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REACTOR ACCIDENTS
AND THE ENVIRONMENT

This article, by R.F. Griffiths, is a condensed version of a paper by J.R. Beattie, Griffiths, G.D. Kaiser and G.H.
Kinchin* entitled The Environmental Impact of Radioactive Releases from Accidents in Nuclear Power Reactors,
an invited contribution presented to the Nuclear Energy Panel of the International Atomic Energy Agency/United

Nations Environmental Programme.

The use of nuclear power for the generation of electricity is
now well established in the UK, with about 10 GW(e) capacity
in thermal neutron reactors either installed or under
construction, and development work on the fast neutron
reactor continuing to be the largest single item of expen-
diture in the UKAEA budget. None of the power reactors in
the UK has ever suffered an accident leading to any signi-
ficant impact on the environment, but the coexistence of a
powerful energy source (up to 3 GW thermal power) and a
large inventory of radioactive materials (10°to 10'° curies) in
the reactor core means that the potential for such accidents
does exist, even though the probability of occurrence is very
small. The recognition of this potential has provided the
impetus for extensive scientific stydies over the years. These
investigations point to releases to the atmosphere as being
of dominant importance in determining the possible impact
of such accidents, and it is to this aspect that we will devote
our consideration in this paper.

The measures required for the protection of people
against the hazards of ionising radiation are formalised in the
publications of the International Commission on Radiological
Protection (ICRP). The recommendations of ICRP are regu-
larly reviewed and revised where appropriate. The most
recent example of the Commission's work is ICRP 26'
representing the most up-to-date information and the best
sources of knowledge in the field of radiological protection.
In this paper a brief survey is given of the nature of the health
hazards posed by exposure to radiation in the context of the
potential impact of accidental releases from power reactors.

The dispersion behaviour of materials released to the
atmosphere is of itself a vast field of study, with many areas of
application. Methods developed at SRD for use in the
assessment of potential hazards from reactor accidents are
described here.

The input to a set of calculations of dispersion in the
atmosphere must include a description of the inventory and
mode of release of the radionuclides involved. The character
of the release depends on the type of reactor involved, and
consideration is given here to the mechanisms whereby
materials may be accidentally released from four principal
reactor types that are of particular relevance in the UK, either
by virtue of their established use in the UK nuclear power
programme (Magnox and Advanced Gas-cooled Reactors)
or else by virtue of the possibility of their future adoption as
commercial power reactor systems in the UK (Pressurised
Water Reactors and Liquid Metal Fast Breeder Reactors).

The idea of probability of occurrence leads naturally to
discussion of the concept of risk, which may be defined as
the product of the magnitude of a particular consequence
and the probability of occurrence per unit time. In the case of
death as the consequence suffered, two aspects of risk

*The authors are members, and G.H. Kinchin is Director, of the UKAEA
Safety and Reliability Directorate (SRD), Culcheth.

emerge as being of special interest, namely individual risk of
death, expressed as the number of deaths per year from a
particular cause divided by the total population, anc
community risk of death, which expresses the frequency of
occurrernce of accidents involving multiple fatalities.
Community risk may be expressed in a cumulative form as
the frequency of occurrence of an accident in which N or
more people are killed, or non-cumulatively as the frequency
of occurrence of an accident in which the number killed falls
in the range N, to N,. The two forms express the same infor-
mation in different ways, but conversion from one to the other
is a straightforward procedure. From consideration of the
measurability of risk one progresses to the wider question of
the acceptability of risk. Clearly it is not the scientist’s role to
dictate what level of risk ought to be accepted, but he can
fulfil the important task of collecting and examining evidence
on risks that people do accept in practice and, by comparing
these with estimates of potential risks, deduce what may be
generally acceptable to most rational people.

