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FOREWORD

R a d ia t io n  p r o te c t io n  p r a c t i c e  f o r  w a s te s  p ro d u c e d  d u r in g  th e  u ra n iu m  
fu e l c y c le  r e q u i r e s  th a t  a lm o s t  a l l  th e  w a s te s  be c o n ta in e d . H o w e v e r, a f t e r  
c a r e f u l  a s s e s s m e n t  o f th e  r i s k s  o f e x p o s u r e  o f m a n , o r  o f a c c id e n t ,  s m a ll  
a m o u n ts  o f  low  r a d io a c t iv e  e f f lu e n ts  a r e  o c c a s io n a l ly  r e l e a s e d  to  th e  e n v ir o n 
m e n t  f r o m  n u c le a r  in s ta l la t io n s .

T h e  b a s ic  p r in c ip l e s  an d  c r i t e r i a  in v o lv e d  in  su c h  r e l e a s e s  to  th e  
e n v ir o n m e n t c a n  be  s u m m a r iz e d  a s  fo llo w s: (1) to  av o id  a l l  u n n e c e s s a r y
and  u n ju s t i f ia b le  e x p o s u re ;  (2) to  ju s t i fy  an y  n e c e s s a r y  e x p o s u r e  and  to  
k e e p  i t  a s  low  a s  r e a s o n a b ly  p o s s ib le  in  th e  l ig h t  o f th e  e c o n o m ic  and  s o c ia l  
f a c t o r s ,  e n s u r in g  a t  th e  s a m e  t im e  th a t  th e  e x p o s u r e  in  no c a s e  e x c e e d s  
th e  d o se  l i m i t s  p r e s c r ib e d  by th e  IC R P  and  o th e r  in te r n a t io n a l  and  n a tio n a l 
c o m p e te n t a u th o r i t i e s .

R a d io a c t iv e  m a t e r i a l  r e l e a s e d  to  th e  b io s p h e re  c a n  r e a c h  m a n  th ro u g h  
a  v a r i e ty  o f p a th w a y s ; c o n s e q u e n tly  th e  ju s t i f ia b le  e x p o s u r e ,  in  a c c o rd a n c e  
w ith  p r in c ip le  (2) ab o v e , sh o u ld  be k e p t a s  low  a s  i s  r e a d i ly  a c h ie v a b le . 
T h is  r e q u i r e m e n t  c a n  be  m e t  by  th e  p r o c e s s  o f  o p t im iz a t io n  o f e x p o s u r e .  
O p tim iz a t io n  o f e x p o s u r e  c a n  be r a t io n a l ly  a c h ie v e d  by th e  p r o c e s s  o f d i f f e r 
e n t i a l  c o s t - b e n e f i t  a n a ly s is ,  and  th i s  w a s  th e  m a in  s u b je c t  o f a  S e m in a r  on 
P o p u la t io n  D o se  E v a lu a t io n  an d  S ta n d a rd s  fo r  M an  and  h is  E n v iro n m e n t 
o rg a n iz e d  by th e  I n te r n a t io n a l  A to m ic  E n e rg y  A g en cy  and  th e  W o rld  H e a lth  
O rg a n iz a t io n  w ith  th e  s u p p o r t  o f  th e  U n ite d  N a tio n s  E n v iro n m e n t P r o g r a m m e  
and  h e ld  a t  P o r t o r o z ,  Y u g o s la v ia ,  f r o m  20 to  24 M ay 1974. T he  S e m in a r  
a ls o  e x a m in e d  so m e  o f the; p o s s ib le  e c o lo g ic a l  e f f e c ts  o f th e  o p e ra t io n  o f  a  
n u c le a r  in s ta l la t io n  on th e  b a la n c e  o f n a tu r e  in  th e  e n v ir o n m e n t o f m a n . 
T he  S e m in a r  p ro v id e d  a  v a lu a b le  fo r u m  fo r  th e  e x c h a n g e  o f e x p e r ie n c e  
in  M e m b e r  S ta te s  r e l a t i n g  to  th e  e x p o s u r e  o f  p o p u la t io n s  o r  in d iv id u a ls  a s  
w e ll a s  to  e n v ir o n m e n ta l  s tu d ie s .

T h e  A g en cy  g r a te f u l ly  a c k n o w le d g e s  th e  in v i ta t io n  f o r  th i s  S e m in a r  
f r o m  th e  G o v e rn m e n t o f  th e  S o c ia l is t  F e d e r a l  R e p u b lic  o f Y u g o s la v ia , and 
th e  a s s i s t a n c e  and  c o - o p e r a t io n  o f th e  s t a f f s  o f  th e  J o z e f  S te fa n  In s t i tu te ,  
L ju b l ja n a , and  th e  Z a v o d  z a  T u r iz e m , P o r t o r o z .



EDITORIAL NOTE

T h e  p a p e r s  and  d i s c u s s i o n s  i n c o r p o r a t e d  in  th e  p r o c e e d i n g s  p u b l i s h e d  
b y  th e  In t e r n a t io n a l  A t o m i c  E n e r g y  A g e n c y  a r e  e d i t e d  b y  the  A g e n c y ' s  e d i 
to r ia l  s t a f f  to th e  e x t e n t  c o n s i d e r e d  n e c e s s a r y  f o r  the  r e a d e r ' s  a s s i s t a n c e .  
T h e  v i e w s  e x p r e s s e d  and  th e  g e n e r a l  s t y l e  a d o p te d  r e m a i n ,  h o w e v e r , th e  
r e s p o n s i b i l i t y  o f  the  n a m e d  a u th o r s  o r  p a r t i c i p a n t s .

F o r  the  s a k e  o f  s p e e d  o f  p u b l ic a t io n  th e  p r e s e n t  P r o c e e d i n g s  h a v e  b een  
p r i n t e d  b y  c o m p o s i t io n  typ in g  and  p h o to - o f f s e t  l i th o g r a p h y .  W ith in  the l i m i 
ta t io n s  i m p o s e d  b y  th i s  m e th o d ,  e v e r y  e f f o r t  h a s  b e e n  m a d e  to  m a in ta i n  a 
h igh  e d i t o r i a l  s ta n d a r d ;  in  p a r t i c u l a r ,  th e  u n i t s  a nd  s y m b o l s  e m p lo y e d  a r e  
to  th e  f u l l e s t  p r a c t i c a b l e  e x te n t  th o s e  s t a n d a r d i z e d  o r  r e c o m m e n d e d  b y  the  
c o m p e t e n t  i n t e r n a t io n a l  s c i e n t i f i c  b o d ie s .

T h e  a f f i l i a t i o n s  o f  a u t h o r s  a r e  t h o s e  g i v e n  a t  th e  t i m e  o f  n o m in a t i o n .
T h e  u s e  in  t h e s e  P r o c e e d i n g s  o f  p a r t i c u l a r  d e s ig n a t io n s  o f  c o u n t r i e s  o r  

t e r r i t o r i e s  d o e s  n o t  i m p l y  a n y  j u d g e m e n t  b y  the  A g e n c y  a s  to the  le g a l  s t a tu s  
o f  s u c h  c o u n t r i e s  o r  t e r r i t o r i e s ,  o f  t h e i r  a u th o r i t i e s  and  i n s t i t u t i o n s  o r  o f  
th e  d e l i m i ta t i o n  o f  t h e i r  b o u n d a r i e s .

T h e  m e n t io n  o f  s p e c i f i c  c o m p a n ie s  o r  o f  t h e i r  p r o d u c t s  o r 'b r a n d -n a m e s  
d o e s  n o t  i m p l y  a n y  e n d o r s e m e n t  o r  r e c o m m e n d a t i o n  on th e  p a r t  o f  th e  
In t e r n a t i o n a l  A t o m i c  E n e r g y  A g e n c y .
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Abstract

BASIC CONCEPTS AND PRINCIPLES OF ASSESSMENT: A REVIEW OF THE ADVISORY COMMITTEE REPORT 
ON THE BIOLOGICAL EFFECTS OF IONIZING RADIATION.

The present concepts of a single upper limit for individual and population doses, with the understanding 
that the risks should be kept as low as practicable, may not be adequate for the future uses of nuclear 
radiation. This is because of the potential for exposing large populations from the uses of nuclear power and 
medical radiation. There is a need to compare the biological risks and benefits of radiation applications 
and its alternatives. The recommendations of the US National Academy of Sciences — National Research 
Council's Advisory Committee on the Biological Effects of Ionizing Radiation (BEIR) are presented. The 
Committee estimates of the genetic, somatic and ill health risks from population exposures of 170 mrem are 
included.

INTRODUCTION.

The potential effects of ionizing radiation on human populations have b.een
a concern of the scientific community for several decades. The oldest of the
scientific bodies now having responsibility in this area is the International 
Commission on Radiological Protection (ICRP), formed in 1928. The ICRP has 
maintained continuing studies of radiation protection problems that are of 
.special relevance to the radiation control programs of many nations.

In the 1940's with the establishment of the U.S. Atomic Energy Commission 
and its program, there was recognition of possible radiation problems and large- 
scale animal experiments were initiated. In the early 1950's, as a result of 
the testing of nuclear weapons, public concern arose about the potential effects
of ionizing radiation on human populations. In 1955, as a response to this
concern, the President of the National Academy of Sciences (NAS) appointed a 
group of scientists to conduct a continuing appraisal of the effects of atomic 
radiation on living organisms. That study, entitled "Biological Effects of 
Atomic Radiation," led to a series of reports by six committees issued from 
1956-1963 and which are generally referred to as the BEAR reports.

The BEAR reports led to a basis for public understanding of the expected 
effects of the testing of nuclear devices that had occurred to that date and 
introduced the important concept of regulation of average population doses on 
the basis of genetic risk to future generations. These reports also emphasized 
medical-dental x rays as the greatest source of man-made radiation exposure of 
the population.
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Also, in 1955, the General Assembly of the United Nations established the 
UN Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), which, 
among other tasks associated with monitoring and assembling reports of radiation 
exposure throughout the world, was "to make yearly progress reports and to
develop a summary of reports received on radiation levels and radiation effects 
on man and his environment..." (UNSCEAR 1969). The periodic reports issued by 
UNSCEAR (the latest in 1972), in accordance with its objective, have served as a 
review of worldwide scientific information and opinion concerning human exposure 
to atomic radiation {1].

In the United States in 1959, the Federal Radiation Council (FRC) was 
formed to provide a Federal policy on human radiation exposure. A major 
function of the FRC was to "advise the President with respect to radiation 
matters, directly or indirectly affecting health, including guidance for all 
Federal agencies in the formulation of radiation standards and in the
establishment and execution of programs of cooperation with States..."

In the late 1960's, concern arose that developing peacetime applications of 
nuclear energy, particularly the growth of a nuclear power industry for produc
tion of electricity, could cause serious exposure of the human population to ra
diation. Thus, in February 1970, the FRC asked the NAS-NRC Advisory Committee^ 
to consider a complete review and re-evaluation of the existing scientific 
knowledge concerning radiation exposure to human populations. This request
from the FRC came about because of: (1) a naturally developing sequence of the 
Advisory Committee's concern that there had been no detailed overall review 
since the BEAR reports; (2) new factors that might need to be considered, such 
as optional methods of producing electrical energy and types of environmental 
contamination different from those previously encountered; and (3) a growing 
number of allegations made in the public media and before Congressional 
committees that the existing radiation protection guides were inadequate and 
could lead to serious hazard to the health of the general population. The 
following sections summarize the results of the NAS-NRC Advisory Committee 
review [2].

QUANTIFICATION OF RISK

Deleterious effects in individuals and populations of living organisms 
cannot be attributed to exposure to ionizing radiation at levels near that of 
average natural background except by inference. Such effects are not directly 
observable. It has been taken for granted by many that exposure to additional 
radiation near background levels, and especially within variations of natural 
background, represents a risk so small compared with other hazards of life that 
any associated nontrivial benefit would far offset any harm caused. The effects 
of such radiation exposures have been variously regarded as insiginificant, 
negligible, tolerable, permissible, acceptable. But if in fact any level of 
radiation will cause some harm (no threshold), and if in fact entire populations 
of nations or of the world are exposed to additional man-made radiation, then 
for decisions about radiation protection, it becomes necessary to quantify the 
risks; that is, to estimate the probabilities or frequencies of effects.

Such estimates are fraught with uncertainty. However, they are needed as a
basis for logical decision-making and may serve to stimulate the gaining of data

1 The NAS-NRC Advisory Committee, on March 25, 1970, accepted the task pro
posed by the FRC, as a part of the contract agreement between NAS and the
Department of Health, Education, and Welfare, signed September 1, 1970. On 
December 2, 1970, the activities and functions of the FRC were transferred 
to the Environmental Protection Agency because the FRC had ceased to exist 
as a specific body.
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for assessment of comparative hazards from technological options and develop
ment, at the same time promoting better public understanding of the Issues.

The present U.S. Radiation Protection Guide for the general population was 
based on genetic considerations and conforms to the BEAR Committee recommenda
tions that the average individual exposure be less than 10 R (Roentgens) before
the mean age of reproduction (30 years) [3]. The FRC did not include medical
radiation in its limits and set 5 rem as the 30-year limit (0.17 rem per year).

Present estimates of genetic risk are expressed in four ways: (a) R isk  
R e la t iv e  to  N a tu ra l Background R a d ia tio n . Exposure to man-made radiation below 
the level of background radiation will produce additional effects that are less 
in quantity and no different in kind from those that man has experienced and has 
been able to tolerate throughout his history, (b) R is k  E s tim a te s  f o r  S p e c i f i c  
G en e tic  C o n d itio n s . The expected effect of radiation can be compared with cur
rent incidence of genetic effects by use of the concept of doubling dose (the 
dose required to produce a number of mutations equal to those that occur natur
ally) . Based mainly on experimental studies in the mouse and D rosoph ila and 
with some support from observations of human populations in Hiroshima and 
Nagasaki, the doubling dose for chronic radiation in man is estimated to fall in 
the range of 20-200 rem. It is calculated that the effect of 170 mrem per year 
(or 5 rem per 30-year reproduction generation) would cause in the U.S. in the 
first generation between 100 and 1800 cases of serious, dominant or X-linked 
diseases and defects per year (assuming 3.6 million births annually in the 
U.S.). This is an incidence of 0.05 percent. At equilibrium (approached after 
several generations) these numbers would be about fivefold larger. Added to 
these would be a smaller number caused by chromosomal defects and recessive
diseases. (c) R isk  R e la t iv e  to  C urren t P reva lence  o f  S e r io u s  D i s a b i l i t i e s . In 
addition to those in (b) caused by single-gene defects and chromosome 
aberrations are congenital abnormalities and constitutional diseases which are 
partly genetic. It is estimated that the t o t a l Incidence from all these 
including those in (b) above, would be between 1100 and 17,000 per year at 
equilibrium (again, based on 3.6 million births). This would be about 0.75 
percent at equilibrium or 0.1 percent in the first generation, (d) The R isk  in  
Terms o f  O vera ll I l l - H e a l th . The most tangible measure of total genetic damage 
is probably "ill-health" which includes but is not limited to the above 
categories. It is thought that between 5 percent and 50 percent of ill-health-
is proportional to the mutation rate. Using a value of 20 percent and a
doubling dose of 20 rem, we can calculate that 5 rem per generation would 
eventually lead to an increase of 5 percent in the 111-health of the population. 
Using estimates of the financial costs of ill-health, such effects can be
measured in monetary units if this is needed for cost-beneflt analysis.

