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SECTION 1

INTRODUCTION

1.0 Introduction

This report provides an analysis of the benefits and costs of the final Clean Air Mercury
Rule (CAMR). In Section 2, we discuss the potential health effects of mercury. Section 3
provides a detailed discussion of mercury in the environment, including how mercury deposited
to water bodies transforms into methylmercury in fish tissue. This section also provides an
assessment of the response time for systems after a change in mercury deposition. Because fish
consumption is the primary pathway for exposure to methylmercury, Section 4 provides a profile
of fishing activity in the United States. Section 5 presents information on concentrations of
mercury in fish. Because this regulation requires control on coal-fired power plants, Section 6
provides a profile of the power sector in the United States, while Section 7 describes the
emissions, control requirements, control options considered for CAMR, and the regulatory costs
of the final CAMR. In addition, Section 7 also provides an assessment of impacts on small
businesses and government entities. Section 8 describes the resulting change in mercury
deposition from air quality modeling of the CAMR regulatory options. Section 9 presents a
derivation of a dose-response function that relates mercury consumption in women of
childbearing with changes in IQ seen in children that were exposed prenatally. IQ is used as a
surrogate for the neurobehavioral endpoints that EPA relied upon for setting the methylmercury
reference dose (RfD). Chapter 10 presents exposure modeling and benefit methodologies
applied to a no-threshold model (i.e., a model that assumes no threshold in effects at low doses
of mercury exposure). Chapter 11 presents the final benefit analysis numbers of CAMR giving
consideration to established health benchmarks (i.e., consideration of potential thresholds on
effects at low doses of mercury exposure). Finally, Chapter 12 presents a benefit analysis of
reductions in PM as a result of controls applied for mercury. Table 1-1 below summarizes the
benefits, costs, and net benefits of the CAMR.
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SECTION 2

IMPACT OF MERCURY ON HUMAN HEALTH, ECOSYSTEMS, AND WILDLIFE

2.1 Introduction

This section discusses the potential human health and ecological effects due to exposure
to methylmercury. The material in this section is based upon the National Research Council
(NRC) of the National Academies of Science report titled “Toxicological Effects of
Methylmercury,” which provides a thorough review of the effects on mercury on human health
(NRC 2000), augmented by other related and more recent publications regarding the effects of
methylmercury exposure. Many of the peer-reviewed articles cited in this section are
publications originally cited in the NRC report (all secondary citations are clearly noted in the
reference section).

The section starts with a short account of mercury poisoning episodes in Japan and Iraq
(Section 2.2), which provide much of the basis for research on human health at very high
exposure levels. Next, the reference dose and benchmark dose for methylmercury exposure are
discussed in Section 2.3 to provide context for the ensuing descriptions of specific health effects
(Sections 2.4 — 2.8). The section concludes with a discussion of ecological effects (Section 2.9)
and conclusions (Section 2.10).

2.2 Mercury Poisoning Episodes

Instances of methylmercury poisoning have made it clear that adults, children, and
developing fetuses are at risk from ingestion exposure to methylmercury. These episodes
resulted in exposures well above those observed in any US subpopulations, however, they
provided early motivation for risk management of mercury. Two of these high-dose mercury
poisoning occurred in Japan and Iraq. In Japan, industrial by-products containing organic
mercury were discharged into Minamata Bay between 1953 and 1960, contaminating fish and
resulting in methylmercury poisoning of the local population via consumption of fish. The
central nervous system was the primary target; symptoms of exposure included paresthesia (a
burning or prickling sensation in the skin), ataxia (failure of muscle control), sensory
disturbances (e.g., impaired vision, hearing, and smell), tremors, difficulty in walking,
irritability, and others, including death (NRC 2000). Children of exposed women displayed a
higher incidence of symptoms than did exposed adults. Some victims were born with a
condition resembling cerebral palsy, with severe disturbances of nervous function, and affected
offspring were very late in reaching developmental milestones (EPA 1997, UNEP 2002).