In this paper the environmental impact is considered in
terms of injuries and deaths caused to man, and the land
areas that might be rendered temporarily unusable. This
amounts to asserting that if man at the top of the ecologica
tree is safe from the radiological impact of accidenta
releases from nuclear reactors, then so are the flora anc
fauna that compose that tree. This proposition is often
implied, but seldom stated clearly, and it may be that it
requires further examination and detailed proof. The conclu-
sion drawn here is that within the stated framework of
description, the potential risks of accidents to nuclear power
reactors can be judged to be small.

Effects of ionising radiation on man

Exposure to ionising radiation is an inescapable conse-
quence of life on this planet. Natural sources in the environ-
ment give an annual dose of about 100 millirem, arising from
cosmic rays (about 50 mrem/yr), radioactive materials in the
earth’s crust (about 30 mrem/yr) and radioactive consti-
tuents of the human body (about 20 mrem/yr). Details of the
natural background exposure can be found in a report by
Webb?. This background varies with geographical location
and one might therefore expect to be able to observe some
correlation with geographical variations in the incidences of
certain diseases, especially cancer, but no such effect has
ever been demonstrated. Man-made sources of exoosure
include the fall-out from nuclear explosion tests**° the use
of X-rays for diagnostic and therapeutic purposes, luminous
watch dials, television sets, and the very small exposure due
to routine discharges to the environment from nuclear
installations. All of these man-made sources put together are
still considerably less than the natural backgrounc
exposure.

In the event of an accidental release of radioactive
material from a reactor, members of the surrounding popu-
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lation may be exposed in a variety of ways. These include
direct external radiation from the plume as it travels down-
wind, internal exposure due to inhalation of the passing
cloud or of material resuspended from that deposited on the
ground, and ingestion of contaminated foodstuffs or water.
Translocation within the body of inhaled or ingested
materials would lead to selective irradiation of various organs
of the body depending on the solubility of the substances
involved. These exposures could lead to a variety of “early"”
and “delayed” somatic effects, as well as hereditary or
genetic effects among the descendants of the exposed indi-
viduals. Quantitative discussion of such effects can be found
in appendix 6 of the USNRC Reactor Safety Study by
Rasmussen and his associates® and in Smith and Stather’. A
more extensive treatment than is appropriate here will be
found in Reference 8; in this paper it will suffice to touch on a
few representative aspects. The early effects of radiation are
dose dependent; in the human there appears to exist a dose,
equivalent to about 100 rads for whole body radiation, below
which clinical effects are unlikely. Above this dose patho-
logical changes are due mainly to damage to cell mem-
branes allowing leakage of fluids and electrolytes, and
mainly also to loss of reproductive capacity of stem cells
leading to a diminution in numbers of mature cells (an early
effect in vital tissues such as bone marrow and gut because
in these there is normally a rapid turnover of cells).

The major late (or ‘delayed’) somatic effect of radiation on
man is cancer. The risks of radiation-induced cancer have
been summarised in various reviews57910111213  pgia
available on cancer incidence usually relate to small groups
of people exposed to high doses of radiation at high dose
rates, and it is, therefore, necessary in most cases to extra-
polate the data to obtain the assessment of cancer risk we
require. In this paper, as is usual, a linear no-threshold model
is used, i.e., the probability of cancer death is considered to
be directly proportional to the total dose. It should be noted
that linear extrapolation from effects at high doses and dose
rates may in some cases overestimate possible risks. Using
this model, the absolute cancer risk is obtained expressed
as the number of excess cancers expected to develop (e.g.,
cancers per 10° man-rads). Only human data have been
used for calculating these risk coefficients for the late
(delayed) effects of radiation. Estimates of risk coefficients
have been made for radiation-induced deaths from
leukaemia and cancers of the lung, bone, liver, gastro-intes-
tinal tract, breast and all other tissues taken together; these
values are shown in Table 1. An estimate is also available of
the risk of benign thyroid nodules and this is shown in Table
2. The risk coefficients, which are derived mainly from
Reference 7 and which are not dissimilar to those in
Reference 6 have been rounded so as not to imply greater
accuracy than the data justify. It is also assumed that there is
a period after irradiation during which there is a negligible
increase in cancer incidence, and that this is followed by a
period of increased but constant cancer incidence that lasts

