and the regressionline was calculatedwithoutthis observation.

Table 9.2 Data on MeHg in Hair from Iraqi Poisoning Victims
source: AI-Shahristaniet al. (1974)

Symptoms Peak hairMeH(p.g/g)Body burden(ms) BloodMeHg(_S/I.,)# Blood/bodyburden
msm_*teuo,m_mm*mmOmm.tQalHmam_4J4wmseq*oOm4m--omqm4um**m O N_O Q-- _'I mmwo ImmoNm _ m'' "m m m m mmm" m m ° mmm" m_mmQ "m_ _'''" mmmmmmmmmo_m "°_

None 1-300 0.5.100 0-1200 54.5

Mild 120-600 37-200 480.2400 60-54.5

Moderate 200.800 70-280 800-3200 53.3

Severe 400.1600 140.560 1600-2400 53.3
O4m_m_OOqmmNl_mmNJ4mmrmmmgHt.edNJ_mem--'--_O m*ms41s4m*mmm*omm_el o "_m_'o _ m morn m'm" m "m_mmmm_mmmmm "l_'_'_" m'm_am

#based on a ratioof 250.

* Curiously, the body weight data obtained from the data of AI-Shahristaniet al. (1974) were largely values
divisble by 5 and monotonicallyrelatedto age (Figure9.2). This strongly suggests thatweights ,Nerenot measured
but were imputed from age instead. If so, this maybe oneof the sources of scatterin the dose-response plot (Figure

' 9.2).
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This paperalso gives the ratioof bodyburdento peak hairconcentration,and dam on symptomseverity classified
by both body burdansand hair levels. Corresponding levels of blood 1-18were cremated, as well as a conversion
tkctorfor bodyburdento blood, using a conversiont_ctorof ludrMeHg to blood Me Hg of 250, as shown in Table

' 9.2.

Fromthese dam, the onset of'mild" symptomsoccurs at a blood level of 480 I_f/L,not at 240 I_IIfLas implied by
" BsJk/rmal. and _nt reportsbased on these dam, including the (1990) WHO report(the 1976 WHO report

on mercuryestimates the thresholdto lie "somewherebetween"240 and 480 ttJ/L). The correspondingthreshold
total body burden is also higher. It is probablysafe to assume that these patients did not include cases in which

or death occurred,wldch correspondsto bodyburdensaboveabout 150 ms, accordingto the plots of Bskir
el al. (1973), which is takenas furtherindication that the Bakire, al. bodyburdensaretoo low.

Additional supportfor this hypothesis is obtainedfrom the paperof Al.Mutti et al. (1974). They reporteddetailed
Hg poisoning symptoms in two specific villages. Contaminatedbreadwas consumed in one of the villages; in the
other, it was not. The incidence of paresthesiawas reportedas 38%among consumers and 2.2% in nonconsumers.
The average intake was 150 mg of MeHg over about 40 days, for a daily input of about 4 mg/d. Using the
relationship betweenaccumulatedbodyburden and daily consumption,

BB = m(l-e'kt)/k

the bodyburden after about 40 days is estimated to have been 132 mg. ff a longer consumption period, say 50
days, is selected, a body burdenof 118 ms is derived. The data of Nora'bergand Strangert(1978) show a value of
55 mg for about the same frequencyof paresthesia(42%), which is clearly well below the figures derived from
breadconsumption.

Furtherevidence for this hypothesis is derived from the dose-response data of AI.Mufli et al. They divided the
residents of the consuming village into fourgroups,by numberof loaves consumed. These figures were converted
into body burdens by using the group average numbers of loaves consumed, the average MeHg content per loaf
(1,27 rag) and the numbersof days of consumption from the data of Bakir et al. (1973), either40 or 50 days. This
dose.response function is plotted in Figure 9.3 (for both time assumptions) along with the data of Bakir et al.
(1973, frequencies)and Nordbergand Stnmgert (1978, body burdens). There is a substantialmismatch between
the bread-ba.u_data and the original Bakir-Nordbergdata. However, if the Nordbergand Strangert body burdens
are arbitrarilydoubled to accountfor the 6S-day delay in determiningthe blood chemistry,as discusssd above, the
two dose-response functions agree quite well. There is even an implication that the consumptiontime may have
exceeded 50 days at the higher dose levels, which is also a reasonable inference. The 1976 WHOreportdiscussed
tiffs problemof uncerta/nties,blood halflives, total ingested doses, and imputationof bodyburdensat some length.
Based on their analysis, these body burdenvalues may be somewhat on the high side, but the report of Marsh
(1987) and the comparisonof Figure9.3 seems to be sufficient evidence to proceed.

9.2 Development of a Dose-Response Function

A quantitative health risk assessment requires a mathematical dose-responsefunction that predicts adversehealth
effects in terms of the imputeddose. It must be able accommodateuncertaintiesin the (dose) input terms, and the
uncertaintiesof the dose-responsemodel itself mustbe defined, including those associatedwith the choice of model
parametersor functional form. Data were used on prevalenceof paresthesia in 122patiects reportedby Bakiret al.
(1973), in conjunctionwith the 1972 poisoning incident described above. These patientswere groupedaccording

, to blood mercurylevels at the time of examination. The upper 5 groups were known to have eaten contaminated
bread;the lower two groupswere regardedas "controls." Relevant statistics were given in Table 9.1. As discussed
above, their unit body burdensof MeHg at the time of symptom reponinf, were estimated by doubling the data
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Figure 9.3. Dose-responsedata for pa,'esthesiain the Iraqi poisoningincident,accordingto various formulations.
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given by Nordbergand Strangen (1978), and by dividing by the average body weight (46.6 kg) deduced from the
data of AI-Shahristani et al. (1974). This formulationallows the frequencyof paresthesia to be estimated in
responseto the joint distributionsof dietaryMeHg intake andbody weight.

The logistic function was used to represent these data. This is an "S" shaped curve with asymptotesat both
extremes. The "logit"is defined as In(p/(l-p)), wherep is the probabilityof an event or frequencyof a condition ort

symptom. The logit function increases rapidlyas p approaches1, but never reaches1. The use of the logarithmof
dose spreadsout the low end of the curve, which never reaches zero. When this function is used to represent
grouped prevalence data, the statistic used to judge goodness of fit is the chi-squared, in which observed and
expected numbers of cases are compared across the entire range. However, in this application, predicting
paresthesia at low doses is of much more interest than at high values, so that some discretion was used in
evaluatingcandidate models.

An alternativemodel that mightbe applied here is the "hockeystick,"consisting of two intersectingstraight lines.
The point of intersect/onis the thresholdof effect, which is strongly linked to the backgroundprevalence level of
the condition in question. The IPCS (1990) report cited a background level of 6.3% for paresthesia in Iraq.
However,a detailed analysis by AI-Mufliet al. (1974) found only 22 cases in a presumably unexposedpopulation
of 1012, for a background level of 2.2%. If children under age I0 were eliminated from this population, the
background paresthesia prevalence rate would be about 3.7%. The backgroundrate implied by the "controls"
among the 122 patientsreportedby Bakiret al. (Table9. I) is 7.5 %. A rangeof backgroundrateswas investigated
in the developmentof a dose-responsefunction forparesthesia.