Maternal hair mercury concentrations in this population ranged from 3.8 to 133 ppm
(mean of 41 ppm). There is significant uncertainty associated with these exposure estimates,
primarily because measurements of methylmercury exposure were not taken until several years
after the poisoning episode had begun and identification of cases was incomplete; however, it is
clear that the exposures were quite high.
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Another series of acute mercury poisonings occurred in Iraq in the late 1950s and 1972
following consumption of bread made with seed grain treated with fungicides containing
alkylmercury compounds, affecting thousands of people in total. Symptoms in the exposed
population were similar to those observed in Minamata, with severely affected individuals
exhibiting paresthesia, ataxia, blurred vision, slurred speech, hearing difficulties, blindness,
deafness, and death. Toxicity was observed in many adults and children who had consumed this
bread over a three-month period, but the population that showed greatest sensitivity were
offspring of women who had eaten contaminated bread during pregnancy. Maximum maternal
hair mercury levels during pregnancy for mothers of affected children ranged to over 600 ppm,
with some effects in children (e.g., delayed ability to walk) possibly associated with maternal
hair mercury levels less than 100 ppm.

In both Iraq and Japan, the effects in offspring prenatally exposed to methylmercury were
more serious, and in some cases seen at lower doses, than in adults (EPA 1997, NRC 2000).

These instances of methylmercury poisoning have made it clear that adults, children, and
developing fetuses are at risk from ingestion exposure to methylmercury. In both episodes,
mothers with few or no symptoms of nervous system damage gave birth to infants with severe
disabilities, and it became clear that the developing nervous system of the fetus is more
vulnerable to methylmercury than the adult nervous system. Even though these episodes
resulted in exposures well above those observed in any US subpopulations, they provided early
motivation for risk management of mercury, and the U.S. FDA first proposed an administrative
guideline for mercury levels in fish and shellfish in 1969 in response to the poisonings in Japan
(EPA 1997). In the years since these episodes, much research has been undertaken to more fully
understand the effects associated with high-dose methylmercury poisoning as well as more
common lower-dose exposures, and these data have been used by EPA and others in mitigating
potential human health effects.

2.3 Reference and Benchmark Doses

EPA has set a health-based ingestion rate for chronic oral exposure to methylmercury,
termed an oral Reference Dose (RfD). The RfD is an estimate (with uncertainty spanning
perhaps an order of magnitude) of a daily exposure to the human population (including sensitive
subgroups) that is likely to be without an appreciable risk of deleterious effects during a lifetime
(EPA 2002). EPA believes that exposures at or below the RfD are unlikely to be associated with
appreciable risk of deleterious effects. It is important to note, however, that the RfD does not
define an exposure level corresponding to zero risk; mercury exposure near or below the RfD
could pose a very low level of risk which EPA deems to be non-appreciable. It is also important
to note that the RfD does not define a bright line, above which individuals are at risk of adverse
effect.

In 1995, EPA set an oral RfD for methylmercury at 0.0001 mg/kg-day based on a study
of the Iraqi poisoning episode (Marsh et al. 1987). Subsequent research from large
epidemiological studies in the Seychelles, Faroe Islands, and New Zealand added substantially to
the body of knowledge on neurological effects from methylmercury exposure. Per
Congressional direction via the House Appropriations Report for Fiscal Year 1999, the NRC was
contracted by EPA to examine these data and, if appropriate, make recommendations for
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deriving a revised RfD. NRC’s analysis concluded that the Iraqi study should no longer be
considered the critical study for the derivation of the RfD and also provided specific
recommendations to EPA regarding methylmercury based on analyses of the three large
epidemiological studies (NRC 2000). EPA’s current assessment of the methylmercury RfD,
revised in 2001, relied on the quantitative analyses performed by the NRC (EPA 2002).

In their analysis, NRC examined in detail the epidemiological data from the Seychelles,
the Faroe Islands, and New Zealand, as well as other toxicological data on methylmercury. In
determining a recommended point of departure (i.e., the specific dose on which health criteria
should be based), NRC recommended a benchmark dose approach which applies mathematical
models to the available data to identify the point of departure. The BMD is the exposure level at
which a particular level of response (i.e., the benchmark response, or BMR) for some outcome of
concern is predicted to occur. In their assessment of the epidemiological data, NRC proposed
that the Faroe Islands cohort was the most appropriate study for defining an RfD, and
specifically selected children’s performance on the Boston Naming Test (a neurobehavioral test)
as the key endpoint. They recommended a BMR of 0.05 (i.e., the level at which would result in a
doubling in the number of children with a response at the 5" percentile of the population).! On
the basis of this study cohort and that test, NRC identified a BMD of 85 ppb in cord blood. The
NRC also estimated the 95% lower confidence limit for the BMD (i.e., the BMDL) for this
endpoint to be 58 ppb. The BMDL is a conservative estimate which is used as a point of
departure in risk assessment. Although this BMDL was specifically recommended by NRC as
appropriate for deriving the RfD, NRC also conducted BMD analyses on other endpoints in the
Faroe cohort and several endpoints in the other two populations, as well as an integrative
analysis of data from all three studies (NRC 2000).

