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The General Principles and Consequences of Environmental Radiation Exposure in
Relation to Canada's Nuclear Fuel Waste Management Concept

D.K. Myers

ABSTRACT

This document reviews the general principles and biological consequence
of environmental radiation exposure. Particular attention was paid to the ICRP
principle that if individual humans are adequately protected, then populations
of other living organisms are likely to be sufficiently protected. The data
reviewed in this document suggest that this principle is usually valid, although
some theoretical concerns were noted with respect to effects of bioaccumulation
of certain radionuclides in aquatic organisms.

Under natural conditions, humans and many other living organisms are
constantly exposed to background radiation at a rate of about 2 - 3 mSv-a"1 from
natural sources. There are large variations in this natural background exposure,
both for humans and other living organisms in the environment; dose rates of
about 200 mSv-a"1 have been calculated for some lichens and for small organisms
living underground. These dose rates have very little effect on the survival
of populations of living organisms. A large proportion of these natural dose
rates results from the decay of Z38U and its radioactive progeny; 238U is also the
main constituent by weight of used nuclear fuels.

The Canadian concept of nuclear fuel waste management involves disposal
of used fuel in a vault deep within Precambrian rock in the Canadian Shield.
The present review considers potential dose rates and biological effects in other
living organisms that might result from the unlikely event that appreciable
amounts of radionuclides from the used fuel were to reach surface waters, soil
or atmosphere. The primary criterion for potential sources of anthropogenic
radionuclides in the environment is that dose rates to individual humans from
this source should not exceed 1 mSv-a"1 averaged over their lifetime; in the case
of the nuclear fuel waste management program, the limit has been set at 0.05
mSv-a"1 by the AECB.

There is a large amount of scientific information on accumulation of
various radionuclides in tissues of the human body and on the potential
biological effects of radiations from this source on humans. Recommended limits
on the annual intake of a wide variety of radionuclides by humans have been
calculated and published by the ICRP. A limited number of these radionuclides
were examined in detail in the present document. In general, the highest
concentrations of radionuclides will be found at the lowest trophic level, i.e.,
in plants, due to bioaccumulation of essential elements from the environment in
these plants. The concentrations of radionuclides in higher trophic levels,
e.g. , herbivorous and carnivorous animals, are usually lower than those in
plants. Generic or default values for bioaccumulation factors are usually
recommended in the absence of site-specific data; these values are generally
chosen to be conservative. At the limit of 1 mSv-a"1 to humans, calculated
maximum dose rates might reach as much as 10* to 105 mSv-a"1 for aquatic plants
and about 102 to 103 mSv-a"1 for freshwater fish and terrestrial plants and
animals with certain alpha-emitters. Populations of both plants and animals are
relatively resistant to the potential deleterious effects of chronic irradiation.
Review of data on the biological effects of chronic radiation suggests that



natural populations of living organisms are likely to survive these potential
dose rates. The dose limit of 0.05 mSv^a"1 selected for waste disposal in Canada
should provide a further margin of safety to guarantee that survival of these
natural populations is ensured.

The effects of radiation on environmental organisms other than humans do
not appear to be a critical consideration for the Canadian nuclear fuel waste
management concept. Available analyses suggest that none of the radionuclides
which could result in much higher doses to other environmental organisms than
to humans are likely to reach the biosphere within 101" or even 107 years after
closure of a properly designed disposal site deep within Precarabrinn rock.
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ÉNERGIE ATOMIQUE DU CANADA LIMITÉE

PRINCIPES GÉNÉRAUX ET EFFETS DE L'IRRADIATION SUR L'ENVIRONNEMENT LIÉS

AU CONCEPT DE GESTION DES DÉCHETS DE COMBUSTIBLE NUCLÉAIRE AU CANADA

D.K. Myers

RÉSUMÉ

Le présent document examine les principes généraux et les effets biologi-
ques découlant de l'irradiation de l'environnement. On a attaché une
attention particulière au principe émis par la CIPR, à savoir que si les
êtres humains sont adéquatement protégés, les populations d'autres orga-
nismes vivants sont alors en principe suffisamment protégées. Les données
étudiées dans le présent document semblent indiquer que ce principe est en
général valide. Certaines préoccupations hypothétiques ont toutefois été
remarquées par rapport aux effets que pourraient avoir une bio-accumulation
de certains radionucléides dans les organismes aquatiques.

Dans un environnement naturel, les humains et quantité d'autres organismes
vivants sont constamment exposés au fond de rayonnement, dont le débit est
environ 2 - 3 mSv-a"^, provenant des sources naturelles. Il existe d'im-
portantes variations du fond naturel de rayonnement pour les humains et les
autres organismes vivants dans l'environnement; des débit de dose d'environ
200 mSv-a"! ont été calculés pour certains lichens et certains petits
organismes vivant dans le sol. Ces débits de dose ont très peu d'effets sur
la survie des populations d'organismes vivants. Dans une grande propor-
tion, ces débits de dose naturels proviennent de la désintégration de
l'235[j e t je ses produits de filiation radioactifs; l'235u est: également le
principal élément constitutif, de par son poids, des combustibles nuclé-
aires irradiés.

Le concept canadien de gestion des déchets de combustible nucléaire con-
siste à stocker en permanence le combustible irradié dans une enceinte
construite dans les couches profondes de la roche précambrienne du bouclier
canadien. La présente étude examine les débits de dose éventuels et les
effets biologiques sur d'autres organismes vivants qui proviendraient de ce
que des quantités appréciables de radionucléides du combustible irradié
atteignent les eaux de surface, le sol ou l'atmosphère, ce qui est peu
probable. Le critère fondamental relatif aux sources possibles d'émission
de radionucléides liés aux activités humaines dans l'environnement est que
les débits de dose acceptables pour les humains ne devraient pas excéder
1 rnSv-a"! en moyenne au cours de leur durée de vie. Dans le cas du pro-
gramme de gestion des déchets de combustible nucléaire, la CCEA a fixé la
limite à 0,03 mSv-a"1.
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II existe une quantité importante d'informations scientifiques 'Hir l'accu-
mulation île différents radionucléides dans les tissus du corps humain et
sur les effets biologiques éventuels des rayonnements provenant de ces
sources sur les humains. La CIPR a calculé et communiqué les limites re-
commandées: concernant l'absorption annuelle d'une grande variété rie radio-
nucléides par les humains. Un nombre restreint de radionucléides ont été
étudiés de façon approfondie dans le présent document. Ei: général, les
plus fortes concentrations de radionucléides se retrouvent dans les niveaux
trophiques inférieurs, à savoir dans les plantes en raison de In bio-accu-
mulation d'éléments essentiels provenant de l'environnement. Les concen-
trations de radionucléides contenus dans les niveaux trophiques supérieurs,
soit les animaux herbivores et carnivores, sont habituellement inférieures
à celles retrouvées dans les plantes. Les valeurs de base ou par défaut sur
les coefficients de bio-accumulation sont normalement recommandées en
l'absence de données spécifiques recueilliJS sur le terrain; ces valeurs
sont généralement choisies pour être utilisées avec prudence. La limite
admissible étant de 1 mSv-a"^ pour les humains, les débits de dose m?xi mum
calculés peuvent cependant atteindre ICH à ICH mSv-a"-' pour les plantes
aquatiques et environ 10> à ICH mSv-a"' pour les poissons d'eau douce et
les plantes terrestres, ainsi que les animaux avec certains émetteurs
alpha. Los populations de plantes et d'animaux sont passablement résis-
tantes aux effets nocifs éventuels d'une irradiation endémique. [-'étude
des données sur les effets biologiques d'une irradiation endémique semble
indiquer que les populations naturelles d'organismes vivant:; peuvent survi-
vre à ces débits de dose éventuels. Le débit de dose liirite de
0,05 mSv-a" , choisi dans le cas du stockage permanent des déchets au
Canada , devrait donner une marge de sécurité supplémentaire afin de
garantir la survie de ces populations naturelles.

Les effets des rayonnements sur les organismes de l'environnement autres
que les- humains ne semblent pas constituer un point déterminant dans le cas
du concept canadien de gestion des déchets de combustible nucléaire. Les
études à notre disposition semblent indiquer que, aucun des radionucléides
susceptibles de causer des doses beaucoup plus élevées à d'autres organis-
mes rie l'environnement que les humains, atteindront vraisemblablement la
biosphère dans 10^ ou mémo 10' années après la fermeture d'un site de stoc-
kage permanent adéquatement conçu dans les profondeurs de la roche précam-
bri onne.

Division ries sciences de la santé
Laboratoires nucléaires de Chalk River'

Chalk River (Ontario) KOJ 1J0
Septembre 1989
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1. INTRODUCTION

Ionizing radiation .rind radioactive elements from natur.il sources are
pervasive in our environment. Human activities may cause Increases in
environmental radiation levels. The potential for detrimental changes in the
health and productivity of humans, plants and animals is of concern to scientists
and the public.

Considerable effort has been made to assess the health hn/.ard to humans
from ionizing radiation. Major documents such as BEIR (1972, 1080, 1988) and
UNSCEAR (1977, 1982, 1986, 1988) reports provide detailed analyses of the sources
and consequences of radiation exposure of humans. The International Commission
on Radiological Protection (ICRP) has provided clear guidelines for assessing
and limiting the exposure of humans to ionizing radiation (see, for example, ICRP
1977, 1979-81), and these recommendations form the basis for radiation safety
programs in most countries.

The exposure of humans to environmental radionuclides often comes only at
the end of a long sequence of environmental processes. In some situations,
other organisms might receive a greater radiation dose, or be at greater risk,
than humans. The ICRP has issued the following statement (see para. 14 in ICRP
Publication 26, 1977) :

Although the principal objective of radiation protection is the
achievement and maintenance of appropriately safe conditions for
activities involving human exposure, the level of safety required
for the protection of all human individuals is thought likely to be
adequate to protect other species, although not necessarily
individual members of those species. The Commission therefore
believes that if man is adequately protected then other living
things are also likely to be sufficiently protected.

The cited paragraph from the ICRP does not state, as is sometimes assumed,
that humans are the most sensitive organism to ionizing radiation. The
implication is rather that adherence to radiation protection guidelines designed
to protect individual human beings is likely to ensure the survival of
populations of other species of living organisms, though "not necessarily
individual members of those species." A similar statement is found in BEIR
(1972), but this latter document emphasized the need for further ecological
studies to answer certain questions related to the release of radionuclides into
the environment.

This topic is currently being considered by an advisory group to the IAEA.
The second paragraph from the 1988 draft of their working document:

There is little doubt that radioactivity in the environment can be
expected to produce similar or even substantially higher doses to
certain organisms than to people living in and deriving sustenance
from the same environment. Therefore, the risk of effects
(discounting variations in radiosensitivity, lifespan, etc.) would
appear as high or higher for natural biota as for humans. However,
there is a basic difference in the manner that we, as humans, view
risk to people as compared to other species. For people, our values
are strongly focussed upon the individual, as individuals are
considered to have great value and importance. In contrast, most



other species are viewed and valued more as a population thin a:;
identifiable individuals. However, in certain cases, empha:, i :; n,iv
be placed on individual organisms rather than populations. Such a
case would be that of domestic animals for which economic and oilier
considerations mav make each individual valuable. Generally t hough ,
a particular radiation dose may produce occasional c it.ast ropli i r
effects to a few individuals in an irradiated population without
causing a noticeable or deleterious effect on the population as a
whole. This dichotomy in the human value system must be rccof.n i ;u-d
because it is perhaps the basic explanation for the; current
philosophy on protection standards for species other than man.

The same concept is indicated in a different context: in the final
paragraph of an earlier review by Blaylock and Trabalka (1978):

Any prediction of the effects of an increased mutation rate on fish
and other populations of aquatic organisms must he made within the
perspective- of the reproductive rate of the species and the value
of one individual to the population. In aquatic organ isms, where-
reproductive, rates are generally very hi git and on which the
selective pressures are strong, the value of one or even thousands
of individual organisms to the population is rather insignificant
insofar as the long-term structure and fate of the population are
concerned. The same criteria cannot be applied to human
populations, for a great value is placed on the individual members,
and many with relatively low adaptive values are maintained in the
population. Thus, in aquatic populations where less than 1% of the
viable zygotes is normally expected to mature to adulthood and to
reproduce (i.e., to comprise the effective gene p o o l ) , even if we
make the most conservative assumption that all radiation-induced
mutations are harmful to the population, we would predict that no
significant deleterious effects are likely to be produced in
populations of aquatic organisms at the dose rates v;e are
considering.

The same principle was also stated in an IAEA report (1976).
In Canada, radiation exposures due. to the peaceful uses of radioact i ve

materials are controlled and regulated by the Atomic Energy Control Roard (AECB)
of Canada. Proposed revisions to AECB regulations (AECB 1986) and the
regulatory document concerning disposal of radioactive wastes (Al-XK 19S7)
include requirements to ensure protection of the environment as well as of
humans. Those requirements are taken to mean protection of the survival of
populations of other species of living organisms in the environment, in the same
wanner as indicated by the ICRP. Extrapolation to mean protection of individual
members of other species would appear illogical in view of the limited survival
'if most individuals of other species under natural conditions and in view of the
impact on the physical environment and on individual members of other species
of all human activities that are designed to provide adequate food, clothing and
s 11 c. 1 t e r for hum a n s .

The present document will review published literature relevant to an
assessment of the validity of the cited statement from paragraph 1 •'* of ICRP
Publication 26, with particular attention to the concept of nuclear fuel waste



management (NFWM) by disposal deep in a vault in Precambrian rock in the
Canadian Shield (a formation of ancient bedrock which runs roughly in the shape
of a U around Hudson and James Bays). In order to provide some background to
this assessment, we will also discuss (1) the various sources of ionizing
radiation in the natural environment, (2) the metabolism of radionuclides, (3)
the dynamics of radionuclides in ecosystems, (4) potential radiation doses to
environmental organisms, (5) the short- and long-term biological effects of
radiation exposure on organisms, and (6) the ecological consequences of
prolonged exposure to radiation. A more complete discussion of some of these
latter points is given by IAEA (1976), Whicker and Shultz (1982) and Blaylock
(1982).

Protection of environmental organisms other than humans against potential
toxic effects of chemicals and heavy metals associated with the nuclear fuel
cycle and with nuclear fuel waste management in particular will not be reviewed
in the present document. This topic is addressed in other documents (Goodwin
cr al . 1987b; Amiro 1989). The present review is restricted to protection
against ionizing radiation.

2. SOURCES OF RADIATION IN THE NATURAL ENVIRONMENT

Radioactivity is a natural part of the environment, and every living thing
is continuously exposed to it. Organisms are exposed externally to cosmic rays,
and to radiation from radionuclides in the atmosphere, soil, bedrock, water, and
other organisms. Organisms are also exposed to radiation from internal
radionuclides taken into the organism. Radiation from nonanthropogenic sources
is termed natural or background radiation. The development of nuclear
technology for power generation and for military, industrial and medical
applications has resulted in the introduction of uncommon radionuclides into the
environment.

Significant external sources of radiation tend to be emitters of 7-rays
or high energy /3-rays, which have low attenuation in air and which can penetrate
to appreciable distances through water or tissue. The more significant internal
sources of radiation are emitters of or-particles. The very short range of
Q-particles (< 0.1 mm in water or tissue) and their high linear energy transfer
(LET) results in the deposition of substantial energy within a very small mass
of tissue, thus producing greater biological effect per unit of absorbed dose.

Amounts of radionuclides are expressed in becquerel (Bq), where 1 Bq
equals 1 radioactive decay per second. Absorbed doses of radiation are
expressed in gray (Gy), where 1 Gy equals 1 joule absorbed energy per kilogram.
Absorbed doses in Gy are multiplied by an internationally accepted value of
quality factor (Q) to obtain dose equivalents in sieverts (Sv). The quality
factor is introduced to allow for differences in the relative biological
effectiveness of different types of ionizing radiation; for purposes of
radiation protection, Q is assumed to be 1 for /3-, 7- and X-rays and to be 20
for a-particles. A given radiation dose to a given tissue expressed in Sv (or
in some convenient multiple such as millisievert or mSv) should have the same
biological effect regardless of the source or type of radiation involved; under
these conditions, radiation effects on the tissue should of course be the same
for exposures from external or internal sources.

The assumption that Q = 1 may overestimate the biological effects of 7-
rays relative to those of X-rays at low dose rate by 2-3 fold (see Myers and



Johnson 1986, ICRU 1986) while the assumption that Q = 20 will also overest. imate
the effects of a-particLes compared to X-rays for the induction of certain
biological effects, such as chromosomal aberrations in human lymphocytes. The
assumed values are internationally accepted approximations which may in some
cases be conservative.

2.1 Primordial Radi onuc1i des

Most background radiation of terrestrial origin can bo attributed to the
radioactive decay of the primordial radionuclides 40K, 232Th, and 238U, although
many other primordial radionuclides exist in trace amounts (WcdepohL 1978,
Whicker and Schultz 1982, Bowie and Plant 1983). The concentration of: these
radionuclides in the soil is a major determinant of the external component of
the background radiation experienced by organisms. 'l0K decays by a single
nuclear event, while 232Th and 238U both head a long series of nuclear decays.
Fig. 1 shows the decay series for 238U, which is the principal component by
weight, of the fuel in CANDU nuclear power reactors and which is also responsible
for a major portion of exposures of living organisms to radiation from natural
sources (see section 2.4).

Potassium is a major element in rock-forming minerals such as feldspars
and micas, and 40K is the most common primordial radionuclide. The mean
abundance of K in the earth's crust is approximately 2.0%. The natural isotopic
abundance of *0K is 0.012%, giving an effective abundance of 2 - 3 jig-g"1 in the
lithosphere. Potassium is essential for life and is ubiquitous in the
biosphere, occurring at slightly lower concentrations in living organisms than
in geological material.

Two isotopes of thorium have appreciable natural abundances". 232Th is the
parent nuclide of the thorium decay series, and 230Th occurs in the 238u decay
series. The abundance of 232Th in crustal rock is 6 - 10 /jg-g"1. Thorium has
generally low environmental mobility because it is adsorbed readily by cation-
exchange surfaces, and thereby denied aqueous transport (Sheppard 1980). The
concentration of thorium in soils is generally less than 10 Aig-g"'", although
thorium-rich monazite sands are well known at certain locations in coastal
regions of Australia, Brazil and India.

Uranium occurs in crustal rock at an average level of 2.5 Mg'g *• The
isotope 238U comprises 99.3% of the naturally occurring uranium, and is more
significant environmentally than other uranium isotopes (Sheppard 1980).
Natural concentrations of uranium can vary substantially, and may be
significantly higher than the mean in certain phosphate-rich sedimentary rocks,
and where precipitated from groundwater solution. Uranium can be relatively
mobile in the environment under oxidizing conditions, especially in acidic or
carbonate-rich waters. It also moves freely when sorbed to colloidal particles
or as part of organic complexes. Under reducing conditions, uranium is strongly
sorbed by organic substances and Fe sulfides. Generally, urinium is leached
into groundwater under oxidizing conditions, and precipitated in reducing
environments.

The radioactive decay of ''"K produces /)- and 7-radiations, whereas both the
2~2Th and 238U decay series produce a-, ft, and 7-radiations. The average activity
concentrations of '<0K, 232Th, and 238U in soil and the corresponding dose rate in
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Figure 1. Schematic representation of the 238U main decay series. The half-life
of each radionuclide is given in parentheses, and the symbol beside
each arrow indicates the principal form of radiation produced. Small
amounts of 7-radiation are also produced at various steps in the decay
series.



Table 1. Average activity concentration of *°K, Z32Th, and 'A3H\J in soil and
absorbed dose in air 1 m above the ground (UNSCEAR 1982).

Rndionuclide Absorbed Dose
Average Concentration Rate <a> in air
in soil (Bq-kg"V'! (10"'' Gv-a !)

K-40 370 (100-700) 1.4 (0.4-2.6)
Th-232 25 ( 7- 50) 1.5 (0.4-2.9)
U-238 25 ( 10- 50) 1.0 (0.4-1.8)

'a) The typical range is given within brackets.

ail" 1 m above the ground surface, given secular equilibrium within the dec.iv
series, is shown in Table 1. The average absorbed dose rate in air from
7-radiation would approach 0.4 mSv-a"1 (UNSCEAR 1982). Because there is little
attenuation of the 7-rays in air, dose rates at increasing distances above tho
ground surface will not differ greatly.

Under equilibrium conditions, each of the radioactive members of the "3eU
decay series (Fig. 1) and of the Z32Th decay series will be present in the same
concentrations in Bq'kg 1 as the parent radionuclide. Thus the concentration in
Bq.kg'1 of radionuclides in undisturbed soil due to Z38U decay would be 14 times
the concentration of 238U, while that due to Z32Th decay is 10 times the
concentration of 232Th. The total concentration of radionuclides in average soil
would thus be about 103 Bq'kg"1.

It should be mentioned that 238U is not only the head of a radioactive
decay series but also gives rise to radioactive progeny by spontaneous fission
(UNSCEAR 1982). The radioactive fission products produced in nuclear reactors
are thus not unique but their natural concentrations are extremely small. For
example, the average concentration of 90Sr from natural sources in soil is about
2 x 10"B Bq-kg"1, as compared to average concentrations of about 0.2 and 25
Bq-kg"1 for 235U and Z38U, respectively (UNSCEAR 1982). Dose rates from these
fission products under natural conditions are trivial compared to those from
other sources of natural radioactivity.

2 . 2 Cosmic Radiation

Radiation of extraterrestrial origin, known as cosmic radiation, falls
continuously on the earth. Cosmic radiation comprises a relatively constant
component of galactic origin and a more variable solar component. Primary
cosmic rays are atomic nuclei, comprising protons (85%), a-particles (14%), and
heavier nuclei (1%). These high-energy particles collide with atoms in the
atmosphere, producing secondary cosmic radiation, some of which penetrate the
atmosphere to reach the earth's surface. Secondary cosmic radiation includes
various subatomic particles (protons, neutrons, /3-particles, pions, muons) and
spallation products (nuclides formed by the fragmentation of larger nuclei).
The many forms of secondary cosmic radiation interact further with atmospheric
material, producing a cascade of radiations of progressively lower energies.



Primary and secondary cosmic radiation produces a considerable number of
detectable radionuclides. Only two of these cosmogenic radionuclides, 3H and
K C , have high production rates (Kirby 1974). Both are isotopes of biologically
important elements and they move freely throughout the biosphere. (As indicated
in Appendix A, 3H and U C are also present in small amounts in the inventory of
radionuclides in used nuclear fuel). Unlike the primordial radionuclides, whose
natural abundance continues to decline slowly via decay, the cosmogenic
radionuclides are continuously produced in the atmosphere. The natural
abundance of these isotopes in the world is determined primarily by the
equilibrium between radioactive decay and atmospheric production.

The flux of cosmic radiation varies with altitude (UNSCEAR 1982). In the
upper regions of the atmosphere, the intensity of cosmic radiation increases
through the buildup of secondary radiations. As the kinetic energy of the
incident cosmic radiation is dissipated via the secondary radiations, the flux
of cosmic radiation declines in the lower atmosphere. At sea level, about 70%
of the flux are muons, 30% are electrons, and less than 1% are protons. The
flux of cosmic radiation is greatest at about 20 km above sea level.

The intensity of cosmic radiation also varies according to latitude. The
earth's magnetic field effectively shields the lower latitudes from the full
flux of cosmic rays. Only those charged primary particles having high energies
are able to penetrate the magnetic lines of force. At the high latitudes
(> 60°), the magnetic lines of force are nearly perpendicular to the earth's
surface, and a greater spectrum of cosmic rays is able to penetrate the
atmosphere.

The absorbed dose from cosmic radiation at low altitudes (< 1-2 km) and
latitudes (< 60°), the zone of greatest bio-environmental significance, is given
by UNSCEAR (1982). The absorbed dose in air is about 0.3 mSv-a"1. The
radionuclides produced by cosmic radiation and ingested into the body add about
0.015 mSv-a"1 to this total.

2.3 Variations in Background Radiation

The component of background radiation due to natural radioactivity has
remained remarkably constant throughout the period during which the more complex
living organisms have existed on the earth. Modern estimates put the
condensation of our planetary system at about 5 x 109 years ago. Organized life-
forms date from about 3.5 x 109 years, and the "modern" era of multi-cellular
life began in the Cambrian geological period, some 6 x 10s years ago (Stormer
1975).

One can infer the background radiation due to primordial radionuclides at
previous times in earth's history by extrapolation from modern conditions. One
must assume that the half-lives have remained constant, and that the 232Th and
238U decay series were in secular equilibrium long before life arose. Table 2
indicates how much greater the concentration of ''"K, 232Th and 238U would have been
at the beginning of the Cambrian period (6 x 108 years ago) in the surface
material of the earth. These changes are relatively small.