The "logit"regression model procedureof SPSS (Norusis, 1990) was used for this purpose,which fits a model of
the form logit - B0 + BllOg(x). Standarderrors areest/mated for both regressioncoefficients, and these are used
in a probabilisticerroranalysis. Figure 9.4 presentsthe resultsof some of these computations;none of the logistic
corves fits all of the Iraqi data.

1.0- 0 Iraqi data (Bakir et al., 1973) ."'""
- - no backgroundprevalence ./_

.o,_ 0.8 ...... background=_0.072 ...'_"
• w background 0.022 ../
r-

. /°'-- 0.60

a. /

_ _./

04 / / ..'"

0.2 .. "
_ ...''"

. •_,,._¢'.........

0.0 .
O.1 1.0 " 10.0

estimatedbodyburden,mg/kg

Figure 9.4. Logistic regressionfits to the Iraqi paresthesiadata.
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With low background paresthesiaassumed, the response is greatly overestimatedat a body burdenof 1.0. With
higher assumed background levels, it is underestimatedin the region of body burdens around 2.0 and tends to
overestimate the responseat h/gher burdens. The sum of the squareddeviations from the lowest three datapoints
on Figure 9.4 was used as a relative figure of merit,and found that a backgroundparesthesiaprevalence rate of
2.2% was close to the optimum. Since this is also the backgroundlevel determinedby M-Mufti et al. (1974), it
seemed a reasonablechoice. This model is given by

j,

ln(p/(l-p)) = 2(3.80 + 2.201og(BB) - 5) [9 - 1]

with standarderrors of 0.30 and 0.43, respectively. The distributionof responsesat body burdensof 0.1 and 1.0
mg/kg are shown in Figure 9.5. The median values of paresthesia risk are 0.11% and 0.083%, to which the
backgroundlevel of 2.2% mustbe added in orderto comparewith Figure 9.4. The 95th percentiles are 0.62% and
19.5%, respectively. It is seen from Figures 9.4 and 9.5 that the full range of dose-responsemodels is included in
the confidence limits at a body burdenvalue of 1.0 mg/kg. Also, the GSDs of these two distributionsare 2.88 and
1.72, respectively. The fact that the GSD is largerand thus that the response is less certain at the lower body
burdenlevels is also consistentwith the present understandingof the data.

It has been suggested (J. FouLs,personal communication, 1993) that the existence of an actual dose-response
thresholdfor paresthesia may be problematicbecauseof the small numbersof observationsat low doses. Afterall,
the probabilitiesoffinding 0, 1, 2, 3 or 4 cases in a sampleof 20 are not thatdifferent. For this reason, the lackof
fit of the logistic modelat low doses, where only I or 2 cases were observed, shouldnot be takentoo seriously.

Expected Expected
Result-- .

-1.08809__ _qlSK _irnulaUon I Samol|nn- Latin Hvoercubei Re,,_uR-LOGB81 , I .... _ _ITHoIs--20(_O | LOGBBO'I I, _ I_ITHoIs, 2o(30

......."'...... ...................................i,...................................

Figure 9.5. Histogramsof paresthesiarisk based simulations and the confidence limits of the regressionequation.
(a) bodyburden=,0. I. (b) bodyburden= 1.0

74



9.3 Other Epidemiological Observations of MeHg in Fish-eating Populations

Since the Minamata disasterin Japan,there have beenmanyattemptsto observeneurologicalsymptoms in various
fisheating subpopulations. Some of these studies use estimated dietary I_els as an indicatorof exposure; others
use the Hg content of samplesof blood or hair.

9.3.1 Results from Povulation Studies. In responseto concernsabout high levels of Hg discharges from chlor-
alkali plants associated with the pulpand paperindustry,an e_ensive populationsamplingand study programwas
launched in Canada in 1970, with emphasis on native populationsthat typically consume large quantities of fish
(V_neafley, 1979). Over 35,000 hair and blood samples were taken in 350 communities, from 1971-78. 84 "at
risk" patients were identified from these samples and given neurological examinations, l I of these had
"neurolog/cal findings possibly attributable to methylmercury." However, no definitive diagnosis of MeHg
poisoning was made,and no relationshipbetween peakHg levels and neurologicalfindings couldbe discerned.

Birkeet al. (1972) studied 14 "normal"and 12 "exposed"subjectswho hadeatencontaminatedfish. They reported
total and methylmercury levels in whole blood and in bloodcells and in hair. These data providea rudimentary
means of converting among commonly used mercury metrics. For example, MeHg was about48% of total HS in
blood cells, and total Hg'in whole blood was about 55% of total Hg in bloodcells. MeHg in whole blood was not
reported. Total Hg in hair was about 300 times that in whole blood, but not all of the hair Hg was MeHg. The
relationshipbetween total Hg in whole blood andMeHg dietary intakefor20 subjectswas givenby

Hg (whole blood) (ng/g) = 1.2 + 0.80 _g/d [9-2]

Hgdecay curves were constructedforup to 5 subjectswho stoppedconsuming contaminatedfish. After accounting
fornew backgroundlevels, the biologic half lives were 99 and 120 days in red bloodcells and from 33 to 120 days
in hair (mean=80 days). Clinicalexaminations showed findingsof interestfor v,vo subjects. A 73 yr old male who
consumed about 150 _g/d MeHg, had whole blood Hg of 125 _g/L, hair Hg of 40 ppm, and was found to have
"coarsetremor of suggested intentionaltype and dysgraphia." The most heavily exposed individual, a 54 yr old
male who consumed about800 _g/d hada whole blood level of 650 _tg/L,hairHg of 185 ppm, and showed a "very
slight coarsefinger tremor in 2 examinations. However, the authorsconcluded that"none of the eight moderateor
heavyconsumers of contaminatedfish showed any clear-cutclinical pictureof methylmercurypoisoning."

Skerfving (1974) reportedblood, hair, and consumption levels of Hg for 162 Swedish fisheaters,and prevalence of
30 neurological symptomsand findings for two subgroupsof "high" and "low" exposure, asjudged from levels of
total Hg in red blood cells. The relationshipbetweenconsumptionand bloodfor 22 subjectswith relatively steady
long-term intake was found to be

Hg (bloodcells) (ng/g) = 0.02 + 0.07 daily intake (_g/kg/d) [9-3]

When compared in the same units of measure, this slope is lower than those foundby Miettinenor by Birke et al.
(Figure 8.2), for example. The ratiobetweenHg in head hairand in bloodcells was 230. The half-lives of Hg in
blood cells rangedfrom 59 to 87 days for four subjects; a fiRh had a value of 164 days. Therewere no statistically
significant differences in neurologicalsymptoms or findings between the high (medianblood Hg = 160 ng/g) and
low (median = 40 ng/g) groups. Continuousparesthesia was reportedby 1/42 of the low Hg group and 2/41 of the
high Hg group. This is a combined prevalencerateof 3.6%. "Impairmentof superficial sensibility" affected 8 of
the low Hg subjects and 6 of the high Hg subjects, for a combined prevalence rate of about 17%. Skerfving

• concluded that none of the 86 subjectsshowed a "clear-cutcaseof poisoning."

