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ABSTRACT

Coal is known to contain naturally occurring radioactive elements and there

has been speculation that as a result, coal-fuelled power generation stations may be

significant emitters of these substances.

In this report, the subject of radioactivity is introduced. The kinds of

radioactive substances which occur naturally in coal formations, the nature of their

emissions and the existing information on their behaviour and their effects on

environmental organisms are also reviewed.

The results of an examination of levels of alpha, beta and gamma radiation

levels, and the substances which produce them in coals, fly ashes, bottom ashes and

related wastewaters at six Canadian coal-fuelled power stations are presented.

Difficulties in studies of this nature and the potential effects of these releases on

organisms in the adjacent aquatic environment are discussed. Existing and potential

technologies for the removal of these substances from wastewaters are examined.

In general the releases in wastewaters from the six stations were found to be

lower than those known to cause short-term or acute biological effects. The potential for

long-term effects from such low-level releases could not be accurately assessed because

of the paucity of information.

A number of recommendations for: improvements in further studies of this

nature; the further examination of the fate of naturally occurring radionuclides in the

environment; and the determination of the long-term effects of low levels of naturally

occurring radioactive substances on aquatic organisms, are made.
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RÉSUMÉ

Comme le charbon est réputé contenir des radioéléments naturels, on s'est

demandé si les centrales électriques à charbon pouvaient en émettre notablement.

Dans le rapport, la notion de radioactivité est présentée, de même que sont

exposés la nature des radioéléments trouvés naturellement dans les formations houillères,

celle de leurs émissions et ce qu'on sait de leur comportement et de leurs effets

biologiques.

On communique les résultats de l'examen de l'intensité du rayonnement a, 3 et

Y des substances qui en sont à l'origine, dans le charbon, les cendres volantes, les cendres

du cendrier et las eaux résiduaires de six centrales canadiennes à charbon. On discute des

difficultés d'étudier la nature et les effets potentiels de ces rejets sur les organismes des

milieux aquatiques contigus. On examine les techniques actuelles et possibles d'épuration

des eaux résiduaires de ces substances.

En général, les quantités trouvées dans les eaux résiduaires des six centrales se

sont révélées inférieures à celles qui ont des effets biologiques aigus ou à court terme

avérés. La possibilité d'effets à long terme n'a pas pu être estimée correctement, à cause

de la rareté des informations.

On fait un certain nombre de recommandations pour améliorer les études

ultérieures de cette nature, pour examiner le devenir des radionucléides naturels dans

l'environnement et pour déterminer les effets à long terme des faibles concentrations de

radioéléments naturels sur les organismes aquatiques.
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1 INTRODUCTION

The contamination of waters by coal-based energy technologies, including

coal-fired steam electric generating stations, has recently been the subject of much

investigation. To date, emphasis has been placed on the physical, biological and chemical

characteristics of the contaminants. There has also been speculation concerning the

radioactive emissions from coal-fuelled steain electric power generating stations. Unfor-

tunately, there is at present very little information about the activities of the natural

decay radionuclides around the stations and in releases to the environment.

The levels and types of radioactive contaminants in coal may vary consider-

ably from deposit to deposit. The pathways through the station and levels of release are,

in part, dependent on site-specific factors such as station design and coal fuel. These

factors must be taken into consideration when making comparisons between different

sites.

To date, the focus on the hazards of radioactive releases from power

generation has mainly concerned releases from nuclear-fuelled stations and the eventual

effects of these substances if ingested by humans after dilution in the environment's

receiving waters. Actual levels of release before dilution have not been emphasized and

the possible effects on the exposed aquatic and terrestrial wildlife communities have not

been considered directly.

Canadian environmental protection guidelines for trace contaminant releases

from coal-fuelled stations are based on the best practicable control of contaminant levels

before release or dilution and on the protection of organisms in the adjacent environment.

In order to examine the need for such guidelines, documentation of the actual levels of

contamination and an assessment of the impact of radioactive wastewaters on organisms

in the adjacent environment is required.

The focus of this study was the determination of actual levels of radioactivity

and their sources from coal piles through the station systems to discharges into the

receiving water. The individual radioactive substances and the manner in which they

partition between the solid and liquid waste streams were also examined in order to

examine appropriate protection technologies and procedures.



1.1 Objectives

The overall objective of this study was to investigate the radioactivity in

coals, ashes and related wastewater streams at Canadian ;icarr. electric generating

stations. The detailed objectives of the program were:

To review and summarize the literature on radioactivity and radioactive substances

in coals, ashes, and related wastewaters at coal-fuelled, power generating stations

as well as the potential toxic effects on environmental organisms and the ability of

current practicable wastewater treatment technologies to remove them before

dilution or discharge.

To examine the levels of alpha, beta, and gamma radiation in coals, fly and bottom

ashes and related wastewaters at six representative Canadian coal-fuelled steam

electric power generating stations across the country and wherever possible,

identify and quantify the specific radionuclides involved.

To determine the gross water quality characteristics such as pH, TDS and TSS of the

potentially contaminated wastewaters and, if possible, relate these to degree of

measured contamination.

To estimate partitioning of the radioactivity in the bottom and fly ashes and a

concentration factor from coal to ashes.

To assess the direct impacts of radioactive discharges on the organisms in the

adjacent environment.

To discuss practicable wastewater treatments and/or other environmental protec-

tion measures which may be utilized to reduce radioactive discharges.

1.2 Introduction to Terms and Concepts

The Scientific Basis of Radioactivity. The study of radioactivity in the

environment requires an understanding of two levels of science: atomic and nuclear.

Atomic (or molecular) relates to chemical processes involving the electrons in orbit about

the nuclei of the atoms; nuclear relates to the high energy processes involving components

of the nucleus of the atom. Chemistry deals with the interaction of atoms or molecules

and provides information on their behaviour which, for example, would be useful in the

treatment of radioactive waste streams. Nuclear physics, on the other hand, describes

properties of the nucleus and explains the processes of radioactivity, radioactive decay

and the behaviour of radiation. To fully understand the environmental effects of



radioactivity, therefore, both the atomic or chemical and nuclear or radioactive aspects

of the substances must be considered.

Isotopes. Each chemical element is made up of several types of similar atoms

called isotopes. An isotope is a species of an atom with the same atomic number (number

of protons) but a different mass number (number of protons plus neutrons). For example,

stable 206 lead (206pb) and radioactive 210 lead are both isotopes of the element lead.

Many of the isotopes in nature are stable and remain unchanged through all

chemical processes. This occurs since it is the electrons that are involved in the chemical

processes. For the stable elements, the normal number of neutrons present in the nucleus

is equal to or slightly greater than the number of protons. When the number of neutrons is

less than or larger than this stable complement, however, the nucleus is unstable and the

isotope is called a radioisotope. A radioisotope spontaneously disintegrates or "decays" in

order to achieve a more stable neutron/proton ratio, as well as to decrease the size of its

nucleus to that of an element which is stable. The decay process cannot be accelerated or

retarded by chemical interactions, and the radioactivity cannot be destroyed by chemical

means.

Half-life and Activity. The number of radioactive atoms that decay at any

moment of time depends on two things:

the number of atoms, and

the nuclear species (the particular isotope).

Each isotope has its own half-life (to.5), which is the length of time required

for half of the original amount of its atoms to decay. For example, the to,5 for 210pb j s

22.3 years; if there are 1000 atoms of 210pb now, after 22.3 years there would be

500 atoms, and after 44.6 years, 250 atoms, and so on.

The rate of decay or number of disintegrations of nuclei per second (d/s) is

called the activity. The unit of becquerel (Bq) refers to the activity of one d/s. Activity

decreases with time in the same way as the number of atoms decreases with time.

Consequently, the smaller the amount of the radionuclide present and the longer its half-

l i fe, the smaller is the activity.

Radioactive decay is a first order reaction; with the rate of decay being

proportional to the amount of concentration of the isotope raised to the first power:

rate = constant x concentration

dt



Where: N is the number of atoms present

t is the elapsed time

X is the decay constant

Integration of this first order equation yields:

N = Noe ~Xt

Where: N is the number of atoms at time 't1

No is the number of atoms initially present

Substituting 0.5 for N/No and solving the equation leaves:

to.5 = 1" 2
X

The rate constant and the half-life are unique for each radionuclide.

Kinds of Radioactive Emission. The process by which radioisotopes change

their nuclear structure in the direction of a stable configuration include alpha de~ay, beta

decay and/or electron capture, and gamma decay. Alpha decay (a) is the process whereby

an atom with an unstable nucleus reduces its mass towards a smaller, stable mass.

Ejection of the alpha particle (a helium nucleus) which is composed of two protons and

two neutrons, results in a decrease in both the mass number (b units) and the atomic

number (2 units) of the isotope. For example:

226Ra-> 222Ra + 4 He (a)
88 86 2

The beta particle is a high velocity negative electron. Beta decay (B) occurs

with radioisotopes whose neutron/proton ratio is too high for stability. This produces

either normal beta decay in which a neutron becomes a proton by emitting an electron (e),

or electron capture in which one of the orbiting electrons is pulled into the nucleus and

combines with a proton to form a neutron. Both these processes result in the mass of the

nucleus remaining unchanged, but its atomic number being increased by one:

+ 0e

90 91 -1

The third main type of radioactive emission is electromagnetic radiation.

Bohr's theory explains that electrons that "jump" into an orbit of larger radius absorb

energy, while those tha. "jump" into a smaller orbit emit energy. Gamma emission, one

form of electromagnetic radiation, is the process by which an atom's residual excess



energy is emitted after having undergone alpha or beta decay. Although gamma emission
often accompanies alpha or beta decay, this is not always the case. Gamma rays are at
the high energy end of the electromagnetic spectrum. The electromagnetic spectrum
includes radio, microwaves, infrared, visible light, ultraviolet, x-rays, and gamma rays in
increasing order of energy content.

The Nature of Radioactive Emanations and Methods of Absorption. Radiation

from a radioactive source emanates in all directions, similar to visible light from a light

bulb. The magnitude of energy released in the alpha, beta or gamma emission influences

its ability to penetrate organisms and cause radiation damage. Ingestion and inhalation

are two other pathways that alpha radiation and beta radiation may enter organisms. As

shown in Figure 1, alpha and beta particle, and gamma ray penetration may be prevented

by material barriers. Each type of radiation is slowed down or stopped by collisions with

atoms. A sheet of paper is able to stop alpha particles, but it would take a sheet of

aluminum metal approximately 1 mm thick to stop high energy beta particles. Lower

energy beta particles could be stopped by a thinner aluminum plate. These particles are

said to have a certain "range of penetration" which increases with particle energy.

Gamma radiation is highly penetrating, making it the most difficult external hazard of the

three types of radiation to shield against.

To understand how radiation interacts with matter on a sub-microscopic level,

the effects of a collision between a gamma ray and a simple atom may be visualized as

shown in Figure 2. The three possible events shown are:

a) scattering, in which the gamma ray bounces off the electron,

b) ionization, in which the energy of the gamma ray goes into removing the electron

from the atom, leaving an ion, and

c) pair production in which the gamma ray energy is converted into the mass of two

particles - an electron and a positron (positively charged electron).

Natural Radioactivity. Many radioisotopes occur naturally in the earth's
atmosphere and crust. These can arise from cosmogenic (bombardment from space) or
primordial (in the earth from the beginning) sources. Man-made radioisotopes are also
now present as a result of induced fission reactions. Each of these sources produce
radioactivity of different energies. In some cases comparisons can be made between
these different radioactive substances and their biological effects. In other cases, the
induced fission products or "activation" products are unique and indicate man-induced
origins.
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FIGURE 1 ABILITY OF VARIOUS SHIELDS TO STOP ALPHA, BETA AND GAMMA
RADIATION (Murray, 1982)

Above the atomic number 80 there are 45 naturally occurring radioisotopes, of

which only three have half-lives comparable to the age of the earth. The remainder are

members in the decay chains headed by these three long-lived isotopes. In this report

emphasis has been placed on the natural uranium, thorium, and actinium decay series,

headed by the primordial radionuclides 238(j, 232jn and 235(j. The latter is commonly

associated with the 238JJ series because 235u typically constitutes 0.71 percent of natural

uranium. At this concentration, the activity of 235JJ [s about 4.6 percent that of 238(j. it

is not usually quantified specifically, as the 238u concentration will allow its

concentration to be calculated.
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FIGURE 2 EFFECTS OF GAMMA RADIATION (Murray, 1982)

The term 'parent' refers to a radionuclide which decays to form another
nuclide (stable or radioactive); and 'daughter' refers to a nuclide which has been produced
by the decay of a radionuclide yet has different properties than those of the parent.
After 10 half-lives of the longest lived radionuclide in a decay series, all the members of
the series will be within 0.1 percent of their final equilibrium. This is known as secular
equilibrium during which time all intermediate members are decaying at the same rate as
they are being formed.

Although the activity (d/s) is equal for all daughters in a series which is at
secular equilibrium, the number of atoms of each daughter is proportional to its half-life.
The activity for a given mass of a particular radionuclide, however, is termed "specific
activity", which is calculated as: A X N

M



Where: A = specific activity in Bq/g
N = Avogadro's number (6.023 x 1023 atoms/g-atom)
M = atomic weight (g/g-atom)
X = decay constant (s - ' )

Using this equation the specific activities have been calculated for some of

the members of the uranium and thorium series as shown in Table 1. 238(jranium

235uranjur r i j anc | 232thorium have extremely long half-lives, in the order of millions of

years, making their specific activities very low. These radionuclides may pose a hazard

by their chemical toxicity as well as by their radiation effects. On the other hand, a

radionuclide with an extremely short half-life may not last long enough to be a chemical

biological hazard unless it is being replenished by a parent or is decaying to a daughter

v.'ith a longer half-life. In this case, it is the parent or the daughter that is usually

considered the main hazard. It is primarily those radionuclides with half-lives greater

than a few years and less than a million years, therefore, that are generally considered to

be the major radiation hazard when discharged into the environment.

Behaviour of Select Radionuclides. The natural urjlium decay series,

including the half-life (to.5) of each member, the type(s) of radiation emitted, and the

principal decay energies are shown in Figure 3. In the 238(j series there are four

radionuclides with half-lives between one and one million years: 23^(j, 230Th, 226Ra ancj
2 1 0Pb. Because 234(j ( tn>5 of 250 000 years) and 23Sy a r e isotopic, they are not normally

separated in monitoring. Monitoring for 238y a i s o allows the upper level of 234y to be

calculated on the assumption that 235u j s a certain percentage of the total uranium

present.

The second radionuclide of concern in this series is 230-rftj wjth a half-life of

80 000 years and a specific activity of 7.2 x 10& Bq/g it could be a potential hazard if

allowed to accumulate in biological systems. Due to its long half-life it acts as a source

of 226 radium for several hundred thousand years.

226Radiurn is an important naturally occurring radionuclide because it has a

half-life of 1600 years. It is also the parent of 222radon, an inert gas, which has a short

half-life of 3.8 days. Since 222RR c a n escape into the atmosphere, and it is reasonably

soluble in water, it represents an important potential disequilibrium point for loss of

secular equilibrium in the decay series.

21^Lead, with a half-life of 21 years and a high specific activity, is reasonably

mobile in aquatic systems. Its potential hazard as an external radiation source is reduced



TABLE 1 THE SPECIFIC ACTIVITIES OF SOME MEMBERS OF THE URANIUM
AND THORIUM SERIES (Smithson, 1980)

Uranium Series Specific Activities (Bq/g)

1.23 x

8.58 x

2.26 x 108

2307h 7.18 x 108

226Ra 3.36 x iolO

222R|: 5.70x1015
210Pb 3.00 x 1012

210Bi 4.59x1015

21°Po 1.66 x

Thorium Series

2327h it.03 x IQ3

2 2 8 R a 1.00 x 1013
2 2 8 Th 3.03 x 1013

5.96 x 1015

3.46 x 1020

considerably because it is a weak beta emitter. It eventually decays to 210po which is an

active alpha emitter, therefore, there is a hazard of increase if 210pD \s retained

internally.

The thorium decay series, in which the radionuclides generally considered to

be most environmentally dangerous, 2327n> 228jh, and 228Ra are included is shown in

Figure *t. 228Radium has a half-life of 5.8 years and like 2 1 0 ^ ^ emits beta particles

and decays to a very active alpha emitter, 228jh. 228xhorium has a fairly short half-life

of 1.91 years and produces a series of daughters which reach equilibrium in a few weeks.

These daughters produce a five-fold increase in the original alpha activity of the 2287^

parent. Of the naturally occurring radionuclides with longer half-lifes, 2287n j s o n e of

the most intense sources of alpha emission.

Potassium, which has an atomic number of 19 and is not a member of the 238y

or 2327h decay series is composed of three isotopes. One of these is *0potassium which

has a half-life of 1.3 x 109 years. It is often included in the study of naturally occurring
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radionuclides due to its relative abundance and its beta emissions, and because it is the

predominant radioactive component in normal foods and human tissues. Since potassium

is relatively abundant in coal, it is also included in discussions for purposes of calculations

and comparison in this report.
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2 EFFECTS AND SOURCES OF NATURAL RADIONUCLIDES

This section of the report contains a review of the literature on the

environmental effects and bioaccumulation of uranium and thorium in the aquatic

environment. The results of other studies on the radioactive releases from coal,

particularly during coal combustion at steam electric generating stations, are also

presented.

2.1 Environmental Effects of Uranium and Thorium on Aquatic Ecosystems

Uranium- Uranium has fourteen isotopes, all of which are radioactive (Holm

and Persson, 1978; Weast and Astle, 1978; Sheppard, 1980). Natural uranium contains

99.28 percent by weight 238U, 0.71 percent 2 3 5U, and 0.01 percent 23^U. These isotopes

have half-lives of 4.47 x 109, 7.04 x 108, and ?.4 x 1Q5 years, respectively, and all decay

primarily by alpha emission (Till et al., 1976) (Figure 3).

Although uranium is one of the best known elements in the periodic table, its

ecological behaviour in the aquatic environment has been poorly documented (Till et al.,

1976; Hanson, '.974; Essington et al., 1976). It appears that the environmental importance

of uranium has been assessed mainly as a function of its rhemotoxicity (Eisenbud and

Petrow, 1964; Bates et al., 1980). This has then been taken into consideration in

determining maximum permissible concentrations. For example, 238JJ ancj 235\j a r e

primarily considered as chemical toxicants rather than radiation hazards because of their

very long radioactive half-lives and very low specific activities (3ustyn and Lusk, 1976).

Consequently, any observed uranium effect on aquatic biota has been generally related to

short-term chemical toxicity rather than longer radiation or chronic chemical toxicity

effect (Till et al., 1976; Hanson, 1974; Gus'kova et al., 1966).

On the other hand, radiobiological effects have been used to determine the
maximum permissible concentration values for the shorter-lived uranium isotopes such as
230Uj 232U; 233U; 234U] 235U; anc] 240u# T iu e t a i . t (1976) considered 233y t o h a v e

moderate radiotoxicity, whereas 232;j n a s b e e n characterized by very high radiotoxicity.
Since 2J8JJ ] s the predominant naturally occurring uranium isotope, further discussion will
focus primarily on this isotope, unless otherwise stated.

Uranium exists in four valence states: U^+, U^+, U^+, and U*>+ (Sheppard,
1980). In natural waters, the chemical properties of uranium favour hexavalent uranium
which often associates with oxygen to form the stable divalent uranyl ion (UC>22+) (Till et
al., 1976). Uranyl salts are soluble in water and readily form soluble ion complexes as
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long as the water has a high redox potential (Till et al., 1976; Hanson, 1978; Anon., 1983;

Panson and Charles, 1977). Uranium is also commonly found as the tetravalent uranous

ion (U^+) in a reducing environment in which form it has a high affinity for organic

material. Koczy (1963) reported that the most spectacular uranium increases occur in the

reducing environments of the oceans. Uranium can, however, be easily held in solution as

the complex uranium tetracarbonate in high carbonate waters (Hanson, 1978). Uranium

has generally shown a constant distribution in the water column and a low affinity to

water borne particulates (Hanson, 1978). Tannenbaum and Silverston (1951) reported the

following chemical toxicitk 5 for various uranium compounds:

Compound Toxicity

UC>2,U3Og, UFtj. - relatively nontoxic, even in large doses

UO3, UCI4 - toxic in large doses

UO2 (NO3>2, UO4, Na2U2O7 . toxic in moderate doses

UO2F2 - toxic even in relatively small doses, probably

due to F toxicity

Uranium in water has been introduced partly from the bottom of tne sea and

partly from surface waters by both natural and man-made sources (Holm and Persson,

1978). The natural uranium content of freshwater has depended on several factors such as

the geological formations in which the groundwater occurs and the size and diversity of

aquifer watersheds (Hanson, 1978). Through man's actions, however, uranium has also

been introduced to water in an even more concentrated form than would appear as a

result of natural weathering. For example, increasing energy demands along with

decreasing world supplies of oil and gas have resulted in more abundant source: of energy

such as coal being used as an alternative form of energy (MacCormack, 1979). Coal can

contain the natural occurring uranium isotopes, 238(j a n ( ] 235u, and associated daughter

products (Eisenbud and Petrow, 1964; Van Hook, 1978; Beck et al., 1978; Furr et al., 1979).

Averages of approximately 1.0 mg/kg uranium in coal have been suggested (Van Hook,

1978; Anon., 1980). A definite potential exists, therefore, .tor the further mobilization of

both uranium and thorium into aquatic ecosystems through coal combustion, runoff to

surface waters and leachate intrusion into groundwater. It is evident from the data

presented, however, that more research has been directed towards the chemical form,

bioavailability and toxicity of uranium as i t is presented in the natural waters than to

contaminated industrial wastewaters.



The reported uranium concentrations in various water types and locations are
summarized in Table 2. It appears that natural surface waters usually contain low
uranium concentrations (0.0001 to 0.0002 mg/L) whereas surface waters in contact with
uranium mineralization are usually higher (0.050 to 0.600 mg/L). The average amount of
uranium in freshwater may range from 0.0001 to 0.010 mg/L compared to a range of
0.000 36 to 0.0033 mg/L in seawater. Bloch (1980) estimated that the oceans contain over
h billion tons of dissolved uranium. The average world uranium concentration in water
may range from 0.001 to 0.006 mg/L.

Koczy (1963) estimated an average river water value of 0.0005 mg/L in the
United States in areas of igneous rocks and clays and suggested higher values may result
in waters leaching from carbonate rocks up to a maximum value of 0.200 mg/L. The
higher uranium concentrations in United States rivers compared to other world rivers
(Table 2) have been explained by the land application of phosphate fertilizers derived from
natural phosphate deposits which may have a relatively high natural uranium content and
the resulting solublization of soil uranium (Sackett and Cook, 1969; Sackett et al., 1973).
Bates et al., (1980) noted that the alkaline lakes of the South Okanagan and Southern
Kettle River Valley in British Columbia had higher uranium concentrations (0.010 to
0.030 mg/L), because of the water's increased ionic strength, than the non-alkaline lakes
(0.003 mg/L) in the Okanagan Highland region.

Due to the great solubility of natural uranium salts in water, drinking water
supplies may accumulate uranium concentrations which are considered to be hazardous to
humans (McKee, 1963). Health and Welfare Canada has developed the recommended
maximum acceptable level of 0.02 mg/L for uranium (as total uranium) for raw public
water supplies and recreational waters. The desirable objective level of 0.001 mg/L or
less (as the uranyl ion) has also been established (Anon., 1983).

Following discharge into water, radionuclides may at first remain in solution
but may also become associated with mineral sediments, organic debris and aquatic
organisms. Uranium has mostly concentrated in sediments with a high organic matter
content (Hanson, 1978; Kawabata, 1967). Baturin (1966) reported an enrichment factor of
8 in sediments of the Baltic and Black Seas over the seawater concentration and
attributed this to the high hydrogen sulphide concentration in the water. Stream
sediments which normally contain from 0.5 to 5.0 mg/L uranium may rise to an average
10 mg/L concentration in uraniferous terrains and to 300 mg/L or more near uraniferous
deposits (Bates et al., 1980). Furr et al. (1979) reported that the fly ash pond sediments of
a coal-burning electric power generating plant located at a large landfill site in
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TABLE 2 URANIUM CONCENTRATIONS IN VARIOUS NATURAL WATERS

Water Type
or Location

Uranium
Concentration
(mg/L)

World Average

Natural Surface Water

Mineralized Water

Ocean Water

Freshwater

United States River Water

Western United States River Water

India

Black and Mediterranean Seas

Amazon River

0.001

0.006

0.001

0.002

0.050

0.460

0.600

0.000 36 to 0.059

0.001 to 0.005

0.003

0.003

0.003

0.0033

0.0033

0.0001

0.0006

0.001

0.001 to 0.010

0.0005

0.005

0.000 01 to 0.007

0.002

0.000 04

Lansing, New York contained 6.9 mg/L uranium compared to a control pond concentration
of 2.1 mg/L.

Hanson (1978) claimed that the concentration of uranium in sediments is
indicative of low uranium inventories in biological systems. However, organisms,
especially microorganisms, in aquatic environments can absorb and concentrate uranium
and its daughters and transform them into more toxic compounds (Pazter, 1976). The
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absorption of uranium by aquatic organisms can occur directly from water to the organism
or indirectly from one organism to another via food chains (Kovalsky et al., 1966; Fukai,
1966; Baturin et al., 1967; Lopatkina et al., 1970). Resulting pathological effects have
been related to both accumulative or additive effects (Patzer, 1976). Aquatic organisms,
therefore, can be one of the best indicators of contamination (Havlik, 1971).

The extraction and accumulation of trace elements by aquatic organisms are
commonly measured in terms of a concentration factor (CF) which may be defined as the
ratio of the concentration of an element in an organism or its tissues to that found in
ambient water (Patzer, 1976; Fukai, 1966; Thompson et al., 1977; Polikarpov, 1966). This
ratio provides a convenient comparison of the relative accumulation of substances in
various organisms (Patzer, 1976; Guthrie, 1970). For example, Chapman et al., (1968)
compiled a list of radionuclide concentration factors for edible plants, invertebrates and
fish. Concentration factors also enable some form of estimation of uranium concentra-
tions which may eventually arise in biological systems (Pentreath, 1977).