In updating the RfD, EPA considered BMD analyses completed by NRC involving
endpoints of neuropsychological development from the Faroe Islands cohort (including results
for the Boston Naming Test), the New Zealand cohort, and the NRC’s integrative analysis of all
three studies. The BMDLs for these endpoints, measured as concentrations of mercury in
umbilical cord blood, were considered. For the purposes of calculating the RfD, EPA converted
these BMDLs to maternal daily dietary intake in mg/kg-day using a one-compartment model.’
The BMDLs for these analyses (measured in terms of mercury in cord blood) were all observed
to be within a relatively close range, and the calculated RfDs converge at about 0.0001 mg/kg-
day. Specifically, BMDLs for a number of neurological endpoints based on tests that gauge a
child’s ability to learn and process information (i.e., Boston Naming Test, Continuous
Performance Test, California Verbal Learning Test, McCarthy Perceived Performance, and
McCarthy Motor Test) were calculated by NRC to range from about 25 to 100 ppb mercury in
cord blood. These exposures were converted to dietary exposures of about 0.0005 mg/kg-

' As noted by NRC in reference to data from the Seychelles, Faroe Islands, and New Zealand, “because those data
are epidemiological, and exposure is measured on a continuous scale, there is no generally accepted procedure for
determining a dose at which no adverse effects occur.” The NRC chose a 5% response level in the BMD analysis
for test results in the lower 5% of the distribution.

% The one-compartment toxicokinetic model employed by EPA is described by NRC (2000); it represents all
maternal body compartments as a single pool with a relatively small set of parameters, and assumes steady-state
conditions in the maternal system. Methylmercury dose levels were measured as concentrations in umbilical cord
blood (analysts have assumed that methylmercury concentration in cord blood is roughly equal to that in maternal
blood).
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bw/day to 0.0019 mg/kg-day, with most dietary exposures estimated to be about 0.001 mg/kg-
bw/day. The integrative BMDL (taking into account data from all three studies) was calculated
by NRC to be 32 ppb mercury in cord blood, or an exposure of about 0.6 ug/kg-day. All of these
results were considered in defining the RfD; as stated in the IRIS summary for methylmercury:

“Rather than choose a single measure for the RfD critical endpoint, EPA based this RfD
for this assessment on several scores from the Faroes measures, with supporting analyses from
the New Zealand study, and the integrative analysis of all three studies.” (EPA 2002)

EPA used the various BMDLs and then applied an uncertainty factor of 10 to account for
interindividual toxicokinetic variability and pharmacodynamic variability and uncertainty. On
this basis, EPA defined the updated RfD of 0.0001 mg/kg-day in 2001. Although derived from a
more complete data set and with a somewhat different methodology, the current RfD is the same
as the previous (1995) RfD.

The levels at which these key neurological effects were observed — in the study
populations on which the updated RfD is based — provide a useful frame of reference for
considering other, non-neurological effects described below (see above for observed exposure
levels). It is important to note that although these populations were exposed to elevated levels of
methylmercury via fish or marine mammal consumption, the exposure levels of interest in these
studies are far below those associated with the Minamata and Iraqi poisoning episodes
mentioned previously. In addition, to put these exposure levels in perspective, it is useful to
consider typical mercury exposure levels in the U.S. measured in the National Health and
Nutrition Examination Survey (NHANES). This survey is conducted by the National Center for
Health Statistics via standardized interviews to provide continuous health data for the general
U.S. population, and it has included measurements of mercury in blood and hair as biomarkers of
mercury exposure. Based on NHANES data for blood collected for 1999-2002, the overall
distribution of blood mercury concentrations for women of child-bearing age (i.e., between 16
and 49 years of age) has been estimated for the U.S. population (see Figure 2-1). The RfD and
BMDL derived from the Faroe cohort effect level are included on this chart for reference.
Although all observed exposures are below the BMDL, and most of the exposures fall below the
RfD, about 6% of the population exposures were at or above the RfD (MMWR Vol. 53 / No.

43). The geometric mean blood mercury concentration in the NHANES data for 1999-2002 is
0.92 ppb, and the range of observed concentrations was from 0.07 to 38.90 ppb.?