Bernstein (1974) reporteddata from 3 groups of Cree Indians in Northern Quebec, obtained in 1971. Blood Hg
• datawere obtained from401 persons;means of the 3 groups rangedfrom 22 to 41 ppb and the highest value was

306 ppb. Hair was testedfrom67 people; the correlationwas 0.82 and the slope was about250. Detailed data on
fish consumption were not taken, but the those individualswith the highest blood Hg appeared to be heavier
consumers of fish. There was some evidence that fish Hg content was higher in the area with higher blood Hg.
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Five of the individuals with high HS levels were selected for hospital examination in Montreal, Psychological
evaluationwas impossiblebecauseof language difficulties. No specific mentionwas made of evaluation of tremors
or of constricted fields; Bernstein concluded that "no significant clinical findings suggestive of organic mercury
excess" were found.

q

Some of these same bands of Cree Indians were studied later by Mcgcown-Eyssen and Ruedy (1983), using the
case-control methodology. 41 cases were identified through neurological examination that was blind to MeHg t.

levels or fish consumption. Requirements for classification as a "case"included either symmetric bilateral
reduction in visual fields, or the presence of neurologic disease as judged by the bilateral presence of any of a
numberof symptoms, including tremor. "Controls"(1'79 in number) were requiredto have none of the possible
markers forcases. Since there were 460 subjectsin toto, it was conclude that the remaining 240 met neither set of
criteriaand that the "case" prevalencerate in this populationwas about9%. Although the mean bloodHg level of
cases was significantly higher than that of controls, there were several potentially confounding variables to
consider, including age and alcohol use. After attemptswere made to controlfor these factors, the odds ratio for
those with hairHS between 10 and 19.9 _tg/gwas about twice that for those with hairHg less than 10 ttg/g. It was
not possible to determinea threshold hair Hg level, and the authorssuggested that the Hg levels used might be
lowerthan previous exposure levels. They also concludedthat "it remains possible that the effects are not entirely
attributableto methylmercury." For example, note that the mechanism for increasedexposure to MeHg within a
limited geographicarea is by eating more recreationailycaught fish. as opposedto eating fish with highermercury
contents. There could be otherdifferences associatedwith high local fish consumption, such as poverty,residence
in the "bush,*adherenceto local customs which might involve inbreeding,etc. A more convincing demonstration
might involve comparing native groups whose MeHg exposure differences came from differences in the MeHg
content of the fish in their diets. No mention was made in the paper of possible differences in MeHg content of
fish between the two communitiesstudied. (Check Wheatley).

The companion to this study, McKeown et ai. (1983), examined 234 Cree infants, ages 12-30 months, for
neurologic, physical, mental, and psychosocial development. Only one neurologic measure was found to be
significant (boys' abnormalityof muscle tone), at the 5% significance level. Consideringboth boys and girls, this
is 1 out of 16 independent tests, which is very close to expectations just due to chance. There is no evidence of
delayeddevelopment at these ex'posurelevels (maternalprenatalhairHg up to about 24 _g/g. Since others (Stem,
1993) have suggested that prenatal exposures may be up to 4 times more sensitive than adult exposures, the
findings on Cree infants do not supportthe findings on adults.

Haradaet al. (19'77)examined surveyeda group of 89 OntarioIndians who had consumed fish contaminated with
Hg by a chemical plant. Fish were mainly eaten there in summer, and hairHg was noticeably higher (up to 80
ppm) among fisheaters. The neurological examinations did not find the symptoms typical of MeHg poisoning,
such as concentric visual constriction or sensory disturbances, However, the results "strongly suggested that
neurological symptoms had been caused by methylmercury. The following approximatemedian Hg hair levels
were noted, by symptomgroup:

1. no symptoms _ ppm
• 2. only subjectivesymptoms 8 ppm

3. other symptomsw/o sensorydisturbance 22 ppm
4. sensory disturbance with othersymptoms 21 ppm
5. sensory disturbancewith visual constriction 17 ppm

However, it should also be noted that all levels of hair mercury were seen within group 5, i.e., there was no
evidence of a dose responserelationshipwithin this group. Also, symptomdata were given for only 58 of the 89
subjects,and no mention was madeas to whether the neurological evaluationwas "blind." Finally, the reservation
expressed above about possible confounding by lifestyle differences pertinentto heavy fisheaters applies here as
well.

Valciukaset al. (1986) reporta studyof 200 maleand 200 female Mohawk Indianssuspectedof exposure to MeHg
throughfish taken from a river contaminated by a chlor-alkali plant. Blcxxland hair Hg levels were determined
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and a batteryof mental performancetests was administered. Femaleswere reportedto consume less fish and their
median blood Fig levels were about 55% of the males, although their median hair levels were the same. The
distributionsof Hg measures were reported to be closer to log-normal than to normal. Median total Fig levels in
blood(assumedto be whole blood) were 2.6 ppb for males and 1.4 for females, of which about 70% was reportedtoo

be "organicMHg (assumed to be MeHg). The max/mum total Hg for males was 19.$ ppb (93% organic) for males
and I1.3 ppb (89% organic) for females. The authors reportedthat "no significant associations between age-

, adjustedindividualperformance test scores and exposure were found." However,a significance level of 0.04 was
notedfor females on one test andof 0.13 for all threecombined, with respectto total bloodHg. Since the females'
test scores were less significant with respect to organic blood Hg, the authors' conclusions would probablybe
sustained. However, this maybe a close call and it shouldbe notedthat neurologicalsymptoms such as paresthesia
werenot evaluated.

9.3.2 Conclusions from OtherEoidemiolo_ical Studies. Relationshipsbetween fish consumption and human Fig
l_els have been shown in a number of studies. A number of different bases are in use for reporting biological
concentrations of Fig;care must be taken in making comparisons. There are also a numberof differentcriteria in
use forjudging neurologicaleffects and for concluding that an association might exist at mercurylevels resulting
fromfishconsumption.Onepossiblepointof contentionregardingsensorydisturbancesis thatof definitions;in
the chronicstudiesof fisheaters,permanentsymptomsare sought,while this is clearlynot possiblewith acute
poisoningincidents(exceptperhapsafterextended,follow-up). [t is concludedthat the evidencefor neurologic
effects in adults at hair levels around20 ppm (80 ppb in whole blood) is only suggestive. This level of MeHg body
burden is about 10 times the averagelevels expectedin a "normar' population',based on a GSD of 2.3, only 0.1%
of suchpopulationwould exceed the 20 ppm hair level.

I0.0 ESTIMATES OF RISKS OF PARESTHESIA

I0.I Bases for the Estimates

Estimates of health risks were derivedby combiningall the probabilisticelements derivedabove, as follows, using
the @jRISKcode (PalisadeCorp., 1988). The three differentseafoodcategoriesdefined in Section 7 (cannedtuna,
freshwaterfin fish, and marinefin fish) were treatedseparately'in terms of their distributionsof MeHg content and
rates of consumption. Their sum was used to estimate the distributionsof MeHg dose and equilibrium body
burden.

