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B.1 PHYSICAL AND CHEMICAL PROPERTIESOF POLYCHLORINATED BIPHENYLS

PCBs are a class of compoundsin which 1 to 10 chlorine atoms are attached to the biphenyl structure.
The 209 chlorobiphenyl congeners are classified according to degree of chlorination of the molecule, and
the term isomer is used to identify different compounds with the same degree of chlorination. The
mono-, di-, tri-, tetra-, penta-, hexa-, hepta-, octa-, nona-, and decachlorobiphenyl congeners can exist in
3,12, 24,42, 46, 42, 24,12, 3, and 1 isomeric forms, respectively. According to the International Union
of Pure and Applied Chemistry (IUPAC) system of nomenclature, the 209 PCB congeners are arranged in
ascending numerical order, based on chlorine substitution, and assigned numbers from 1 to 209. Of the
theoretical 209 congeners, only about 130 are likely to be found in commercial mixtures (Safe 1990).

From 1930 to 1977, PCBs were marketed in mixtures under the trade name Aroclor. The Aroclors are
identified by afour-digit numbering code in which the first two digits indicate that the parent molecule
is biphenyl and the last two digits indicate the chlorine content by weight percent. For example, Aroclor
1242 is a chlorinated biphenyl mixture of varying amounts of mono- through heptachlorinated homologs
with an average chlorine content of 42 percent.

PCBs are highly stable under most environmental conditions. However, they differ in their properties
and physicochemical behaviors depending on the number and pattern of chlorine substitutionsin the
individual congeners. These properties, such as vapor pressure, water solubility, and susceptibility to
degradation, influence both the environmental fate and toxicity of PCBs.

PCBsin general arerelatively insoluble in water, sorb strongly to soil and organic matter, and have a
high potential for bioaccumulation. As the degree of chlorination increases, PCBs generally become less
soluble, less volatile, and more strongly sorbed to soils and sediments. In addition, PCBs are very stable
and persistent compounds in various environmental media, and the breakdown of PCBs in water and soil
may take several years or even decades. Generally, persistence increases as the number of chlorine
atomsincreases. Although they are slow processes, volatilization and biodegradation account for the
major routes of removal of PCBs from water and soil (Mackay and others 1992).

Recent research (discussed in EPA 1996) has found that certain PCB congeners are much more toxic than
others with the same degree of chlorination. The most toxic congeners have three properties: (1) they
have few ortho-substituted chlorines so the two aromatic rings can be in the same plane, (2) they have
four or more chlorines, and (3) when in the coplanar state, the congener molecul e appears to other
molecules asif it were a 2,3,7,8-substituted tetrachlorodioxin or tetrachlorofuran. Therefore, these
congeners behave in mammals and other species much asif they were the highly toxic dioxins and
furans. Residual and bioaccumulated PCBs, with relatively more of the highly chlorinated congeners,
including the coplanar congeners, will be more toxic than the original mixtures because they contain a
higher proportion of the dioxin-like, coplanar PCB congeners.
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Decreases AS _ Increases
<~ mssnm  Chiorination S
Decreased bioaccumulation Increased bioaccumulation
Greater leaching from soil/sediment Increased adsorption to particles
Increased solubility Decreased solubility
Increased volatilization Decreased volatilization

PCBsin Air

The vapor pressures of PCBs indicate that they should exist primarily in the vapor phase in the
atmosphere. Monitoring data indicate that 87 to 100 percent of the PCBsin the atmosphere are present
in the vapor phase. The predominant congeners are the less toxic, less chlorinated ones. The atmosphere
may effectively disperse PCBs within short distances from sources (Eisenreich and others 1981,
Hermanson and Hites 1989). In the atmosphere, removal of vapor-phase PCBs is dominated by the
reaction of PCBs with hydroxyl radicals by photolysis.

PCBsin air may also be present as both solid and liquid aerosols that eventually return to the land and
water by either settling or washout by snow and rain. Adsorbed to particulates, PCBs can undergo long-
range transport in the air. Because the vapor pressure of PCBs generally decreases with an increasein
the degree of chlorination, the higher-chlorinated PCBs are more likely to be associated with the

particul ate-adsorption-phase in air than are the lower-chlorinated PCBs. Physical removal of PCBs from
the atmosphere is accomplished by wet and dry deposition; dry deposition occurs only for PCBs
associated in the particulate phase (HSDB 2000).

PCBsin Soil and Sediment

As reflected by their low water solubility and high soil (organic carbon) partition coefficients (K,.),
PCBs bind strongly to soil and sediments and may persist in this phase for many years. Adsorption of
PCBs generally increases as the organic carbon and clay content of the soil and sediment increase.
Conversely, evaporation from soil surfacesto air increases as organic matter and clay in soils decrease,
due to the weaker sorption of PCBs. Volatilization rates will also be greater in moist soils due to the
codistillation of PCBswith water. Leaching of PCBs from soil to groundwater is generaly slow. PCBs
may, however, leach significantly in the presence of organic solvents, as might occur at a hazardous
waste site (Griffin and Chou 1981). The residua mixtures (after volatilization and leaching) will be
enriched in the more chlorinated congeners. Storm water runoff will also transport PCBs from soil to
surface water, in the water phase and as particul ates.