Table 1. Number of deaths expected from leukaemia and
other cancers

Effect Cancer deaths per 10° man rads (low LET)
Leukaemia 20
Lung Cancer 20
Bone Cancer 10
Liver Cancer 10
Gastrointestinal tract cancer 20
Breast cancer 20
Thyroid cancer 5
All other cancers 20
TOTAL 125

Table 2. Risk estimates for incidence of benign nodules
and thyroid cancer
Nodules of cancers
per 10° man rads (low LET)

External 1-131 and
Radiation* longer-lived
isotopes**
Benign nodules*** 100 10
Thyroid cancer 100 10
Deaths from thyroid cancer 5 05

“These values apply to doses up to 1500 rads (low LET):; for 1500 to 5000
rads take half the values; for > 5000 rads assume no risk. For internal
emitters these dose ranges should be increased by a factor of 10.
“*Isotopes with half-lives shorter than I-131 are assumed to be equivalent to
external radiation

***For children, double this value

for a number of years. For leukaemia the period of incidence
is assumed to be from 5 to 20 years after irradiation, and for
other cancers the incidence period is taken as from 10 to 40
years after irradiation. It is recognised, of course, that this
must be an oversimplification of the real situation.

Regarding hereditary effects of irradiation the reader is
referred to Reference 7 for detailed information. As stated
there, damage to the germinal cells (i.e. gonads) can result in
spontaneous abortion or hereditary disease. However, the
risk of abortion is difficult to quantify because many occur so
early in pregnancy as to be undetectable and, for that
reason, abortions are not considered in Reference 7. On
hereditary disease, these authors conclude that “in a stan-
dard population exposed to radioactivity fol lowing a reactor
accident, a total of 57 cases of serious hereditary disease
per 10° man rads (low LET) is predicted over many genera-
tions, of which 15 and 9 cases will appear in the first and
second generations respectively”.

The dose of external gamma radiation from fission pro-
ducts deposited on the ground (and to a lesser extent the
beta radiation) which would be received by persons if they
remained in the area must be considered, and evacuation of
the local population from the area may be required for a time.
If a release of volatile fission products had occurred from a
thermal reactor, deposited isotopes of iodine and tellurium,
which are abundant and have short half-lives, would deliver a
significant gamma dose in the first 2-3 weeks; if evacuation of
the local population had been required they could then
return home. If ruthenium were also released in quantity, a
significant gamma dose would be delivered over a period of
1-2 years, determined mainly by the 1-year radioactive half-
life of ruthenium 106, although this period might be reduced
considerably if the ruthenium were washed away by rain,
which on available evidence appears quite likely'. Caesium
137 is less abundant but is readily released and has a radio-
active half-life of 30 years. Through the gamma emission of
its shortlived daughter barium 137m, deposited caesium
could deliver persistent levels of whole body radiation
exposure. In many soils a large part of deposited caesium
137 is firmly trapped in soil minerals after a period of about a
year'*. Measurements of gamma radiation were made over a
period of years above various soils contaminated with
caesium 137 and the results are shown in Figure 1 which is
based on Reference 15.

Significant skin contamination would probably be picked
up from a contaminated environment by children playing out-
doors and by men working in the open air, but in less
contaminated areas (from which evacuation would be
unlikely to be required) reasonable care and regular washing
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Fig.1 Temporal variation of gamma dose-rate from Cs-
137 deposition

could be expected to provide adequate control of this type of
hazard. However, there are other ways in which radioactive
material originally deposited on ground and vegetation can
cause hazard. For example, activity could be ingested
accidentally from contaminated hands, particularly in the
case of young children; food contaminated by radioactivity
in houses and shops could be consumed, and there would
be radioactivity deposited on green vegetables in gardens
and on other growing crops. All such routes of entry into the
human body can be covered by a general statement about
ingestion from a contaminated environment, based on
studies made at AERE Harwell of uptake of fallout from
distant weapons tests; the simple concept emerges that,
irrespective of age, one will accidentally ingest the activity
from an area of ground of about 102 n¢/day.