Simulationswere performedfor the baseline case and for the "impact" case, in which the Hg content of freshwater
fish was increasedby a factor intendedto capture the incremental local effects of Hg emitted from a 1000 MWe
hypothetical power plant. This factor was assumed to be uniformly distributedover the range 1.5 to 3.0. The
effects of power plant Hg emissions on marine species were assumed to be negligible, since these species are
primarily affectedby global levels of Hg and the U.S. utility industry emissions cont/ibute only a small fractionof
the existing global Hg pool.

The humanpopulationat risk was assumedto be adults,characterizedas follows:

bodyweight (kg): median= 71.4, GSD = 1.26
MeHg haft-life (days): median= 68.2, GSD = 1.395

Fish consumption rates and Hg contents were as given in Table 7.2. The dose-response function for adult
• paresthesiawasasgivenin Eq. 9-1.

Two additional featureswere incorporatedinto the risk assessmentas alternativesimulations. First, fish
" consumption(individualmealweight)waslinkedwithbodyweight,usinga variablecorrelationcoefficientwith a

uniformdistributionfrom0.5 to 1.0. Thecorrela::,onwastakenasa variablebecauseof thelackof reliabledataon
flusrelationship.Thedistributionof overallconsumptionrate (g/d)wasleftunchangedbythis linkage. Second,
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calculations were made with and without the algorithm that mimics the metabolicMeHg dose variance reduction
due to the averagingprocess that takes place as the equilibriumbodyburdenis reached(see Section 8.3).

The empirical equationfor variance reductionis given by
,t

log(OSDeq) , 10(.1,211 + 1.7661og(OSD0) + 0.Rog(k/f)) [10-1]

whereGSD0 is thegeometricstandarddeviationof themercurycontentin seafood,fromsurveys,f isthefrequency
of meals,k is theeliminationconstant,andOSDeqistheeffectivevarianceof mercurycontentusedto computethe
distributionsofbodyburden.

Theeliminationconstantdependson half-lifeandthefrequencyof eatingfish is determinedfromthe overalltime
period of the simulations(5 half-lives), the average dailyconsumptionrate(from surveys),and the meal size (with
optional linkage to body weight). The nominal meal sizes were 78 g for tuna and 200 g for all other fish. The
equilibriumbody burdenis thus estimated in four differentways, in each instance for baseline and impact cases,
and the logistic dose-response function is used to estimate the risk of paresthcsiafor each distribution of body
burdens. Figure 10.1 is a flow chartof these logical relationships.

Factorsthat were not linked were:

I. Body weight and half-life were assumed to be independent.
2. Fish consumptionrate was assumed to be independentof fish Hg content.

human population fish population

IMoH0ha,,-,,'o_ _ fish Hg

I;: rod ooo,oo,
freq. of eating ]

!
J

Y
_r = l equil, body burden I

I
V

Figure 10.1 Flowchartforriskassessmentlogic
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The simulations produced distributionsof: numbersof fish meals consumed,averagedailyMeHg dose, equilibrium
bodyburdenof MeHg, and risk of paresthesia. Table I0.I presents these resultsfor the four simulation cases, in r
termsof medians, means, and 95th percentilesof each parameter.

10.2 Baseline Remits

, Among the four simulation cases reportedin Table I0. I, the median numberof meals consumedwas :educed by
about 16; by linking meal size to body weight (cases 3 and 4). This also reducedthe MeHg dose correspondingly
but increasingthe resultsfor cases 3 and 4 by 16% as compensation would notaffect the overall findings of the risk
assessment. Note that the distributionof doses is well below the EPA referencedose (0.3 _g/kg/day or 21 _g/d for
a 70 kg person). The mean dose values were also quite consistent with that of Stem (1993), who estimated 3.8
_s/d at the mean with a 95th percentile of 15.3 _g/d (for fish consumers). However,Stem's apparentGSD for his
distributionof doses was about 3.8, which is much broaderthan the present results. The WHO estimate for mean
MeHg intake for the whole population is 2.4 _s/d (WHO, 1991); this somewhat lower value may reflect the
absenceof appreciableratesof freshwaterfish consumptionin the generalpopulation.

Table 10.1 Probabilistic Risk Assessment Results (5000 trials)

l 2 3 4
meal size linked to body weight N N Y Y
fish Hg averagedover time N Y N Y

# of meals consumed median 44 44 38 38
in 5 half-lives mean 55 56 43 43

95% 131 132 87 86

fa) Ba_elin¢Simulations

MeHgdose (_g/d) median 2.67 2.67 2,29 2.29
mean 4.44 4.44 3.70 3.70
95% 13.4 13,4 11.4 11.4

Bodyburden(mg/kg) median 0.0037 0.0034 0.0032 0.0028

mean 0.0066 0.0044 0.0048 0.0033
95% 0.0220 0.0111 0.0142 0.0070

Paresthesiaprevalence median 2.4 2.0 1,7 1.3
(casesper million adults mean 53 29 31 19
abovebackground) 95% 200 110 130 62

(b)Sourer ImpactSimulations

MeHg dose (_g/d) median 4.05 4,05 3.64 3.64
mean 7.70 7,70 6.77 6.77
95% 26.0 26.0 21,5 21.5

Body burden(mg/kg) median 0.0057 0.0052 0.0049 0.0046
mean 0.0 !15 0.0085 0.0088 0.0056

• 95% 0.040 0.026 0.027 0.0132

Paresthesiaprevalence median 5,7 4.5 4.5 3.3
• (cases per million adults mean 130 73 81 38

abovebackground*) 95% 520 270 290 133

• logistic dose-responsefunction basedon a backgroundprevalenceof 22,000 permillion
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However, the distribution of equilibriumbody burdens reached alter consuming this dose also depends on the
averaging process and the numbers of'independentmeals consumed. The mean body burdensare approximately
100 tim_s the dose, as expected (see S_on 8.1), but the distributionis narrowedby about 45% when don i

averaging is used (Cases 2 and 4). The distributionsof the logarithmsof MeHg body burdens are compared in
Figure 10.2, and this reductionin dispersion is quite evident. The GSD for bodyburdenin Case 1 is about 2.7; in
case 4, about 1.7_.

It may be usefitl to compare these baseline estimates with various referencevalues. The methods discussed in
Section 8 may be used to conves:tfrom equilibrium body burdens to blood and hair concentrations. Thus the
baseline caw would be about 4 pg/L of MeHg in blood and 1 ppm in hair. WHO lists reference values about
doublethese estimates (8 _g/L and2 ppm). Otherbaseline hairand bloodvalues were discussed in Section 8, and
we see thatthese predictedvalues aregenerallyconsistent with them.
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Figure 10.2. Distributionof the logarithmsof the baseline bodyburdenof MeHg.
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Since the e,_Imatedbaseline for th/s study lies among these referencevalues, it appearsto be reasonable. Further,
the OSDs agree quite well, given the fact that converting from bodyburdento blood and/or hair MeHg level will
entail some additional dispersion due to the population variabilityof the conversion factors and thus we should

' exp¢_ that the distributionsof hairor blood Figmight be widerthan the distributionof bodyburdens (but not vice
versa). This comparison thus lends support to the need to averagethe fish Hg concentrationsover time.