Until recently, it has been taken for granted that genetic risks from 
exposure of populations to ionizing radiation near background levels were of 
much greater import than were somatic risks. However, this assumption can no 
longer be made if linear nonthreshold relationships are accepted as a basis for 
estimating cancer risks. Based on knowledge of mechanisms (admittedly 
incomplete), it must be stated that tumor induction as a result of radiation 
injury to one or a few cells of the body cannot be excluded. Risk estimates
have been made based on this premise and using linear extrapolation from the
data from the A-bomb survivors of Hiroshima and Nagasaki, from certain groups of 
patients irradiated therapeutically, and from groups occupationally exposed. 
Such calculations based on these data from irradiated humans lead to the
prediction that additional exposure of the U.S. population of 5 rem per 30 years 
could cause from roughly 3,000 to 15,000 cancer deaths annually, depending on 
the assumptions used in the calculations. The Committee considers the most 
likely estimate to be approximately 6,000 cancer deaths annually, an increase of 
about 2 percent in the spontaneous cancer death rate which is an increase of 
about 0.3 percent in the overall death rate from all causes.

Given the estimates for genetic and somatic risk, the question arises as to 
how this information can be used as a basis for radiation protection guidance.
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Logically the guidance or standards should be related to risk. Whether we 
regard a risk as acceptable or not depends on how avoidable it is, and, to the 
extent not avoidable, how it compares with the risks of alternative options and 
those normally accepted by society.

COST-BENEFIT ANALYSIS
When the risk from radiation exposure from a given technological develop

ment has been estimated, it is then logical for the decision-making process that 
comparisons be made and consideration given to (a) benefits to be attained, (b) 
costs of reducing the risks, or (c) risks of the alternative options including 
abandonment of the development. The concept of always balancing the risk of 
radiation exposure against the expected benefit has been well-recognized and 
accepted, but it was not until the publication of ICRP Publication 22 that an 
attempt has been made to evaluate both sides of the equation ln any way that 
could lead to operational guidance. Offical recommendations call for radiation 
exposure to be kept at a level "as low as practicable," a policy that emphasizes 
and encourages sound practice. However, risk-estimates and cost-benefit 
analysis are needed for decision-making. An additional important point, often 
overlooked, is that even if the benefit outweighs the biological cost, it is in 
the public interest that the latter must still be reduced to the extent possible 
providing the health gains achieved per unit of expenditure are compatible with 
the cost-effectiveness of other societal efforts.

It appears logical to attempt to express both risks and benefits in com
parable terms - monetary units. To a limited degree, risks can be estimated in 
such terms. For example, the statement of risk can be expressed in terms of 
cost to an individual or to his family and society since there are specific 
expenses attributable to an effect. ICRP Publication 22 summarizes a number of 
published estimates of the monetary value of avoiding the detriment possibly 
associated with a population or collective dose of 1 man-rem [4]. In spite of 
the intuitive nature of these estimates, they all f a l l  within the range of $10 
to $250 per man-rad. Similarly, estimates can be made of expenses required to 
effect given reductions of exposure to harmful agents. In some instances, it 
may not be necessary to use absolute monetary costs: that is, one can compare 
the cost of different ways of producing the same desired objective. Given the 
need for additional electrical power, one might compare nuclear plants and 
fossil fuel plants directly in terms of total biological and environmental costs 
per unit of electricity produced. Often however, there will be need for infor
mation on absolute costs. This will occur when decisions have to be made on 
whether the public interest is better served by spending our limited resources 
on health gains from reducing contamination or by spending for other societal 
needs.

Cyril Comar, Chairman of the Advisory Committee on the Biological Effects 
of Ionizing Radiation, stated in his analysis of the implications of the BEIR 
Report that it is obvious that any risk can be decreased at an increased finan
cial cost [5].' In a resource-limited society the allocations must be made where 
they will do the most good. It is a misuse of resources and á disservice to 
society to add costs for the purpose of decreasing the risks of any one system 
greatly below acceptable levels, when other societal activities with unac
ceptable risks are not being attended to. For examples of some choices that 
could be made: a national program to persuade people to use seat belts is
estimated to cost less than $100 for each death averted; a program of early 
cancer detection and treatment is estimated to cost up to about $40,000 for each 
death averted. At the height of fallout, it was calculated that the removal of 
9^Sr from milk, while costing 2 to( 3 cents per quart, would cost about $20 
million for each case of cancer averted. It has been estimated that money spent 
on improved collimation of x-ray machines would be 1,000 to 10,000 times more 
effective in reducing radiation dosages than money spent on improving present 
reactor waste systems.
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It must be emphasized that there are many inherent problems in cost-benefit 
analysis that will prevent rigorous application in the very complex systems of 
present concern to society. These include the implication of assigning a 
monetary value to human life, suffering or productivity; the difficulty in 
assessment of factors related to the quality of life such as recreational water 
and land resources; the fact that the costs and benefits may not accrue to the 
same members of the population, or even to the same generation; and the virtual 
impossibility of establishing a single cost system that would be socially 
acceptable and still take into account differences in individual willingness to 
accept various types of risks. An illustration of the latter points is the 
observation that health and environmental effects from power plants would be 
reduced by their location in relatively unpopulated areas. Yet the people in 
such areas generally are not the ones who need the additional electrical energy.

Despite these uncertainties, there are important advantages in attempting 
cost-benefit analyses. There is a focus on the biological and environmental 
cost from technological developments and the need for specific information 
becomes apparent. Thus, for example, we find relatively little data available 
on the health risks of effluents from the combustion of fossil fuels. Further
more, it is becoming increasingly important that society not expend enormously 
large resources to reduce very small risks still further, at the expense of 
greater risks that go unattended; such imbalances may pass unnoticed unless a 
cost-benefit analysis is attempted. If these matters are not explored, the 
decisions will still be made and the complex issues resolved either arbitrarily 
or by default since the setting and implementation of standards represent such a 
resolution.

STANDARDS

The present radiation standards used by the U.S. Federal Government are 
based on the recommendations of the Federal Radiation Council (FRC). The FRC 
developed the Radiation Protection Guide that is defined as "the radiation dose 
which should not be exceeded without careful consideration of the reasons for 
doing so, every effort should be made to encourage the maintenance of radiation 
doses as far below this guide as practicable." The FRC also indicated that 
"there should not be any man-made radiation exposure without the expectation of 
benefit resulting from such exposure."

The present status of Radiation Protection Guides for the U.S. general 
population is presented from FRC Report No. 1 [3]:

"5.2 We believe that the current population exposure resulting from back
ground radiation is a most important starting point in the establishment of 
Radiation Protection Guides for the general population. This exposure has 
been present throughout the history of mankind, and the human race has 
demonstrated an ability to survive in spite of any deleterious effects that 
may result. Radiation exposures received by different individuals as a 
result of natural background are subject to appreciable variation. Yet, 
any differences in effects that may result have not been sufficiently great 
to lead to attempts to control background radiation or to select our 
environment with background radiation in mind.

"5.3 On this basis, and after giving due consideration to the other bases
for the establishment of Radiation Protection Guides, it is our basic
recommendation that the y e a r ly  r a d ia t io n  exposure to  th e  whole body o f  
in d iv id u a ls  in  th e  g e n e ra l p o p u la tio n  (e x c lu s iv e  o f  n a tu r a l background and  
th e  d e l ib e r a te  exposure o f  p a t i e n ts  by p r a c t i t io n e r s  o f  th e  h e a lin g  a r t s )  
sh o u ld  n o t  exceed  0 .5  rem. We note the essential agreement between this 
value and current recommendations of the ICRP and NCRP. It is not
reasonable to establish Radiation Protection Guides for the population
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which take into account all possible combinations of circumstances. Every 
reasonable effort should be made to keep exposures as far below this level 
as practicable. Similarly, it is obviously appropriate to exceed this/ 
level if a careful study indicates that the probable benefits will outweigh 
the potential risk. Thus, the degree of control effort does not depend 
solely on whether or not this Guide is being exceeded. Rather, any 
exposure of the population may call for some control effort, the magnitude 
of which increases with the dose.

"5.4 Under certain conditions, such as widespread radioactive contamination 
of the environment, the only data available may be related to average 
contamination or exposure levels. Under these circumstances, it is neces
sary to make assumptions concerning the relationship between average and 
maximum doses. The Federal Radiation Council suggests the use of the 
arbitrary assumption that the majority of individuals do not vary from the 
average by a factor greater than three. Thus3 we recommend th e  use  o f  0 .17  
rem fo r  y e a r ly  w hole-body exposure  o f  average p o p u la tio n  groups. (It is 
noted that this guide is also in essential agreement with current recommen
dations of the NCRP and the ICRP.) It is critical that this guide be 
applied with reason and judgment. Especially, it is noted that the use of 
the average figure as a substitute for evidence concerning the dose to 
individuals, is permissible only when there is a probability of appreciable 
homogeneity concerning the distribution of the dose within the population 
included in the average. Particular care should be taken to assure that a 
disproportionate fraction of the average dose is not received by the ' most 
sensitive population elements. Specifically, it would be inappropriate to 
average the dose between children and adults, especially if it is believed 
that there are selective factors making the dose to children generally 
higher than that for adults.

"5.5 When the size of the population group under consideration is suffi
ciently large, consideration must be given to the contribution to the 
genetically significant population dose. The Federal Radiation Council 
endorses in principle the recommendations of such groups as the NAS-NRC, 
the NCRP, and the ICRP concerning population genetic dose, and recommends 
the use of the Radiation Protection Guide of 5 rem in 30 years (exclusive 
of natural background and the purposeful exposure of patients by practition
ers of the healing arts) for limiting the average genetically significant 
exposure of the total U.S. population. The use of 0.17 rem per capita per 
year, as described in paragraph 5.4 as a technique for assuring that the 
basic Guide for individual whole-body dose is not exceeded, is likely in 
the Immediate future to assure that the gonadal exposure Guide is not
exceeded. The data ....  indicates that allocation of this population dose
among various sources is not needed now or in the immediate futuré."

A major difficulty has been the misinterpretation of these standards, par
ticularly in the public mind. The intent as stated is that no individual in the
general population should receive whole-body exposure of more than 0.5 rem/year
and that the average exposure of population groups should not exceed 0.17
rem/year. What is often not realized is that one or the other of these limits
may be governing depending on the nature of exposure. For example, if the 
exposure were to arise from specific locations such as nuclear power plants or 
reprocessing plants and it were assured that no individual at the boundaries of 
the installations could be exposed to more than 0.5 rem/year, it would be 
physically impossible for the U.S. population averages to approach anywhere near 
the level of 0.17 rem/year from such sources. Accordingly, the Committee felt 
that both individual and average population guidelines should be maintained but 
that clarification should be included as an integral part of the regulatory 
statement.
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In addition to individual and average, population guidelines, the BEIR 
Committee recommended that an additional limitation be formulated (not as a 
basic standard but for generating guidance) that .takes into account the product 
of the radiation exposure and the number of persons exposed; this might be 
expressed in terms of person-rems. This need arises from acceptance of the 
nonthreshold approach in risk estimates which implies that absolute harm in the 
population will be related to such a product. Operationally, for example, there 
would be advantage in assessment of trade-offs in connection with the siting of 
nuclear installations as related to the population densities of areas under 
consideration.

The above recommendations could be implemented with present knowledge. We 
now come to an important area that requires newer approaches. The BEIR 
Committee suggested that numerical radiation standards be considered for each 
major type of radiation exposure based upon the results of cost-benefit 
analysis. As a start, consideration should be given to exposures from medical 
practice because of present relatively high levels of exposure and from nuclear 
power development because of future problems of energy production and the need 
for public understanding.

With the development of modern health care programs in the Western world, 
there has been a marked increase in the use of radiation in the healing arts —  
medical diagnostic radiology, clinical nuclear medicine, and radiotherapy. This 
has resulted in the recognition that medical radiation now contributes the 
largest fraction, by one or two orders of magnitude, of the dose from man-made 
radiation to the United States public. In 1970 it is estimated that 129 million 
persons, or 63 percent of the population in the United States, received 210 
million diagnostic radiological examinations; that is, a rate of 68.5 examina
tions per 100 persons, and an increase of about 1 percent per year since 1964. 
The exposure rate is further increased by the estimated 8 million pregnant 
females at risk during the year 1970. At present, the estimated dose which is 
genetically significant to the population is of the order of 20 mrem per person 
per year (the actual value will be reported in the spring of 1975). The 
significance of this lies in the absolute reduction of exposure that could be 
brought about at relatively low cost with no reduction in medical benefit and in 
addressing four important issues which center on the continued growth of health 
care delivery in this country, (a) At present, it does not appear feasible that 
the large number of variables involved in the use of radiation in health care to 
the public permit valid efficacious guidelines for medical practice. However, 
there is convincing evidence that certain nonselective mass screening 
radiographic procedures do not provide sufficient diagnostic health rewards for 
costs incurred; for example, mass chest radiography for carcinoma of the 
bronchus and possibly for pulmonary tuberculosis, mass gastric radiography, 
routine pre-employment radiography for insurance purposes of some foodhandlers, 
and possibly screening mammography. (b) Attention must be directed toward the 
reduction of medical radiation dose to the pregnant or potentially pregnant 
female, in view of the evidence for significantly greater radiation sensitivity 
of the developing ovum and fetus. (c) Significant reduction of mean genetically 
significant dose can be brought about through programs of education, improvement 
of equipment, and certification of all persons who use radiation for diagnosis 
and therapy. . Special attention should be given to testis shielding. On the 
basis of mouse data, we would expect the human male to be much more susceptible 
to radiation-induced mutation than the female. Also, the gentically significant 
dose of medical radiation is about twice as great in males as in females. For 
these two reasons, testis shielding, which is relatively simple, could reduce 
the number of radiation-induced mutations to a small fraction of the present 
number. (d) Control and regulation of present and future technological 
equipment responsible for medical exposure may be among the most feasible 
avenues to effect a continued reduction of dose due to medical radiation 
exposure.
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The difficulties in attaining a useful cost-benefit analysis for nuclear 
power are formidable and will require interdisciplinary approaches well beyond 
those that have yet been attempted. Areas that require evaluation include:
(a) projection of energy demands; (b) availability of fuel resources; (c) tech
nological developments (clean combustion techniques, coal gasification, breeder 
reactors, fusion processes, magnetohydrodynamics, etc.); (d) public health and 
environmental costs of electrical energy production from both nuclear and fossil 
fuel, including aspects of fuel extraction, conversion to electrical energy, and 
transmission and distribution.