Thereis no chemical process known to degrade PCBsin sediment and soil. However, biodegradation via
dechlorination may occur under anaerobic conditions. Biodegradation rates are highly variable because
they depend on a number of factors, including the amount of chlorination, concentration, type of
microbial population, available nutrients, and temperature. In general, the rates of PCB dechlorination
decrease as (1) the degree of chlorination increases and (2) the organic carbon content of the soil
increases (Tiedje and others 1993).
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PCBsin Water

In water, adsorption to sediments and suspended particul ates is a major fate process that partitions PCBs
from water to solid phases. Based on their water solubilities and partition coefficients, PCB solubility
decreases with increased chlorination. A small amount of the PCBs may remain dissolved, but most tend
to be adsorbed to particles and sediments. PCBs are freely soluble in nonpolar organic solvents and in
biological lipids.

In water, transformation processes such as hydrolysis and oxidation do not significantly degrade PCBs.
PCB degradation in water is primarily via photolysis, although biodegradation may be more important
than photolysisin subsurface water. Biodegradation is also probably the ultimate degradation process for
PCBsin sediments.

The values for the estimated Henry's law constants for PCBs indicate that volatilization isalso a
significant environmental transport process for PCBs dissolved in water. Adsorption to sediments
significantly decreases the volatilization rate of highly chlorinated PCBs from the aquatic phase (EPA
1985, Lee and others 1979).

Sediments containing PCBs at the bottom of alarge body of water generally act asa reservoir from
which PCBs may be released in small amounts to the water over along period of time. Although
adsorption and subsequent sedimentation may immobilize PCBsfor relatively long periods of timein
aguatic systems, redissolution into the water column has been shown to occur in the environment.
Redissolution and release of PCBs from sediments is favored when PCB concentrations in the aguatic
phase are depleted, for example as aresult of volatilization. The rate of redissolution of PCBs from
sediment to water will always be greater in summer than in winter because of more rapid volatilization
from water (Larsson and Soedergren 1987).

PCBsin Plants, Animals, and Food

Accumulation of PCBsinterrestrial vegetation can occur in the following ways: uptake from soil through
the root with translocation to the aerial parts of plants; deposition of atmospheric particulates on aerial
plant surfaces; and uptake of airborne vapors by aeria plant parts.

PCBs in water bioaccumulate in fish and can reach levels hundreds of thousands of times higher than the
levelsin water. The bioaccumulation in aguatic animals may also depend on the water zone in which
they predominantly reside. For example, because the concentration of PCBsin sedimentsis several
orders of magnitude higher than in water, the bioaccumulation of PCBs in bottom-feeding (benthic)
speciesis also expected to be high. Bioaccumulation is more pronounced in the fatty tissues of aquatic
organisms than in the muscle or whole body.

Asindicated by the PCB concentrationsin higher trophic levels of aquatic organisms, PCBs biomagnify
within the food web. Thereis also evidence that food web biomagnification occursin several species of
birds that feed on fish.

The more chlorinated congeners have higher bioconcentration and bioaccumulation factors, as well as
lower biodegradation rates than the less chlorinated congeners. Therefore, the accumulated PCBs will be
enriched in the heavier congeners.

APRIL 2000 B-3



Lake Michigan LaMP

By virtue of their large and mobile biomass, their position in food webs, and their biotransformation
potential, insects have been suggested as significant contributors to the global transport and
transformation of PCBs (Saghir and others 1994).

[Sources: Background information for the preceding section is from USDHHS. 1997. Toxicol ogical
Profile for Polychlorinated Biphenyls (Update). Agency for Toxic Substances and Disease Registry
unless otherwise indicated.]
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B.2 PHYSICAL AND CHEMICAL PROPERTIES OF DIOXINSAND FURANS

Dioxins and furans are aromatic hydrocarbons that can have from one to eight chlorine substituents.
There are 75 PCDD and 135 PCDF substituted forms (congeners) for atotal of 210. The most toxic and
consequently the most extensively studied of the dioxins s 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).
To simplify the assessment of toxicity datafor PCDDs and PCDFs, a system has been developed to
compare the relative toxicity of the congeners. Asit isthe most studied, the toxicity of 2,3,7,8-TCDD is
used as areference in relating the toxicity of the other 209 compounds (in terms of equivalent amounts of
2,3,7,8-TCDD). Using this system, the toxicity of airborne mixtures of PCDDs and PCDFs are expressed
interms of 2,3,7,8-TCDD toxic equivalents (TEQ) in mg/m*® (EPA 1997).