' The final entries in Table 10.1(a) arethe estimated frequenciesof paresthesia,which areall quite low and about 2
ordersof magnitude below the estimated backgroundprevalenceof paresthesiain the general population. Note
that the dispersion of the risk estimates is considerablylarger than those of the body-burdens(the inputs to the
DRF),because of the fundamentaluncertaintyof the DRFper se at such low doses.

10.3 Local Impacts

Section (b) of Table 10.1 presents the correspondingestimates for the power plant impact simulations. Median
doses and body burdensare about 50% higher than the baseline, as expected, but the 95th percentiles are about a
factor of 2 higher because of the uncertainty in the Hg concentration increment due to the power plant. The
estimated increase in prevalence of paresthesia is spread even further, but remains well below background. In
these simulations, only the maximum risks computed for5000 trials begin to approximatethe level of background
paresthesia prevalence. As an example, the threshold body burden appears to be in the range 0.5-1 mg/kg in
Figure 9.4; the maximum level reached in these four simulations of 5000 trials each was 0.47 mg/kg. This
suggests that a hockey-stick dose-response function would have returned essentially zero incremental risk in all
cases.

10.4 Global Effects

The ratio of transportedpower plant Hg emissions to totalglobal emissions was used to estimate short-termeffects
on global environmental Hgand thus on MeHg in marine fish. For this hypothetical 1000 MWe plant, this ratiois
0.17/8000 or about 2 x 10"5. The effects of emissions of a single power plant on global mercury levels arc thus
seen to be quite small in the context of existing background. The incremental effect of the entire U.S. utility
industrycould be estimated in the same way; the incremental effect would be about 0.8%, which is also negligible.
However, this analysis does not address any future risks stemming from the continuing build-up of Hg in various
biospheric reservoirs, resulting from the transfer of Hg from relatively stable forms as found in ore to the more
bioavailable formsof combustion products.

11.0 MAJOR UNCERTAINTIES AND RESEARCH NEEDS

This assessment has afforded an opportunity to examine the relative importanceof the gaps in the data required.
Table I1.I lists the main elements of the analysis of power plant contributionsto mercuryin the environmentand
the ensuing risks to public health. Note that this listing assumesa non-lineardose-responsefunction, and therefore
that knowledge of the baseline risks is also important.

Therearc important interactionsamong these researchneeds. For e_mple, if the dose-responsefunction trulyhas
a threshold, then the need for powerplant impact assesst.aentdependscritically on the magnitude of the baseline

f

dose, i.e., the probability that any additional health effects wi,l be experienced due to coal burning. If the
probabilityof exceeding the threshold is sufficiently low (which requiresdefinition of acceptable risk l_els), then

. research needs for the source and transport terms become moot. Worst-case assessments of such effects are
necessarilylocal, in which a Hg source is locatedin the immediate vicinity of sensitive waters fished by subsistence
populations (such situations must be evaluated on a case-by-case basis). Such an evaluation must include the

. extent to which background levels of the health end points in question are already present in the specific
populationsat risk.
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Table 11.1 Elements of the Analysis of the Health Risks of HS in Coal

Element CurrentState ResearchNeeds
of Knowledge

total Hg in coal good characterizationby region
141Jspeciaflon fair mechanistic modelfor CI" .
control effectiveness poor effects on spectation
regional inventories poor need to updateearly estimates

AtmosohericProcesses
dispersion& transport good long-range, long-term models
chemical reactions poor validatedreactionratesand models
precipitationscavenging fair field verificationof modelsforplumes
long-rangemass balance poor do surfacewatersact as HS sources

or sinks or both?
regional massbalance poor methods for dealing with "natural"flows

Ten'¢#trialProcesses
drydeposition poor Vd'S,mass balance
terrestrialtransport poor howdo watersheddeposits affectsurfacewaters?

Aaua_iqprocesses
bioaceumulation poor why do fish species differ?

do sedimentsor waterconcentrationscontrol?
roles of pH and DOC by species
factorscontrolling marinebioaccumulation

sedimentation rates poor controlling parameters
mass balance poor effectof Hg outgassing

Basclin©HumanDose
Hg in fish poor is therea time trend?

lm,els in high-consumptionspecies

consumptionrates fair %of non-fisheaters
no. of subsistencefishers
locations, dietsof subsistencepopulations
regionaldata

Metabolicprocesses
model for_luil. Fig fair is bodymass independentor"half life?

Dose-Res_nse Functions
form of model poor symptom data at low doses

acutevs. chronic responses
backgroundprevalencerates

v

Ass_ment Data & Criteria
source-receptordata poor data on sensitive waters& populations near Hg

SOUrceS

acceptable risk levels poor depends on end point andbackgroundprevalence
relative global effects fair globalFigemissions and environmentallevels
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Unfortunately,there ate majoruncertaintieswith regardto the baseline mercurydose. There are two estimates of
mercurylevels in high-consumption fish species, i.e., pollock and shrimp, one from an extensive data base from
the late 1970's and one comprising a few more recent samples. These two baselines differ by factors of 4.5, in
opposite din_ons for the two species. Clearly,if"environmentalmercuryis indeed judged to be a public health

' concern,the massive sampling effortperformed by NOAA in the 1970s must be replicated,with emphasis on high-
consumptionspecies.

" There aresimilar problemswith outdatedand sparsedataon fish consumption, A large survey was conducted in
the early 1970s and indicated that95%of the sample ate some seafood. Two other surveyssuggest that only about
half or less of the populationdoes so. Since therearcalso dataon the total catchand its implied consumptionrate,
it is very importantto know whatfractionof the population is actually eating this seafood. Data on consumptionof
freshwatergame fish (the most likely to be affected by mercmy in coal) is also sparse. This analysis found major
uncertainties with respect to the parametersused to estimate local deposition levels near a power plant. In
addition, there are also substantialuncertaintiesas to the baseline deposition levels, which makes the incremental
effect even less certain. Settling these questions will probably require field research, which should only be
undertakenif the risk analysisconfirmsa need for the information.

The severity of global impacts from U.S. coal burning in general must be assessed in terms of the mercury
emissions that contribute to mercuryin marine fish_ summed over the entire U,S. industry. As a first cut, one
might ignore local deposition, realizing thatthis would providea gross overestimateof the amountof U.S. mercury
entering the oceans. Thus knowledge of the ultimate fate of mercury deposited within the United States, i.e., a
mass balance, is required. In addition, the severity of global impacts must also be judged in terms of the
incrementalrisks relativeto existing backgroundlevels.

It is clear that substantial researchis requiredbefore informedjudgments can be made about the need to regulate
mercuryemissions fromU.S. electricutilities. A modest investment in researchand data could have a large return
in termsof more efficient regulation.