Variations in cosmic radiation with altitude and latitude were noted in
section 2.2. Temporal changes in the radiation exposure from cosmic rays are
more difficult to infer. It is reasonable to assume that, by the time major
life forms appeared on earth, the nitrogen content of the atmosphere had reached
a stable concentration. Nitrogen is the precursor in the production of both 3H



Table 2. Changes in the activity of primordial radionuclides since the
beginning of the Cambrian geological period.

Half-life Ratio u)

Radionuclide (in years) ActivityQ/Activityt

K-40 1.3 x 109 1.39
Th-232 decay series 1.4 x 1010 1.030
U-238 decay series 4.5 x 109 1.098

(a) Ratio of estimated activity 6 x 108 years ago to that at present.

and 1(|C and is also the major elemental constituent of the atmosphere. The flux
of primary cosmic radiation penetrating the upper atmosphere depends on the
strength of the earth's magnetic field. There have been many reversals in the
polarity of this magnetic field (Dubrov 1978), and during the periods of
transition from one polarity to the other, the field strength must have been
less than it is now. At these times the flux of primary cosmic radiation, and
hence the rate of production of cosmogenic radionuclides, would have increased.
If the amount of cosmic radiation reaching the tropical regions of the earth's
surface during times of magnetic reversal were similar to that currently
reaching the polar regions, this increase would have been about 3-fold in
tropical regions at these times.

Variations in background radiation levels from one locality to another are
much larger than the temporal variations considered above. Background radiation
from the soil can be more than ten times the normal value in some locations
where the soil or rock is richer than average in 238U or Z32Th (UNSCEAR 1982).

There are also large variations in exposure to the short-lived progeny of
radon. Z22Rn and 220Rn are inert, radioactive noble gases produced in the decay
series originating with 238U (Figure 1) and £32Th, respectively. Radon itself has
a low solubility in water and does not accumulate in living organisms; as an
inert gas, it tends to diffuse out of the soil, where it is formed by
radioactive decay, and to disperse in the atmosphere. However, it does tend to
accumulate in enclosed structures built on the surface of the earth. The
average concentrations of radon in the soil at a depth of 0.4 metres, in houses
in temperate climates and in the open air one metre above the ground are in the
approximate ratio of 10* to 8 to 1, respectively (UNSCEAR 1982). A large
proportion of the total radiation dose to humans from natural sources is due to
inhalation of the short-lived radioactive progeny of radon; in contrast to the
inert gas radon itself, these progeny tend to be deposited on the lining of the
respiratory tract. Exposures of humans to radon progeny vary more than 10-fold
from one house to another and from one city to another in Canada (UNSCEAR 1982)
due to differences in the construction of the houses and in the properties of
the underlying soil. In general, radiation doses from radon progeny to most
terrestrial organisms on the surface of the earth will be somewhat lower than
those to humans because of the lower concentrations of radon in the open air,
while the doses to organisms living in the soil will be much higher than those



to humans because of the higher concentrations of radon, uranium and thorium in
soil.

At the average concentrations of 40K, 232Th and 235U in undisturbed soil
under natural conditions (Table 1), the dose rates in the soil would be about
170 mSv-a"1. Most of this exposure is due to a-particles from the 232Th and 238U
decay series. Dose rates to small unicellular organisms which do not
concentrate these alpha-emitters should thus be about 170 mSv-a'1, while dose
rates to larger organisms living underground will depend mainly on the degree
to which these alpha-emitters are incorporated into the tissues of the organism.

2.4 Average Exposures to Radiation from Natural Sources

Table 3 provides one useful summary of the average annual exposures of
humans to radiation from natural sources. Total exposures were calculated to
amount to about 2 mSv per year. These data have a limited applicability to
other species of living organisms. Average doses from external sources (about
0.65 mSv per year) should be approximately the same for most terrestrial
organisms as they are for humans. Depending en the average depth of water in
which they live, doses from cosmic rays may be somewhat smaller for aquatic
organisms because of shielding by the water. Internal doses from 14C and 40K
should be approximately the same for most living organisms, including humans,
since the C and K content of most living organisms is roughly similar.

Similar comparisons are not valid for internal doses to humans resulting
from the 238U and 232Th decay products. A large proportion of these latter doses
are due to inhalation of the short-lived progeny of 222Rn (radon) and 220Rn
(thoron) which accumulate inside dwellings. Calculation of doses for humans
involves a detailed understanding of the deposition of radon progeny in the
human respiratory tract and subsequent internal metabolism in the human body.
Comparable data are not available for most other living organisms. Certain
plants, for example, lichens, are known to entrap radon progeny on the rough
surfaces of their foliage and may be exposed to relatively high dose rates up
to 200 mSv-a"1 from this source (see section 3.4). Organisms living underground
may also be exposed to very high concentrations of radon progeny. For most
other terrestrial species, the relative impact of radon and thoron progeny is
unlikely to be much greater than it is for humans.

The data given in Table 3 could be compared with those for freshwater fish
(Table 4) as derived from Tables XX and XXXI in IAEA report number 172 (1976).
It should be noted that the dose rates given in Table 3 are expressed in
effective dose equivalents (see section 4.3) whereas those given in Table 4 are
dose equivalents to fish muscle only, with no allowance for the concentrations
of radionuclides in other organs. However, it would appear that the dose rates
from natural sources are not too dissimilar for fresh water fish (Table 4) and
for humans (Table 3).

A summary of the average exposures of humans to radiation from all sources
is given in Table 5. Further details on exposure of the population in the
U.S.A. and Canada to natural background radiation can be found in NCRP Report
94 (1987 b). For living organisms other than humans, the radiation doses from
occupational sources and medical diagnoses (Table 5) can be largely ignored.
The doses from radon progeny given in Table 5 are roughly double those given in
Table 3; a recent recalculation in UNSCEAR (1988) also suggests somewhat higher
doses than those shown in Table 3. It is noteworthy that the doses received by
humans from all other sources (weapons fallout, nuclear power generation, etc.)
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represents only a very small fraction of the radiation doses received from
natural sources Detailed assessments of these contributions are not available
for most non-human species. However, given the comments on Tables 3 and 4
above, it seems probable that the average exposure of many other living
organisms to radiation from all natural sources might be somewhere in the region
of 1 to 10 mSv per year. There will of course be exceptions to this general
conclusion.

Table 3. Estimated per capita annual effective dose equivalents from natural
sources for humans living in areas of normal background (UNSCEAR
1982).

Source of irradiation

Effective dose equivalent CmSv-a"1)

External
irradiation

Internal
irradiation Total

Cosmic rays
Ionizing component
Neutron component

Cosmogenic radionuclides
(primarily C-14)

Primordial radionuclides
K-40
Rb-87

U-238 Series:
U-238/U-234
Th-230
Ra-230
Rn-222/Po-214
Pb-210/Po-210

Th-232 Series:
Th-232
Ra-228/Ra-224
Rn-220/Tl-208

0.28
0.02

0.12

0.09

0.14

0.015

0.28
0.02

0.015

0.18
0.006

0.01
0.007
0.007
0.80
0.13

0.003
0.013
0.17

0.
0.

1.

0.

30
006

04

33

Total 0.65 1.35 2.0
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Table 4. Annual dose equivalents from natural sources to freshwater fish living
at 1 m depth In water (IAEA 1976).

Source Dose equivalent (in mSv-a"1)

Cosmic rays

External sources in water

Internal radionuclides
H-3
C-14
K-40
Fb-210/Bi-210
*Po-210
*Ra-226
vTh-232
*U-234
*U-235
*U-238

External sources in sediments

0.22

3.7 x 10"5 to 0.06 (a)

1 x 10"5

4 x 10"3

0.3
< 4 x 10'*
0.07 to 2.1
0.004 to 0.04
0.004 to 0.02
0.008 to 0.08
< 0.002
0.004 to 0.04

0.3 to 3.2 (b)

Total to fish at a distance from sediments
Total to small fish on sediments

0.6 - 2.9
0.9 - 6.1 (b)

(a) Variations in dose rates from external sources in water are due
mainly to variations in the concentrations of the progeny of Rn-
22*. dissolved in the water.

(b) Dose rates from sediments include both /?- and 7-rays from naturally-
occurring radionuclides; the highest values are applicable only to
small fish or other animals (mollusca, Crustacea) living in contact
with the sediment.

* Alpha-emitting radionuclides; absorbed doses in mGy are multiplied by 20 to
obtain dose equivalents in mSv.
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Table 5. Average annual exposure of persons in the U.S.A. to radiation from
all sources (NCRP 1987).

Average annual
Source exposure

(in mSv)

Natural sources:
Radon 2
All other 1

Medical diagnoses 0.5

Occupational

(medical, nuclear, industrial, mining, etc.) 0.01

Public exposures from nuclear fuel cycle 0.0005

Fallout from nuclear weapons testing <0.001

Miscellaneous other sources(domestic water supplies,
building materials, natural gas, TV receivers,
luminous watches, etc.) =0.1

Total 3.6

3. ECOLOGICAL CONSIDERATIONS

Many complex processes operate in the biosphere, continually redistributing
matter and energy (Scientific American Editors 1970). Both biological and non-
biological forces move elements from place to place, or from one ecological
stratum to another. Primordial, cosmogenic and anthropogenic radionuclides are
all environmentally mobile, at least over very long periods of time. The
structure and functioning of ecosystems determine the extent to which organisms
encounter radionuclides, and the resulting radiation exposure, Knowledge of
ecological processes assists in assessment of radiological hazards.

3.1 Ecosystem Function

Ecosystems are assemblages of specific biotic and abiotic entities within
a given space and area (Odum 1971, Whicker and Schultz 1982). The physical
boundaries of an ecosystem can be as distinct as a lakeshore, or as arbitrary
as a forest edge. The specific components vary with ecosystem, but generally
comprise plants, animals, gases, particulates, water, organic detritus, and
soils or sediments. These components function in a mutually dependent fashion,
to a large extent independently of surrounding ecosystems.
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Ecosystems are characterised by the manner in which energy and materials
enter, circulate within the ecosystem, and leave. The major inputs to an
ecosystem are solar radiation, water, minerals, and organic material (living or
otherwise), and the major exports are heat, water, minerals, and organic
material. Within the ecosystem, elemental material cycles by passing from one
type of organism or sector of the nutrient pool to another. Such cycling can
theoretically continue indefinitely unless the material is lost from the
ecosystem. Energy, on the other hand, is continually lost as radiant energy,
because of the thermodynamic constraints on biological processes. Only the
continuous input of energy, usually derived from the sun, permits ecosystems to
continue to function.

Organisms may be classified according to the role they play in the
ecosystem. The functional classification of organisms crosses phylogenetic
boundaries; closely related species may behave very differently whereas
genealogically distant species may function similarly. The major components of
ecosystems are diagrammed in Figure 2. The energy from solar radiation is used
by chlorophyll-bearing plants to fix water and gaseous C02 into carbohydrates,
in a process called photosynthesis. Carbohydrates may be oxidized to regain
this energy. Consequently, green plants are the basis of most ecosystems
because of their unique ability to produce organic material from simple
compounds. Plants can satisfy their energy requirements for growth,
maintenance, and reproduction with only sunlight, water and simple nutrients.
Most non-photosynthetic organisms, with the exception of certain bacteria, rely
on the chemical energy in the organic materials produced by plants.

Organic material and mineral nutrients, usually in the form of biological
tissue, are the currency of the ecosystem. This currency passes from the
primary producers (green plants) to the primary consumers (herbivores).
Herbivores themselves fall prey to secondary consumers (carnivores or
omnivores) , and secondary consumers to higher levels, etc. Each of these groups
also transfers energy and material to decomposers through excretion and death.
Decomposers such as fungi and bacteria may themselves serve as sources of
materials for other organisms, but ultimately they release the fixed hydrogen,
carbon, oxygen, nitrogen and mineral nutrients back into the ecosystem in
relatively simple chemical forms.

The stability of an ecosystem, as measured by its ability to withstand
perturbation, generally increases with the complexity of its structure. The
various processes that determine the distribution and fluxes of matter and
energy in ecosystems are highly integrated as a result of evolutionary
optimization. Whenever the biological character of an organism influences one
of these processes, natural selection will act so that the best interest of the
organism is achieved, given the existing system. This inevitably leads to
structural complexity. The many processes and independently evolving
populations of organisms in an ecosystem undergo continual adjustment. The
resulting cybernetic nature of the ecosystem, with its structure of positive and
negative feedback loops, imbues it with resilience and strength.

One perspective on the resilience of ecosystems is provided by
considei~ations on the possibility of ecological recovery following one ultimate
catastrophe, nuclear warfare. Theoretical considerations indicate that
ecosystems are certainly vulnerable to severe short-term damage resulting from
a hypothetical large-scale nuclear attack on the U.S.A. However, the stresses
of blast, fire, ionizing radiation, increased ultraviolet radiation and climatic
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Figure 2. The ecological transfer of nutrients through various trophic levels,
and their subsequent ecological cycling.
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changes would diminish after a large-scale nuclear exchange, and the opportunity
for ecological recovery would follow after a period of years (Whicker and
Schultz 1982) . The rate and pattern of ecological recovery can be predicted
from principles of ecological succession and pertinent data from field studies.
The conclusion has been reached that eventual ecological recovery following
nuclear warfare is virtually certain (Whicker and Schultz 1982) .

3 . 2 Element Cycles in Ecosystems

The natural cycles of biologically significant elements are of fundamental
importance to the behaviour of radionuclides in the environment. Many
biological, hydrological, atmospheric, and geological processes move materials
from place to place on the earth. In most cases the quantity of radionuclide
is many times less than that of the stable material, and so the radionuclide
becomes entrained in processes for which it is not a driving force. The cycling
phenomena of the biologically important elements (notably H, C, N, 0, S, P, and
a variety of mineral elements) involve physical transport from place to place,
and complex biological and chemical transformations. These elements may be
transported as gases or bound to particles through the atmosphere, dispersed in
various water bodies (ground water, lakes, rivers, oceans), or carried in other
mobile objects (e.g., migrating animals, landslides, tectonic plates).

The major paths taken by nutrient elements and radionuclides in non-marine
ecosystems are represented in Figure 3. The cycling elements leave the bedrock
compartment in gaseous, solid, and dissolved forms (Figure 3). Gases may be
held in the interstices, or produced at the surface of tlie parent rock material
by either chemical transformation or radioactive decay of constituent elements.
For example, two isotopes of radon, Rn and Rn, decay products of radium in
the 238U and 232Th decay series, respectively, are highly volatile gases whose
rate of transfer from radium-bearing material depends on the surface area of the
rock and of the soil. Both radon (radioactive) and helium (non-radioactive)
gases are produced during the storage of used nuclear fuels.

Elements move from the bedrock to the groundwater compartment by
dissolution of mineral ions, or by release of gaseous elements into water. The
solubility of each nutrient and radioactive element is governed by pertinent
solid-solution equilibria. Elements enter soils by the progressive degradation
and weathering of bedrock. Such processes as glaciation, freeze-thaw fracturing
and general abrasion lead to the pulverization of the parent material and the
production of mineral soil.

Elements are exchanged between the atmosphere and each of the other
compartments (Figure 3) . Amiro (1985) discussed many of the biological and
physical mechanisms involved in the atmospheric transfer of radionuclides.
Because of the immense volume and circulation patterns of the atmosphere, it
acts to dilute and disperse many of the materials injected into it. Material
enters the atmosphere as particulate matter or as a gas. Many gases, such as
members of the radon decay series mentioned above, condense onto, and
subsequently behave as, airborne particles. Particles become airborne in many
ways. Winds pick up dust from the surface, or cause the creeping and saltation
of larger particles along the ground. Natural and anthropogenic fires inject
large quantities of ash, smoke and gases into the atmosphere. Pollen and spores
are also locally significant components of the atmospheric dust load.
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Figure 3. The major pathways along which elements move in non-marine ecosystems.
Arrows having two heads indicate bi-directional pathways. The
mechanisms by which elements move between compartments are discussed
in the text.
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Gases enter the atmosphere directly by evaporation or diffusion from open
bodies of water. Plants, animals and decomposers release many gases, but mainly
C02, H20 and CH^, products of aerobic and anaerobic respiration. A major by-
product of photosynthesis is the release of 02 by plants. Gases such as N02 and
S02 dissolve in atmospheric moisture, in this case producing acidic rain. A non-
biological mechanism for the removal of many non-gaseous elements from the
atmosphere is precipitation scavenging, or washout. Airborne particles may
serve as nuclei in the formation of precipitation, or may be swept from the air
during rain and snowfall. The fallout or washout of particles deposits them
in groundwater, on soils, and on plants and animals. Terrestrial plants and
animals also absorb or inhale large volumes of gases from the air, facilitating
the transfer of gases and small particles to the interior of these organisms.

The soils are the major interface between the geosphere and the biosphere
(Figure 3). It is largely via soils that elements derived from bedrock enter
biological food chains and begin to cycle in the ecosystem. Soils provide the
major source of mineral nutrients for most terrestrial plants. Radionuclides
are sorbed by plant roots, usually in proportion to the degree to which they
resemble nutrient ions. Element uptake from soils is mediated by water films
on soil particles and root surfaces. There is no significant movement of
nutrient elements or radionuclides from plants directly to soils, this exchange
occurring via the decomposers. Radionuclides in soil particles are also
transferred to plants as airborr.e dust. Soils also interact significantly with
decomposers, many of which are always in intimate contact with it. Most
interactions between animals and soils are mediated via atmosphere, water, and
plants. Animals do take up elements directly from soils by actively eating
soil, both accidentally in association with grasses and roots, and intentionally
at mineral springs or "licks". In the latter case, herbivores may seek out
these mineral-rich areas and eat soil in order to satisfy their requirements for
mineral nutrients.

Although, in many cases, soils are the route whereby elements enter the
biosphere, there are also places where soils accumulate, effecting a removal of
elements from cycling. The buildup of sediments on lake bottoms and in wet
lands may result in the sequestering of significant quantities of material. The
fossil fuels on which our civilization is based are good examples of
sequestration. These massive deposits of biologically derived material have
remained outside the ecosystem cycles for very long periods of time, and would
have continued to do so but for the actions of humans.

Plants have significant roles in many element cycles, especially those of
carbon, nitrogen, and oxygen. Plants are the sole site of photosynthesis,
whereby C02 and H20 are used to produce organic compounds and gaseous oxygen.
Symbiotic fungi, living in association with the roots of certain green plants,
chemically reduce gaseous N2, producing NH3, which is essential for biological
metabolism. The functioning of the entire biosphere depends on these chemical
conversions performed by plants. Plants are the sole source of chemical energy
for the animal compartment as a whole. However, only a small portion of the
material accumulated in the plant growth is normally consumed by animals, the
majority passing directly to the decomposers.

The animals and decomposers compartments differ from plants in that
elements can pass through many individuals or subcomponents before being passed
on to one of the other compartments. The energy stored as biomass by plants is
used to build tissues and to provide energy for life-support of animals. Many
animals consume other members of the animals compartment, and are themselves
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food for others. At each stage in these food chains, there is a transfer of
material to the decomposers group, usually as incompletely consumed carcasses
or in the form of fecal or other waste material. Where these transfers are
large, as from herbivores, the animals make only limited use of the plant
material, effectively pretreating or conditioning it for the decomposers.
Almost all animals require liquid water, and some lead a life immersed in it.
Consequently most animals are susceptible to the uptake of dissolved elements
in water. All terrestrial animals also inhale or absorb gases and particles
from the atmosphere.

Most biomass is ultimately consumed by decomposers and subsequently
converted to simple and complex compounds, which are released into the
atmosphere, soils, and groundwater. The decomposers comprise a diverse group
of organisms: bacteria, fungi, and invertebrates, for example. They close the
biological circle of fixation, assimilation, and decomposition of biologically
important molecules.

3.3 Ecological Behaviour of Radionuclides

The movement of radionuclides in ecosystems must often be inferred from
experimental studies because the opportunities for direct study are restricted
to a few types of radionuclides or contamination situations. Generally, the
ecological behaviour of a radionuclide follows that of the stable isotopes, or
of the element for which it is an analog. Thus aH would have concentrations in,
and. fluxes between, the compartments in Figure 3 in proportion to those for
stable H. Similarly, the dynamics of 90Sr would mimic those of Ca.

Such movement of stable and radioactive elements depends heavily upon the
ecosystem or environmental conditions under consideration (Heal and Horrill
1983). For example, the major route of carbon flux (Figure 3) in temperate
forest ecosystems is atmosphere to plants to decomposers, and back to
atmosphere, whereas in grassland ecosystems a substantial flux of carbon passes
from plants to animals, mostly grazing herbivores, before passing thence to
decomposers and atmosphere. In tropical forests there is a very large flux of
material through decomposers to the atmosphere, groundwater and soils, but
because of the intense competition for nutrients among plants, the soils are
efficiently depleted by the flora. Conversely, in cold environments,
substantial inventories of material accumulate in the soils compartment because
the thermal dependence of the metabolism of decomposers causes an ecological
bottleneck. This can result in seasonal fluxes of releases of material.

Radionuclides released into a specific ecological compartment will move to
a given target species via a small number of exposure pathways. The nature of
the exposure pathways depends on the chemical properties of the radionuclide and
the ecological situations. For example, 90Sr, released into the atmosphere
during nuclear weapons testing, was deposited onto soils and plants. Average
levels of 90Sr in surface soil increased about four-fold between 1958 and 1967
as a result of these tests (BEIR 1972) . Grazing mammals received the greatest
proportion of their exposure to 90Sr by eating contaminated plants. In contrast,
many insectivorous or predatory birds would have acquired much of their exposure
by preying on smaller organisms which would have incorporated 90Sr into their
calcareous parts. Radionuclides dissolved from bedrock into groundwater might
make their way to grazing mammals, for example, via plant uptake and
incorporation in leaves, or via drinking water and mineral licks.
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When radionuclides are introduced into a single compartment of an
ecosystem, from what is essentially a point source, then several processes may
lead to thti effective dilution of the radionuclide. If the radionuclide is an
isotope of an otherwise common or widely distributed element, then ecological
forces will disperse the radionuclide according to the flux of the stable
element. The inherent radioactivity will not impede the dispersal of the
contaminant. If the element is highly mobile in the biosphere (e.g., H, C, 0),
then the radionuclide will approach a near equilibrium concentration throughout
the ecosystem. Radioactive isotopes of ecologically sluggish elements (e.g.,
most of the non-gaseous elements with high atomic weights) may remain
concentrated locally.

One example of this latter phenomenon is provided by the deposit of uranium
near Cigar Lake in northern Saskatchewan; recent studies indicate that this
concentration of uranium above bedrock was produced by local deposition from
groundwater under reducing conditions and has remained there for millions of
years despite continued flow of groundwater through the deposit (Cramer et al.
1987, Sheppard and Rosinger 1989). A number of other examples of the same
phenomenon, i.e., the dissolving of dispersed uranium from a wide area at low
concentrations in water under oxidizing conditions and its deposition in the
ground in high concentrations under reducing conditions, are found in northern
Canada, Africa and Australia.

One particularly interesting example of the lack of mobility of uranium and
of many fission products has been studied at the Oklo quarry in Gabon, Africa
(Cowan 1976). There is good evidence that at this site a natural fission
reactor once went critical, consumed a considerable portion of its fuel (235U)
and then shut down, all in Precambrian times about two billion years ago (Cowan
1976). At this time in history, the amount of 235U present in natural uranium
was about 3%, rather than the current value of 0.7%; these changes in relative
concentration are due to the fact that 235U has a shorter half-life (0.7 x 109

years) than does 238U (4.5 x 109 years). Thus a natural fission reactor could go
critical in the presence of ordinary water as moderator at that time. About two
billion years ago, surface waters also acquired oxidizing properties due to the
rise of blue-green algae, the first organisms capable of photosynthesis. It
appears that the rich uranium deposits at Oklo were formed when uranium in a
reduced state dispersed over an entire watershed was oxidized to a more soluble
form, and carried downstream to the delta of a river system, where sediments
rich in organic ooze created a condition of oxygen deficiency and resulted in
the precipitation of uranium out of solution. The uranium ore was covered by
later sediments which were eventually converted to sandstone rock. Six reactor
zones have been identified in the Oklo quarry, where the natural concentration
of uranium in thick areas of the seam exceeded 10% and much of the 235U present
was consumed in natural fission reactions over a period of many thousands of
years some two billion years ago (Cowan 1976). Detailed analyses showed that
residual 235U, 238U, the activation product 239Pu and about 15 elements derived
from fission products have not moved out of the reactor zone during the past
1.7-1.9 billion years (Cowan 1976). The principal radioactive fission products
that were released into the environment in measurable amounts were probably 85Kr
and possibly 137Cs and some 90Sr.