Both the number of chlorine atoms and their positions determine the physical and chemical properties,
and therefore, the fate and toxicity of a given substituted form (congener). The most toxic congener
(2,3,7,8,-TCDD) is extremely lipophilic, exhibiting a high degree of solubility in fatsand is only
sparingly soluble in water. The more chlorinated congeners are even more lipophilic and less soluble in
water. Limited data also indicated that PCDDs and PCDFs are persistent in soils, sediments, and water.
On the basis of the information available, it is concluded that the more highly chlorinated (that is, tetra-
CDD/Fs and above) congeners are persistent in the environment (EC 1997).

Dioxins and Furansin Air

Although 2,3,7,8-TCDD has an extremely low vapor pressure it has been shown to be volatile and to
occur in air in both the gas phase and particulate phase. In general, most PCDDs and PCDFs are not
persistent atmospherically in the vapor phase but are persistent when associated with particulate matter.
The physical and chemical properties of PCDDs and PCDFs indicate that most of the more highly
chlorinated (tetra-CDD/Fs and above), less volatile PCDDs and PCDFs in the ambient atmosphere will
be associated with the particul ate phase (Mackay and others 1992). They are susceptible to
photodegradation in the presence of ultraviolet light. TCDD may be transported long distances through
the atmosphere, and particul ates may be physically removed from the atmosphere by wet and dry
deposition. Thereisalso evidence that PCDDs and PCDFs are transported long distances in the
atmosphere.

Partitioning affects the persistence of PCDDs and PCDFs in the atmosphere. Generally, PCDDs and
PCDFs associated with particulate matter will be more persistent and have the potential to be transported
long distances in the atmosphere. Atmospheric deposition is one of the major sources of PCDDs and
PCDFs measured in the sediments of the Great Lakes (EPA 1994). Persistence of specific congeners,
regardless of media partitioning, has also been observed to generally increase with the amount of
chlorination of the molecule.

Dioxins and Furansin Soil

In soils, dioxins are generally bound tightly to the solid phase and are thus relatively immobile. Soil
adsorption studies and monitoring of various soils contaminated by 2,3,7,8-TCDD have demonstrated
that TCDD does not leach to groundwater. In this adsorbed phase, dioxins are also resistant to
biodegradation and are relatively persistent in soils. Movement of dioxins from soils to surface waters by
surface erosion of contaminated soil particles may be possible. Minor amounts of the more volatile (less
chlorinated) dioxins are lost from the soil to the atmosphere through volatilization. TCDD exposed to
sunlight on terrestrial surfaces may be susceptible to photodegradation. Volatilization from soil surfaces
during warm, summer months may be a major mechanism by which TCDD is removed from soil.
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Dioxins and Furansin Water

Photolysis and biological degradation are the key transformation processes affecting the persistence of
PCDDs and PCDFsin water. The more highly chlorinated PCDDs and PCDFs are generally resistant to
hydrolysisin the environment. The photolysis rates of PCDDs in natural water are enhanced by direct
photosensitization or by indirect reactions of chemicals naturally occurring in water. Volatilization may
also contribute to some dioxin loss from surface water.

Dioxins and furans, as reflected in high soil-water partition coefficients and low water solubilities, will
tend to associate with the particul ate phase in aquatic environments and will be removed from the water
column by sedimentation. Once in sediments, asin soils, dioxins are resistant to biodegradation and are
persistent. Aquatic sediments may be an important, and perhaps ultimate, environmental sink for all
global releases of TCDD.

Dioxins and Furansin Plants, Animals, and Food

Although variability in bioaccumul ation factors among congeners is significant, in general the more
highly chlorinated (tetra-CCD/F and above) congeners of PCDDs and PCDFs accumulate in biota. The
presence of dioxins and furans in human breast milk around the world and in animals at the top of the
food chain also demonstrates that these substances biomagnify (EC 1997).

[Sources: Background information for the preceding section isfrom EPA, 1997. Locating and estimating
air emissions from sources of Dioxins and Furans; and from HSDB 1998 unless otherwise indicated.]
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Lake Michigan LaMP

B.3 PHYSICAL AND CHEMICAL PROPERTIES OF DIELDRIN/ALDRIN

Aldrininits pure formisawhite crystalline solid. Dieldrin in its pure form isawhite crystalline solid
and initstechnical gradeisatan color. The chemical synthesis of dieldrin is by epoxidation of aldrin,
and in the environment, aldrin is readily converted to dieldrin through biodegradation. In general, aldrin
undergoes photolysis to dieldrin, which in turn may be degraded by ultraviolet radiation or microbial
action into the more persistent photodieldrin (USDHHS 1993). Dieldrin is persistent becauseit is more
resistant to biotransformation and abiotic degradation than aldrin, and as aresult, it isfound in low levels
inal media