It might be interesting to examine how the concerns for the protection of 
the environment, biosphere, and health and welfare of man have been manifest in 
the United States. On January 1, 1970, the Congress passed the National
Environmental Policy Act (P.L. 91-190) which will, among other things, assure 
for all Americans safe, healthful surroundings; and will attain the widest range 
of beneficial uses of the environment without degradation, risk to health or
safety, or other undesirable and unintended consequences. As a result of the
Act, the Council on Environmental Quality was established, and on August 1,
1973, a regulation applicable to all Federal departments, agencies, and
establishments was published [6]. As a result, these organizations are now 
required to prepare statements in connection with their proposals for 
legislation and other major Federal actions significantly affecting the quality 
of the human environment. Contained in these statements is the requirement for 
an analysis of alternatives and their environmental benefits, costs, and risks 
as well as the assessment of the positive and negative effects of the proposed 
action as it affects both the national and international environment.

For example, the U.S. Food and Drug Administration's Bureau of Radiological 
Health has recently completed environmental assessment reports for two signifi
cant regulatory performance standards for x-ray equipment. One concerns 
diagnostic x-ray equipment and the other cabinet x-ray equipment used in 
industry and for airport inspection of carry-on luggage. In both these analyses 
the cost of implementing the standard was compared to the benefit from the 
reduced person-rems resulting from the standard. The implications of the 
requirements of the Council on Environmental Quality should do much to regain 
the public's confidence in radiation standard setting agencies.

PRINCIPLES

It is apparent that sound decisions require technical, economic, and socio
logical considerations of a complex nature. However, we can state some general 
principles, many of which are well-recognized and in use, and some of which may 
represent a departure from present practice.

(a) No exposure to ionizing radiation should be permitted without the 
expectation of a commensurate benefit.

(b) The public must be protected from radiation but not to the extent that 
the degree of protection provided results in the substitution of a 
worse hazard for the radiation avoided. Additionally, there should 
not be attempted the reduction of small risks even further at the cost 
of large sums of money that spent otherwise would clearly produce 
greater benefit.

(c) There should be an upper limit of man-made nonmedical exposure for 
individuals in the general population such that the risk of serious 
injury from somatic effects in such individuals is very small relative 
to risks that are normally accepted. Exceptions to this limit in 
specific cases should be allowable only if it can be demonstrated that 
meeting it would cause individuals to be exposed to other risks 
greater than those from the radiation avoided.
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(d) There should be an upper limit of man-made nonmedical exposure for the 
general population. The average exposure permitted for the population 
should be considerably lower than the upper limit permitted for 
individuals.

(e) Medical radiation exposure can and should be reduced considerably by 
limiting its use to clinically indicated procedures utilizing 
efficient exposure techniques and optimal operation of radiation 
equipment.

(f) Guidance for the nuclear power industry should be established on the
basis of cost-benefit analysis, particularly taking into account the
total biological and environmental risks of the various options 
available and the cost-effectiveness of reducing these risks. The 
quantifying of the "as low as practicable" concept and consideration 
of the net effect on the welfare of society should be encouraged.

(g) In addition to normal operating conditions in the nuclear power
industry, careful consideration should be given to the probabilities
and estimated effects of uncontrolled releases. It has been estimated
that a catastrophic accident leading to melting of the core of a large 
nuclear reactor could result in mortality comparable to that of a 
severe natural disaster. Hence, extraordinary efforts to minimize 
this risk are clearly called for.

(h) Occupational and emergency exposure limits should be based on results 
relating to somatic risk to the individual.

(i) In regard to possible effects of radiation on the environment, it is
felt that if the guidelines and standards are accepted as adequate for 
man, then it is highly unlikely that populations of other living 
organisms would be perceptibly harmed. Nevertheless, ecological 
studies should be improved and strengthened and programs put in force 
to answer the following questions about release of radioactivity to 
the environment: (1) how much, where, and what type of radioactivity
is released; (2) how are these materials moved through the environ
ment; (3) where are they concentrated in natural systems; (4) how long 
might it take for them to move through these systems to a position of 
contact with man; (5) what is their effect on the environment itself;
(6) how can this information be used as an early warning system to 
prevent potential problems from developing?

Every effort should be made to assure accurate estimates and predictions of 
radiation equivalent dosages from all existing and planned sources. This re
quires use of present knowledge on transport in the environment, on metabolism, 
and on relative biological efficiencies of radiation as well as further research 
on many aspects.

CONCLUSION

In anticipation of the widespread increased use of nuclear energy, it is 
time to think anew about radiation protection. We need standards for the major 
categories of radiation exposure, based insofar as possible on risk estimates 
and on cost-benefit analyses which compare the activity involving radiation with 
the alternative' options. Such analyses, crude though they must be at this time, 
are needed to provide a better public understanding of the issues and a sound 
basis for decision. These analyses should seek to clarify such matters as: (a) 
the environmental and biological risks of given developments, (b) a comparison 
of these risks with the benefits to be gained, (c) the feasibility and worth of 
reducing these environmental and biological risks, (d) the net benefit to 
society of a given development as compared to the alternative options.

In the foreseeable future, the major contributors to radiation exposure of 
the population will continue to be natural background with an average whole-body 
dose of about 100 mrem/year, and medical applications which now contribute
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comparable exposures to various tissues of the body. Medical exposures are not 
under control or guidance by regulation or law at present. The use of ionizing 
radiation in medicine is of tremendous value but it is essential to reduce 
exposures since this can be accomplished without loss of benefit and at rela
tively low cost. The aim is not only to reduce the radiation exposure to the 
individual but also to have procedures carried out with maximum efficiency so 
that there can be a continuing increase in medical benefits accompanied by a 
minimum radiation exposure.
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D I S C U S S I O N

M. J .  A . D E L P L A : P r o m p te d  by  th e  p a p e r  ju s t  p r e s e n te d ,  I f e e l  it  
n e c e s s a r y  to  s t r e s s ,  a t  th e  s t a r t  o f o u r  S e m in a r ,  th a t  th e  e f f e c t  o f a  g iv en  
d o se  v a r i e s  w ith  th e  c o n d it io n s  o f th e  i r r a d ia t io n .  O ne c a n n o t e x t r a p o la te ,  
s a y ,  a  d o se  of 500 r e m s  in  one  m in u te  to  a d o se  o f 5 r e m s  s p r e a d  o v e r  a 
y e a r .  I do n o t b e lie v e  th a t  n u c le a r  p o w e r  s ta t io n s  in v o lv e  a  r i s k  o f c a n c e r  
o r  a  g e n e tic  r i s k  an d , in  s p i te  o f th e  good in te n t io n s  o f in te r n a t io n a l  c o m m is 
s io n s  in  t h e i r  e f f o r t s  to  e s t a b l i s h  p r o p o r t io n a l  r e l a t i o n s  b e tw e e n  d o se  and  
e f f e c t ,  th e y  o n ly  in t ro d u c e  an  e le m e n t  o f f e a r  b y  so  do ing ; t h i s  in  tu r n  
le a d s  to  h e a v y  e x p e n d itu re  on u n n e c e s s a r y  s a f e ty  m e a s u r e s .

J .  C . V IL L F O R T H : I a g r e e  th a t  th e  b io lo g ic a l  e f f e c t  w ill  d ep en d  to  
so m e  e x te n t  on  th e  r a t e  a t  w h ich  th e  d o se  i s  d e l iv e re d .  A c c o rd in g  to  th e  
U N SC E A R  r e p o r t ,  a n im a l  d a ta  show  th a t  p r o t r a c t e d  c o n tin u o u s  i r r a d ia t io n  
an d  f r a c t io n a te d  i r r a d i a t i o n  b o th  h av e  a  s m a l l e r  c a r c in o g e n ic  e f f e c t  th a n  a 
s in g le  a d m in is t r a t io n  o f th e  s a m e  to ta l  d o se ; th i s  s u g g e s ts  th a t  th e  s a m e  
d if f e r e n c e  m ig h t a ls o  be  o b s e r v e d  in  m a n , a lth o u g h  i t  w as  a d m it te d  th a t  
" c o n s id e r a b ly  m o r e  d a ta  a r e  r e q u i r e d " .
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F o r  p la n n in g  p u r p o s e s  and  f o r  c o s t - b e n e f i t  a n a ly s is  I s t i l l  f e e l  th a t  a 
l i n e a r  n o n - th r e s h o ld  m o d e l i s  th e  b e s t ,  e v en  th o u g h  i t  i s  p ro b a b ly  th e  m o s t  
c o n s e r v a t iv e .  F a r  f r o m  p ro d u c in g  f e a r  in  th e  p o p u la t io n , th e  p r o p e r  a p p l i c a 
tio n  and  in t e r p r e ta t i o n  of th e  r e s u l t s  o f th i s  m o d e l sh o u ld  in  f a c t  r e s t o r e  
p e o p le 's  c o n fid e n c e  in  t h e i r  r a d ia t io n  p r o te c t io n  a u th o r i ty .  In th e  U n ite d  
S ta te s  o f A m e r ic a  th i s  lo s s  o f c o n f id e n c e  h a s  b e e n  one  o f  th e  p r i m a r y  c a u s e s  
o f c r i t i c i s m  o f th e  n u c le a r  p o w e r  p r o g r a m m e .  I  b e lie v e  th a t  th e  in te l l ig e n t  
u s e  o f c o s t - b e n e f i t  a n a ly s is  b a s e d  on n o n - th r e s h o ld  m o d e ls  w ill  h e lp  b o th  
th e  n u c le a r  p o w e r  p r o g r a m m e s  and  th e  m e d ic a l  r a d ia t io n  p r o g r a m m e s .

H. T . DAW : I sh o u ld  ju s t  l ik e  to  add  a c o m m e n t on  th e  c o n c e p t o f 
c o s t - b e n e f i t  a n a ly s i s  m e n tio n e d  b y  M r. V ill fo r th . In  a s s u m in g  l i n e a r i t y  
o f th e  d o s e - e f f e c t  r e l a t i o n s h ip ,  i t  i s  im p o r ta n t  to  k e e p  in  m in d  th a t  th e  
e s t im a te d  r i s k  i s  th e n  an  u p p e r  l im i t .  T he a c tu a l  r i s k  m a y  be  an y th in g  
f r o m  z e ro  up to  th a t  l im i t ,  d e p e n d in g  on th e  t r u e  fo rm  of th e  r e l a t i o n  
b e tw e e n  d o se  and  e f f e c t .  In  o th e r  w o rd s , if  th e  r e l a t i o n  h a s  so m e  o th e r  
f o r m ,  th e  m o n e y  an d  e f f o r t  s p e n t  in  o r d e r  to  r e d u c e  th e  r i s k  a s s u m in g  
l i n e a r i t y  m a y  n o t b e  ju s t i f ie d  b y  th e  a c tu a l  b e n e f i t .
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Abstract

POPULATION EXPOSURE AND THE INTERPRETATION OF ITS SIGNIFICANCE.
The paper illustrates the dose commitment approach in assessing the significance of radioactivity 

released to the environment. The detriment resulting from population exposure is discussed in terms of 
risk, loss of life and in monetary terms.

Estimates of the dose commitments for unit releases of tritium, carbon-14 and krypton-85 are given.
The commitments are expressed in three ways, namely to individual members of a standardized critical 
group, to the whole UK population and to the global population. The results for tritium release are very 
dependent on assumptions as to washout and deposition of atmospheric tritium. The estimates of dose 
commitment from tritium are higher than previous estimates and suggest that, taking account of their 
respective yields in nuclear reactors, tritium is of greater radiological significance than krypton-85. Attention 
is drawn to the much greater significance of carbon-14 as a source of population exposure.

In a discussion of the detriment resulting from population exposure, it is suggested that loss of life, 
expressed in m an'years, is a more meaningful unit than risk. The problems of assessing the detriment in 
monetary terms are discussed and some illustrative costs are presented, expressed in terms of 'V , the average 
valuation of one year of life. The question as to whether it is appropriate to apply economic discounting 
techniques is examined,

1. INTRODUCTION

R e le a se s  o f ra d io a c t iv i ty  to  th e  e n v iro n m e n t r e s u l t  in  th e  e x p o su re  of 
th e  p o p u la tio n  to  io n is in g  ra d ia t io n .  The d o s e s  r e c e iv e d  by in d iv id u a ls  w ith in  
th e  p o p u la tio n  a r e  su b je c t to  a  w ide  v a r ia t io n  dep en d in g  on t h e i r  lo c a t io n , a g e . 
d ie ta r y  and  o th e r  h a b i t s ,  an d  o th e r  s t a t i s t i c a l  f a c t o r s .  M o re  g e n e ra l ly ,  th is  
can  be  e x p re s s e d  in  th e  t e r m s  th a t  a  g iv en  r e l e a s e  of r a d io a c t iv i ty  r e s u l t s  in  a 
d o se  d is tr ib u t io n  in  th e  p o p u la tio n . The a r e a  u n d e r  th e  d is tr ib u tio n  c u rv e  
r e p r e s e n t s  th e  to ta l  p o p u la tio n  d o s e ,  w hich  m ay  be  a s s e s s e d  in  r e la t io n  to  th e  
r isk  bo th  to  in d iv id u a ls  and  to  th e  p o p u la tio n  a s  a  w h o le . In th e  f o r m e r  c a s e  th e  
in d iv id u a ls  a t g r e a te s t  r i s k  a r e  th e  m e m b e rs  o f th e  s o - c a l le d  c r i t i c a l  e x p o su re  
g ro u p  a t  th e  u p p e r  e x tr e m i ty  ó f th e  d o se  d is t r ib u t io n .  In  th e  l a t t e r  c a s e ,  if  a  
l i n e a r  d o s e - r i s k  r e la t io n s h ip  i s  a s s u m e d , th e  to ta l  r i s k  w ith in  th e  p o p u la tio n  is  
p ro p o r t io n a l  to  th e  a r e a  u n d e r  th e  d is tr ib u t io n  c u rv e .

In  th is  p a p e r ,  v a r io u s  a p p ro a c h e s  to  th e  a s s e s s m e n t  o f th e  s ig n if ic a n c e  
of p o p u la tio n  d o se  a r e  ex a m in e d  q u a n ti ta t iv e ly  by r e f e r e n c e  to  r e l e a s e s  of 
t r i t i u m ,  c a rb o n -1 4  and  k ry p to n -8 5 . The p ro b le m s  of e x p re s s in g  th e  c o n s e 
q u e n c e s  of p o p u la tio n  e x p o s u re  in  m o n e ta ry  t e r m s  a r e  a ls o  d is c u s s e d  b r ie f ly .

2 . POPULATION DOSE COMMITMENT

In com m on  w ith  d e v e lo p m e n ts  in  th e  p h ilo so p h y  o f in te rn a l  ra d ia tio n  
d o s im e t r y ,  th e  co n cep t o f d o se  c o m m itm e n t i s  now  re c o g n is e d  a s  a  u se fu l b a s is
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FIG. 1. Global transport model for carbon-14.
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on w hich  to  e s ta b l i s h  r e l e a s e  l i m i t s .  The d o se  c o m m itm e n ts  p e r  u n it r e l e a s e  
f ro m  a  ty p ic a l UK s i t e  to  a tm o s p h e re  of th r e e  im p o r ta n t n u c l id e s ,  H - 3 ,  C -1 4  
and  K r-8 5 ,h a v e  b een  c o m p u te d . The d o se  c o m m itm e n ts  a r e  e x p r e s s e d  in  th r e e  
w a y s , n a m e ly ,  to  in d iv id u a l m e m b e rs  o f a  s ta n d a rd is e d  c r i t i c a l  g ro u p , to  th e  
UK p o p u la tio n  an d  to  th e  g lo b a l p o p u la tio n .