One route, probably the most important, for ingestion of
deposited activity is excluded from consideration above,
and must now be considered. This is ingestion by humans of
iodine 131 in the milk produced by cows grazing contami-
nated pastures. ERLs of iodine 131, caesium 137 and stron-
tium 90 are given in Table 4 but only that of iodine 131 need
concern us in the context of reactor accident releases, since
if milk consumption is banned because of iodine 131, the
other isotopes mentioned will be automatically taken into
account'®.

Maximum permissible levels and Emergency Reference
Levels of radiation and radioactivity

In 1965 the ICRP recommended that the cautious assump-
tion should be made that any exposure to radiation may carry
some risk'’. In July 1977 a new version of ICRP
recommendations was published as ICRP Publication 26'
embodying a system of dose limitation, one main feature of
which, carried over from the previous recommendations,
was that all exposures should be kept as low as is reasonably
achievable, economic and social factors being taken into
account. ICRP Publication 26 distinguishes between
stochastic effects (those for which the probability of an effect

Table 3. ICRP recommended dose limits for individual
members of the general public.

Whole body, gonads, red bone marrow 0-5 rem/yr
Skin, bone, thyroid (but thyroid for children

up to 16 yrs. of age 1-5 rems/yr.) 3.0 rem/yr
Other single organs 1-5 rems/yr

occurring, rather than its severity, is regarded as a function of
dose, without threshold) and non-stochastic effects (for
which the severity of the effect varies with the dose, and for
which a threshold may therefore occur). Some somatic
effects are stochastic, and of these carcinogenesis is consi-
dered to be the chief somatic risk of irradiation at low doses
and therefore the main problem in radiation protection. The
recommended dose limits for individual members of the
general public, based on Reference 17, are listed in Table 3.
These dose limits are intended to minimise the risk of somatic
effects of radiation occurring among individual members of
the general public, and in order to conform to the ICRP's
enjoinment, the operators of nuclear installations, and the
supervising and licensing agencies, take pains to ensure
that any dose received by members of the public is as low as
may reasonably be achieved in ordinary circumstances, the
limits being approached, if at all, only for short transitory
periods.

The UK Medical Research Council has from time to time
published recommendations concerning levels of radiation
and radioactivity in the environment and population in the
aftermath of a future accident to a reactor or other nuclear
facility. The term “Emergency Reference Level” (ERL) has
been coined in an attempt to describe more accurately the
purpose of recommended levels of this type. According
to Reference 18 an Emergency Reference Level (ERL) of
dose is briefly defined as the radiation dose below which
countermeasures are unlikely to be justified. There are also
derived ERLs either of exposure or of activity in environ-
mental materials, which correspond to the ERLs of dose. The
ERLs are put forward not as firm action levels but as dose
levels at which the responsible authorities should judge
whether countermeasures should be introduced, full
account being taken of any disadvantages and risks from
these countermeasures. ERLs are given in Table 4 for iodine
131, caesium 137, ruthenium 106 and strontium 90. (The ERL
of external dose from gamma radiation would be 10 rads
average in body tissues, approximately 15 roentgen
measured in free air). The ERL carries with it only a very low
risk that a person might be hurt by the dose — of the order of
1 chance in 1000 that he will die in the next 40 years.
Nevertheless, it should not be thought of as a maximum
permissible dose for consideration before an accident has
happened, but rather as a guide for action in the aftermath of
the accident. The maximum permissible doses must remain
those displayed in Table 3.