Dieldrin/Aldrinin Air

Aldrin and dieldrin are released to the atmosphere through volatilization in the vapor phase from
previously treated soil and evaporation from contaminated surface water. Gas-water transfers are
strongly dependent on seasons, with net outputs in the summer and net inputs to surface waterstypically
observed in the winter (EPA 1997). Volatilization of aldrin from soil is more rapid when it is applied to
the soil surface rather than incorporated into the soils. Once in the atmosphere, both chemicals may be
transported great distances and may be removed by wet or dry deposition (USDHHS 1993). Atmospheric
degradation of aldrin, by epoxidation by sunlight to photoaldrin, dieldrin, or photodieldrin, prevents
accumulation of aldrinin the air. The estimated lifetime of dieldrin in the atmosphere, based on
reactions with atmospheric hydroxyl radicals, is approximately 1 day. However, dieldrin may be more
stable than implied by thislifetime if it is associated with particulate matter in the atmosphere. Under
these conditions, wet and dry deposition may be more important loss processes (Bidleman and others
1990).

Dieldrin/Aldrin in Soil

Possible releases of aldrin and dieldrin to soil may come from the improper disposal of old stocks at
landfill sites or as aresult of the historical use of these compounds as insecticides. Because aldrinis
converted to dieldrin so rapidly, adrin concentrations in soils tend to be much lower than dieldrin
concentrations, despite the fact that aldrin was applied more frequently (USDHHS 1993). L osses of
dieldrin from soils may occur by volatilization to the atmosphere, by runoff to surface waters (as
dieldrin-contaminated soil particles), or by degradation. The major degradation pathways include
epoxidation of aldrin to dieldrin, biodegradation, and photodecomposition of dieldrin to photodieldrin.
Dieldrin is much more resistant to biodegradation than aldrin and isrelatively persistent in soil.

In general, aldrin/dieldrin are unlikely to leach appreciably from soil to water. Dieldrin is extremely
nonpolar and, therefore, has a strong tendency to adsorb tightly to soil particles. Volatilization isthe
principal route of loss of dieldrin from soil; however, the process is relatively slow because of the low
vapor pressure of dieldrin. Volatilization of aldrin is more rapid when it is applied to the soil surface
rather than incorporated into the soil, and relatively rapid loss of both aldrin and dieldrin attributed to
volatilization has been observed from soil during the first few months after the pesticide application.

Dieldrin/Aldrin in Water

Aldrin and dieldrin may be released to surface waters as aresult of suspended solid transport in runoff
from contaminated soils. Losses of dieldrin from water may occur by volatilization to the atmosphere,
removal from the water column by sedimentation, or in small amounts by degradation. Dueto their
hydrophobic nature, aldrin and dieldrin can be expected to accumulate in sediments. Dieldrinis
persistent in water.
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Dieldrin/Aldrin in Plants, Animals, and Food

Aldrinisreadily and rapidly converted to dieldrin, not only in the environment but also in plant and
animal tissues (USDHHS 1993). Dieldrin readily bioaccumulates and biomagnifies. Dieldrinis
extremely nonpolar and, therefore, has a strong tendency to adsorb tightly to lipids such as animal fat and
plant waxes. Dieldrin bioconcentrates and biomagnifies through the terrestrial and aquatic food webs.

[Sources: Background information from USDHHS 1993. Toxicological Profile for Aldrin/Dieldrin
(Update). Agency for Toxic Substances and Disease Registry unless otherwise indicated.]
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B.4 PHYSICAL AND CHEMICAL PROPERTIES OF CHLORDANE

Chlordane is an organochlorine pesticide chemically related to aldrin, dieldrin, heptaclor, and
endosulfan. However, it is more volatile than the others and was once used as a fumigant.

Chlordanein Air

When released to the atmosphere, chlordane exists predominately in the vapor phase and is susceptible to
rapid photodegradation in this state. Chlordane degrades in the atmosphere by both photolysis and
oxidation. The amount of chlordane bound to particulates in the atmosphere relative to the amount in the
vapor phase is temperature dependent (more is present in the particulate phase in colder, arctic regions).
Although chlordane exists primarily in the vapor phase, the small amount bound to particles appears to
be significant in terms of long-range atmospheric transport of chlordane

Even though there has been no recent use of chlordane for termite control, studies have detected
chlordane in the indoor air of homes treated for termites up to 15 years after application.

Chlordanein Soil

When released to soil, chlordane persists for long periods, athough only limited degradation information
isavailable. Chlordane has been found in soils for up to 20 years after application. Chlordane, like
many of the persistent chlorinated hydrocarbons, persists much longer in heavy soils with high organic
content when compared to loamy sandy soil (USDHHS 1994). It has been suggested that chlordane is
very slowly biotransformed in the environment, which is consistent with the long persistence periods
observed under field conditions.