From the point of view of the nuclear fuel waste management program, it is
of particular interest to note that 239Pu was efficiently confined under the
particular conditions applicable to the underground Oklo reactor site (Cowan
1976). Because 239Pu is a long-lived alpha-emitter of comparatively high
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radiotoxicity, and because of its potential importance as a nuclear fuel for
reactors and as a component of nuclear weapons, it has generated much respect
and, because of misleading information, much fear in certain segments of the
public (Whicker and Schultz 1982). In actuality, the toxicity of 239Pu is
similar to that of naturally occurring 232Th (ICRP 1978-81, ICRP 1988) and
smaller than some natural non-radioactive toxins (Beckmann 1976). An excellent
review of the principles involved in estimating the toxicity of plutonium is
given by the MRC (1975). It might also be noted that 5 x 103 kg 239Pu have been
released into the environment as a result of above-ground testing of nuclear
weapons (Bair and Thompson 1974) but the resultant concentrations found in
humans and other organisms are extremely low. No specific injury to plants,
animals or humans has been shown to be caused by this release (Whicker and
Schultz 1982). The total number of human deaths in the next 24 000 years in the
whole global population (UNSCEAR 1982) that might be statistically attributed
to this particular release of 239Pu has been calculated on the basis of ICRP
principles to be about 500; this value is attributed primarily to inhalation of
air-borne Z39Pu dispersed into the atmosphere during the bomb tests (UNSCEAR
1982), and can be compared with a currently projected total in the region of 3
x 1012 deaths in the world population over the same period of time. In a
carefully managed program for the underground containment of used nuclear fuels,
the total number of deaths that might be attributed to 239Pu over many thousands
of years should be zero.

Certain radionuclides may become diluted in the environment because of
their physical and chemical properties, regardless of their ability to penetrate
a food chain. If the radionuclide were introduced as a gas (e.g., Kr, I, Rn),
then atmospheric processes would cause wide dispersal and significant dilution.
Similarly, if the radionuclide had a high solubility in water (e.g., Tc, I),
then introduction into an open watershed would lead to significant dispersal to,
and dilution in, the major water bodies downstream. Both ecological and
physical factors will thus contribute to the dispersion of some radionuclides
introJuced into the biosphere, while other radionuclides are likely to remain
concentrated at their site of deposition for long periods of time.

3.4 Concentration of Radionuclides at Different Trophic Levels

The transfer of energy from one trophic (feeding) level to another (Figure
5) is associated with various losses due to inefficient feeding, incomplete
digestion, and the generation of metabolic heat and waste materials. The result
is that each trophic level has on average about 10% of the energetic content of
the immediately preceding level. This relationship leads to a pyramid of
biomass, wherein the lowest level comprises green plants, and the successively
higher levels are the progressively rarer herbivores, primary carnivores,
secondary carnivores, etc. The losses of energy are cumulative from layer to
layer. The efficiency of photosynthesis in green plants, as set by the
environmental conditions, such as temperature and sunlight, effectively
determines the height of the pyramid by limiting the amount of energy available
for subsequent use.

Potential accumulation of radionuclides in the highest trophic levels has
boon a matter of concern, as it has been in the case of non-biodegradable
organic pesticides such as DDT. However, there are few examples of
concentration of radionuclides in the highest trophic levels; in fact, there is
more commonly a discrimination against heavy elements and radionuclides of high
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atomic number in the movement of elements and radionuclides from lower to higher
trophic levels. In the case of essential elements such as H and C, the
concentrations of their radioactive isotopes 3H and 1AC will reflect the specific
activity of the materials taken into the organism and will tend to be similar
at all trophic levels. For most other elements and radionuclides, the
differences in concentrations at different trophic levels are usually expressed
in terms of bioaccumulation factors, concentration ratios or transfer
coefficients (see section 5.1).

The pattern of bioaccumulation is element-specific, as might be expected.
Table 6 illustrates the variation among elements when the ecological interaction
of plant and herbivore is held constant. 137Cs, like its analog K, was
accumulated in soft tissues, but not in bone; 90Sr, like its analog Ca,
accumulated in the bone but not in soft tissues; whereas 60Co was not found to
accumulate at all in caribou feeding on lichens (Kitchings et al. 1976).

Table 6. Bioaccumulation of radionuclides in caribou having lichens as a food
bai-e.

Tissue

Bioconcentration Factor
(per kg wet weight)

134-137Cs 90 Sr 60 Co

Muscle
Liver
Kidney
Bone

2.3
1.7
3.2
0.5

0.02

7.00

0.02
0.9
0.4
0.05

Table 7. Measured concentrations and calculated dose rates from 210Po (UNSCEAR
1977).

Tissue
Concentration of 210Po

(in Bq-kg"1)
Calculated dose rate

(in mSv-a"1)

Arctic lichen

Reindeer or caribou meat

Human soft tissues:
Reindeer/caribou eaters
Non-arctic areas

200

3

0.
0.

-

-

3 -
03 -

300

12

3
0.3

140

2

0.
0.

2
02

- 200

8

2
0.2
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Considerable data are also available for radioactive progeny in the natural
238U decay series. 210Po is of particular interest because airborne material is
adsorbed on the rough surfaces of lichens which in turn form the primary source
of food for arctic reindeer or caribou during the winter months. Table 7 lists
some of the measured concentrations and calculated dose rates for 210Po, an
alpha-emitter, in soft tissues in the lichen-reindeer-human food chain. Despite
the high concentrations of 210Po found in lichen, this radionuclide does not show
any bioaccumulation as it progresses through the terrestrial food chain (Table
7).

The data in Table 7 are of some interest because they illustrate one
problem in radiological protection which is specific to northern parts of Canada
and other arctic regions. Secondly, they show that dose rates to certain plants
from natural sources can be two orders of magnitude higher than that which is
more likely for most organisms (see chapter 2) in temperate climates. Finally,
the data illustrate the fact that the critical step in the food change is often
the initial bioaccumulation of radionuclides in the lowest trophic level, i.e.,
in plants.

Concentration ratios of elements (and radionuclides) in the soil and in
terrestrial plants in temperate regions have been considered in detail by Zach
et al. (1989). In most cases, the concentrations in plants range from about 1
(in the case of H, Ca, P and Tc) down to 2 x 1CT3 (for U) or 2 x lO"4 (for Th)
times the concentrations in soil. The concentrations in animal produce are in
turn much smaller than those in vegetation (CSA 1987).

This situation contrasts to that observed in organisms living in fresh
water. In this case, the concentrations in fish flesh range from about 1 (in
the case of H) up to lO*1 (in the case of Hg) or 105 (in the case of P) times the
concentrations in the water (Zach et al. 1989, CSA 1987, NRCC 1983). In order
to avoid the type of problem which has resulted from bioaccumulation of mercury
(Hg) in some freshwater fish in certain areas of Canada in recent years, careful
consideration of the potential bioaccumulation of radionuclides in aquatic
organisms is essential to the Canadian NFWM concept. The major bioaccumulation
in the case of aquatic organisms usually occurs in the first step in the food
chain, namely, the production of aquatic plants (NRCC 1983). The high
bioaccumulation factors which may occur in aquatic organisms living in fresh
waters typical of those on the Canadian Shield can be attributed largely to
limited supplies of essential elements in these waters. These bioaccumulation
factors and potential radiation doses to environmental organisms will be
considered in more detail in chapter 5.

4. RADIONUCLIDE METABOLISM IN HUMANS AND OTHER ORGANISMS

Radionuclides that are taken into an organism are the source of internal
irradiation. The relative rates of uptake and loss of a radionuclide, and its
distribution among tissues and organs, will determine the radiation exposures.
The behaviour of rndionuclides ranges from accumulation in a specific organ or
cell type, to uniform dispersion throughout the organism, to almost complete
exclusion. The last category of radionuclides is particularly noteworthy. It
is precisely those radionuclides which are largely excluded from the human body
which could, in theory, deliver high doses to other environmental organisms
under conditions where humans would not be exposed to more than 1 mSva*1 from
the same radionuclides (see section 5.2). In practical terms, however, most of
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these particular radionuclides are not highly mobile in the environment and are
therefore unlikely to reach high concentrations either in humans or in other
living organisms in the environment.

4.1 Uptake of Radionuclides

The uptake and subsequent fate of a radionuclide by living organisms depend
on many factors, including the chemical properties and physical state of the
nuclide, the organism involved, and the environmental conditions in which
organism and radionuclide meet (Bocock 1981, Whicker and Schultz 1982).

The major organic components of living organisms contain the elements H,
C, N, 0, S and P; other elements which form essential components of most living
organisms include Na, Mg, Cl, K, Ca, Mn, Fe, Co, Cu, Zn, Se and I. All of these
can be regarded as nutrient elements.

The rate of uptake of radionuclides is usually greatest for those that are
isotopes of nutrient elements or their analogs. Only a slight metabolic
discrimination occurs among isotopes, with those having greater atomic mass
being slightly less reactive. The elements Rb and Cs are chemically analogous
to the nutrient element K, while Sr and Ra are chemically analogous to Ca. 87Rb,
137Cs, 90Sr, and 226Ra (to some extent) are readily taken up by organisms and
behave metabolically in a manner similar to the respective nutrient elements.
However, the rate at which these analogs are absorbed depends on the abundance
of the nutrient element in the environment. When the nutrient element is
scarce, a greater proportion of the nutrient element and of the radioactive
analog is absorbed or retained. If the environmental concentration of the
nutrient element is increased, the rate of uptake of the analog declines (Bocock
1981, Whicker and Shultz 1982, Blaylock 1982, CSA 1987).

For air-breathing vertebrates, the major routes of radionuclide uptake are
inhalation and ingestion. Radionuclides may be inhaled either as a gas or bound
to airborne precipitation or dust particles. Some of the gas or particles will
be exhaled and the remainder will be absorbed or otherwise trapped in the lungs.
Radionuclides may be ingested by drinking contaminated water, by eating
contaminated foods or soil, or by grooming contaminated body surfaces.
Radionuclides in the gastrointestinal tract may pass through or may be absorbed
through the gut wall into the animal's circulatory system. Although the
solubility of each radionuclide will influence the rate at which it enters the
circulatory system, insoluble radionuclides such as thorium (Th) and plutonium
(Pu) can still deliver a significant dose by long residence times in either the
lungs or the gut. Direct absorption of radionuclides from the environment is
also likely to be a significant route for those animals with a highly
vascularized epidermis adapted for gaseous exchange (i.e., some amphibians).

Among the non-air-breathing vertebrates (fish and some amphibians),
radionuclide intake will most likely be either via ingestion of contaminated
food or water, or by absorption of radionuclides through the gills and skin.
Radionuclide uptake by invertebrates will depend on the mode of gas exchange
(tracheal or cutaneous), the mode of feeding (herbivory, carnivory, filter-
feeding), and habitat (terrestrial or aquatic). Filter-feeding organisms have
the potential to concentrate and ingest particle-bound radionuclides.

In mammals, both stable and radioactive (129I, 131I) iodine are readily
absorbed through the lungs or gastrointestinal tract, and are subsequently
absorbed from the bloodstream by the thyroid gland and the kidneys (Guthrie
1983). Over 90% (in humans) of the body's inventory of iodine is held in the
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thyroid, where it is incorporated into thyroxin and related hormones. The
iodine level in the blood is regulated osmotically, and iodine is continually
excreted in urine.

Plants are exposed to radionuclides that may be deposited on them from the
atmosphere (Bocock 1981, Cawse and Turner 1982), or dissolved in soil moisture,
or adsorbed to soil particles. Gaseous radionuclides (e.g., 3H, 14|C, 129'131i|
222Rn) can also enter the leaf by diffusion through stomata in the leaf
epidermis. Rainfall scavenging is one mechanism for the movement of
radionuclide-bearing particles from the atmosphere onto plants; gravitational
settling and impaction in eddy turbulence also occur (Joshi 1982) . Wind and
rain soon remove all but the smallest particles, which become trapped in the
leaf's surface irregularities. The subsequent uptake of nuclides through the
leaf epidermis depends on the solubility of the nuclide and on the hydrophobic
properties of the leaf surface. In soil, the ionic state and solubility of a
radionuclide strongly influence its uptake via the roots. Uptake from soil
moisture is the major way in which 90Sr and 137Cs enter plants. Some
radionuclides (e.g., Z38U) also bind ionically to the epidermal surfaces.

Plant species and varieties differ tremendously in the extent to which they
take up radionuclides (Menzel 1965, Joshi 1982, Whicker and Schultz 1982). The
plant's form and leaf characteristics are important factors in the interception
of airborne radionuclides. Broad leaves, many stomata, irregular leaf margins
and surfaces, complex plant form, and non-waxy surfaces all increase uptake.
Because of their growth forms, lichens and mosses capture and retain a large
proportion of the radioactive material deposited on them. Particle-bound
radionuclides in the air become trapped in the intricate morphological structure
of mosses and lichens and, even when not absorbed into the cellular cytoplasm,
become sufficiently enclosed so as to give an effectively internal radiation
dose .

The movement of radionuclides within vascular plants is via the
transpiration and translocation streams. Gaseous radionuclides (3H, "c, 1 2 9I),
which enter the plant through leaf stomata, are incorporated into the plant's
photosynthetic products or otherwise entrained in the flow of this material
throughout the plant. Radionuclides such as 90Sr, taken up by the roots, may be
drawn upwards in the transpirational flow of water to the stem and leaves. The
radionuclide burden of a plant tissue is also related to its age, the older
parts having had longer to accumulate radionuclides.

U. 2 Elimination and Excretion of Radionuclides

The duration and place of residence of a radionuclide in the body determine
the individual's exposure to internal irradiation. The residence time is
determined by the difference between the rates of uptake and loss of the
radionuclide. Radionuclides are lost via radioactive decay, excretion, and
shedding of contaminated structures. The relative importance of these different
mechanisms depends on the chemical properties of the radionuclide and the
organism involved.

A proportion of the radionuclides inhaled or ingested by animals is not
absorbed into the bloodstream, but is expelled subsequently during an exhalation
or as part of a fecal mass. Particle-bound radionuclides will reside in the
lungs and gastrointestinal tract according to the strength of binding and to the
properties of the particle. Dust particles are usually removed from the lungs
by cilia and subsequently expelled or swallowed; some particles may also be
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engulfed by macrophages in the body. The residence time for non-assimilated
material in the gastrointestinal tract will depend on the diet and physiology
of the organism.

Some of the radionuclides that have been assimilated into the bloodstream
are subsequently incorporated in body tissues. Bound radionuclides in organic
constituents are released into the cytoplasm during the metabolic turnover of
cell constituents, and subsequently diffuse or are excreted from the cell into
the circulating blood. Radionuclides in the bloodstream pass into the urine,
or equivalent waste form, either by passive diffusion or by the osmotic
regulation of mineral nutrients and their analogs by the kidneys. Blood-borne
radionuclides might also be lost via tears, perspiration, and other glandular
secretions. Many reptiles and birds that are adapted to a marine existence have
specialized nasal glands for the excretion of salts, and these glands might be
a significant avenue for 137Cs loss because of its similarity to K. For many
mammals, the tongue is a major organ for evaporative cooling, but one would
expect that most of the radionuclides excreted by that avenue would be re-
swallowed.

Radionuclides are also lost during the regular shedding and renewal of
epidermal tissues of animals. Mammals moult their pelage annually and
continually renew the surface layers of their skin. All birds undergo at least
one complete moult of their plumage annually, with many shedding a substantial
part twice. Complete moults of the skin or exoskeleton occur frequently among
snakes, and several invertebrates. In the latter case, most of the mineral
nutrients in the exoskeleton is retrieved before ecdysis, so that less 90Sr, for
example, is lost via this route than might otherwise be expected (Bocock 1981).
There is no evidence that material is similarly scavenged from the plumage and
pelage that is moulted by birds and mammals.

The elimination of a radionuclide from an animal thus involves the
interaction of many processes. The dynamics of the major routes become apparent
when the retention (or loss) of a radionuclide is studied in an animal that has
been acutely exposed, as from an injection. A plot of the logarithm of body
burden, or concentration retained, against time indicates that radionuclide
elimination can be modelled as a series of exponential decay functions (Figure
4). Generally two, and sometimes three, components are identified in retention
curves. Each component represents a different compartment having unique
radionuclide dynamics. The "short component" generally represents the
elimination of the non-assimilated fraction via exhalation, urination or
defecation, whereas the "long comp. anent" includes the metabolic turnover of the
radionuclide in various tissues.

Whicker and Schultz (1982) summarize data on the rate of elimination of
selected radionuclides from vertebrates. More extensive data relating to
retention of radionuclides in humans are given in ICRP Publication 30 (1979-81).
In general, rates of turnover of radionuclides (and elements) in different
mammals are inversely correlated with the average lifespan of these animals.

There seem to be fewer mechanisms for the loss of radionuclides from plants
than from animals. Volatile radionuclides (e.g., I, Rn) may be released into
the intrafoliar spaces and subsequently leave the leaf via the stomata (Amiro
and Johnston 1989). Particle-borne radionuclides on the plant's surface are
removed by weathering, mostly repeated washings by rain. Radionuclides that
have been incorporated into epidermal or leaf structures are lost when these
structures are abscised. Most species of forest trees in moist temperate
regions replace all of their leaves annually. Boreal, temperate, and tropical
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radionuclide retention data.
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trees that are adapted to regions vhere either moisture or nutrients are in
short supply, are evergreen, retaining their leaves for much longer.
Nevertheless, these leaves are ultimately shed and replaced. The shedding of
other epidermal material (i.e., bark or waxy leaf coverings), or fruit and
flower tissues (including pollen) also cause some loss of radionuclides from
plants. Because of the static nature of plants, most of the radionuclides shed
by one of these mechanisms would re-enter the soil very near the plant. Once
in the soil, the radionuclide may or may not be available to the plant; it may
be leached away by rainwater, chemically sequestered by cation exchange surfaces
in the soil, or incorporated and transported by soil invertebrates.

An understanding of the processes involved in the transfer of radionuclides
between different components of the ecosystem (chapter 3) and in the uptake
(section 4.1) and elimination (section 4.2) of radionuclides from various
organisms is most useful for improved understanding of the mechanisms
responsible for the observed concentrations of radionuclides in living
organisms. For most practical purposes, however, the critical factor is the
average concentrations of radionuclides in other environmental organisms (see
section 5.1) under conditions where individual humans are adequately protected
against the potential deleterious effects of radiation from these radionuclides.
The protection of humans is considered in more detail in the next two sections
of this chapter.

4. 3 Calculation of Effective Dose Equivalents in Humans

A great deal of effort has been devoted to the calculation of effective
dose equivalents for humans. As noted in chapter 2, the dose equivalent in Sv
(or mSv) is simply the absorbed dose in Gy (or mGy) multiplied by the quality
factor Q appropriate for the particular type of radiation involved. The dose
equivalent in Sv for any radiation is presumed to have the same biological
effect at low doses and low dose rates that might be expected to result from
exposure of a human being to the same dose of orthovoltage (e.g., 200 kVp) X-
rays with a linear energy transfer of 3.5 keV per fim. The dose equivalent of
X-rays in Sv is equal to the absorbed dose of X-rays in Gy. The values of Q for
other types of radiation have been determined from consideration of the physical
quality of these radiations (ICRU 1986) and from experiments on the relative
biological effectiveness of these radiations for a wide variety of biological
endpoints, notably, inhibition of the growth of bean (Vicia faba) shoots,
induction of mutations in the colour of stamen hairs in spiderwort
(Tradescantia) flowers, induction of coat color mutations in mice, induction of
various types of tumors in mice and rats, and induction of visible chromosomal
aberrations in human lymphocytes in vitro. The assigned Q values are therefore
likely to be approximately correct for a wide variety of living organisms
exposed to radiation at low doses and low dose rates.

The doses and dose rates to which these values of Q should apply are
restricted by ICRP recommendations to 500 mSv (0.5 Sv) per year to any given
tissue in the human body. However, similar values should be applicable at any
dose rate for which the relationship between effect and accumulated dose remains
linear. This appears to be true for induction of coat colour mutations in mice
up to at least 6 Sv delivered at a dose rate of about 1 mSv 7-rays per minute
or 500 Sv per year, or up to at least 20 Sv of fast neutrons at a dose rate of
160 Sv per year (UNSCEAR 1972) . Similar values have been observed for the
induction of somatic mutations in Tradescantia (Underbrink et al., 1974).
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Deviations from the linear dose-response relationship are frequently
observed at higher doses and/or higher dose rates (Fig. 5) . The relative
biological effectiveness that is of interest in radiation protection is the
ratio of the slopes of the solid lines shown in Fig. 5. Extrapolations based
on the effects.of high doses at high dose rate (dashed lines in Fig. 5) could
either underestimate or overestimate the effects of low doses at low dose rate.
These general principles are well recognized in radiation biology. The
recommended values of Q are thus estimates of the ratios of the slopes of the
solid lines in Fig. 5. In the present document, we have assumed that the
recommended values of Q are applicable to other living organisms as well as to
humans at dose rates up to about 103 mSv (1 Sv) per year. For purposes of
comparison, the same Q values have sometimes been used to calculate even higher
dose rates (see chapter 5), even though the validity of this assumption may be
questionable.

The second major step in the calculation of an effective dose equivalent
(EDE) for humans is the assignment of quantitative risks and of weighting
factors for the effects of irradiation of different tissues in the human body.
The quantitative risks considered by the ICRP in 1977 were the induction of
fatal cancers in the exposed persons and of genetic disorders in the children
and grandchildren of exposed persons. The probability of inducing these effects
is thought to be directly proportional to the total accumulated radiation dose,
with no "safe" or threshold dose below which the probability of inducing an
effect is zero; biological effects of this kind are termed stochastic effects.
The quantitative risks and weighting factors assigned to various tissues of the
human body by the ICRP in 1977 are summarized in Table 8.

Some comments on the numbers given in Table 8:
(a) The suggested numbers are averages for a whole population of all ages.
The risk of induction of genetic disorders in the children and grandchildren of
humans exposed prior to parenthood was taken to be about 1 per 100 person•Sv
(ICRP 1977). Since the average age of parents at conception of their children
is 25 -30 years and the average lifespan of persons in technologically developed
countries is 70 - 75 years, the average genetic risk for exposures over a
complete lifetime is reduced to 0.4 per 100 person-Sv.

(b) The suggested numbers are averages for both sexes. In particular, the risk
of induction of fatal breast cancer was taken to be about 0.0 per 100 Sv for
males and about 0.5 per 100 Sv for females (ICRP 1977).
(c) Non-fatal or curable cancers were not given any appreciable weight by the
ICRP in 1977. The estimated risk of induction of curable cancers (mainly of the
skin, thyroid and female breast) was thought to be about the same as that for
induction of fatal cancers in all tissues of the body. If non-fatal, curable
cancers were assumed to be 8 times less important than fatal cancers in human
populations (ICRP 1985), the total risk of exposure of human populations to low
doses of ionizing radiation would then be close to 2 x 10"2 per person-Sv. This
is the risk coefficient which has been assumed to be applicable for the Canadian
nuclear fuel waste management program by the AECB (1987) . Similar risk
coefficients are not available for other living organisms.

(d) Recent re-analysis of data on children exposed in utero to high doses of
radiation at Hiroshima and Nagasaki in 1945 has suggested that the risk of
induction of severe mental retardation in these children may also be linearly
related to dose (UNSCEAR 1986, ICRP 1986). If this were true (which is still
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Gonads
Breast
Red bone marrow
Lung
Thyroid
Bone surfaces
Remainder

0.4
0.25
0.2
0.2
0.05
0.05
0.5
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Table 8. Quantitative risks and weighting factors for various tissues in the
human body, averaged over a population of both sexes and all ages
(ICRP 1977).

Risk per 100 person-Sv of Weighting
induction of a fatal cancer factor

Tissue or genetic disorder WT

0.25
0.15
0.12
0.12
0.03
0.03
0.3

Whole Body 1.7 1.0

uncertain), the stochastic risk would be about 10 per 100 person-Sv averaged
over all of pregnancy or about 0.1 per 100 person-Sv averaged over a whole
population of all ages and both sexes. It has been difficult to demonstrate
similar effects in mice, possibly because brain development is somewhat less
complex in mice than it is in humans (UNSCEAR 1986).
(e) Re-analysis of dosimetric and epidemiological data on excess cancer
incidence in the survivors of the Hiroshima-Nagasaki bomb explosions is still
in progress. Preliminary data suggest that the lifetime risk of induction of
cancer per unit dose averaged over a whole population of all ages might be twice
the previous estimates (ICRP 1987). The total stochastic risk, including fatal
cancers, curable cancers and genetic disorders, might then approach a value of
3-4 per 100 person-Sv. This topic is still under active discussion.