12.0 RECOMMENDATIONS

It is clearthat the risks of adult parcsthesiafrom fish consumption are low. This analytical frameworkshould be
extended to the case of maternal fish consumption and fetal effects on retardedchild development, which arc
thought to bc considerablymore sensitive. It is also clear that the basic data used in this analysis are in need of
improvement:

1. Mercurylevels in fish arebasedon conflicting and outdateddata.

2. Fish consumptionpatternsof sensitivesubpopulations(such as pregnantwomen) have notbeen cstabUshed.

3. Appropriatemethods for estimatingHS depositionfrom powerplants have not beenvalidated in the field.

4. The intersectionsof the sets of locationsof U.S. coal-firedpower plants, sensitive water bodies, and susceptible
subpopulationshave notbeen established.

5. Annual total Hg emissions fromcoal burningand fromothersources, including naturalsources, are still
uncertain,which makes it difficult to estimate the combined effects of U.S. coal burningon global 1-18

• concentrationlevels.

6. Since the uncertaintyin the dose-responsedata contributedover half of the variability in the estimates of
• parcsthcsiafrequency(on a log basis), improved data on health effects should result in substantiallymore precise

assessments.
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Appendix A - Properties of Log Normal Distributions

Many of the parametersused in this assessment were perceived to have approximately log normal distributions.
. This means that the logarithmsof the values tend to be normallydistributedaround the median, rather the values

per se being symmetricwith respect to the mean. Such distributionsare symmetricin log coordinatesbut skewed
to the right in terms of the actualvalues. Such a situation can arise when the values are constrainedto be positive

, and there is no upperconstraining limit.

In manycases, it was necessaryto work with fragmentarydata in orderto deducethe propertiesof the distributions
needed. The most common statisticreportedfrom sampling is the mean; sometimes the range (max, rain)are also
reported,but the medians or other percentiles are rarely given and are needed to performa propersimulation. It
was attemptedto solve this problemby constructingparametric curvesdescribinguseful properties of arbitrarylog
normal distributions,using the simulations of _RISK. The geometric standarddeviation (GSD) and the number
of points sampled were the parametersused, Most of the sampling runs used latin hypercubesampling, but no
systematic differenceswere apparentwhen probabilisticsamplingwas usedas an alternative.

Figure A.1 presents the general properties of these distributions, for sample sizes of 100 and 500. The ration of
mean to median increasesonly modestly forGSDs less than about 2, but sharplythereafter. The rationof the 95th
percentile to the 5th percentile was quite stableand conformed to theoretical expectations (note that t=1.645 for the
95th percentileand -1.645 for the 5th percentile. The exponent 0.04 is I/2t for t--1.645. The ration of maximum
to minimum values is less well behaved (right-handscale), and increases with sample size.

Figure A.2 explores the ratios of mean to median, which is seen to be independentof sample size, although the
data becomesomewhat erraticfor GSD > 4. The ratiosof maximumto mean values are plottedin Figure A.3, and
it is seen that GSD plays a larger role than sample size. One might expect considerablesampling variance for
samplesizes less than 100, however. For the n-20 case (1 gsd value only), l0 trials were averagedin orderto give
some stabilityto the result. Maximum-to-minimumratios are plotted in Figure A.4, and this range increasesby
about two ordersof magnitude for each doubling of GSD. For GSD's in the range 2-3, 2-3 ordersof magnitude
variationwould be expected in the parameterbeing sampled, witha strongincrease due to sample size as well.

Figure A.5 plots the distributionof the sums of 4 log normal distributions,with GSDs of 1.6, 2, 2.5, and 3, each
with a median of 10. The mean of this sum is about57, the median about49, and that this distributionis neither
normalnorlog normal. The 5th percentile is about50% of the median, while the 95th percentile is about2.4 times
the median. This results from the tendency towards the mean produced by adding 4 independent distributions
together with the skewness towards higher values producedby the l_asiclog-normality. Such a distributioncould
describe the combined distribution of dietary mercury produced by combining four different types of fish, for
example, shellfish, canned fish, freshwaterfin fish, and marine fin fish. Thecentral limit theorem also reducesthe
maximumcombinedvalue observedrelative to the sum of maximum individualconstituentvalues.
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Appendix B - Data on Mercury in Fish from Upper Michigan Lakes

Gloss et al. (1990) and Cusimano et al. (1989 report data from 49 lakes in the Upper Peninsula of Michigan which
• were sampled as part of the National Surface Water Survey. These lakes were thought to be remote from local

sources of mercury pollution. A variety of species were caught, and detailed data were presented for 864 fish taken
from 37 lakes. These data were made available to BNL for this analysis. The species included for mercury

" analysis are given in Table B. 1, and are dominated by yellow perch in terms of numbers of fish examined. The
data on each fish include age, length, weight, and mercury content. The mercury data reported are total mercury
from muscle specimens; the MeHg content was reported to be about 99%.

Table B.I Average Fish Characteristics

St_,'ies Number Age(y) LenJ,-th(mm) Weight(g) Hg(_g) Hg Dose(l_g_
brook trout (BT) 28 2.2 283 382 0.15 91

Saivellnus fontinalis
large mouth bass (LMB) 72 3.4 235 258 0.35 125
Micropterus dolomieui

small mouth bass (SMB) 4 4.0 289 353 0.30 100
Micropterus salmoides

northern pike (NP) 86 4.2 526 1000 0.44 593
Esox lucius

walleye (WE) 8 4.2 388 578 0.28 194
Sti_ostedion vitreum

white sucker (WS) 110 4.7 323 426 0.12 71
Castostous commersoni

yellow perch (YP) 540 4.2 158 59 0.30 31
Perca flavescens

The lake data available in Cusimano et al. (1989) included pH, DOC, certain chemical parameters, lake and
watershed areas, sampling depth, and hydrological type. Data on the fish caught included counts of species by
method of capture (angling, gill nets, trap nets and beach seines; the last three categories were combined to
distinguish them from normal modes of sport fishing) and the time spent in each method. The catch of all species
combined was divided by the time spent to provide an index of productivity; an additional index was devised by
dividing by the lake surface area. A few lakes were sampled twice as a check on repeatability; these catches were
added and divided by the total time. Average properties of the lakes are given in Table B.2. Deducing the
importance of lake properties on mercury levels can be important for a national assessment of the effects of coal
burning because lake properties (especially acidity) vary regionally and also affect fish abundance.

Table B.2. Physical Characteristics of the Lakes sampled by Gloss et al. (1990)

parameter mean median std. dev. range

surface area (ha) 18 9 37 4-262
sampling site depth (m) 6.5 4.3 5.3 1.5-20.1

• Secchi depth (m) 2.6 2.3 1.3 0.85-7.6
elevation (In) 332 282 100 220-546
watershed area (ha) 1376 60 7794 10-54500

• watershed/lake ratio (logs) 8.6 7.0 (GSD) 3.16 2.3-1687

pH 5.96 5.8 1.4 4.43-8.5
DOC (rag/L) 5.36 4.55 3.2 0.26-17.7
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This analysis was intended to explore the dependence of Hg levels on fish characteristics vis-a-vis lake
characteristics. This analysis was conductedat two levels. First. dataon the individualfish caught were used, in
orderto test for the dependenceof mercurylevels on various physicaland chendcal parameters.Then averagesfor
each lake and major species (large mouth bass, northernpike, white sucker, and yellow perch) were used to
examine the influence of lake characteristics in more detail; data on mercurylevels in the lake waters were not
available. Finally, the fish catch statistics were used to examine the probabilitiesof sport fishermencatching high-
mercurycontent fish by angling.