Atmospheric dispersion and consequence modelling

The fate of material released to the atmosphere from a
nuclear reactor will be principally determined by the disper-
sion processes within the turbulent atmospheric boundary
layer. This behaviour is dependent on many interacting
phenomena, among which may be numbered the change in
the wind speed and direction as a function of height, the rate
of incoming solar radiation, the amount of cloud cover,
whether the ground is wet or dry, the nature of the surface
(whether grassland, forest or city), the topography (whether
flat or hilly) and the source of the effluent itself which may, for
example, be large enough or hot enough to have a significant
influence on the dispersion process. A rigorous treatment of
these effects inevitably leads to models of great complexity,
the solution of which would be very time consuming even on
the most powerful computers. Although such facilities are
available, their use in this case would be difficult to justify in
view of the existing uncertainties in the input parameters. Itis
therefore necessary and desirable to simplify the dispersion
model used to reduce it to manageable size. The method
most widely used employs the conventional Gaussian model!
of concentration profiles!*® characterised by the standard
deviations of the concentration distributions in the crosswind
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and vertical directions. These are monotonically increasing
functions of travel distance or travel time. They also depend
on the weather category, which is defined by reference to
several variables such as the windspeed measured at a
height of 10 m, the rate at which the sun is heating the earth’s
surface, the atmospheric temperature gradient and the
amount of cloud cover. At one extreme of the range of
weather categories there is a hot, sunny summer's day when
the atmosphere is well mixed by convectively generated
turbulence and any effluent released into it disperses
rapidly. Atthe other extreme there is a still, cold winter's night
with a temperature inversion from the ground upward, when
effluent disperses very slowly. Between these categories is a
cloudy day with a moderate to brisk wind, which is typical of
conditions in which dispersion occurs at an ‘average’ rate. In
the widely used Pasquill-Gifford scheme the weather is
conventionally divided into six categories (A to F) ranging
from conditions of rapid to slow dispersion”, and the disper-
sing plume becomes progressively broader and more dilute
as the weather category ranges from Class F to Class A.

As noted in Reference 8, and discussed in detail else-
where (References 19 to 28 inclusive), allowance can be
made for a variety of phenomena that give rise to significant
modifications of the behaviour incorporated in the basic
Gaussian model. These include mechanisms of depletion of
the plume material (for example by radioactive decay,
precipitation scavenging, gravitational settling and surface
deposition), effects of building wakes and hills, meandering
of the wind direction over the duration of the release and the
mitigating effects of plume rise fed by sensible heat, latent
heat and/or decay heat as well as by the momentum of the
released material. Discussion of the limitations of the
Gaussian model will be found in References 8 and 29:
provided that the user appreciates these limitations, the
answers given by the model are probably within a factor of
two or three of the reality that the model simulates®. Given
the uncertainties in the estimation of the other parameters
characterising an accidental release, this degree of
accuracy is acceptable for purposes of risk assessment.

In order to provide SRD with a flexible tool with which
nuclear safety studies can be conducted the Gaussian
model with various modifications has been incorporated into
a computer code named TIRION® which has been used to
produce some of the results presented here. Of course, the
calculation of concentration profiles is only one step in the
process of estimating the consequences of an accident. The
doses received by members of the population, the numbers
of people affected, and the size of the areas of land contami-
nated are examples of the output provided by TIRION. This
program has been used widely by numerous organisations;

Table 4. Emergency Reference Levels for I-131, Cs-137,
Ru-106 and Sr-90

ERL ERL of
Critical of dose cloud-dosage ERL in milk
Isotope organ (rems) (Ci-sec/m™)  ( uCiflitre)
lodine-131* Thyroid 30 0.020 0.25
Caesium-137°  Whole body 10 15 55
Ruthenium-106° Lung 30 0.014 =
Strontium-90 Bone marrow 10 0.05 0.15

“ERL of cloud-dosage makes allowance for iodine and tellurium in
equilibrium proportions.