The effective dose equivalent (EDE) for a given intake of a radionuclide
in the human body is the sum of the dose equivalents to each tissue multiplied
by the appropriate weighting factor for each tissue. Mathematically this is
expressed as

EDE = S(DT • Q • WT)
where DT is the absorbed dose in a given tissue, Q is the quality factor and WT
is the weighting factor for the tissue in question. Absorbed doses to the
tissue are summed over the 50 years following the intake of the radionuclide to
calculate the committed EDE in humans. Detailed understanding of the internal
metabolism of radionuclides and their progeny in the human body is required in
order to assess committed doses to various tissues in the body.

The above material relates only to the calculation of EDEs in humans.
Unfortunately, we do not have similar quantitative risk factors or weighting
factors for any other species of living organism that is living under natural
conditions in the wild. Other approaches to the problem of evaluating the
effects of radiation on non-human organisms will be considered later in chapters
6 and 7. For the moment, it might be noted simply that the value of Q used to
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convert absorbed dose in Gy to dose equivalent in Sv is likely to be
approximately correct for a wide range of living organisms as well as humans up
to dose rates of about 103 mSv^a"1, but that the quantitative risk estimates and
weighting factors used to convert dose equivalents to EDEs in humans cannot be
applied to other living organisms under natural conditions.

4.4 Annual Limits on Intake of Radionuclides and Derived Reference
Concentrations in Drinking Water for Humans

The ICRP has recommended a maximum permissible limit of 50 mSv per year
for workers and a principal limit of 1 mSv per year averaged over the whole of
life for members of the general public exposed to additional radiation resulting
from the operation of nuclear facilities (ICRP 1977, 1985). Various other
limits for the general public have been suggested, notably 5 mSv in any given
year (ICRP 1977, 1985) and 0.5 mSv per year (Health and Welfare Canada 1978,
NRPB 1987). The desirable target concentrations for radionuclides in drinking
water recommended by Health and Welfare Canada (1978) are roughly equivalent to
0.05 mSv-a"1, which is the "de minimis" or negligible level of exposure more
recently recommended for Canada (see section 5.3). Calculations in the present
document will be based on the ICRP principal limit of 1 mSv per year; the
resultant values can be multiplied or divided by any appropriate factor desired.

Whole body doses from external 7-radiation sources can be measured and/or
calculated directly (Holford 1988) . Calculation of doses to the body or to
selected tissues from internal radionuclides requires additional information on
the metabolism of these radionuclides in the body. A great deal of effort has
been devoted to the acquisition of the appropriate rate constants for the
internal metabolism of radionuclides in the human body (Johnson and Dunford
1983). In the case of radionuclides which produce radioactive progeny, the
concentrations t>f progeny as well as of the original radionuclide in various
tissues of the body over the next 50 years after initial incorporation into the
body must be estimated. Sophisticated modelling procedures are utilized.
Knowing the resultant concentrations of radionuclides in Bq-g"1 of tissue after
exposure to a given concentration of radionuclide in food or air, the dose
equivalents in Sv to these tissues are calculated on the basis of well-
established physical principles (Table 9). The energy from alpha-particles and
low-energy beta-rays (e.g., those derived from disintegration of 3H and 14C) will
be almost completely absorbed within the tissue of origin; high-energy gamma-
rays (e.g., those derived from disintegration of 60Co) are sufficiently
penetrating that much of the energy escapes from the body. Appropriate
corrections for absorption of energy in small volumes of tissue are therefore
required. Using the weighting factors given in Table 8, the committed EDE for
humans can then be calculated.

As can be seen from Table 9, the dose rates in mSv-a"1 at a concentration
of 1 Bq-g"1 are usually two or more orders of magnitude greater for alpha-
emitters than for the /?- and 7-emitters of lower atomic weight. In most cases,
the dose rates given in Table 9 do not include doses from radioactive progeny
of the parent radionuclide; the committed EDE's calculated in ICRP Publication
30 (1979-81) do include the doses received from radioactive progeny after
allowance for possible redistribution of long-lived progeny in the body. Two
exceptions in Table 9 are made for 90Sr and 137Cs. The 0.2 MeV ^-particle emitted
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Table 9. Types of radiation and dose rates resulting from disintegration of
selected radionuclides which are uniformly distributed in material of
unit density at a concentration of 1 Bq-g"1.

Radionuclide

H-3
P-32
Co-60
Sr-90 + Y-90
Tc-99
1-129
1-131
Cs-137 + Ba-137m
Po-210
Ra-226
Th-230
U-235
U-238
Np-237
Pu-239
Am-241
Cm-242

Average

Alpha

-
-
-
-
-
-
-
5.40
4.86
4.74
4.47
4.26
4.85
5.23
5.57
6.20

energy per
(in MeV)

Beta

0.0057
0.695
0.097
1.13
0.101
0.064
0.19
0.187
-
0.004
0.015
0.048
0.010
0.069
0.007
0.052
0.01

disintegration

X and gamma

-
2.50
-
-
0.025
0.38
0.564
-
0.007
0.0016
0.154
0.0014
0.034
0.001
0.032
0.0018

Dose rate at
1 Bq-g"1

(in mSv-a1)

.029
3.5

13.1
5.7
0.51
0.45
2.9
3.8

545
490
478
451
430
489
528
562
625

Note: 1 Bq-g"1 - 3.154 x 107 disintegrations • g"1- a"1.
1 mGy = 6.25 x 106 MeV-g"1.
Thus energy in MeV per disintegration multiplied by 5.046 = dose rate
in mGy-a1 at a concentration of 1 Bq-g1.
Doses in mGy are multiplied by Q of 1 for beta and gamma emissions and
by Q of 20 for alpha emissions to obtain dose equivalents in mSv.
Average energies per disintegration for a wide variety of radionuclides
are listed in ICRP Publication 38 (1983). Doses from radioactive
progeny of the initial disintegration are not included in the above
table except in the case of 90Sr and 137Cs, but can be derived from ICRP
Publication 38 (1983).
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during decay of 90Sr (half-life 29 years) is followed rapidly by a 0.94 MeV
/3-particle emitted during decay of the resultant progeny 90Y (half-life 2.7
days). The total energy of these two /3-particles has been summed in Table 9.
Similarly, the /3-particle emitted during the decay of 137Cs (half-life 30
years)is followed rapidly by a 7-ray emitted during decay of 137mBa (half-life
2.5 minutes).

The annual stochastic limit of intake (ALI) of radionuclides in humans
represents the total amount of radionuclide ingested or inhaled in a given year
that would give a committed EDE in humans of 50 mSv for radiation workers or 1
mSv for adult members of the general public. In the present document, we have
concentrated on the ALI's for ingestion of selected radionuclides by members of
the general public (Table 10) . The values have been amended to conform with
the most recent recommendations given in ICRP (1988) .

Secondary restrictions on ALI as recommended by the ICRP to prevent any
non-stochastic effects that might be observed at high doses yield limits that
differ by less than one order of magnitude but are not highly relevant to the
present document. In the first place, a threshold dose is required to produce
non-stochastic effects by definition and it appears therefore unreasonable to
divide non-stochastic limits for workers by factors of 50 or more to arrive at
secondary limits for members of the general public. Secondly, an ALI that is
based on a non-stochastic, as opposed to a stochastic, limit for workers would
not give an EDE of 1 mSv-a"1 when divided by a factor of 50.

In cases where more than one value for the stochastic ALI of a particular
radionuclide is given in ICRP Publication 30 (1979-81, 1988), the smaller and
more restrictive value has been selected (Table 10). It should also be noted
that the ALI does not result in an EDE of 1 mSv-a"1 in the first year for those
radionuclides which accumulate slowly in the human body (e.g., long-lived alpha-
emitters which accumulate in bone); in these cases, an EDE of 1 mSv-a"1 is
reached only after 50 years of intake at the recommended ALI each year.

EDE's from various radionuclides must be considered to be additive (ICRP
1977). Thus a principal limit of 1 mSv-a"1 for the general public means that the
sum of EDE's from all anthropogenic radionuclides in the body must not exceed
1 mSv-a"1. Similarly, the sum of the fractions of the ALI's for various
LVidionuclides is the critical limit.

ICRP Publication 30 (1979-81) provides data on ALI's for a few hundred
radionuclides for adult humans. A limited selection from these values is given
in Table 10. The list of radionuclides given in Table 10 was chosen to be
identical with the list given in Table 3.2.1 of the 1988 IAEA draft document,
plus six additions. 129I (a long-lived fission product), 23aTh (one of the long-
lived progeny from Z38U) and 237Np (one of the long-lived progeny from 2 UAm) were
added because of their potential importance in the Canadian NFWM program. Z3i|U1
;m Q-emitter with a half-life of 2.4 x 10 years which is present in CANDU* fuel
and formed in the 238U decay series (Figure 1), was not included because the ALI
and calculated dose rates are essentially identical to those for the longer-
lived isotopes Z35U and 238U (which are included in Table 10). Similarly, 240Pu,
an activation product with a half-life of 6.5 x 103 years, was not included
because the ALI and calculated dose rates are identical to those for the longer-
Lived 239Pu (which is included in Table 10). 210Po, the last radioactive member
of the 238U decay series (Figure 1), was added to Table 10 because it appears to

*CAN'DU: CANada Deuterium Uranium. Registered in the U.S. Patent and Trademark
Office.
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Table 10. ALI's for ingestion of
concentrations (RC) in

Radionuclide

H-3 (as H20)
P-32
Co-60
Sr-90
Tc-99
1-129
1-131
Cs-137
•••Po-210

•'•Ra-226

••Th-230
•n:-2 35
*U-238
*Np-237
*Pu-239
-••Am-241

•••Cm-242

Half-life
(in years)

12.4
0.04
5.3

29.1
2.1 x 105

1.6 x 107

0.02
30
0.38

1 600
7.7 x 10*
7 x 108

4.5 x 109

2.1 x 106

2.4 x 10*
432
0.456

selected
drinking

Oral
for
(in

6
4
4
20
2
14
80
80
2
4
8
14
16
1
1
1
40

radionuclides
water for the

ALI
1 mSv-a"1

kBq)

x 10*
x 10z

x 102

x 103

and derived reference
general public.

RC
for 1 mSv-a"1

(in Bq-L"1)

8 x 10*
5.5 x 10z

5.5 x 102

27
3 x 103

19
1 x 102

1 x 102

2.7
5.5
11
19
22
1.4
1.4
1.4
55

N'ote: Occupational ALI's recommended by ICRP are given to one significant
number only. The ALI's and RC's given above for members of the public
should therefore not be considered to be accurate to more than one
significant digit.

-'• Alpha-omitting radionuclides.

be responsible for a considerable portion of doses received by fresh water fish
under natural conditions (Table 4) and because its gaseous precursor 222Rn is
much more mobile in the environment than 238U. 2*2Cm, which is unlikely to be
very important in the NFWM program at times greater than 103 years, was added to
illustrate the general principle that potential dose rates to aquatic organisms
could be very high (see section 5.2) under conditions where dose rates to humans
do not exceed 1 mSv-a"1.

The initial fuel for CANDU nuclear power reactors contains primarily 23eu.
During the process of controlled energy production by nuclear fission, fission
products such as 90Sr, 99Tc, 129' 131I and 137Cs plus neutron activation products
such as 239.2A0pu and

 241Am are produced together with many other radionuclides.
Appendix A provides a complete list of the radionuclides which occur in
appreciable concentrations in the used fuel at 10 to 107 years after discharge
from a CANDU reactor. The fission products 90Sr/90Y plus 137Cs/137mBa account for
74% of the radioactivity present at 10 years after discharge, while the original
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238U and its progeny account for 94% of the residual radioactivity remaining at
107 years after discharge.

The Canadian NFWM concept presumes that the used nuclear fuel will be
buried in a vault deep within precambrian rock in the Canadian Shield, where the
used fuel would be safe from accidental intrusions by humans or other surface
organisms for many thousands of years. The only likely mechanism by which small
amounts of the radionuclides could reach the surface appears to be
transportation by underground water. It is improbable that any of the
radionuclides with short half-lives would reach the surface of the earth;
however, a number of radionuclides with relatively short half-lives (e.g. 32P)
are included in Table 10 because they were selected by the IAEA working group
(1988) to illustrate the basic principles involved in waste management and in
radiation protection of environmental organisms.

From the ALI's given in ICRP Publication 30 (1979-81), two important
secondary limits can be derived. One is the derived concentrations of
radionuclides in air that would yield an EDE of 1 mSv per year for continuous
exposure, and the other is the derived reference concentration (RC) of
radionuclide in drinking water that would yield the same EDE in adult humans.
The derived RC in drinking water is a crucial value because of the marked
bioaccuraulation of radionuclides that may occur in aquatic organisms living in
this water (NRCC 1983).

To derive a RC for drinking water, it is assumed that the average adult
drinks 2 L of fluid per day or 730 L-a"1 (ICRP 1975). The RC (in Bq-I/1) for
drinking water that would yield an EDE in humans of 1 mSv per year is then the
comparable ALI (in Bq) divided by 730 L (Table 10).

5. POTENTIAL DOSES TO OTHER LIVING ORGANISMS AT ICRP LIMITS FOR HUMANS

Radiological protection has in the past concentrated primarily on
accumulation of scientific data relevant to the protection of individual humans.
In general, dose rates from external 7-rays will be similar for humans and for
most other living organisms in the environment. At a dose rate of 1 mSv-a"1 from
external sources, the effects on humans and on other organisms are expected to
be extremely small and undetectable. For humans, the probability of a fatal
cancer or serious genetic disorder due to 1 mSv-a"1 is expected to be 2 x 10~5

per year, as compared to a natural death rate from all other causes of about
10"2 per year in Canada.

However, dose rates to other organisms from internal radionuclides can be
relatively high under conditions where the dose rates to humans are limited to
1 mSv'a"1. In order to calculate the appropriate dose rates to other living
organisms, one needs to know the ALI and the derived RC in drinking water that
would deliver 1 mSv-a"1 to humans (Table 10), the appropriate bioaccumulation
factor for various organisms, and the appropriate dose conversion factors for
a given concentration of radionuclide in these organisms. The latter items will
be considered in more detail below.

The potential dose rates calculated in section 5.2 are theoretical values
only for conditions where a given radionuclide is present in environmental biota
or surface water in concentrations which might deliver a dose of 1 mSv-a"1 to
humans. The chances of this occurring in the Canadian NFWM program are
extremely low for most of the radionuclides listed in this document; these
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probabilities are the topic, of separate documents in the concept review and will
not be considered here in detail.

5 .1 Bioaccumulation Factors

A major problem in estimation of potential doses to other living organisms
is the assessment of appropriate bioaccumulation factors or transfer
coefficients for these organisms. The bioaccumulation factor (BF) is the
concentration of a given radionuclide (or element) in a living organism divided
by the concentration of the same radionuclide (or element) in the environment
of that organism; for example, the concentration of radionuclide (or element)
in fish flesh divided by the concentration of radionuclide (or element) in
water. This term is synonymous with the terms concentration ratio or
concentration factor, which are also used in the scientific literature (Poston
and Klopfer 1986) . Although sometimes expressed as litres of water or kg of
soil per kg of biota, the BF is really a ratio without dimensions (Blaylock
1982).

Table 11 summarizes the ranges of BF's for four selected elements in
aquatic organisms from a variety of field studies reviewed by Blaylock (1982).
The measured BF values typically extend over a range of about two orders of
magnitude or more even for a given type of organism and a given element.

Table 11. Range of measured bioaccumulation factors for four elements in
freshwater organisms (Blaylock 1982, NCRP 1984).

Biota

Fish:
Piscivorous
Planktivorous
Omnivorous
Benthic

omnivorous

Zooplankton
Phytoplankton
Filamentous algae
Benthic
invertebrates

Macrophytes

Co

5-
27-
17-

14-

(700)
500-30
250- 2

200-23
200-15

280
600
650

385

000
800

000
000

Cs

400-
510-
400-

270-

500-
1 900-

(1

830-
130-

14 000
4 100
3 540

4 430

590
2 670

016)

3 370
1 500

Ra

0.3-

3-

40-2
200-3

1-1
750-6

137

135

600
500

000
900

Pu

0.4-
0.4-
0.1-

0.4-

122-
620-15
340-28

0.2-30
230- 9

7
30
23

600

653
300
800

000
000

Factors affecting the measured BF values for aquatic organisms have been
reviewed by Blaylock (1982), Poston and Klopfer (1986) and others. A summary
of some of these factors follows:
(a) BF's for fish based on filtered water samples may be greater than those
based on unfiltered water samples. Because Sr is not strongly sorbed by
suspended particulates in water, filtration of the water has little effect on
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BF's for Sr. The situation for Cs is rather different, and BF's for stable Cs
in fish based on filtered water samples were greater than those based on
unfiltered samples by a factor of about 12 (Blaylock 1982).
(b) The lack of a sufficient number of samples is probably one of the greatest
sources of error in determining the most appropriate BF's. The most complete
data bases are usually associated with the large national laboratories and their
surrounding environments (Blaylock 1982).
(c) BF's may be reported for whole fish, fish minus viscera or for fish flesh
(muscle). In general, the BF values considered most relevant for protection of
humans are those for fish flesh. However, humans may on occasion consume the
whole fish (for example, sardines) and other predators frequently consume the
whole fish. The BF values for elements which are more or less uniformly
distributed in the body, e.g., H and Cs, are essentially identical for the whole
fish and for fish flesh. The concentrations of bone-seeking radionuclides which
are analogues of calcium, notably 90Sr and 226Ra, may be 60 times higher in the
whole fish than they are in the fish muscle (Blaylock 1982) . Similar
discrepancies are observed for 239Pu.

(d) The chemical composition of the water has a marked influence on BF's for
certain radionuclides in aquatic organisms. For example, because of chemical
similarities, the BF for 137Cs is inversely correlated with the potassium
concentration in the water while the BF for 90Sr is inversely correlated with the
calcium concentration (Vanderploeg et al. 1975, Blaylock 1982, Poston and
Klopfer 1986, CSA 1987). Different BF values have therefore been adopted for
aquatic organisms in fresh water of low and of high mineral content (Ophel 1980,
CSA 1987). Lake and river waters in the area of the Canadian Shield usually
fall into the category of low mineral content.

(e) Feeding habits of fish and the content of organic matter in the water also
have a marked effect on the BF values for certain radionuclides. For this
reason, different BF's are sometimes recommended for piscivorous (carnivorous)
fish such as maskinonge, for planktivorous fish such as whitefish, and for
bottom feeders such as suckers or catfish (Poston and Klopfer 1986) (see Table
11). Because of the fact that certain elements such as Co, Cs, U and Pu tend
to deposit and accumulate in sediments (Blaylock 1982, CSA 1987), the BF's for
bottom feeders can be appreciably higher than for piscivorous fish. How ver,
many of the fish found in waters of the Canadian Shield are omnivorous arid do
not fall neatly into any of the above categories; moreover, the feeding habits
of young fish change as they mature.

In order to cope with these and other sources of major uncertainties in BF
values, site-specific analyses are required in order to obtain reliable data for
a given area. For regulatory purposes, a single default value for the BF for
a given radionuclide or element is usually given. Some recommended default
values for freshwater fish as given in four publications are summarised in Table
12. Similar values are given by Zach (1982). All values are expressed per unit
wet weight.

The values given by Zach et al. (1989) are geometric means of lognormal
distributions; rather than use site-specific values, probability density
distributions are applied to account for variations. In most cases where a
direct comparison is possible, the values by Zach et al. (1989) for the Canadian
NFWM concept are fairly close to those recommended in the 1987 CSA document for
fish in water of low mineral content (Table 12). The major discrepancy for
those elements listed in Table 12 (or others listed in both CSA 1987 and Zach
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Table 12. Some recommended default values for bloaccumulatlon factors for the
flesh of freshwater fish, for use in the absence of site-specific data
(a).

Element Recommended bioaccumulation factor for freshwater fish flesh

NRCC
1983

1
105

20

5

15
15
400

50
50
30
10
10

350

25
25

CSA

Water of
low mineral
content

1
10=

1 000

800

30
50
10*

-
-
-
20
100

50

100
100

1987

Water of
high mineral
content

1
105

100

2

30
50
100 0.

0.
-
-
-
2
10

10

30
30

Poston &
Klopfer
1986

1
6.7 - 10*
30(b)
33O(c)
180(d)
0.7(e)
15
50

5-1.5xlO*(f)
5-1.5xl02(g)

-
50

1 000
50

50(h)
250(i)

2 500(j)
5(h)
25(1)
250(j)
100

50(h)
250(i)

2 500(j)

Zach et al,
1989

H
P
Co

Sr

Tc
I
Cs

*Po
*Ra
*Th
*U
*Np

*Pu

*Am
*Cm

6.7 x 10*

100

1

1

2

15
50
x 10*

500
50
000
50
500

250

100

* Alpha-emitting radionuclides.

(a) More exact factors are frequently recommended in those instances where the
concentration of the stable element or its stable analog in water is known.

(b) Eutrophic system.
(c) Unknown trophic status.
(d) Calculated for water containing 1 mg Ca per litre.
(e) Calculated for water containing 100 mg Ca per litre.
(f) Calculated for non-piscivores and piscivores, respectively, in water

containing 1 mg K per litre.
(g) Calculated for non-piscivores and piscivores, respectively, in water

containing 100 mg K per litre.
(h) Piscivores.
(i) Planktivores.
(j) Bottom feeders.
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et al. 1989) relates to Np; the value recommended by CSA (1987) would seem a
reasonable average for piscivorous and planktivorous fish (Poston and Klopfer
1986) while the 25-fold higher value selected by Zach et al. (1989) is chosen
to be conservative and would seem to be most appropriate for bottom feeders
(Poston and Klopfer 1986). This type of conservatism is common. Because of the
uncertainties associated with BF's, there is for regulatory purposes an
intentional selection of conservative default values that will provide an extra
margin of safety in calculating radiation doses to humans that may be consuming
the fish.

In order to calculate potential radiation doses to aquatic plants, BF
values for these plants are also required. The range of measured BF's for
freshwater plankton and algae is very wide, as is that for freshwater fish
(Table 11). Some of the recommended BF values are similar for aquatic plants
and for freshwater fish (for example, H, Tc, Cs) while others may be about 50 -
100 times higher (for example, Sr, Ra, Th and U) for plants than for fish (NRCC
1983). Similar variations in the ratio of recommended BF values for seaweed and
for marine fish have been tabulated (CSA 1987). In those cases where the BF for
aquatic plants is much higher than for fish, the potential radiation doses to
the plants will also be higher at Che same concentration of radionuclide in the
water. These dose rates will be considered in the section 6.2.

BF values or transfer coefficients for terrestrial organisms are considered
in detail in CSA (1987) and Zach et al. (1989). In general, the recommended
values for terrestrial plants and animals (Table 13) are orders of magnitude
smaller than for freshwater fish (Table 12) except in the case of H. The ratio
of the BF values for freshwater fish (expressed in L water per kg fish flesh)
over those for terrestrial plants (expressed in kg soil per kg plant) varies
from about 6 in the case of Tc to 5 x 106 in the case of Th (Zach et al. 1989).

5 . 2 Calculation of potential dose rates to environmental biota

In the case of freshwater biota, there are three major routes by which
humans might be exposed to radiation, namely, radionuclides in drinking water,
radionuclides in edible fish, and high energy fi- or 7-rays from radionuclides
deposited in bottom sediments. The IAEA advisory group (1988) has considered
Limitations imposed by all three sources combined. Under conditions applicable
Lo the Canadian Shield, it seems unlikely that humans would be exposed to
external radiation for 2 000 hours per year (h-a"1} of sediments as was assumed
in the 1988 draft IAEA document. CSA (1987) has suggested a default value of
100 h-a"1 for Canada in the absence of commercial activity.

Radiation dose rates to freshwater plants and fish living in water
containing one microcurie of various radionuclides per millilitre of water have
been calculated by NRCC (1983). These dose rates were converted using standard
factors to dose rates in mSv-a"1 at the derived RC in drinking water (Table 10)
which would result in 1 mSv-a"1 to humans. The results for selected
rndionuclides are tabulated in the 3rd and 4th columns of Table 14. The 2nd
column of Table 14 shows the potential dose rates to fish in water of low
mineral content after correction to the BF's recommended in CSA (1987) rather
than those listed in NRCC (1983). There are some major differences in the two
:;c:s of BF values (Table 12) and consequently in the calculated dose rates to
fish (Table 14). If we were to adopt the values given in CSA (1987) or Zach
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Table 13. Recommended bioaccumulatlon factors or transfer coefficients for
terrestrial organisms.