The d o s e s  to  in d iv id u a l m e m b e r s  of th e  c r i t i c a l  e x p o s u re  g ro u p  fro m  
r e l e a s e s  o f th e  n u c lid e s  to  a tm o s p h e re  h av e  b een  e s t im a te d  on th e  b a s i s  o f a 
s ta n d a rd  d ilu tio n  f a c to r  o f 10-7  s e c  m - ^ c o rre sp o n d in g  to  a  d is ta n c e  of a  few  
h u n d re d  m e t r e s  to  a  few  km  fro m  th e  p o in t o f r e le a s e ,d e p e n d in g  on th e  s i te  
c h a r a c t e r i s t i c s  and  s ta c k  h e ig h t .

In  o r d e r  to  c a lc u la te  th e  UK p o p u la tio n  d o se , th e  r a d io a c t iv i ty  w as 
a s s u m e d  to  be  r e le a s e d  f ro m  a  100-m  s ta c k  a t W in d sc a le . D is p e r s io n  c a lc u la 
t io n s  w e re  b a se d  on P a s q u i l l 's  m e th o d ,u s in g  ty p ic a l d is t r ib u t io n s  o f w ind 
d ir e c t io n  and  a tm o s p h e r ic  s t a b i l i ty .  The p o p u la tio n  d is tr ib u t io n  w as  d e fin ed  in  
t e r m s  o f  e ig h t 4 5 ^ -s e c to r s  e a c h  d iv id ed  in to  s ix  s e g m e n ts  w ith  o u te r  r a d i i  
in c r e a s in g  g e o m e tr ic a l ly  up to  1095 k m .

E s tim a te s  o f th e  g lo b a l p o p u la tio n  d o se  h av e  b een  m a d e  u s in g  a  tw en ty  -  
c o m p a r tm e n t g lo b a l m o d e l d ev e lo p e d  fo r  th is  p u rp o s e .  F o u r la t itu d e  b an d s a r e  
c o n s id e r e d ,  0 °  to  30° an d  300 to  9 0 ° ,  n o r th  an d  so u th . E ach la t i tu d e  band  is  
d iv id e d  in to  f iv e  c o m p a r tm e n ts ,  n a m e ly , s t r a to s p h e r e ,  t r o p o s p h e r e ,  m ix ed  
o c e a n , d eep  o cean  and  a  f if th  c o m p a r tm e n t w hich  m ay  r e p r e s e n t  e i t h e r  th e  
b io s p h e re  o r  s u r f a c e  w a te r .  The r a t e s  of e x ch an g e  be tw een  a tm o s p h e re  and  
o c e a n  o r  a tm o s p h e re  an d  b io s p h e re  depend  on th e  p h y s ic a l and  c h e m ic a l fo rm  o f 
th e  c o n ta m in a n t. W ithin th e  a tm o s p h e re  o r  th e  o c e a n ,th e  d is p e r s io n  o f r a d io 
a c t iv i ty  d ep en d s  la r g e ly  on th e  n a tu r a l  c ir c u la t io n  c y c le s .  The t r a n s f e r  co 
e f f ic ie n ts  be tw een  th e  v a r io u s  c o m p a r tm e n ts  in  th e  m o d e l h a v e  b een  e s t im a te d  
f ro m  a  re v ie w  of a  n u m b e r  o f a u th o r s ,  in c lu d in g  C ra ig  [ l ]  , Lai and  R am a [2] , 
N ydal [3] , K re y  and  K ra je w sk i [4] and  P r i tc h a rd  e t  a l .  [5] .

In  th e  a tm o s p h e re ,m ix in g  w ith in  e a c h  la t i tu d e  band  i s  q u ite  r a p id  w ith  
t im e  s c a le s  of w eek s  to  m o n th s . The tr o p o s p h e re  i s  r a t h e r  s h a l lo w e r  a t th e  
h ig h e r  la t i tu d e s  th a n  in  e q u a to r ia l  re g io n s  and  m ix e s  m o r e  ra p id ly  w ith  th e  
s t r a to s p h e r e .  M ixing be tw een  th e  la t i tu d e s  d e p e n d s  on p re v a i l in g  w ind s y s te m s  
an d  on H ad ley  c e l l  c i r c u la t io n .  T ra n s f e r  be tw een  th e  h e m is p h e re s  ta k e s  p la c e  
bo th  by th e  m ean  H ad ley  c e l l  c i r c u la t io n  and  by e d d ie s  in  th e  u p p e r  t r o p o s p h e re .

In  th e  o c e a n ic  c i r c u la t io n  s y s te m , th e  s u r f a c e  la y e r s  dow n to  a  dep th  o f 
50 to  100 m  a r e  w e ll m ix e d  by th e  in f lu e n c e  of w in d s an d  s u r f a c e  c u r r e n t s .  
R e s id e n c e  t im e s  in  th e s e  s u r f a c e  la y e r s  a r e  e s t im a te d  to  be  a  few  y e a r s .  T ra n s f e r  
r a t e s  w ith in  and  f ro m  th e  d eep  o c e a n  a r e  m u ch  s lo w e r .  D u rin g  w in te r  in  th e  
a r c t i c  an d  a n ta r c t i c ,c o ld  w a te r  s in k s  and  a  d e e p  w a te r  c u r r e n t  i s  in d u ced .
The d eep  w a te r  f ro m  th e  a r c t i c  flo w s so u th  a t r a t e s  a s  low  a s  one  m ile  p e r  day  and  
r e s u r f a c e s  in  th e  a n ta r c t i c  r e g io n . C old  w a te r  s in k in g  in  th e  a n ta r c t i c  i s  even  
d e n s e r  and  flo w s u n d e rn e a th  th e  a r c t i c  c u r r e n t .  R ad ioac tiv ity  p e n e tr a tin g  to  th e s e  
d e e p e r  la y e r s  i s  l ik e ly  to  r e m a in  th e r e  fo r  h u n d re d s  of y e a r s .

The g lo b a l t r a n s p o r t  m o d e l i s  i l lu s t r a te d  in  F ig . 1, in  w hich  th e  
c o e f f ic ie n ts  u se d  to  e s t im a te  ra d io c a rb o n  d is p e r s io n  a r e  sh o w n .

3 TRITIUM

E s tim a te s  of th e  d o se  c o m m itm e n ts  f r o m ,t r i t iu m  h a v e  b een  b a se d  on a 
r e - a s s e s s m e n t  o f th e  m e ta b o lic ,  d o s im e t r ic  an d  e n v iro n m e n ta l  f a c to r s  in v o lv ed .
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T h ese  a r e  to  be d is c u s s e d  in  a p a p e r  by M a rtin  an d  F ry  [6], bu t th e  m a in  f a c to r s  
u se d  in  o u r  c a lc u la tio n s  a r e  s u m m a r is e d  b e lo w .

The d a ily  w a te r  in ta k e  is  a s s u m e d  to  be 2 .8  kg v ia  in g e s tio n  and  0 .2  kg 
a b s o rp tio n  f ro m  th e  a tm o s p h e r e , th e  l a t t e r  be ing  e q u a lly  d iv id ed  be tw een  
in h a la tio n  and  t r a n s p i r a t i o n .  T h is  in ta k e  c o r r e s p o n d s  to  a  10-day b io lo g ic a l 
h a l f - l i f e  fo r  43 kg of body w a te r  and  to  a  d o se  c o m m itm e n t of 1 .0  x  10” ^ re m  fo r  
a  lf iC i in ta k e  v ia  any  r o u te .  On th e  a s s u m p tio n s  of e v a p o ra tio n  f a c to r s  o f 85% 
f o r  r a in f a l l  and  95% f o r  'd r y '  d e p o s i t io n , an e ffe c tiv e  w ashou t c o e ff ic ie n t d u rin g  
ra in f a l l  of 3 x  10“ ^ s e c -  ̂ and  an  e f fe c tiv e  d e p o s itio n  v e lo c ity  o f 10“ ^ m s e c ”  ̂ h av e  
b een  u s e d . The tw o m o d e s  o f d e p o s i t io n , w hich  m u s t be c a lc u la te d  s e p a r a te ly  in 
o r d e r  to  o b ta in  th e  c o n c e n tra tio n  of t r i t iu m  in g ro u n d  w a te r ,  a r e  th u s  a s s u m e d  to  
c o n tr ib u te  e q u a lly  to  a  n e t an n u a l d e p o s itio n  of 0 .3  m .

In e s t im a tin g  th e  c r i t i c a l  g ro u p  d o s e  fro m  t r i t i u m , c o n s id e ra t io n  m u s t 
be  g iv en  to  th e  lo c a tio n  o f d r in k in g  w a te r  c a tc h m e n t a r e a s .  O u r e s t im a te s  o f 
c r i t i c a l  g ro u p  d o se  a r e  b a se d  on th e  c r i t i c a l  g ro u p  c o n su m in g  w a te r  hav in g  a  
t r i t iu m  c o n c e n tra tio n  e q u iv a le n t to  th e  a v e ra g e  g ro u n d  w a te r  v a lu e  up to  a d is ta n c e  
o f 40 k m . On th i s  b a s i s ,  in g e s tio n  and  e x p o s u re  to  a tm o s p h e r ic  t r i t iu m  c o n tr ib u te  
e q u a lly  to  th e  d o se  c o m m itm e n t .  If d r in k in g  w a te r  i s  d e r iv e d  f ro m  lo c a l s o u r c e s ,  
th e  c r i t i c a l  g ro u p  d o se  co u ld  be h ig h e r  by up to  an  o r d e r  o f m ag n itu d e .

T ritiu m  d o e s  no t fo llow  q u ite  th e  s a m e  p a t te rn  of c ir c u la t io n  in  th e  
a tm o s p h e re  a s  k ry p to n  an d  c a rb o n . The r e la t iv e  p ro p o r tio n  of w a te r  v a p o u r in  
th e  a tm o s p h e re  d e c r e a s e s  q u ite  s h a r p ly  w ith  in c re a s in g  he ig h t and  p re c ip i ta t io n  
f ro m  r i s in g  and  co o lin g  m a s s e s  o f a i r  r e d u c e s  th e  t r a n s f e r  r a t e  up to  th e  s t r a to 
s p h e r e  fro m  th e  t r o p o s p h e r e .  T r it iu m  i s  lo s t  f ro m  th e  a tm o s p h e re  to  th e  o cean  
and  la n d  by r a in  and  by d ry  d e p o s itio n  a t  th e  s u r f a c e .  A la r g e  p ro p o r tio n  of th e  
t r i t iu m  lo s t  to  th e  la n d  i s  a lm o s t  im m e d ia te ly  r e tu rn e d  by e v a p o ra t io n . T he r e s t  
ru n s  o ff to  jo in  la k e s  and  m ix  w ith  u n d e rg ro u n d  w a te r ,  so m e  of i t  e v e n tu a lly  
re a c h in g  th e  o c e a n .

4 . CARBON-14

The in ta k e  of c a rb o n  in to  th e  body i s  a lm o s t e n t i r e ly  by in g e s tio n  in  food 
s tu ffs ,w ith  in h a la tio n  c o n tr ib u tin g  on ly  ab o u t 0 .3% . The d o se  f ro m  C -1 4  i s  t h e r e 
fo r e  d ep en d en t on d is tr ib u t io n  and  co n su m p tio n  p a t t e r n s  o f fo o d s tu ffs  w hich  a r e  
a s s u m e d  to  be  in  e q u il ib r iu m  w ith  th e  a tm o s p h e re  a t th e  p o in t of p ro d u c tio n . In 
c a lc u la tin g  th e  c r i t i c a l  g ro u p  and  UK p o p u la tio n  d o se  c o m m itm e n ts ,i t  h a s  been  
a s s u m e d  th a t 10% and  50% r e s p e c t iv e ly  of food co n su m e d  i s  lo c a l ly  p ro d u c e d , th e  
r e m a in d e r  be ing  fro m  a r e a s  of m uch  lo w e r  s p e c if ic  a c t iv i ty .  In th e  g lo b a l 
s i tu a t io n ,  th e  d o se  e s t im a te s  a r e  b a se d  on th e  sp e c if ic  a c tiv ity  o f th e  b io s p h e re .
In a s s e s s in g  th e  UK p o p u la tio n  d o s e ,  no e ffe c tiv e  p lu m e  d e p le tio n  w as a s s u m e d , 
s in c e  th e  r a te  o f e x ch an g e  o f c a rb o n  in  m u ch  of th e  b io s p h e re  i s  q u ite  h ig h .

The a v e ra g e  d o se  to  th e  body w as ta k e n  to  be  0 .1 7  m re m  y “ l  f o r  a 
s p e c if ic  a c tiv ity  of lp C i g _1 of c a rb o n ,  d e r iv e d  fro m  UNSCEAR [ 7 ] .  The p o p u la 
t io n  d o se  c o m m itm e n t fro m  C -1 4  i s  s p r e a d  o v e r  m an y  g e n e ra t io n s  an d  so  i t  w as 
th o u g h t to  be u se fu l to  show  th e  f i r s t -g e n e ra t io n  d o se  c o m m itm e n t ,a s  w ell a s  th e  
v a lu e  in te g ra te d  to  in f in i ty .

C arb o n  m ix e s  ev en ly  th ro u g h  th e  a tm o s p h e re  and  fo llow s th e  g e n e ra l  
p a t t e r n  of a tm o s p h e r ic  c i r c u la t io n .  It p a s s e s  f ro m  th e  a tm o s p h e re  in to  th e  
b io s p h e re  and  in to  th e  o c e a n . Thé to ta l  c a rb o n  r e s e r v o i r  in  th e  b io s p h e re  is  of 
th e  s a m e  o r d e r  a s  in  th e  a tm o s p h e re .  A bout 3% o f  th e  a tm o s p h e r ic  c a rb o n
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e x c h a n g e s  a n n u a lly  w ith  c a rb o n  in  th e  b io s p h e re .  P a r t  of t h i s ,  p ro b a b ly  ab o u t a 
h a l f ,  i s  r e tu rn e d  q u ite  q u ick ly  on a  t im e  s c a le  o f a  y e a r  o r  s o ,  bu t th e  r e s t  is  
r e ta in e d  f a r  lo n g e r  in  th e . m o re  d u ra b le  p a r t  o f th e  b io m a s s  and  d ead  m a t te r .  
T ra n s f e r  r a t e s  fro m  th e  a tm o s p h e re  to  o c e a n  can  be e s t im a te d  fro m  th e  S u ess  
e f f e c t ,  th e  ch an g e  in  th e  r e la t iv e  ab u n d an ce  of C -12  and  C -1 4  is o to p e s  in  th e  
a tm o s p h e re  r e s u l t in g  fro m  th e  b u rn in g  of f o s s i l  f u e ls .  T h is le a d s  to  a  t im e  
s c a le  of 5 to  10 y e a r s  f o r  t r a n s f e r  fro m  t r o p o s p h e re  to  th e  m ix ed  s u r f a c e  la y e r s  
o f th e  o c e a n , a  f a s t e r  t r a n s f e r  r a t e  th a n  to  th e  b io s p h e re .  U ltim a te ly  m o s t of 
th e  c a rb o n  r e a c h e s  th e  d e e p  o c e a n , though  th is  ta k e s  h u n d re d s  o f y e a r s .

