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Abstract. We provide an overview of research related to environmental effects of disposal of coal
combustion residues (CCR) in sites in the United States. Our focus is on aspects of CCR that have the
potential to negatively influence aquatic organisms and the health of aquatic ecosystems. We identify
major issues of concern, as well as areas in need of further investigation.

Intentional or accidental release of CCR into aquatic systems has generally been associated with
deleterious environmental effects. A large number of metals and trace elements are present in CCR,
some of which are rapidly accumulated to high concentrations by aquatic organisms. Moreover,
a variety of biological responses have been observed in organisms following exposure to and ac-
cumulation of CCR-related contaminants. In some vertebrates and invertebrates, CCR exposure
has led to numerous histopathological, behavioral, and physiological (reproductive, energetic, and
endocrinological) effects. Fish kills and extirpation of some fish species have been associated with
CCR release, as have indirect effects on survival and growth of aquatic animals mediated by changes
in resource abundance or quality. Recovery of CCR-impacted sites can be extremely slow due to
continued cycling of contaminants within the system, even in sites that only received CCR effluents
for short periods of time.

The literature synthesis reveals important considerations for future investigations of CCR-impact-
ed sites. Many studies have examined biological responses to CCR with respect to Se concentrations
and accumulation because of teratogenic and reproductively toxic effects known to be associated
with this element. However, the complex mixture of metals and trace elements characteristic of
CCR suggests that biological assessments of many CCR-contaminated habitats should examine a
variety of inorganic compounds in sediments, water, and tissues before causation can be linked
to individual CCR components. Most evaluations of effects of CCR in aquatic environments have
focused on lentic systems and the populations of animals occupying them. Much less is known about
CCR effects in lotic systems, in which the contaminants may be transported downstream, diluted
or concentrated in downstream areas, and accumulated by more transient species. Although some
research has examined accumulation and effects of contaminants on terrestrial and avian species
that visit CCR-impacted aquatic sites, more extensive research is also needed in this area. Effects
in terrestrial or semiaquatic species range from accumulation and materal transfer of clements to
complete recruitment failure, suggesting that CCR effects need to be examined both within and
outside of the aquatic habitats into which CCR is released. Requiring special attention are waterfowl
and amphibians that use CCR-contaminated sites during specific seasons or life stages and are highly
dependent on aquatic habitat quality during those periods.
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Whether accidentally discharged into natural aquatic systems or present in impoundments that at-
tract wildlife, CCR appears to present significant risks to aquatic and semiaquatic organisms. Effects
may be as subtle as changes in physiology or as drastic as extirpation of entire populations. When
examined as a whole, research on responses of aquatic organisms to CCR suggests that reducing the
use of disposal methods that include an aquatic slurry phase may alleviate some environmental risks
associated with the waste products.

Keywords: accumulation, aquatic animals, coal ash, electric power, energy, heavy metals, sublethal
effects, trace elements

1. Introduction

Coal is widely recognized as a fuel source associated with substantial environ-
mental impacts. Mining, transport, and storage of coal are associated with habitat
degradation and environmental pollution (Dvorak et al., 1977). Large-scale, in-
dustrial combustion of coal produces both air-borne and solid wastes, the former
having been under stringent regulation by federal and state governments for several
decades. In contrast, solid coal combustion residues (hereafter CCR) which ac-
count for 90% of fossil fuel combustion wastes in the U.S. (USEPA, 1988) remain
only under state regulation, which varies in rigor by jurisdiction. In some states,
basic environmental protection standards for CCR disposal sites such as use of
groundwater monitoring programs, leachate collection systems, and impermeable
impoundment liners are not required. For example, in a national survey of 259 coal
utilities having greater than 100 megawatt capacity, nearly 40% reported operating
under no standards for groundwater quality (EPRI, 1997).