Several sources of variability in radionuclide uptake by aquatic organisms have
been suggested: the environmental conditions of the water (temperature, pH and seasonal
factors), the physiological conditions of the organisms (species, food habit, age and
growth) and the pathway through which the radionuclide reaches the organism (Jinks and
Eisenbud, 1972; Bryan et al., 1966; Foster and McCannon, 1962; Nakahara et al., 1977;
Nakamura et al., 1977). Kovalsky et ai. (1966) claimed that uranium concentration
factors in living organisms should show a gradual decrease from one organism to the next
up the food chain. In fact, Hanson (1978) reported that the relatively high uranium
concentration in water (0.030 mg/L) of Lake Issyk-kul in southeastern Russia decreased
regularly along the aquatic food chain of algae -* benthic and planktonic animals •* fish.

High uranium cumulative capacities have been reported for various species of
algae, however, the amount absorbed appears to differ according to species of algae.
Sakaguchi et al. (1978) recorded relatively large concentration factors for Chlorella

regularis (3930), Chlamydomonas (2330 to 3400) and Scenedesmus (803 to 1290). Morgan
(1961) measured a concentration factor of 330 for the algae Ochromonas in 48 hours.
Hustyn (1976) discovered that the green algae Tetraspora, collected directly from uranium
mine water in Czechoslovakia, accumulated the highest uranium concentration
(800 mg/L), whereas, an algae from the genus Lemanea contained only 0.20 mg/L uranium
in localities unaffected by uranium mining activities. Justyn also found a linear
relationship between the uranium content in water and the algae.
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The freshwater green algae Chlorella vulgaris can also rapidly absorb large
amounts of uranium and is not affected by light, temperature or metabolic inhibitors.
Uranium uptake by C. regularis was inhibited by carbonate ions but increased substantially
in decarbonated seawater. The following list represents the uranium cumulative capacity
of some algae in decreasing order: Synechococcus > Chlamydomonas > Chlorella >

Dunaliella > Platymonas > Calothrix > Porphyridium (Sakaguchi et al., 1978).

Hoffman (1942) observed that most of the uranium in the River March between
Czechoslovakia and Germany, 0.001 mg/L was absorbed by algae yet toxic effects were
not evident. De Jong (1965) showed that the highest uranium concentrations tolerated by
Chlorella vulgaris ranged from 1.0 to 10 mg/L. Bringmann and Kuhn (1959) observed the
first toxic effects of uranyl nitrate on the algae Scenedesmus at a concentration of
22 nng/L. O'Kelley (1976) demonstrated that two species of Chlorococum were sensitive
to powdered uranium oxide at a 0.1 percent concentration. One of the Chlorococcum

species was also inhibited by a uranyl nitrate moiarity of 10~^ while the other was
inhibited by a moiarity of 5 x 10-5.

Pshenin (1962) concluded that some marine nitrogen-fixing microbes Torulopsis

and Rhodotorula can accumulate significant quantities of uranium from very weak
uranium solutions (0.0012 mg/L), equivalent to the natural concentration of uranium in the
sea. However, Kharkar et al. (1976) recorded a uranium concentration factor of only
0.17 mg/L for zooplankton, predominantly calanoids and cyclopoids. Gross and Koczy
(1946) claimed that uranium levels greater than 1.100 mg/L severely decreased diatom
survival. Bringmann and Kuhn (1959) reported that toxic effects of uranyl nitrate on the
bacteria Escherichia coli first became evident at concentrations of 1.7 to 2.2 mg/L. They
also determined that uranyl nitrate concentrations of 28 mg/L and 13 mg/L produced a
threshold effect on the protozoan, Microregma and freshwater crustacean, Daphnia

magna, respectively.

Aquatic plants have often acted as indicators of uranium mineralization
because they are constantly exposed to, and capable of, accumulating large amounts of
uranium through their leaves. Whitehead and Brooks (1971) conducted a preliminary
uranium survey of the Lower Buller Gorge Region of New Zealand by comparing uranium
concentrations (0.7 to 86 mg/L) in aquatic bryophytes (mosses). Justyn (1976) also found
the aquatic bryophytes to have high uranium cumulative capacities by observing the
aquatic moss Fontinalis antipyretica living directly in uranium ore minewater (800 mg/L
uranium). Higher aquatic plants (Callitriche, Batrachiwn) survived in localities with even
a higher uranium content. Justyn also discovered a linear relationship between the
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uranium content in the water and in bryophytes and higher plants. Chapman et al., (1968)

reported a uranium concentration factor of 1000 for both marine and freshwater plants.

Sago pondweed (Potamogeton pectinatus), dragonfly nymphs (Libeilulidae:

Platemis lydia) and polliwogs (Rana clamitans) collected from the fly ash pond of a

Lansing, New York coal-burning electric power generating plant contained higher uranium

concentrations than those samples from the control pond (Table 3). The red spotted newts

(Notophthalmus viridescens) from the control pond, however, had a higher content (Furr et

al., 1979). Muskrat (Ondatra zibethicus) liver concentrations of uranium were identical

for both sampling locations.

TABLE 3 URANIUM CONCENTRATIONS OF ORGANISMS IN A FLY ASH POND
AND A CONTROL POND AT THE MILLIKEN ELECTRIC POWER
GENERATING PLANT, LANSING, NEW YORK (Furr et al., 1979)

Control
Pond

O.f

0.1

0.9

0.5

0.2

Uranium Concentration
(ug/g)dry weight

Fly Ash
Pond

1.5

0.5

1.8

0.2

0.2

Organism

Sago Pondweed

Dragonfly Nymphs

Polliwogs

Red-Spotted Newts

Muskrat (liver)

Hamilton (1972) reported a uranium concentration of 0.0002 mg/kg for bulked
samples of herring and cod. Risik (1973) presented the most complete set of data for
Black Sea fish. Whole body concentrations ranged from 0.000 12 mg/kg for Uranoscopus

scaber to 0.000 83 mg/kg for Trachurus mediterraneus. Lake Whitefish, Northern Pike,
Rainbow Smelt and Yellow Perch collected from non-industrialized and heavily industrial-
ized freshwater regions of Canada contained muscle residues of less than 1.0 to 3.0 mg/kg
(Uthe and Bligh, 1971). 3ustyn and Lusk (1976) showed a greater uranium content in fish
(1.5 mg/kg) collected from a stream in Czechoslovakia affected by uranium ore mining
and milling compared to the natural background content (0.0k to O.kO mg/kg). Cherry et
al. (1976), on the other hand, found relatively low uranium levels present in fish inhabiting
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a drainage system that received a high coal ash concentration at one end and thermal

discharges at the other.

Uranium residues in fish appear to vary considerably from organ to organ

(Pentreath, 1977). Justyn and Lusck (1976) and Kovalsky et al. (1966) reported that major

uranium accumulation occurs in the supporting covering tissues rather than in muscular

tissues. Poston (1982) also suggested that surface absorption may contribute to the total

body burden, however, the majority of uranium and thorium accumulation is located in the

gastrointestinal tract and the relatively small amount retained in the carcass is probably

in bone. Similarly, Sullivan (1980) claimed that uranium and thorium accumulation in

mammals is primarily in bone. Poston (1982) concluded that under their prescribed

conditions, neither thorium nor uranium exhibited a great propensity to accumulate in fish

tissues.

Few data have been obtained on the effects of body size and temperature on

uranium accumulation in fish (Pentreath, 1977). Justyn and Lusck (1976) found a positive

correlation between the duration of fish exposition time spent by individuals in a

contaminated environment and uranium body content. Pentreath (1977) related the

difficulty of estimating uranium concentrations in fish to the time lag which results from

food chain accumulation. Kovalsky et al. (1966) on the other hand, claimed that

differences in uranium accumulation depended on the individual food chain type (i.e.,

herbivorous or detritivorous vs. predatory). Poston (1982) concluded that the primary

route of uranium uptake in fish is by gut absorption, although the amount retained in

tissues is relatively small. Uranium distribution in fish organs and tissues, therefore,

corresponds to the amount of uranium absorbed with their food. Chapman et al. (1968)

and Thompson et al. (1972) calculated a uranium concentration factor of 10 for marine

and freshwater fish.

The toxicity of natural uranium to fish appears to depend primarily on the pH,

alkalinity and hardness of the water (Tarzwell and Henderson, 1956). Table k presents the

reported data on the toxicity of uranium compounds to fish. Uranium appears to be

relatively toxic to fish, more so in soft water than in hard water, with a 96-h TLm value

(concentration which kills half the fish in 96 hours) of approximately 3.0 mg/L (Tarzwell

and Henderson, 1956; Tarzwell, 1956; 1957; 1958).

Till et al. (1976) failed to establish a conclusive upper limit for the chemical

toxicity of uranium to developing carp eggs. Hatching and survival of carp eggs were not

affected by 60 mg/L uranium and a 76-percent hatch resulted at a 70 mg/L uranium

concentration. It appears, therefore, that the carp eggs were relatively insensitive to
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TOXICITY OF URANIUM COMPOUNDS TO FISH (Tarzwell and
Henderson, 1956)

Uranium
Concentration
(mg/L)

135.0

2.8

3.0

3.7

3.0

Chemical
Form

Uranyl
Sulphate
(UO2SO4)

Uranyl
Sulphate
(UO2SO(f)

Uranyl
Nitrate
(UO2 (NO3) 2)
Uranyl
Acetate
(UO2AC2)
-

Organism

Fathead
Minnow
(Pimephales
promelas)

Fathead
Minnow

Fathead
Minnow

Fathead
Minnow

Fish

Exposure
Time
(h)

96

96

96

96

-

Exposure
End

TLm*

TLm*

TLm*

TLm*

Toxic

Water
Type

Hard

Soft

Soft

Soft

Soft

*Note: exposure ended when half of the fish died

uranium toxicity. The formation of a fertilization membrane in Urechis eggs was

inhibited, however, at a uranyl nitrate seawater concentration of 250 mg/L, the inhibition

seemed to be reversible (Koenuma, 1956).

Thorium. Thorium, the second member of the actinide series of elements,
occurs naturally as 232thorium (232jn)j however, small amounts of 230thorium (230-rh^ a
daughter product or 234ur; iniurn (234(j) may be found (Till et a)., 1976). Both 232-rn arKj
23°Th decay by emitting an alpha particle and have half-lives of 1.41 x 1010 and 8.0 x 10*
years, respectively. 232-fh undergoes 6 alpha and k beta decay steps before becoming the
stable 20S]eac[ (208pt>) isotope as shown in Figure 2. Since 232-rn is significantly more
abundant than 230jn , this discussion will focus on 232jh unless otherwise stated.

Thorium is currently thought to be three times as abundant as uranium. It is
commonly found in the aquatic environment as the tetravalent ion which, unlike the
uranyl ion, cannot be oxidized to a hexavalent state (Sheppard, 1980). Choppin and Morse
(1981) suggested that the affinity of ions for solid surfaces in the aquatic environment
generally increases with increasing ionic charge. This is evidenced by the relative
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abundance of the divalent uranyl ion in water whereas the tetravalent thorium ion is

usually quickly adsorbed or easily precipitated as a hydroiysate because of its very high

ionic potential (Adams et al., 1959; Pentreath, 1977). Therefore, thorium is usually found

in low concentrations in water (Garner, 1972) and a low thorium/uranium ratio in water

solutions is often observed (Adams et al., 1959). Moore and Sutherland (1981) reported

thorium water levels in Great Bear Lake near an abandoned uranium mine to be generally

below detectable limits, reflecting the strong chemical bonding characteristics of the

sediment.

Thorium has a very low abundance in freshwater (1.0 x 10~5 to 1.0 x

lO'1* mg/L) and an even lower abundance in seawater (1.0 x 10~6 mg/L) (Bates et al.,

1980). Goldberg and Koide (1962) found small quantities of dissolved or suspended thorium

in ocean water (5.0 x 10"^ mg/L). Adams et al. (1959) reported a range of thorium

concentrations in seawater of 4.0 x 10-8 to less than 5.0 x lcH* mg/L. Hansen and Stout

(1969) stated that 230jn produced by 234(j decay usually settles to the bottom because of

the affinity of thorium for solid-phase material. Mackenzie et al., (1979) reported a

radioactive disequilibrium in seawater occurs as a result of thorium's very low solubility

such that 228rac)ium (228Ra) and 22^radium (224RS) in seawater are virtually unsupported

by their thorium parents.

Data concerning thorium levels in sediments appear to be very limited. Bates

et al. (1980) believed that the heavy mineral fractions of stream sediment retain thorium

as well as certain clay or alumina-rich fine fractions. Moore and Sutherland (1981)

reported significant negative correlations between 232-rn anc[ 228-fh concentrations, the

distance from an abandoned uranium mine in Great Bear Lake, and the organic content of

the sediment. Precipitates of thorium from warm and hot springs have reportedly ranged

from 150 mg/L to 12 300 mg/L (Bates et al., 1980). Sediment, collected from the fly ash

pond of the Milliken Station coal-burning electric power generating plant in Lansing, New

York had a thorium concentration of 48 mg/kg whereas the sediment from the control

pond contained 11 mg/kg (Furr et al., 1979).

Like uranium, thorium does not appear to be an essential material for any

aquatic organism or organic process (Bates et al., 1980). Bringmann and Kuhn (1959)

reported a thorium concentration of 0.80 mg/L began to show toxic effects on the

bacteria Escherichia coli after 96 hours at 27°C. They also observed the first toxic

effects on the green algae Scenedesmus at thorium concentrations of 0.40 to 0.80 mg/L

after 96 hours at 24°C. A thorium nitrate concentration of 25 mg/L was deleterious to

the protozoa Microregma, whereas 1000 mg/L of thorium nitrate was not acutely toxic to
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the small crustacean Daphnia magna at 23°C for 48 hours. De 3ong (1965) found the
freshwater algae Chlorella vulgaris could tolerate maximum thorium concentrations of
0.01 to 1.0 mg/L over a 3 to 4 month period. Kharkar et al., (1976) stated that the
228-thorium concentration factor for zooplankton relative to seawater was 20. Algae
(Zygnema), dragonfly nymphs (Libellulidae: Platemis lydia), sago pondweed {Potamogeton

pectinatus) and polliwogs (Rana clamitans) had considerably higher thorium concentrations
when collected from the fly ash pond of the Milliken Station coal-burning electric power
generating plant than those sampled from the control pond (Furr et al., 1979) (Table 5).
Red-spotted newts and a muskrat collected from the control pond, however, had
unexplainable higher thorium concentrations than those sampled in the fly ash pond.

TABLE 5 THORIUM CONCENTRATIONS OF ORGANISMS IN A FLY ASH AND A
CONTROL POND AT THE MILLIKEN ELECTRIC POWER GENERATING
PLANT, LANSING, NEW YORK (Furr et al., 1979)

Control
Pond

1.80
0.40

0A0

3.30

1.70

0.40

Thorium Concentrations
(yg/g) dry weight

Fly Ast
Pond

8.80
0.80

7.60

9.20
1.20

0.20

Organism

Algae

Dragonfly Nymphs

Sago Fondweed

Polliwogs

Red-spotted Newts

Muskrat (Liver)

In a river system that received a high coal ash concentration at one end and

thermal discharges at the other, Cherry et al. (1976) found the only fish species present

was a preditor, the mosquitofish (Gambusia affinis) which contained relatively low levels

of thorium. Doudoroff and Katz (1953) reported that 18 mg/L of thorium chloride was the

lethal concentration for three mature small freshwater fish (Orizias) exposed for 24 hours

to only 20 mL of test solution.

Summary. At the present time there are seemingly conflicting reports on the

chemical toxicity of uranium and thorium. There is a paucity of data at present to

accurately assess the environmental effects of the chemical toxicity of naturally
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occurring thorium and uranium on aquatic ecosystems. The information available,

however, indicates that released uranium and thorium will ultimately reside in sediments,

organic debris or aquatic organisms. Sediments have been neglected, on the whole, as a

depot of both uranium and thorium in aquatic ecosystems. As indicated in the literature,

a variety of freshwater and marine organisms have accumulated uranium and thorium and

several toxic concentrations have been suggested. The chemical toxicity of uranium is

thought to be the principal concern rather than its radioactive properties. Although

thorium is more abundant naturally than uranium, it appears to be less bioavailable in the

water column due to its stronger chemical bonding properties. Local environmental

conditions and physiological factors appear to have strongly influenced accumulation of

uranium and thorium. In general, the limited data and different test procedures used to

date make the comparison of tests and results difficult and evaluations only tentative.

The contribution of radioactive emissions from these substances to the

observed toxic effects over long periods has not yet been ascertained but it is thought

that they are minimal. In fact existing guidelines are based on chemical rather than

radiotoxicity. However, unlike human toxicity criteria which are based on ingestion or

inhalation, aquatic organisms not only ingest and inhale but are surrounded by the same

levels continuously in their environment resulting in internal and external exposure. This

is significant when the physiological differences between aquatic species and humans are

considered. Although the penetration of radioactive emissions remains essentially

constant, greater exposure to critical internal organs is possible, due to the smaller body

size of a^at ic organisms.

2.2 Bioaccumulation of Radionuclides

When chemical elements or compounds are released into the environment, they
quite often become dispersed and diluted, but they may also become available for uptake
by living organisms. Uptake of an element by an organism that results in an internal
concentration greater than the element's concentration in the environment is called
bioaccumulation; therefore, different levels of concentration are observed in different
species.

The ratio of the concentration of an element in an organism to that in the
abiotic environment is called the "concentration factor" or "bioaccumulation factor". For
example, the concentration factor of a substance in lake trout would be determined by:

CFt = (Rt)/Rw)
where: CF-t = concentration factor for substance R in the lake trout



(Rt) = substance concentration (in terms of fresh weight) in the lake trout
(Rw) = substance concentration in water

Concentration factors can be determined for whole organisms or for individual

tissues within organisms, such as bone, muscle or liver. The use of concentration factors

to describe bioaccumulation depends on the assumption that the bioaccumulation is

occurring in a steady state environment, that is, uptake by individual species/tissues does

not vary over time. Figure 5 is a schematic illustration of bioaccumulation by aquatic

organisms under steady state conditions (Lusk and Swanson, 1981),

OUTPUT

F'OURE 5 STEADY - STATE DISTRIBUTION OF RADIONUCLIDE5 IN AN
AQUATIC SYSTEM (Lush and Swanson, 1981) The relative width of
the arrows and importance of sediments as a source of
contaminants.
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The bioaccumuiation of substances within food chains may or may not lead to

"biomagnification", which is increasing concentration of the element with each step from

organism to organism or from prey to predator up the food chain. The element cesium,

for example, increases in concentration (bioaccumulates) from the concentration found in

the water. Ninefold increases of cesium have been reported through the plant-deer-

cougar chain, and fourfold increases have been reported in the lichen-caribou-wolf chain,

along with an increase by a factor of three of the concentration in humans compared with

that in their food (Garner, 1972). The cesium radionuclides, however, are associated with

man-induced fission activities and do not occur in the natural uranium and thorium decay

chains examined here. Although the naturally-occurring radionuclides (those in the

uranium and thorium decay chains) have not been studied as extensively as the fission

products, available evidence shows a decrease in concentration with increasing trophic

level. For example, a two- to four-fold decrease in concentration factors has been

reported for 210ieacj an(j 210pOionium in the iichen-caribou-man chain (Holtzman, 1968),

and a ten-fold decrease has been reported for 226radium, 210iead, and uranium in the

insect-forage fish-large fish food chain (Swanson, 1981). This suggests that natural

radionuclides are bioaccumulated but not biomagnified through the food chain.

Irrespective of whether substance concentrations continue to increase in

higher tropic levels in terrestrial food chains, bioaccumuiation by organisms at the first

trophic level leads to mobilization of substances within ecosystems. Thus the substances

become available to consumers, leading to levels in organisms that are significantly above

"background" levels in the abiotic environment. In aquatic systems this may also lead to

increased levels of external exposure:

1) through substance uptake, organisms create a cycling of these elements from the

environmental media (air, soil, water) through food chains and back to the media;

2) in so doing, organisms may prevent the "locking" of substances into "environmental

sinks" such as lake bottom sediments;

3) substance levels within organisms in the food chain may adversely affect individual

or population "fitness" in the long-term; and

4) food chain transfer may also eventually lead to man.

2.2.1 Mechanism of Bioaccumuiation. Bioaccumuiation is a natural process; the

ability to concentrate and regulate the cycling of certain elements is essential to the

survival of all life on earth. Most species have evolved the ability to selectively extract

the various elements required for life and vary the bioaccumuiation factor in response to
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environmental availability and physiological need. At the other extreme, systems have

been evolved to selectively excrete various trace elements when the body loadings

become higher than necessary. The net result is what may be termed a normal metabolic

functioning range, which is related to the environmental availability of most trace

elements. For some elements such as sodium, which is an essential element for life

(macronutrient) and is both available and required in fairly large quantities, the band may

be relatively wide, whereas for other elements such as selenium, which is required only in

small quantities (micronutrient) the normal band may be relatively narrow (Figure 6).

There are also a number of elements which no known life functions require and which are

not essential for life-

There is no evidence that radioactive elements such as uranium, thorium,

radium, or others are essential trace elements. The uptake of many radionuclides may be

related to their chemical similarity to elements that are essential nutrients. For

example, 226racjjum 3nd calcium are chemical analogues; organisms do not distinguish

between the two in terms of uptake. Therefore, if both calcium and 226radium are

present in ingested food, both will be absorbed from the gut according to the physiological

needs of the organism for calcium and incorporated into tissue (in this case, ' lto bone)

(Eisenbud, 1973).

The uptake of some other radionuclides does not appear to be related to

similarity with essential nutrients. For example, uranium has no reported chemical

analogue. The bioaccumulation of this group of radionuclides may be due to passive

uptake from air, soil, water or food. Accumulation may also be related to other needs of

the organism, such as water. In plants, uranium uptake may be related to water stress;

desert plants have higher uranium concentrations than humid-area plants (Sheppard, 1980).

The bioaccumulation factors for radionuclides with no recorded chemical analogues or

"carriers" are generally much lower than those for radionuclides that do have analogues.

For example, 226radium bioaccumulation factors were 10 to 50 times higher than uranium

factors in lake whitefish and white suckers from northern Saskatchewan (Swanson, 1982).

2.2.2 Factors Affecting Bioaccumulation. The uptake of radionuclides by terrestrial
and aquatic organisms appears to be influenced by numerous factors including:

1) Concentration and Behaviour of the Radionuclide in the Environment

It would appear that the uptake of naturally occurring radionuclides by organisms is

not necessarily linearly related to the environmental concentration. Generally

uptake appears to decrease with higher environmental concentration (Patzer, 1976).
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In addition, natural radionuclide levels in the environment vary according to their

position in the decay chain and their half-lives, therefore, levels of one radionuclide

may not be in equal proportion to that of another in the same decay series. For

example, 210ieacj ancj 2I0pOiOnium are commonly present in greater amounts in the

environment than their parent radionuclide, 226raciium. This occurs because

226radium first decays to 222ra<jonj a noble gas which is easily translocated from its

parent and dispersed over a wide area. The radon eventually decays through a series

of short-lived daughters to 210pb, which is then taken up in amounts that can be

quite unrelated to local 226rac)iurn levels. 210polonium is the daughter of 210iead,

but its behaviour in food chains like lead in comparison to radium is not necessarily

correlated with its lead precursor because of their different chemistries and

metabolic properties (Holtzman, 1969).

2) Environmental Concentration

In general, the greater the concentration of the stable isotope or chemical analogue

the lower the accumulation of the radioactive isotope analogue. For example, it has

been shown that a change in calcium concentration from 1 to 10 mg/L will reduce

the concentration factor for strontium, a calcium analogues by approximately five

(Ophel, 1979). It is assumed that a similar reduction would occur for radium uptake.

In soils, it has been shown that a high soil calcium concentration results in lower

radium migration and uptake by plants (Sheppard, 1980).

3) Chemical Form of the Radionuclide in the Environment

Radionuclides can exist in several forms (or species) including: dissolved ionic

species, complexes with organic molecules, adsorbed to solids, precipitates and

coprecipitates, incorporated in solid biological materials, and incorporated in

crystalline structures (Vanderploeg et a]., 1975). Each of these forms have different

availability to organisms and may also have different chemical toxicities. For

exampie, radium adsorbed as exchangeable ions on the surface of soil particles is

much more available to plants than radium which is strongly bound to organic humic

material (Sheppard, 1980). It should be noted, however, that regardless of the

chemical form of the radionuclide, its radioactivity and its potential for radiation

damage to organisms remains the same.
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4) Characteristics of the Environmental Medium in which Radionuclides are Found

In aquatic systems, radionuclide uptake varies with turbidity, pH, total dissolved

solids, light and temperature (Vanderploeg et al., 1975; Lush and Swanson, 1981).

For example, uptake is greater in clear, soft water than in turbid, hard water and

uptake is greater in warm water than in cold (Eisenbud, 1973). In terrestrial

systems, soil type, soil moisture and soil chemistry affect availaiaility and uptake of

radionuclides. For example, plants absorb more uranium from calcium-uranium

carbonate and limestone type soils than from sandstone and shale (Sheppard, 1980).

5) Spatial and Trophic Niche of the Organism Accumulating Radionuclides

In both terrestrial and aquatic systems, radionuclide accumulation appears to vary

with organism species. This variation is often related to the "spatial niche" (the

habitat) of the organism. For example, bottom-feeding fish such as suckers

accumulate higher levels than predatory fish such as lake trout; the higher sucker

levels are thought to be due to the contact with sediment which often contains

concentrations of radionuclides many times that of the overlying water (Swanson,

1981). Radionuclide levels can also be related to mode of uptake. Because of their

large surface area and because they obtain all nutrients from the air, lichens have

exceptional ability to accumulate air-borne pollutants such as plutonium (fission

product) or 210jead. Similarly, algae and mosses, which absorb nutrients directly

from the surrounding medium, accumulate greater amounts of radionuclides than

higher plants. The "trophic niche" or level in the food chain, also influences the

level of bioaccumulation. For some radionuclides, such as H^cesium, (fission

product) organisms at higher trophic levels have higher concentrations while, for

other radionuclides such as uranium or 226radium, there is a progressive decline

with increase in trophic level. The behaviour of individual radionuclides in food

chains is related to such factors as the degree of homeostatic control exerted by the

organism over the radionuclide (and its carrier element or analogue), the presence of

"metabolic sinks" (such as undigestible skeletal material) midway in the food chain,

and the metabolic turnover rate (assimilation vs elimination) at the various trophic

levels.
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6) Physiological Differences Between Species, Between Individuals of the Same Species

and Within Tissues of the Same Individual

Differences in bioaccumulation between species which occupy similar spatial and

trophic niches may be due to differences in physiology. For example, one species of

grass growing on uranium tailings, red fescue, takes up much more radium than red

canary grass growing on the same tailings (Moffat and Tellier, 1977). Radionuclide

uptake of individuals within a species can also vary considerably, due to physiologi-

cal differences with age, sex or size (Patzer, 1976). Uptake by different tissues

within organisms can vary according to tissue function, relative metabolic activity,

or the similarity between a radionuclide and an element essential to the structure or

function of a particular tissue. For example, uranium levels in trees have been

found to be highest in growing tips of twigs, followed by bark, leaves and wood

(Sheppard, 1980; Dunn, 1981). 226Radium and its daughter 21°lead concentrate in

animal bone since radium is analogous to calcium. Presumably the radium, taken up

as a calcium analogue, later decays to lead.