Element

H
P
Co
Sr
Tc
1
Cs
*Po
*Ra
*Th
*U
*Np
*Pu
*Am
*Cm

Soil to plants
(kg-kg'1)
Zach et al.

0.9

-
2.4
4 x 10"z

2 x 10~2

6 x 10"*
3 x 10~3

2 x 10"*
2 x 10"3

3 x 10"2

1 x 10"*
1 x 10"3

Plants to
beef flesh
(kg-kg"1)
CSA 1987

0.18
0.25
0.1
8 x 10"3

2 x 10"2

0.26
-

-
0.12(a)
2 x 10"3

2 x 10"5

4 x 10"5

4 x 10"5

Drinking water
to beef flesh
a-kg"1)
CSA 1987

0.9
2.5
0.5
4 x 10"2

-
0.18
1.3
-
-
-
0.3(a)
1 x 10"2

1 x 10"*
2 x 10"*
2 x 10"5

(a) Values for pork and poultry are cited in the absence of values for beef.
* Alpha-emitting radionuclides.

et al. (1989) as a tentative standard, the potential dose rates to freshwater
plants as given in Table 14 may be too low in certain instances. For example,
Cs should behave much like K, which is a natural and essential constituent of
all living organisms whether plant or animal. Consequently, the dose rates to
aquatic plants at the derived RC for 137Cs should not be much lower than those
for fish.

The major conclusion to be drawn from Table 14 is that freshwater fish
living in water of low mineral content may be exposed to dose rates up to 103 -
10* mSv-a"1 when the water contains selected radionuclides in the reference
concentrations, which would expose humans to 1 mSv-a"1 when this water was the
sole source of fluid to drink. The corresponding maximum dose rates to aquatic
plants could potentially be as high as 10* - 105 mSv-a"1 (10 - 100 Sv-a"1) under
the same conditions (Table 14), assuming that the standard quality factors can
be applied to dose rates in excess of 103 mSv-a'1 (see section 4.3) and that the
dose conversion factors applicable to the flesh of large freshwater fish could
be applied to plants (see below). These high dose rates to aquatic organisms
reflect the large differences between BF values for humans using this water
simply as a source of drinking fluids, and for organisms living in this water
and deriving their nourishment from it.
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Table 14. Potential dose rates to freshwater fish and plants at the derived
reference concentrations in drinking water which would expose humans
to 1 mSva"1.

Radio-
nuclide

Potential dose rates in mSv-a"1

to freshwater organisms at derived RC

Fish in water of
low mineral content
(CSA 1987)

Fish
(NRCC 1983)

Plants
(NRCC 1983)

H-3
P-32
Co-60
Sr-90
Tc-99
1-129
1-131
Cs-137
*Po-210
--•Ra-226
*Th-23O
*U-235
*U-238
*Np-237
*Pu-239
*Am-241
*Cm-242

4
2
1

110
40

0
12

3
1
3
5
2
2
7
4
7
5

X

.5 x

.4

X

.5 x
X

X

X

X

X

X

X

X

10 5

103

103

10" (a)
103 (a)
10" (a)
103

103

102

102

102

10"

4
2

30
0 .7

20
0 . 1
3.6

130
1.5
3
1.6
1
1

70
3
2
1

X

X

X

X

X

X

X

X

X

105

103

103

103

103

103

103

102

104

4
2
3

70
50

0 .
10
26

7
1.
8
1
1
7
3
4

X

X

3

X

5 x
X

X

X

X

-'.

X

10*
102

10"
105

10"
105

10 5

103

103

10"
x 106

(a) Based on bioaccumulation factors given in Poston and Klopfer (1986) and
Zach et al. (1989).

* Alpha-emitting radionuclides; dose rates in mGy-a"1 are multiplied by a
quality factor of 20 to convert to mSv-a-l

A more restrictive limitation on doses to aquatic organisms would be
imposed by restrictions on radionuclide concentrations in the flesh of
freshwater fish which are eaten by humans. The average adult consumes about 1.3
kg food per day (ICRP 1975). For purposes of illustration only, it was assumed
(as in the 1988 draft IAEA document) that 0.1 kg per day (36.5 kg-a"1) of this
food might be freshwater fish. The calculated results (Table 15) can be scaled
up or down to other rates of consumption as desired; for example, the dose rates
to fish would be 10 times higher or 10 times lower than those given ir the
second column of Table 15 if it were assumed that humans in the area consumed
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Table 15. Potential dose rates to freshwater organisms under conditions where
exposures of humans, either from consumption of 0.1 kg fish flesh per
day by humans (2nd and 3rd columns) or from multiple sources including
0.1 kg fish flesh per day (4th column), are limited to 1 mSv-a l.

Radio -
niir 1 i do-

Potent!a1 dose rate In
mSv•a"1 to freshwater
organisms at limiting
edible concent rat ion in
fish muscle

Maximum dose rat e in
mSv • a"1 to f reshwater f i i:h
as calculated in IAEA (198«)
using multiple source model
for exposure of humans

Fish(a) PlanCs(b)

H - 3
I'-'i?
Co-60
Sr-'JO
Tc-9<1
1-129
1-131
CK-13 7
*Po-210
*R.T??fl
•ATh-2 30
*V-?V>
•U-IMK

• " N ' p - . ' j ;

• * 1 ' U - 2 J V

* A M I - 2 M

*Cm-2'. . '

AO
80

3
30

0

b
3
1
1
2
•]

1
1

1
1

[ 8 0

. 15

X

X

X

X

V

. Ax
Ay.

.Ax
X

1 ( c ]

\o?-
10'
IO-1

It)3

I d 3

1O2

102

10"

[80!(c)

8
3

70
0 .

13
1 .
1
b
5

2
2
1 .
1 .

3

X

X

A

3
X

X

X

X

X

4 x
Ax

X

1 0 '
10;

10'
10'
1 0 '
1 0 5

1 0 5

1 0 '
1 0 2

10*

6
30

x 10'(f)

6 x 10z

h
8

85
1

X

X

X

10
10

10
106

(a) Calculated using the dose conversion factors derived from NRCC (1^83) for
a situation where humans would receive 1 mSv-a 1 from consumption of 0.1 kg
fish muscle per day; the corresponding ALI's for various radionuclides arc
given in the third column of Table 7. To avoid unwarranted impressions of
ft rent accuracy. all data shoul d he. rounded to one si 5 m f. icant digit.

(b) Cn 1 culatod from the dose rates to fish as given in the second column (sc-i-
"a") from the ratio of BF values for freshwater fish and plants as given in
:JR!.;i: (1983) . The dose rate- conversion factors used in NRCC (1983) to
convert concentrations in Bq-g"1 biota to mSv-a'1 are 1 ike 1y to ho
approximately correct for both plants and fish in the case of the alphn-
enii i- ti ng radionuc lides, but will overestimate dose rates to smal 1 plant s
and sinn 11 fish by a 1 nrge fac tor in the case of radionuc 1 i dps such as 3'T,
-"''Co nntl ""S r , wh i ch emit energe t ic beta- or gamma - rays (see text).

t'c) The Limit on exposures would be determined by the concentration of tritium
in drinking water (see Table l'O rather than by the concentration in fish
flesh, as was assumed for this calculation.

(d) The calculated dose rates arc limited primarily by the concentration of
t r i tium in drinking water for humans.

Ce ) Tin- ca 1 cu Lat ed dose rnte.'i arc 1 i mi ted primar 11 y by exposure of humans to
gannnn radiation for 2000 ha" 1 of sediments (a scenario which is unlikely
on the Canadian Shield); these, exposures from sediments represented 99.9%
and 90.4% of the 1 mSv-a'1 received by humans from 60Co and n 7Cs,
respectively (IAEA draft 1988). CSA (1987) recommends a default value for
exposure of humans to 100 h • n"1 of sediments in the absence of special ised
cominorc i a I ac t i vi t.y .

(f) This calculated dose rate is attributed primarily to beta radiation from
hot.com sediments; because the beta-rays from 90Sr/90Y do not penetrate more
thnn a fow mm of water or flesVi, this value is applicable only to very
r.iv.nl 1 fish 1 i vinp, on the hot torn sediments and not to adult f ish.

Alpha-emi tting radionuclides; dose rates in mGy •
quality factor of 20 to convert to mSva" 1.

arc mult i p1ied by a
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10 times less or 10 times more, respectively, than 0.1 kg fish muscle per day.
Table 15 compares the potential dose rates to freshwater fish flesh, as
calculated on the basis of the stated assumptions, with those to freshwater
plants as calculated in NRCG (1983), and with the dose rates to freshwater fish
as calculated in the IAEA draft document (1988) which was based on a limitation
of mSv-a"1 to humans from three combined sources: radionuclides in drinking
water plus radionuclides in 0.1 kg fish flesh consumed per day plus external
radiation from exposure of humans to 2000 h-a"1 of sediments.

The following comments should be noted:

(a) For most of the radionuclides listed, the dose rate to aquatic biota will
be limited primarily by the concentrations in edible fish flesh (second column
of Table 15) rather than by the concentrations in drinking water (second column
of Table 14) for humans. The major exception is tritium (see footnotes "c" and
"d" in Table 15) .
(b) The computer code used to calculate dose rates from tritium has added dose
rates from external water and internal sources (NRCC 1983), despite the fact
that the average range of the tritium beta-particle is less than the average
diameter of a single cell. At the assumed BF of 1 (Table 11), the dose rate to
aquatic biota living in water at the derived RC yielding 1 mSv-a"1 to humans
should be closer to 2 mSv-a"1 than to the 4-5 mSv-a"1 indicated in Tables 14 and
1.5. On the other hand, the dose conversion factors for 90Sr used in NRCC (1983)
may be too low by a small factor if, as appears to be the case, doses from its
progeny M Y are not included.

(c) The dose conversion factors used in NRCC (1983) and in IAEA (1988) to
calculate dose rates to freshwater fish assume an effective radius of 30 cm.
This conversion factor will result in a large overestimation of dose rates to
small fish (NRCC 1983) from internal gamma-emitters such as 60Co. A similar
overestimation of dose rates will apply to small plants and plankton (IAEA 1976).
The degree of overestimation will depend on the energy of the /?- and 7-rays
emitted and on the size of the organism. In the case of unicellular
phvtoplankton, the overestimate will be zero for 3H /3-rays, about 3-fold for the
0-rnys from 99Tc and up to 30-fold for the more energetic /3-rays emitted during
chc decay of 32P and 90Y (IAEA 1976). The dose rates for alpha-emitters should
be more accurate, even though dose rates from internal alpha-emitters in
unicellular plankton may be about 3 times lower than the calculated values, due
t:o loss of part of the alpha energy from the cell to the external water (IAEA
1976) .

(d) These errors in dose conversion factors for small fish, small plants and
plankton will be offset in some cases by increases in radiation doses from
radionuclides deposited on bottom sediments. For those radionuclides examined
by the IAEA (1988), the major portion of the dose to small fish living on the
bottom would be due to external radiation from bottom sediments in the case of
C0Co, 90Sr, 99Tc, 131I and 137Cs (but not in the case of 3H, 32P or most of the
alpha-emitters).

(e) As noted in section 6.1, certain radionuclides tend to be concentrated in
selected tissues, for example, 129I and 131I in thyroid, 90Sr, 226Ra and some other
alpha-emitters in bone, and Z39Pu in intestinal contents, liver and bone (ICRP
!'J/'.'-81). Radiation doses to specific organs in the fish can thus be much higher
than the calculated values for fish flesh, and predators which consume the whole
fish may ingest considerably larger amounts of these particular radionuclides
than would be predicted from the concentrations in fish flesh.
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The dose rates as given in Tables 14 and 15 are thus subject to major
uncertainties in the region of two orders of magnitude in some instances.
Despite the trend to select conservative values for BF's (see section 5.1),
other factors such as external radiation exposures from bottom sediments and
concentration of certain radionuclides in specific tissues of fish tend to off t
this conservatism in some instances. The various dose rates given in Table L5
should therefore not be considered to be anything more than useful approximations
which may either overestimate or underestimate radiation doses from particular
radionuclides to specific organisms under site-specific circumstances. Uithin
these limitations, the general conclusion to be drawn from Table 15 _s that dose
rates in the region of 103 mSv-a'1 to freshwater biota are not uncommon when the
limiting factor is the concentration of radionuclides in fish muscle that would
result in 1 mSv-a"1 to humans consuming 0.1 kg of this fish flesh per day.

The limiting factor determining potential dose rates to fish flesh is
usually the ALI (Table 10) for humans consuming 0.1 kg of this flesh per day
(Table 15) . The dose rates given in the second column of Table 15 are thus
applicable not only to fish flesh but also to any other source of food, including
terrestrial plant and animal products, consumed by humans at the rate of 0.1 kg
per day. If all of the 1.3 kg of food consumed by humans per day (ICRP 1975)
were equally contaminated, the dose rates to the food materials would of course
be 13 times lower. This scenario is most unlikely given the wide variation in
bioaccumulation factors and transfer coefficients for different types of
organisms (Tables 12 and 13). In practical terms, dose rates to various food
products, each of which is consumed by humans at the rate of 0.1 kg per day, are
likely to be equal to or much lower than those given for fish flesh in the second
column of Table 15.

From the point of view of the Canadian NFWM concept, it is obvious that
the highest dose rates to aquatic and terrestrial biota at the ALI for humans
would be delivered by the long-lived alpha-emitters listed in the bottom half
of Table 15. Since most of these particular elements are relatively insoluble
and unlikely to reach the surface from a vault deep underground, the probability
of various radionuclides reaching the surface of the earth becomes the critical
issue in the NFWM program.

Maximum potential dose rates to terrestrial organisms living on a shallow
landfill waste repository have been considered in the 1988 IAEA draft document.
This particular scenario is only relevant to the Canadian NFWM program in the
event that radionuclides from a deep underground vault should ever reach the
surface ground. Data for six particular radionuclides listed in Table 3.3 of
the IAEA 1988 draft are summarised in Table 16A. There are two major problems
associated with the numbers given in this table. First, the draft IAEA document
is ambiguous as to whether the dose rates for alpha-emitters such as 226Ra and
239Pu were calculated in terms of mSv or mGy; a factor of 20 is involved.
Second, the calculated dose rates for tritium exposures in IAEA (1988) are too
high by a factor of approximately 100. The average intake of H by humans from
food and from aqueous fluids is about 35% and 65%, respectively, of their total
H intake (ICRP 1975), and much of the tritium in food is oxidized to water in
the body (see Myers and Johnson 1987). It is thus likely that tritium
concentrations in terrestrial plants would be less than 3 times (rather than 300
times as suggested by Table 16) the concentration in humans deriving all their
sustenance from the same soil. Doses to other terrestrial animals should be
roughly equal to those to humans, rather than 150 times higher as suggested in
the 1988 draft IAEA document. Some of the data given in Table 16 are obviously
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Table 16A. Maximum dose rates in mGya"1 to terrestrial organisms living in or
on soil that would give 1 mSva"1 to humans living on and deriving
sustenance from the same soil, as calculated in the 1988 draft
document of an IAEA advisory group.

Radio -
nuclide

Maximum dose rates in mGy-a-l

Soil organisms Plants

3 x
22
70
1.5 x
3 x
2 x

102

102

102

102

Animals

1.5 x
7
15
1.5 x
7
4

H-3
Sr-90
Tc-99
Cs-137
*Ra-226
*Pu-239

4
70
4
3
4
2

x 102

x 102

x 102

x 102

x 103

10z

not reliable. Similar criticisms apply to dose rates calculated in the 1988
draft IAEA document for terrestrial plants and animals living in air that would
expose humans to 1 mSv-a"1 (Table 16B). For the three radionuclides for which
reasonable comparisons are possible (Table 16) , dose rates to terrestrial
organisms from aerial deposition would be appreciably less than those from
radionuclides in soil under conditions where the limiting factor was a maximum
of 1 mSv-a'1 to humans.

Regardless of the above criticisms and potential errors of as much as
100-fold in some of the numbers given in the 1988 IAEA draft, the data (Table
16) are of interest as an example of the calculation of potential dose rates to
terrestrial organisms under conditions where humans might be exposed to 1 mSv-
o~l. Dose rates to soil organisms, which would presumably include plant roots,
are particularly noteworthy.

5 . 3 Dose rates at "de minimis" levels of exposure

Advisory groups concerned with radiological protection have in recent years
displayed considerable interest in the concept of "de minimis" levels of
radiation exposure, that is to say, incremental levels of exposure which are so
low that the cost of regulating the sources of this additional radiation would
be greater than any benefits which might derive from possible reductions in the
radiation exposures of humans. The ICRP (1985b) has recommended "de minimis"
levels of 10 to 100 /xSv (0.01 to 0.1 mSv) per year depending upon the number of
potential sources of radiation exposure. The Advisory Committee on Radiological
Protection in Canada has recently recommended a "de minimis" level of 50 /iSv or
0.05 mSv per year to individual humans. These levels represent a very small
fraction of the 2-3 mSv-a"1 which the average human normally receives from
natural sources (see section 2.4) and are also much smaller than the variations
in natural background radiation levels to which humans who live in different
locations are exposed (see section 2.3).
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Table 16B. Maximum dose rates in mGya"1 to terrestrial organisms from chronic
aerial deposition rates that would give 1 mSv-a"1 to humans (IAEA
1988).

Maximum dose rates in mGy-a"1

Radio-
nuclide Plants Animals

H-3 50 50
Sr-90 18 0.4
Cs-137 6 2
*Pu-239 4 0.09

Alpha-emitting radionuclides; the text and the corresponding table in the
1988 IAEA draft document are in conflict as to whether the dose rates for
these particular radionuclides are in mSv-a"1 (text) or mGy-a"1 (table).

At a "de minimis" level of 0.05 mSv-a"1 to humans, dose rates to other
environmental organisms would be 20 times smaller than those considered in Table
15. In round numbers, the dose rates from long-lived alpha-emitters might be
in the region of 103 to 104 mSv-a"1 to aquatic plants under the conditions
specified for Table 15, or in the region of 102 mSv-a"1 to those portions of
plants and animals consumed by humans at a rate of 0.1 kg per day. The average
dose rates to all of the 1.3 kg per day of plant and animal products consumed
by humans is unlikely to exceed 10 mSv-a"1 under these conditions, a dose rate
which should have no detectable effects on the survival of populations of
environmental organisms under natural conditions (see chapters 6 and 7).

The above considerations on "de minimis" levels of exposure are
particularly relevant to the Canadian NFWM concept, since the AECB has ruled that
the dose limit to members of the general public from any single waste disposal
facility should also be 0.05 mSv-a"1 (AECB 1987). This is of course 20 times
less than the limit recommended by the ICRP for exposure of members of the public
to all anthropogenic sources of radiation, excluding medical irradiations and
natural background radiation.

5 .4 Critical radionuclides for NFWM

Calculations to this point have been concerned with individual
radionuclides present in the biosphere. In reality, the Canadian NFWM concept
deals with a mixture of a large number of radionuclides from used fuel at
considerable depth in the geosphere.

Tables 14 and 15 indicate that dose rates to freshwater organisms would be
higher for 2;i2Cm than for 137Cs at the recommended limits for each of these
individual radionuclides. However, the concentration of 242Cm in used fuel at
10 years after discharge is 5 orders of magnitude lower than that for 137Cs
(Appendix A). One initial approach to the question of relative concentrations
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of radionuclides in used fuel is given in Table 17, where the potential dose
rates to freshwater fish at the ALI for humans (Table 15) are multiplied by the
concentrations of the same radionuclides in the potential source, i.e., in used
nuclear fuel at various times after discharge from the reactor (Appendix A) .
If all of these radionuclides were equally mobile, the critical radionuclides
in the short term might appear to include 60Co, 90Sr, 137Cs, 239Pu and M1Am. In
the long term, 239Pu (and 2A0Pu) plus 238U and its decay products might appear to
be the most important of those radionuclides listed in Table 17. However, this
initial assessment is highly dependent on the assumption that all of these
radionuclides are equally soluble in water and could migrate rapidly to the
surface. As noted earlier (see section 3.3), it is highly improbable that any
appreciable amount of Pu or U would leave the original storage site in an
underground vault, and other radionuclides would decay before they reached the
surface.

Table 17. Relative importance of selected radionuclides from used nuclear fuel
in determining dose rates to freshwater fish at ALI for humans,
assuming equal mobilities for all radionuclides.

Dose rate (mSv-a"1) to fish flesh at ALI multiplied
by concentration (Bq-kg"1 x 10"10) in used fuel (a)

10 years 10 years

0
0
0
0
0.4
0
0
0
0
0.1
0 .1
0.04
2
0 . 1

70
0
0

10' year

0
0
0
0
0
0
0
0
0 . 4
1
1
0 . 1
2
0.004
0
0
0

H-3
P-32
Co-60
Sr-90
Tc-99
1-129
1-131
Cs-137
Po-210
Ra-226
Th-230
U-235
U-238
Np-237
Pu-239
Am-241
Cm-242

1
0
20
150
0.4
0
0

460
0
0
0
0.03
2
0.01
90
150
4

(a) Dose rates to fish flesh as given in the first column of Table 15 (except
for H3) are multiplied by concentrations in used nuclear fuel as given in
Appendix A.
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The topics of radionuclide mobility will not be considered in detail at
this point since it is the focus of intensive investigations related to the
Canadian NFWM concept (see, for example, Dormuth 1987, Sheppard and Rosinger
1989) which are being reported elsewhere. The Canadian NFWM concept involves
detailed pre-and post-closure environmental and safety assessments. The post-
closure assessment focuses on doses to members of the general public living in
the potential discharge zone of the vault; the model used is probabilistic and
involves the vault, the geosphere and a biosphere model. Preliminary
calculations using the SYVAC-2 computer code indicate no doses greater than 10~10

mSv to humans during the first 104 years after vault closure (Goodwin et al .
1987). At longer periods of time up to 107 years, the critical radionuclides
would be 99Tc and 129I (Goodwin et al. 1987), both of which have relatively long
half-lives (Table 10) and are thought to be relatively mobile. Neither of these
radionuclides are likely to expose other environmental organisms to high
radiation doses under conditions where exposures of humans are restricted to
less than either 0.05 or 1 mSv-a"1 (Tables 14 and 15).

A critical feature of the Canadian NFWM concept is that transit times for
radionuclides through the geosphere from the sealed vault to the earth's surface,
either by direct transport or by hydrodynamic dispersion in groundwater, are
likely to be much in excess of 10'' years (Goodwin et al. 1987). All of the
short-lived radionuclides such as 3H, 32P, 60Co, 9°Sr, 137Cs, 2 uAm and ^ C m (Table
10) would have decayed to insignificant quantities during this time. Data
concerning these shorter-lived radionuclides as given in the present document
or in the draft IAEA report are thus expected to be applicable only to waste
management in shallow locations and not to the Canadian NFWM concept. The
preliminary data obtained by the SYVAC-2 computer code suggest thus that there
are in fact rio critical radionuclides in the Canadian NFWM concept which could
deliver high radiation doses to environmental organisms.

6. BIOLOGICAL EFFECTS OF RADIATION

Radiation exposure leads to many different biological endpoints in plants
and animals, of varying degrees of detriment to the organism or the population.
This chapter will discuss both the short-term and long-term effects of radiation
exposure. These Include changes having either prompt or delayed effects on the
irradiated individual, changes of lethal or sub-lethal consequence, and changes
not manifest until later generations.

The biological effects of radiation cannot normally be determined by
examination of organisms living in areas where different concentrations of
radionuclides exist. In the first place, the frequency with which different
organisms occur under natural conditions can fluctuate widely, depending upon
the local abundance of food supplies and predators and upon temporal variations
in rainfall and temperature. Secondly, radiation dose rates, even in heavily
contaminated situations, are usually many orders of magnitude below those that
produce deleterious effects in controlled experiments (NRCC 1983) . Thus the
potential biological consequences of radiation on organisms living under natural
conditions can only be assessed reliably by extrapolation from effects observed
in carefully controlled laboratory studies.