Chlordanein Water

When released to water, chlordane does not significantly undergo hydrolysis, oxidation, or direct
photolysis. Asaresult, chlordaneis highly persistent in aquatic ecosystems. Based on the low solubility
and high K, of chlordane, any chlordane present in the water column is likely bound to particles and can
be assumed to partition to sediments.

Chlordanein Plants, Animals, and Food

Although chlordane is very bioaccumulative, long-term monitoring studies have indicated a decline in the
concentrations of chlordane in fish from the mid-1970s through the early 1990s. Studies of herring gull
eggs have reported a dlightly different trend. Chlordane levelsin herring gull eggs increased or remained
constant from the mid-1970s to 1980 before dropping dramatically.

[Sources: Some background information for the preceding section isfrom USDHHS. 1994.
Toxicological Profile for Chlordane (Update). Agency for Toxic Substances and Disease Registry unless
otherwise indicated.]
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Lake Michigan LaMP

B.5 PHYSICAL AND CHEMICAL PROPERTIESOF DDT AND ITSMETABOLITES

DDT isnormally found associated with DDD and DDE. The latter two are impuritiesin the newly
synthesized DDT and products of degradation, including on-column transformations during analysis and
metabolism. All three compounds have substantially similar chemical, physical, and biological
properties. DDT remainsin use in public health work in many countries but not the United States or
Canada.

DDT in Air

DDT may be present in the atmosphere as aresult of volatilization from soil and water. DDT remainsin
the air only a short time. Once in the atmosphere, DDT will eventually photooxidize to carbon dioxide,
hydrochloric acid, and hydroxyl radicals. Cortes and others (1998) report atmospheric half-lives at
Sleeping Bear Dunes (IADN monitoring station for Lake Michigan) as 2.3 yearsfor DDT and 2.6 years
for DDE and DDD. Small particlesthat carry DDT or its degradation products may also be distributed
through the atmosphere. Both wet and dry deposition are significant mechanisms of removal of DDT and
its metabolites from the atmosphere.

DDT in Soil

DDT is persistent in soil and does not leach or move easily to groundwater. Routes of loss and
degradation include runoff, volatilization, photolysis and biodegradation (aerobic and anaerobic). These
processes generally occur very slowly. DDE and DDD are the initial breakdown products of DDT in the
soil environment. Both sister compounds are also highly persistent and have chemical and physical
properties similar to DDT. Dueto its extremely low solubility in water, DDT will beretained to a
greater degree by soils and soil fractions with higher proportions of organic matter. DDT residuesin
surface soils are much more likely to be broken down or otherwise dissipated than in subsurface deposits.

Volatilization losses of DDT from soil depends on the amount of DDT applied, the proportion of soil
organic matter, proximity to the soil-air interface, and the amount of sunlight. Volatilization of DDT,
DDE, and DDD is known to account for considerable losses of these compounds from soil surfaces.
Their tendency to volatilize from the soil surface can be predicted by their relatively high vapor
pressures.

DDT in Water

DDT reaches surface waters primarily by runoff, atmospheric transport, drift, or by direct application (for
example, to control mosquito-borne malaria). DDT, DDE, and DDD are only sightly soluble in water.
The main degradation and loss pathways in the aquatic environment are volatilization, photodegradation,
adsorption to water-borne particul ates (including sedimentation), and uptake by aquatic organisms that
accumulate DDT and DDT metabolites in their tissues. Volatilization of DDT, DDE, and DDD is known
to account for considerable losses of these compounds from the water surface.

DDT in Plants, Animals, and Food

DDT, DDE, and DDD are highly lipophilic, which combined with an extremely long half-life, has
resulted in bioaccumulation (that is, levelsin organisms exceed those levels occurring in the surrounding
environment). In aquatic systems, DDT and its metabolites are bioconcentrated in aquatic organisms and
biomagnify in the food web. The evaluation of DDT trends in wildlife is complicated by the fact that
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some studies report total DDT (DDT and the sum of metabolites), whereas other studies may report
DDT, DDE, and DDD separately (DHHS 1994).

A study of the biomagnification of polychlorinated biphenyls (PCB), toxaphene, and the DDT family of
metabolitesin southeastern Lake Michigan found that DDE was the most strongly biomagnified
compound, increasing 28.7 times in average concentration from plankton to fish. The same study
determined that DDE is the predominant form of DDT in the Lake Michigan ecosystem, accounting for
more than 75 percent of total DDT. (Evans and others 1991)
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B.6 PHYSICAL AND CHEMICAL PROPERTIES OF MERCURY

Mercury is an element, ametal that occurs naturally in the environment in several forms. Most of the
mercury found in the environment is inorganic mercury, in the form of metallic mercury and inorganic
mercury compounds.