2.2.3 Effects of Radionuclides Within Organisms. Radionuclides taken up via

bioaccumulation from the environment and retained in an organism will deliver chronic,

low-level radiation continuously over a whole life cycle. It is now generally accepted that

all radiation, no matter how small the amount, may have an effect on organisms (Anon.,

1977). The detection of these effects in individuals and populations, however, is

extremely difficult, due to the multitude of environmental factors influencing organisms

and populations and the potentially different types of damage from decay event to decay

event. The nature of the effect is also variable since it depends on the type of damage

caused by the radiation event. This, in turn, is governed by the sensitivity of the affected

biological material which has been irradiated.

The effects of radiation may be expressed at the organism, population or

ecosystem levels. The tissues most likely to show the earliest effects of radiation are

those with rapidly dividing cells such as gonadal tissue or bone marrow. Effects of

radiation are shown early in the young, due to rapid growth rates. The effects of chronic

low-level radiation at the organism level are usually looked for as increased mutations

and/or increased malignant cancers particularly in the young. At the population level,

higher mutation rates may eventually lead to a compensatory increase in production of

young, causing greater stress on adult individuals and higher overall mortality. In

addition, the "fitness" of the population in terms of its adaptation to the environment or
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ability to continue surviving may be reduced because of physiological, morphological or

behavioural changes induced by radiation damage. Changes in the "gene pool" of

populations is thought to be the primary long-term hazard of chronic radiation (Ophel,

1979). Ecosystem structure or species population can be altered due to effects of

radiation. Should a system receiv? a higher level of radiation than that under which it

evolved, adaptations and adjustments w.'ll occur that may include elimination of the most

exposed or sensitive strains of species, alterations of predator-prey equilibria and changes

in productivity (Odum, 1971).

2.2A Factors Affecting Radiotoxicity of Radionuclides. The radionuclides generally

considered to be of most concern currently when considering bioaccumulation or damage

from within, are those emitting high-energy alpha radiation. Alpha radiation consists of

alpha particles (2 protons and 2 neutrons). These particles are relatively slow moving and

have a very short range, but they leave a dense trail of ionization and tiieir local effect on

living tissue in their path may be greater than that of other smaller particles of longer

path length. The naturally occurring radionuclides emitting high-energy alpha radiation

include 238u, 23^u, 230ih, 226Ra, 222RR J and 210po in the uranium decay chain and
232Th, 228xh and 22<tRa m the thorium decay chain. Of these, the nuclides with

extremely long half-lives, such as 238u (4.5 x 10? years), 2^U (2.5 x 10$ years) and 232xh

(1.4 x 10l0 years) are presently considered to be of less radiotoxicity concern because of

their low specific activity. Specific activity is an expression of the amount of radiation

produced per gram of element. In the slow-decaying long-lived radionuclides, the amount

of radiation being emitted is much smaller per unit of time per gram than in radionuclides

with shorter half-lives.

In addition to the type of radiation emitted, the behaviour of the radionuclide

within the organism is important. Some radionuclides are analogous to essential nutrients.

For example, 226R 3 J ;S analogous to calcium and is incorporated into bone where the

radiation can affect bone marrow ceils and bone-lining cells (Eisenbud, 1973). Others are

incorporated into internal organs; for example, 210pOlonium is concentrated in the spleen

and kidney of humans (Eisenbud, 1973).

The length of time required for the organism to eliminate or excrete

radionuclides is also a factor determining overall effect on the organism. This time

period is called the "biological half-life", that is, the time required to eliminate one-half

of the radionuclide burden. The radionuclides with long biological half-lives relative to

the organism's life can cause greater damage. 226Racjiurn and 210ieac|j have biological
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half-lives of 10 to 12 years; these nuclides can therefore cause more overall damage than
238uranium, with a whole body half-life of 100 days (Eisenbud, 1973).

2.2.5 Examples of Radiotoxicity. Radiation emitted from radionuclides causes

damage because it causes ionization. For example, electrons are removed from a target
atom or molecule to form a positively charged ion. lonization within body tissues causes a
change in the structure of important molecules such as deoxyribonucleic acid (DNA)
(UNSCEAR, 1977). Molecules of DNA carry the genetic information necessary for
appropriate cell development, maintenance and division. Radiation can destroy or alter
some of the information in these molecules, resulting in cell death or a change in form
leading to cancer or genetic effects in subsequent generations (Bayda, 1978).

The effects of radiation damage can be divided into two categories: somatic
and genetic (Rothschild, 1973). The effects which become apparent in the exposed
individual are somatic, while genetic effects are observed in the offspring.

This discussion is limited to the so-called chronic or late somatic and genetic
effects of long-term, low-dose radiation. To date the most important late somatic effect
of low doses of radiation appears to be the induction of malignant disease, as shown by the
increased incidence in exposed human populations (UNSCEAR, 1977). The most commonly
observed somatic effects in non-human populations have been those on developing
embryos. For example, aquatic organisms in White Oak Lake, Tennessee, received doses
from fission and/or activation products approximately 1000 times background for the area
for several years. Studies revealed an increased number of dead embryos and abnormal-
ities in mosquitofish (Gambusia affinis) populations (Blaylock and Trabalka, 1978). The
White Oak Lake fish produced more eggs per female (increased fecundity), presumably in
response to greater embryo mortality. Ten years after the first series of studies on the
lake, dose rates had decreased by an order of magnitude. The fecundity of the
mosquitofish had returned to control levels; however, the frequency of dead embryos and
abnormalities was still significantly elevated. Studies of the effect of chronic low-level
gamma radiation on chinook salmon (Oncorhynclms Uhawytscha) in the Columbia River
revealed increased abnormalities in young fish at all dose rates, however, the number of
adults returning to spawn was not affected (Donaldson and Bonham, 1970). Several
Russian studies found increased mortality, smaller overall size of young, and increased
malformations in ocean fish species exposed to radiation levels only slightly above
background (Anon., 1976). Some subsequent studies, however, have not produced similar
results yet (Blaylock and Trabalka, 1978).



33

Developing mammalis^ embryos appear to be very sensitive to radiation.
Radiation in the early states of embryogenesis may cause death of the embryo, or failure
of implantation. Irradiation after implantation and during the period in which body
structure is becoming differentiated and organs are developing causes a wide range of
malformations in a number of mammalian species. These effects have been proven at
doses above 300 times background level. However, low-dose radiation may also impair
normal fetal growth and this impairment may persist after birth (UNSCEAR, 1977).

The genetic effects of low-dose radiation are related to DNA molecules, or to
the induction of chromosome aberrations (changes in the structure or number of
chromosomes). When such changes occur, they may be passed on to offspring in which the
mutant characteristic may ultimately be expressed as they grow. Chironomid (midge)
larvae have frequently been the focus of studies of genetic damage caused by radiation
due to the large size of their salivary gland chromosomes. Chironomids exposed to
radiation doses of 1000 times over background exhibited a high frequency of chromosomal
aberrations (Nelson and Blaylock, 1963). In a similar study, Blaylock (1966) found an
increased frequency of chromosome aberrations in chironomids in White Oak Lake. These
genetic aberrations did not become established in the population, it appears that they
were rapidly eliminated by natural selection or genetic drift in subsequent generations.

A number of indirect genetic effects may also be observed as a result of
ionizing radiation. Deviations from the original systematic description of an organism can
occur. For example, mutations affecting the colour-pattern of guppies (Lebistes

reticulatus) in offspring of males exposed to gamma rays have been recorded (Purdom and
Woodhead, 1973).

Radiation effects on genetic material may eventually influence the viability of
a species (Ophel, 1979). In an environment in which organisms are experiencing greater
than natural exposure to radiation, fitness may be altered. This is because the inherited
genetic constitution, before the increased irradiation, would presumably have been close
to the optimum required for survival in the particular environment (Barclay, 1981).
Mutations resulting from enhanced radiation may cause the organism to be less efficient
in exploiting the resources of the environment or long-term genetic effects resulting from
an increase in deleterious recessive mutations may only become apparent as they
gradually increase over many generations and are expressed in homozygotes as malforma-
tions of "genetic diseases". This may further reduce the survival potential of a species
population (Templeton, 1976).
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In summary, the most serious concern demonstrated to date regarding the
effects of long-term low-dose radiation on populations appears to be with respect to
genetic change. Serious somatic effects which are attributable solely to radioactivity
remain to be convincingly demonstrated at doses below 100 to 300 times background. This
current deficiency may stem from difficulty in separating chemotoxic from radiotoxic
effects and the lack of controlled, long-term studies to date.

The radionuclides of concern with respect to coal-fired power plants are the
primordial nuclides, those in the natural uranium and thorium decay chains. This
discussion, therefore, deals with studies of such primordial nuclides as distinct from those
which are primarily associated with chains from man-induced activities such as nuclear
power generation.

2.2.6 Aquatic Systems. Studies conducted in relatively uncontaminated aquatic

environments show that natural uranium and thorium series radionuclides are wide-spread

in both the environment and biota and contribute a substantial fraction of the present

radiation dose level to biota. Bioaccumulation relative to environmental levels (concen-

tration factors) is greatest at lower trophic levels. For example, insect larvae-,

crustaceans and mussels taken from the Gulf of Finnland had CF's of 1100 to 200 000

while fish (herring, whitefish, pike, salmon, cod) had CF's of 5 to 1000 (Kauranen and

Miettinen, 1970). Analysis of samples from the Great Lakes also indicated bioaccumula-

tion but a CF decrease with trophic level. Zooplankton uranium and thorium levels were

an order of magnitude above levels in forage fish (spottail shiners, alewife, trout-perch)

(Lucas et al., 1970).

Measurements of radionuclide uptake in contaminated environments, for

example, near uranium mines and mills, show greater absolute levels than those in

unaffected areas, but similar concentration factors and food chain behaviour. A study of

226radium levels in algae, insects and fish downstream of a uranium mill in the Animas

River, Colorado, showed levels two orders of magnitude greater than those upstream of

the mill (Anderson et al., 1963). Levels were greatest in algae, followed by insects, then

fish. Concentration factors, however, were similar in organisms upstream and down-

stream of the mill. Insects, forage fish and large fish from Beaverlodge Lake,

Saskatchewan, a lake receiving discharge from a uranium tailings treatment area, had

radionuclide levels one to two orders of magnitude above those in uncontaminated lakes

(Swanson, 1982). Levels were greatest in insects, followed by forage fish, then large fish.

Concentration factors were similar in organisms from Beaverlodge Lake and control lakes
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and were also similar to those found for Animas River biota. The Beaverlodge Lake

studies also demonstrated the influence of habitat and food habits on radionuclide uptake;

levels in piscivorous lake trout, which fed mainly on plankton-feeding ciscoes, were much

lower than levels in bottom-feeding fish such as whitefish and suckers. Low levels in lake

trout have also been recorded from contaminated areas of Great Bear Lake, North West

Territories (Moore and Sutherland, 1981).

2.2.7 Terrestrial Systems. The most intensively studied aspect of bioaccumulation

in terrestrial systems has been the levels found in components of the human diet. For

example, studies of the relative contributions to the total uranium intake of inhabitants of

a number or U.S. cities showed that potatoes were the major single source, with additional

significant contributions made by bakery products, meat and fresh fruit. Drinking water

rarely contributes a significant portion of total radionuclide intake, except where local

wells and springs have unusually high levels (Garner, 1972). When examining the impact of

radionuclide contamination over and above background levels, the first step is often to

study levels in foodstuffs known to be significant bioaccumulators.

One of the best known examples of bioaccumulation in foodchains leading to

man is the lichen-reindeer/caribou-man pathway. This pathway has been studied for

accumulation of natural radionuclides and fission products (such as ^strontium, 239piu_

tonium, and 240piutonium). The pathway is important because of the ability of lichens to

concentrate radionuclides in atmospheric fallout. Lichens have a large effective surface

area and obtain all their nutrients from the atmosphere. The lichens are an important

component of reindeer and caribou diets, which are, in turn, consumed by northern peoples

such as Canadian Inuit and Finnish Lapps. Based on measurements of radionuclides in

lichens, caribou and human placentas, it was concluded that Inuit could acquire sufficient

210iead to double the total skeletal radiation dose over that of mid-westerners (Hoitzman,

1968). Similarly, a reindeer or caribou meat diet for man increases 210pOioniurn body

burdens by about two orders of magnitude even though the overall behaviour of most

radionuclides (210pOionium, 210jeacj) 226racjium and plutonium) in this pathway shows a

progressive decline with increasing trophic level (Hill, 1965). Based on the evidence to

date, natural radionuclide behaviour in terrestrial food chains would appear to parallel

that found in aquatic systems.

2.2.8 Bioaccumulation Near Coal-fired Power Plants. Measurements in environ-

mental samples around coal-fired power plants show the presence of enhanced concentra-

tions of natural radionuclides (UNSCEAR, 1977). Analyses of 226radium, 2^lead, and
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21''bismuth, in fly ash from 18 U.S. coal-fired power plants showed fly ash levels from

western plants to be >i to 12 times higher than in "typical" soils, while levels from eastern

plants were 3 to 14 times higher than in soils (Morris and Bobrowski, 1979). Estimates of

average uranium and thorium concentrations in fly ash from three standard coal types

yielded figures 6 to 17 times typical soil concentrations (Dvorak and Lewis, 1978).

Analysis of fly ash from an Ontario coal-fired power plant produced levels of the uranium

and thorium series (mostly by natural alpha emitters) 1.5 to k times typical soil levels

(Greening, 1981).

It is apparent that the release of radionuclides from coal-fired power plants

creates a potential for bioaccumulation in terrestrial and aquatic food chains. The

magnitude of the problem is related to the behaviour of radionuclides in the coal-fired

power plants, the amounts and kinds captured by pollution control equipment before

release, the form in which they are released and their mobility once released into the

environment.

The relative amounts of radionuclides released as gases, fly ash and bottom

ash vary with the chemical and physical properties of the individual radionuclides. For

example, 21 Opt, w n i c n is released primarily via fly ash volatilizes readily in the

combustion zone, then may begin to condense again on the finer fly ash particles further

up the stack (Coles et al., 1978). Radium and thorium appear to be at essentially the

same concentration in bottom and fly ash while the behaviour of uranium seems to be

intermediate between that of lead and that of radium and thorium (UNSCEAR, 1977).

Radionuclides in fly ash which escapes can affect terrestrial and aquatic systems

downwind of the plant. The bottom ash, and captured fly ash will primarily affect aquatic

systems via surface runoff from ash piles and leaching into groundwater from the disposal

area.

The actual radionuclides released from ash piles will vary with radionuclide

mobility in the environment and the disposal area. Normally, one would expect the

daughters in a radioactive decay chain to be in secular equilibrium with each other. If "x"

activity of a parent radionuclide such as 238uraniurTl) [s present, then there must also be

"y" amount of uranium daughters, such as 226radium or 210iead; there is a constant ratio

between the two radionuclides. Radionuclides in environmental samples, however, are

seldom in equilibrium because of the variable mobility of individual nuclides. For

example, all uranium isotopes are leached from rock and soil faster than the daughter

isotopes 230Th, 226Ra, 210pD and 206pb. This is because uranium readily forms soluble

complexes with sustances commonly found in soils such as carbonate (CO3"), hydroxide
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(OH") or phosphate (PCty") (Sheppard, 1980; Dyck, 197*0. 226Radium is relatively
immobile in soils except under conditions of low pH and/or high water content (Sheppard,
1980). 210Lead is often quite immobile in parent materials because lead tends to form
rather insoluble sulphides and sulphates (Dyck, 1974). 210pt>, however, is often found at
higher levels in environmental samples than can be accounted for by the amount of parent
isotopes present. This is because 210pb is a daughter of the gaseous isotope, 222radon.
Radon readily diffuses out of its parent material and it and its daughters are dispersed
over relatively wide areas. Thus, excess 2^0Pb is often found in lake or river sediments
because of atmospheric deposition via the decay of radon. The variable mobilities of the
radionuclides must, therefore, be considered when assessing the impacts of ash piles.

Despite concerns and controversy regarding levels of radionuclides in coal-
fired power plant effluents, there have been very few studies involving actual measure-
ment of levels in the environment surrounding power plants. Evaluation of the impact
from atmospheric release varies. Estimates of collective doses to humans in the vicinity
of power plants have suggested that the additional dose resulting from inhalation and
ingestion of activity released into the atmosphere would be very small (UNSCEAR, 1977;
Bayliss and Whaite, 1966). It has also been suggested that where actual measurements
have been taken in soil, water and vegetation, Virtually no enhancement of radionuclide
levels above background were found (Wangen and Williams, 1978; Tracy and Prantl, 1981).
Wangen and Williams (1978), however, point out that the techniques used may not have
been sensitive enough to detect an impact on local soils, and Tracy and Prantl (1981) did
not specify the soil or vegetation types analyzed. A model of the suspension and
dispersion of ash from uncovered ash disposal piles indicated that annual doses from
ingestion of foods grown in the immediate vicinity of ash ponds could reach the same
order of magnitude as the maximum permissible level estimates proposed for uranium fuel
cycle facilities (Styron et al., 1981). Consequently, there is still a need for systematic
studies of specific food chains before the potential for bioaccumulation and enhanced
doses to humans resulting from atmospheric releases can be properly assessed.

The impact of fly and bottom ash disposal sites on the environment is also
open to question. The release of radionuclides via surface run-off or leaching to
groundwater may result in contamination of aquatic habitats and bioaccumulation in
aquatic food chains. In addition radon escape from the piles may disperse radon and its
daughters over a wide area.

Studies of radionuclide and trace element releases from coal ash piles have
illustrated the influence of original coal type, proximity of acquifers and type of soil,
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climite, and local water quality. For example, storage of ash from high sulphur, acidic

coals in a humid area near a sand aquifer are indicated to result in acidic leachate

carrying large amounts of trace elements whereas the storage of ash from low sulphur

coals in a dry area over clay soils are indicated to result in a very low volume, less acidic

leachate with low levels of trace elements (Davis and Boegly, 1981). A study of leachate

from coal ash ponds in Tennessee showed that these coal ash leachates are highly variable,

chemically reduced, can be acidic even when generated by alkaline ash, and are likely to

be more acidic with higher trace element levels when measured in interstitial water

rather than in well samples (Miliigan and Ruane, 1980). The study also showed that the

mass of trace elements in the ash pond leachate entering adjacent surface water was

negligible when compared to the mass discharged by the once-through ash pond surface

overflow even though concentrations in the groundwater were higher because surface

flows were much larger.

The impact of ash pond leachates and overflows on overall radionuclide levels

in surface waters has not been extensively studied. Analyses to date from monitoring

wells downslope from the Poplar River plant in southern Saskatchewan indicates gradually

increasing uranium levels, however, this trend has been attributed to analytical error to

date (PRCMA, 1981). Measurement of radionuclide levels in surface waters receiving

leachate from one Iowa power plant ash pond revealed the the ash pond water had lower

concentrations than water upgradient of the ponds, therefore, percolation of ash pond

water appeared to have diluted normal background concentrations (Styron et al., 1981).

Sediments, however, are often the primary source of radionuclides to aquatic biota and

measurement of radionuclide levels in water only, may not give an adquate basis for

estimation of potential bioaccumulation in systems receiving ash pond runoff or leachate.

Unfortunately, no studies of sediment radionuclide levels from ash contacted wastewaters

or levels in aquatic food chains were found.

In summary, the reports in the literature of measurements of radionuclides in

coal-fired power plant effluents indicate the potential for bioaccumulation in food chains.

The few studies of radionuclide uptake by biota in the vicinity of power plants, however,

do not provide a sufficient basis from which to predict the magnitude of the problem.

Further comparative studies of the movement and uptake of radionuclides in critical

terrestrial and aquatic food chains near coal-fired plants in different geographic area,

utilizing different types of coal, under different climatic, soil and water quality

conditions, are still required.
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2.3 Radioactivity in Coals, Ashes and Wastewater from Coal-fired Generating
Stations

This section is based on an examination of the existing North American

literature of radionuclide emissions during the coal fuel cycle including; the radionuclide

content of coals, the release of radionuclides from coal storage piles, radionuclide

emissions during combustion, and radionuclide releases from ash disposal sites.

Radioactivity in coal is derived from the naturally occurring radioisotopes,

238(j( 232xnj their daughter products, and ^OK. Uranium tends to associate with the

organic constituents of the coal, whereas, thorium and potassium tend to concentrate in

the inorganic fraction (Breger et al., 1955; Beck et al., 1979).

These radioactive substances are thought to be incorporated into coal by their

presence in the original peat beds or as a result of deposition from percolating

groundwater containing radionuclides that have been leached from surrounding rock and

soil (Breger et al., 1955). The highest uranium concentrations have usually been found at

the top of the coal seams, and the highest thorium and potassium values at the top and

bottom. These distributions appear to indicate the effect of leaching and intrusion of the

trace elements from high concentrations in over- and underburdens (Beck et al., 1979).

The coal seam concentration of any radionuclide in the uranium and thorium

decay series depends in part on its specific activity and that of its parent. The majority

of the studies to date have assumed that secular equilibrium exists in coal deposits among

members of both the 2 3 8U and 232xf, decay series (Beck et al., 1979; Coles et al., 1978;

Muller and Bagg, 1980). The basis for these assumptions appears to be the great age of

geological deposits (Greening, 1981). The activities and concentrations of the daughters

are commonly estimated from the measurement of only natural uranium and thorium. In

contrast, Styron and Robinson (1977) actually found disequilibrium in the uranium decay

chain for some western U.S. coals. In these cases radioactivity estimates for daughters

based solely on uranium measurements would underestimate the total radionuclide content

since 210po/238(j varied from 1.* to 12.6 as the grade of coal declined. It was suggested

that these enhancements may have occurred when iarge quantities of 222Rn diffused from

adjacent uraniferous rocks into lower activity coal seams with subsequent trapping of the

particulate decay products in the coal. Elevated 210po levels, however, were not

expected to be typical for most coals (Beck et al., 1979).

2.3.1 Radionuclides in Coal.

U.S. Coals. The results of several studies on the radionuclide content of U.S.
coals are presented in Table 6. Beck et al. (1979) compiled the most comprehensive data
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TABLE 6

23

Cone.
(mg/kg)

1.7

1.5

1.4

3.3

1.2

3.2

1.1

2.2

0.7

0.7

1.2

0 . 7

2 .6

(2.7)

(0.9)

(2.3)

(2.1)

CONCENTRATIONS AND ACTIVITIES OF ^ » U , '

«U

Activity
(Bq/kg)

(22.2)

(18.9)

(17.8)
(41.4)
(15.2)
(40.3)
(13.7)
(27.S)

(8.9)

(8.9)

(15.2)
8.9

31.5

33.3

11.1

29.2

25.9

2;

Cone.
(mg/kg)

4 .5

5.4

4.9

5.2

4.4

8.3

2.0

2 .1

1.6

1.9

4.8

1.6*

5.0*

(3.6)

(5.0)

(2.6)

'2Th

Activity
(Bq/kg)

(18.5)

(21.8)
(20.0)
(21.1)
(17.8)
(33.7)

(8.1)
(8.5)
(6.7)
(7.8)

(19.6)
6.3*

20.4*

14.8

20.4

10.7

Cone.
(mg/kg)

0.20

0.28

0.27

0.19

0.14

0.35

0.13

0.18

0.030

0.12

0.042

0.10

0.20

(0.37)

(0.10)

(0.32)

•OK

Activity
(Bq/kg)

(51.8)

(71.0)

(68.1)
(47.4)
(35.5)
(88.8)
(32.6)
(45.1)

(7.4)

(30.0)

(10.4)

27.0
51.8

92.5

25.9

81.4

" T H and ™K m U.S.

Coal Source
and Rank

A-Anthracite
B-Biturninous
S-Sub-bituminoU5
L-L'gnite

= 1000 samples
from different
U.S. regions

Pennsylvania-A

Appalachian-B

Midwest-B

Alaska-S

Gulf Coast-L

Appalachian-B

W.Kentucky-B

Utah-B

Wyoming-S

N. Mexico-S

Western Plant • •

Western Plant***

6 U.S. Plants

coal from 19
active Western
U.S. mines

Western U.S.
mines

samples from
coal mines in
different
regions

Illinois-B

Montana-S

N. Dakota-L

COALS

Reference

Becket al. (1979)

Swanson et al. (1976)

Swanson et al. (1976)

Swanson et al. (1976)

Swanson et al. (1976)

Swanson et al. (1976)

Lee et al. (1977)

Lee et al. (1977)

Lee et al. (1977)

Lee et al. (1977)

Leeet al. (1977)

Coles et al . (1978)

Coles et al. (1978)

Wagner et al. (1979)

Styronet al. (1981a)

Styron et al. (1981b)

Kruger and Johnson
(1978)

Barber and Giorgio
(1976)

Barber and Giorgio
(1976)

Barber and Giorgio
(1976)

Note: * 2 2 8 R 3

* * Low Sulphur, Low Ash
* * * Low Sulphur, High Ash
( ) Calculated values



of radionuclide concentrations for a wide range of U.S. coals. The survey included data

from three researchers on almost 1000 samples obtained directly from mines providing

most of the coal used in the United States today (Swanson et al., 1976; Gluskoter et al.,

1977, Farmer et al., 1977).

A summary of the data is presented in Table 7.