Federal regulations on CCR disposal remain in exemption following the 1980
Bevill Amendment to the Resource Conservation and Recovery ACT (RCRA;
USEPA, 1988). The rationale for the amendment to RCRA was that: 1) the wastes
were produced in large volumes, 2) there was little information available on charac-
teristics and environmental behavior of the wastes, and 3) the limited data available
suggested that risks posed by the wastes were low (EPRI, 1997). However, research
conducted in the past two decades has revealed that CCR is a chemically complex
mixture that can pose substantial risks to the environment. In particular, mounting
evidence suggests that disposal of CCR in natural and man-made aquatic systems
results in environmental degradation and poses health risks to wildlife. The goal of
this paper is to review the literature related to environmental risks posed by aquatic
disposal of CCR and to make recommendations for future research. Our purpose
is not to provide a thorough review of CCR disposal technologies, or chemical and
physical properties of CCR. Treatments of these and related issues are available in
the literature (Adriano ef al., 1980; Roy et al., 1981; EPRI, 1987a and b; Bignoli,
1989; Sharma et al., 1989; Eary et al., 1990; Mattigod et al., 1990; Carlson and
Adriano, 1993; Prasad et al., 1996). However, to provide general background on
CCR, we provide a brief a summary below.
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Figure 1. Net electricity generation in the U.S. by fuel source, 1999 (USDOE, 2000).

The organization of the main body of this review follows a typical risk assess-
ment format, beginning with a discussion of sources of exposure to organisms and
leading to discussions of accumulation, lethal and sublethal effects on individu-
als, and ecological (population and community-level) effects. While the tables are
meant to provide exhaustive references to pertinent studies as well as provide data
in support of the text, not all studies listed in tables are specifically discussed in
the text. Rather, the text provides overviews of specific topic areas with reference
to information in the tables when necessary. Because several systems have been
particularly well-studied with respect to accumulation and/or effects, we include
brief case studies based upon these systems within appropriate topic areas. Tables
specifically related to the case studies are presented in the Appendix. Throughout
the text and tables we refer to study organisms by the common or group names used
by the original authors. Scientific names of all organisms discussed are provided in
Appendix Table L.

2. Production and Disposal of CCR in the U.S.

With a growing human population, electricity demands continue to increase. Al-
though an increased reliance on other energy sources in the U.S. in recent decades
has resulted in a slight decrease in dependence on coal (USDOE, 1999), the largest
portion of electric utility capability in the U.S. remains fueled by coal (Figure 1;
USDOQOE, 2000). Reliance on coal for power generation has resulted in a concom-
itant rise in high- and low-volume waste production, with fly ash being the largest
component (see below and Table I). Technologies used to reduce airborne emission
of harmful particulates such as fly ash have resulted in large volumes of these
wastes being removed from exhaust stacks and the subsequent need for disposal
of the particulate materials. Production of fly ash, which makes up approximately
60% of the CCR waste stream, has increased in the U.S. from about 24 million
tonne in 1970 to nearly 57 million tonne in 1998 (EPRI, 1997; EPA, 1997; ACAA,
1998; Figure 2).
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Figure 2. Estimated annual production of fly ash in the U.S., 1970 to 1998 (EPRI, 1997; USEPA,
1997; ACAA, 1998).

Because enormous quantities of wastes are produced from coal combustion,
there has been a need for economically efficient disposal systems. An economically-
attractive disposal method has been aquatic disposal, which is less labor intensive
than land-or mine-filling (Carlson and Adriano, 1993). Typically, aquatic disposal
of CCR involves pumping slurried wastes from the production site to constructed
basins that, in many cases, ultimately discharge into natural water bodies. Aquatic
basins serve as a physical treatment, relying on gravitational settling of particulate
material from the slurried waste stream. Approximately 45% of coal-fired power
plants rely on aquatic basins for disposal of CCR (EPRI, 1997). In terms of volume
disposed, approximately two-thirds of CCR was disposed of using aquatic basins
prior to 1980 (EPRI, 1997). Today, aquatic basins still account for disposal of
approximately one-third of CCR produced (EPRI, 1997; Figure 3).