5 . KRYPTON-85

The d o se  r a t e s  r e s u l t in g  fro m  c o n tin u o u s  e x p o s u re  to  a  c o n c e n tra tio n  of
1 u C i  m -3  of k ry p to n -8 5  a r e  a s s u m e d  to  be  1 .4  x 10 -2  r e m y - l  w h o le -b o d y  a v e ra g e
[7] and  1 r e m  y -1  to  th e  sk in  a t  a  d ep th  of 7 m g c m - 2  [sG . The m a le  gonad  d o se
i s  so m e  25% g r e a t e r  th a n  th a t  to  th e  w ho le  body .

A re d u c tio n  f a c to r  o f 0 .4  h a s  b een  a p p lie d  to .th e  g a m m a  co m p o n en t to
a llo w  fo r  t im e  sp e n t in d o o r s .

S in ce  k ry p to n  i s  v ir tu a l ly  in s o lu b le ,  i t  c i r c u la te s  a lm o s t c o m p le te ly  in  th e  
a tm o s p h e re ;  l e s s  th a n  3% of th e  s ta b le  k ry p to n  i s  e s t im a te d  to  be  in  th e  o c e a n . 
W ithin th e  a tm o s p h e re ,  it  fo llo w s th e  s a m e  g lo b a l c i r c u la t io n  p a t te rn  a s  th e  a i r  
m a s s e s  in  th e  a tm o s p h e r ic  c i r c u la t io n  s y s te m .

6 . RESULTS

The e s t im a te s  o f th e  d o se  c o m m itm e n ts  p e r  C i r e l e a s e d  a r e  show n in 
T ab le  I .  A lso  show n in  th e  c a s e  o f t r i t iu m  is  th e  g lo b a l d o se  co m m itm e n t 
r e s u l t in g  fro m  d is c h a rg e  of th e  n u c lid e  to  th e  s u r f a c e  m ix ed  o c e a n . No e s t im a te s  
o f th e  lo c a l d o se  c o m m itm e n ts  h av e  b een  m ad e  in  th i s  c a s e ,  bu t i t  i s  c le a r  th a t  a 
s u b s ta n t ia l  re d u c tio n  in  p o p u la tio n  d o s e  c o m m itm e n t i s  a c h ie v e d  by  d is c h a rg in g  
th e  t r i t iu m  to  s e a  r a t h e r  th a n  to  a tm o s p h e re .  T ab le  I sh o w s th a t ,  in  t e r m s  of 
w hole body d o s e ,  th e  d o se  c o m m itm e n ts  p e r  Ci r e l e a s e ,  bo th  in d iv id u a l and  
c o l le c t iv e ,  a r e  m u ch  h ig h e r  f o r  C -1 4  th a n  f o r  th e  o th e r  n u c l id e s .

In o r d e r  to  ju d g e  th e  r e la t iv e  im p o r ta n c e  of th e  t h r e e  n u c l id e s , a cco u n t 
m u s t be  ta k e n  of th e i r  p ro d u c tio n  r a t e s  in  p o w e r r e a c t o r s .  T h is i s  i l lu s t r a te d  
in  T ab le  I I ,  w hich  sh o w s th a t ,  in  t e r m s  o f th e  w o rld  p o p u la tio n  d o s e ,  C -1 4  is  20 
t im e s  m o re  s ig n if ic a n t th a n  K r-8 5  if  th e  f i r s t  g e n e ra t io n  d o se  on ly  is  c o n s id e re d . 
H o w e v e r, if  th e  d o se  i s  in te g ra te d  to  in f in i ty , C -1 4  a p p e a r s  to  b e  400 t im e s  m o re  
im p o r ta n t .  A cco rd in g  to  o u r  e s t im a te s ,  t r i t iu m  is  o f g r e a t e r  s ig n if ic a n c e  th a n  
K r-8 5  in  t e r m s  of th e  UK p o p u la tio n  d o s e ,  bu t of c o m p a ra b le  s ig n if ic a n c e  w hen 
v iew ed  on a g lo b a l b a s i s .

Feed ing  in to  o u r  g lo b a l m o d e l an  ex ten d e d  v e r s io n  of th e  w o rld  n u c le a r  
p o w e r  p ro g r a m m e  a s  p ro je c te d  by S p in ra d  [ 9] and  o u r  own e s t im a te s  o f C -1 4  
r e l e a s e ,  th e  d o se  r a t e  f ro m  m a n -m a d e  C -1 4  up to  th e  y e a r  2020 h a s  b een  
d e r iv e d .  T h is i s  p lo tte d  in  F ig . 2 ,  w h ich  sh o w s th a t  th e  d o se  r a t e  f ro m  th is  
s o u r c e  w ill be ab o u t 0 . 7 m ilH - re m  p e r  y e a r  a t  th e  end  of th i s  p e r io d .  The 
e n v iro n m e n ta l p e r s i s t e n c e  of C -1 4  is  i l lu s t r a t e d  by th e  r e la t iv e ly  s lo w  d e c lin e  of 
th e  d o se  r a t e  if  no f u r th e r  r e l e a s e s  w e re  m ad e  f ro m  2020 o n w a rd s .

The e s t im a te d  r e l e a s e  r a t e  a t 2020 i s  ab o u t 0 .2  M Ci y -1  c o m p a re d  to  a  
n a tu r a l  C -1 4  p ro d u c tio n  r a t e  o f 0 .0 3  M Ci y ” l .
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TABLE I .  DOSE COMMITMENTS FROM UNIT RELEASES OF H - 3 , C -1 4  AND K r-8 5

N u c lid e
M ode of 

e x p o su re

D o se  c o m m itm e n t p e r  C i r e le a s e d

S ta n d a rd is e d  
c r i t i c a l  
g ro u p  ( a )

re m

UK ^  
po p u la tion

m a n - re m

R est of 
w o rld  

p o p u la tio n

m a n - re m

H -3  r e l e a s e  to
-  a tm o s p h e re
-  s e a

w hole body
_9

8 10 1 .1  10-2 3 10~Ü 
2 10"

C -1 4  ( c ) w hole body
-7

5 10 1 ( i )  
2 ( i i )

14 ( i )  
300 ( i i )

K r-8 5 w hole  body 
sk in

1 .8  1 0 - J 1
3 10

7 I Q '6 
1 .3  10

8 10"= 
1 .5  10

N o te s  a .  B ased  on d ilu tio n  f a c to r  o f 10 s e c  m
b . In c lud ing  f i r s t  p a s s  an d  su b se q u e n t e x p o su re
c .  D o se  c o m m itm e n t to  i )  3 0 y , i i )  in f in ity

TABLE I I .  RELATIVE IMPORTANCE OF H -3 ,  C -1 4  AND K r-8 5  AS 
CONTRIBUTORS TO POPULATION WHOLE-BODY DOSE

N u clid e

T yp ica l
p ro d u c tio n

r a t e
C i/G W y (e )

Im p o r ta n c e  r e la t iv e  to  K r-8 5

UK p o p u la tio n  
d o se

W orld po p u la tio n  
d o se  ( in c l .  U K )

H -3  (a )
4

2 10 10 1 .2

C -1 4  ( b ) 3 101 15 ( i ) 20 ( i )
30 ( i i ) 400 ( i i )

K r-8 5 CO О
СП

1 1

N o tes  a .  A ssu m in g  90% to  s e a , 10% to  a tm o s p h e re
b . C o n s id e r in g  d o se  c o m m itm e n t to  i )  3 0 y , i i )  in f in ity
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a )  Build up 1970-2020  b ) D ecay  i f  no f u r th e r  r e l e a s e  a f te r  2020

FIG. 2. Dose rate from 14С from world nuclear power programme.

7 . THE COST OF POPULATION EXPOSURE

An o b v io u s  e x te n s io n  o f th e  co n cep t o f d o se  c o m m itm e n t i s  th a t o f r i s k  
c o m m itm e n t . T h is  m ay  be  d e fin ed  a s  th e  p ro d u c t o f th e  d o se  c o m m itm e n t and  
th e  a p p ro p r ia te  r i s k  c o e f f ic ie n t.  If  n p e o p le  a r e  c o m m itte d  to  a  d o se  X , th e  
p o p u la tio n  d o se  c o m m itm e n t i s  nX  and  th e  r i s k  c o m m itm e n t R i s  c n X ,  w h e re  с 
i s  th e  a p p ro p r ia te  r i s k  c o e f f ic ie n t.  Now с m ay  d ep en d  on a g e  a t e x p o s u re  and  
so  th e  r i s k  c o m m itm e n t can  be  e x p re s s e d

w h e re  n a  i s  th e  p o p u la tio n  in  a g e  g ro u p  a .
A m o re  m ean in g fu l w ay o f e x p re s s in g  th e  d e tr im e n t  i s  in  t e r m s  of th e  

m a n - y e a r s  o f l i fe  lo s t .  T h u s ,c o n s id e r in g  c a  a s  th e  c o e ff ic ie n t f o r  th e  r i s k
of d e a th  fro m  ra d ia tio n - in d u c e d  c a n c e r , if  e  i s  th e  a v e ra g e  re m a in in g  e x p e c ta tio n  
o f l i f e  an d  p  th e  m e a n  in d u c tio n  p e r io d  f o r  a p p e a ra n c e  of th e  c a n c e r , a l l  f o r  
i r r a d ia t io n  a t  a g e  a ,  th e  lo s s  o f l i f e  f o r  e a c h  c a s u a l ty  i s  ( e - p ) a .  The to ta l  lo s s  
of l i f e  L in  th e  c a s e  c o n s id e re d  ab o v e  i s  th e n

L = I  c a n a X <e -P > a

A p a r t f ro m  th e  u n c e r ta in t ie s  in h e re n t in  an y  a s s e s s m e n t  o f th e  d e t r im e n t , 
th e  e x p re s s io n  of th i s  d e tr im e n t  in  m o n e ta ry  t e r m s  p o s e s  f u r th e r  p ro b le m s .
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F i r s t ,  i t  w ould be n e c e s s a r y  to  c o n s id e r  w hat v a lu e  sh o u ld  be p la c e d  on one y e a r  
of l i f e ,  how i t  w ould v a ry  w ith  a g e  and  how  o p in io n s  a s  to  th i s  v a lu e  w ould  v a ry  
f ro m  c o u n try  to  c o u n try . A se c o n d  p ro b le m  is ,  if  e co n o m ic  te c h n iq u e s  a r e  
to  be  u s e d ,  to  w hat e x te n t i s  i t  a p p ro p r ia te  to  d is c o u n t c o s ts  in c u r r e d  in  th e  
f u tu re  to  b rin g  th e m  to  p r e s e n t  d ay  v a lu e s ?

C o n s id e r in g  f i r s t  th e  q u e s tio n  o f th e  v a lu e  to  be  p lace d  on one  y e a r  of 
l i f e ,  one a p p ro a c h  i s  to  a s s u m e  th a t th i s  v a lu e  is  in d ep en d en t o f a g e . If an 
a v e ra g e  v a lu e  can  b e  ta k e n ,  w h ich  w e s h a l l  e x p r e s s  a s  ' V ' , th e  c o s t  ' V  of th e  
d o se  c o m m itm e n t n X  b e c o m e s

W = l c an aX ( e - P }a  V

T his c o s t  i s  no t in c u r r e d  im m e d ia te ly  and  an  a c co u n tan t ' s  a p p ro a c h  
m ig h t be  to  ap p ly  a  d isc o u n tin g  p ro c e d u r e  in  o r d e r  to  o b ta in  th e  p r e s e n t  w o rth  of 
th e  lo s t  y e a r s  o f . l i f e .  Two s e p a r a te  f a c to r s  a r e  in v o lv ed  in  th i s  d isc o u n tin g  
p r o c e s s .  The f i r s t  of th e s e  f a c to r s  c o r r e c t s  to  p r e s e n t  w o rth  th e  v a lu e  of a 
fu tu re  lo s s  of l i f e  fro m  y e a r  p  to  y e a r  e  r e s u l t in g  fro m  d o se  r e c e iv e d  n o w , and 
th e  se c o n d  f a c to r  m a k e s  a llo w a n c e  f o r  th e  d e la y  in  re c e iv in g  so m e  of th e  d o se  
w hen th e  n u c lid e  is  long liv e d .

If  su ch  a  p ro c e d u r e  i s  to  be u s e d ,  w hat w ould be th e  a p p ro p r ia te  d is c o u n t 
r a t e  and  w ould th e  r e s u l t in g  d if fe re n c e  in  c o s t  e s t im a te s  be  s ig n if ic a n t in  v iew  
of th e  o th e r  u n c e r ta in t ie s ?  S in ce  th e  v a lu a tio n  of hu m an  life  i s  l ik e ly  to  in c r e a s e ,  
th e  eco n o m ic  d isc o u n t r a t e  w ould  be  p a r t ly  o f f s e t .  F o r  i l lu s t r a t iv e  p u rp o s e s  we 
h av e  p e r fo rm e d  an a n a ly s is  on th e  b a s is  o f an  e ffe c tiv e  d isc o u n tin g  r a t e  o f 3%.
In  th e  a n a ly s is ,a  p o p u la tio n  d o se  of 1 m a n - r e m  w as a s s u m e d  to  be  ev en ly  s p r e a d  
o v e r  a  p o p u la tio n  of ty p ic a l ag e  d is t r ib u t io n .  R isk  c o e ff ic ie n ts  v a ry in g  fro m  
10“ 3 r e m ' l  in  th e  fo e tu s  to  10~4 r e m ~ l  in  th e  a d u lt w e re  ta k e n ;w ith  a w e ig h ted  
m e a n  of 2 .4  x  10-4  r e m - 1 . On th i s  b a s i s  and  w ith  a s s u m p tio n s  ab o u t th e  d e la y  
in  a p p e a ra n c e  of th e  d a m a g e  b a se d  on in d u c tio n  p e r io d s  fo r  c a n c e r ,  th e  lo s s  of 
l i f e  p e r  m a n - re m  of p o p u la tio n  e x p o s u re  w as  e s t im a te d  to  be 7 x  10“ ^ m a n - y e a r .
If  no d isco u n tin g  is  p e r f o rm e d , th e  a s s o c ia te d  c o s t  cou ld  th en  be  s a id  to  be 
7 x  10“ 3 v ,  w h e re a s , i f  d isc o u n tin g  a t an  e f fe c tiv e  r a t e  o f 3% is  a p p lie d , th e  c o s t 
r e d u c e s  to  a  p r e s e n t  w o rth  o f abou t 3 x  10“3v. T his d if fe re n c e  i s  s m a ll  in  
r e la t io n  to  u n c e r ta in t ie s  in  th e  r i s k  c o e ff ic ie n t and  in  th e  s e le c tio n  of th e  v a lu e  V .