TABLE 7 AVERAGE CONCENTRATIONS AND ACTIVITIES OF RADIONUCLIDES
IN U.S. COALS (Beck et al., 1979)

Radionuclide

238u
232T h

w K

Concentration
Range
(mg/kg)

0.2 to 25.2

0.62 to 79

0.01 to 2.83

Average
Concentration
(mg/kg)

1.7

4.5

0.20

Calculated
Activity
(Bq/kg)

22.2

18.5

51.8

Calcu'ated
Concentration
from Measured
Activity
(mg/kg)

1.6

4.4

0.40

Table 7 shows that the direct measurements of radioactivity in U.S. coals

when converted to concentration, compares well with the actual measurements of

concentration. The conversion from concentration to activity involves the following

factors:

1 mg/kg Th= 4.07 Bq/kg 232Th

1 mg/kg U = 12.58 Bq/kg 238u

1%K = 296 Bq/kg 4 0 K (40K = K x 0.118%) (Beck et al., 1979)

The concentration ranges indicate that some coals contain quantities of

radionuclides 15 to 20 times higher than the mean values. Thus, there may be a wide

variation of the actual activity within the ranges at any one power plant because many

plants obtain coal from different mines. Furthermore, the activity in coal from a

particular mine or even one seam can vary by as much as an order of magnitude (Lee et

al., 1977). Beck et al. (1979) contended that over the long lifetime of most power plants,

these variations in activity would average out and tend toward the mean activity for the

majority of coal resources. It should be noted, however, that as power plants and mines

get older and the coal resources are depleted with time, there may be an increase in the

use of lower quality coals that contain more radioactive material than higher grade coal.



It was believed that western U.S. coals were 10 to 100 times more radioactive

:han eastern U.S. coals (Anon., 1980) until several studies indicated that coal from both

•egions have a comparable radionuclide content (Beck and Miller, 1980; Styron et al.,

1981a; 1981b). Some unusually high values of radioactivity in coal were explained by the

presence of pockets of uraniferous coals that are known to exist in two areas of the

Jnited States. In the north-central midcontinent, high sulphur, bituminous coal with

jranium concentrations of 10 to 15 mg/kg, is used principally in a few relatively small

sower plants in Missouri and southern Iowa. Sporadically distributed uraniferous lignite

lear the north-western corner of South Dakota, containing up to 100 mg/kg uranium is not

commercially exploited at the moment due to its very high ash and low heat content

[Styron et ai., 1981a).

Figure 7, derived from the values presented in Table 6 shows the concentration

of 238(j, 232jh and 40K in feed coal of various ranks. Uranium concentrations appear to

be higher for bituminous and lignitic coals than sub-bituminous coals. This supports the

observation that low grade bituminous and lignite coal (from the Western U.S.) contains

relatively higher concentrations of radionuclides. Thorium concentrations, shown in

Figure 7 and in the data of Swanson et ai. (1976) (Table 6), are highest in lignites, followed

by anthracite, bituminous, and sub-bituminous coals. The concentration of thorium in

each study was greater than the corresponding concentration of uranium by average

factors of 3.6, 2.0, 3.5, and 2.6 for anthracite, bituminous, sub-bituminous and lignite,

respectively. In addition, Figure 7 shows that 230(ji 232ynj ancj W& values cover the

widest ranges in bituminous coals. It should be noted that more than 90 percent of the

coal produced in the United States is bituminous Swanson et al. (1976). Lastly, this figure

shows that coal contains much lower concentrations of the weakly radioactive *0K, than

238u and 232Th (Murray, 1982). Although the activities of 40K, shown in Table 6, are

sometimes reported to be higher than the corresponding activities of 238(j and 232jnj the

arimary mode of decay for ^K is beta emission, whereas for 233y anc | 232xnj it is alpha

smission.

Canadian Coals. Of Canada's extensive coal resources (over 100 000 million
tons) about 1 percent are in the Maritimes and 99 percent are in western Canada
.Morrison, 1978). Bituminous represents about 53 percent of the coal burned annually,
tollowed by sub-bituminous (31 percent) and lignite (14 percent). Information on
;oncentrations and activities of radionuclides in some Canadian coals is presented in
fable 8.
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TABLE 8 CONCENTRATIONS AND ACTIVITIES OF 238<j, 232th, and « K IN CANADIAN COALS

238|j 232Th 4 0 K

Cone,
(mg/kg)

1.89

0.6 to 1.6

0.5 to 1.7

1.2 to 2."

Activity
(Bq/kg)

(23.7)

'7.8 to 19.6)

(6.3 to 21.8)

(14.4 to 25.5)

Cone, Activity
(mg/kg) (Bq/kg)

Cone. Activity
(rng/kg) (Bq/kg)

Coal Source
and Rank

A-Anthracite
B-Bituminous
S-Sub-bituminous
L-Lignite Reference

Dearborn(1982)

Dearborn (1982)

Dearborn (1982)

Dearborn (1982)

Dearborn (1982)

Dearborn (1982)

Dearborn (1982)

Dearborn (1982)

MacCormack (1979)

MacCorrnack(1979)

B.C. Hydro (1981)

Curtis (1980)

Curtis (1980)

Tracy and Prantl
(1981)

Muller and Bagg
(19S1)

2.5 to 3.8 (10.4 to 15.5)

1.3 to 2.0 (5.2 to 8.1)

1.59 to 9.0 (5.9 to 36.6)

0.9 to 6.5 (3.7 to 26.6)

0.8 to 2.9 (I0.0to36.6) 1.0 to 6.6 (4.1 to 27.0)

<0. l to l .O (<1.3toI2.2) 0.2 to 6.1 (0.7 to 24.S)

1.2 to 2.2 (15.5 to 27.8) 1.9 to 5.5 (7.8 to 22.6)

1.2 to i.6 (14.8 to 19.6)

2.9 to 11.0 (36.2 to 138.6)

0.78 (10.0)

1.4 (17.S)

1.1 to 3.6 (4.4 to 14.8)

5.3 (21.5)

1.2

1.3

(1.0)

(15.2)

(16.3)

12.4

2.3

2.9

(1.9)

(9.3)

(11.8)

7.5

0.7 (8.9) 1.4 (5.6)

<1 to 17 (II.I to 21".u)

1 to 22 (14.8 to 277.5)

(0.11)

0.14

26.4

(35.2)

Note: "Original values as U3OJ (urano-uranic acid) converted to U by:

\vt.U3

wtTVJSs
( ) Calculated values

7J1& = 0.85 x U 3 0 8 =
 238<J

842

B.C. Hat Creek-
S/L

B.C. East
Kootenay-B

Alberta Plains-S

Alberta Foothills
-B

5ask-Estevan-L

Sydney, N.S.-B

Pitcou & Cumber-
land, N.S.-B

N.B. Minto-B

Saskatchewan-L

Alberta-S

B.C. Hat Creek-
S/L

Alta-Luscar-B

Byron Creek-B

50/50 U.S. Appal
A Western Canad-
ian used at
Nanticoke-B

Lakeview G.S.
Eastern U.S.
Coal-B

Sisk-Estevan-L

Sask-Willowbunch
-L

Cameron and
Birmingham (1970)*

Cameron and
Birmingham (1970)*
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The analysis of coal from the Maritimes indicated concentrations of 0.1 to

1.6 mg/kg 238u and 0.2 to 6.1 mg/kg 232ih (Dearborn, 1982a). Blended coal in Ontario

power plants (usually a 50/50 mixture of cleaned eastern U.S. and western Canadian coal)

was reported to contain 0.7 to I mg/kg 238y, and 1.4 to 1.9 mg/kg 232th -slightly less

than average U.S. coals (Bagg, 1981; Tracy and Prantl, 1981). Cameron and Birmingham

(1970) found relatively high concentrations of uranium (1 to 22 mg/kg) in Saskatchewan

lignite. Later studies reported coal from the same region as containing 0.8 to 11.0 mg/kg

238(j (Dearborn, 1982a; MacCormack, 1979). Bituminous Alberta coals contained from

0.5 to 2.0 mg/kg 238u (Dearborn, 1982a; B.C. Hydro and Power Auth., 1981; Curtis, 1980).

Radioactivity measurements on B.C. coals by Newmarch (1953), indicated that higher ash

coal samples had correspondingly larger radioactive values.

Figure 8 presents the concentrations of primordial radionuclides in Canadian

coal, organized by coal rank. Uranium concentrations in lignite span a wider range and

include higher values than those in bituminous and sub-bituminous coals. Although

Figure 8 shows thorium as having a lower maximum concentration than uranium in lignite,

the opposite is expected. This is not apparent from figure because the studies that

reported the unusually high concentrations of uranium in lignite did not report the thorium

content of that coal. Taking this into consideration, thorium would occur in highest

concentrations in lignite followed by sub-bituminous and bituminous coals.

2.3.2 Radioactive Release Prior to Coal Combustion. Radioactivity may be released
to the environment from coal storage piles in two ways. The first pathway is through
runoff and leachate from coal storage areas. The second is through radon emanation from
the coal pile. Available data that describes radionuclides in these two pathways is
limited. Results of the few studies that have measured radionuclides from coal storage
pile leachates and Ra222 emanation are presented in Tables 9 and 10, respectively.

U.S. Coals. Wagner et al. (1979) analyzed for the uranium series nuclides:

226R 3 J 210pb a nd 210po }n bituminous and sub-bituminous coal leachates from six

generating stations, two in the Illinois Basin, two in the Appalachian Region, one in the

Midwest, and one from the West. The activity of 226Ra w a s less than the detectable limit

in all but one leachate source which contained 0.0185 Bq/L. Although indicated elsewhere

to form the most insoluble salts, 210pb appears to be the most leachable radionuclide

(Table 9). The highest 210pt> activities were associated with the acidic leachates from

Plants 3 and 6 which contained 0.300 Bq/L and 0.118 Bq/L. But one fairly acidic leachate,

from Plant 2, showed very small 210pD activity, indicating pH may not have been the sole
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TABLE 9 RADIONUCLIDES IN COAL PILE DRAINAGE

Coal Source

U.S.

U.S.

U.S.

U.S.

U.S.

U.S.

U.S.

Canada

Canada

Canada/U.S.
Canada

Canada

Note: • L
R

Coal Type

Bit./Subbit.

Bit./Subbit.

Bit./Subbit.

Bit./Subbit.

Bit./Subbit.

Bit./Subbit.

Bit./Subbit.

Bit., High S

Bit., Low S
Bit., Low S
Subbit., Low S

Subbit., Low S
coal rejects, &
dewatered tailings

= Leachate
= Runoff

= Not Available

PH

7.8

3.8

2.9

8.3

7.9

2.7

-

2.1

-

2.8

6.3

8.3

Sample*
Type

L

L

L

L

L

L

L

L& R

L & R

L & R

L

R

238u 234|j

-

-

-

-

-

-

0.026 0.048

<0.06 -

<0.06 -
<0.06 -

0.13 -

<0.06 -

Radionuclide (Bq/L)

230Th

-

-

-

-

-

-

0.005

-

-

-

-

226Ra

< blank

< blank

< blank

<blank

<blank

<blank

0.0185

(mg/L)

-

-

-

-

210Pb

<0.004
<0.004

0.300

0.007

<Q.00ll

0.118

0.345

-

-

-

-

-

210Po

0.007

0.007

0.011
0.011

0.011

0.022

-

-

-

-

-

232-rn

-

-
-

-
-

-

<o.oot

<0.005

<0.005

<0.005

0.066

0.090

Reference

Wagner et al. (1979)

Wagner et al. (1979)

Wagner et al. (1979)

Wagner et al. (1979)

Wagner et al. (1979)

Wagner et al. (1979)

Styron et al. (1981b)

Dearborn (1981)

Dearborn (1981)

Dearborn (1981)

Dearborn (1981)

Dearborn (1981)



TABLE 10 222Rn EMANATION FROM COAL PILES AND SOILS

222Rn Emanation (96) *
2 2 2Ra Activity

No. of
Samples

_

-

5

6

3

Sample
Type

Coal
Coal

Soil

Bituminous
Coal

Lignite
Coal

(Bq/kg)

18.5
18.5

29.6 to 51.8

-

-

Mean

14

13

14

20

53

Range

_

-

-

11 to 37

44 to 63

Reference

Beck et al. (1979)
Beck et al. (1979)

Beck e ta l . (1979)

Beck and Miller (1980)

Beck and Miller (1980)

Note: •emanation (%) = ratio of escape to production

factor governing 210pb leachability. Thus a discrepancy appears to exist between the

theoretical and observed chemistry of this radionuclide.

Styron et al. (1981b) also studied the mobilization of radionuclides by leaching

at a western U.S. generating station. Activities of 234(j (0.048 Bq/L) and 210pt>

(0.345 Bq/L), (daughter products of 238(j) were significantly higher than that of

23°U (0.026 Bq/L) suggesting that the radionuclide decay process may cause daughters to

be less bound to the solid matrix that the parent radionuclide. Radioactivity was also

measured in groundwater downgradient of the coal pile. The gross beta activity,

0.348 Bq/L, was higher than that in the background wells and surface water of the

Missouri River, whereas, gross alpha and 226Ra activities of 0.118 Bq/L and 0.004 Bq/L,

respectively, fell in between the activities found in background groundwater and river

water.

Canadian Coals. A Canadian study included information on uranium and
thorium concentrations in coal pile drainage from 5 different Canadian stations
(Dearborn, 1982b). Uranium and thorium concentrations in the leachate samples from two
maritime stations (bituminous, high sulphur coal) and an Ontario Station (cleaned
bituminous, low sulphur coal) were less than the detectable limit even though the
leachates had acidic pH values of 2.0 and 3.0.

The second pathway of radionuclide release from coal storage piles, 222^n

emanation, was investigated in two studies and the results are shown in Table 9. Beck et
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al. (1979) reported that 15 percent of the 222racjon emanated from two coals. This is

comparable to the average radon emanation from soils. In another study, however, it was

found that bituminous coals emanated 20 percent of 222Rn, and lignite coals emanated

53 percent, which is significantly higher than the average for soils (Beck and Miller, 1980).

2.3.3 Radioactive Releases During Coal Combustion. Upon high temperature
combustion of coal, radioactivity is released into the atmosphere in the form of gases
such as radon gas or as volatilized elements or in the form of radionuclides adhering to
that portion of the fly ash which escapes the emission control equipment. Escape of fly
ash from ESP equipped stations is typically estimated as 0.7 percent of fly ash produced.
In most studies, it is also conservatively assumed that all the radon in the coal is released
from the stack.

As a result of combustion concentration on the smallest particle sizes, the
radionuclides in the released particulates may be enriched relative to the input coal. In
one definition the enrichment factor is defined as the ratio of the concentration of a
radionuclide (X) and ^ K in the sample divided by the corresponding ratio in the input
coal:

E F _ (X) Sample x (^K) Sample

(X) Coal x (WK) Coal

The radionuclide concentration is most commonly normalized to ^ K because its concen-

tration appears to remain more or less constant CfO).

Styron et al. (1981b) concluded that secular equilibrium of the uranium decay

series after 2 2 6 R 3 is disrupted during combustion. 222Rnj a decay product of 226Ra>

exits the stack as an inert gas following combustion; 210pD and 210po way a j s o £>e

emitted from the stack or adsoro to fly ash particles upon cooling as they travel up the

stack. Placement of the ESP or bag particle removal device, therefore, may be important

in control of release. These factors may produce the disruption.

Uranium has been found to be increasingly enriched in the fly ash with

decreasing particle size, as shown in Table 11. Thorium and potassium, however, show no

significant enrichment (Ondov et al., 1978; Styron, 1978).

Ondov et al. (1978) collected escaping fly ash from a western U.S. generating

station, with filter and cascade impactor samples installed on a twin engin aircraft. The

range of radioactivity in four samples is shown in Table 12.
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TABLE 11 CONCENTRATIONS OF PRIMORDIAL RADIONUCLIDES IN POST - ESP
FLY ASH (Coles et al., 1978)

Concentration
Post - ESP Stack Fly Ash
(mmd)**

18.5 urn

6.0 |jm

3.7 um

2.'+ um

238y

16

20

30

36

232Th

25

31

36

38

8200

8600

8600

8100

* Samples from a western U.S. plant burning low sulphur (0.46%), high ash (23.3%)
coal; stack fly ash collected by cyclone separator mounted at outlet of ESP unit.

** mass median diameter determined by centrifugal sedimentation.

TABLE 12 ACTIVITIES OF RADIONUCLIDES IN ESCAPING FLY ASH

238u(23Hj) 226Ra 2lOPb 232Th (228Th) 228Ra

Activity
(Bq/kg) 200 to W 122 to 218 159 to 629 10* to 122 100 to 155 259 to 27H

The researchers noted that the values of the uranium series nuciides indicated
further enrichment from ESP to post-ESP fly ash.

U.S. Generating Stations. Several studies estimated the release of radioactiv-
ity from a typical 1000 MW (e) coal-fired power plant in the U.S. Of these, the study
conducted by Beck et al. (1979) appears to be based on the most realistic assumptions, and
incorporates the information from other investigators as well as from their own study.
Based on activities of various fly ash samples, reported in 9 different studies, and
extensive enrichment data, annual radioactive emissions for two typical 1000 MW (e)
plants were estimated. The first scenario was a "modern" plant meeting U.S. EPA
regulations requiring particulate releases to be less than 0.0*5 kg/2.5 x 10-5 cal
(0.1 lb/10<> BTU) of fuel burned and the second, a "1972 reference" plant representing an
older, more poorly controlled plant releasing 8 percent of the total ash content of coal
burned. Enrichment factors applied for the modern plant were as follows: Uranium: 2,
226R 3 = 1.5, 210pb= 5, 210po= 5. All other radionuclides were assumed to be unenriched.
For the 1972 reference plant only 210p& arK] 210po were assumed to be enriched by a
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factor of 2 each. For both plants, all the radon-222 gas was assumed to be released upon

combustion and escape from the stack.

The emissions of radioactivity estimated by Beck et al. (1979) for the two

types of plants are shown in Table 13. Two other studios that took the enrichment effect

into account to predict radioactive releases from model 1000 MW (e) plants are also shown

on this table. UNSCEAR (1977) assumed EFs (as described earlier) of 5 for uranium and

10 for lead, and Lee et al. (1977) assumed only lead and potassium nuclides to be enriched

by a factor of 5.

The "1972 reference" plant which may be considered a present day "worst

case" situation would produce a total activity twice that from the modern plant.

According to the calculations the uranium series radionuclides 210pOj 210pO) anC| 222Rn

would typically contribute the largest portion of the release of radioactivity.

In any given year releases for actual plants might deviate from the activities

estimated by Beck et al. (1979) (Table 13) as a result of burning coal for only part of the

year, or releasing ash containing activities significantly greater or less than those

assumed. Nevertheless, since power plants burn coal from a variety of mines over their

lifetime, the values in this table were expected to be fairly representative of long-term

average releases.

Canadian Generating Stations. A few studies have predicted radionuclide
emissions from the stacks of various Canadian coal-fired generating stations.
MacCormack (1979) divided four Saskatchewan power plants into two categories and
estimated the quantities of heavy metals leaving them. The two categories were those
newer units which used electrostatic precipitators and air preheaters (Class 1), and those
older units which used only cyclones for fly ash removal (Class 2). The plants burned
Saskatchewan lignite containing 2.88 to 11.02 mg/kg of uranium. Assuming 0.7 percent
escape of fly ash from the ESP equipped plants, the radionuclide releases were calculated
to be 57 to 119 kg/yr volatilized uranium and 35 to 149 kg/yr of uranium released with
escaping fly ash from an ESP equipped 300 MW (e) unit at Poplar River Generating
Station. It was estimated that 53 to 201 kg/yr of uranium would leave the plant with the
fly ash from the cyclone equipped units 300 MW (e) Boundary Dam Generating Station.

Based on 12.9 percent escape of fly ash from Class 2 plants, it was estimated
that 1139 to W68 kg/yr of uranium volatilized, and 33 to 123 kg/yr of uranium was
released with escaping fly ash from the 70 MW (e) Estevan Generating Station. It was
calculated that 6920 to 26 5*3 kg/yr of uranium volatilized, and 193 to 753 kg/yr of



ESTIMATES OF ANNUAL RADIONUCLIHE RELEASES FROM 1000 MW (e) U.S. COAL-FIRED POWER PLANTS (Beck et s i . , 1979)

Act iv i ty Released (Bq/yr x ID7)

Ash Released

0.5

-3 to 5

-1 to 2

-10

Released
(kg/yr)

1.1 to 4.9 X 10'

1 x 107

3.1 x 106

2.8 x 107

238u

6 15 to 41

185

104

466

234U

15 to 41

185

104

466

2*>Th

15 to 41

37

56

466

226 R a

15 to 41

37

78

466

12 to 37

37

41

385

228T h

12 to 37

37

41

385

228R a

12 to 37

37

41

385

210pb

67 to 200

370

259

932

210po

67 to 200

370

259

932

40K

67 to 200

555

115

1036

222R n

296 to 9620

3700

3700 to 7400

3700 to 7400

Reference

Lee e t a l . (1977)'

UNSCEAR (1971)

Reck e t a l . (1979)
Modern Plant • •

Reck e t a l . (1979)
1972 Reference P l a n t * • •

range of releases for plants burning different types of coal
ash released based on Just meeting EPA Standard of 0.1 J6/10^ RTU, assuming SO percent ut i l izat ion factor, 35 percent thermal efficient-;
ash released based on average releases from all U.S. plants in 1972, assuming typical 1000 MW (e) plant burns 2.7 x 10' kg coal/yr
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uranium was released with escaping fly ash from Units 1 - 5 (582 MW(e)) at the Boundary

Dam Generating Station.

A summary of other studies which estimated annual emissions of radioactivity

from Canadian coal-fired power plants is presented in Table 1* (Muller and Bagg, 1980;

Tracy and Prantl, 1981; B.C. Hydro and Power Auth., 1981). Although Lakeview

Generating Station and the proposed Hat Creek Generating Station are plants of

comparable capacity, the latter was predicted to release three times more uranium series

radionuclides. This may be partly a result of the type of coal burned at each plant,

(cleaned bituminous at Lakeview Generating Station - low-grade sub-bituminous at Hat

Creek Generating Station) and also influenced by the efficiency of the pollution control

equipment employed at each plant. The Lakeview Generating Station was assumed to

release 0.7 percent of fly ash per year, whereas the Hat Creek study assumed that

1 percent of the uranium and 0.11 percent of the thorium in the coal was emitted to the

atmosphere via the stack.

Tracy and Prantl (1981) measured the radionuclide concentrations in fly ash

from Nanticoke Generating Station, burning a 50/50 mixture of cleaned Eastern U.S. and

Western Canadian coals. The results were, 92 Bq/kg (7.3 mg/kg) of U-series isotopes,

58 Bq/kg (14.3 mg/kg) of Th-series isotopes and 204 Bq/kg (0.81 mg/kg) of 40K. Based on

these concentrations in the fly ash and the plants annual particulate emission, the release

of activity from the 4000 MW(e) plant was estimated to be significantly less than from

either Lakeview Generating Station or the proposed Hat Creek Generating Station,

perhaps, in part, owing to the modern control equipment at Nanticoke which includes ESPs

with a rated efficiency of 99.5 percent.

The results of studies of two operating and one planned generating stations

suggested that uranium series isotopes constituted the main portion of the total activity

released from the coal-fired generating stations. 210pt>} 210po ancj 222Rn Were believed

to be the primary contributors.

2.3.* Radionuclide Releases Resulting From the Solid Wastes of Coal Combustion.
Radioactive isotopes in the solid wastes of coal combustion can be released to the
environment via two major pathways. The first pathway is the leachate from ash ponds or
leachate/runoff from ash pile, and the second is the emanation of radon gas from ash
disposal sites or dusting.
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U.S. Generating Stations. Results of radioactivity measurements of ash
samples from various eastern and western U.S. power plants, as reported in 11 different
studies, were compiled and the averages are presented in Table 15 (Beck et al., 1979).

TABLE

Sample

Fly Ash

Bottom

15

Ash

RADIOACTIVITY IN ASH SAMPLES COLLECTED IN
IN THE UNITED STATES

238u

107.3

Radionuclide Activity
(Bq/kg)

226R a 210Pb 210Po

92.5 166.5 196.1

62.9 74.0 185.0

232Th
(228Th)

85.1

62.9

POWER

238R a

74.0

66.6

PLANTS

466.2

314.5

The results indicate an enrichment of fly ash relative to bottom ash due to the

tendency for some of the more volatile radionuclides to preferentially recondense on

smaller pv tides. Within these results, a study that analyzed 6 lignite and 5 bituminous

coal ashes, each from a different power plant, reported no significant differences in

activity between the two coal types. Furthermore, in comparing the activities with those

for typical soil 238(j: 26 Bq/kg, 232-rh: 26 Bq/kg and *°K: 370 Bq/kg, it was clear that

ash has radioactivity several times that of average soil (Beck and Miller, 1980).

Styron et al. (1981b) performed leaching experiments on ash stored in an ash

pond at the Neal Generating Station, Iowa which burns bituminous/sub-bituminous coal, as

well as on fly ash containing a relatively large amount of uncombusted material from a

Colorado plant.

Data in Table 16 indicate the limited solubility of radionuclides bound in fly

ash particles.

The second pathway of radionuclide escape into the environment is the

emanation of 222Rn from ash disposal areas, a potential problem which has been

addressed in a few studies (Lee, 1977; Beck and Miller, 1980; Styron et al., 1981b). In

11 samples, the measured radon emanation, for fly ash, bottom ash and slag averaged less

than 2 percent of the total present in the ashes (Beck and Miller, 1980). Radon emanation

from the Neal Station 500 000 m? ash pile was calculated to be 5.25 x lO1^ Bq/yr.

Lee et al. (1977) estimated the radon generated from a 30 year old ash pile of

a typical 1000 MW(e) plant (at a depth of W feet with a density of 60 Ib/ft3) would be
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I 16 RADIONUCLIDES LEACHED FROM FLY ASH

Radionuclide

234y 232Th 210pb

ty(Bq/L) 0.0003 to 0.0014 0.0005 to 0.0011 0.002 to 0.00070.0185 to 0.0370

itage Leached 0.001 to 0.003 0.0019 to 0.0025 0.0015 to 0.001 0.04 to 0.07

105 Bq/m2/d. Assuming 1 percent emanation, 0.039 x 10^ Bq/m2/d would result,

stimated value is three times that for average soil (0.014 x 10-5 Bq/m2/d) (Lee et al.,

A further possible pathway of radiation release from ash storage areas could

: suspension and dispersion of ash itself. This was explored by Styron et al. (1981b),

e ash pile at the Neal Station. Although they concluded that this pathway was not a

icant one at that time, weathering effects would eventually increase the releases

this source.