3. Composition of CCR

The composition of CCR can be quite variable (Tables I and 1I), reflecting differ-
ences in parent coal composition (Dvorak, 1977, 1978), inclusion of other fuels
in the combustion processes, combustion and cleaning technology, and disposal
techniques (Carlson and Adriano, 1993). Because coal is itself a concentrated
source of many trace elements, oxidation and loss of carbon from the solid substrate
during combustion produces a residual ash material that is further concentrated in
non-volatile elements. Addition of materials collected from boiler flues and air
scrubbing units to the bulk CCR stream can return volatile components to the CCR
stream which would otherwise have been lost during combustion. Moreover, waste
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Figure 3. Percentage of CCR disposed of in landfills, aquatic basins, and minefills in the U.S. (EPRI,
1997).

management practices vary among facilities, and may entail combining numerous
waste products associated with coal combustion and typical plant operations into a
single, chemically complex CCR effluent. Depending upon the site in question, the
CCR stream can thus contain a variety of waste types, including fly ash (typically
the largest component), bottom ash, flue gas desulfurization (FGD) wastes, fluid-
ized bed boiler (FBB) wastes, coal gasification ash (CGA), and multiple types of
low volume comanaged wastes (EPRI, 1997). The result of modern, industrial coal
combustion practices is thus a solid CCR waste enriched in numerous elements and
compounds, some of which may pose risks of toxicity to organisms that interact
with the wastes in natural or man-made habitats (Tables I and II). Of the three
commonly employed disposal techniques (landfills, aquatic basins, and minefills),
comanagement of multiple waste types is most prevalent at facilities using aquatic
basins for disposal. In a survey of 259 disposal facilities, 91% of sites using aquatic
basins simultaneously disposed of high and low volume waste types, whereas 70
and 75% of landfills and minefills, respectively, received the mixed effluents (EPRI,
1997).

The largest proportion of CCR is in the form of solids such as ash (USEPA,
1988) that contain a variety of potentially toxic elements and compounds (Tables
I and II). Thus, from the standpoint of potential environmental impacts associated
with CCR, the solid ash fraction appears to be a component of CCR that requires
particular attention. The emphasis of this paper will be on environmental impacts of
solid CCR in aquatic environments, with a primary focus on effects on aquatic or-
ganisms. Moreover, we will focus on inorganic contaminants associated with CCR
disposal in aquatic systems which appear to be much more prevalent than organic
contaminants (Table II), and thus have received greater attention from researchers.
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4. Environmental Impacts of CCR in Aquatic Systems

4,1. EXPOSURE TO CONTAMINANTS

4.1.1. Sources of Contaminants to Biota

Disposal of CCR into aquatic systems can physically and chemically alter habitat
conditions via sedimentation and changes to sediment particle size distribution,
turbidity, pH, conductivity, and inputs of contaminants (Theis, 1975; Carlson and
Adriano, 1993; Dvorak 1977, 1978). Numerous aquatic systems have been studied
with respect to these habitat modifications, the focus primarily being on inor-
ganic contaminants associated with CCR. Concentrations of several trace elements
(primarily As, Cd, Cr, Cu, Pb, and Se) have been particularly well characterized
in several CCR-impacted systems because of the abundance of these elements in
CCR and/or concerns associated with the known toxicological actions of these ele-
ments. Whereas in some systems the focus of chemical screening was primarily on
dissolved fractions of one or a few trace elements in water, surveys in other systems
suggest that numerous trace elements are elevated in CCR-impacted systems not
only in water, but also in suspended solids and sediments (Table III).

The results of chemical surveys presented in Table III reflect the elevated con-
centrations of contaminants associated with CCR in dissolved and particle-associa-
ted forms. However, to examine the potential risks that elevated CCR-derived con-
taminants in aquatic systems may pose for wildlife, the propensity for contaminants
to be accumulated from the environment must be examined, as must the biological
responses associated with contaminant accumulation, These topics are treated in
the following sections of this document.