PExternal gamma radiation from caesium-137 deposition is more
limiting than the ERL in milk.

°Ruthenium is released as insoluble ruthenium oxide, and does not
appear in cows’ milk.

its application is exemplified by its recent use in connection
with the Windscale Inquiry, by BNFL and by the anti-nuclear
Political Ecology Research Group. Codes similar to TIRION
have been developed by other bodies, e.g. the CEGB
program WEERIE™.

Using a scheme of calculation such as is embodied in
TIRION one may calculate the concentration profile downwind
of a given release of radioactive material if the weather condi-
tions are known. If, in addition, the population distribution
around the release point is known, and the wind direction is
also fixed, one may estimate, for example, the number of
people likely to contract cancer, the number who may suffer
early death, or how many genetic defects may be transmitted
to succeeding generations. In practice one cannot predict
what the weather conditions and wind direction will be at the
time of the accidental release, and therefore one cannot give
a unique answer for the consequences of a given release of
material. By performing calculations for the whole spectrum
of possible weather conditions one obtains probability distri-
butions of numbers of early effects, late effects and other
specified consequences.

To complicate matters further, a reactor system is so intri-
cate that there is a whole spectrum of values for the quan-
tities of radioactive materials that could be released in the
event of accident, and variations over many orders of magni-
tude can be envisaged®. For each of these possible release
quantities the probability distribution of consequences may
be calculated, and then weighted by the frequency with
which the particular release is estimated to be likely to occur.
The sum of these distributions, taken over the whole range of
possible releases each with its associated ‘family’ of conse-
quences, constitutes an overall frequency-of-occurrence v.
magnitude-of-consequence curve known as an N line,
examples of which are given in this paper. The presentation
of the results of consequence calculations in this probabi-
listic fashion is unavoidable, partly because of the statistical
nature of the processes occurring in the atmosphere, and
partly because it is not possible to present the results of
calculations of the possible releases from a nuclear installa-
tion other than in the form of a frequency-magnitude distri-
bution. These fN lines provide information that is needed in
order to form judgements on the acceptability of nuclear
installations®".

Environmental consequences of notional accidental
releases from nuclear power reactors

The radioactive substances in reactor cores are of two main
types — the fission products, beta-gamma emitters mostly of
short to medium-long half-life, and the actinides, mostly
alpha emitters of very long half-life. The fractions of the vari-
ous fission product or actinide elements composing the
reactor inventory which are likely to be released in a hypo-
thetical reactor accident depend, of course, on the type of
reactor and the nature of the particular accident imagined.
Information on the inventories associated with different re-
actorsis listed in Reference 8, and can be obtained from vari-
ous sources (References 6, 32 and 33). The reactor types
considered here are Magnox Gas-cooled Reactors, Ad-
vanced Gas-cooled Reactors, Pressurised Water Reactors
and the Commercial Demonstration Fast Reactor. Generally,
fission product inventories do not vary much from one re-
actor type to another, for a given level of thermal power:
however, the actinide inventory does so vary, the amounts of
higher actinides in particular increasing considerably with
burn-up.