> The NHANES data summarized above suggests that exposures of women of child-bearing age in the U.S. exceed
the RfD.
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mercury level. EPA’s RfD for methylmercury is 0.1 ug/kg-day, which is approximately equivalent to a concentration
of 5.8 ppb in blood.

Figure 2-1. Probability Distribution Function of Blood Mercury Levels in US Women of
Childbearing Age (NHANES Data 1999-2002)

NRC notes in their analysis that a biomarker conversion factor of about 5 ppb in blood
per 1 ppm in hair can be used to estimate the corresponding hair mercury values. Using this
approach, the RfD of 5.8 ppb in blood corresponds to a hair mercury concentration of about 1
ppm, and the BMDL and BMD are equivalent to about 12 ppm and 17 ppm, respectively.
Analyses of hair mercury for U.S. women of child-bearing age have been conducted using
NHANES data from 1999-2000. A geometric mean hair mercury concentration of 0.20 ppm was
reported for this population, and the geometric mean of the concentration of organic mercury
was 0.80 ppb in blood (Mahaffey et al. 2004). Among frequent fish consumers (i.e., study
participants who reported consuming fish three or more times in the previous 30 days),’
geometric mean hair mercury levels were three-fold higher compared with nonconsumers (viz.,
0.38 ppm vs. 0.11 ppm). Higher percentiles of exposure were also reported, with the 95"
percentile hair mercury levels corresponding to 1.73 ppm and 2.75 ppm for all women and
women frequently consuming fish, respectively (McDowell et al. 2004).

In general, the primary route by which the U.S. population is exposed to mercury is
through the consumption of fish containing methylmercury. Exposure to methylmercury may
result in a variety of health effects. The various categories of health effects, and the evidence on
their significance, are described in the following pages.

24 Neurologic Effects

* Fish consumption rates were collected by questionnaire at the time of the survey; no information was collected
regarding portion size or preparation methods.
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In their review of the literature, NRC found neurodevelopmental effects to be the most
sensitive endpoints and appropriate for establishing an RfD (NRC, 2000). Three large-scale
epidemiological studies have examined the effects of low dose prenatal mercury exposure and
neurodevelopmental outcomes through the administration of numerous tests of cognitive
functioning. These studies were conducted in the Faroe Islands (Grandjean et al. 1997), New
Zealand (Kjellstrom et al. 1989, Crump et al. 1998), and the Seychelles Islands (Davidson et al.
1998, Myers et al. 2003). The NRC noted that deficiencies of the magnitude observed in those
studies were likely to be associated with difficulty with vocabulary, verbal learning, attention,
and motor functions (NRC 2000). The NRC also concluded that children exposed at the levels
reported in those studies are likely to struggle to keep up in class and may need special
education, or other remedial help with school. Studies involving animals found sensory effects
and support the conclusions reached by studies involving human subjects, with a similar range of
neurodevelopmental effects reported (NRC 2000). As noted by the NRC, the clinical
significance of some of the more subtle endpoints included in the human low-dose studies is
difficult to gauge due to the quantal nature of the effects observed (i.e., subjects either display
the abnormality or do not) and the rather low occurrence rate of these effects.

Little is known about the effects of low level chronic methylmercury exposure in children
that can be linked to exposures after birth. The difficulty in identifying a cohort exposed after
birth but not prenatally, or separating prenatal from postnatal effects, makes research on the topic
complicated. These challenges were present in the three large epidemiologic studies used to
derive the RfD, as in all three studies there was postnatal exposure as well.