The seco n d  fa c to r  w h ich  m ig h t be  ta k e n  in to  acco u n t w hen c o n s id e r in g  
r e l e a s e s  of lo n g - liv e d  ra d io a c t iv i ty  in to  th e  e n v iro n m e n t is  th a t m u ch  o f th e  d o se  
m ay  no t be r e c e iv e d  u n til m an y  y e a r s  a f t e r  th e  r e l e a s e  h a s  o c c u r r e d .  A g a in , it  
w ould  be  p o s s ib le  to  ap p ly  a d isc o u n tin g  f a c to r  an d  th i s  w ould le a d  to  th e  co n cep t 
of a  d is c o u n te d  p o p u la tio n  d o se  c o m m itm e n t . The l a t t e r  w ould in c lu d e  th e  f i r s t -  
p a s s  d o s e ,  u n d isco u n ted  in  m o s t c a s e s  s in c e  th e  d o se  i s  d e liv e re d ' r e la t iv e ly  
q u ic k ly , and  a  d is c o u n te d  c o n tr ib u tio n  f ro m  th e  g lo b a lly  d is p e r s e d  ra d io a c t iv i ty .

In  th e  c a s e  o f t r i t i u m , th e  f i r s t  p a s s  p o p u la tio n  d o se  c o m m itm e n t 
c o m p r is e s  abou t 80% of th e  to ta l  and  so  th e  e f fe c t o f d isco u n tin g  i s  no t s ig n if ic a n t. 
F o r  K r -8 5 ,th e  f i r s t  p a s s  d o se  i s  r e la t iv e ly  m u ch  le s s  im p o rta n t and  th e  e ffe c t of 
d isc o u n tin g  th e  d o se  fro m  th e  g lo b a lly  d is p e r s e d  k ry p to n  w ould be a  re d u c tio n  
of ab o u t 30%. A g a in , th i s  d if fe re n c e  i s  r a t h e r  s m a ll  c o m p a re d  to  th e  o th e r  
u n c e r ta in t ie s .

The co n cep t of d is c o u n tin g  a s s u m e s  g r e a t e r  im p o r ta n c e  w hen c o n s id e r in g  
lo n g - l iv e d , e n v iro n m e n ta lly  p e r s i s t e n t  n u c l id e s .  F o r  C -1 4 , th e  d is c o u n te d  
p o p u la tio n  d o se  c o m m itm e n t w ould  b e  on ly  8% of th e  u n d isco u n ted  f ig u re .
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TABLE II I . ESTIMATES OF COST OF POPULATION EXPOSURE

C o st in  u n its  o f V (a  I

C o st e s t im a te  fo r
U n d isco u n ted

D isc o u n te d  
a t  3% p . a .

1 C i r e l e a s e  o f H -3  (b ) 1 О
1

4 1 e r 5 ■

1 C i r e l e a s e  of C -1 4 2 7 i o -2

1 C i r e l e a s e  o f K r-8 5 6 о
1 -J

2 1 0 -7

1 m a n - r e m  ( c ) 7 о
1 CO

3 1 0 -3

N o te s  a .  V i s  a v e ra g e  v a lu a tio n  of 1 y e a r  of life
b . To a tm o s p h e re
c .  S h o r t - te r m  d o se

On th e  b a s i s  o f th e  r e s u l t s  d is c u s s e d  a b o v e , it  i s  p o s s ib le  to  e x p re s s  
th e  c o n se q u e n c e s  of 1 Ci r e l e a s e s  of th e  th r e e  n u c lid e s  in  m o n e ta ry  t e r m s , w ith  
o r  w ithou t a llo w an c e  f o r  d is c o u n tin g . T h ese  e s t im a te s  a r e  show n in T ab le  I I I , 
w h e re  w e h a v e  a g a in  p r e f e r r e d  to  e x p r e s s  th e  r e s u l t s  in  t e r m s  of th e  v a lu e  V . 
A lso  show n a r e  th e  c o s t  e s t im a te s  f o r  a  1 m a n - r e m  p o p u la tio n  d o se  c o m m itm e n t 
f ro m  a s h o r t - l iv e d  n u c lid e .

8 . DISCUSSION

E s tim a te s  h av e  b een  p r e s e n te d  of th e  d o se  c o m m itm e n ts  r e s u l t in g  fro m  
r e l e a s e s  to  th e  e n v iro n m e n t o f H -3 ,  C -1 4  an d  K r -8 5 .

A c r i t i c i s m  w h ich  i s  o ften  m a d e  of th i s  m e th o d  o f in te g ra t io n  o f p o p u la 
t io n  d o se  i s  th a t  m u ch  of th e  d o se  a r i s e s  fro m  th e  e x p o s u re  o f la r g e  p o p u la tio n s  
in  re g io n s  r e m o te  f ro m  th e  p o in t o f r e l e a s e  to  d o se  r a t e s  w h ich  m ay  be o r d e r s  
o f m ag n itu d e  below  n a tu r a l  ra d ia tio n  b a c k g ro u n d . On th e  o th e r  h a n d , th e  
a p p lic a tio n  o f a  th r e s h o ld  d o se  r a t e  in  th e  in te g ra t io n  p o s e s  a  n u m b e r  of 
d i f f ic u l t ie s .  F i r s t ,  an  a r b i t r a r y  an d  p o s s ib ly  c o n tr o v e r s ia l  d e c is io n  i s  r e q u i re d  
a s  to  th e  th r e s h o ld  le v e l .  T y p ic a lly , th e  le v e l i s  s e t  a t  1 m re m  y - 1 , 
r e p r e s e n tin g  ab o u t 1% of th e  d o se  r a t e  fro m  n a tu r a l  b a c k g ro u n d . S eco n d ly , th e  
p o p u la tio n  d o se  e s t im a te d  in  th i s  w ay  i s  no t p ro p o r tio n a l to  th e  r a t e  o f r e l e a s e  
o f a  n u c lid e  s i n c e , f o r  e x a m p le , doub ling  th e  r e l e a s e  r a t e  no t o n ly  d o u b le s  th e  
d o se  to  th e  p o p u la tio n  p re v io u s ly  c o n s id e re d ,b u t a ls o  i n c r e a s e s  th e  n u m b e rs
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a f f e c te d . A th i r d  d if f ic u lty  i s  th a t , i f  th e  th r e s h o ld  le v e l is  to  b e  ap p lied  
r ig o r o u s ly ,  th e  c o n tr ib u tio n  o f e v e ry  n u c lid e  fro m  e v e ry  c o n tr ib u to ry  s o u r c e  
m u s t be  c o n s id e re d .  In so m e  c a s e s ,  su ch  a s  th e  th r e e  n u c lid e s  p re v io u s ly  
d is c u s s e d ,  v ir tu a l ly  e v e ry  n u c le a r  p o w er p la n t an d  fu e l r e p r o c e s s in g  p la n t in  th e  
w o rld  co u ld  c o n tr ib u te .  F ro m  th e  d a ta  in  T ab le  I , i t  c a n  be s e e n  th a t  th e  f i r s t  p a s s  
c r i t i c a l  g ro u p  d o se  f ro m  a ty p ic a l  r e l e a s e  o f 100 Ci y - l  o f C -1 4  w ould be 
on ly  5 x 10- 5 re m  y - l .  T hus th e  s ig n if ic a n c e , a s s e s s e d  on th e  b a s is  o f a 
th r e s h o ld  f o r  th e  in d iv id u a l s i t e ,  w ould be  z e r o .  Y e t,  a s  show n in  F ig  2 ,  th e  
c o n tr ib u tio n  o f a l l  s o u r c e s  p ro b a b ly  m a k e s  C -1 4  th e  m o s t s ig n if ic a n t n u c lid e  
r e l e a s e d  fro m  n u c le a r  in s ta l la t io n s .

U l t im a te ly , th e  a b s o lu te  s ig n if ic a n c e  of r e l e a s e s  of th e s e  and  o th e r  
ra d io n u c lid e s  d ep en d s  on th e  n a tu r e  o f th e  d o s e - r i s k  r e la t io n s h ip  and  th i s  i s  th e  
a r e a  o f m a jo r  u n c e r ta in ty . We a r e  in c lin e d  to w a rd s  th e  v iew  th a t  th e  r e la t io n s h ip  
in c lu d e s  a l in e a r  t e r m  w hich  d o m in a te s  th e  r e s p o n s e  to  low  d o se  r a t e s . W hether 
o r  no t th i s  i s  th e  c a s e ,  i t  w ill p ro b a b ly  be  n e c e s s a r y  f o r  th e  f o r e s e e a b le  fu tu re  to  
a s s u m e  th a t it  i s  t r u e .  The e s t im a tio n  o f th e  r i s k  c o e ff ic ie n t i s  a  m a t te r  of 
im p o r ta n c e .  When c o n s id e r in g  th e  c a n c e r  r i s k  fro m  th e  w hole-body  e x p o s u re  of 
a  ty p ic a l  p o p u la tion , w e f e e l  th a t  i t  w ould b e  d if f ic u l t to  ju s ti fy  th e  u s e  of a  v a lu e  
of le s s  th a n  10~4 r e m _ l ,  th a t  i s  100 c a s e s  p e r  m ill io n  p e r  r e m .

On th e  b a s is  of a  l i n e a r  d o s e - r i s k  a s s u m p tio n , it  i s  p o s s ib le  to  m ak e  
e s t im a te s  o f th e  d e tr im e n t  r e s u l t in g  f ro m  p o p u la tio n  e x p o s u re .  A s a f i r s t  s t e p ,  
i t  i s  su g g e s te d  th a t th e  lo s s  o f l i f e ,  in  m a n - y e a r s ,  i s  a  m o re  m ean in g fu l 
e x p re s s io n  o f d e tr im e n t  th a n  th e  r i s k  of d e a th . The f o r m e r  m eth o d  h a s  th e  
a d v a n ta g e  o f g iv ing  g r e a t e r  w eig h tin g  to  th e  e x p o s u re  o f y o u n g e r a g e  g ro u p s .

A tten tio n  i s  d ra w n  to  th e  c o n tr o v e r s ia l  q u e s tio n  a s  to  w h e th e r  o r  no t 
e c o n o m ic  d isc o u n tin g  te c h n iq u e s  sh o u ld  be  u se d  in  a s s e s s in g  th e  c o n se q u e n c e s  
o f p o p u la tio n  e x p o s u re  in  m o n e ta ry  t e r m s .  T h is  i s  a m a t te r  o f g r e a t  im p o r ta n c e  
w hen c o n s id e r in g  th e  lo n g e r  liv ed  ra d io n u c lid e s .  The id e a  of d is c o u n tin g  th e  
fu tu r e  c o n se q u e n c e s  m ay  be  re p u g n a n t to  m an y  p e o p le . On th e  o th e r  h a n d , if  
c o s t -b e n e f i t  a n a ly s is  is  to  b ecom e a u se fu l to o l in  ju dg ing  th e  b e s t  a llo c a tio n  of 
r e s o u r c e s ,  i t  i s  im p o r ta n t th a t  i t  i s  u se d  in  a  r ig o ro u s  and  c o n s is te n t  m a n n e r .
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D I S C U S S I O N

D. BEN IN SO N : In a s s e s s i n g  th e  c o l le c t iv e  d o se  c o m m itm e n t  p e r  
c u r ie  o f c a r b o n - 14 to  in f in i te  t im e ,  w h a t p o p u la tio n  in c r e a s e  w a s  a s s u m e d ?  
A n e x p o n e n tia l  p o p u la tio n  in c r e a s e  w ould  m a k e  th e  in te g r a t io n  d iv e rg e .

A . M A R TIN : W e a s s u m e d  th a t  th e  g lo b a l p o p u la tio n  w ou ld  in c r e a s e  
to  1010 and  th e n  r e m a in  s t a t i c .

D. BEN IN SO N : W hat p ro d u c t io n  m o d e s  w e re  c o n s id e re d  fo r  c a r b o n - 14 
an d  in  w h a t ty p e  o f r e a c t o r s ?

A. M A R TIN : In l i g h t - w a te r  r e a c t o r s  c a rb o n -1 4  a r i s e s  f r o m  170(n ,ar) 
r e a c t io n s  on  th e  o x y g en  in  fu e l o x id e  and  in  w a te r ,  and  f ro m  14N (n , p) 
r e a c t io n s  on  d is s o lv e d  n i t r o g e n .  In  h ig h - te m p e r a tu r e  r e a c t o r s  i t  d e p e n d s  
on  th e  p a r t i c u l a r  d e s ig n , on th e  m e th o d  of r e p r o c e s s i n g ,  an d  on th e  d is p o s a l  
o f th e  g r a p h i te .  T he  p ro d u c t io n  of 14C in  f a s t  r e a c t o r s  a p p e a r s  to  be  r a t h e r  
low .

K. - J .  V OG T: It i s  u s u a l ly  a s s u m e d  th a t  th e  131I r e l e a s e d  in  n u c le a r  
in d u s t r y  m a k e s  an  im p o r ta n t  c o n tr ib u t io n  to  th e  p o p u la t io n  d o s e . C ould  
yo u  g iv e  a n y  f i g u r e s  f o r  th e  r e l a t i v e  d e t r im e n t  f r o m  u n it r e l e a s e s  o f 131I?

A. M A R TIN : W e e s t im a te  th a t  th e  UK p o p u la tio n  d o se  p e r  C i o f 131I 
r e l e a s e  to  a tm o s p h e re  is  ab o u t 200 m a n ;  r e m s .  T h is  v a lu e  co u ld  v a r y  by  
a  f a c to r  o f 2 o r  m o r e  d e p e n d in g  on lo c a t io n  and  h e ig h t o f r e l e a s e .

A. B A Y E R : T a b le  II o f y o u r p r e p r in t  in d ic a te s  th e  im p o r ta n c e  of 
t r i t i u m  r e l a t i v e  to  85K r , and  th e  v a lu e  g iv en  o b v io u s ly  r e f e r s  o n ly  to  
t r i t i u m  o r ig in a t in g  f r o m  n u c le a r  f a c i l i t i e s .  H ave  you  a ls o  c a lc u la te d  th e  
r e l a t i v e  im p o r ta n c e  of t r i t i u m  f r o m  b o m b  f a l l - o u t  fo r  th e  p e r io d  c o n s id e re d ?

A. M A R TIN : N o , I 'a m  a f r a id  n o t, b u t you  w ill f in d  th e s e  e s t im a te s  in  
th e  U N SC EA R  l i t e r a t u r e .
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N. T . M IT C H E L L : T a b le  I o f y o u r  p a p e r  g iv e s  no e s t im a te s  fo r  e x p o s u re  
o f UK p o p u la t io n s  v ia  d is p o s a l  to  s e a ,  a lth o u g h  you  a s s u m e  th a t  90% of th e  
t r i t i u m  p ro d u c e d  w ill be  r e l e a s e d  by  th i s  ro u te .  C ould  you  s u g g e s t  w hat 
th e s e  a c tu a l  v a lu e s  w o u ld .b e?