The biological consequences of radiation exposure depend upon the rate at
which energy is deposited in a particular tissue, and upon the sensitivity of
that tissue. A given total dose may be lethal when administered acutely, but
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not if given chronically at low rate over an extended period of time, as occurs
during chronic exposure to /3- and 7-rays; cellular repair mechanisms are able
to correct most of the radiation-induced damage. As the rate of energy
deposition is increased, when exposure is acute, repair mechanisms become less
efficient, and damage becomes intolerable for the cell. The actual effects
manifested by a tissue or by an organism will depend on a number of factors,
including repair efficiency, rate of cell division, and cellular tolerance.
Even when living cells are maintained under optimal conditions in the laboratory
and acute radiation exposure is limited to a few minutes, the radiation doses
required to kill 50% of the cells can vary from about 0.1 Gy for certain types
of mammalian cells up to about 10* Gy for certain bacterial cells. Differences
in the sensitivity of different types of cells to the lethal effects of radiation
are expected to be even greater for chronic exposure to 7-rays at low dose r^tes.

The biological effects of radiation have been described by many authors
(see, for example, Bacq and Alexander 1961, Loutit 1962, Purdom 1963, Arena
1971, Pizzarello and Witcofski 1975, Grosch and Hopwood 1979, Egami 1980, Marko
1981, BEIR 1972 and 1980, UNSCEAR 1972, 1977, 1982 and 1986). Discussion in the
present, document will be limited to a review of those aspects most relevant to
evaluation of the ICRP principle that levels of radiation protection designed
to provide adequate protection for all human individuals is likely to ensure the
survival of populations of non-human species.

These biological effects will be discussed under the headings of stochastic
and non-stochastic effects. "Stochastic effects are those for which the
probability of an effect ocnrring, rather than its severity, is regarded as a
function of dose, without thresnold. Non-stochastic effects are those for which
the severity of the effect varies v?.th the dose, and for which a threshold may
therefore occur" (ICRP 1977). St0t.iia.3tic effects include carcinogenesis and
genetic changes. Non-stochastic effecus include a wide variety of endpoints
such as acute lethality, loss of fertility, abnormal development, and other
types of lasting damage to various tissues which may lead in turn to non-specific
life-shortening.

The aim of radiation protection for humans is to prevent completely any
detrimental non-stochastic effects and to limit the probability of stochastic
effects to levels deemed to be acceptable to humans (ICRP 1977). The major
interest in radiation protection of humans, particularly at radiation doses in
the region of 1 mSv per year (see section 4.4), is thus accurate assessment of
small doses and of the probability that these small doses cause radiation-induced
stochastic effects. For the survival of populations of other species of living
organisms, stochastic effects are likely to be of less importance since
individuals seriously hampered by genetic changes or by cancer are rapidly
eliminated from the general population of these species and replaced by other
individuals. The limiting factor in protection of the survival of other species
is thus likely to be induction of non-stochastic effects.

6. 1 Non-Stochastic Effects

Since the induction of non-stochastic effects has often been studied with
high radiation doses delivered at high dose rate, the quality factor Q is not
directly applicable (ICRP 1977). Doses will therefore be given in terms of Gy,
the absorbed dose, rather than in terms of Sv, the dose equivalent.

At high doses delivered at high dose rates, the amount of damage introduced
by low-LET radiations such as X-, 7- and /5-rays is sufficient to saturate the
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effect of normal repair systems, so that these radiations have effects similar
to those of high-LET or densely-ionizing radiations. At low doses delivered at
low dose rates, much of the random damage introduced by low-LET radiations can
be correctly repaired before further damage is produced by continued irradiation.
This is not true for high-LET radiation such as a-particles, which produce a high
density of damage in a few cells even at low doses and low dose rates (see, for
example, BEIR 1980, Myers 1982). However, the quality factors recommended by
the ICRP are probably applicable to induction of non-stochastic as well as
stochastic effects when dose rates are relatively low, i.e., below about 103 mSv
or 1 Sv per year according to the ICRP recommendations on radiological protection
of humans.

6.1.1 Lethality

Among mammals there is a common and well-known sequence of symptoms produced
with increasing exposure to whole-body radiation at high dose rate. Below a
threshold dose no lethal effects are manifest. This is because the body's
defense mechanisms can cope with the radiation-induced damage. In most mammals,
lethal effects are observed only at acute radiation exposures in excess of 2 Gy
(Table 18). The frequency of the lethal effects becomes greater at higher doses.
At acute doses of 2 to 10 Gy, mortality results from the failure of the
hematopoietic system. Radiation destroys those cells in the bone marrow that
differentiate into the various types of essential blood cells. Survival at this
dose range is usually 2 to 6 weeks. In general, larger mammals tend to be a
little moi'e sensitive than smaller mammals with a shorter life span (UNSCEAR
1988) .

Table 18. Acute lethal doses of whole body radiation in various organisms (Bacq
and Alexander 1961, IAEA 1976, Whicker and Schultz 1982).

Lethal doses of X- or
Class of organism 7-radiation delivered at

high dose rate (in Gy)

Mammals
Birds
Amphibians
Higher plants
Fishes
Reptiles
Crustaceans
Insects
Primitive plants (mosses,
Bacteria
Protozoa
Molluscs
Viruses

lichens, algae)

2 -
5 -
7 -
7 -
7 -
10 -
15 -
20 -
30 -
50 -
100 -
100 -
200 -

15
20
50

800
600
40
600

3 000
>12 000
10 000
6 000
1 000
10 000
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In contrast to the relatively high sensitivity of mammals is the resistance
of adult insects to acute radiation lethality (Table 18). The dose sufficient
to kill 50% of a sample of organisms within a set period, say 30 days, is from
10 to 1000 times higher for insects than for mammals (O'Brian and Wolfe 1964).
For this reason, radiation doses of hundreds to thousands of grays are required
in extermination applications. Part of the reason for this dramatic difference
lies in the developmental mechanisms of mammals and insects.

In insects, the majority of cell division and differentiation occurs within
the egg, with much less activity associated with molting and pupation. The
growth of larvae is accomplished largely by cellular expansion rather than by
an increase in cell number. Conversely, mammals grow by a prolonged sequence
of cellular proliferation and differentiation. This growth continues in the
adult in such tissues as bone marrow and the gut lining, where a constant
production is required for the replacement of cells. Not surprisingly, the
insect egg, which has developmental activity comparable to mammals, also has
similar radiosensitivity (Table 19).

Approximate mean lethal doses of low-LET radiation for fertilized eggs and
for adults of several species are given in Table 19. Although fertilized eggs
are in general more sensitive than adults, the most radiosensitive period is
usually fairly short, of the order of 1 to 5 days. Dose rates below 0.1 Gy-d"1

or 40 Gy-a"1 would thus not be expected to kill a major fraction of the
fertilized eggs either in insects or in mammals.

Table 19. Approximate mean lethal doses of x- or 7-rays delivered in a short
period of time to the fertilized egg and to adults of various species
(Bacq and Alexander 1961, Grosch and Hopwood 1979).

Organism Mean lethal doses (in Gy)

Fertilized egg Adult

Weevil (Sitophilus) 2 2 000
Fruit fly (Drosophilia) 2 1 000
Wasp (Habrobracon) 1 2 000
Trout 0.5-1 9
Chicken 7 8
Mouse 1 7

The effect of dose protraction on the lethal dose for bone marrow death in
a variety of mammalian species including mice, guinea pigs, sheep and swine has
been examined (UNSCEAR 1988). The operational effective dose (OED) for acute
exposures can be approximated by the formula

OED (in Gy) = [Dose rate to bone marrow (in Gy-d"1) x t (in days)] -
1.5 (Gy) - 0.1 t.

The dose of 1.5 Gy in the formula represents the amount of dose recovered in
the first day after acute irradiation, and thereafter an extra 0.1 Gy per day
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is required to counteract repopulation of the bone marrow (UNSCEAR 1988) . For
long periods of irradiation greater than, say, 100 days, the important component
in this equation becomes the additional 0.1 Gy per day (40 Gy-a"1) required to
cause bone marrow death. Although this equation is considered suitable only as
a general guide and not as an accurate assessment (UNSCEAR 1988) , it does suggest
that dose rates of low-LET radiation below 40 Gy-a"1 would in general not bo
expected to kill a major fraction of the adults of any mammalian species.

The sensitivity of plants to acute irradiation varies tremendously among
species (Table 18). Extensive work (Sparrow et al. 1967, Underbrink et al.
1968) has shown that a major factor determining the lethal dose for a plant
species is the volume of the interphase (non-dividing) chromosomes. There
appears to be a threshold energy absorbed per unit chromosomal material per unit
radiation, above which lethality occurs. The amount of energy absorbed per
chromosome is directly proportional to its volume. Hence the size of the plant's
chromosomes is a good predictor of its radiation resistance.

The relationship between lethal exposure and interphase chromosome volume
of plants can be represented by a family of equations. Figure 6 illustrates
this relationship for two groups of seed plants. The lower plant forms, lichens,
mosses, and algae, ars highly resistant to radiation (Table 18) because of their
small chromosomes and asexual mode of reproduction.

The same principle of relationship between lethal doses and chromosomal
volume (or DNA content per chromosome) has a limited applicability to other
species of living organisms. When 120 diverse organisms ranging from viruses
to mammalian cells were compared in the same manner as indicated in Figure 6.
eight parallel regression lines were obtained that bore little relationship t.o
the morphology of the organisms involved (Sparrow et al. 1967, Underbrink et al.
1968). Thus, although the general principle may be of some help in predicting
the probable radiosensitivity of closely related organisms, it is not useful in
explaining the variations in radiosensitivity between organisms of different
morphology and organization.

Plants, like animals, possess natural repair systems and are more resistant
to the effects of low-LET radiation at low dose rate than at high dose rate.
Data on the response of 31 terrestrial plants to chronic 7-irradiation were
given by Sparrow and Christensen (1953); for simplicity, only three of the more
sensitive species and three of the more resistant species are given in Table 20.
Interestingly, the more sensitive plants, Tradescantia . LiHum and Vicia , are
those favored by cytologists in the study of radiation-induced chromosomal
abnormalities because these plants have large chromosomes (Grosch and Hopwood
1979). The dose rates required to produce severe effects on these plants within
2 to 4 months varied from about 0.3 to 60 Gy-d"1. Minor effects in the same
series of plants were observed at dose rates of 0.2 to 14 Gy-d"1 (Sparrow and
Christensen 1953). Appreciable effects would thus be unlikely to occur at dose
rates below, say, 0.1 Gy-d"1 or 40 Gy-a"1.

The effects of chronic radiation on plants in their natural habitat will
be considered in more detail in section 7.1.

6.1.2 Loss of Fertility

The results cited above suggest that chronic radiation exposures below 100
inGy-d"1 are unlikely to cause appreciable lethality in animals and plants.
However, a limiting factor could be loss of fertility and reproductive ability
due to radiation-induced death of germ cells in these organisms.
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Figure 6. The acute lethal exposure to high-dose-rate, low-LET radiation in
relation to the volume of interphase (non-dividing) chromosomes of
angiosperms (Sparrow and Sparrow 1965) .
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Table 20. Tolerance of six terrestrial plants to chronic 7-radiation.

Plant

Dose rate to produce Accumulated doses
Minimum exposure severe effects producing severe
(in weeks) (in Gy-d"1) effects (in Gy)

Lilium
longiflorum

Tradescantia
paludosa

Vicia
fab a

Digitaria
(crabgrass)

Brassica
(broccoli)

Gladiolus
(hybrid)

15

15

15

12

10

8

0.3

0.4

0.9

18

25

60

30

40

90

1 500

1 700

3 300

The most striking result that we are aware of is the radiation-induced
death of immature oocytes (female germ cells) in mice and monkeys (Dobson and
Kwan 1977, BEIR 1980). This phenomenon is an example of "interphase death" or
"apoptosis" in certain selected types of non-dividing cells which appear to
carry a natural, built-in mechanism for cell lethality that can be prematurely
triggered by exposure to radiation, to certain natural hormones or to various
other agents. Half of the immature oocytes at their most sensitive stage of
development in newborn mice can be killed by acute radiation doses of about
0.08 Gy (Oakberg 1962). The most sensitive stage is about 30 days after
conception. More importantly, a similar result can be induced by chronic /3- or
7-radiation at relatively low dose rates (Table 21). /J-rays from tritlated water
at a dose rate of about 3 mGy per day will kill half of the immature oocytes in
young mice when administered over a 2-week period from 19 to 33 days after
conception (Dobson and Kwan 1977). Similar results were observed in monkeys
exposed to tritiated water during the last trimester of pregnancy. The
accumulated doses required to kill half the immature oocytes under these
conditions are about 0.05 Gy in both mice and monkeys (Table 21). Mature oocytes
in adult mammals are in general more resistant to cell killing by radiation (BEIR
1980, UNSCEAR 1982) .

Radiation-induced death of half of the immature oocytes in mammals does not
have a major effect on reproductive ability (BEIR 1980). Many of these immature
oocytes die normally before maturation and only a small fraction of those which
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Radiation-induced death of immature oocytes in mice and
monkeys (Dobson and Kwan 1977, BEIR 1980).

Species

Mouse

Mouse

Mouse

Monkey

Mouse

Radiation

X-ray*
X-ray*

7-ray
Tritium p

7-ray
Tritium f)

Tritium 0

7-ray

Time of
irradiation
post-conception

29
29

19-33
19-33

0-33
0-33

Last
trimester

20-40
0-14

Effect

50% oocyte killing
Impaired fertility

50% oocyte killing
50% oocyte killing

50% oocyte killing
50% oocyte killing

50% oocyte killing

Complete sterility
Shortening of

reproductive period

Total
dose
(in Gy)

0.08
0.25

0.12
0.05

0.3
0.12

0.05

1.7
1.7

* Acute exposure; all other data in the above table represent chronic
exposures.

mature are used for reproductive purposes. For example, in the human female
foetus about 7 million immature oocytes develop in the ovaries; some 90% or more
of these die under natural conditions, leaving about 0.4 million by the age of
12-16 years (ICRP 1975). Of this total, only about 400 mature oocytes are
actually utilized for ovulation during reproductive life (BEIR 1980, Myers 1982).
Thus loss of 50% of the immature oocytes in young mice does not lead to sterility
but could potentially result in minor shortening of the reproductive phase of
life as these animals grow older.

Complete sterility of young female mice is produced only at considerably
higher dose rates in the region of 80 mGy-d"1. Based on comparisons of effects
of acute X-radiation on oocyte killing and impaired fertility (Table 21), minor
impairment of fertility might be anticipated at chronic dose rates in the region
of 10 mGy-d"1 when young female mice are irradiated during the most sensitive
phase of oocyte development.

Similar experiments on sterility produced in females by chronic irradiation
do not seem to have been reported for larger mammals of longer life span. It
is known that the acute doses of X-rays required to produce sterility in adult
female humans are 40-100 times greater than in adult female mice (UNSCEAR 1982).
Fractionated doses totalling about 20 Gy over a period of 2 weeks may produce
permanent sterility in women (BEIR 1980). If the effects of acute doses and of
chronic doses were similar, as seems to be true for oocyte killing in young mice
(Table 21), it is theoretically possible that chronic doses totalling about
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20 Gy over an average reproductive age of about 30 years might produce sterility
in women. This speculative and unproven dose rate would be equivalent to about
2 mGy-d"1.

Spermatogonia (male germ cells) are also highly susceptible to radiation-
induced cell killing. In contrast to the situation in female mammals, where all
of the oocytes are formed at an early age and are not replenished during the
reproductive phase of life, spermatogonia in male mammals are continually
replenished during adult life. Acute radiation doses of 1 Gy or more may result
in a temporary sterility or impairment of fertility in mice and humans, but the
spermatogonia and sperm later return to normal levels unless the radiation doses
are high enough to kill all the stem cells which produce spermatogonia (BEIR
1980, UNSCEAR 1977). Acute doses required to produce permanent sterility are
higher than the doses required to kill the whole animal. Acute exposures of the
gonads of male mice to doses as high as 10 Gy have failed to permanently impair
reproductive potential and fertility (BEIR 1980). Some impairment of fertility
was, however, observed in young mice age 3 to 5 days at the time of acute
exposure to 10 Gy (UNSCEAR 1977).

The effects of chronic exposure to X- or 7-radiation have also been studied
in male laboratory mammals. Dose rates of 4 to 100 mGy-d"1 are required to
produce sterility in male dogs and mice, respectively (Table 22). The beagle
dogs studied by Casarette and co-workers (1964) appear to be more sensitive than
mice to effects of radiation on the testes. This may well be related to the
longer life-span and slower turnover of spermatogonial stem cells in dogs as
compared to mice. However, dose rates below 1 mGy-d"1 (0.4 Gy-a"1) do not produce
sterility in male dogs (Table 22).

Table 22. Effect of chronic X- or 7-radiation on sperm production and
fertility in male dogs and mice (BEIR 1980).

Species Duration of Biological Dose rate
radiation effect (in mGy-d"1)

Dogs Lifetime No observable change in 0.9
sperm production or fertility

Dogs Months Progressive decrease in sperm 4
and ultimate sterility

Mice 15 weeks No marked change in sperm 18
production

Mice 10 Maintain reproduction 20
generations

Mice Weeks Progressive decrease in sperm 100
and ultimate sterility
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Previous reviews have not identified terrestrial organisms which are more
sensitive than dogs to impaired fertility during chronic irradiation (see, for
example, Grosch and Hopwood 1979), although mammals with much longer life spans
than dogs might logically be expected to be somewhat more sensitive.

The importance of lifespan may again be indicated by studies on lizards
within a fenced-off area in southern Nevada. Mature females of one long-lived
species (Crotophytus) became sterile five years after exposure to 10 - 50 mGy-d"1

(total dose 20 - 100 Gy). Another species (Uta), which begins reproduction at
about 8 months of age, thrived under the same conditions, presumably because they
reproduced before reaching a sterilizing dose of radiation (Grosch and Hopwood
1979) .

Reproduction in many aquatic organisms appears to be relatively resistant
to radiation (IAEA 1976, Egami 1980, NRCC 1983). Some selected data taken from
previous reviews are given in Table 23. The radiation sources include external
7-rays and tritiated water (HTO). Studies on the small teleost Orvzias have
shown that the young germ cells in the embryo or in fry are more sensitive to
acute exposure to x-rays than in the adult (Egami 1980), as is also true for
mammals (UNSCEAR 1982). However, the dose rates required to produce sterility
were in excess of 1 Gy-d"1 of 7-rays with no appreciable effects after exposure
to 0.5 Gy-d1 for 3 months (Table 23). Guppies were reported to be more
sensitive and to show a 50% reduction in fecundity after exposure to 60 mGy-d"1

for two years.

In summary, appreciable impairment of fertility is unlikely to occur in
mammals at dose rates below 1 mGy-d"1 or 0.4 Gy-a"1. Most other organisms studied
would appear to maintain fertility after exposure to dose rates which are an
order of magnitude higher.

6.1.3 Developmental Defects

Survival of individual organisms and of their germ cells does not
necessarily mean that the embryos will develop normally. Suble*~hal doses of
radiation (2 Gy) at high dose rate during critical periods of embryonic
development can lead to abnormal development in nearly 100% of the embryos in
mice (Russell and Russell 1954). Numerous examples of developmental defects are
known.

In humans, approximately 4% of all children born suffer from some form of
congenital abnormality under normal conditions (UNSCEAR 1977). Both genetic and
environmental factors contribute to this incidence. The natural incidence of
developmental abnormalities has not been as extensively studied in other species
because severe abnormalities are not frequent, do not usually survive and are
thus largely irrelevant to survival of the species under natural conditions.
For example, cleft palate and cleft lip are readily treated by minor surgery in
humans and occur in about 0.3% of live births (UNSCEAR 1977). A similar natural
congenital abnormality is known to exist in mice but is lethal because the
newborn with cleft palate cannot suckle and newborn mice with this abnormality
are usually eaten by their mother.

The effects of radiation at various phases of prenatal development in
mammals have been reviewed frequently (see, for example, BEIR 1980, Arena 1971,
Grosch and Hopwood 1979, UNSCEAR 1977, UNSCEAR 1986).
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Table 23. Effect of chronic irradiation on fecundity and embryo survival in
aquatic organisms.

Species Biological effect Dose rate
(in mGy-d"1)

Lebistus reticulatis
(guppy)

Plaice embryos

Oryzias latipes
(teleost fish,
irradiated during
early development
for 3 months)

Artemia salina
(brine shrimp)

Phvsa heterostropha
(water snails)

Chinook salmon
embryos

50% reduction in fecundity
after 2 years

No significant differences in
survival at hatching

No appreciable reduction in
size of gonads

Complete destruction of germ
cells and sterility

Significant reduction in
fecundity

Significant reduction in fecundity

Embryos of Cyprinus
carpio and
Gasterosteus
aculeatus

Embryos of
Paralichthvs
olivaceous and Fugu
niphobles (marine
fish)

No decrease in return of adult stock
to hatchery or in reproductive
capability over several generations

Radiation damage to breeding stock

No effects on embryo development

Decrease in hatchability

60

240

360-590

1 400

260

240

1 200

2 400

1 500
(HTO)

3 000
(HTO)

The most conspicuous effect of irradiation during the pre-implantation
phase in mammals is the death of the embryo. This effect is manifest as the
resorption of the embryo. The sensitivity of the embryo changes dramatically
during this phase; in the mouse, there is the critical period of about 1 day soon
after fertilization, during which embryos are especially sensitive. These lethal
effects were discussed in section 6.1.1 above. Irradiation during the pre-
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implantation period does not usually influence the subsequent survival and growth
of surviving embryos during pre-natal or post-natal life.

Exposures of less than 1 Gy at high dose rate do not affect the survival
of mouse embryos irradiated during the second, organogenesis phase. During this
period of major organogenesis, embryos are most sensitive to disturbances oi
their development. These developmental disturbances can be expressed at the
whole body or organ level. Similar classes or types of malformations occur upon
irradiation at comparable developmental stages in different experimental animals.
Within each species, there is a well-defined time at which each malformation may
be induced. The dose response relationship is usually sigmoidal with a threshold
or quasi-threshold dose, depending on the nature of the malformation (UNSCKAR
1986) .

During the foetal period there is a consistent reduction in sensitivity to
radiation with advancing age. At low levels of exposure, subtle microscopic
effects are induced instead of the macroscopic effects seen at earlier stages.
As the foetus approaches term, its life becomes dominated by the same risks as
beset adults.

Radiation at low dose rate usually produces few congenital abnormalities
(BEIR 1980). This results from the fact that the embryo must receive a high
dose at a specific stage of development in order to develop a specific type of
abnormality. For example, 2 Gy at high dose rate on the ninth day after
conception will produce nearly 100% incidence of brain deficiencies and facial,
deformities in mice, but the same dose on the eighth or tenth day after
conception produces few abnormalities of this type. On the other hand, exposure
to 2 Gy at high dose rate on the eighth day after conception produces a high
incidence of vertebral abnormalities in mice, but few on the seventh or ninth
day after conception (Grosch and Hopwood 1979). The same dose (2 Gy) of
radiation spread over the first two weeks after conception produces no measurable
increase in malformations in offspring. In fact, no anomalies were observed when
the developing embryos were exposed to 0.2 Gy-d"1 over the whole gestation period
in mice, although various developmental changes including sterility (see section
6.1.2) were observed at 0.5 Gy-d"1 (Arena 1971).

There is little reliable evidence to indicate that other living organisms
are more sensitive than mammals to induction of developmental abnormalities by
irradiation during embryonic development. For example, embryonic survival and
post-hatching growth of irradiated tree swallows did not show marked detrimental
effects until dose rates throughout the nesting season reached 1 Gy-d"1 (Zach and
Mayoh 1986). Chronic irradiation of the teleost fish Oryzias latipes did not
produce any obvious changes in body size, body shape or appearance of adult
survivors when developing embryos were irradiated at doses as high as 2.4 Gy-d ̂
from the first day after fertilization for the next 2 months (Egami 1980). As
noted earlier (see section 6.1.2), mature gonads failed to develop and sterility
was, however, produced in these fish at 1.4 Gy-d"1. Survival of the irradiated
embryos (17.5%) to adulthood 1 year later was at least as high as that of control
embryos (15%) after exposure to 1.4 Gy-d"1 for 3 months for a total dose of about
120 Gy (Egami 1980).

An increased incidence of abnormalities was observed in the young fish
after exposure of developing embryos of Chinook salmon to dose rates of 0.1 -
1 Gy-d"1 from tritiated water (HTO). However, there was no decrease in the
return of adult salmon to the hatchery after the young fish were released to the
sea , nor was there any decrease in reproduction capability over several
generations after the developing embryos were exposed to dose rates up to 1
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Gy-d"1 (Table 22) (IAEA 1976). In general, the fecund fish upon which fishing
stocks depend produce 10s eggs or more per female at a single spawning and the
number of embryos which survive to adulthood is very low under natural conditions
(IAEA 1976;. Thus survival of the population is not affected by a small
proportion of abnormalities in the embryo.