4.1.2. Trace Element Accumulation by Biota

There is a large amount of data demonstrating that plants and animals inhabiting
CCR-contaminated sites or chronically exposed to CCR in laboratory or field-
based experiments accumulate trace elements, sometimes to very high concen-

trations (Table IV). Accumulation of trace elements from water and sediments

by vascular and non-vascular plants suggests the potential for trophic transfer of

bioaccumulative elements to grazers. For example, in the D-Area facility, SC, .

numerous types of producers accumulated trace elements from sediments and/or
water, themselves apparently serving as vectors of the contaminants to several graz-
ing invertebrates (Table IV; Cherry and Guthrie, 1976, 1977; Guthrie and Cherry,
1979). Occurrence of some trace elements at very high concentrations in micro-
and macroinvertebrates also suggests that predatory vertebrates may accumulate
some trace elements to levels that may ultimately result in lethal or sublethal effects
(Hopkins, 2001). In Stingy Run, OH, high tissue burdens of some contaminants
in odonates may have been a source of contaminants to several species of fish
which accumulated trace elements in numerous tissues (Table IV; Lohner and
Reash, 1999; Reash et al., 1999). Such relationships between tissue trace element

|
I
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concentrations in fish and accumulation by invertebrate prey species were apparent
in several systems in which biotic samples were surveyed (Table IV). Note that
some authors have reported body burdens in concentrations per unit wet mass,
whereas others have reported concentrations relative to dry mass. We indicate in
the tables the different ways in which concentrations were presented by the original
authors.

The importance of trophic vectors for trace element accumulation by vertebrates
in CCR-contaminated systems was demonstrated by a recent series of experiments
on the lake chubsucker, a benthic fish. Exposure to CCR-contaminated sediments
alone (with uncontaminated water and food provided) resulted in rapid accumula-
tion of trace elements (Table IV; Hopkins et al., 2000b). When the same species
of fish was exposed to CCR under semi-natural mesocosms conditions (water,
sediments, and prey collected from the CCR disposal site), trace element accumu-
lation was much greater than in fish previously exposed to sediments alone (Table
IV; Hopkins, 2001), and effects on growth and survival were greatly exacerbated.
Trace element accumulation by invertebrates was likely the most important factor
influencing accumulation by fish, and led to body burdens in fish more than an
order of magnitude higher than burdens found in fish exposed to contaminated
sediments alone (i.e., provided with uncontaminated water and food; Table IV).

Amphibians, reptiles, birds, and mammals also accumulate contaminants from
CCR-contaminated sites as a result of their feeding niche/trophic status, and/or
long life spans which expose them to contaminants over exceptionally long periods
of time (Table IV). For example, the banded water snake is a relatively long-lived
predator with high trophic status (preying upon other vertebrates such as fish and
amphibians). Banded water snakes collected from a CCR-contaminated system
have the highest hepatic concentrations of Se and As yet reported in a reptile
(Table IV; Hopkins et al., 1999a). In addition, a series of laboratory studies with
the banded water snake demonstrated the importance of ingestion of contaminated
prey items in accumulation of contaminants. Adult and juvenile snakes were fed
contaminated prey items (fish) collected from a CCR-contaminated swamp (D-
area site, SC) for up to two years. Resulting accumulation was pronounced, with
particularly high concentrations of Se accumulating in liver, gonads, and kidney
(Table IV; Hopkins et al., 2001; Hopkins et al.,, 2002a). Concentrations of Se
greatly exceeded concentrations known to induce reproductive failure in birds and
fish (Lemly, 1993, 1996). Moreover, snakes fed alternating diets of contaminated
and uncontaminated prey (Hopkins et al., 2002a) also accumulated Se burdens
above the reproductive toxicity thresholds proposed by Lemly (1993, 1996). Res-
ults from these studies suggest that even periodic feeding on prey items derived
from CCR-contaminated sites can result in high tissue burdens in predatory verteb-
rates. Therefore, terrestrial vertebrates inhabiting nearby habitats could accumulate
trace elements from prey items dispersing from the contaminated sites, even if the
remaining portion of a predator’s diet consists of prey items with no history of
contaminant exposure.



230 C.L.ROWEET AL.

A particularly well-studied system with respect to trace element accumulation
in aquatic vertebrates as a result of CCR contamination is Hyco Reservoir, NC.
Investigators have examined several tissues in numerous species of fish to quantify
Se accumulation. Hyco Reservoir is thus examined more thoroughly in the case
study to follow.