Several studies have also examined the effects of chronic low-dose methylmercury
exposures on adult neurological and sensory functions (e.g., Lebel et al. 1996, Lebel et al. 1998,
Beuter and Edwards 1998). Research results suggest that elevated hair methylmercury
concentrations (i.e., up to 50 ppm, and possibly as low as 20 ppm, though the NOAEL was not
always be clearly estimated) in individuals are associated with visual deficits, including loss of
peripheral vision and chromatic and contrast sensitivity. These individuals also exhibited a loss
of manual dexterity, hand-eye coordination, and grip strength; difficulty performing complex
sequences of movement; and (at the higher doses) tremors, although expression of some effects
was sex-specific. Although additional data would be needed to quantify a dose-response
relationship for these effects, it is noteworthy that the effects occurred at doses lower than the
Japanese and Iranian poisoning episodes, via consumption of mercury-laden fish in riverine
Brazilian communities (where extensive mercury contamination has resulted from small-scale
gold mining activities begun in the 1980s); however these doses are above the EPA’s RfD
equivalent level for hair mercury. In regard to the Lebel et al. (1998) study, NRC states that “the
mercury exposure of the cohort is presumed to have resulted from fish-consumption patterns that
are stable and thus relevant to estimating the risk associated with chronic, low-dose
methylmercury exposure” (NRC 2000). NRC noted, however, “that the possibility cannot be
excluded that the neurobehavioral deficits of the adult subjects were due to increased prenatal,
rather than ongoing, MeHg exposure.” More recent studies in the Brazilian communities
provide some evidence that the adverse neurobehavioral effects may in fact result from postnatal
exposures (e.g., Yokoo et al. 2003); however, additional longitudinal study of these and other
populations is required to resolve questions regarding exposure timing and fully characterize the
potential neurological impacts of methylmercury exposure in adults.
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2.5 Cardiovascular Impacts

While important, the weight of evidence for cardiovascular effects is not as strong as it is
for childhood neurological effects and the state of the science is still being evaluated. However,
in some recent epidemiological studies in men, methylmercury exposure is associated with a
higher risk of acute myocardial infarction, coronary heart disease and cardiovascular disease in
some populations (e.g. Salonen et al. 1995; Guallar et al.2002). Other recent studies have not
observed this association (e.g. Yoshizawa et al. 2002; Hallgren et al. 2001). The studies that
have observed an association suggest that the exposure to methylmercury may attenuate the
beneficial effects of fish consumption. Studies investigating the relationship between
methylmercury exposure and cardiovascular impacts have reached different conclusions. The
findings to date and the plausible biologic mechanisms warrant additional research in this arena
(Stern 2005; Chan and Egeland 2004).

The potential for adverse cardiovascular effects due to consumption of fish containing
methylmercury is of particular interest given the evidence for the protective cardiovascular effect
believed to occur from an increased dietary fish intake. Strong evidence indicates that
consumption of fish, particularly fatty fish, has a cardio-protective effect (Wang et al. 2004;
2005 Dietary Guidelines Advisory Committee 2004; NRC 2000, Kris-Etherton et al. 2002).
Thus, consumption of fish containing methylmercury is not necessarily detrimental even though
some evidence suggests that the cardiovascular system may be a target system for
methylmercury exposure .

A more robust discussion of multiple studies evaluating the association between
methylmercury exposure via fish consumption and acute myocardial infarction and other
cardiovascular effects as well as a description of the association between fish consumption and
cardioprotective effects is presented in Appendix B.

2.6 Genotoxic Effects

The NRC concluded that evidence that human exposure caused genetic damage is
inconclusive. However, in one recent study of adults living in the Tapajos River region in Brazil
Amorim et al. (2000) reported a direct relationship between methylmercury concentration in hair
and cytogenetic damage in lymphocytes, with polyploidal aberrations and chromatid breaks
observed at mercury hair levels around 7.25 ppm and 10 ppm, respectively. Long-term
methylmercury exposures in this population were believed to occur through consumption of
fish, suggesting that cytotoxic effects may result from dietary, chronic methylmercury exposures
similar to and above those seen in the Faroes and Seychelles populations.

2.7 Immunotoxic Effects

Although exposure to some forms of mercury can result in a decrease in immune activity
or an autoimmune response (ATSDR 1999), evidence for immunotoxic effects of methylmercury
is scarce (NRC 2000). However, a recent study of fish-consuming communities in Amazonian
Brazil has identified a possible association between methylmercury exposure and immunotoxic
effects, although the authors noted that this may reflect interactions with infectious disease and
other factors (Silva et al. 2004). Exposures to these communities occurred via fish consumption
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(some community members were also exposed to inorganic mercury through gold mining
activities). The researchers assessed levels of specific antibodies that are markers of mercury-
induced autoimmunity. They found that both prevalence and levels of these antibodies were
higher in a population exposed to methylmercury via fish consumption compared to a reference
(unexposed) population. Median hair mercury concentration was 8 ppm in the more exposed
population (range 0.29-58.47 ppm) and 5.57 ppm in the less exposed reference population (range
1.19-16.96 ppm). The ranges of mercury hair concentrations reported in this study are within an
order of magnitude of the concentration corresponding to the methylmercury RfD. Overall, there
is a relatively small body of evidence from human studies that suggests exposure to
methylmercury can result in immunotoxic effects.