In summary, the dose rates required to produce developmental defects in
animals appear to be moderately high and closer to those which produce lethality
than to those which may impair fertility. These developmental defects are
unlikely to affect population survival except in those species whose fecundity
is low.

6.1.4 Non-Specific Life Shortening

High doses of radiation at high dose rate to mammals also produce a variety
of non-stochastic effects, such as cataracts and grey hair, which are normally
associated with natural aging. The threshold doses for producing effects of
this kind are usually about 3 Gy of x- or 7-rays at high dose rate (BEIR 1980,
UNSCEAR 1982). The overall impact of these effects, which appear to be related
to normal aging effects, is frequently measured in terms of non-specific life
shortening. Induction of cancer or genetic defects, which are believed to be
stochastic effects and which will be considered in section 6.2, also leads to
life shortening. The term "non-specific life shortening" refers specifically
to any shortening of the normal life expectancy by any radiation-induced disease
other than those attributable to induction of cancer or heritable diseases.

The relevance of non-specific life shortening to the long-term survival of
the human species or other species of other living organisms is highly dubious.
Even in humans, the average life expectancy of primitive people living under
"Stone-Age" conditions was probably about 20 years, as compared to the average
life expectancy of 70 - 75 years in technologically developed areas of the world
at present (Lovejoy et al. 1977, Myers and Newcombe 1979) (Figure 7). The
average life expectancy of other animals under "natural" conditions is also much
shorter than that of the same animals when kept under near-optimal conditions
for survival in the laboratory or as pets in human homes. For example, a pair
of laboratory mice kept under optimal conditions in the laboratory will start
breeding at about 6 weeks of age and produce a litter of about 8 young every
month for several months. The only reason that mice do not rapidly cover the
surface of the earth is because their maximum life expectancy of 2 - 3 years
under optimal conditions is greatly reduced under natural conditions by
predators, disease and lack of food.

Chronic radiation dose rates required to produce measurable non-specific
Life shortening in mice and dogs during lifetime exposure are in the region of
0.2 and 0.035 Gyd'1, respectively (UNSCEAR 1982). The difference in these
values can be related to differences in average life span, about 2-3 years for
mice and 12 - 16 years for dogs. These dose rates are in the same region as
those required to produce death from bone marrow failure (see section 6.1.1).

6. 2 Stochastic Effects

The radiation-induced stochastic effects of most concern in the protection
of human health are induction of cancers and of hereditary changes. As noted
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in section 4.3, induction of severe mental retardation after irradiation in
utero may also be included in this category for reasons of prudence in radiation
protection; however, a similar effect cannot be demonstrated in rodents (CEC
1985) and there is considerable doubt as to whether induction of this particular
endpoint is really a stochastic effect even in humans (NRPB 1987) . Emphasis in
this section will therefore be restricted to carcinogenesis and hereditary
changes,

Induction of stochastic effects by low radiation doses at low dose rates
is assumed to be directly proportional to total accumulated radiation dose with
no threshold dose below which these effects are not produced. The situation is
thus different from that for induction of non-stochastic effects such as
lethality, where a distinct threshold dose exists and where the normal rate of
replacement of dividing cells in a given tissue often plays a critical role.
There is good evidence to support the concept of a linear, non-threshold dose-
response relationship for induction of heredity changes by radiation (see, for
example, Figure 8). Cancer development is a more complex process but the initial
step in cancer induction is believed to be the same as that for induction of
genetic changes (UNSCEAR 1986). The assumption that radiation-induced cancer
should also be considered as a stochastic endpoint would therefore appear to be
reasonable and prudent for purposes of radiation protection.

6.2.1 Natural Incidence of Cancers and Hereditary Variations

About 25% of all human deaths in Canada are currently due to cancer
(Statistics Canada 1986). However, cancer is primarily a disease of old age;
thus the proportion of human deaths due to cancer has increased in recent decades
as other causes of death were minimized and as the average life expectancy
increased (Myers and Werner 1987). Vital statistics suggest that about 3% of
all human deaths in the U.S.A. were due to cancer in 1900 (Mushkin 1979). The
proportion of all cancer deaths in humans which might be attributed to natural
background radiation exposures of 2 - 3 mSv-a x (Tables 3 and 5) is estimated to
be about 1 - 2% of the total incidence in humans.

Statistics on cancer incidence in other species are not well-established.
Cancer incidence in mice and dogs which are maintained under optimal laboratory
conditions, so that they survive to old age, is not too dissimilar from that
currently observed in humans (Theilen and Madewell 1987). Crude annual incidence
rates in domestic animals appear to be roughly similar to those observed in
humans (Table 24). There are relatively few reports of malignancies observed
in wild animals living under natural conditions (Theilen and Madewell 1987).

The incidence of human diseases which are genetic or partially genetic in
origin and which require medical attention at some point during the person's
life is usually taken to be about 11% (BEIR 1980; UNSCEAR 1977, 1982). Most of
these diseases arc considered to be multifactorial in origin, that is to say,
they tend to appear as a result of environmental factors acting on persons from
families with a hereditary predisposition towards the development of these
diseases. Typical examples in humans incluc'j diabetes and schizophrenia. If
all human diseases which appear to have some hereditary component are included
in this list, the prevalence probably exceeds 60% (UNSCEAR 1986). The proportion
of all genetic and partially genetic diseases in humans which might be attributed
to continued natural background exposures of 1 mSv-a"1 to the gonads of both
parents over many generations has been estimated to be about 1% (UNSCEAR 1977).
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Figure 8. Dose response relationship for induction of one particular type of
genetic change in yeast (Unrau et al. 1981). A log-log plot is used
to emphasize the wide range of doses over which a linear
relationship was observed. Gamma-ray doses are given in Gy, which
should be equivalent In this case to Sv. The horizontal dotted line
represents the natural, spontaneous rate of genetic change in these
experiments. The radiation dose required to double the spontaneous
rate happens to be about 1 Sv, the same value that is used for
calculation of genetic risks of radiation to humans (UNSCEAR 1972,
1977 and 1982). Linear dose-response relationships have been
reported, though usually with much less certainty, for radiation-
induced genetic changes in a variety of lower organisms over the
past 50 years.



64

Table 24. Crude estimated annual Incidence for all tumors in domestic animals
(Theilen and Madewell 1987).

Approximate incidence per 1000 per year

Benign plus
Species Malignant malignant

Humans 2.9 4.5
Cattle 1.8 (»2.3)
Horses 2.6 24
Cats 2.6 2.9
Dogs 8.3 15

The proportion in organisms with shorter generation times is much smaller (Myers
and Newcombe 1980).

The number of genetic variants in natural populations of living organisms
is enormous. Estimates of the number of genetic loci in various species vary
from about 10 000 in bacteria to 100 000 or more in humans. Changes can be
introduced, largely by natural processes, at any of these loci before
reproduction. Genetic changes with severe consequences are rapidly eliminated
from the population, either during reproduction or soon after, while those with
very little impact on the health of the organism may be propagated to progeny
in the population over many generations. As a result, a multitude of genetic
variants with little immediate impact on survival exists in most living
organisms. It seems probable, for example, that none (except identical twins)
of the several billion humans in the world is genetically identical to any other
individual human (Gentner and Myers 1980).

The genetic information on the germ cells is constantly being reshuffled
at each generation (Table 25). This appears to be a major mechanism responsible
for the ability of the species to adapt to selection pressures and for the
diversity of species which occurs at different geographical locations. Most of
our current domestic plants and animals were in fact produced simply by
artificial selection of progeny to obtain some trait considered desirable by
humans.

Under natural conditions, there appears to be a balance between rates of
appearance of mutations which are deleterious to survival of the individual, and
rates of mutations which have minimal effects on individual survival and which
contribute to the variability in the gene pool that is essential to evolutionary
adaptability of the species (Gentner and Myers 1980). To protect survival of
populations of species other than humans, the rate of induction of severe
deleterious mutations which are detrimental to reproductive survival is the only
critical factor.
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Table 25. Approximate rates of generation of variability by genetic processes
in yeast cells (Gentner and Myers 1980)

Cells in each generation with a new
spontaneous mutation on a given chromosome 0.01%

Cells in which the genes on a given chromosome
have been reshuffled by spontaneous
recombination during normal (mitotic) cell
division 0.1%

Cells in which the genes on a given chromosome
have been reshuffled by spontaneous recombination
during normal (meiotic) formation of germ cells 100.%

6.2.2 Radiation-induced Cancers and Mutations

The simplest approach to-the question of radiation-induced genetic changes
in different organisms is the concept of the doubling dose, that is, the dose
of radiation required to induce a mutation rate equal to the spontaneous rate.
Different organisms vary in their sensitivity to radiation and so also do
different genetic loci within the same organism. However, the radiation dose
required to double the spontaneous mutation rate appears to be in the range of
0.3 to 3 Gy for a wide variety of organisms (Table 26). UNSCEAR reports (1972,
1977 , 1982) have generally adopted an average value of 1 Sv for the doubling dose
in humans while the 1980 BEIR report utilised the range 0.5 - 2.5 Sv.

Another approach was proposed by Abrahamson et al. (1973), who suggested
that the rate at which radiation induces mutations in different organisms is
directly related to the DNA content of their reproductive cells. This suggestion
was critically reviewed in the 1977 UNSCEAR report, which concluded that "the
notion of simple proportionality between DNA content and mutation rate cannot
be substantiated."

Although doubling doses for radiation-induced genetic changes appear to be
rather similar for different species, the actual effect of any given dose rate
will depend on the average life span and average reproductive age for any given
organism. Thus the fraction of spontaneous mutations that might be attributed
to a natural background dose rate of 1 mSv per year to the gonads varies from
about 10"7 in yeast (average generation time 2 hours) to about 10"2 in humans
(average generation time 30 years) (Myers and Newcombe 1980) . It seems probable
that ionizing radiation has played only a very minor and non-essential role in
the evolution of living organisms (Crow 1959, Gentner and Myers 1980).

The accumulated radiation dose required to double the natural incidence of
cancer in humans is about 10 - 20 Sv, considerably higher than that required to
double the natural mutation rate. However, a doubling of the natural incidence
of cancer in animals is not likely to have a major impact on species survival.
In the first place, most of these cancers would develop in old age after the
animals have passed their reproductive age. Secondly, most animals do not live
to old age under natural conditions of competitive survival. Any shortening of
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Table 26. Examples of radiation doses required to double the spontaneous
mutation rate at various genetic loci in various organisms (Purdom
1963, Newcombe and McGregor 1967, Baldwin 1975, Myers and Newcombe
1980).

Organism Mutations
Irradiated

cells

Doubling
Dose
(in Gy)

(bacteria)

S.cerevisiae
(yeast)

Zea mays
(corn)

3 biochemical
mutants

Biochemical mutant
Gene conversion

4 recessive
visibles

Bacterial cells

Yeast cells
Yeast cells

Pollen

0.7 - 1.9

3.6
1

0.3

Oenothera

Drosophila
(fruit fly)

Rahlbominus
(wasp)

Rainbow trout

Mouse

Self-incompatibility

Sex-linked
recessive lethals

Autosomal
recessive lethals

Autosomal
recessive lethals

8 eye-colour mutants

All visible
malformations

Major malformations

Recessive lethals
7 recessive coat-
colour mutants

Pollen

Post-meiotic
germ cells

Pre-meiotic
germ cells

During
spermatogenesis

Oocytes

Oocytes

Sperm

Spermatogonia
Spermatogonia

0.5

0.3

(a)
(b)

0.6

- 1

3

0.7

0.2

1.9

- 0.5

0.8
0.3
1.0

(a) Low-LET radiation at high dose rate.
(b) Low-LET radiation at low dose rate.
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the expected lifespan due to development of cancer in old age becomes important
only when the organism has developed methods by which the majority of individuals
can survive to an old age (Fig. 7) (Myers and Newcombe 1980). Induction of
genetic changes in the germ cells requires more careful consideration since some
of these genetic changes can have serious detrimental effects on young organisms
that have not yet reached reproductive age.

In this respect, the most serious, as well as the most common, type of
detectable radiation-induced genetic changes are those known as dominant lethals.
In mice and other laboratory mammals, these dominant lethals result in early
embryonic losses prior to implantation or to death and abortion of the developing
embryo, in other words, to a reduction in fertility. Dominant lethal mutations
are usually the result of induction of unbalanced reciprocal translocations
between chromosomes during the formation of the germ cells. One-quarter of the
sperm cells derived from spermatogonia in which reciprocal translocations have
occurred will carry a balanced translocation (usually viable), one-quarter will
be normal, and one-half will carry an unbalanced translocation.

The 1977 UNSCEAR estimate of the effect of radiation-induced reciprocal
translocations in human spermatogonia is given in Table 27. Effects of
irradiation of the ovary may be smaller than for irradiation of spermatogonia.

Table 27. Effect of radiation-induced reciprocal translocations in human
spermatogonia following paternal irradiation (UNSCEAR 1977).

Biological effect
Rate of induction per Sv

per 1000 conceptions

Early embryonic loss

Abortion of embryo or fetus

Congenital malformations
in liveborn children

2 - 11

1 - 5.5

0.2 - 1

A simple linear extrapolation of the data given in Table 27 suggests that
accumulated doses of 30 - 150 Sv to males might be sufficient to produce a 50%
decrease in fertility by this mechanism in humans and other closely related
mammals. Further increases in accumulated doses would result in a non-linear,
exponential approach towards complete sterility. The dose rates required to
produce this reduction in fertility would depend on the life span of the animals
involved. Assuming, for example, that human males might begin reproductive
activities at 15 years of age, a dose rate of 2 - 10 Sv-a"1 (5 - 30 mSv-d"1) might
be required to produce 50% loss in fertility as a result of radiation-induced
reciprocal translocations in the germ cells. This is somewhat higher than the
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dose rates which produce sterility by direct killing of the germ cells and their
progenitors (see section 6.1.2).

Other radiation-induced genetic changes are unlikely to have a major impact
on survival of the species. Spalding et al. (1969, 1975), for example, exposed
parental male mice to 2 Gy X-rays at high dose rate each generation for 70
generations. The cumulative genetic dose after 70 generations would be 140 Gy,
which would probably be equivalent to about 400 Sv at low dose rate. Although
some minor effects were noted, radiation for 70 generations did not appear to
produce genetic injury detrimental to survival of the species. No change in the
general health or fitness of the offspring could be detected in any of the
generations. Similar experiments were carried out by Green (1968) with 9 Gy to
parental male mice in each of 8 generations and with 3 Gy in each of 15
generations. These experiments provide good reason to believe that relatively
high radiation exposures over many generations would not have any dramatic effect
on the health and fitness of populations, which could be attributed to radiation-
induced genetic changes.

Another interesting experiment, which illustrates the general principles
involved, was carried out with fruit-flies (Drosophila) by Wallace (1956). The
biological endpoint in this case was the frequency of recessive lethal mutations
on one particular autosomal chromosome. The impact of recessive lethals on
general fitness is relatively small. Thus the frequency of these mutations in
a population is determined by a balance between the rate at which new recessive
lethals are produced in each generation and the rate at which recessive lethals
are eliminated from the population by natural selection pressures. The radiation
dose required to double the natural rate of production of autosomal recessive
lethals in Drosophila is on average in the region of 0.7 - 3 Gy per generation
(Table 26). In this particular experiment (Figure 9), a stock strain of fruit
flies was first freed of recessive lethal mutations on chromosome 2 by selective
breeding procedures in the laboratory. This inbred stock was divided into three
separate groups of 10 000 individuals each. In the control population,
spontaneous mutations increased the level of recessive lethals on chromosome 2
from the initial "artificial" value of 0% to an equilibrium level of about 25%
by generation 60 to 80 (Figure 9). A 7-ray dose rate of 0.2 Gy-d"1 or about 3.5
Gy per generation increased the natural rate at which recessive lethals
reappeared in those populations but did not appear to produce any marked effect
on the equilibrium level of recessive lethals in this particular study. The
group of fruit flies exposed to 1.2 Gy-d"1 or about 20 Gy per generation reached
an equilibrium level of about 80% recessive lethals after 60 to 80 generations
and remained at this equilibrium level for the next 60 generations (Figure 8).
Cessation of radiation exposure resulted, as might be expected, in a gradual
decrease in the level of recessive lethals towards that found in the control
population (Wallace 1956). It is noteworthy that the fruit fly population
continued to reproduce and survived well even at a dose rate of 1.2 Gy-d"1,
despite the observed increase in incidence of recessive lethal mutations. In
general, recessive lethals and many other recessive mutations have little impact
upon t.ho fitness of a population.

6. 3 llorrnesis

The concept that low doses of radiation have beneficial effects has a long
history. Small doses of X-rays to the ovaries were at one time utilized in the
medical profession to stimulate fertility in women; this procedure has of course
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been replaced by other, more effective and less dubious methods in recent years.
Under more carefully controlled laboratory conditions, it has for example been
reported that low doses of radiation to the sperm increase the proportion of
fertilized fish eggs that develop and survive (Figure 10) , although this
treatment also increased the small proportion of developmental abnormalities
(Newcombe 1973). Related effects have been observed in other studies (Bacq and
Alexander 1961, IAEA 1976). A number of reviews on possible beneficial effects
of low doses of radiation are available (Luckey 1982, Hickey et al. 1983, Sagan
1987, Fremlin 1989). Some of the reputed "beneficial" effects are not
reproducible or are not statistically significant. A small number of reported
effects appear to be scientifically valid by these criteria.

The potential beneficial effects of low doses of radiation on health are
usually discounted in radiation protection of humans, where the specific purpose
is to protect people against predicted harmful effects of radiation. There is
no good evidence that low doses of radiation are beneficial to human health.
However, it is possible that the deleterious stochastic effects of low doses of
radiation on living organisms in general may be offset to some extent by
beneficial "hormetic" effects of low doses of radiation. At low doses, both
the beneficial and deleterious effects are too small to have any major impact
on survival of the species.

7. FIELD STUDIES ON COMMUNITIES OF LIVING ORGANISMS

Large field irradiators have been used in the U.S.A. (Whicker and Fraley
1974) and Canada (Guthrie and Dugle 1983) to study effects of dose and dose rate
on population and community response of organisms living under natural
conditions. This approach has been very successful in the study of terrestrial
plant communities. In general, the same approach does not provide useful
information on mobile organisms such as animals, birds, fish and insects which
can move in and out of the radiation field; laboratory studies, under conditions
where the radiation exposure of these latter organisms can be controlled, are
required to provide quantitative c'ata on their radiosensitivity. Field studies
on terrestrial plant communities have been carried out on coniferous and
deciduous forests, certain shrublands and grasslands, a tropical rain forest,
abandoned fields and moss-lichen communities (Whicker and Fraley 1974) . No
comparable work has been done on aquatic plant communities, arctic or alpine
tundra, savannah or desert communities (IAEA 1988).

7.1 Terrestrial plant communities

The chronic irradiation of plants may reduce or otherwise disrupt their
growth, and will ultimately cause death at sufficiently high exposure rates.
Plants grow in a different manner to th^r. of animals. Specialized tissues called
meristems, located in buds and at branch and root tips, are the sites of cell
division. Cell enlargement and specialization occur in a zone behind this
growing point. Whereas in young animals, growth occurs in most tissues
simultaneously and the organism maintains a basic body plan as it enlarges, the
growth of plants is localized at these special growing points. The subsequent
size and shape of the plant thus depends on the vigor of the many semiautonomous
meristems. When radiation damages cells in a growing zone, only those tissues
that are derived from the damaged cell will be affected. They may be surrounded
by normal healthy tissue.
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Figure 9. Effect of chronic gamma-radiation on the accumulation of recessive
lethal mutations in fruit flies (Wallace 1956).
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Abnormalities in the morphology of irradiated plants have been widely
observed (Gunckel 1965, Fabries and Grauby 1972, Dugle and Mayoh 1984, Dugle and
Hawkins 1985). These effects include changes in the shape, venation and surface
texture of leaves, reduction of stem length, aberrant coloration of leaves and
flowers, and the development of "witch's-brooms". Both the variety and incidence
of morphological effects increase with the rate of radia'"1'on exposure. Such
changes are strictly somatic, and are not transmitted to oifspring as heritable
characteristics.

As in the case of acute irradiation, plants having larger interphase
chromosomes have lower tolerance to chronic irradiation (Table 20). Trees tend
to have larger chromosomes and a lower incidence of polyploidy than do herbaceous
species. Non-vascular plants (mosses, algae and lichens) have many small
chromosomes and diffuse meristems. These morphological and genomic characters
explain much of the variation in radiation sensitivity. Overall, the order of
sensitivity among terrestrial plants is trees (most sensitive) > shrubs > herbs
> mosses and lichens (least sensitive).

Among trees, conifers have larger chromosomes and greater relative
sensitivities to both acute (Sparrow and Sparrow 1965) and chronic (Sparrow
et al. 1970) 7-irradiation than do hardwoods. Amiro and Dugle (1985) have a]so
observed that, following the initiation of an irradiation program in Canada, both
immediate and long-term lethality occurred at lower dose rates for conifers than
for deciduous hardwoods.

The nature of radiation injury and the cause of death in two very sensitive
conifers are described by Bostrack and Sparrow (1970). Chronic irradiation in
excess of 0.01 to 0.03 Gy-d'1 reduced the photosynthetic capacity of the pines
Pinus rigida and P. strobus. Needles on the irradiated trees were slower to
begin growth, grew to smaller size, matured later, and had shorter life-spans
than needles on unirradiated pines. Consequently, the mass of needles on a pine
irradiated for several years declined exponentially with increasing exposure
rate. Such a reduction in photosynthetic tissue would have had a detrimental
effect on the energy balance of the tree, reducing the annual increment of wood
production. Death occurred in those trees that apparently lacked sufficient
photosynthetic production to meet maintenance energy requirement. These trees
had severely reduced crowns, and effectively died of starvation.

Ecosystems are dynamic entities, changing in structure as constituent
species change and matter accumulates. Terrestrial ecosystems go through a
succession of developmental stages, from barren ground or disturbed habitat,
through intermediate phases involving the competitive replacement of shade-
intolerant species by those less so, to more complex structures involving many
finely adjusted species. It was once thought that ecosystems developed to a
steady-state or climax situation. This concept is now replaced by the idea of
a dynamic equilibrium with short-term fluctuations or oscillations about a long-
term stable mean state. This stable state is ended by a relatively severe
stochastic event such as fire, wind, flood or management change (Heal and Horrill
1983) . Chronic irradiation is more likely to influence the nature of the long-
term stable mean state of an ecosystem than to bring about its sudden demise.

The effects of chronic irradiation on plant communities are summarized by
Whicker and Fraley (1974). The general properties of community composition and
productivity tend to be unaffected below a threshold of radiation exposure.
The minimum exposure rates at which aspects of community structures have changed
in response to chronic irradiation are summarized in Tables 28 - 30 for several
plant communities.



73

Table 28. Dose rates required to produce 10-25% depression of biomass
production after 3 months in a northern forest in Wisconsin
(Zavitkovski 1977).

Type of vegetation
Dose rate to depress
biomass production
(in Gyd"1)

Deciduous trees

Shrubs

Herbaceous

Lichen

0.5 - 1.0

0.3 - 0.5

2 - 6

6 - 10

Table 29. Minimum short-term gamma exposures observed to produce detectable
changes in selected plant communities (IAEA 1988, also Whicker and
Fraley 1974).

Plant
community

Oak-pine
forest

Tropical
forest

Dose rate
(in Gyd"1)

0.05

1.2

Exposure
period
(in days)

8

34

Attribute
measured

Coefficient of
community

Biomass

Minimum
total
exposure
(in Gy)

0.4

40

Old field

Shortgrass
prairies

Lichens in
oak-pine
forest

0.6

6 - 12

2 - 5

20

17

29

30

92

Similarity,
species diversity

10

Biomass, coefficient 170 - 350
of community

Species diversity, 70 - 140
coefficient of
community, biomass

Similarity, biomass 2 000
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Minimum rate of exposure to chronic 7-irradiation in G y d 1 required
to produce a detectable change in plant community attributes (Whicker
and Fraley 1974).

Plant
community

Oak-pine
forest

Old field (1st

year abandoned
cropland)

Shortgrass
prairie

Lichens in oak-
pine forest

Coefficient
of community

0.5
(18)a

0.5
(30)

<0.5
(<12)

2.9
(2)

1.3
(5)

1.2
(14)

3.0
(26)

Similarity

-

-

-

-

-

-

1.0
(26)

Species
diversity

0.6
(6)

0.5
(30)

1.0
«12)

1.1
(2)

1.7
(5)

0.4
(14)

3.0
(26)

Biomass

0.5
(6)

-

-

-

1.7
(17)

-

Leaf
fall

0.03
(12)

0.02
(48)

-

-

-

-

Time (months) afte initiation of irradiation when observation was made.