A. M A R TIN : W e h av e  n o t e s t im a te d  lo c a l  d o se  f r o m  t r i t i u m  r e l e a s e  
to  s e a ,  b u t w e f e e l  th a t  i t  w ill  b e  o r d e r s  o f m a g n itu d e  l e s s  th a n  th e  d o se  
f r o m  r e l e a s e  to  a tm o s p h e re .
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RADIOPR OTECTION: 
RISQUES ET CONSEQUENCES

M. DELPLA, J. HEBERT 
Electricité de France,
Paris, France

Abstract-Résumé

RADIATION PROTECTION: RISKS AND CONSEQUENCES.
As a contribution to better understanding between the public health specialist and the lawyer, the 

authors define "risk" and "damage" — first as they are used in French law and then as they are used in 
radiation protection. By way of example they employ the mathematical model of the public health specialist 
in calculating theoretical collective damage (somatic and genetic). The lawyer is looking for a system 
of presumptions to simplify the task of proving a causal relationship and he may be misled by abuse of the 
"damage" concept (particularly if it is not made clear that the damage in question is theoretical).

RADIOPROTECTION: RISQUES ET CONSEQUENCES.
A titre de contribution à une meilleure compréhension entre l'hygiéniste e t le juriste, les auteurs 

définissent risque et dommage, d'abord d’après le droit français, puis en radioprotection. A titre d'exemple 
ils appliquent le modèle mathématique de l ’hygiéniste au calcul de dommages collectifs théoriques 
(somatique et génétique). Le juriste recherche un système de présomptions pour simplifier la preuve du lien - 
de causalité. L'abus de la notion de dommage (surtout s 'i l  n' est pas qualifié de théorique) risque d'entraîner 
le juriste dans une direction erronée.

1. INTRO DUCTIO N

E n ra iso n  de la na ture p a r t ic u liè re  des e ffe ts  des rayonnem en ts  io n is a n ts  
sur l 'h o m m e , l 'h y g ié n is te ,  pour la  p re m iè re  fo is ,  a vo u lu  p ré v o ir, p ré vo ir 
pour p ré v e n ir . Pour c e la , pour la p re m iè re  fo is  il a d é fin i un risq ue  th é o r iq u e . 
Se donnant ce r isq u e , il c a lc u le  fa c ile m e n t le  dom m age qu i en d é c o u le ra it .  Or, 
pour to u t dom m age , l 'o p in io n  p u b liq u e  d é s ire  q u 'o n  lu i dés igne  un responsa
b le , a f in  q u ' i l  s o it  co n tra in t è ré p a ra tio n . A in s i,  a u -d e là  de l 'h y g ié n is te ,  le 
lé g is la te u r  se sen t concerné e t, p a rta n t, le  ju r is te .  Tous do ive n t b ien  se c o m 
prend re , donc, d 'a b o rd , adopter un langage c o m m u n .

A vec  l ' in te n t io n  de leur o u v rir  la  v o ie , nous reprendrons les  con cep tion s  
du risq u e  et leu rs  conséquences, d 'a b o rd  en d ro it .  E n ce qu i concerne la  
ra d io p ro te c tio n , nous n 'ab o rd e ro ns  la n o tion  de risq ue  q u 'a p rè s  a vo ir rappe lé , 
pour les  p ré c is e r au b e so in , d iffé re n te s  grandeurs ’ d o s im é tr iq u e s .

2 . E N D R O IT

Le d ro it ,  c o n s titu a n t un m oyen e s s e n tie l d 'o rg a n is a t io n  et d 'a c t io n  des 
E ta ts , i l  s 'e n s u it ,  com m e  le  m on tre  le  d ro it  com paré , que les  concep ts  u t i 
lis é s  par les  d iv e rs  d ro its  na tionaux ne s o n tq u 'e x c e p t io n n e l lem en t syno nym e s, 
quant au sen s , de la  d é lim ita t io n  de l 'o b je t  d é fin i par le concep t cons idé ré  ou 
de I ' a r t ic u la t io n  de c e lu i- c i  avec la  c o n s tru c tio n  ju r id iq u e  d 'e n s e m b le .

Il ne nous est pas p o s s ib le , dans le cadre de ce rappo rt, d 'e f fe c tu e r  une 
é tude c o m p a ra tiv e . A u ss i nous nous bornerons à nous ré fé re r au d ro it  fra n ç a is ,
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tou t en é tan t co n sc ie n ts  q u 'i I ne s 'a g i t  que d 'u n e  p re m iè re  «approche» d 'u n e  
m e ille u re  c o m m u n ic a tio n  en tre  h y g ié n is te s  et ju r is te s .  Nous rechercherons 
to u t d 'a b o rd  les' sens que revêt le concep t de risq ue  . Nous exam ine rons  en su ite  
la s ig n if ic a t io n  et les ca ra c tè res  du do m m ag e .

2 .1 .  Le risq ue

Le concep t de r isq ue  est u t i l is é  dans d ive rse s  branches du d ro it fra n ç a is  
pour dé s igne r un événem ent dont la survenance dans l 'a v e n ir  es t in ce rta in e  
au m om en t où les  s u je ts  de d ro it  p ré v o ie n t, ou do ive n t p ré v o ir, sa ré a lis a tio n  
c o m m e  p o s s ib le . Ce concept de risq u e  d iffè re  donc de c e lu i de fa i t  généra teur, 
q u i,  en m a tiè re  de responsabi I i t é , dés igne  l 'a c t io n  p a r tic u liè re  d 'u n  hom m e 
d 'o ù  est ré su lté  un dom m age c o n s ta té . Il d iffè re  éga lem en t du concep t de 
fo rc e  m a je u re , qu i dés igne  un événem ent présen tan t en p a r t ic u lie r  le  ca rac tè re  
d 'ê t r e  no rm a le m en t im p ré v is ib le .

2 . 1 .1 .  D ro it des assurances

Dans le  d ro it des assu rances , on trouve  la  d é f in it io n  su iv a n te  du risq u e  : 
«un événem ent in c e rta in  et qui ne dépend pas un iquem ent de la  vo lo n té  des 
p a rtie s  (au  con tra t d 'a s s u ra n c e ) , s p é c ia le m e n t de c e lle  de l 'a s s u ré »  [1 ] .

Le r is q u e , é lém e n t fon dam e n ta l du con tra t d 'a s s u ra n c e , im p liq u e  donc
I ' idée d 'é v e n tu a lité  p ré ju d ic ia b le  à l 'u n e  ou l 'a u t re  des p a r t ie s . C e lle -c i 
concerne s o it  la  ré a lis a t io n  m êm e de l'é v é n e m e n t env isagé  dans le  con tra t 
(pa r e xe m p le , I ' in cen d ie  d 'u n e  m a is o n ) , s o it  le  m om ent de re a lis a tio n  d 1 un 
événem ent qu i se p rodu ira  né cessa irem e n t (pa r exe m p le , décès,dans les 
p o lic e s  d 'a s s u ra n c e  sur la v ie )  . L 'é vé n e m e n t in c e rta in  ne peut fa ire  l 'o b je t  
d 'u n  con tra t d 'a s s u ra n c e  que dans la  m esure  où sa ré a lis a tio n  suppose l ' i n 
te rv e n tio n , au m o in s  p a r tie l le , du hasa rd .

2 . 1 .2 .  D ro it c iv i I

Le concep t et p a rfo is  le  m ot m êm e du risq u e  se re trouve dans d ive rse s  
d is p o s it io n s  du d ro it c iv i l  pour dés igner la  pe rte  de la chose ob je t du con tra t 
(v e n te , louage, p rê t, s o c ié té ) .  M a is  lo rs q u 'e l le  s u rv ie n t pour une cause 
fo r tu ite ,  e l le  est supportée par l 'a c h e te u r ;  s i e l le  s u rv ie n t du fa it  de la m au
v a is e  q u a lité  de la  chose , de ses v ic e s , e l le  incom be au v e n d e u r[2 ]. On v o it  
que dans ce de rn ie r cas I ' in c e rtitu d e  qu i p lane  sur la na ture du risq ue  peut 
ê tre  assez ré d u ite .

E n f in ,  le  m ot r isq ue  appara ît dans le t i t r e  d 'u n e  th é o r ie , d ite  «du risque»
[ 3 ]  , se lo n  la q u e lle , dans sa fo rm e  la p lu s  abso lue  tou t au m o in s , on s e ra it 

responsable par le seul fa it qu'en agissant on a causé un dommage, autrement d it, sans qu'il soit besoin d'établir 

que l'action (ou inaction) constitue une faute en s'écartant d'un modèle théorique de conduite. Les 

justifications et formulations de cette théorie, ou plutôt des théories de la même fam ille, sont nombreuses, si 

bien que le m ot<risque> n'est guère qu'un titre générique évoquant pour le juriste français la non-exigence de 

la preuve d'une faute. Repoussée comme principe général de responsabilité, la théorie du risque n'en a pas 

moins exercé une influence indéniable, souvent sous des formes atténuées, sur le développement du droit de la 

responsabilité civile.

Ce d ro it conna ît une au tre  a c c e p tio n  du m ot « risq u e » , s 'a g is s a n t d 'e x o 
nérer l 'a u te u r  d 'u n  dom m age en cas de fa u te  de la  v ic t im e  ou de partager
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entre  eux la  re s p o n s a b ilité , i l  recherche dans c e rta in s  cas s i la  v ic t im e  a 
accep té  le  r isq ue  (pa r e x e m p le , de b lessu res  dans l 'e x e rc ic e  de c e rta in s  
s p o r ts ) .  Dans ces s itu a t io n s , la  ré a lis a t io n  du dom m age n 'e s t pas vou lue  par 
la v ic t im e  m a is  d e va it ê tre  sé rieu sem en t env isagée  par e l le  co m m e  p o s s ib le .

2 . 1 .3 .  D ro it a d m in is tra t if

Le d ro it a d m in is t ra t if  (qu i en France c o n s titu e  un corpus ju r is  la rgem ent 
au tonom e et rég lan t les  a c t iv i té s  de l 'E t a t )  reconnaît la  re s p o n s a b ilité  de 
la pu issa n ce  p u b liq u e , sans e x ig e r, dans de nom breuses hypo thèses , la p reu
ve  q u 'o n  peut lu i im p u te r une fa u te .

C e rta in e s  de ces hypothèses son t ra ttachées à ! '  idée de r is q u e . I l en est 
a in s i lo rsque la  re s p o n s a b ilité  de l 'E t a t  est engagée en ra ison  de dom m ages 
causés à des t ie rs  (pe rsonnes privées.) par l'u s a g e  d 'u n e  chose ou par l 'e x e r 
c ic e  d 'u n e  a c t iv i té  com p ortan t un c e rta in  danger (ca s  de passan ts  b lessé s  
par un t i r  de la p o lic e  au cours de la  p o u rsu ite  de m a lfa ite u rs )  . P lu s  généra
le m en t l ' id é e  de risq u e  e x p rim e  la  c o rré la t io n  en tre  les  avantages escom ptés  
pour l 'E t a t  (pa r exe m p le  du fo n c tio n n e m e n t d 'u n  ouvrage p u b lic )e t les  cha r
ges qui en décou len t pour c e rta in s  c ito y e n s  [ 4 ] . Il est in té ressa n t de re leve r 
c e tte  d é rive  de la no tio n  de « risque»  ve rs  une an a lyse  c o û t-b é n é fic e , c e l le - c i 
é ta n t cependant la rgem ent im p l ic i te  et p ré s u m é e ,s ' ag issa n t de l'a v a n ta g e  
esco m p té  par I ' E ta t .

2 .2 .  Le dom m age ■

Le dom m age, en d ro it  fra n ç a is , a un sens beaucoup p lu s  un ivoque  que le 
te rm e  r is q u e . Son em p lo i es t cantonné au d ro it de la re s p o n s a b ilité  dont il 
c o n s titu e  un é lém e n t e s s e n t ie l,  avec le  fa it  géné ra teu r, le  lie n  de c a u s a lité  
e t ,  en p r in c ip e , la  fa u te  de l 'a u te u r  du fa it  géné ra teu r! 5 ] .  A  la  d iffé re n ce  
du r is q u e , événem ent dont la  ré a lis a t io n  est in c e rta in e , le  dom m age est un 
fa it  d é jà  ré a lis é  ou qu i se ré a lis e ra  né cessa irem e n t (do m m ag e  fu tu r ) .

2 . 2 .1 .  D ro it c iv i l

Le dom m age (syn o n ym e  de p ré ju d ic e ) est un é lém e n t c o n s t itu t if  de la 
re s p o n s a b ilité  c iv i le ,  d é lic tu e lle  ou c o n tra c tu e lle , et de la  re s p o n s a b ilité  
de la pu issa n ce  p u b liq u e . C ependant, « le  Code C iv i l  fra n ç a is  ne co n tie n t au
cune d é f in it io n  du dom m age répa rab le , c 'e s t  une q u e s tio n  de pur fa i t ,  le  d o m 
m age é ta n t auss i v a rié  dans ses aspec ts  que le  fa it  dom m ageab le  qu i l 'e n 
gendre» [6  ] .

, E n d ro it c iv i l  fra n ç a is , le  dom m age d o it p résen te r les  ca ra c tè res  su ivan ts : 
s u s c e p tib le  d 'ê t re  prouvé et é v a lu é ; n 'a v o ir  pas dé jà  é té  réparé ; po rte r a t
te in te  à un in té rê t c e r ta in , et lé g it im e ;  ê tre  d ire c t .  S au f e x ce p tio n  i l  s 'a g i t  
d 'u n  dom m age in d iv id u e l.

2 . 2 .2 .  D ro it a d m in is t ra t if

A u  m o in s  dans les  hypothèses où, par a p p lic a tio n  

de la  th é o rie  du r isq u e  ou de l ' id é e  d 'é g a l ité  des c ito y e n s  devan t les  charges 
p u b liq u e s , la  re s p o n s a b ilité  de la  pu issa nce  p u b liq u e , sans fa u te  prouvée, 
es t reconnue, la  ju r is p ru d e n c e  a d m in is tra t iv e  ex ig e  en ou tre  que le  p ré ju d ice  

s o it  s p é c ia l, c 1 e s t -à -d ire  q u ' i I n ' a tte ig n e  que c e rta in s  c ito y e n s  et non la
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g é n é ra lité  de c e u x -c i et p a rfo is  auss i q u ' i l  s o it a n o rm a l, c ' e s t -à -d i re q u ' i I 
excède les  s u jé t io n s  cou ran tes q u 'e n tra fn e , par e xe m p le , l 'e x is te n c e  d 'o u 
vrages publ ic s .

3 . G R A N D E U R S  D OS I M E TR IQ U E S

P arce  que l 'h y g ié n is te  ra isonne  en te rm e s  de dom m age c o l le c t i f ,  le  p ra 
t ic ie n  en ra d io p ro te c tio n  tend de p lu s  en p lu s  à i n te rp ré te r les ré s u lta ts  de la 
d o s im é tr ie  in d iv id u e lle  sous fo rm e  de d o s im é tr ie  c o l le c t iv e .