Inits metallic or elemental form (Hg®), mercury is a shiny, silver-white, odorless liquid. Some
evaporation of metallic mercury occurs at room temperature to form mercury vapor, a colorless, odorless
gas. Intheionic form, mercury existsin one of two oxidation states (or valences): Hg*, or the mercurous
ion, and Hg*?, or the mercuric ion. Of the two states, the higher oxidation state (Hg*?) is the more stable.
lonic mercury combines with other elements, such as chlorine, sulfur, or oxygen, to form inorganic
mercury compounds or “salts.”

Mercury can also form a chemical bond with carbon to create the organomercurial compounds
methylmercury, dimethylmercury, phenylmercury, and thimerosal (Merthiolate). It is customary to refer
to mercury with bondsto carbon as “organic” mercury. Like the inorganic mercury compounds, both
methylmercury and phenylmercury exist as“salts’ (for example methylmercuric chloride or
phenylmercuric acetate). The most common forms of mercury naturally found in the environment are
metallic mercury, mercuric sulfide, mercuric chloride, and methylmercury.

Environmental cycling of mercury includes conversion between inorganic and organic forms, as well as
phase transfers between the gaseous (atmospheric); solid (soils, sediments, and airborne particul ates);
and aqueous (dissolved and sediment bound) states.

The natural global biogeochemical cycling of mercury is characterized by degassing of the mineral
mercury from soils and surface waters, long-range transport in the atmosphere, wet and dry deposition of
mercury back to land and surface waters, and sorption of the compound to soil or sediment particul ates.

The form of mercury found in the environment can be changed slowly by microorganisms and natural
processes. Particulate-bound mercury can be transformed and mobilized by biotic and abiotic oxidation
and reduction and can be converted to insoluble mercury compounds and precipitated. Inorganic
mercury can aso be methylated by microorganisms indigenous to soils and fresh water. This
bioconversion between inorganic and organic forms is mediated by various microbial populations under
both aerobic and anaerobic conditions. Overall, these transformations may convert mercury into more
volatile or soluble forms that reenter the atmosphere or are taken up by biota and bioaccumulated in
terrestrial and aquatic food webs.

The specific state (that is, solid, liquid, or gas) and form (for example, inorganic or organic) in which the
compound is found in an environmental medium depends on several factors, including pH, temperature,
aerobic or anaerobic condition, and microbial activity.

Mercury in Air

Over 95 percent of the mercury found in the atmosphere is elemental mercury (HgP), which is gaseous.
Thisisthe form involved in long-range atmospheric transport of the compound. Approximately 5
percent of atmospheric mercury is associated with particul ates, which have a shorter atmospheric
residence time, are removed by dry or wet deposition, and may show aregional or local distribution
pattern (Nater and Grigal 1992). Metallic mercury released to the atmosphere in vapor form can be
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transported long distances before wet and dry deposition processes return the compound to land and
water surfaces.

Wet deposition isthe primary method of removal of mercury from the atmosphere and may account for
virtually al of the mercury content in remote lakes that do not receive inputs from other sources (such as
industrial effluents) (Hurley and others 1991, Swain and others 1992). Most inert mercury (Hg*?) in
precipitation is bound to aerosol particulates, which are relatively immobile when deposited on soil or
water. In addition to wet and dry deposition processes, mercury may also be removed from the
atmosphere by sorption of the vapor form to soil or water surfaces (EPA 1984b)

The primary form of atmospheric mercury, metallic mercury vapor (Hg?), is oxidized by ozone to other
forms (such as Hg'?) in the removal of the compound from the atmosphere by precipitation. Other
mercury compounds vary in stability and susceptibility to chemical transformation. The main
atmospheric transformation process for organomercurials appears to be photolysis (EPA 1984b).

Mercury in Soil and Sediment

Mercury compounds in soils may undergo the same chemical and biological transformations described
below for surface waters. Mercuric (Hg*?) mercury usually forms various complexes with chloride and
hydroxide ions in soils, and the specific complexes formed depend on the pH, salt content, and
composition of the soil solution. Formation and degradation of organic mercurialsin soils appear to be
mediated by the same types of microbial processes occurring in surface waters and may also occur
through abiotic processes (Anderson 1979).

In general, mercury in soil is stable for long periods of time, usually stays on the surface of the sediments
or soil, and does not move through the soil to groundwater. Inorganic mercury sorbed to particulate
material isnot readily desorbed. Thus, freshwater and marine sediments are important repositories for
inorganic forms of the compound, and leaching is arelatively insignificant transport processin soils.
This strong adsorption of mercury to particulate matter also means that the transport of mercury-
contaminated particulates carried in surface runoff is an important mechanism for moving mercury from
soil to water.

Mercury in Water

Mercury cycling occurs in freshwater lakes with the concentrations and speciation of the mercury
depending on limnological features and water stratification. The top water layer may be saturated with
volatile elemental mercury, although sediments are the primary source of the mercury in surface waters.