2.8 Other Human Toxicity Data

Based on limited human and animal data, methylmercury is classified as a “possible”
human carcinogen by the International Agency for Research on Cancer (IARC 1994) and in the
Integrated Risk Information System (IRIS) (EPA 2002). The existing evidence supporting the
possibility of carcinogenic effects in humans from low-dose chronic exposures is tenuous.
Multiple human epidemiological studies have found no significant association between mercury
exposure and overall cancer incidence, although a few studies have shown an association
between mercury exposure and specific types of cancer incidence (e.g., acute leukemia and liver
cancer; NRC 2000). The MSRC observed that “Methylmercury is not likely to be a human
carcinogen under conditions of exposure generally encountered in the environment” (p 6-16, Vol
V). This was based on observation that tumors were noted in one species only at doses causing
sever toxicity to the target organ. While some of the human and animal research suggests that a
link between methylmercury and cancer may plausibly exist, more research is needed.

There is also some evidence of reproductive and renal toxicity in humans from
methylmercury exposure. For example, a smaller than expected number of pregnancies were
observed among women exposed via contaminated wheat in the Iraqi poisoning episode of 1956
(Bakir et al. 1973); other victims of that same poisoning event exhibited signs of renal damage
(Jalili and Abbasi 1961); and an increased incidence of deaths due to kidney disease was
observed in women exposed in Minamata Bay via contaminated fish (Tamashiro et al. 1986).
Other data from animal studies suggest a link between methylmercury exposure and similar
reproductive and renal effects, as well as hematological toxicity (NRC 2000). Overall, human
data regarding reproductive, renal, and hematological toxicity from methylmercury are very
limited and are based on either studies of the two high-dose poisoning episodes in Iraq and Japan
or animal data, rather than epidemiological studies of chronic exposures at the levels of interest
in this analysis. Note that the U.S. EPA Mercury Study Report to Congress provides an
assessment of methylmercury cancer risk using the 1993 version of the Revised Cancer
Guidelines. For hazard identification, these are similar to the current EPA revisions.

2.9  Ecological Effects
Deposition of mercury to water bodies can also have an impact on ecosystems and

wildlife. While the benefit of further reducing mercury emissions cannot be quantified for
ecosystems at this time, we find it useful to qualitatively describe this benefit for context.
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Mercury contamination is present in all environmental media with aquatic systems
experiencing the greatest exposures due to bioaccumulation. Bioaccumulation refers to the net
uptake of a contaminant from all possible pathways and includes the accumulation that may
occur by direct exposure to contaminated media as well as uptake from food. Elimination of
methylmercury from fish is so slow that long-term reductions of mercury concentrations in fish
are often due to growth of the fish (“growth dilution”), whereas other mercury compounds are
eliminated relatively quickly. Piscivorous avian and mammalian wildlife are exposed to mercury
mainly through the consumption of contaminated fish and, as a result, accumulate mercury to
levels greater than those in their prey items (EPA 1997).

Numerous studies have generated field data on the levels of mercury in a variety of wild
species. Many of the data from these environmental studies are anecdotal in nature rather than
representative or statistically designed studies. The body of work examining the effects of these
exposures is growing but still incomplete given the complexities of the natural world. A large
portion of the adverse effect research conducted to date has been carried out in the laboratory
setting rather than in the wild; thus, conclusions about overarching ecosystem health and
population effects are difficult to make at this time. Nevertheless, numerous adverse effects
have been identified. Further reducing the presence of mercury in the environment may help to
alleviate the potential for adverse ecological health outcomes.

A full discussion of potential ecosystem effects updated since the 1997 Mercury Report
to Congress is provided in Appendix C.

2.10 Conclusions
In summary:

. Children who are exposed to low concentrations of methylmercury prenatally
may be at risk of poor performance on neurobehavioral tests, such as those
measuring attention, fine motor function, language skills, visual-spatial abilities
and verbal memory.

. Some recent epidemiological studies in men suggest that methylmercury is
associated with a higher risk of acute myocardial infarction, coronary heart
disease and cardiovascular disease in some populations. Other recent studies
have not observed this association. The studies that have observed an association
suggest that the exposure to methylmercury may attenuate the beneficial effects of
fish consumption. The findings to date and the plausible biologic mechanisms
warrant additional research in this arena (Stern 2005; Chan and Egeland 2004).