Canadian Generating Stations. Radioactivity in ash samples from Ontario

I'S Nanticoke Generating Station, which burns a mixture of Canadian and U.S.

inous coals, was found to be 2 to 4 times as high as local soils (Tracy and Prantl,

. As shown in Table 17 the activities in the fly ash were comparable to those in the

n ash.

E 17 RADIOACTIVITY IN ASH FROM THE NANTICOKE GENERATING
STATION

Radionuclide Activity (Bq/kg)

e Type U - Series Th - Series

ih 92 58 204

TI Ash 91 61 245

Leaching of radionuclides from the ash at the Nanticoke station was studied by

ming laboratory solubility tests on samples from the ash storage lagoon. The results

ted a slight leachability of uranium at 1.4 to 2.0 yg/L; 2 2 6 R 3 and 210pb was

nally detectable at 0.10 + 0.04 Bq/L (Tracy and Prantl, 1981).
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Emanation of 222Rn from an ash pile at the proposed Hat Creek station was

estimated based on the measured concentration of 226Ra [n the fly ash from the Battle

River Generating Station test run of Hat Creek coal. Ash pile accumulation of 35 years

and a radon-222 emanation of 1 percent were assumed. The resulting emanation was

calculated to be 0.14 x 10^ Bq/m2/d, which is an order of magnitude higher than that

reported for average soils (0.014 x 105 Bq/m2/d) (Lee et al., 1977).

2A Summary

In the literature, radionuclide concentrations in both U.S. and Canadian coals

were indicated to vary over a wide range. A set of averages for U.S. coals of 238u:

1.7 mg/kg (22.2 Bq/kg), 232ih: 4.5 mg/kg (18.5 Bq/kg) and 40K: 0.20 mg/kg (51.8 Bq/kg)

were lower than the corresponding concentrations in average soil of 2.0, 6.0 and 1.5 mg/kg

(Wagner et al., 1979). Coals fired in Ontario power plants, commonly a 50/50 mixture of

eastern U.S. and western Canadian cleaned coals, contained 0.7 to 1 mg/kg 238u and 1.4

to 1.9 mg/kg 232"rn> Saskatchewan lignite had a relatively wide concentration range of

0.8 to 22 mg/kg 238(j. Both B.C. and Alberta coals had comparable concentration of 238(j

of approximately 0.5 to 2 mg/kg. The radionuclide content of both U.S. and Canadian

coals appeared to vary with rank; uranium had a higher upper limit and spanned a wider

range of values for lignite and bituminous coals compared to sub-bituminous coals.

Comprehensive analytical data on radionuclides in Canadian coals, however, was lacking.

In particular, the uranium and thorium decay products had not yet been thoroughly

quantified.

Radioactivity released during coal combustion consisted primarily of escaping

fly ash and 222racjon gas . Secular equilibrium of the uranium decay series after 2 2 6 R 3

appeared to be particularly susceptible to disruption. Uranium series radionuclides,

especially 210pD and 210po were reported to be enriched on the smaller size ash particles-

Enrichment factors which were normalized using **UK concentrations, however, were used

to determine these factors. This in turn was based on the assumption that the ^K

concentrations remained constant in the coal and sample. Although these assumptions are

often made, they have rarely been verified through analysis and reported in the literature.

The amount of radioactivity released appears to depend on the method of

operation of each power plant. The type of coal used, rank, washed and unwashed; the

furnace type, pulverized or cyclone fired; and pollution control equipment, baghouse, hot

or cold side ESP, could each affect the radionuclide emissions. These factors, however,

have not always been recognized in the studies published to date.
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Limited information was available on the release of radioactivity in leachates

and 222R.PI emanation from coal storage piles and ash disposal areas. Although ESP fly ash

often contained activities several times those of average soils, it generally emanated

little radon (approximately 1 percent). Radionuclide concentrations in ash leachates

appeared to be lower than in coal leachates and 2 2 2 R 3 emanation from ash appeared to be

much less than from coal.

Previous studies concerned with radionuclide emissions from coal-fired gener-

ating stations have often used estimated values based on assumptions of secular

equilibrium and constant concentration to arrive at their conclusions. These assumptions

have not always been born out in the limited testing which has been performed to date.

More measurements of the radioactive substances in coal, ash and leachates at generating

stations are necessary for a better understanding of the situation. In the future, as coal

resources become depleted, lower rank coal, possibly containing higher levels of

radioactivity may have to be used. An increase in the amount of radionuclides entering

coal-fired stations is to be expected, therefore, and with it there is an increasing need for

a better understanding of these pathways.
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3 SAMPLING PROGRAM AND ANALYTICAL METHODS

In this section the six generating stations where sampling took place during the

field program for this study are described and details on the sampling procedure at each

site are provided. The analytical procedures used for the quantification of chemical and

radiochemical analyses are also discussed.

3.1 Sampling Program

Six generating stations representing a variety of generating capacities, coal

ranks, ash disposal systems and operating modes were selected for the on site sampling

program. The pertinent characteristics of each site sampled are summarized in Table 18.

At each site at least six samples of coal, fly ash, bottom ash, ash system

blowdown and coal pile runoff were collected for chemical and radiochemical analyses.

Table 19 shows the locations of the sites and dates when samples were obtained.

Liquid samples were preserved using methods currently recommended by the

U.S. Environmental Protection Agency (Anon., 1976). Samples to be analyzed for

radionuclides were preserved in the field by the addition of nitric acid to produce a pH of

less than 2 (Smithson, pers. comm., 1982).

Trenton Generating Station. The Trenton Generating Station is located near

Trenton, Nova Scotia, has a generating capacity of 150 MW and burns high sulphur

bituminous coal. A combined hydraulic wet sluice system is used to transport fly and

bottom ashes to a lagoon for ultimate disposal at this station.

At the time of sampling, the majority of coal in storage was from the Devco

Prince Mine with lesser amounts from Evans and Drummond mines and reclaimed coal

from the Novaco mine. Coal samples 1, 2 and 3 were from the Devco coal while samples

4, 5 and 6 were from the Evans coal which was on site. Fly ash samples were collected

from the hoppers below the electrostatic precipitators. The bottom ash samples were

collected in the boiler bottom area before sluicing.

Due to winter conditions, the overflow from the combined ash disposal lagoon

was not accessible. Samples of the combined ash sluice water were taken at the point

where it entered the lagoon. These samples would represent the worst case for the lagoon

and would likely contain higher concentrations than the lagoon overflow. Six samples of

coal pile runoff were collected following a rainstorm in April.



TABLE 18 CHARACTERISTICS OF STATIONS SAMPLED DURING THE FIELD PROGRAM

Generating
Station

Trenton

Dalhousie

Lambton

Boundary Dam

Sundance

Milner

Capacity
(MW)

150

212

2000

882

2100

150

Rank

B

B

B

L

SB

R/SB

On-site
Storage
(Tonnes)

3.2 x 10*

6.9 x 10*

2.3 x 106

N/A

9.0 x 105+

2.8 x 106

Coal

Heating
Value
(M3/kg)

25

23.3

29.5

15.7

22.2

21.5

Moisture

11.3

9

7.2

33.3

4.4

7.2

Ash

13.

9

8.

9.

18.

40.

8

*

5

5

2

Sulphur

3.5

6

2.3

0.4

0.3

0.4

Fly Ash

ESP; Combined; OT

ESP; Dry

ESP; Dry

ESP; Combined; OT

ESP; Dry

BH; Dry

Ash System

Bottom Ash

OT; Combined

Recirc: Hydrobin

OT; Lagoon

OT; Combined

Recirc; Hydrobin

Recirc; Hydrobin

Blow down
(L/S)

Unknown

5.3

Unknown

Unknown

Unknown

Unknown

Note: B denotes bituminous; SB-sub-bituminous*, L-lignite; R-coal rejects
ESP electrostatic precipitator; BH-Baghouse; OT-once-through; Recirc.-recirculating
+ includes live, dead and run of mine storage

heating value of coal only
N/A Not available

ONo
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TABLE 19

Generating
Station

Trenton

Dalhousie

Lambton

Boundary
Dam

Sundance

Milner

SUMMARY OF

Location

Trenton, N.S.

Darlington, N.B.

Courtright, Ont.

Estevan, Sask.

Wabamun, Alta.

Grande Cache,
Alta.

SAMPLING

Coal

Feb. 2

Jan. 10/
Mar. 3

Feb. 8

Jan. 2k

Feb. 16

Feb. 18

PROGRAM

Fly
Ash

Feb.

Jan.
Mar.

Feb.

Jan.

Feb.

Feb.

Date Sampled

2

10*/
3

8

2k

16

18

Bottom
Ash

Feb. 2

Jan. 10/
Mar. 3

Feb. 8

Jan. 2k

Feb. 16

Feb. 18

(1982)

Ash System
Overflow

Feb.

Jan.
Mar.

Feb.

Jan.

Feb.

Feb.

2

10/
3

8

2k

16

18

Coal Pile
Runoff

April Ik

May 19

June 5

May 25

July 13

July 29

Note: *pyrites also sampled at Dalhousie, January 10, 1982

Dalhousie Generating Station. The Dalhousie Generating Station has a

generating capacity of 212 MW, burns high sulphur bituminous coal and is located near

Darlington, New Brunswick. At this station, a dry fly ash handling system is used while a

recirculating hydrobin based wet system is utilized for bottom ash transport.

The six coal samples were taken at different locations in the on-site coal

storage area. Fly ash samples were collected from below the electrostatic precipitators.

Bottom ash samples were taken from the bottom ash hauling trucks. Samples of pyrites

were taken from the pyrite storage tank in the powerhouse.

The samples of ash system blowdown were taken from the surge tank overflow

of the recirculating bottom ash system. Coal pile runoff samples were collected

sequentially during a brief rainstorm from the coal pile runoff flow measurement weir.

Lambton Generating Station. The Lambton Generating Station near

Courtwright, Ontario has a generating capacity of 2000 MW and burns medium sulphur

bituminous coal. Fly ash is handled dry and truck transported to the on site disposal area.

Bottom ash is hydraulically sluiced to settling lagoons and then the ash is truck

transported to the same ash disposal site.

The six coal samples for this site ar.: multiple subsamples of a monthly

average sample which is continually collected by the station staff. Fly ash samples were
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collected from the hoppers below the electrostatic precipitators while bottom ash samples
were collected from ash hauling trucks.

The ash system blowdown samples were collected from the ash settling tanks
south of the station powerhouse. Coal pile runoff samples were collected on June 5
following a period of heavy rain. Samples 1 and 2 were collected from the east side of the
coal storage pile while samples 3 and h were from the west side and samples 5 and 6 were
from water puddles on the coal pile itself.

Boundary Dam Generating Station. The Boundary Dam Generating Station

located near Estevan, Saskatchewan has six operating units each with different equipment

configurations. Where possible, sampling was centered around unit 6 which has a

generating capacity of 300 MW. Lignite coal which is supplied from a nearby strip mine is

burned at the plant. The station uses a once through combined fly and bottom ash wet

sluice system.

Coal samples were collected from the feeder belts to the coat storage bins.

Fly ash samples were collected from hoppers below the electrostatic precipitates.

Bottom ash samples were collected in the boiler bottom area following contact with the

ash sluice water.

The ash system blowdown samples were collected from ash lagoon overflow

discharge canal. Coal pile runoff samples were collected from the on-site coal storage

pile following a period of heavy rain.

Sundance Generating Station. The Sundance Station is located near Wabamum,
Alberta and has a generating capacity of 2100 MW, This station burns low sulphur sub-
bituminous coal which is strip mined nearby. Dry fly ash handling is used while bottom
ash is transported using a recirculating hydrobin system. Bottom ash is removed from the
site using mine trucks.

Coal samples were collected from the coal feeder belts. Fly ash samples were
collected from below the electrostatic precipitators while bottom ash was collected in the
boiler bottom area following contact with the ash sluice water.

During the site visit to this station, the recirculating bottom ash system was
operating without a blowdown. The samples designated as ash system blowdown were
taken from the recirculated bottom ash sluice water line. Coal pile runoff samples were
collected from around the coal storage pile following a heavy rainstorm.

Milner Generating Station. The Milner Generating Station is located near

Grande Cache, Alberta and has a generating capacity of 150 MW. This station burns a
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mixture of sub-bituminous coal and coal processing plant rejects both from a nearby mine
and processing plant. Fly ash is collected using a baghouse and is dry hauled to the mine
site for disposal. A recirculating hydrobin ash system is used to transport the bottom ash.

The coal samples for this site were collected from the coal feeder belts in the
powerhouse. The flyash samples were collected from the hoppers below the baghouse.
The bottom ash samples were collected from the top of a decanted hydrobin.

The ash system overflow was not accessible for sampling at this station. The
samples were, however, taken from the recirculated bottom ash sluice water line as it
returned to the boiler area. Coal pile runoff samples were collected from a drainage
ditch below the coal storage pile.

3.2 Analytical Procedures

All samples collected were subjected to a number of chemical and radiochemi-

cal analytical procedures which are described in this section. Due to the extensive

analyses performed and the nature of the samples, emphasis has been placed on the

description of the radiochemical analytical procedures used during this study. The ash

system blowdown and coal pile runoff samples were also analyzed for non-radioactive

substances.

Chemical Characterization. The non-metal parameters were obtained using

wet chemical techniques as described in Standard Methods (Franson, 1980). Total

dissolved solids were quantified using the evaporative procedure from the satne source.

The majority of metals were determined using inductively coupled argon plasma (ICAP)

spectroscopy following an appropriate digestion procedure. All of these determinations

are expressed as total metal concentrations.

Radionuclide Measurements. The choice of the analytical methods to

determine radioactive isotopes is based on considerations of sensitivity, selectivity, cost,

nature of the sample and availability of necessary instrumentation. In general, radio-

chemical separations followed by low-background alpha or beta counting are the best in

terms of sensitivity and selectivity but are usually the most costly. Methods of this type

are usually specific to a single isotope, although, procedures can determine several

isotopes simultaneously. These are usually alpha spectroscopic measurements for groups

of isotopes such as thorium isotopes, uranium isotopes or transuranic isotopes. Prepara-

tion of the final sample for alpha spectroscopic measurement is very critical. Until a few

years ago the normal preparation technique was electrodeposition of the chemically



isolated isotopes onto a suitable metal surface. This technique often leads to very erratic
recoveries and requires a great deal of skill and control by the analyst. Recently,
techniques have been developed for co-precipitation of the isotopes of interest with micro
amounts of a suitable carrier (Zimmerman and Armstrong, 1975; Sill and Williams, 1981).
Although resolution by this method is not as good as by electrodeposition the reliability of
results is usually better. Since alpha spectroscopy is the only means of measuring all
three alpha emitting thorium isotopes (232thorium, 230thorium, and 228thorium), its
choice for this group was mandatory.

The main advantage of gamma spectroscopy is that it can be used to
determine several isotopes simultaneously. Unlike alpha and beta emissions which are
severely if not completely absorbed within the bulk sample, gamma rays penetrate great
thicknesses of most materials. Consequently, sample preparation for gamma spectroscopy
is greatly simplified. As long as the sample can be presented to the detector in a constant
or controlled geometry no preparations such as fusion, acid digestion, or ashing are
required. The main limitations are a lack of sensitivity (as compared to radiochemical
procedures), the fact that a number of the naturally occurring radioisotopes do not emit
gamma rays and the extremely high cost of gamma spectroscopy systems ($30 000 to
$100 000).

When a nuclear reactor is available, there are two other analytical techniques
that can be used for the determination of 238U[-anjurnj 235u r a n ju r n ancj 238thorium. These
methods measure the mass of the isotopes rather than their intrinsic radioactivity. The
first technique is instrumental neutron activation analysis. It can be used to determine
nanogram levels of 238 u r a n ] u m and 232-thorium. Because t-f their extremely low mass
levels, the daughter radionuclides of these two elements cannot be determined by this
method. The second technique is delayed neutron counting for 235u r a n ju r n . Since
235u r a n ju r n normally constitutes 0.72 percent of natural uranium, its measurement is an
indirect measure of the 238u r a n ju r n present. These nuclear activation methods are
sensitive with a detection limit of 20 to 100 nanograms, very little sample preparation is
required and the methods are quick and cost effective. The major limitation in their
application is the requirement of a nuclear reactor.

In summary, alpha spectroscopy was chosen for the simultaneous determina-
tion of 232thorium, 230thorium, and 228thorium. Gamma spectroscopy was used to
measure 23^thorium, 226ra<jj(jrii, 21(tjeac|j 21 bismuth, and 210pOionium in the uranium
series and 212]ea(j anc | 208thalium in the thorium series. Neutron activation was used for
the determination of 238u r a n iu m and 232thorium. In some cases, delayed neutron
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counting was used to confirm the foregoing 238uranium measurements. Alpha spectrosco-
py and gamma spectroscopy are techniques that measure actual radioactivity, from which,
mass can be calculated knowing the specific activity of the individual isotopes. In
contrast, neutron activation is a measure of the mass of isotope present. From this, the
activity can be calculated.

Alpha Spectroscopy. The method for determining the three thorium isotopes

(232, 230 and 228) consisted of the following steps. Solid samples were first dried and

ground. For liquid samples, a given volume was evaporated to dryness. For coal and

liquid residues that contained coal fines, the sample was ashed after drying in order to

destroy the organic fraction. At this stage 23^thorium was added as a tracer for the

remainder of the procedure. These ashed materials along with the fly ash and bottom ash

were dissolved by first treating with hydrofluoric and sulphuric acids to volatilize silica.

The residue was then fused with potassium pyrosulphate and following this was dissolved

in dilute nitric acid. For most of the samples, the dissolved fusion melt was treated to

isolate the thorium isotopes using lanthanum as the carrier. The isolation procedure

consists of precipitating lanthanum hydroxide, dissolving this precipitate and precipitating

lanthanum fluoride and then dissolving the lanthanum fluoride followed by an extraction

with thenolytrifluoroacetone in petroleum ether. The extraction selectively concentrates

thorium in the organic phase. A nitric acid strip of the organic phase returns the thorium

isotopes to aqueous solution from which they are precipitated using a small quantity of

cerous hydroxide as carrier. The cerium-thorium hydroxide precipitate is collected on a

very fine pore membrane filter and then the thorium isotopes are quantitated by alpha

spectroscopy. This result is corrected for the recovery of 23^thorium as determined by

beta counting. The thorium isolation procedure is given in CANMET Report 78-22 (Anon.,

1979) and the cerium precipitation is described by Sill (Zimmerman and Armstrong, 1975).

For some of the coal pile runoff samples with high levels of suspended solids,

the final ash was sufficiently high in iron and aluminum concentrations that interference

and detection limit problems developed. In order to alleviate these problems, a special

isolation procedure was developed involving several barium sulfate precipitations

following the initial hydroxide precipitation. In solutions containing high potassium

concentrations, barium sulphate is a very efficient carrier of thorium. The final barium

sulphate precipitate was dissolved in a solution of ethylenediaminetetraacetic acid from

which the cerous hydroxide was precipitated and treated as previously described.
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The alpha spectroscopic procedure can detect as little as 0.01 Bq. For normal
solid samples where one gram is analyzed, this would correspond to a detection limit of
0.01 Bq/g. The detection limit for water samples depends on the aliquot size finally
analyzed and would normally be a maximum of 0.01 Bq/litrt-. The precision for levels
above 0.3 Bq is approximately + 7 percent (1 sigma standard deviation).

Gamma Spectroscopy. For solid samples, the dried, ground material was

placed in a 500 mL marinelli beaker. The beaker lid was sealed to ensure the

establishment of equilibrium between 222racjon and the 226racjiurn ;n the sample. The

sealed beaker was held for 30 days (which produces 99.6 percent of equilibrium) then the

gamma spectroscopy measurement was made. The marinelli beaker was placed directly

on the detector (12 to 17 percent coaxial, intrinsic germanium detectors) and counted for

12 hours. These detectors were housed in a lead shield which was 10 cm thick on all sides.

The gamma spectrum was analyzed on a Nuclear-Data 6600 computerized gamma

spectroscopy system. The individual gamma peaks identified in this manner were

compared to calibration values taking into account the volume of the marinelli beaker

filled by the sample. The calibrations were prepared by filling marinelli beakers to

various volumes with fly ash and bottom ash samples that had been spiked with a standard

uranium-thorium ore. The spiked material was thoroughly ground and mixed before

placing it in the beaker and then was sealed for 30 days before the gamma measure-nent

was made.

For liquid samples, the residue left after evaporating the sample to dryness

was placed in a 6-cm diameter petri dish (plastic) and sealed for ingrowth of radon and its

daughters. Standards were prepared by placing ground rock samples containing known

amounts of uranium and thorium in plastic petri dishes and sealing for 30 days before

counting. The dish was placed directly on top of the detector for counting and data

processing was performed as previously described. The isotopes measured by this

technique, the wavelength of the gamma line and the absolute detection limit are given in

Table 20.

The detection limit for each sample type depends on the amount of sample and

sample geometry. In the case of 23fthorium the detection limit for a 1 litre sample

evaporated to dryness is in the range 0.5 to 1.0 Bq/L. For solid samples, where several

hundred grams of sample is used, the detection limit for 23*(~thorium is about 0.01 Bq/g

(100 g sample) to about 0.005 Bq/g (500 g sample). The precision of measurement is

approximately + 5 percent (1 sigma standard deviation) for levels of activity above 10 Bq.
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TABLE 20

Isotope

Uranium Series

234Thorium
226Radium

21^Lead
21*Bismuth

210Lead

Thorium Series

212Lead

208xhalium

URANIUM SERIES AND THORIUM SERIES ISOTOPES MEASURED BY
GAMMA SPECTROSCOPY

Wavelength (keV)

63.3, 92.5

186.2

295.2, 352.0

609.3

46.5

238.6

583.1

Detection Limit, Absolute (Bq)

0.5

1.2

0.11

0.15

2.5

0.15

0.10

Neutron Activation Analysis. The neutron irradation of samples containing

238 u r a n j u m an<j 232thorium results in the formation of the isotopes 239 u r a n j u m ancj

233thorium, respectively. The product nuclides have relatively short half-lives (239(jj

23.5 min., 2337n> 22.2 min.) resulting in efficient activation. The location of the gamma

emissions and their intensity, however, makes the direct quantitation by these two

nuclides difficult. Both product isotopes decay by beta emission resulting in the

production of 239neptunium from 239uraniur r l j a nd 233p r o t a c t in ju m from 233thorium.

These decay product isotopes have much longer half-lives (239Np, 2.35 days; 233pa>

27.0 days) which means that the samples can be allowed to decay for several days

resulting in a greatly decreased background and correspondingly higher detection limits

for the measured isotopes and hence the original precursors. With an irradiation of 2 x

10l^ neutrons/cm2 and a subsequent decay of 3 to 5 days it is possible to detect

approximately 50 nanograms of uranium and 200 nanograms of thorium. The normal

sample size is 0.5 to 1.0 g for solids and 50 mL of solution evaporated to dryness. These

sample sizes result in detection limits of approximately 0.1 yg/g for thorium in solids and

3 yg/L for thorium in solution. The precision of the method is approximately 5 percent

(1 sigma standard deviation) for levels 100 times the detection limit. There are no serious

interferences in this method for either isotope.
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>t ANALYTICAL RESULTS

The results of the chemical and radiochemica) characterizations of the coal,
coal pile runoff, ashes and ash system overflows at the six coal-fired generating stations
where sampling was conducted are discussed in this section. All the results of the
radionuclide determinations including the mean and standard deviation of the analytical
results for the discrete samples are presented in the Appendix. The data for the six sites
as the radionuclides flow through the stations from the coal to the asli systems are
summarized in Figure 9 and Tables 21 to 26. The values shown in Figure 9 are expressed
as concentrations although the associated activities and the conversion factors used are
presented in the Appendix. These values were quantified using the procedures described
in Section 3 of the report.

These data are presented in different forms in the following section in order
illustrate different aspects of natural radionuclide emissions from coai-fired generating
stations, to compare these empirical data with the results of other researchers and
identify areas of possible environmental hazard. In order to better interpret these results
and make comparisons, several important concepts previously presented are also reviewed
again here.

In the three naturally occurring radioactive decay series there are ten
different elements. In undisturbed primordial materials these elements exist in an
equilibrium determined by the decay characteristics of each member. This is known as
secular equilibrium. When such a material is exposed to environmental factors such as
oxidation, reduction and water leaching or gaseous members are allowed to escape, this
equilibrium may be disrupted. One of the most striking examples of radioactive
disequilibrium is the presence of becquerel levels of 222radon in well waters from
different parts of the world and the complete absence of 226 radium which is the
immediate parent of the radon. This phenomenon is caused by the ability of the gaseous
222radon to diffuse from 226radium trapped in rock and soil particles to the adjacent
interstitial water.

Another common cause of disequilibrium is the aqueous leaching of oxidized
uranium from porous formations (usually sandstone) and its subsequent redeposition when
reducing conditions are encountered. It is believed that this transport mechanism is the
cause of the very rich uranium deposits in the Athabasca sandstone formation of northern
Saskatchewan. This same process is known to occur in much of the western North
American lignite coal deposits. Because many of these deposits are located near the
earth's surface they are often subjected to the leaching and deposition action of surface
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BOILER

FLY ASH

BOTTOM ASH

FIGURE 9 PROCESSES WITHIN A GENERATING STATION

TABLE 21 RADIONUCLIDE BALANCE FOR TRENTON GENERATING STATION

Analyte

Uranium
Thorium

234 Th

230 Th

226 Ra

214 Pb

214 Bi

232 Th

228 Th

212 Pb

208 Tl

Th/U

Coal
(ug/g)

1.3
1.6

2.7 x

8.4 x

3.3 x

7.5 x

5.5 x

5.0

6.6 x

9.7 x

7.6 x

1.23

lo-n
10-5

10-7

10-15

10-15

10-10

10-14

10-25

Coal
Pile
Runoff
(yg/g)

22
102

2.8 x

2.0 x

5.5 x

1.7 x

1.2 x

241

3.2 x
_

-

4.64

10-10

10-3

10-6

10-13

10-13

10-8

Bottom
Ash
(Pg/g)

4,
13,

8.

9.

1.

4.

3.

12

1.

8.

6.

2.