Changes in the species composition of a community in response to chronic
irradiation has been measured in two ways. The simpler index, the coefficient
of community, summarizes the proportion of similar species in plant communities,
in the irradiated area and an untreated control area. More information is
carried by an index called similarity, which considers the relative importance
of each species in the two communities being compared. Under chronic
irradiation, the species composition within a plant community, as measured by
the coefficient of community and similarity, becomes progressively different from
the original community with increasing radiation exposure. These changes arise
from differential mortality of species and shifts in the numerical importance
of different species in the irradiated community, resulting from intrinsic
differences among species in radiosensitivity and in ability to exploit altered
environmental conditions. Species diversity in a plant community exposed to
chronic irradiation becomes progressively lower with increasing radiation
intensity above a threshold.
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One attribute that is crucial to the survival of the ecosystem is the net
productivity of the plant community. During chronic irradiation, generally the
total community productivity declines with relative increase in dose above a
threshold exposure. At some high exposures there may be a temporary increase
in productivity as a result of changes in the community structure; opportunistic
species temporarily flourish in the absence of more radiosensitive plants. Since
decreased productivity in a radiation-sensitive species may be accompanied by
an increase, in productivity by a more resistant competitor, the total
productivity of a community may be less responsive to radiation stress than the
productivity of individual populations.

For example, total biomass production in an irradiated field actually
increased at a dose rate of 10 Gy-d"1 due to proliferation of a radioresistant
annual Digitaria (Woodwell 1962). At a similar dose level, total biomass
production also increased along the logging roads of an irradiated forest area
in Wisconsin (Grosch and Hopwood 1979). The actual productivity and harvestable
energy in any radiation-stressed community will depend on which plant species
are present.

In most forest communities, light is a valuable commodity and there is
intense competition among plants for its capture. Opening of the forest canopy
and increased insolation were observed within three years in a boreal hardwood
forest receiving six months of chronic 7-irradiation (Zavitkovsky 1977). These
effects were first observed at dose rates of 0.1 to 0.3 Gy-d"1, increasing in
magnitude with higher exposure. Amiro and Dugle (1985) found that after ten
years of irradiation, the canopy of a mixed coniferous-deciduous boreal forest
was unaffected at dose rates less than 0.1 Gy-d"1, but became thin at higher
rates. A decrease in the forest canopy would be beneficial for many plants whose
growth had been limited by insufficient light.

The sensitivity of a terrestrial plant community to radiation exposure is
largely determined by the radiation sensitivities of the constituent species and
thus depends on the growth forms of the dominant plant species (Table 30). The
larger growth forms (trees) have greater sensitivity than do the other types,
due to high exposure of vulnerable tissues, large chromosomes, and a relatively
large investment in non-photosynthetic structural tissue. If the radiation
stress is sufficiently great, the structure of the plant community will shift
to one dominated by progressively more resistant growth forms. An irradiated
forest community will change to one dominated by shrubs, weedy herbs or mosses
and lichens, depending on the intensity of exposure (Fabries and Grauby 1972,
Woodwell and Rebuck 1967) . Studies of irradiated plant communities indicate that
significant changes in the productivity and structure of the most sensitive
community, the pine forest, are unlikely to occur at chronic exposure rates of
0.01 Gy-d"1 (Table 30), and that mixed boreal forests can easily withstand
exposures ten times greater.

Although field studies under controlled conditions have not been carried
out with aquatic plants because of dose rate problems caused by shielding by
water, simple aquatic organisms are relatively resistant to ionizing radiation.
It seems probable that the effects of chronic irradiation on more complex aquatic
plants would be similar to those observed with terrestrial herbaceous plants
(Tables 20, 28 - 30).
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7.2 Other field studies

A variety of other types of field studies has been attempted; many of these
did not provide good quantitative information on the relative radiosensitivity
of different species living in natural communities (IAEA 1988). Organisms living
on the site of atomic bomb tests in Nevada and of H-bomb tests in Bikini were
eliminated by these explosions but the sites were rapidly repopulated by
organisms from the surrounding area. In less than 10 years, vegetation on Bikini
became so dense that investigators had to hack their way inland from the beach
(Grosch and Hopwood 1979). Algae appeared to thrive when living on the
radioactive coral near the Bikini test site. Fruit flies which repopulated the
Bikini atoll showed a high incidence of radiation-induced mutations but these
mutations disappeared over a large number of generations after the bomb test
(Stone and Wilson 1959); these results are consistent with those observed in
laboratory studies on fruit flies. In general, biologists "failed to find
evidence of gross population or morphological changes...ascribable to the effects
of residual radioactivity alone" (Hines 1962) at the test sites in the Pacific
Ocean.

Natural populations of rats living for a number of generations in thorium-
rich areas of India where background dose rates to the gonads were about 7 times
normal did not show any differences in genetic characteristics such as skeletal
traits or pre-natal mortality (UNSCEAR 1972). Again these results are consistent
with laboratory studies on rodents exposed to much higher radiation doses (see
section 6.2.2). Some of the unusual results reported in certain other studies
of organisms living in areas of high natural radioactivity are not reproducible
(IAEA 1988).

Natural populations have been extensively investigated at the 10 - 14 ha
retention pond (White Oak Lake) that received low-level wastes from the Oak Ridge
National Laboratory in the U.S.A. for a considerable number of years (Blaylock
1965, Blaylock and Frank in Egami 1980, NRCC 1983, IAEA 1988). An increased
frequency of salivary chromosome aberrations was observed in midges (Chironomus
tentans) inhabiting White Oak Lake and receiving approximately 2.3 Gy-a"1 in
1960; ten years later, when the radiation dose rate was reduced to 0.1 Gy-a"1,
the frequency of chromosome aberrations had returned to control levels (Blaylock
1965, IAEA 1988). The fecundity of snails (Physa heterostropha) inhabiting White
Oak Lake was also studied. The frequency of egg capsule production in a
population receiving 2.3 Gy-a"1 was reduced, but egg production was similar to
that of controls because the irradiated population produced more eggs per
capsule. The percentage of non-viable embryos in mosquito fish (Gambusia
affinis) was increased from about 2.5% in controls to 6% in the irradiated
population (Blaylock and Frank, in Egami 1980); however, a significantly larger
brood size was found in the irradiated population, possibly due to increased
levels of nutrients in White Oak Lake. Tests of the thermal tolerance of this
fish population suggested an increased frequency of deleterious genes in its gene
pool, but this was not considered to be proof of reduced fitness of the
population (Blaylock and Frank, in Egami 1980). No radiation effects were
observed in wild rodents living on radioactive sediments around White Oak Lake
after it had been partially drained.

As a general conclusion, it would appear that the natural populations of
aquatic organisms living in White Oak Lake at a time when they received about
2 Gy-a"1 were not marked" ' affected by this level of radiation exposure, even
though some minor cha ,;-,c. n various biological endpoints could be detected.
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8. VALIDITY OF ICRP STATEMENT ON PROTECTION OF SPECIES OTHER THAN HUMANS

As noted in section 5.2, potential doses to living organisms other than
humans can be relatively high under certain conditions of application of ICRP
recommendation for the protection of humans. Because aquatic plants derive much
of their nutrients from water which is relatively poor in nutrient material,
marked bioaccumulation of radionuclides (and their natural non-radioactive
analogs) from the water may occur in plants. When concentrations of
radionuolides in drinking water are limited by the reference concentration that
would give 1 ii^v-a"1 to humans whose only source of drinking fluids was this
water, potential aose rates to aquatic plants from radionuclides of interest in
the NFWM program appear to range from about 0.3 mSv-a"1 up to 100 Sv-a"1 (Table
14) . When concentrations in water are limited by the concentration in fish flesh
that would give 1 mSv-a'1 to humans eating 0.1 kg of this fish each day, the
maximum potential dose rates to aquatic plants appear to cover a similar range
(Table 15). Dose rates to the fish flesh itself would rarely exceed 1 Sv-a1

under the same conditions (Table 15) . Among the radionuclides considered, the
source of the highest potential dose rates would in theory be long-lived
alpha-emitters such as 238U; in practice, these particular radionuclides have a
low probability of ever reaching the surface from an underground vault.

Calculation of maximum potential dose rates to aquatic plants depends upon
recommended default values for the bioaccumulation factors (BF) for various
radionuclides. The measured values cover a wide range (Table 11) and the data
base is usually very limited (Blaylock 1982). "Because of all the uncertainties
associated with BFs, there is an intentional selection of conservative values
that will lead to an extra margin of safety in calculating radiation doses for
man" (Blaylock 1982). The BF values for freshwater plants have attracted little
attention because they are unimportant in the calculation of doses to humans
(Zach, personal communication, October 1988). In order to determine whether the
theoretical calculated dose rates to freshwater plants are in fact much too high
for conditions applicable to the Canadian NFWM program, site-specific measurement
of BF values for freshwater organisms in the areas of interest on the Canadian
Shield would be required.

The calculated dose rates to fish flesh do not depend on BF values but only
on recommended ALI values under conditions where humans consume a stated amount
of this flesh per day. The same ALI values as recommended by the ICRP (1979 -
81) would apply to other sources of human food. Thus the potential dose rates
to edible portions of terrestrial plants and animals would be similar to those
for fish flesh under conditions where consumption of 0.1 kg per day could result
in an effective dose equivalent of 1 mSv-a"1 to humans. In the unlikely
circumstance that all of the 1.3 kg of food consumed by adult humans per day were
equally contaminated, the potential dose rate to this food would be lower and
would thus rarely exceed 0.1 Sv-a"1. All of the dose rates cited above should
of course be reduced by a factor of 20 when the maximum potential dose rates to
members of the public are limited to 0.05 mSv-a"1 rather than to 1 mSv-a"1.

The Canadian concept of NFWM focuses on burial of used nuclear fuel in a
vault deep within Precambrian rock in the Canadian Shield. It is improbable
that any short-lived radionuclides or long-lived a-emitters from this fuel would
reach surface waters or surface soil in concentrations that would yield the dose
rates considered above (Goodwin et al. 1987). The potential dose rates which
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are considered here should therefore not be considered to be anything more than
theoretical values. (It might also be noted that the concentration of 238U in
the fuel used in CANDU reactors is not changed appreciably after use in these
reactors and that, to date, most of this uranium was originally mined from hard
rock in the Elliot Lake area on the Canadian Shield.)

Effects of chronic radiation on various living organisms were reviewed in
chapters 6 and 7. Most species appear to be very robust and able to survive
relatively high dose rates of chronic irradiation over long periods of time.
Some of the critical endpoints identified in this review are summarized in Table
31.

Comparison of the data in Table 31 with maximum potential dose rates cited
above suggests that the survival of populations of terrestrial plants and animals
is unlikely to be affected under conditions where humans would receive 1 mSv-a-1
from anthropogenic sources. The most critical group may be long-lived mammals
of limited reproductive capacity, where potential dose rates might approach those
causing some impairment of fertility (see section 6.1.2), though not necessarily
sterility. However, this should not be a cause for concern when maximum dose
rates to humans are restricted to 0.05 mSv-a"1, as they are for waste disposal
sites in Canada (AECB 1987).

Potential dose rates to aquatic organisms (Tables 14 and 15) may present
a more interesting problem. There is no evidence that the growth and survival
of algae or other primitive plants would be seriously impaired by the dose rates
likely to be received when radionuclide concentrations in water are restricted
either by the RC in drinking water for humans or by the concentrations in edible
fish flesh. However, if there exist aquatic plants with radiation sensitivities
comparable to that of the most sensitive terrestrial plants, severe effects might
be anticipated at about 100 Gy-a"1 (Tables 19 and 31) while reduced fecundity in
fish might be expected to appear at about 20 Gy-a"1. These values are similar
to those given recently in another IAEA document on the impact of deep sea
disposal of low-level radioactive waste on living marine organisms (Table 32).
Dose rates to freshwater plants and fish could conceivably approach these values
wi*~h certain selected radionuclides under conditions where dose-rates to humans
approached 1 mSv-a"1 (Table 14 and 15). This is most unlikely to occur for the
radionuclides in the Canadian NFWM program (see section 5.4), particularly when
the dose rate to humans is restricted to 0.05 mSv-a"1 (AECB 1987).

The effects of chronic radiation on aquatic organisms is currently under
review by an advisory group to the IAEA (1988) and apparently by a task group
of the U.S. NCRP (cited in IAEA 1988). Neither of these documents has been
published as yet. However, two sentences from the summary in section 2.3.4 of
the 1988 IAEA draft document might be cited: "The conclusion of the first IAEA
review (IAEA 1976) of this subject that appreciable effects in aquatic
populations would not be expected at dose rates lower than 10 mGy-d"1 [about 4
Gy-a"1] has not been challenged by subsequent studies or reviews. The NCRP study
concluded that a dose rate limit of 0.5 mSv-h"1 [about 4 Sv-a~1} would provide
adequate protection for the great majority of aquatic populations (NCRP 1988),
although it cautioned that detailed site-specific studies would be required if
this limit were to be approached for a substantial proportion of the population."
The data reviewed in the present document and in NRCC (1983) support these
general conclusions.
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Table 31. Summary of minimum dose rates, over long periods of time, that are
required to produce changes in certain biological endpoints critical
to species survival.

Species or
plant community

Biological endpoint Minimum effective
dose rate
(in Gya'1)

Long-lived mammals

Long-lived mammals

Fish

Mammals

Sensitive plants
(Lilium. Tradescantia)

Oak-pine forest

Mixed boreal forest

Lichens

Sterility-

Marked reduction in fertility

due to genetic changes

Reduction in fecundity

Lethality

Lethality or other severe effects

Leaf fall

Species diversity, biomass,
coefficient of community

Thinning of forest canopy

Species diversity, biomass

1

2 - 10

> 20

30

100

7

180

> 40

1 000 - 3 600

Table 32. Effects of radiation on deep sea biota (IAEA 1988b)

Effect Dose rate
in Sv-a"1

Increased mortality

Reduced reproductive success

Elimination of somatic effects
by natural selection

> 90

9 - 90

< 9
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From the review of data considered in the present document, the general
conclusions would agree with those suggested in the final summary of the 1988
IAEA draft document: (a) based on present knowledge, it is highly probable that
limitation of exposure of humans to 1 mSv^a"1 from anthropogenic sources would
provide sufficient protection to populations of other organisms living in the
same area, and (b) in areas in which radioactive contamination might cause human
exposure rates close to 1 mSv-a"1, consideration should be given to conductinr,
a careful site-specific analysis (IAEA 1988). However, as noted earlier in this
manuscript, many of the long-lived alpha-emitters which could in theory be
responsible for high dose rates to environmental organisms under conditions where
humans would be exposed to 1 mSv-a'1 from the same radionuclides (Tables 14 - 16)
are not highly mobile. Preliminary analyses using the SYVAC-2 computer code
(Goodwin et al. 1987) indicated that, under natural conditions, none of these
alpha-emitters should produce doses to humans greater than 10"10 mSv-a"1 within
104 years or greater than 1CT3 mSv-a"1 within 107 years after closure of Che
proposed NFVM vault in the Canadian Shield.
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GLOSSARY OF ABBREVIATIONS

Abbreviations for elements are not listed below but can be found in any
standard text on chemistry, for example, in the Handbook of Chemistry and Physics
(published by Chemical Rubber Publishing Co. , Cleveland, Ohio). In the notations
used in the present text, for example, C represents the element carbon while U C
and C-1A both represent the radioactive isotope of carbon which has an atomic
weight of 14. Other abbreviations are listed below.

a
a"1

AECB
ALI
fi
BEIR

BF
Bq
CANDU

CSA
d"1

DNA

EDE

7

g"1

Gy
IAEA
ICRP
ICRU

kg"1

LET
m
MeV
mGy
mSv
NCRP

NFWM
NRCC
NRPB

person-Sv

Q

RC
Sv

UNSCEAR

alpha
per annum, per year
Atomic Energy Control Board of Canada, Ottawa
annual limit for intake of radionuclides
beta
Committee on the Biological Effects of Ionizing Radiations, U.S.
National Academy of Sciences
bioaocuniulation factor
becquerel = 1 disintegration per second
a nuclear power reactor of Canadian design which utilizes natural
uranium as fuel and heavy water as moderator
Canadian Standards Association
per day
deoxyribonucleic acid, the carrier of hereditary information in
living organisms
effective dose equivalent
gamma
per gram
gray, the unit of absorbed dose in joules per kilogram
International Atomic Energy Agency, Vienna
International Commission on Radiological Protection
International Commission on Radiation Units and Measurements
per kilogram
linear energy transfer
metre
million electron volts
milligray
millisievert
National Council on Radiation Protection and Measurements, Bethesda,
Md.
nuclear fuel waste management
National Research Council of Canada, Ottawa
National Radiological Protection Board, Chilton, U.K.
total radiation dose in Sv received by a group of persons
quality factor, conventionally taken as 1 for X, /? and 7 rays and
as 20 for a-particles
reference concentration
sievert, the unit of dose equivalent and equal to absorbed dose in
Gy multiplied by Q
United Nations Scientific Committee on the Effects of Atomic
Radiation
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APPENDIX A

Radionuclide Concentrations in Used Nuclear Fuel at Various Times
after Discharge from a CANDU Reactor

The radionuclide concentrations in the table below were taken from Tait,
Gauld and Wilkin (1989) for CANDU fuel after burnup of 685 GJ/kg U and cooldown
of 10 or 10* years. The radionuclides represent fission products and actinides
in the U0? fuel itself plus activation products in fuel impurities and in the
zircaloy cladding. Radionuclide concentrations after 107 years were derived from
a printout provided by John Griffiths and Diana McElroy of Reactor Physics
Branch, CRNL.

In the notation used in the table below, E stands for exponential to the
base 10; thus the first entry 3E9 indicates 3 x 109 Bq per kg U. In order to
simplify the presentation, any concentrations less than 103 Bq per kg were
omitted and indicated with an X.

The fuel originally contains 2.5 x 107 Bq per kg U, all attributable to
three naturally occuring isotopes of uranium. At discharge, the total
concentration of radionuclides in the used fuel is 7.8 x 1015 Bq per kg. This
initial concentration decreases rapidly as the short-lived radionuclides
disappear. Ten years was arbitrarily selected as being roughly representative
of the earliest time at which the used fuel might be removed from the cooling
bays for disposal elsewhere; at this time, 90Sr/90Y and 137Cs/137mBa account for 74%
of the total radioactivity. By 107 years, most (i.e. 94%) of the remaining
radioactivity is due to 238U and its progeny.

In the last three lines of the table below, total radionuclide
concentrations in Bq-kg"1 have been multiplied by the appropriate quality factor
Q (i.e. , by 1 for beta and gamma-emitters and by 20 for alpha-emitters) in order
to provide a better assessment of total potential biological toxicity of the
radionuclides in the used fuel.

The decay modes and half-lives of all the radionuclides listed in the
following table can be found in ICRP Publication 38 (1983). Annual limits on
intake for most of these radionuclides can be found in ICRP Publication 30 (1979-
81, 1988).
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Radio-
nuclide

Concentration in Bq-kg U at various times

10 years 10 years 107 vears

FISSION AND ACTIVATION PRODUCTS

H-3
C-14
Ar-39
Ca-41
Mn-54
Fe-55
Co-60
Ni-59
Ni-63
Se-79
Kr-85
Sr-90
Y-90
Zr-93
Nb-93m
Nb-94
Mo-93
Tc-99
Ru-106
Rh-106
Pd-107
Ag-108
Ag-108ra
Ag-109m
Ag-110
Ag-llOm
Cd-109
Cd-113m
Sn-119ra
Sn-121m
Sn-126
Sb-125
Sb-126
Sb-126m
Te-125m
1-129
Cs-134
Cs-135
Cs-137
Da-137m
Ce-144
Pr-144

3
5
1
2
1
7
2
8
1
3
5
5
5
2
7
3
1
1
8
8
1
4
4
2
9
6
3
2
3
6
5
9
7
5
2
3
2
1
8
7
3
3

E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E

9
7
4
5
5
8
9
5
8
6
10
11
11
7
6
5
4
8
9
9
6
5
6
4
3
5
4
8
6
6
6
9
5
6
9
5
10
6
11
11
9
9

1

2

7

3

2
2
2
1
1

1

5

7
5

3

X
E
X
E
X
X
X
E
X
E
X
X
X
E
E
E
E
E
X
X
E
X
X
X
X
X
X
X
X
X
E
X
E
E
X
E
X
X
X
X
X
X

7

5

5

6

7
7
5
3
8

6

6

5
6

5

2
2

4

2

X
X
X
X
X
X
X
X
X
X
X
X
X
E
E
X
X
X
X
X
E
X
X
X
X
X
X
X
X
X
X
X
X
X
X
E
X
X
X
X
X
X

5
5

5

5



10 years

3 E 7
2 E 11
2 E 9
7 E 6
2 E 10
8 E 9
1 E 4
1 E 3

10 years

X
X
X
X
X
X
X
X

10' ye,

X
X
X
X
X
X
X
X

93

Pr-144m
Pm-147
Sm-151
Eu-152
Eu-154
Eu-155
Tb-157
Ho-166m

Total 3 E 12 2 E 8 1 E 6

Tl-20
Tl-208
Tl-209
Pb-209
Pb-210
Pb-211
Pb-212
Pb-214

*Bi-210
*Bi-211
*Bi-212
*Bi-213
Bi-214

*Po-210
*Po-211
*Po-212
*Po-213
*Po-214
*Po-215
*Po-216
*Po-218
*At-217
*Rn-219
*Rn-22O
*Rn-222
Fr-221
Fr-223

*Ra-223
*Ra-224
Ra-225

*Ra-226
Ra-228
*Ac-225
*Ac-227
Ac-228

ACTINIDES

X
1 E
X
X
X
X

3 E
X
X
X

3 E
X
X
X
X

3 E
X
X
X

3 E
X
X
X

3 E
X
X
X
X

2 E
X
X
X
X
X
X

3

4

4

4

4

4

4

4

2
1
7
4

7
7
4

1
7
7

1
7
4

7
1
4

7
1

4

1
7

1
4

E
X
E
E
E
E
X
E
E
E
X
E
E
E
X
X
E
E
E
X
E
E
E
X
E
E
X
E
X
E
E
X
E
E
X

4

3
U
5
4

5
5
4

5
5
5

5
5
4

5
5
4

5
5

4

5
5

5
4

4

5
3
1
4
2
1
1
4
2
3
1

i—
i

i—
i

1
2
1
4
2
1
3
4
2

i—
i

2
5
4
2
3
1
2
3
4
2

E
X
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E

5

3
5
7
5
3
7
7
5
3
5
7
7
3
3
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10 years 104 years 107 years

*Th-227 X 4 E 4 4 E 5
*Th-228 2 E 4 X
*Th-229 X 1 E 5
*Th-23O X 1 E 6
Th-231 2 E 5 2 E 5
*Th-232 X X
Th-234 1 E 7 1 E 7
*Pa-231 X 4 E 4
Pa-233 1 E 6 7 E 6
Pa-234m i E 7 1 E 7
Pa-234 2 E 4 2 E 4

*U-232 3 E 4 X
*U-233 X 3 E 5
*U-234 1 E 7 1 E 7
*U-235 2 E 5 2 E 5
*U-236 2 E 6 3 E 6
U-237 1 E 7 X
*U-238 1 E 7 1 E 7
*Np-237 1 E 6 7 E 6
Np-238 4 E 4 X
Np-239 2 E 7 8 E 6
*Pu-236 7 E 4 X
*Pu-238 3 E 9 X
*Pu-239 7 E 9 5 E 9
*Pu-240 9 E 9 3 E 9
Pu-241 5 E 11 5 E 3

*Pu-242 9 E 6 9 E 6
*Am-241 1 E 10 9 E 3
Am-242M 8 E 6 X
Am-242 8 E 6 X
*Am-243 2 E 7 8 E 6
*Cm-242 7 E 6 X
*Cm-243 5 E 6 X
*Cm-244 4 E 8 X
*Cm-245 1 E 4 5 E 3
*Cm-246 2 E 3 X

Total 6 E 11 8 E 9

Total alpha 3 E 10 8 E 9
emitters
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ALL RADIONUCLIDES
in Q-Bq-kg-1

Total alpha 6E11 2 E 1 0 2 E 9
emitters

Total beta and 3 E 1 2 2 E 7 8 E 7
gamma emittters

Alpha-emitting radionuclides
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