. The exposure levels at which neurological effects have been observed may occur
via consumption of fish (rather than high-dose poisoning episodes). Exposure
levels of concern for these effects are generally within two orders of magnitude of
typical exposures for women of child-bearing age based on NHANES data, and
within approximately an order of magnitude of the high end of the US exposure
distribution.
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. There is some recent evidence that exposures of methylmercury may result in
genotoxic or immunotoxic effects. Other research with less corroboration suggest
that reproductive, renal, and hematological impacts may be of concern. There are
insufficient human data to evaluate whether these effects are consistent with
levels in the U.S. population.

. Plant and aquatic life, as well as fish, birds, and mammalian wildlife can be
affected by mercury exposure, however overarching conclusions about ecosystem
health and population effects are difficult to make at this time.. Ecological effects
are discussed in greater detail in Appendix C.

2.11 References

2005 Dietary Guidelines Advisory Committee, August, 2004. Report of the 2005 Dietary
Guidelines Advisory Committee.
http://www.health.gov/dietaryguidelines/dga2005/default.htm
http://www.health.gov/dietaryguidelines/dga2005/report/

Agency for Toxic Substances and Disease Registry (ATSDR). 1999. Toxicological Profile for
Mercury. U.S. Department of Health and Human Services, Public Health Service,
Atlanta, GA.

Amorim, M.ILM., D. Mergler, M.O. Bahia, H. Dubeau, D. Miranda, J. Lebel, R.R. Burbano, and
M. Lucotte. 2000. Cytogenetic damage related to low levels of methyl mercury
contamination in the Brazilian Amazon. An. Acad. Bras. Ciénc. 72(4): 497-507.

Bakir, F., S.F. Damluji, L. Amin-Zaki, M. Murtadha, A. Khalidi, N.Y. al-Rawi, S. Tikriti, H.I.
Dhahir, T.W. Clarkson, J.C. Smith, and R.A. Doherty. 1973. Methylmercury poisoning in
Iraq. Science. 181(96):230-241 (as cited in NRC 2000).

Beuter, A., and R. Edwards. 1998. Tremor in Cree subjects exposed to methylmercury: a
preliminary study. Neurotoxicol. Teratol. 20(6):581-9.

Centers for Disease Control, Blood Mercury Levels in Young Children and Childbearing-Aged
Women -United States, 1999-2002, MMWR Morb Mortal Wkly Rep. 2004 Nov

5;53(43):1018-1020. http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5343a5.htm

Chan, H.M. and G.M. Egeland. 2004. Fish Consumption, Mercury Exposure, and Heart
Disease. Nutrition Reviews. 62(2): 68-72.

Crump, K.S., T. Kjellstrom, A.M. Shipp, A. Silvers, and A. Stewart. 1998. Influence of prenatal
mercury exposure upon scholastic and psychological test performance: benchmark
analysis of a New Zealand cohort. Risk Anal. 18(6):701-713.

Davidson, P.W., G.J. Myers, C. Cox, C. Axtell, C. Shamlaye, J. Sloane-Reeves, E. Cernichiari,
L. Needham, A. Choi, Y. Wang, M. Berlin, and T.W. Clarkson. 1998. Effects of prenatal
and postnatal methylmercury exposure from fish consumption on neurodevelopment:

2-10



outcomes at 66 months of age in the Seychelles Child Development Study. JAMA.
280(8):701-707.

Grandjean, P., K. Murata, E. Budtz-Jorgensen, and P. Weihe. 2004. Autonomic Activity in

Methylmercury Neurotoxicity:14-Year Follow-Up of a Faroese Birth Cohort. J. Pediatr.
144:169-76.

Guallar, E., M.1. Sanz-Gallardo, P. van't Veer, P. Bode, A. Aro, J. Gomez-Aracena, J.D. Kark,
R.A. Riemersma, J.M. Martin-Moreno, and F.J. Kok; Heavy Metals and Myocardial
Infarction Study Group. 2002. Mercury, fish oils, and the risk of myocardial infarction.
N Engl J Med. 347(22):1747-54.

Hallgren CG, Hallmans G, Jansson J-H, Marklund SL, Huhtasaari F, Schiitz A, Stromberg U,
Vessby B, and Skerfving S. 2001. Markers of high fish intake are associated with
decreased risk of a first myocardial infarction. British Journal of Nutrition 86:397-404.