.5

.2

.0

.8

,4

,4

.0

6

3

7

9;

X

X

X

X

X

X

X

X

>

*

lo-n
lo-n
10-6

10-1*
10-14

10-9

10-13

10-24

Fly*
Ash
(yg/g)

4.8
13.6

8.4

8.4

1.2

3.8

2.5

5.0

6.6

7.8

6.1

2.82

X

X

X

X

X

X

X

X

I

10-H

10-5

10-6

10-14

10-1*

10-10

10-13

10-24

Ash
System
Overflow
(yg/g)

1.6
<1

<1.2 x

2.8 x

<2.7 x

<2.5 x

<6.0 x

<2.5

<3.3 x

-

-

0.31

10-9

10-5

10-5

lo-n
10-14

10-10

activities of radionuciides (expressed in Bq) are presented in the appendix
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RADIONUCLIDE BALANCE FOR DALHOUSIE GENERA ,'ING STATION

Coal
fMg/g

1
1

2

5

3

7

5.

2.

3.

9.

7.

1.

.5

.6

.1

.6

.3

.5

.5

.5

,3

7

6

07

X

X

X

X

X

X

X

X

)

10- 1
10-5
10-7

10-15

10-15

10-10

10-14
10-25

Coal
Pile
Runoff
(yg/g)

11
9

1.3 x

2.8 x

< 2.7 x

< 8.3 x

6.1 x

5.0

6.6 x
-

-

0.82

w-io
10-5

10-6

10-1*

10-1*

10-10

Bottom
Ash
(ug/g)

4
5

6

9.

1,

3,

2.

5.

6.

3.

2.

1.

.4

.3

.2

.7

.2

.9

.8

0

6

5

6

20

X

X

X

X

X

X

X

X

1

lo-n
10-5

10-6

10-1*
10-14

10-10

10-13

10-2*

Fly
Ash
(wg/f

10
8

9

9,

2,

7.

5.

5.

3 .

6.

4.

0.

.6

.0

.1

.7

.4

.6

,5

,0

3

0

4

80

?)

X

X

X

X

X

X

X

X

10-H
10-5

10-6

10-14

10-14

10-10

10-13
10-24

Ash
System
Overflow
(ug/g)

2.5
2.2

<1.2 x

1.4 x

<2.7 x

<6.0 x

<6.7 x

<2.5

<3.3 x

-

0.88

10-9

10-5

10-5

10-13

10-7

10-10

of radionuclides (expressed in Bq) are presented in the appendix

jrface waters When a uranium-containing aquifer contacts a coal seam the

ange to reducing conditions causes much of the uranium to be deposited in a

md at the contact surface of the coal. Although the diffusive removal and

of 222rac)on is rapid, as attested by the short half-life of 222radon (3.32 days),

ig and transport of uranium is a slow process (geological time scale).

Although secular equilibrium has often been assumed for natural radionuclides.
uggests that may not universally exist. This is particularly true when geological
mental processes are at work on the disturbed coal or its resulting ash.

A convenient means of identifying changes in natural radionuclide

tions as a result of combustion which might in turn effect secular equilibrium is

ing the relative thorium and uranium concentrations in the coal and combustion

The Th/U ratio is nearly identical for the bottom ash and fly ash for both

;.S. (Table 21) and Lambton G.S. (Table 23); however, the ratio for their
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TABLE 23

Analyte

Uranium
Thorium

234 Th

230 Th

226 Ra

214 Pb

214 Bi

232 Th

228 Th

212 Pb

208 Ti

Th/U

RADIONUCLIDE

Coal
(ug/g)

0.9
1.6

1.3 x

8.4 x

3.6 x

6.7 x

4.8 x

2.5

6.6 x

9.7 x

7.6 x

1.78

lO-H
10-5

10-6
10-15

10-15

10-10

10-1*
10-25

Coal
Pile
Runoff
(y g/g)

12
29

< 1.4 x

5.5 x
4.9 x

1.5 x

1 . 1 X

60

7.6 x
_

-

2.42

BALANCE FOR I

10-10

10-*
10-6

10-13

10-13

10-9

Bottom
Ash
fUg/g)

5
12

5

I.
1.

5.

3.

12.

1.

8.

6.

2.

.5

.8

. 1 X

. 1 X

.6 x

.3 x

,8 x

,4

6 x

5 x

3 x

33

.AMBTON GENERATING STATION

I O - ' I

10-*

10-6

10-1*
10-1*

10-9

10-13

10-2*

Fly
Ash
(yg/g)

8.8
19.3

9.1

1.3

2.4

8.5

6.2

14

1.6

1.3

1.1

2.20

X

X

X

X

X

X

X

X

10-H

10-*
10-6

10-1*

10-1*

10-9

10-12
10-23

Ash
System
Overflow
(yg/g)

2.2
<1

<1.2 x

1.4 x

<2.7 x

<2.5 x

<6.0 x

<2.5

<3.3 x
_

-

0.23

10-9

10-5

10-5

10-13
10-15

10-10

activities of radionuclides (expressed in Bq) are presented in the appendix

respective coals differs from the two ashes. For the Dalhousie G.S. (Table 22) and the
three western stations (Tables 24 to 26) only minor differences are apparent in the Th/U
ratios for the coal, pyrites, bottom ash and fly ash.

There is no known mechanism for the selective separation of U and Th in the
combustion process. Both elements produce highly refractory oxides with very little
difference in volatility at normal combustion temperatures. It is to be expected,
therefore, that the Th/U ratio should remain relatively constant through the combustion
process. For all stations, however, the levels of U and Th in the fly ash are higher than in
the bottom ash

There are no consistent differences between the activity levels of uranium and
its daughters or those of thorium and its daughters in the coal bottom ash and fly ash for
all stations Radon will be driven off during combustion but equilibrium should quickly be
restored in the ash. The longest radon isotope half-life is only 3.82 days therefore
99 percent of equilibrium will be restored in approximately 30 days There is every
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RADIONUCLIDE BALANCE FOR BOUNDARY DAM GENERATING
STATION

Analyte

Uranium
Thorium

234 Th

230 Th

226 Ra

214 PD

214 Bi

232 Th

228 Th

212 Pb

208 Tl

Th/U

activities

Coal
(yg/g)

2.0
3.7

4.2 x 10-H

4.2 x 10-5

5.7 x 10-7

1.7 x 10-14

1.2 x 10-14

5.0

6.6 x 10-10

2.1 x 10-13

1.7 x 10-24

1.85

of radionuciides

Coal
Pile
Runoff
(yg/g)

93
360

1.6 x

4.5 x

4.4 x

< 1.5 x

1.0 x

774

9.9 x

-

3.87

10-10

10-4

10-6

10-13

10-13

10-3

(expressed in Bq)

Bottom
Ash
(yg/g)

12
22

8

1

3,

I.

7.

IS

2.

1.

1.

1.

are

.7

.7

.2 x

.6 x

.3 x

, 1 X

,7 x

3 x

4 x

1 X

79

10-10

10-4

10-6

10-13

10-14

10-9

10-12

10-23

presented in

Fly
Ash
(yg/g)

14
26

1

2

5,

1,

1.

18

2.

2.

1.

1.

the

.2

.8

.3 x

.0 x

.0 x

.6 x

. 1 X

.6 x

2 x

7 x

89

10-H

10-4

10-2

10-13

10-13

10-9

10-12

10-23

appendix

Ash
System
Overflow
(yg/g)

5.8

<1.2 x

1.4 x

<2.7 x

<2.5 x

<6.0 x

<2.5

3.3 x

-

-

0.09

10-9

10-5

10-5

10-13

10-13

10-10

indication that secular equilibrium exists for the naturally occurring radioactive series in

the coal down to the respective radium daughters. The combustion process does not

appear to alter secular equilibrium at least to this point in the decay series. There is

insufficient data, however, to determine whether secular equilibrium exists from the

radium daughters through to the stable isotopes at the end of the respective decay series.

4.1 Coal Pile Runoff

As shown in Tables 21 to 26, che first pathway by which radionuciides can

enter the environment at coal-fired generating stations is through coal pile runoff or

leachate.

When a mineral such as coal is mined and brought to the earth's surface it is

subject to the oxidizing and leaching conditions of its new environment. Although all the

elements in the radioactive decay series will be affected by this process the more soluble

elements will be removed most rapidly. When oxidized to the uranyl ion, uranium is
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TABLE 25 RADIONUCLIDE BALANCE FOR SUNDANCE GENERATING STATION

Coal Ash
Pile Bottom Fly System

Coal Runoff Ash Ash Overflow
Analyte (yg/g) (pg/g) (pg/g) (ng/g) (ug/g)

Uranium 2.3 46 11.3 12.3 7.9
Thorium 4.0 212 19. 4 24.3 13.6

23* Th 3.* x 10-H 5.4 x IO-IO 1.2 x 10-10 1.7 x 10-10 <i.2 x 10-9

230 Th 9.8x10-5 2.7 x 10-3 2.5 x 10-* 1.1 x 10-* 4.6 x 10-5

226 Ra 5.2x10-7 1.6 x 10-5 2.6 x 10-6 4.1 x 10-6 <2.7 x 10-5

214 Pb 1.4x10-1* 5.2 x 10-13 9.6 x 10-1* 1.3 x 10-12 <2.5 x 10-13

214 Bi 1.0x10-1* 3.8 x 10-13 7.3 x 10-1* 9.3 x io-13 <6.0 x 10-13

232 <"h 5.0 231 24 18 4.47

228 Th 6.6x10-10 3 . 1 x 1 0 - 8 3 . 6 x 1 0 - 9 2 . 6 x 1 0 - 9 2 . 6 x 1 0 - 1 0

212 Pb 2.1x10-13 - 1 .4x10-12 1 .6x10-12

208 1.7x10-2* - 1 .2x10-23 1 .4x10-23 .

Th/U 1.7 ^.61 1.72 1.98 1.72

activities of radionuclides (expressed in Bq) are presented in the appendix

generally considered to be the most soluble of the naturally occurring radioactive

elements. Radium and lead are of intermediate solubility, whereas thorium and polonium

are the least soluble of the group. Thus, oxidative leaching of coal should result in the

preferential removal of uranium and possibly some radium and lead. For high sulphur

coals, oxidation will also produce sulphuric acid which could accelerate the leaching of

uranium, radium and lead. In addition, these acid conditions could result in the dissolution

of thorium and polonium.

Thus, the concentrations of radionuclides in the coal piie drainage should be

related to the chemical characteristics of the runoff since the conditions which would

result in high iron concentrations should also result in high concentrations of uranium,

radium and lead. Further, rainfall patterns which are known to cause temporal changes in

drainage from the coal piles may also result in varying concentrations or radionuclides in

the coal pile runoff.
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TABLE 26 RADIONUCLIDE BALANCE FOR MILNER GENERATING STATION

Analyte

Uranium
Thorium

234 Th

230 TU

226 Ra

21* Pb

21* Bi

232 Th

228 Th

212 Pb

208 Tl

Th/U

Coal
(ug/g)

3.9
6.5

*.6 x

9.7 x

9.0 x

2.5 x

1.8 x

9.9

1.6 x

3.3 x

2.6 x

1.67

10-H

10-5

10-7

10-1*

10-1*

10-9

10-13

10-2*

Coal
Pile
Runoff
(ug/g)

5*
192

8.2 x

1.8 x

2.6 x

5.6 x

5.0 x

1*6

2.1 x

-

3.56

10-10

10-3

10-5

10-13

10-13

10-8

Bottom
Ash
(ug/g)

6
11

1

9

2

7.

5.

12

2.

9.

7.

1.

.7

.9

.5

.7

.3

.1

,2

,0

3

3

78

X

X

X

X

X

X

X

X

10-10

10-5

10-6

10-1*

10-1*

10-9

10-13

10-2*

Fly
Ash
(ug/g)

8
13

1

2,

3.

1.

7.

1*

2.

1.

9.

1.

.*

.8

.3

.0

.1

.1

.7

0

3

8

6*

X

X

X

X

X

X

X

X

10-9

10-*

10-6

10-1*

10-1*

10-9

10-12

10-2*

Ash
System
Overflow
(ug/g)

7
11

<1.2 x

5.6 x

<2.7 x

<2.5 x

<6.0 x

7.*

9.9 x

-

-

1.57

10-9

10-5

10-5

10-13

10-1*

10-10

activities of radionuclides (expressed in Bq) are presented in the appendix

Table 27 presents the detailed chemical characteristics of coal pile drainage

from the six sites. These wastewaters can be classified into two groups; eastern Canadian

with a low pH of about 2.6 and western Canadian with a nearly neutral pH of about 7.7.

Comparison with the results of other studies would indicate that these samples are fairly

typical in terms of their chemical characteristics.

The gross chemical parameters of the coal pile runoff samples and the results

of the radiochemical characterizations of the samples are shown in Table 28. In terms of

uranium and thorium, the acidic coal pile drainage samples from the eastern sites

contained relatively lower concentrations compare to the nearly neutral conditions at the

western sites.

In addition, an examination of the results for the six coal pile runoff samples

as presented on Table 28, shows some anomalies in the mass ratio of thorium to uranium.

In all cases, except for Dalhousie, the Th/U ratio in the runoff is appreciably higher than

in the original coal. The increase in this ratio varies from a low of 1.* for Lambton (Th/U
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TABLE 27 CHEMICAL CHARACTERfSTICS OF

Parameters

pH (units)

Sp. Conductance (uS)

Fluoride as F-

Chloride as CJ"

Sulphate as SO;,-

Suspended Solids

Total Dissolved Solids

Aluminum

Beryllium

Cadmium

Calcium

Cobalt

Chromium

Copper

Iron

Lead

Magnesium

Manganese

Molybdenum

Nickel

Phosphorus

Potassium

Silver

Sodium

Strontium

Thorium

Titanium

Vandadium

Zinc

Zirconium

Trenton
G.S.

2.65

4800

2.9

418

5470

216

9620

261

0.0*3

< 0.02

266

0.8

0.13

2.05

1560

< 0.2

166

58.9

< 0.6

2.9

7

< 3

< 0.01

0.128

0.129

< 0.02

0.22

0.22

15.7

< 0.1

Dalhousie
C.S.

2.6

3300

3.7

57.8

1890

430

2960

101

0.00*

< 0.02

413

< 0.1

< 0.02

0.29

289

< 0.2

25.5

58. 4

< 0.6

0.6

2

3

< 0.01

217

2.41

< 0.02

0.46

0.05

1.2

1.3

COAL PILE DRAINAGE

Lambton
G.S.

2.5

3400

0.38

37.5

1770

1690

3200

104

0.011

< 0.02

291

< 0.1

0.10

0.29

335

< 0.2

96.5

6.24

< 0.6

0.3

2

11

< 0.01

63

2.56

< 0.02

3.53

0.12

0.8

0.1

Boundary
Dam
G.S.

7.5

4300

0.7

28.1

2110

26600

3270

1580

0.031

0.03

852

< 0.1

1.23

0.71

526

0.2

332

8.48

< 0.6

0.6

15

386

< 0.01

1300

9.93

< 0.02

66.3

2.16

1.7

2.0

Sundance
G.S.

7.8

704

0.6

8.8

170

2960

1380

433

0.006

< 0.02

90.5

< 0.1

0.16

0.059

101

< 0.2

33.1

0.60

< 0.6

0.11

2

32

< 0.01

236

1.05

0.J2

10.8

0.299

0.31

0.49

Milner
G.S.

7.8

855

0.9

11.7

193

6870

566

845

0.014

0.02

190

0.13

0.90

1.39

212

0.25

94.9

3.05

< 0.6

0.43

8

204

< 0.01

162

3.47

0.13

39.8

1.55

1.38

0.95

Note: all analyses reported in mg/L except where otherwise indicated



TABLE 28 CHEMICAL AND RADIOCHcMICAL COMPOSITION OF COAL PILE RUNOFF SAMPLES

Analyte

pH

Sp. Conductance (yS/cm)

Suspended Solids (mg/L)

Total Dissolved Solids (mg/L)

Uranium

Thorium

Trenton
G.S.

2.65

4 800

216

9 620

22

102

Dalhousie
G.S.

2.6

3 300

430

2 960

11

9

Lambton
G.S.

2.5

3 400

1 690

3 200

12

29

Boundary Dam
G.S.

7.5

4 300

26 600

3 270

93

360

Sundance
G.S.

7.8

70*

2 960

1 380

46

212

Milner
G.S.

7.8

855

6 870

566

54

192

234 Th

230 Th

226 Ra

214 Pb

214 Bi

2.8 x 10-1 0 1.3 x 10-^0

2.0 x lO"3 2.8 x lO"5

5.5 x lO"6 <2.7 x 10-6

1.7 x lO"1 3 <8.3x 10"1*

1.2 x 10- 1 3 <6.1 x 1 0 - ^

< 1.4x10-10 1.6 x 10-10

5.5 x 10-4 4.5 x 1 0-4

4.9 x 10"6 4.4 x 10"6

1.5 x lO"1 3 <1.5x 10-1 3

1.1 x lO"1 3 1.0 x l O " 1 3

5.4 x 10-1 0 8.2 x 10-10

2.7 x 10-3 1.8 x 10"3

1.6 x 10-5 1>5 x 1 0 -3

5.2 x 10- 1 3 5.6 x 10-13

3.8 x 10-13
 5.o x 10-13

232 Th

228 Th

241

3.2 x 10-8

5.0

6.6 x 10-10

60

7.6 x 10-9

774 231 146

9.9 x 10-8 3 . i x io-8 2.1 x 10"

Note: all results expressed in \i g/L except where noted otherwise
chemical analyses conducted on composite sample
radionuclide concentrations are mean values of multiple samples
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coal = 1.78, Th/U runoff = 2.42) to a high of 3.4 for Trenton (Th/U coal = 1.23, Th/U

runoff = 4.6) and is not in accordance with what would be predicted from theory. This

suggests that either uranium has been previously leached from the suspended coal fines

presents in the samples or that during runoff, thorium is being preferentially leached. The

first case is certainly possible considering the high solubility of the uranyl ion. In the

second case, the preferential leaching of thorium could be due to chemical complexing

between thorium and some of the water soluble organic compounds such as carboxylic

acids, aldehydes, phenol, or others present in the coal. In addition, it is possible that

sufficiently strong reducing conditions exist within the coal pile to prevent form-ition of

the uranyl ion. The chemically complexed thorium appears to be more soluble than

uranium under these specific conditions. In most cases the concentrations of 238u,

238Th( 226RS J 214pt>, and 2I4gi are comparable whereas 230xh is elevated for all except

Dalhousie. If uranium had been pre-extracted, it should be lower in activity than its other

daughters. The preferential extraction of thorium would appear to be the most likely

cause when the activity of 230xh is compared to that of uranium and its other daughters.

The temporal variation in uranium and thorium in coal pile runoff from one

rainfall event is shown in Figure 10. The unusual behaviour of thorium in this coal pile

runoff for which there is no apparent explanation is illustrated in this figure. As occurs

with other metals, concentrations of uranium and thorium vary during the rainfall runoff

period. This was particularly pronounced for the thorium concentrations. Further study

on the behaviour of these two metals in wastewaters of this nature are strongly indicated.

From a treatment perspective, flow equalization would be essential to reduce the

variations in concentrations of these two metals in order to achieve optimal performance

of a treatment process.

These results cannot easily be compared to those found in the literature which

are summarized in Table 8. This is due to the relatively high detection limits for the

results presented in the literature. The previously reported value, however, would usually

fall within the range of the concentrations observed in this study.

The concentrations of uranium ranged between 11 and 93 ug/L, while thorium

concentrations ranged between 9 and 360 ug/L. These ranges are greater than those

observed in natural surface waters (Uranium 0.1 to 10 ug/L; Thorium 0.01 to 0.1 ug/L) as

presented in Section 2 of this report. Although, there is no concensus on the

concentrations of uranium and thorium which would be toxic to aquatic life, the

concentrations observed exceed those found to be toxic in some specific cases found in

the literature. All the uranium concentrations exceed the present desirable drinking
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water objective (1.0 yg/L as uranyl ion) by at least an order of magnitude and most
exceed the maximum acceptable concentration of 20 ug/L (as total uranium). It may be
necessary in some instances, therefore, to treat coal pile drainage in order to prevent
degradation of the aquatic environment.

*.2 Coal

The second pathway of natural radionuclides into the environment at coal-

fired power plants is through emanation of radioactive gaseous elements to the atmo-

sphere or by dusting from the coa. pile. This was not investigated during the present

study; however, it is possible to examine the relationship between coal rank and

radionuclide concentration using data from the analytical program (Table 29).

The bituminous coals could be characterized as having a high sulphur content

and an intermediate ash content. Both the sub-bituminous and lignite coals had lower

sulphur contents, but the sub-bituminous coal had an ash content twice that of the other

two coal ranks. Sulphur content is an important factor since higher values could result in

acidic coal pile drainage which could lead to lower uranium and thorium concentrations in

the wastewater. The ash content and heat value of the coal is important in the

determination of the total radionuclide emissions from a plant. Using a mass balance

approach, assuming the same heat content and concentrations of radionuclides in the ash,

a station burning coal with a higher ash content would produce a greater absolute amount

of radionuclides since a greater amount of ash would be produced per unit of energy.

The uranium and thorium concentrations in the bituminous coal were about

half those in the sub-bituminous and lignite coals. When the heat value and ash content of

the coal are considered, the greatest relative amounts of uranium and thorium would be

produced during the combustion of sub-bituminous, then lignite, then bituminous coal; in

decreasing order.

The observed values can be compared to those reported in the literature

(Figure 9). Results from the analyses of coal at the six sites investigated were typically

in the lower end of the ranges reported in the literature for Canadian coals. In terms of

the natural radioactive decay daughters, less than a tenfold difference with respect to

coal rank was observed. The exception to this was with 226Ra which was greater in the

bituminous coal compared to the two other ranks.

Three coal related solid wastes are produced at generating stations. Pyrites

are impurities found in coal which are removed during the coal grinding process. Bottom

ash is the combustion residue which remains in the boiler after combustion while fly ash is
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TABLE 29 COAL

Analyte

Ash (%)
Sulphur (%)

Heat Value (M3/kg)

Uranium

Thorium

23* Th

230 Th

^26 Ra
21* Pb

21* Bi

232 Th
228 Th

212 Pb

208 Tl

RANK AND RADIONUCLIDE CONCENTRATIONS

Bituminous*

lO.it

3.9

25.9

1.2

1.6

2.0 x 10-H

7.5 x 10-5

1.* x 10-6
7.2 x 10-15

5.3 x 10-15

3.3

5.5 x 10-10

1.3 x 10-13

1.07 x 10-2*

Sub-bituminous

18.5
0.3

22.2

2.3

*.O

3.* x 10-H

9.7 x 10-5

5.2 x 10-7
1.* x 10-14

1.0 x 10-14

5.0

6.6 x 10-10

2.1 x 10-13
1.7 x 10-24

Lignite

9.5

0.*

15.7

2.0

3.7

*.2 x 10-H

*.2 x 10-5

5.7 x 10-7
1.7 x 10-14

1.2 x 10-14

5.0

6.6 x 10-10

2.1 x 10-13

1.7 x 10-2*

Note: all results expressed in yg/g unless otherwise indicated
*average of three bituminous coals

removed from stack gases. Frequently ^hese wastes are disposed of at the same site.
Table 30 shows the comparative radionuclide concentrations of each of these solid wastes
from a generating station burning high sulphur bituminous coal.

The uranium, thorium and decay daughter concentrations were greatest in fly
ash followed by the bottom ash and pyrites. The uranium and thorium concentrations in
fly ash were about an order of magnitude greater than in the pyrites. The exception to
this trend was 212pD which was about one thousand times greater in the pyrites than in
either the fly or bottom ashes.

Thus, it can be concluded that the pyrites, which are uncombustible impurities
in the coal, would not represent a significant source of radionuclides in coal-fired
generating station wastes.

*.3 Ash System Overflow

Another pathway by which natural radionuclide can enter the environment

from coal-fired generating stations is through the overflow from hydraulic ash transport
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TABLE 30

Analyte

Uranium

Thorium

234 Th
230 Th

226 Ra

214 Pb

214 Bi

232 Th

228 Th

212 Pb

208 Tl

RADIONUCLIDE CONCENTRATION IN FLY ASH, BOTTOM ASH AND
PYRITES FROM DALHOUSIE GENERATING STATION

Fly Ash
(yg/g)

10.6

8.0

9.1 x 10-H
9.7 x 10-5

2.4 x 10-6

7.6 x 10-14

5.5 x 10-1*

5.0

3.3 x 10-10

6.0 x 10-13
4.4 x 10-24

Bottom Ash
(ug/g)

4.4

5.3

6.2 x 10-H
9.7 x 10-5

1.2 x 10-6

3.9 x 10-1*

2.8 x 10-1*

5.0

6.6 x 10-10
3.5 x 10-13

2.6 x 10-24

Pyrites
(ug/g)

0.7

1.3

1.0 x 10-H
5.6 x 10-5

5.2 x 10-7

1.3 x 10-1*

9.1 x 10-1*

2.5

3.3 x 10-10

1.6 x 10-9
9.1 x 10-25

systems. The chemical characteristics of this wastewater depend on the properties of the

ash which is transported, system operation, and rate of blowdown. The chemical

characteristics of the ash system overflows are shown in Table 31. With the exception of

Trenton G.S. which was acidic, all other stations had overflows which were alkaline.

Table 32 presents the gross chemical characteristics and the radiochemical

characterization of the overflows. It should be noted that all analyses were conducted to

determine total metal concentrations. These include both dissolved and suspended forms.

Although uranium was detected in each sample, thorium was not detected in three of the

wastewaters.

In the case of the ash system overflow, the Th/U ratio falls into two distinct

categories. In the first, there is no detectable thorium present (Trenton, Lambton and

Boundary Dam) although some uranium is present. It may be that the thorium in these

situations is not being leached, solubilized or mobilized from the ash. Alternately, the

majority of the available uranium may have already departed. In the second case, ihe

Th/U ratio is nearly the same as in the original coal (Dalhousie, Sundance and Milner). In

theory, thorium can only occur in aqueous solution if the pH is below 3.5 or if it exists as

a soluble complex. Another alternative is that it is present as part of the suspended
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TABLE 31 CHEMICAL CHARACTERISTICS OF

Parameters

pH (units)
Sp. Conductance (u S)

Fluoride as F-

Chloride as Cl"

Sulphate as SO<,~2

Suspended Solids

Total Dissolved Solids

Aluminum
Barium

Beryllium

Cadmium

Calcium
Cobalt

Chromium
Copper

Iron

Lead

Magnesium

Manganese

Molybdenum

Nickel

Phosphorus
Potassium

Silver

Sodium

Strontium
Thorium

Titanium

Vanadium

Zinc
Zirconium

Trenton
G.S.