4

Analysis of lndivi'd_l Fish. The average mercuryconcentrationof the 7 species in Table B. 1 is 0.27 _tg/g, which
is considerable higher than the grand average of fresh-waterspecies in the EPA database (0.19 _g/g). However,
the distributions of mercury were seen to be approximately log normal, so that the medians may be a better
measure. These values were: BT, 0.10, LMB, 0.27, SMB, 0.28, NP, 0.36, WE, 0.26, WS, 0.07; and YP, 0.18
pLg/g,for a 7-species meanof 0.22 I_g/g,which compares with 0.14 _g/g in theEPA database. Figure B.1 presents
these average data as a function of weight (for plotting convenience). Although all species fall on a common
length-weight characteristic (filled. symbols), average mercury concentrations do not relate to average weight;
brooktrout and white suckershave considerably lowerHg for their weights, on average. The last column in Table
B. 1 gives average mercurydose received per fish (assumingconsumption of the whole fish, which correspondsto
an overestimate of abouta factor of 2), does not necessarilycorrespondto the productof the averageweight and the
average Hg concentration,since the two factors are positively correlatedfor each fish species. Figure B. 1 shows
that only northernpike provideabove average mercurydoses.

l

600 0.5
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FigureB.I. Averagefish length(connectedsquares)and mercurydc_e(individualcrosses)vs. fish weight,by
majorspecies,for 49UpperMichiganlakes. DatafromGlosset ai. (;990). Plo_ng symbolsare:BT = brooktrout,
LMB= largemouthbass,NP = northernpike,SMB = smallmouthbass,WE = walleye,WS= white sucker,YP =
yellowperch.

98



Individualfish weight was seen to be _,roportionalto (length)3 with only a few outliers; this relationshipprovideda
dataqualitycheck. Mercuryconcentrationswere considerablymorescattered,however,suggesting the influence of
environmentalfactors. Multiple regressionanalysiswas used to try to separatethe effects of variousfactors. Since
yellow perch were so numerousin the dataset and arenotconsidereda desirablegame fish, they ,_ereset aside as a

., first step in the analysis. Also, Gloss et al. (1990) notedthe importanceof lakehydrologyin their original analysis
of the data (which was centered on yellow perch); the lake population was therefore divided into two groups:
drainagelakes and all others. This gave foursubsetsforanalysis. The independentvariableswere fish weight (wt)

' as an overall index of growth and lake pH.

The following relationships werefound for individualfish (all terms statisticallysignificant):

For drainage lakes:

yellow perch: Hg = 0.916 + 0.0035 wt - 0.12 pH (R2 = 0.72, n=206)

all otherspecies: Hg = 0.221 + 0.00025 wt - 0.011 pH (R2 = 0.36, n=200)

For all other lakes:

yellow perch: Hg = 0.'703+ 0.0009 wt - 0.092 pH (R2 = 0.18, n=345)

all otherspecies: Hg = 0.613 + 0.00016 wt - 0.070 pH (R2 = 0.23, n=113)

FigureB.2 displays these relationships;the interactionsamongspecies andlake type andpH areapparent. The pH
relationship found by Gloss et al. (1990) is given in Figure B.3; their mercury-pHcoefficient is seen to be 0.06,
which is reasonablyconsistent with the regressionequationspresentedabove. Also, in Figure B.3, excepting one
outlier, the pH relationship for drainage lakes is seen to be less important than for seepage lakes. It is also
apparentfrom Figure B.3 that dissolved organic carbon(DOC) is an importantparameter. Gloss et al. did not
specify the meaning of the regressionline on FigureB.3',it appearsto pertain to seepage lakes with DOC levels.

In addition, the legal size limits (vertical dotted lines on Figure B.2 impose a bias on the actual average mercury
levels in fish likely to be consumed. The averageHgconcentrationsin fish above legal length limits (the limit for
yellow perchwas based on "likelyconsumptionlevels"[Gloss et al., 1990]) were:

brooktrout: 0.20 _g/g
walleye 0.35 ttg/g
large mouthbass 0.54 _tg/g
small mouthbass 0.19 j_g/g(basedon a sampleof l)
northernpike 0.56 _tg/g
yellow perch 0.39 _g/g

These values imply that consumption of fish containing mercury above the advisory limits is highly likely;
estimated consumption ratesof freshwaterfish arediscussedbelow.

A.nalysi_by Lake Averages. The analysis of average Hg levels by majorspecies and lake is presented in Figures
B.4 to B.8. The stratification by hydrological type was droppedat this point, although FigureB.4 shows that the
variables interact: most of the seepage lakes have relatively low watershed/lakearea ratios (WLARs) and lower
values of DOC; there are more high pH drainage lakes than seepage lakes. Aside from one lake with pH < 6 and
DOC > 17, DOC tends to be positivelycorrelatedwith pHand with WLAR.

The characteristicsof the four majorsportfishingspecies are seen to differ considerably. The plotting parameters
used here were:
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Figure B.2. Results of regression analysis of individual fish mercury content vs. fish weight and lake pH, for 49
Upper Michigan lakes, by lake type. Data from Gloss et al. (I 990).
(a) yellow perch. (b) all other species.
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Figure B.3. Relationship between lake pH and total Hg concentration for yellow perch ages 2-4 in 27 lakes. DOC
value of 4.2 mg/L is mean value for all seepage lakes. Source: Gloss et al. (1990).

1. Lake pH (average of 2 determinations in different seasons):thoughtto influence the metabolic uptake
of mercury by fish.

2. DOC (average of 2 determinations in different seasons): thought to affect the residence time of mercury
in lake water.

3. R_fio of watershedto lake surface areas(WLAR) (a logarithmic distributionwas assumed,becauseof
the very large value for the reservoir): a larger catchment area should concentratemore atmospheric
mercury into the water.

. 4. The dependent variable used to characterize average mercury levels in this portion of the analysis was
the average mercury concentration divided by the average weight, for each species and lake. There were
three high outliers that were not considered, apparently resulting from inordinately low weights (from l0

, to 23 g for large mouth bass, for example). These values may have resulted from miscoding the species in
theoriginaldataset.
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The data fornorthernpike (Figure13.5;n---8[relativelyfew were caught|) suggest a positive influence of DOC, and
indeterminateeffect of WLAR,and no effect of pH. However, it shouldbe notedthat no northern pike _re caught
in low-pH lakes. The best multiple regression of northern pike mercurylevels explained 44% of the variance,
using DOC andWLAR (which hada negative effect), but neitherparameterwas statistically significant (p > 0.05).