International Agency for Research on Cancer (IARC). 1994. TARC Monographs on the
Evaluation of Carcinogenic Risks to Humans and their Supplements: Beryllium,
Cadmium, Mercury, and Exposures in the Glass Manufacturing Industry. Vol. 58.

Jalili, H.A., and A.H. Abbasi. 1961. Poisoning by ethyl mercury toluene sulphonanilide. Br. J.
Indust. Med. 18(Oct.):303-308 (as cited in NRC 2000).

Kjellstrom, T., P. Kennedy, S. Wallis, A. Stewart, L. Friberg, B. Lind, P. Witherspoon, and C.
Mantell. 1989. Physical and mental development of children with prenatal exposure to
mercury from fish. Stage 2: Interviews and psychological tests at age 6. National Swedish
Environmental Protection Board Report No. 3642.

Kris-Etherton, P.M., W.S. Harris, and L.J. Appel. 2002. Fish consumption, fish oil, omega-3
fatty acids, and cardiovascular disease. Circulation. 106(21): 2747-2757.

Lebel, J., D. Mergler, M. Lucotte, M. Amorim, J. Dolbec, D. Miranda, G. Arantes, . Rheault,
and P. Pichet. 1996. Evidence of early nervous system dysfunction in Amazonian
populations exposed to low-levels of methylmercury. Neurotoxicology. 17(1):157-167.

Lebel, J., D. Mergler, F. Branches, M. Lucotte, M. Amorim, F. Larribe, and J. Dolbec. 1998.
Neurotoxic effects of low-level methylmercury contamination in the Amazonian Basin.
Environ. Res. 79(1):20-32.

Mabhaffey, K.R., R.P. Clickner, and C.C. Bodurow. 2004. Blood Organic Mercury and Dietary
Mercury Intake: National Health and Nutrition Examination Survey, 1999 and 2000.
Environ Health Perspect 112:562—570.

Marsh, D.O., T.W. Clarkson, C. Cox, et al. 1987. Fetal methylmercury poisoning: relationship
between concentration in single strands of maternal-hair and child effects. Arch. Neurol.
44:1017-1022. (as cited in EPA 2002 IRIS documentation.)

2-11



McDowell, M.A., C.F. Dillon, J. Osterloh, P.M. Bolger, E. Pellizzari, R. Fernando, R. Montes de
Oca, S.E. Schober, T. Sinks, R.L. Jones, and K.R. Mahaffey. 2004. Hair mercury levels
in U.S. children and women of childbearing age: Reference range data from NHANES
1999-2000. Environmental Health Perspectives. 112(11):1165-1171.

Myers, G.J., P.W. Davidson, C. Cox, C.F. Shamlaye, D. Palumbo, E. Cernichiari, J. Sloane-
Reeves, G.E. Wilding, J. Kost, L.S. Huang, and T.W. Clarkson. 2003. Prenatal
methylmercury exposure from ocean fish consumption in the Seychelles child
development study. Lancet. 361(9370):1686-92.

National Research Council (NRC). 2000. Toxicological Effects of Methylmercury. Committee
on the Toxicological Effects of Methylmercury, Board on Environmental Studies and
Toxicology, Commission on Life Sciences, National Research Council. National
Academy Press, Washington, DC.

Salonen J.T., K. Seppanen, K. Nyyssonen, H. Korpela, J. Kauhanen, M. Kantola, J. Tuomilehto,
H. Esterbauer, F. Tatzber, and R. Salonen. 1995. Intake of mercury from fish, lipid
peroxidation, and the risk of myocardial infarction and coronary, cardiovascular, and any
death in eastern Finnish men. Circulation. 91:645-655.

Silva IA, J.F. Nyland, A. Gorman, A. Perisse, A.M. Ventura, E.C. Santos, J.M. de Souza, C.L.
Burek , N.R. Rose, and E.K. Silbergeld. 2004. Mercury exposure, malaria, and serum
antinuclear/antinucleolar antibodies in amazon populations in Brazil: a cross-sectional
study. Environ Health. 3(1):11.

Stern AH. 2005. A review of the studies of the cardiovascular health effects of methylmercury
with consideration of the suitability for risk assessment. Environmental Research
98(1):133-142.

Tamashiro, H., M. Arakaki, M. Futatsuka, and E.S. Lee. 1986. Methylmercury exposure and
mortality in southern Japan: A close look at causes of death. J. Epidemiol. Community
Health. 40(2):181-185 (as cited in NRC 2000).

United Nations Environmental Programme (UNEP).