Mercury in water can exist in the +1 and +2 valence states as a number of complex ions with varying
water solubilities. Mercuric mercury, present as complexes, is probably the predominant form of
mercury present in surface waters. The transport and partitioning of mercury in surface waters and soils
isinfluenced by the particular form of the compound. Highly insoluble salts, such as mercury sulfide, are
the most stable and least mobile form of mercury.

Volatile forms of mercury (such as metallic mercury and dimethylmercury) evaporate to the atmosphere,
whereas solid forms partition to particulates in the soil or water column and are transported downward to
the sediments in the water column.

The most important transformation process in the environmental fate of mercury in surface watersis
biotransformation. Any form of mercury entering surface waters can be microbially converted to
methylmercuric ion given favorable conditions. Methylmercury is the usual organic form of mercury
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created by these natural processes. It is soluble, mobile, and quickly enters the aquatic food chain.
Methylmercury is accumulated to a greater extent in biological tissue than are inorganic forms of
mercury, and it can accumulate in certain fish to levels that are many times greater than in the
surrounding water.

Transformation of methylmercury compounds back to volatile elemental mercury may also occur asa
result of microbial demethylation. Anaerobic conditions, as may be found in sediments, favor the
demethylation of methylmercury. Abiotic reduction of mercuric mercury to metallic mercury in agueous
systems can also occur. This reduction process is enhanced by light and occurs under both aerobic and
anaerobic conditions.

Mercury in Plants, Animals, and Food

Methylmercury in surface watersis rapidly accumulated by aquatic organisms. The biomagnification
potential for methylmercury in fish isinfluenced by the pH and dissolved oxygen content of the water.
The biological half-life of methylmercury in musselsis estimated to be 1,000 days (Cossa 1989)
Bioaccumulation of methylmercury in aquatic food webs is of interest because it is generally the most
important source of nonoccupational human exposure to the compound (EPA 1984b).

[Sources: Background information in the preceding section isfrom USDHHS. 1993. Toxicological
Profile for Mercury (Update). Agency for Toxic Substances and Disease Registry unless otherwise
indicated.]
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Lake Michigan LaMP

B.7 PHYSICAL AND CHEMICAL PROPERTIESOF LEAD

Natural lead isfound in many minerals, with the highest concentrations in sulfides. Sinceit isthe
ultimate, stable product of natural radioactive decay, lead is also found in minerals derived from such
compounds. Virtually all natural lead isin the plumbous (Pb*?) oxidation state.

Most manmade lead isin the metallic (Pb°) state or the plumbous state. There are also afew plumbic
(Pb™) compounds. Environmental transformations between oxidation states are rare, and occur slowly.
However, the forms have generally similar characteristics, including minimal to negligible water
solubility and volatility. A few compounds (acetate, nitrate, chloride, others) are fairly soluble in water,
but these will be rapidly precipitated as the sulfate, carbonate, or similar insoluble salt. Synthetic
organolead compounds, such as tetraethyl lead, are volatile, but are relatively unstable and are converted
to inorganic salts within years. Since these organolead compounds have been phased out over the last
few decades, they are now of minimal importance.

Lead in Air

Lead in air isin the particulate phase, entering as airborne dust, and then washed out if it does not settle
out first. Relatively soluble compounds may be transformed to the oxide, or carbonate salts, but no other
changes are expected.

Lead in Soil and Sediment

Lead in soil isrelatively stable and immobile. Therefore, deposits from airborne lead will form a highly
contaminated surface layer over aminimally contaminated mass. Deposits of the metal will corrode,
forming the more insoluble salts, such as the sulfate, phosphate, sulfide, and oxide depending on the
exact soil chemistry.

Lead in Water

Almost all of the lead in water will be in the sediment phase, since most compounds have low solubility
and the lead in the soluble compounds will be precipitated by the anions in the water. Minimum soluble
concentrations occur at pH 5to pH 6. Lead metal will dissolve, especially at low pH, move some
distance, and then be precipitated.

In addition, there are reports that some lake sediment microorganisms can transform inorganic lead
compounds to methyl lead compounds. However, this occurs with only some sediments and the rate is
measurable only if the lead isinitially present as a soluble compound.

Lead in Plants, Animals, and Food

Lead is passively absorbed by plants and animals. Once absorbed, it will then be deposited wherever the
organisms deposits calcium. Therefore, plants will not have very much lead. However, mammals, birds,
fish, and other animals will accumulate lead in their skeletons and oysters, mussels, snails, and similar
animalswill accumulate lead in their shells. Older individuals will have more than younger ones. In
aguatic communities, the benthic organisms and the algae will generally have the highest concentrations.
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Lake Michigan LaMP

B.8 PHYSICAL AND CHEMICAL PROPERTIESOF CADMIUM

Cadmium is a naturally occurring element in the earth’s crust. Pure cadmium is a soft, silver-white
metal; however, cadmium is not usually found in the environment asametal. Itisusualy found asa
mineral combined with other elements such as oxygen (cadmium oxide), chlorine (cadmium chloride), or
sulfur (cadmium sulfate, cadmium sulfide). These compounds are solids that may dissolved in water but
do not evaporate or disappear from the environment. All soils and rocks, including coa and mineral
fertilizer, have some cadmium in them. Cadmium is often found as part of small particles present in air.
Y ou cannot tell by smell or taste that cadmium is present in air or water because it does not have any
definite taste or odor.