Environmental impact of accidents to Magnox gas-cooled
reactors In gas-cooled reactors such as Magnox the most
serious kind of accident that has to be considered is a failure
of the pressure circuit causing a rapid loss of coolant™®. As in
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all reactor types, very high reliability of shut-down is ensured
by providing a number of automatic shut-down devices of
different independent kinds to avoid some unforeseen fault
being common to all. The nuclear reaction having beer
quickly shut down, enough gas flow can be maintained even
at atmospheric pressure to cool the fuel and prevent damage
to it, provided that conditions in the channel are otherwise
normal. In all UK gas-cooled reactors, ample emergency
supplies of carbon dioxide are available to be fed to the reac-
tor circuit and prevent ingress of air. In assessing the safety
of Magnox reactors in steel pressure vessels with separate
heat exchanger shells, the arbitrary assumption is made that
a bottom inlet duct fractures, and that some air enters before
the damaged circuit can be isolated. Thereafter carbon
dioxide is fed in, gas flow is begun by the blowers driven by
auxiliary motors and finally main-motor-driven gas flow is
restored. It is an important and remarkable feature of
Magnox (and AGR) reactors that they are able comfortably to
survive sudden complete loss of coolant pressure. This is
illustrated by a typical temperature transient taken from
Reference 35, displayed in Figure 2. This is for a Magnox
reactor with well-irradiated fuel (high fission product after-
heat) and long-irradiated graphite. Appropriate levels of
Wigner energy and the effects of irradiation and impurity-
enhanced graphite oxidation rate have been taken into
account in the calculations. It will be seen from this example
that the design ensures safe clad temperatures are not
normally exceeded in the first few minutes when fuel internal
temperatures equalise radially across the fuel rod, gas
cooling being temporarily diminished. Temperatures would
remain under control for several hours with only auxiliary-
motor-driven gas flow, and when main-motor-driven flow is
restored temperatures would fall very rapidly to entirely safe
levels. The later Magnox reactors have prestressed concrete
pressure vessels which contain the reactor core and all the
heat exchangers: any accidental breach in the gas circuit, if
it occurred, would probably be very small and the conse-

quent variations of reactor temperatures would be still easier
to control. The conclusion drawn from studies of this kind is
that if an accidental depressurisation of a Magnox reactor
were to occur, by far the most probable outcome would be no
release of fission products or actinides at all, and therefore
no environmental impact.

Safety studies show that for the earlier steel pressure
vessel Magnox reactors, should a sudden loss of coolant
pressure occur there is a small chance, less than 1in 100, of
a single channel melt-out occurring in the most highly-rated
fuel channel. This and other aspects of gas-cooled reactor
accidents have been discussed by Macdonald et al of CEGB
in Reference 36, where experimental evidence is reviewed
and theoretical aspects are studied using the CEGB reactor
safety analysis code WeeREX. Macdonald and his co-
workers group the fission products into broad classes of
volatility, in which for example iodine and tellurium are consi-
dered volatile, caesium and ruthenium are mid-volatile
(unless there is air present, when they are classified as vola-
tile), and strontium and the rare earths are considered non-
volatile. The release fractions from fuel to coolant are
assumed to be 10 per cent, 1 per cent and 0.1 per cent
respectively for a channel melt; for a channel fire they are
increased by a factor of five. Macdonald et al state™® that for
the assumed releases the ERL of inhalation dose (by impli-
cation a thyroid dose mainly from iodine and/or a lung dose
mainly from ruthenium and other beta emitters) is estimated
to occur at 1¥2 miles for the steel vessel Magnox reactor and
at %3 mile for the concrete vessel Magnox reactor. It may be
inferred that releases broadly in the range 10-100 Ci iodine
131 are under consideration. The deposition of released acti-
vity within the reactor coolant circuit and containment is an
important factor determining the discharge to atmosphere,
and in the WEERIE calculations this is taken into account using
elemental plate-out factors which for the non-gaseous fission
products are assumed to lie in the range 0.01-0.15 min;
these values are typical of those observed in operating gas-
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cooled reactors under channel melt-out conditions®” *. Other
factors which have been investigated include the reduction
in inhalation doses at short distances downwind due to the
entrainment of effluent in the wake of the reactor building.
This is illustrated in Figure 3, which shows representative
dose versus distance curves calculated using the WEERIE
code for a Magnox depressurisation accident accompanied
by a single channel melt-out. The dashed curves show the
effect of building entrainment as predicted by a simple virtual
source model, which wind tunnel experiments have demon-
strated may be appropriate in many circumstances™®. Figure
3 shows that, for the accident and dispersion conditions
considered, the inhalation dose to the thyroid from the radio-
active iodine could be 1 ERL out to 450m downwind at most.
Other environmental impacts to be considered include
contributions to thyroid dosage from ingestion of cow's milk
(in practice this would mean the distance downwind to which
prohibition of milk supplies should extend) and from inges-
tion via routes other than milk e.g. via green vegetables or
hand contamination. The distances at which these effects
mightindependently give rise to 1 ERL of thyroid dose can be
calculated, and the picture emerges, supplementing the
information contained in Figure 3, of a prohibition for a few
weeks on the sale and consumption of milk from farms within
about 3 km downwind of the reactor, and possibly of a
temporary warning about general iodine contamination and
against eating locally grown green vegetables for members
of the public, if any, who elect to remain within perhaps 150m
downwind of the reactor. These and any other aspects of the
‘environmental emergency’ would be confidently handled
and contained by the elaborate, carefully planned and fre-
quently practised emergency arrangements at CEGB
nuclear power stations, which have been described by
Orchard and Walker in Reference 39. Similar emergency
arrangements are made and exercises carried out at SSEB
and UKAEA/BNFL nuclear power reactor sites.