4.0

2500

0.5

677

187

12

1780

0.7

< 0.05
< 0.0005

< 0.02

31.5

< 0.05

0.03
0.02

1.9

< 0.05

49.0
0.14

< 0.05

< 0.05

< 0.5
16

< 0.005

440

0.31
< 0.05

< 0.05
< 0.05

0.11
< 0.05

Dalhousie
G.S.

7.2

1850

1.6

12.9
891.0

191.0
1820.0

16.6
0.11

< 0.0005

< 0.02

406

< 0.05
0.14
0.04

22.7

< 0.05

2.89
0.99

0.11
0.07

2.2

14

< 0.005
74

0.91
< 0.05

0.65
< 0.05

0.15
< 0.05

ASH SYSTEM

Lambton
G.S.

8.4

7.0

0.53

24.1

302

14

603

< 0.5
< 0.05

< 0.0005

< 0.02

40.8

< 0.05

< 0.02
< 0.01

0.2

< 0.05

8.22
< 0.01

< 0.05

< 0.05

< 0.5
2

< 0.005
119

0.25
< 0.0^

< 0.05

< 0.05

< 0.05
< 0.05

OVERFLOW'S

Boundary
Dam
G.S.

9.4

1350

1.1

12.9

256.0

0.1

1040.0

2.2

0.35

< 0.0005
< 0.02

64.1

< 0.05

0.10
< 0.01

< 0.1

< 0.05

17.1
< 0.01

< 0.05

< 0.05

< 0.5
15

< 0.005
204

2.56
< 0.5
< 0.5
< 0.5

< 0.5
< 0.5

Sundance
G.S.

8.0

850

1.4

12.3

343

4X5

629

30.5

0.64

< 0.0005
< 0.02

103

< 0.05

< 0.02
0.02

4.4

< 0.05

12.1
0.06

< 0.05

0.14

< 0.5
7

< 0.005
87

1.49
< 0.05

0.68
< 0.05

0.16
< 0.05

Milner
G.S.

8.7

740

2.0

8.2

319

390

565

22.9
0.41

< 0.0005
< 0.02

120

< 0.05

< 0.02
0.02

4.4

< 0.05

14.1
0.02

< 0.05

< 0.05

< 0.5
7

< 0.005
37

1.57

< 0.05
0.98

< 0.05

0.08
< 0.05

Note: all analyses reported in mg/L except when otherwise indicated



TABLE 32 CHEMICAL AND RADIOCHEMICAL COMPOSITION OF ASH SYSTEM OVERFLOW SAMPLES

Analyte

PH

Sp. Conductance (viS/cm)

Suspended Solids (mg/L)
Total Dissolved Solids (mg/L)

Uranium
Thorium

234 Th

230 Th
226 Ra

214 Pb

214 Bi

232 Th
228 Th

Trenton
G.S.

4.

2 500

12

1 780

1

<1

1.2 x

2.8 x
<2.7

<2.5

<6.0

<2.5
<3.3

.0

.6

10-9

10-5
x 10-5

x 10-H

x 10-1*

x 10-10

Dalhousie
G.S.

7.2

1 850

191

1 820

2.5

2.2

<1.2x 10-9

1.4 x 10-5
<2.7 x 10-5

<6.0 x 10-13
<6.7x 10-7

<2.5
<3.3x 10-10

Lambton
G.S.

8.4

710

14

603

2.2

<1

<1.2x 10-9
1.4 x 10-5

<2.7 x 10-5

<2.5x 10-13

<6.0x 10-15

<2.5
<3.3 x 10-10

Boundary Dam
G.S.

9.4

1 350

0.1

1 040

5.8

<1

<1.2 x 10-9

1.4 x 10-5

<2.7 x 105

<2.5 x 10-13

<6.0 x 10-13

<2.5
3.3 x 10-10

Sundance
G.S.

8.0

850

485

629

7.9

13.6

<1.2x 10-9

4.6 x 10-5

<2.7x 10-5

<2.5x 10-13

<6.0 x 10-13

4.47
2.6 x 10-10

Milner
G.S.

8.7

740

390

565

7

11

<1.2x 10-9

5.6 x 10-5
<2.7x 10-5

<2.5x 10-13

<6.0x 10-1*

7.4

9.9 x 10-10

Note: all results expressed in ug/L except where noted otherwise
chemical analyses conducted on composite sample
radionuclide concentrations are mean values of multiple samples



solids. The existence of suspended solids and high concentrations of aluminum and iron is
indicated by the Dalhousie, Sundance and Milner ash system overflows (Table 33). Iron
and aluminum should only remain in solution if the pH is below 3. In order to determine
whether thorium is present in solution or as a suspended solid filtering of the sample prior
to analysis would be necessary. The other radionuclides, as measured by alpha or gamma
spectroscopy, are at or below the detection limits for this method.

The uranium concentrations in these ash system wastewaters would exceed the
desirable drinking water objective of 1 ug/L in all cases but not the maximum acceptable
objective of 20 ug/L. Since the uranium and thorium concentrations observed are
sufficiently great when compared to the reported work of others described in Section 2,
these wastewaters could be toxic to aquatic organisms. This suggests that wastewaters of
this type may require treatment prior to their being discharged to the receiving water.

4.4 Concentration Factors

Concentration factors are a convenient means of describing how concentra-
tions of elements can be increased or decreased as a result of some process. Table 33
presents the concentration factors for fly ash and bottom ash in relation to coal.

Uranium and thorium were consistently concentrated in fly ash from the coal
between 2.2 and 9.8 times. Concentration factors for the bottom ash in terms of the coal
ranged between 1.8 and 12.1 depending on the sampling site. This suggests that
radionuclide concentrations in the solid residues from combustion would be between two
and ten times greater than in the parent coals. With the exception of thorium at two
sites, for the same coal, concentration factors were greater in fly ash than in the bottom
ash from the same site. This may be due to some mechanical factors in the furnace
design or complex chemical interactions in the coal during combustion in these situations
which are not known.

4.5 Comparison of Analytical Techniques

As a means of evaluating the quality of the analytical results it is possible to

compare the values obtained by different procedures. A comparison of the uranium and

thorium results by NAA with the uranium and thorium daughters as determined by gamma

spectroscopy shows reasonable agreement considering the levels present and the fact that

the report values represent the average result from 6 discrete samples e.g., for Trenton

Generating Station (Table 34). This is true even for coal, with levels approaching the

detection limit; coal levels by NAA and gamma spectroscopy were nearly all within one



TABLE 33 CONCENTRATION FACTORS FOR URANIUM AND THORIUM

Generating
Station

Trenton

Dalhousie

Lambton

Boundary Dam

Sundance

Milner

Element

Uranium

Thorium

Uranium

Thorium

Uranium

Thorium

Uranium

Thorium

Uranium

Thorium

Uranium

Thorium

Fly Ash/
Coal

3.7

S.5

7.1

5.0

9.8

8.0

7.1

7.2

5.3

6.1

2.2

2.1

TABLE 34 COMPARISON OF URANIUM RESULTS FROM TRENTON
GENERATING STATION AS DETERMINED BY NAA AND i
SPECTROSCOPY

Coal
Method (Bq/g)

Th-234 gamma-spec 0.023

Ra-226 gamma-spec 0.012

Pb-214 gamma-spec 0.009

Bi-214 gamma-spec 0.009

Th-230 gamma-spec 0.06

Mean (Th-230
included) 0.022 H

Mean (Th-230
excluded) 0.014 4

U-NAA 0.016

Bottom
(Bq/g)

0.069

0.030

0.053

0.050

0.070

- 0.020 0.058 +

• 0.006 0.058 +

0.055

i Ash Fly Ash
(Bq/g)

0.055

0.045

0.045

0.042

0.060

0.009 0.051 + 0.008

0.009 0.049 + 0.007

0.059

Bottom Ash/
Coal

3.5

8.3

2.9

3.3

6.1

12.1

6.4

6.1

4.9

4.9

1.7

1.8

GAMMA

Coal R/O Ash O/F
(Bq/L) (Bq/L)

0.24

0.20

0.19

0.13

1.42

. . . .

<1

<1

<0.3

<0.1

0.02

-0.02

0.21 + 0.05

0.27 0.02
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standard deviation of the mean. For all bottom ash and fly ash samples where the Jeveis

present are about 5 times background the standard deviation is about +_ 15 percent and

most results, including 230xh, are within one standard deviation of the mean. For the

coal runoff, agreement is good between the NAA result and the gamma results, except for

23"Th whose results do not agree. Since the samples analyzed had relatively high thorium

concentrations the isotopes appear to have been preferentially concentrated in the runoff.

The comparison between Th by NAA and 232xh and its isotopes by alpha and

gamma spectroscopy is very similar to the uranium agreement. Again, considering the

levels being measured (at the detection limit to less than 10 times the detection limit) the

agreement between the various analytical methods is within acceptable limits.

Some isotopes were not reported consistently, or not at all because their

gamma intensities were so weak that for many of the samples the results obtained were at

or below the detection limit. Since these isotopes were not critical in establishing

equilibrium (except possibly for 210pb a n c j 2 2 8 A C ) they were not reported. Both 210pt>

and 228/\ c a r e isotopes that would define equilibrium conditions in different parts of their

respective decay chains. Unfortunately, these two isotopes could not be detected with

sufficient sensitivity to allow them to be consistently measured.

*f.6 Summary

The condition of secular equilibrium is an important consideration in under-

standing the behaviour of natural radionuclides. During the handling s ad combustion of

coals in steam electric generating stations there are many opportunities to disrupt the

equilibrium. Based on the radiochemical analyses conducted during this study, there is

every indication the secular equilibrium exists for the naturally occurring radionuclide

series in coal at least down to the respective radium daughters. The equilibrium in this

part of the decay chain appears to be unaffected by the combustion process, however,

insufficient data exists to verify the existence of secular equilibrium from the radium

daughters to the stable isotopes at the end of the decay chain. Thus secular equilibrium

cannot be assumed beyond the respective radium daughters.

In coal pile runoff, concentrations of uranium ranged between 11 and 93 ug/L

and thorium concentrations ranged between 9 and 360 ug/L. The radionuclide concentra-

tion of this wastewater indicated preferential mobilization of thorium. This appears to be

a potentially significant pathway for some radionuclides from coal into the environment.

The absolute amount of radionuclides mobilized to the environment would depend on the

rank of coal in storage, the volume of wastewater generated by precipitation contacting
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the coal pile and the resulting concentration of radionuclides in the coal pile drainage.

This coinbination of factors is very site specific.

Concentrations of uranium exceeded levels where in some cases toxicity to

aquatic organisms has been reported. The levels exceeded those normally found in

freshwater and the recommended as well as the maximum acceptable drinking water

objectives for uranium. Treatment of wastewaters of this type must be considered.

The concentration of radionuclides in coal could be related to the rank and

type of coal combustion waste. Fly ash had the highest radionuclide concentration

followed by bottom ash and coal pyrites.

The second pathway of radionuclides to the environment at coal-fired gener-

ating stations is through overflow from the hydraulic ash system. Concentrations of

uranium in this wastewater ranged between 1.6 and 7.9 yg/L and thorinn oncentrations

ranged from less than 1 to 13.6 yg/L. Although these low concentrations do not exceed

the maximum acceptable water quality objectives for raw public water supplies of

20 yg/L, they in some cases exceed the desirable objective level for uranium. As with

coal pile runoff, in some cases, treatment of this type of wastewater may be necessary.

In terms of total migration of radionuclides to the environment, this pathway

is likely more significant than coal pile runoff. Although the radionuclide concentrations

are lower in this wastewater compared to coal pile runoff, the volume of overflow is

typically hundreds of times greater. Thus the mass discharge of radionuclides would likely

be comparatively greater.

A comparison between the uranium and thorium analytical results by neutron

activation and the uranium and thorium daughters as determined by gamma spectroscopy

showed reasonable agreement.
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5 REMOVAL OF RADIONUCLIDES FROM COAL COMBUSTION
WASTE WATERS

5.1 Introduction

As mentioned previously, results of the chemical characterizations indicate

that concentrations of uranium and thorium in coal pile runoff and ash system overflows

can be sufficiently great that some form of treatment may be required to protect the

receiving aquatic environment. Also, normally in developing practicable control criteria,

consideration of practicable, that is, demonstrated wastewater treatment methods is

required. The potential processes for the removal of uranium and thorium from waters

are reviewed in this section which begins with a brief review of the aquatic chemistry of

these two metals.

Uranium. Uranium is a chemically reactive element that combines directly

with most elements in the periodic table (Cotton and Wilkinson, 1962). In aqueous

solution, uranium exists in four oxidation states: tri- (U+3), tetra- (U+*), penta- (UO2+)

and bexapositive (UO2+2) (Grindler, 1962). Uranium ions can produce very complex

species because, in addition to the four oxidation states, complex reactions with all ions

(except ClOff"), as well as hydrolytic reactions leading to polymeric ions occur under

appropriate conditions (Cotton and Wilkinson, 1962). This ability of uranium to form

complex ions in solution is signficant in. terms of analytical separation and determination.

Aqueous solutions of uranium have an acid reaction caused by hydrolysis which

increases in the order U+3 •+ UO2+2I~* •*• U+/». In natural water, uranium usually occurs as

the uranyl ion, UO2+2> °r under reducing conditions, as the uranous ion, U+^. Most uranyl

salts are soluble in water, and readily form polymeric species, which can account for the

solubility of large amounts of UO3 in UO2+2 solutions. In water the main species

resulting from the hydrolysis of UO2+2 are (UC>2)2OH+3, (UO2)2OH+2, and (UO2)3(OH)(f+2

(Cotton and Wilkinson, 1962; McNeely et al., 1979).

The uranous ion, is soluble only in acidic water, although it can exist in

considerable concentrations; mono as well as polynuclear species are formed:

U+4 + H2O = U(OH)+3 + H+

The U+i* ion gives insoluble precipitates with fluorides, phosphates and iodates

from acid solutions (Cotton and Wilkinson, 1962).
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Thorium. Thorium exists in solution as a relatively small, highly charged

cation which undergoes extensive hydrolysis. The species formed are complexed and

depend on the condition of pH, nature of anions and concentration. Since thorium has only

one oxidation state (+*f), oxidation - reduction reactions do not need to be considered

which greatly simplifies its aqueous chemistry (Hyde, 1960).

Most salts of thorium are insoluble in water except for the nitrates, sulphates,

chlorides and perchlorates (De Ment and Dake, 1946). In perchlorate solutions below pH 3,

the main ion appears to be TH+(* (aq), whereas, polymeric species such as

Th (ThKOH^n+f (n=l,2,3...) are formed at a higher pH or in highly concentrated

solutions. In solution with anions other than perchlorate, thorium forms complexed

species which may additionally be partially hydrolyzed and polymeric (Cotton and

Wilkinson, 1962).

5.2 Treatability of Coal Combustion Wastewaters

Few studies have investigated the removal of radionuciides from coal pile and

ash disposal site drainages. The limited number of analyses performed on these

wastewaters indicate very low concentrations of uranium and thorium. The concentra-

tions in coal leachates (U: 2 x 10-3 to 130 x 10-3 m g /L and Th: 1 x 10-3 to 90 x

10-3 mg/L) Were found to be lower than in ash leachates (U: 0.02 x 10-3 to 0.11 x

10-3 mg/L and Th: 0.05 x 10-3 to 0.17 x 10-3 m g /L).

Although radioactivity cannot be chemically destroyed, it is possible to

concentrate and separate it so that the bulk of the effluent can be discharged. The

potential treatability process for radioactive effluent include biological and physical-

chemical methods.

5.2.1 Conventional Treatment. The behaviour of uranium and thorium in conven-

tional wastewater treatment consisting of pH adjustment, coagulation, flocculation and

sedimentation has not been well documented. In fact, removal methods appear to have

been developed as concentration processes for industrial purposes rather than for the

removal of uranium and thorium from industrial wastewaters in large-scale pollution

control plants. Consequently, no demonstrated and therefore practicable wastewater

treatment for coal pile runoff and ash system overflows from large coal-fired stream

electric generating stations can be said to exist at this time. The following are only some

of the possibilities for wastewater treatment development.

Based on the chemistry of these metals, inference can be made on their

possible removal using conventional technologies.
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Thorium, which is insoluble in the neutral pH range would likely precipitate as

a metal hydroxide during conventional physical-chemical treatment. Removal would,

therefore, be related to the efficiency of the suspended solids removal system

(sedimentation basin or clarifier). Thorium, could, in some wastewaters become

complexed and not follow the pH versus solubility relationship. For example, thorium is

known to form soluble complexes with polyphosphates and oxalic acid. In these forms, the

concentrations of thorium would not be reduced during treatment.

The removal of uranium using conventional treatment would likely be much

more difficult due to the metal's four valence states, the solubility of uranyl salts in

waters with a high redox potential and the solubility of uranous ion in reducing

environments. The solubility of uranium tetracarbonate would likely preclude its removal

from carbonate-rich wastewaters.

It may be possible to employ conventional treatment under acidic conditions

with the addition of phosphates or fluorides which form insoluble precipitates with

uranium. This would likely have to be used as a second stage of treatment with a first

stage used to remove all other metals with one soluble at low pH. It would also be

necessary to adjust the effluent pH following uranium removal to the neutral range.

5.2.2 Biological Methods. Aquatic micro-organisms have the ability to concentrate

metals from solution (Collins, 1960). This phenomenon may be made of use for the

biological treatment of wastewaters containing uranium. Gloyna and Ewing (1957) found

that the activated sludge process was able to remove 60 to 90 percent of uranium in the

range of 0.098 to 2000 mg/L. The lower limit is comparable to uranium concentrations in

coal combustion wastewaters. Their study, however, was aimed at recovering uranium

from saline solutions.

In another study, batch experiments were conducted to examine the removal

of uranium from nuclear fuel processing wastewater by sorption and/or complexation of

the metal by Pseudomonas aeruginosa, a bacteria (Schumate et al., 1978). The initial

uranium concentration range of 10 to 100 mg/L was reduced by 90 percent and approached

equilibrium after a contact time of only 10 minutes. These results may not be directly

applicable to the present study since even the lowest uranium concentration investigated

was an order of magnitude greater than those in coal and ash leachates. Nevertheless, the

results may provide some useful insight as to the identification of factors that influenced

the rate of uranium uptake, such as, temperature, pH and initial uranium concentration.
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5.2.3 Physical - Chemical Methods.

Chemical Precipitation. Small quantities of uranium can be separated from
waste solutions by precipitation with hydrogen peroxide (H2O2)- This procedure, normally
carried out in a strongly acidic medium (optimum pH: 2.0 to 2.5) yields UO4 x H2O;
thorium, zirconium and vanadium also precipitate (Grindler, 1962; Gens, 1966).

An organic precipitant, 8-Hydroxyquinaldine (oxine) precipitates hexavalent
uranium, (UO2+^) from weakly acidic or basic solutions. A large number of other
elements, including thorium, are also precipitated by oxine- Aldehyde ammonia and
2-aminopyridine effectively precipitate UO^ (Grindler, 1962).

The removal of radium from uranium mine tailings slurries is commonly
accomplished by the addition of BaCl2 to the decanted solution. This results in the co-
precipitation of radium and barium sulphate as a sludge. Subsequent to the addition of
BaCl2> the treated water is retained in a pond area where the co-precipitate gradually
settles (Barton and Comrie, 1980).

Trace amounts of thorium can be co-precipitated quantitatively with a wide
variety of insoluble hydroxides, including lanthanum, ferric and zirconium hydroxide
(Hyde, 1960). Thorium in higher concentrations (20 mg/L) has been effectively precipi-
tated by the addition of soaps. With a potassium palmitate (handsoap) concentration of
200 percent of the stoichiometric amount of thorium, and a concentration of impurity ions
of 20 000 mg/L, decontamination factors of more than 20 were reached in one step
(Drathen and Erichsen, 1977).

Adsorption and Aeration. Radon gas in well waters of Maine containing

radium concentrations up to 0.15 Bq/L was effectively removed by adsorption onto

granular activated carbon. In a continuous flow process, the activated carbon continued

to remove the radon beyond the expected point of column saturation, and steady-state

removal occurred. It was speculated that this is due to the radioactive decay of radon

adsorbed on the column. Diffused aeration, was also found to be effective, as well as

economical, for the removal of radon from this water (Hess et al., 1981)

In another study (Moore, 1975) well water containing unusually high concentra-

tions of radium-226 (^.1 Bq/L) was treated by adsorption onto acrylic fibres impregnated

with oxides of manganese. Two columns filled with these fibres were operated in series at

flow rates of about 8 L/min. After 2650 L of water had been processed, the effluent still

had less than 10 percent of the 226R 3 concentration of water entering the system.
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Solvent Extraction. Solvent extraction methods hava been successfully used

for the separation of uranium. A common method of solvent extraction of uranyl nitrate,

formed by the dissolution of metallic uranium in nitric acid, errploys di-ethyl ether as a

solvent. The conditions which affect the extraction of uranium from aqueous solution by

organic solvent are: the composition of the aqueous phase, the temperature, and the time

of equilibration (Grindler, 1962).

Solvent extraction has also been employed for the separation of thorium. The

extraction of thorium onto organic solvents can be performed following the complex

formation between thorium and x-thenoyltrifluoroacetone (TTA). A pH of 1 is optimal for

this extraction procedure. The extraction of thorium onto organic solvents, mainly

hydrochloric acid systems, has also been successfully utilized (Hyde, 1960).

Ion Exchange. Fluidize-bed ion exchange has been used to remove uranium

oxide (U3O8) from each liquor. U3OS concentrations were reduced from about 1000 mg/L.

to less than 1 mg/L. The flow rate was ^5 L/min, and resin loadings of about 75 000 g/L

were achieved. A pilot scale fluidized bed ion exchange system that was operated at

Elliot Lake, Ontario also produced satisfactory results (Anon., 1982).

Electrolytic Membrane Separation. In order to remove radionuclides selec-

tively Innova Inc. recently developed an electrolytic membrane separation (EMS) system.

In this procedure, unlike ion exchange, only the radioactive ions are removed leaving the

non-radioactive ions behind. The removal of cations is achieved by reversing the direction

of ion migration, such that, the ions move from the anolyte compartment through which

the solution flows to the catholyte which contains the cathode (Dietrichsen, 1982).

Summary. Results of chemical characterizations indicate that concentrations
of uranium and thorium in coal-fired steam electric power station wastewater can be
sufficiently great that some form of treatment may be required to protect the receiving
aquatic environment. As a part of the development of discharge criteria, consideration of
practicable and thus demonstrated treatment methods is required. Several methods have
been proposed for the removal of uranium and thorium; however, these have tended to
represent advanced technologies and they have not as yet been practicably demonstrated
in this application.

The chemistry of these two metals would suggest that physical/chemical
treatment technology could possibly be considered. This would likely include pH
adjustment coagulation, flocculation and sedimentation. Similarly, this approach has not
been demonstrated in a full-scale treatment plant. A deficiency exists, therefore, in the
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treatability of uranium and thorium in the complex wastewaters of coal-fired generating

stations.
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CONCLUSIONS AND RECOMMENDATIONS

Based on the review of the technical literature, results of the analytical

program and analysis of these data, the following conclusions and recommendations were

made.

At the present time there are seemingly conflicting reports on the chemical toxicity

of uranium and thorium. There are insufficient data to accurately assess the

environmental effects of the chemical toxicity of naturally occurring uranium and

thorium on aquatic systems. The information available, however, indicates that

released uranium and thorium will ultimately reside in sediments, organic debris or

aquatic organisms. Sediments have been neglected, on the whole, as a depot of both

uranium and thorium in aquatic ecosystems. The literature indicates that a variety

of freshwater and marine organisms have accumulated uranium and thorium and

several toxic concentrations have been suggested.

The chemical toxicity of uranium and thorium is thought to be the principal concern

rather than its radioactive properties. This line of thinking has been followed by

many researchers. The chemical toxicity of uranium would likely affect aquatic

populations before its associated levels of radioactivity would show any detrimental

affects.

In terms of bioaccutiulation and bioconcentration, l i t t le can be safely concluded

about the threat or hazard of uranium and thorium to aquatic organisms. Bioaccu-

mulation has been demonstrated in several instances but the amounts vary from case

to case. Once uranium and thorium are released to the aquatic environment there is

the potential for them to become biologically available and the possibility for

accumulation exists.

Although thorium is more abundant naturally than uranium, it appears to be less

bioavailable in the natural water column due to its stronger bonding properties.

Local environmental conditions and physiological factors appear to strongly influ-

ence the toxicity of uranium and thorium. In general, the limited data and different

test procedures reported to date make the comparison of tests and results difficult

and the evaluation of this data tentative.

Measurements of radionuclides in coal-fired power plant effluents indicate the

potential for bioaccumulation in food chains. The few studies of radionuclide uptake

by biota in the vicinity of power plants, however, do not provide a sufficient basis
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from which to predict the magnitude of the problem. Further comparative studies

of the movement and uptake of radionuclides in critical terrestrial and aquatic food

chains near coal-fired plants in different geographical areas, utilizing different

types of coal, under different climatic, soil and water quality conditions, are still

required.

In the literature, radionuclide concentrations in both U.S. and Canadian coals were

indicated to vary over a wide range. A set of averages for U.S. coals of
238U: 1.7 mg/kg, 232jh: 4.5 mg/kg and ^ K : 0.20 mg/kg were lower than the corre-

sponding concentrations of these radionuclides in "typical" soil. The radionuclide

content both of U.S. and Canadian coals appears to vary witii rank; uranium had a

higher upper concentration and spanned a wider range of values for lignite and

bituminous coals compared to sub-bituminous coals. Comprehensive analytical data

on radionuclides in Canadian coals were lacking; the uranium and thorium decay

products in particular had not been thoroughly quantified.

Analysis of coal samples from six sites in Canada indicated that measurable

concentrations of uranium and thorium were present in all samples. Sub-bituminous

coals had the greatest concentrations followed by lignite and bituminous coals. This

is in agreement with previously reported results which suggested that western coals

(sub-bituminous and lignite) have higher radioactivity compared with eastern coals

(bituminous).

Analyses of solid residues from one site indicated that the highest uranium and

thorium concentrations were present in the fly ash followed by the bottom ash and

pyrites. In all cases, the uranium and thorium concentrations in the fly ash were

always greater than the bottom ash from the same site.

The concentration factors for uranium and thorium in coal to fly ash for the six sites

ranged between 2.1 and 9.8. The concentration factors for coal to bottom ash

ranged from 1.8 to 12.1.