4.1.3. A Case Study of Selenium Accumulation by Fish: Hyco Reservoir, NC
Hyco Reservoir is a 1764 ha cooling reservoir serving a 2495 MW coal-fired power
plant in Roxboro, North Carolina. As well as heated water discharge, the reservoir
also received effluents from coal fly ash basins (CPL, 1981). Fish declines and a
fish kill in autumn of 1980 (CPL, 1981) prompted several investigations to examine
coal-related contaminants and potential effects on the aquatic community within
the reservoir. Here we provide an overview of Se accumulation by fish in Hyco
Reservoir, because of the large number of species examined in that system. Bio-
logical responses to Se accumulation in Hyco Reservoir are presented elsewhere
in this document where sublethal and ecological effects of CCR are considered
(Sections 4.2 and 4.3).

Water chemistry surveys in Hyco Reservoir found that dissolved Se concen-
trations were quite high (Table IIT), whereas waterborne concentrations of other
CCR-derived trace elements did not appear to be elevated (CPL, 1981). Measure-
ments of organic contaminants (PAHs, PCBs, pesticides, herbicides) showed no
elevations above detection limits (CPL, 1981). Sampling of fish tissues revealed
similar patterns as did the water chemistry surveys: fish inhabiting Hyco Reser-
voir experienced significant tissue burdens of Se, while other trace elements (Hg,
As, Cu, Cr, Zn) were not elevated above normal (Appendix Table II; CPL, 1981).
Tissue levels of organic contaminants (PAHs, PCBs, pesticides, herbicides) were
below detection limits, except for DDD and DDE which were detectible but within
normal background concentrations (CPL, 1981). Because of the predominance of
Se in water and tissues, subsequent investigations of the Hyco system focused
primarily on Se accumulation and its effects on aquatic organisms (Appendix Table
1I).

Selenium accumulation was observed in several trophic groups in Hyco Reser-
voir. Accumulation of Se by plankton may have been a source of Se accumulation
to planktivorous and ultimately higher-level predatory fish (Appendix Table II).
Selenium accumulation varied among fish species. Muscle Se concentrations were
generally highest for bluegill and several other sunfish, and lowest for catfish (Ap-
pendix Table I). Liver Se concentrations in bluegill collected from Hyco Reservoir
were about 50 times greater than liver concentrations in reference fish (Sager and
Cofield, 1984), and were considerably higher than liver Se concentrations of other
species (Appendix Table II). Gonadal Se concentrations also appeared higher for
bluegill sunfish than other species and there were sex-specific differences in Se
concentrations in gonads; ovarian Se concentrations were about twice the concen-
trations observed in testes (Appendix Table II; Sager and Cofield, 1984; Baumann
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and Gillespie, 1986). Moreover, bioaccumulation led to Se concentrations in ovar-
ies of bluegills about 1000 times above ambient water concentrations (Baumann
and Gillespie, 1986).

It is clear from studies to date that, when CCR is discharged into aquatic sys-
tems, some potentially toxic trace elements in water, sediments, and suspended
solids (Table III) are accumulated by biota and further transferred through the food
web (Table IV; Appendix Table II). Biological responses resulting from exposure
and accumulation would thus be predicted. For example, the propensity for Se to
accumulate in fish from Hyco Reservoir, especially within ovarian tissues, suggests
that some species in this system may have been at risk of reproductive impairment.
Demonstrated lethal and sublethal responses of biota to CCR-derived contaminants
will be the subject of the following sections.

4.2. EFFECTS OF CCR ON INDIVIDUALS

4.2.1. Lethal Effects

Lethality of CCR to aquatic organisms has been observed in laboratory and field
studies (Table V). For example, comparative studies by Birge (1982) showed that
CCR effluent was acutely toxic to embryonic fish and amphibians in the laboratory
(Table V). Birge (1982) also conducted laboratory bioassays to examine relative
toxicities of 22 individual CCR-related elements to goldfish, rainbow trout, and
narrow-mouth toads. Based upon comparisons of 7 and 28 d LCsg values, narrow
mouth toads were found to be the most sensitive species to 17 of the elements (in
order of decreasing toxicity: Hg, Zn, Cr, Cu, Cd, As, Pb, Co, Ge, Al, Sn, Se, Tl,
Sr, Sb, Mn, W), whereas rainbow trout were most sensitive to 5 elements (Ag, La,
Ni, V, Mo). Acute laboratory studies on other vertebrates and invertebrates have
also demonstrated lethality responses by several species when exposed to water,
sediments, or suspended solids from CCR-contaminated sites (Table V).