Cadmium and cadmium compounds have negligible vapor pressures, but may exist in air as suspended
particulate matter derived from sea spray, industrial emissions, combustion of fossil fuels, or the erosion
of soils. Cadmium emitted to the atmosphere from combustion processes is usually associated with very
small particulates that are in the respirable range (less than 10 um) and are subject to long-range
transport. These cadmium pollutants may be transported from 100 to a few thousand km and have a
typical atmospheric residence time of about 1 to 10 days before deposition occurs. Larger cadmium-
containing particles from smelters and other pollutant sources are also removed from the atmosphere by
gravitational settling, with substantial deposition in areas downwind of the pollutant source. Cadmium
deposition in urban areas is about one order of magnitude higher than in rural areas of the United States.

Cadmium is more mobile in aguatic environments than most other heavy metals, such aslead. In natural
waters, most cadmium will exist as the hydrated ion (Cd(+2) 6H,0). Cadmium complexed with humic
substances is also an important form of cadmium in polluted waters. Cadmium concentration in water is
inversely related to the pH and the concentration of organic material in the water. Because cadmium
exists only in the +2 oxidation state, aqueous cadmium is not strongly influenced by the oxidizing or
reducing potential of the water. However, under reducing conditions, cadmium may form cadmium
sulfide which is poorly soluble and tends to precipitate.

Precipitation and sorption to mineral surfaces and organic materials are the most important removal
processes for cadmium compounds. Sediment bacteria may also assist in the partitioning of cadmium
from water to sediments. Both cadmium-sensitive and cadmium-resistant bacteria reduced the cadmium
concentration in the water column from 1 ppm to between 0.2 and 0.6 ppm, with a corresponding
increase in cadmium concentration in the sediments that is at least one order of magnitude higher than in
the overlying water. However, cadmium may also re-dissolve from sediments under varying ambient
conditions of pH, salinity, and redox potential. Cadmium is not known to form volatile compounds, so
partitioning from water to the atmosphere does not occur.

Cadmium in soils may leach into water, especially under acidic conditions. Cadmium-containing soil
particles may also be entrained into the air or eroded into water, resulting in dispersion of cadmium into
these media.

Cadmium in Air

Little information is available on the atmospheric reactions of cadmium. The common cadmium
compounds found in air (oxide, sulfate, chloride) are stable and not subject to photochemical reactions.
Cadmium sulfide may photolyze to cadmium sulfate in aqueous aerosols. Transformation of cadmium
among types of compounds in the atmosphere is mainly by dissolution in water or dilute acids.
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Cadmium in Soil and Sediment

Transformation processes for cadmium in soil are mediated by sorption from and desorption to water,
and include precipitation, dissolution, complexation, and ion exchange. Important factors affecting
transformation in soil include the cation exchange capacity, the pH, and the content of clay minerals,
carbonate minerals, oxides, organic matter, and oxygen.

Cadmium in Water

In fresh water, cadmium is primarily present as the cadmium(+2) ion, although at high concentrations of
organic material, more than half may occur in organic complexes. In reducing environments, cadmium
precipitates as cadmium sulfide. Photolysisis not an important mechanism in the aquatic fate of
cadmium compounds, nor is biological methylation likely to occur.

Cadmium in Plants, Animals, and Food

Aquatic and terrestrial organisms bioaccumul ate cadmium. Cadmium concentrates in freshwater and
marine animal s to concentrations hundreds to thousands of times higher than in the water. Reported
bioconcentration factors (BCFs) range from 113 to 18,000 for invertebrates and from 3 to 2,213 for fish.
Bioconcentration in fish depends on the pH and humus content of the water.

The data indicate that cadmium bioaccumulatesin al levels of the food chain. Cadmium accumulation
has been reported in grasses and food crops, and in earthworms, poultry, cattle, horses, and wildlife.
However, since cadmium accumul ates primarily in the liver an kidneys of vertebrates, biomagnification
through the food chain may not be significant. Although some data indicate increased cadmium
concentrations in animals at the top of the food chain, comparisons among animals at different trophic
levels are difficult, and the data available on biomagnification are not conclusive. Uptake of cadmium
from soil by feed crops may result in high levels of cadmium in beef and poultry (especially in the liver
and kidneys). This accumulation of cadmium in the food chain has important implications for human
exposure to cadmium, whether or not significant biomagnification occurs.
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