During the handling and combustion of coal in steam electric generating stations

there are many opportunities to disrupt secular equilibrium in the coal and ashes.

Based on the radiochemical analyses conducted during this study, there is every

indication that secular equilibrium exists for the naturally occurring radionuclide

series i.i coal down to the respective radium daughters. The equilibrium in this part

of the decay chain appears to be unaffected by the combustion process, however,

insufficient data exist to verify the existence of secular equilibrium from the
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radium daughters to the stable isotopes at the end of the decay chain. Thus secular

equilibrium cannot be assumed beyond the respective radium daughters.

Coal pile runoff appears to be a potentially significant pathway for some radionu-

clides from coal into the aquatic environment. In this wastewater, concentrations

of uranium ranged between 11 and 93 ug/L and thorium concentrations ranged

between 9 and 360 )jg/L. The greatest concentrations were found in runoff from

lignite coal. Compared to those of uranium elevated thorium concentrations did not

correspond to predictions based on simple chemical theory. This suggested that

some complexing of thorium had occurred.

The absolute amount of radionuclides mobilized to the environment would depend on

the rank of the coal in storage, the volume of the wastewater generated by

precipitation contacting the coal pile and the resulting concentration of radionu-

clides in the coal pile drainage. This combination of factors is very site specific and

their interactions are not well understood.

Some concentrations of uranium exceeded levels where toxicity to aquatic organ-

isms has been reported. The concentrations exceeded those normally found in

freshwater and the recommended water qua'ity objectives for uranium. Treatment

of wastewaters of this type must be considered.

The second pathway of radionuclides to the environment at coal-fired generating

stations is through overflow from the hydraulic ash system. Concentrations of

uranium in this wastewater ranged between 1.6 and 7.9 ug/L and thorium concen-

trations ranged between less than 1 and 13.6 ug/L. A strong relationship between

iron and aluminum and thorium were observed in the ash system overflows. Thorium

concentrations greater than those of uranium were observed, which indicates that

some complexing of thorium had occurred; however, without total and soluble

thorium analyses, definite conclusions cannot be made.

Although the concentrations of uranium in ash contacted waters did not exceed the

objective for raw public water supplies of 20 ug/L, in some cases the desirable

objective level of I ug/L uranium were exceeded. As with coal pile runoff,

treatment of this type of wastewater may be necessary in some cases. In terms of

absolute migration of radionuclides to the environment, this pathway is likely more

significant than coal pile runoff. Although the radionuclide concentrations are

lower than those of coal pile drainage, the volume of the overflow is typically

hundreds of times greater. The mass discharge of radionuclides, therefore, would

likely be comparatively greater.
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Concentrations of uranium and thorium in the coal pile runoff and ash systems

overflows were at least an order of magnitude lower than those believed to cause

short-term or acute toxicity. As measurable concentrations were quantified, it is

possible for bioaccumulation or chronic toxicities to occur.

Likewise, the radioactivities in the wastewater samples due to uranium, thorium and

their decay daughters are well below those activities knowp to cause short-term or

acute biological effects. It is possible that long-term or genetic effects could occur

from exposure of aquatic species to the low-level radioactivity of such wastewaters.

In some cases, coal related wastewaters may require treatment prior to their

discharge in order to prevent damage to the receiving aquatic environment. Several

technologies have been suggested for the removal of uranium, thorium and specific

decay daughters, however, these have tended to be industrial processes for their

concentration and recovery rather than for use in large-scale wastewater treatment

plants. Insufficient data exists to allow conclusions to be made whether or not

conventional physical - chemical treatment technology could be used to remove

uranium and thorium from complex wastewaters of this nature. Consequently, no

demonstrated or practicable wastewater treatment methods for coal pile runoff or

ash system overflow exists at this time. It would appear that the only means to

reduce the total emissions or uranium and thorium in ash system wastewaters at this

time is to reduce the volume of this overflow.

Based on direct experience during this study, it can be concluded that reliable

analytical methods are currently available to quantify extremely low concentrations

of many radionuclides in coal, fly ash, bottom ash, and ash system overflow samples.

The quantification of many radionuclides in coal pile runoff samples, particularly in

the presence of iron, however, is still extremely difficult. In the case of samples of

coal pile runoff analyzed during this study, it was necessary to develop a special

protocol for sample preparation. Analytical techniques must be refined to allow for

greater precision and accuracy since this pathway is the greatest potential source of

radionuclides entering the surrounding aquatic environment.

Based on this study, the following recommendations were made:

In view of the general lack of reliable data on the effects of low-level, long-term

exposure of aquatic and terrestrial wildlife species to radioactivity, it is recom-

mended that research be supported which would define radiation levels which could

be considered harmful. Based on the specific activities of decay daughters of the
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natural radionuclides, acceptable concentrations of decay daughters in effluent

streams should be determined.
Pilot-scale treatability studies should be conducted to demonstrate that uranium and
thorium can be removed from complex wastewaters using conventional treatment

technologies. Testing of this nature could be used to define optimum treatment
methods specific to coal and ash contaiTiinated wastewaters.
At this time, there is a lack of quantitative data on the leachability of uranium and

thorium fro/n either bottom or fly ash from Canadian coals. It is recommended that

suitable leaching tests be conducted on representative ash samples in order to
determine their potential for leaching over short- and long-term periods.
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APPENDIX

NOTE: Results in parentheses have been calculated.

For cases where results are expressed as less than the detection limit, one half
the detection limit has been used in the calculation of the mean and standard
deviation.



TABLE Al

Analyte

U

Th

U Series

234Th

230,-h

226R a

214pb

21«Hi

Method

NAA

NAA

Y

a

Y

Y

Y

Coal

(ug/g)

1.3^0.4

1.6+0.7

(2.68x10-'1
+0.82x10-11)

(8.4x10-5
+1.4x10-5)

(3.28x10-'
+1.09x10-7)

(7.50x10-15
+0.83x10-")

(5.46x10-"
.0.61x10-")

(Bq/g)

(1.6x10-2
+0.49x10-2)

(6.4x10-3
+2.8x10-3)

0.023*0.007

0.06*0.01

0.012.0.004

0.009*0.001

0.009.0.001

Bottom

Wg>
4.5+0.9

13.2+2.1

(8.07x10-11
.3.98x10-'!)

(9.8x10-5
15.6x10-5)

(13.6x10-7
.2.19x10-7)

(44.2x10-15
.5.83x10-")

(30.3x10""
.3.64x10-")

Ash

<Bq/g)

(5.5x10-2
*.!.lxlO-2)

(53.2x10-3
»S.4xlO-3)

0.069+0.034

0.07.0.04

0.050.0.008

0.053+0.007

0.05+0.006

Fly Ash

(ug/g)

4.8+1.2

13.6.2.8

(6.41x10-11
^1.63x10-11)

(8.4x10-5
• 5.6x10-5)

(IZ.3XIO-7
.1.37x10-7)

(37.5x]0-"
•3.33x10-15)

(25.4x10-"
.1.82x10-15)

<Rq/g)

(5.9x10-2
^1.5x10-2)

(54.8x10-3
.11.2x10-3)

0.055.0.014

0.06*0.04

0.04 5.0.005

0.045+0.004

0.042+0.003

Coal Pile R/O

<Ug/U (Plq/g)

22+21

102.110

(2.8x10-10
.3.2x10-1°)

(2.0x10-3
.4.2x10-4)

(5.5x(O<>
.4.4XI0-6)

(1.7x10-13
.1.5x10-13)

(1.2x10-13
.1.1x10-13)

(27x10-2
.26x10-2)

(411x10-3
.444x10-3)

0.24.0.28

1.42+0.3

0.20-0. IS

0.20*0.18

0.20*0.18

Ash System o/F

(ue.lL) (Rq/Ll

1.6.1.6

<1

(<l.2xl0-5)

(2.8X10-5

.1.4x10-5)

(<2.7x!0-6)

(<2.5xlO-l')

(<6. Oi 10-14)

(2.0x10-2
.2.0x10-2)

(4x10-3)

<l

0.02.0.01

<0.l

<0.3

<0.1

2IOPb

Th .Series

232Th

22STh

212P b

2l2Bi

20ST |

U 7x10-7)

(5.0.2.5)

(6.6x10-10)

(9.68x10-"
.3.88x10-14)

0.02.0.01

0.02

0.005^0.002

(12.9.9)

(16x10-10
.13x10-10)

(83.3x10-14
.11.6x10-14)

0.05.0.04

0.05+0.04

0.043.0.006

(5.0.5.0)

(6.6x10-10
.6.6x10-10)

(77.5xl--14
.5.81x10-1*)

0.02.0.02

0.02.0.02

0.040.^.003

(241*37)

(3.3xlO-S
.4.3XI0-9)

0.97^0.15

o.isLo.n

(<2.5)

(<3.3x10-10)

<0.0l

<0.0l

(<2.7x10-1 3)



TAKLE A2 nALHOUSir GENERATING STATION

Coal Pyrite Pottom Ash Fly AMi Caa! Pilo R'O ^sh Svstem O/F

Analyte Method ( U R / O (Rq/K* ( I 'R 'R 1 f '^'fO (UE/R1 '^q/fi1 ( l ic/f^ (TVi'tO (ue/fO (TWO { UR/R) (Bq'Ll

U NAA 1.5j_0.7 U.SxlO-? 0.7*0.1 (O.SxlO-2 &>+!.<» (5.4x10-2 l O / ^ ' O (M.0xl0-2 11 ̂  n^xlO"- 2.*»* 1.0 (VK1Q-2
*X.ftxlO-2l ~ ±0.2x10"2! *l.?xtO--*) ~ ''i.2x 10"^l ~ *dxlO-'> . !.2xlO"2)

Th NAA 1.6+0.5 (fe.'txIO-'' 1.3^0.5 (5.2x10*^ S.l*_|,7 (21\l0*'' S.0.1.9 f . 2x I0" 1 9,11 (3fxl0"^ ?.2* l.f» '£.!<* 10"1

U Series

23*Th Y (2.1x10"'' 0.015U0.012 ([.OOxlO"'' 0.009,0.009 ff.JSxlO"'' O.G î.O.O'iO (9.09x10"'' O.07S.O.0M (| , ' \ 10" '^ 0.1! ' r i 02 (<1.2\10-ql < 1
+_[,40x10" " 1 ~ +_I.G6x 10'' ' i " •a.f-7tJ0'i '1 ~ • ' ' . rSv IO" ' '> ~ «.?.1v(0-' ' l

2 '^T^i ^ t5*f*x (0 "^ 0,0^*f).02 (5-6x10"^ 9* 0^+0.02 f9.7\J0™ 0.07-0.0^* (9.7x10"^ 0 .07*00^ f ^ S x l O " ^ ! 0 0 ^ ( I ^ < 1 0 " ^ 001*000^*
>?.79x IO"^1 *2,SxlO""'^ ••''.fix tO"*^ .7.Ox 10"''I " 0.56x 10" ^1

2 2 ^Ra Y (3.2SxlO"7 0.0[2*0.004 (">. 19x 10"7 0-019.0.002 (I?.0x 10*7 O.O'i'i-O.011 ' 23 . ^ \ ! 0 " ' ? D.O5:7.'j.OO'h (<?.7xlO- ' ; <0.10 f<270x 10"7 ' < [

*2.50x10"' ^) ~ •*•. i f t x lO* ' ""̂  ~ <-10.S\l0"' ' ' I ~ . f i .Wy | 0 " ' ""I

Tli Scries

2 - ^ T h n (2."><0.1)')) 0.01 -0.004 (2.^*0.991 0,01-0.004 (S.O. *i.O^ 0.07-0.0? C>.0' S.01 0.02'0.0? (*>.O^ (~-.ri? (<?.'>) >.0.01
2 2 S T l i n (3.3x10-10 0.01.0.004 (3,1X1O-'O rj.OI .0.004 (f . . f>\IO' '0 0.17.0.^1 n .3 v |O - 'O 0.01.0.01 (r..f.x 10- \r>\ r,.r)7 < < i . i \ l ' H r ' } cO.01

2 l 2 P b Y O.fiSxIO"111 0.005*0.001 f l 1.5x10-' ' ' 0.0OS-0.002 ( T ' . f x l O - ' ' 1 0.0 IS.0,00 3 f^O.^xlO"1 ' ' 0.111 .0.00! - . . .

208y] Y (7.fi2x 10"- ' 0.00 ̂  •



TARLE A3

Analyte

U

Th

V Series

234Th

230Th

2l4P b

21-Ri

LAURTON GENERATING STATICS'

Method

NAA

NAA

Y

a

Y

Y

Y

Coal

(Ug/B)

0.9*0.3

1.6*0.3

(1.28x10-"
.1.40x10'")

(8.4x10-5

(35.5xiO-7

.0.546X10"7)

(6.6x10-15
0.833xl0-15)

(«.84xlO- l!

.0.606x10-!5)

(Bq/R)

(l.lxlO-2

*0.4x10-2)

(6.4xlO-3

0.011*0.012

0.06*0.04

0.130,0.002

0.008_,0.001

0.008,0.001

Bottom

(UR/R)

5.5*0.6

12.8-U.6

(5.13x10-"
.3 .15x10-" )

(11x10-5
• 4.2x10-")

(15.6xl0-7

•l .64xl0"7)

(53.3x10-15
*6.66xlO"15)

(38.2x10-15
,».24xlO-15)

Ash

(Bqfc)

(6.8x10-2
tO.SxIO"2)

(51.6xl0-?

.6.4x10-3)

0.044.0.027

0.008.0.03

0.057.0.006

0.064.0.008

0.063.0.007

Fly Ash

(UR/R)

8.8.0.7

19.3.1.7

(9.09x10-11
.5.48x10-")

( I2 .5 . I0 - '
^2.8x10-5)

(24.6xlO-7

,4.64xlO-7)

(85.Ox 10 - ' 5

• l l . fxlO-1 5)

(62.4x10-15

• 7.27x10" " l

(Rq/R)

(10.8x.10-2
.0.8x10-2)

(77.8x10"3

0.078.0.047

0.09.0.02

0.090.0.017

0.102.0.014

0.103.0.012

roal Pile

(UR/U

12^8

29*29

(< 1.4x10-10)

(5.5x10-4

«4.,x,0-',

(< 1.5x 10" 13)

(< 1 1 x 10" 1 3)

P / O

(Rq/R)

(14x10-2
•10x10-2)

(H6x l0 - 3

.116x10" 3)

,0 .12

0. W_.0.09

<0.1S

<0.IS

<0.1S

Ash Svsten

(UR/L)

2.21,l.S

<< 1.2x10-9)

(1.4x10-5
.0.56x10-5)

(<2.7x\0-'i)

(<2.5xlO-l3)

«60X10-" ')

1 O/F

(Rt)/L)

(2.7x10-2
•2.2x10-2)

, , 4 x , 0 - 3 ,

0.01.0.004

<"

<0.3

<0.1

Th Series

228T h

2"2pb

2I2R1

208T,

(2.5) 0.01
(6.6x10-1° 0.02*0.01
•3.3x10-'°)

».6SxlO-'4 0.005*0.001
,1.91x10-")

(7.62x10-25 0.005*0.0001
.0.610x10-25)

(12.4*2.5)

(16x10-10

,3.3x10-1°)

(SS^x.O-l11

. [9.4xlO-1 4)

0.05,0.01
0.05.0.01

(14.2.5)

(16x10-1°)

(134x10-1"
1226x10-1")

0.06.0.01

0.05.0 (7.6x10-9
•4.3X10"9)

0.24^.13

0.23-0.13

(7x10-7)

3.3x10-1°)

<<2.7xl(H')

•cO.Ol

<0.01

(62.5x10-25 0.041.0.004 (110x10-25 0.072*0.011
.6.10x10-25) .16.8x10-25)



BOUNDARY DAM GENERATING STATION

Analyte Method (lig/g) (Bq/g)

Bottom Ash

(Ug/fi) (Bq/g)

Fly Ash

(ug/g) (Bq/g)

Coal PileB/O

(ug/U (Bq/g)
Ash System O/F

(ug/U (Bq/U

u

Th

U Series

234T h

NAA

NAA

y

230T h

210pb

Th Series

22ST H

2 l2p b

208T ,

(2.4x10-2
+0.4x10-2)

(15xlD-3
+2xI0-3)

(15.6x10-2
+3.8x10-2)

(91,taJ0-3
+20x10-3)

(17.«xl0-2
+3.9x10-2)

(100x10-3
+28x10-3)

93+152

360+573

(4.20x10-11 0.036.0.017 (8.16x10"" 0.070+0.016 (1.32x10-" 0.113.0.076 (1,61x10-'°
+ 1.98x10-") " +5.36x10-11) .8.86x10"") " .4.5xlO-l2I

(1.2x10-5) (16xlO-5

+16xlO-5)
0.12+0.12

0.181*0.012

(20x10-5
+9.7xlO-5)

(1."xl0-"l

(4.4x10-6(5.7txlO-7 0.021+0.003 (19.5xlO"7

+0.82XIO"7) +3.28XI0"7) +3.8x10-")

(16.6x10-15 0.020+0.002 (106x)O-15 0.127+0.019 (160x10-15 0.193+0.010 (eJ.5x10-13
•1.66x10-15) +15.8x10-15) ,8.33x10-'5)

(11.5x10-15 0.019^0.001 (77.0x10-" 0.127+O.OIS (110x10-15 O.I81+O.OO5 O.OxlO-'3

+0.606x10-15) +10.9x10-15) " «3.03x!O-'5) " »J.^XIO-"1*

(16.8x10-25 O.OII+O.OOI (111x10-25 0.073.0.011 (166X10"25

.1.52x10-25) .16.8x10-25) .2.11x10-25)

(1.2+1.86) 5.S+1.1 (7.1x10-2)

(1.45.2.3) <1 (<4xlO-3)

0.11^0.004 (< 1.2x10-9) < |

0.32 (1.4x10-5 0.01.0.01
+1.4x10-5)

0.16.0.14 (< 2.7x10-5) <!

(5.0)

(6.6x10-1°)

(21.3x10-1°
.1.91X10-11")

0.02

0.02

0.0IN0.OOI

(18.7.1)

(23xlO-10

.13x10-1°)

(136x10-14
.17.4x10-14)

O.O7;_O.O3

0.07.0.04

0.070^.009

1.8^9.9

(26x10-10
.13x10-1°)

.34.8x10-1")

0.07.0.04

0.08.0.04

0.112+0.018

(771)

(9.9X.0-8)

3.0

3.0

0.17+0.09 (<60xl0-l5) <0. i

(< 7x10-7) <2

(3.3x10-10

2.7x10-")

<O.OI

0.01.0.004



SUNDANCE GENERATING STATION

Fly Ash

Analyte Method Wg> (Bq/g) (Bq/g) (ug/g)
Coal PileR/O

(lig/U (Bq/g)
Ash System O/F

(Ug/U (Bq/D

u

Th

U Series

2«Th

230Th

226Ra

2">Pb

21*Bi

210pb

Th Series

232Th

2 2 8 T H

212pb

212BL

208T 1

NAA

NAA

Y

a

Y

Y

Y

Y

a

a

Y

Y

Y

2.3*0.6

4.0+0.6

(3.85x10-''
•1.75x10-11)

(9.8xlO-5

•1.4x10-5)

(5.19x10-?
•1.37x10-7)

(14.2x10-5
•1.66x10-15)

(10.3x10-15
• 1.82x10-")

-

(5.0)

(6.6x10-10
•3.3x10-10)

(21.3x10-1"
•3.88x10-1*)

(16.8x10-25
• 3.04x10-25)

(2.8X10-2

•0.8x10-2)

(16x10-3
•2xl0"3)

O.O33±O.O15

0.07+0.01

0.019*0.005

0.017+0.002

0.017+0.003

0.02

0.02+0.01

0.011+0.002

0.011+0.002

11.3+6.2

19.4+3.2

12.4x10-'>
•11.5x10-11)

(25x10-5
•5.6x10-5)

(26.0xl0-7

+7.65x10-7)

(95.8x10-15
•15.0x10-15)

(72.7x10-15
+7.27xl0-15)

-

(24*5.0)

(36x10-10
+13x10-'°)

(113x10-"'
.19.4x10-''*)

(117x10-25
+ 15.2x10-25)

(13.8x10-2
•7.6X10-2)

(78.2x10-3
+ 12.8x10-3)

0.106*0.099

0.18+0.04

0.095+0.02S

0.115+0.18

0.120+0.012

-

0.10+0.02

0.11+0.04

0.074.0.010

0.077*0.0 10

12.3+2.1

24.3+.3.1

(17.0JCIO-"
•8.86x10-")

(1 1x10-5
•5.6x10-5)

(41.0xl0"7

+7.10x10-')

(132X10-15

•14.2x10-15)

(92.7x10-"
+9.70xl0-'5)

-

(18*2.4)

(26x10-10)

(162X10-'11

.2I.3X10-'11)

(142x10-25
.16.8x10-25)

(15.1x10-2
+ 2.6x 10-2)

97.9x10-3
•12.4x10-^)

0.146*0.076

0.08+0.04

0.150*0.026

0.159+0.017

0.153.0.016

0.07*0.01

0.08

0.084*0.011

-

0.09*011

16+41

212+150

(5.»xl0-'°
.5.8x10-'°)

(2.7x10-3
•2.0x10-3)

(1.6x10-5
1.2x10-5)

(52x10-13
.2.9x10-13)

(3.8x10-13
.2.1x10-")

-

(231+37)

(3.1x10-8
+5.0x10"')

-

(0.56+0.50)

(0.S5.0.60)

n.46^0.50

1.94+1.13

0.58.0.44

0.62.0.035

0.63+0.34

0.93+0.15

0.94.0.1 5

-

7.9*4.4

13.6*11.7

(<1.2xlO-9)

(4.60x10-5
.5.43x10-5)

(<2.7xlO-5)

(<2.5xl0-'3)

(*60xl0-!*)

(< 7x10-7)

(4.47.4.47)

(2.64x10-1"
.1.52x10-1°)

-

(<2.7x!0-13)

(9.7x10-2
.5.4X10-2)

(5«.Sxlfl3
.47.2XI0-3)

<l

0.033*0.039

<l

<0.3

<0.1

<2

0.018*0.018

0.008*0.004

<O.I5



TABLE A6

Analyte

U

Th

11 Scries

234-Th

230 r h

226 R a

214pb

M1LNER GF.NERATING STATION

Method

NAA

NAA

Y

a

Y

Y

Y

Coal

WR>

3.9*0.8

6.5*1.6

(4.55x10-11
.3.73x10-")

(9.7X10-5

•1.4x10-5)

(9.05x10-7
+1.64x10-7)

(25.0x10- l 5

.3.33x10-15)

(18.2x10-!5
•1.82xlO- |5)

(Bq/g)

(4.8x10-2
.1x10-2)

(24X10-3

*6.4x".-3)

0.039.0.032

0.07.0.01

0.033.0.006

0.030*0.004

0.030.0.003

Bottom Ash

(vg/s)

6.7.1.1

11.9*1.7

(I4.8X10-"
• 7.81x10-")

(9.7x10-5
.7.0x10-5)

(23.2X10"7

.4.64X10"7)

(70.8x10-'5
^6.66x10-15)

(51.5x10-"
.4.24x10-15)

(8.2x10-2
.1.4x10-2)

(48.0xl0-3

.fi.SxIO"3)

0.127*0.067

0.07.0.05

0.085^0.017

0.0S 5*0.008

0.085.0.007

Fly Ash

(PR'S)

8.4.3.1

13.S.4.8

(13.4x10""
_.11.0xl0-H)

(20x10-5
.9.7x10-5)

(30.9xl0-7

•f.lbxU}-7)

(106x10-15
^15.0x10-15)

(77.0x10-15
.9.70x10-15)

(Bq/s>

(10x10-2
.3.8x10-2)

(0.056xl0-3

^OxlO"3)

O.II5.0.094

0.15.0.07

0.113.0.024

0.128.0.0 IS

0.127 ..0.016

Coal Pile R /O

(vf.lL) (Bq/j>)

54.12

192*56

(8.2x10-'°
.6.6x10"'°)

d.SxIO"3

^1.5x10"')

(2.6x10-5
^1.2x10" 5)

(5.6xlO-13

.3.7x10-")

(5.0x10-1'
.2 .2x10-")

(0.66.0.14)

(0.77.0.22)

0.70.0.56

1.32.1.1

0.96.0.62

0.67.0.44

0.82.0.16

Ash System O/F

(ug/L) (Rq'L)

7.5

11.11

(<l.2x!0-9)

(5.6x10-5
•_]. 4x10-5)

(<2.7x10-5)

(<2.5xlO-l')

(<60xl0"15)

(8x10-2
•6x10-2)

(44x10"'
.44x10"')

< 1

0.04.0.01

^1

<0.3

<0.l

2)0pb

Th Series

2'2Th

228-TH

2 l2 P b

(9.9)

(16x10-1°
.3.3x10-!°)

(32 .9XI0- "
.1.94x10-1*)

0.04

0.05.0.01

0.017.0.001

(12.9.9)

(20x i0- 1 0

•16x10-1°)

(93.0x10-1*
.7.75x10-1*1

0.05.

0.06.

0.045

0.04

0.05

• 0.001

(14.

(20x
.1 h

(132
•17.

9.9)

10-1°
<IO-1°)

x l O - l *
4x10- ' * )

0.06.

0.06.

OMS

0.04

0.04

.0.009

(146.27)

(2, lx lO"s

•7,1x10-9)

0.59.

0.65.

0.11

0.22

(7.4.

.1 .1 '

2.5)

10-10
<10-'°)

-

0.01

0.01

.0.01

..0.01

-

20S r J (25.9X10-25 O.OI7.O.003 (73.2x10-25 0.048.0.004 (97.6x10-25 0.064.0.017
.4.57x10-25) " .6.10x10-25) " .25.9xlO-?5l
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TABLE A7

Radionucljde

238u

232-Th

234-rh
230Th

226R a

21°Pb
232Tn

228-Th
214P b

214Bi

212pb
2 1 2Bi

212P o

CONVERSIONS FROM CONCENTRATION TO ACTIVITY

Conversion Factor
Ug/Bq

1.23 x 10-2

4.03 x 10-3

1.17 x 10-9

1.40 x 10-3

2.73 x 10-5

3.33 x 10-7

248

3.30 x 10-8

8.33 x 10-13

6.06 x 10-13

1.94 x 10-H

1.83 x 10-12

1.52 x 10-22