" For large mouth bass (Figure B.6, n=9 a/ter dropping one outlier), the importantparameterswere pH (negative)
and WLAR(positive but not significant). 60% of the mercuryvariance was explained. For yellow perch (Figure

, B-7, n=31 after dropping one outlier), the importantparameterswere pH (negative) and WLAR(negative but not
quite significant). 34% of the variance was explained. For white suckers (Figure B.8, n=12 after dropping one
outlier), the importantparameterswere DOC (positive) and WLAR(negative butnot significant).

The preceding analysis of mercury in Upper Michigan fish is limited by the relatively few observations, but
suggests the following conclusions:

1. The effects of lake characteristicson fish mercurylevels vary by species; maximum levels for different
species (afteraccountingforweight) will not occurin the same lake, in general. "/'hisin turnsuggests that
assessments should be specific to defined fish species, and thatgeneric bioaccumulationfactors should not
be used.

2. The effects of DOC and pH have the e,,q)ectedsigns, when statisticallysignificant, which reinforces the
conventional wisdomaboutthe relevantmechanisms forbioaccumulationof Hg.

3. The relative size of the catchment area for atmosphericmercurywas nevera statistically significant
parameter,in spite of its large range, and was negative ir 3 of the 4 cases. This finding suggests the
influence of other factors with regardto terrestrialtransportof deposited Hg, which could include the
nature of the watershedterrainand groundcover and lake volume. It would appear fromthese datato be
problematicto assumethat Hg depositedin the watershedwill end up in fish. r

Analysis of Fish CaptureRates. Another element to be consideredin estimating mercurydoses from recreational
fishing is fish capturerates. For example, if acidity in lakes increases the bioavailabilityof mercurybut also limits
productionrates,the increase in the mercurydose actuallyexperiencedby recreationalfishermenmay be limited.

Data on the fish caught included counts of species by method of capture (angling, gill nets, trap nets and beach
seines; the last three categories were combined to distinguish them from normal modes of sport fishing) and the
time spent in each method. The total catch (all species combined) was divided by the time spent to provide an
index of productivity; an additional index was devised by dividing by the lake surface area. A few lakes were
sampled twice as a check on repeatability;these catcheswere summedanddivided by the total time.

Figure B.9 presentsdataon fish catch rates,based on numbersof fish caught. For angling, Deep Lake stands out
with a high catch rate; large mouth bass and bluegills were caught here; mercurylevels for the bass in this lake
were near average. This datum helps supporta trend towardshigher catcheswith increasing DOC and with near-
neutralpH. No fish were caughtby rod in 31 of the 49 lakes',11 of these were drainage lakes and 20 were seepage
lakes. These data suggest that there is about a 60% chance of coming up empty a/ter 2 hours of fishing in a
randomlyselected lake in this area.

For net fishing (all modes combined), the most numerousspecies were shiners,brownbullheads, andyellow perch
(Elevenmile Lake), none of which are desirable game fish. Figure B.9 also suggests the best harvests were
obtained at pH values between 6 and 7.
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(a) fish caughtangling vs. DOC, (b) fish caughtangling vs. pH. (c) fish caughtwith netsvs. DOC. (d) fish caught
with nets vs. pH.
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Apnliotion to Subsisten_ Fishermen. Subsistence fishing populations are likely to use all available means to
harvest fish from lakes, and probably to select the most productive lakes for their efforts. Sport fishermen are
generally restricted to angling. Approximately the same fishing effort was expended in each of the 37 lakes with

• I_ data stud/ed by Gloss et al. (1990), about 72 hours of net fishing and 2 hours of angling. The total mass offish
harvested in each lake varied greatly, from less than 1 kg to about 30 ks (based on the total weight of the species
analyzed for mercury, of which only about half may be edible). However, a catch of 10/kg per day would not feed
many people on a subsistence basis, so that the application of these data to a true subsistence situation seems
problematic, especially since fish harvests are seasonal with higher catches in summer. The median catch per lake
was 2.5 kg, or less than I kg/day. Richardson and Currie (1993) report a citation by Burkes (1990) of a mean
fishery han/est of 115 g/d/capita (edible weight) among Canadian subsistence populations, but points out that not
all of this fish is cons_aed by humans, locally.

To assess the use of freshwater fish as subsistence protein, the capture rates of the Upper Michigan lakes were
combined with the geographic distributions of northern Minnesota lakes given by Sorensen et al. (1990). Using
Cook County, MN, as an example, there are 12 lakes (there may be additional lakes not sampled by Sorensen et
al.) and an estimated total surface area of 39 km 2 (1% of the land area). Sealing up the median fish harvesting
rate f¢om Cusimano et al. (1989) and estimating that half of the catch is edible yields an edible production rate of
about 180 kg/day; for comparison, the median apparent per capita fish consumption rate for 98 Alaska subsistence
communities was about 0.22 kg/day. The population of Cook County was 4092 in 1980, with 273 categorized as
"American Indians." ffthe entire fish catch were assigned to the American Indian portion of the population, and if
it were assumed that they lived on a reservation and were free to use any fishing method, this catch would provide
about 3 meals per day (660 g/d). However, if the catch were restricted to angling and applied to the entire
population of Cook County, the yield would be much smaller and probably less than the average national or
regional fish consumption rate for the general population. Of course, additional fish could be obtained from Lake
Superior, in tiffs case, and there are probably other lakes in Cook County not included in this analysis. The
conclusion thus follows that the rates of fish harvesting found in upper Michigan are probably adequate for

subsistence by small groups of native American populations.

Assessment of the Overall Distribution of Hg in UD_r. Michigan Lakes. Figure B.10 plots the frequency
distributions of Hg, for individual species, and Figure B. 11 plots Hg frequency distributions among lakes, averaged
over all fish species in each lake. Not only are the distributions of Hg within each lake positively skewed,

suggesting a log-normal distribution, the distributions of the lake averages and medians are similarly skewed. The
average of these medians is 0.21 _g/g, with a GSD of 2.8, and the median lake had a median Hg level of 0.17 l_g/g.
Weighting by the number of fish caught (species analyzed for Hg), the median Hg level was 0.28 pg/g (15 fish
caught). There was no relationship between median mercury level and total mass of fish harvested (Figure B. 12).
However, the most productive lakes had mercury levels slightly below the median for all lakes in this data set.

The distribution of median mercury levels in individual lakes is somewhat more variable than the distributions
within lakes. Thus, assuming that a subsistence fishing population may be utilizing any randomly selected lake, a
GSD of about 3.0 seems appropriate, with a median Hg concentration of about 0.17 ;tg/g. This implies 5% and
95% lake medians of about 0.03 and 1.05 I.tg/g, respectively. However, if more than one lake is utilized, as would
seem likely for lakes of this size, the variability in mercury levels averaged over the population's total fish harvest
would likely decrease. The larger the population at risk, the closer their mercury intakes will approach the average

for the region. This may explain why epidemiological surveys of indigenous populations find so few cases of
adverse health effects: sampling variability dominates stzjdies of small populations, and the tendency toward more

nearly average consumption levels affects large populations.
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Fisure B.10. Probabilityof fishing a lake with specified average fish HS levels, by species. Data from Gloss et al.
(1990). Plottingsymbols are: BT = brooktrout,LMB= large mouthbass, NP = northernpike, SMB = small mouth
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