Environmental impact of accidents to Advanced Gas-cooled
Reactors The Advanced Gas-cooled Reactor (AGR) is a
development of the Magnox Reactor, allowing rather higher
fuel ratings and burn-up through the use of uranium oxide
fuel in assemblies of stainless steel clad pins and re-entrant
coolant flow through the core. All the AGRs operated by the
UK Generating Boards have prestressed concrete pressure
vessels. A sudden loss of coolant pressure due to an acci-
dent would be most unlikely to lead to fuel melt-out, and the
maximum transient fuel temperature would be several
hundreds of degrees Celsius below the melting point of
stainless steel. There is a possibility, however, of a few pins of
highest rating puncturing under internal fission gas pressure
at the clad temperatures reached transiently, external gas
pressure being reduced. A small percentage of the inventory
of gaseous and volatile fission products in the pins will have
diffused to the fuel-clad interspace during normal operation
and will be available for release. The manner and magnitude
of fission product release from fuel to coolant in such condi-
tions has been much studied (e.g. Reference 38) and their
deposition in the reactor gas circuit must also be taken into
account, as mentioned above (see also Reference 36). The
estimated size of release to the atmosphere after a loss-of-
pressure accident is generally less than 10 Ci iodine 131.
The only environmental impact would be a temporary ban on
consumption of cows' milk up to about a mile downwind.
Partly as a result of these favourable environmental features
some AGRs are located quite close to urban areas in the
United Kingdom. However, there is, as yet, an absence of
published studies of AGR (and Magnox reactor) accidents
comparable in scope to the USNRC studies of water reactor
safety’.

Environmental impact of accidents to Pressurised Water
Reactors The development and consequences of hypo-
thetical accidents to PWRs were analysed on a probabilistic
basis in the USNRC Reactor Safety Study’. Of these
accidents, that designated PWR9 approximates to the
design basis accident (d.b.a.) or maximum credible
accident (m.c.a.), and is perhaps the analogue of the
depressurisation accident for the Magnox and AGR reactors
described above. If, as in PWR9, there were an accidental
pipe break in the primary pressurised coolant circuit of a
PWR, the greater part of the water would flash off as steam,
carrying some water along with it. Steam is a very poor
coolant compared to liquid water, and if nothing were done
fuel would melt. In the PWR9 accident description, the emer-
gency core cooling system comes into action automatically
as designed and cooling water is quickly conveyed to the
fuel. However, a small percentage of the inventory of
gaseous and volatile fission products which will have
collected in the fuel clad interspace is assumed to escape
from fuel pins punctured by internal fission gas pressure. The
environmental impact is minimised by the containment which
is designed to contain the steam pressure. This would be
high initially and some leakage of fission products would

I T T
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Fig. 3 Magnox reactor depressurisation accident with
single channel melt-out: integrated inhalation and cloud
doses
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