Field and outdoor mesocosm studies also suggest that for some species, acute
or chronic exposure to CCR can ultimately be lethal (Table V). For example, in a 5
d field-caging study, shrimp, darters, and salamanders were extremely sensitive
to conditions in a CCR-contaminated site, whereas other invertebrates and fish
experienced much lower mortality rates (Table V; Guthrie and Cherry, 1976). A
recent exposure of benthic fish in outdoor mesocosms for 45 days indicated that
prolonged exposures to CCR, as would occur in contaminated habitats, may result
in extremely high mortality (75%; Hopkins, 2001).

As a whole, results of field- and laboratory-based lethality studies (Table V)
suggest that, if lethality is to be used as an endpoint for examining ecological
risks of CCR, numerous species must be simultaneously examined due to extreme
species-specific differences in sensitivity. Particular attention should be devoted to
the duration and conditions of exposure; a recent study indicates that reductions
in resource abundance during chronic exposure to CCR increases the sensitivity of
fish to CCR (Hopkins et al., 2002a). Moreover, the absence of a lethal response by
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organisms in acute or chronic tests should not be interpreted as lack of significant
biological effects of CCR. Individuals of many species interacting with CCR in
natural and artificial systems have been shown to respond sublethally, often in ways
in which individual fitness may ultimately be compromised.

4.2.2. Sublethal Effects of CCR

Sublethal effects of CCR have been observed in numerous invertebrates and ver-
tebrates in sites in the U.S. (Table VI, Appendix Tables III and IV). Studies have
shown that several invertebrates experience changes in dispersal and metabolic pro-
cesses (Table VI). Fish have been shown to exhibit numerous sublethal responses
upon exposure to CCR and accumulation of trace elements. In Little Scary Creek,
WYV, a system receiving outflow from a CCR retention basin, bluegill sunfish ex-
perienced decreased liver weight and white blood cell counts, and elevated serum
levels of sodium, potassium, and chloride, although condition factors and general
morphology appeared normal (Table VI; Reash et al., 1999). Perhaps the most
frequently observed sublethal effects in fish exposed to CCR, however, are ab-
normalities in developing larvae and histopathological changes in adults. Bluegill
sunfish in Hyco Reservoir that were shown to accumulate Se in ovarian tissues
(Appendix Table II) produced edamatous larvae which eventually died (Table VI,
Gillespie and Baumann, 1986). Also in Belews Lake, NC and other systems, fish
have been observed to produce edamatous larvae, as well as to experience numer-
ous histopathological changes (Table VI). In some cases, abnormalities in larvae
were associated with reproductive failure and population declines (Section 4.3).
In one CCR-contaminated system in particular (Martin Creek, TX), thorough his-
topathological surveys have revealed widespread changes in native fish associated
with accumulation of Se. An overview of findings from histopathological studies in
the Martin Creek system is presented in the following case study. In a CCR disposal
site on the Savannah River Site, SC, numerous taxa have been shown to respond
sublethally to multiple trace elements accumulated from CCR-contaminated sed-
iments, water, and food. The Savannah River site is the subject of a second case
study regarding sublethal responses to CCR.

4.2.3. A Case Study of Selenium Accumulation from CCR and Sublethal
Responses by Fish: Martin Creek, TX

Martin Creek Reservoir is a 2000 ha cooling water reservoir used by a coal-fueled
power plant operated by the Texas Utilities Generating Co. The reservoir, con-
structed in 1974, is located on Martin Creek, Texas, a tributary of the Sabine River.
In September, 1978 the utility company began discharging effluents from two fly
ash settling ponds into the reservoir (Sorensen et al., 1982a). Shortly thereafter,
fish Kkills in the reservoir were observed (Garrett and Inman, 1984). In May, 1979,
approximately 8 months after effluent release had begun, discharge of the effluents
into Martin Creek Reservoir ceased. The Martin Creek site provided a unique op-
portunity to examine the magnitude of biological changes that can occur following
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