3 .1 .  D o s im é tr ie  in d iv id u e l le

Sans reprendre les  grandeurs et u n ité s  d o s im é tr iq u e s , b ien  d é fin ie s  par 
la  CIUMR (c o m m is s io n  in te rn a tio n a le  des u n ité s  e t m e s u r e s  r a d i o lo g i 
ques [7]. , nous donnerons que lques in d ic a tio n s  sur la façon  de résoudre les  
d i f f ic u lté s  re la t iv e s  à la d is p e rs io n  de l ' i r r a d ia t io n  dans l'e s p a c e , et à son 
é ta le m e n t dans le  te m p s . B ie n  connues des ra d io log ue s , ces d i f f ic u lté s  son t, 
tro p  sou ven t, perdues de vue en ra d io p ro te c tio n .

3 . 1 .1 .  D is p e rs io n  dans l ’ espace

Les rayonnem en ts  io n is a n ts  , en ra ison  de leur na tu re , ag isse n t 
dans la  m a tiè re  au n iveau de l 'a to m e ,  et au hasard des rencon tres 
fa v o ra b le s . La d é f in it io n  phys iq ue  de la dose fa it  a b s tra c tio n  de la  lo c a lis a t io n  
p o n c tu e lle  des p rocessus de tra n s fe rt d 'é n e rg ie  en tre  les rayons et les  a to 
m es , m a is  e lle  t ie n t com p te  de la nature s to ch a s tiq u e  de c e tte  lo c a lis a t io n [7 ] .  
La d é f in it io n  b io lo g iq u e  de la  dose t ie n t c o m p te , dans une c e rta in e  m esu re , à 
l 'a id e  de fa c te u rs  de m o d if ic a t io n , de l ' in f lu e n c e  de la ré p a rt it io n  des événe
m e n ts  p r im a ire s  p o nc tue ls  dans le m il ie u ;  e l le  se tra d u it num ériquem en t par 
l ' é q u iv a le n t de d o se , e xp rim é  en re m s . Pour s im p lif ie r  l 'e x p re s s io n ,  su ivan t 
l 'h a b itu d e ,  nous appe lons c e tte  grandeur "d o s e " et nous l 'e x p r im o n s  en re m s .

Par s u ite  de phénom ènes ph ys iq ues  de d ive rgence  ( à  p a rtir  de la  s o u rc e ) , 
d 'a b s o rp tio n  et de d if fu s io n  (pa r la  m a tiè re ) , à I ' in té r ie u r d 'u n  organe irra d ié  
la  dose v a rie  de façon  m e s u ra b le . A u s s i c a lc u le - t -o n  la dose m oyenne dans 
l'o rg a n e  (ou dans l 'o rg a n is m e ) .  Pour c e la , on découpe l'o rg a n e  (ou l 'o rg a 
n is m e ) en _n_ p e t its  v o lu m e s , de so rte  q u 'à  I ' in té r ie u r  du vo lu m e  j_ , de 
m asse  A m . , la  dose conserve  s e n s ib le m e n t la m êm e va leu r Dj ; p u is  on fa it  
la  som m e des p ro d u its  ( A m  x  Dj ) ob tenue en donnant à _j_ to u te s  les va leu rs  
e n tiè re s  a lla n t de 1 à n . La dose m oyenne _D0est éga le  au rapport de c e tte  

som m e  par la m asse  _m de l'organe (ou de l'o rgan ism e) :
D .=  E (A m - X a  ) / m

3 . 1 .2 .  D is p e rs io n  dans le  te m p s

Pour les  t ra v a ille u rs  qu i u t i l is e n t  des sources de rayonnem en ts  io n is a n ts , 
pour les  m a lades  so u m is  à la ra d io th é ra p ie , l ' i r r a d ia t io n  est fra c tio n n é e , 
c 'e s t - à - d i r e  sc indée  par des in te rv a lle s  l ib re s .  On c a lc u le  la  dose m oyenne 
c u m u lé e , D ^ , durant la pé riode  con s id é rée , et dans une u n ité  p h y s io lo g iq u e  
( 11 o rg a n ism e  e n t ie r , un organe, ou , pour un m a la d e ,le  s iège  d ' une lé s io n );p o u r
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c e la , on fa it  la  som m e des doses qu i correspondent aux in te rv a lle s  de tem ps 
durant le s q u e ls , pour la pé riode  d ' ir r a d ia t io n  con s id é rée , le  dé b it de dose 
n ' a pas é té  nul :

D = £ d „— C —°

3 .2 .  D o s im é tr ie  c o l le c t iv e

On d é f in it  une dose (c u m u lé e ) pour la  p o p u la tio n  ou pour des groupes p a r
t ic u l ie r s  de personnes [ 8 ]  , et une dose m oyenne (c u m u lé e ) .

3 . 2 .1 .  D ose c o l le c t iv e ,  d o s e -p o p u la tio n

Dans une p o p u la tio n , la dose m oyenne cum u lé e  par ir ra d ia tio n  p ro fe s s io n 
n e lle  v a r ie  grandem ent en tre  in d iv id u s , auss i l a C I R P  (C o m m is s io n  in te rn a 
t io n a le  de protection radiologique) a - t - e l le  con s id é ré  des groupes p a r t ic u lie rs  de pe r
sonnes p lacées  dans des c o n d itio n s  s e m b la b le s  [ 9 J .C e la  l ' a  in c ité e  à déga
ger les  deux grandeurs de dosé c o lle c t iv e  et de d o s e -p o p u la tio n  Í 8 1 . L 'u n e  
et l 'a u t re  s 'o b tie n n e n t par la  som m e des doses m oyennes cum u lé es  : la 
p re m iè re , _Dg , dans un groupe p a r t ic u l ie r ;  la  seconde Dp pour l 'e n s e m b le  de 
la  p o p u la tio n . E lle s  s 'e x p r im e n t en ho m m ere m s [10] . On é c r it  :

D , ou D = E D 
—g —p °

On d o it rem arquer q u 'à  l ' in té r ie u r  m êm e d 'u n  groupe e t , a fo r t io r i , dans 
la  p o p u la tio n  to u t e n tiè re , la  dose m oyenne v a r ie  grandem ent d 'u n  in d iv id u  à 
un a u tre ; e l le  v a r ie , a u s s i,  dans l 'o rg a n is m e  d 'u n  m êm e in d iv id u . Pour te n ir  
com p te  de te lle s  v a r ia t io n s , s '  il y a l ie u , on con s id è re  la dose c o lle c t iv e  au 
n iveau  d 'u n  organe p a r t ic u lie r ,  pour un groupe p a r t ic u lie r  : en cas  de c o n ta m i
na tio n  du m il ie u  par de I ' iode ra d io a c t if ,  par e xe m p le , on e xp rim e  sa va leu r 
en no u rrisso ns  -  thy ro i'de rem s [ i l ) .

3 . 2 .2 .  D ose c o lle c t iv e  m oye nn e1

La dose c o lle c t iv e  m oyenne cum u lé e  dans un groupe (ou dans la po pu la 
t io n  to u t e n tiè re ) D B , s 'o b t ie n t  par le q u o tie n t de la dose c o l le c t iv e ,  D g (ou 
D p )  par l 'e f f e c t i f  N du groupe (ou de la  p o p u la tio n ) .O n  é c r i t  :

D = D / N  
- ■  - g  -

4 . E N  R A D IO P R O TEC TIO N

V ou la n t p ré vo ir à longue échéance , l 'h y g ié n is te  ne re tie n t que l 'é v e n tu a 
l i té  d 'e f fe ts  d iffé ré s , v o ire  trè s  longuem ent d if fé ré s .  V ou la n t p ré vo ir en vue 
de p ré v e n ir, il ne re tie n t que des e ffe ts  dé lé tè re s  : des d o m m ag es .

4 .1  E f fe ts ,  dom m ages et risq ue s

Il lu i fau t tra d u ire  q u a n tita tiv e m e n t les  e ffe ts  dom m ageab les  en risq ue s .’

1 • Il nous pa ra ît u t i le  de conserve r l 'é p ith è te  c o lle c t iv e  pour dés igner c e tte  
g randeur,pour é v ite r  to u te  c o n fu s io n  avec la  dose m oyenne p a r tic u liè re  à cha 
que in d iv id u  (§§  1 .1 .2 . )  . Toutes deux s 'e x p r im e n t en re m s .
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4 .1 .  "t. E ffe t et dom m age observés

C o ns id é ro ns , pour f ix e r  les  id ée s , l 'e f f e t  d iffé ré  le  p lu s  souvent p r is  en 
com p te  : la  le u c é m ie . D om m age in d iv id u e l,  e l le  a tte in t l ' in d iv id u  ou le 
la is s e  indem ne , s u iva n t la  lo i du tou t ou r ie n . S o it un groupe de _N_ in d iv id u s  

qu i ont é té  irra d ié s  e t, durant la pé riode  d 'o b s e rv a t io n , de durée _t_, s o it  n 
le  nom bre des le u c é m ie s  d ia g n o s tiq u é e s .C e  nom bre e xp rim e  le  dom m age 
co l le c t i f  obse rvé , grandeur m esu rab le  (e t v a r ia b le , en p a rti cu l ie r avec t )  .

4 . 1 .2 .  D om m ages observés et risq ue s

A u débu t, l'o b s e rv a te u r  ne s a u ra it d is tin g u e r les  in d iv id u s  q u ' i l  va  v o ir  
de ven ir le u c é m iq u e s ; à la  f in ,  i l  s a it  que, pour chacun , la  p ro b a b ilité  m oyenne 
de le de ven ir é ta it  : jp  = n /N  .

C e tte  p ro b a b ilité  est un risq u e  m oye n .

E n  procédant de m êm e pour d 'a u tre s  a ffe c tio n s  d iffé ré e s , on trouve  au tant 
de v a le u rs  de risq ue s  que de dom m ages p o s s ib le s . Un m êm e in d iv id u  peut en 
s u b ir p lu s ie u rs  ( le u c é m ie  et c a ta ra c te , par e x e m p le ) : indépendants , i ls  ne 
s 'e x c lu e n t  pas l'un l 'a u t r e .  S o it _Pj et _p. les  risq ue s  m oyens re s p e c tifs  pour 
les  dom m ages _i_ et _j_ , et j v .  le  risque^m oyen d 'a p p a r it io n  de _i_ et j_ s u r  
le  m êm e in d iv id u  ; la  p ro b a b ilité  m oyenne (p )  pour q u 'u n  in d iv id u  su b is s e  au 
m o in s  l 'u n  des deux dom m ages peut s ’ é c r ire 2:

_E =J?i + J?j -1 ? ч
E n p ra tiq u e  l 'o b s e rv a tio n  se  réd u it aux dom m ages les  p lu s  g ra ves ; en pe

t i t  nom bre , i ls  de m eu ren t, pour la  p lu p a rt, assez  e x c e p tio n n e ls . A in s i,  l ' e x 
p re s s io n  p récédente  prend la  forme s im p lif ié e  :

. P - E j  + JBj

Lorsque l'o b s e rv a te u r  dénom bre , par e xe m p le , les  m o rts  a ttr ib u é e s  à d i f 
fé re n te s  causes , les  causes sont e x c lu s iv e s ; a lo rs  : 

p = p + p.
— -c i

On peut donc, le  p lu s  sou ven t, c a lc u le r le r isq ue  m oyen pour q u 'u n  in d i
v id u  s u b is s e  au m o in s  I !u n  des n_ dom m ages con s id é rés  par la  fo rm u le  :

où j_ prend tou te s  le s  v a le u rs  e n tiè re s  a lla n t de 1 à n .

A ucun  des e ffe ts  p o s s ib le s  n 'é ta n t  s p é c if iq u e  de l ' i r r a d ia t io n ,  l 'o b s e r 
va te u r d o it com pare r le  groupe qu i a sub i une ir ra d ia tio n  p a r t ic u liè re  à un 
groupe té m o in . Dans la m esure  où les  deux groupes sont re p ré s e n ta tifs  d 'u n e  
m êm e p o p u la tio n , le  r isq ue  m oyen a jo u té  par c e tte  ir ra d ia tio n  s 'o b t ie n t  par 
la  d iffé re n c e  en tre  l es deux va leu rs  obse rvées , pour les  irra d ié s  (p )  et pour

2 Pour 3 e ffe ts  ( i ,  j_ et k ) , avec des no ta tio n s  s e m b la b le s , l 'e x p re s s io n  
de la p ro b a b ilité  pour q u 'u n  in d iv id u  su b is s e  au m o in s  l 'u n  des t ro is  d e v ie n t:

s i l 'o n  t ie n t com p te  des v ic t im e s  de p lu s ie u rs  e ffe ts ,  e l le  se c o m p liq u e n t, 
ra p id e m e n t, d 'a u ta n t p lu s  q u ' i l s  son t p lu s  nom breux.
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le s  té m o in s  (p 0) . Ce r is q u e  (_p -  p „ )  peut ne pas d iffé re r  de zéro de façon  
s ta t is t iq u e m e n t s ig n if ic a t iv e  ( P > 0 , 0 5 ) ;  dans le  cas c o n tra ire , i l  peut ê tre  
p o s i t i f ;  i l  pe u t, a u s s i,  ê tre  n é g a tif , et c e tte  de rn iè re  é v e n tu a lité , g é né ra le 

m en t n é g lig é e , d e v ra it,  au c o n tra ire , en ra d io p ro te c tio n , re te n ir to u te  l 'a t t e n 
t io n .

Pour une pé riode  d 'o b s e rv a tio n  de longue durée , la  m ort (pour tou tes  
causes) réd u it no tab lem en t les  e f fe c t ifs ;  en o u tre , dans le s  groupes de pe r
sonnes, c e rta in e s  sont perdues de v u e 3. Il es t a lo rs  ind iqué  de rapporter 
le s  dom m ages c o l le c t i fs  ob se rvé s , non à _N_ in d iv id u s , m a is  à la  som m e des 
tem ps  d 'o b s e rv a tio n  de tou s  les  in d iv id u s  qu i ont fa i t  p a rtie  du g roupe; en 
rep résen tan t la  v a le u r de c e tte  som m e par ^Nt , le  r isq ue  m oyen observé par 
u n ité  de te m p s  s 'é c r i t ,  pour le  dom m age j_ ( § 4 . 1 . 2 .  c i-d e s s u s )  :

_Pj = n /  N t

Dans les  m êm es c o n d itio n s  d 'o b s e rv a tio n , la dose c o lle c t iv e  m oyenne 
(§  3 . 2 .2 .  c i-d e s s u s )  s 'e x p r im e  au ss i par u n ité  de te m p s ; e l le  prend la  fo r -

m e : D = D /  N t
a Q

4 .2 .  La m éthode  p ré v is io n n e lle  de l 'h y g ié n is te

Nous avons vu que l 'o b s e rv a tio n  de groupes re p ré s e n ta tifs  d 'u n e  m êm e 
p o p u la tiq n  pe rm et — du m o in s  en p r in c ip e , pour c e tte  p o p u la tio n  — de dé du ire , 
de dom m ages ob se rvé s , le  r isq ue  a jou té  par une ir ra d ia t io n . Inve rse m en t, la  
con na issan ce  du risq ue  pe rm e t de p ré v o ir le  dom m age avant que I ' ir ra d ia tio n  
n 'a i t  eu l ie u .  Pour c e la , à I ' a id e  d 'h y p o th è s e s ,. I ' h y g ié n is te  tra d u it la  s itu a 
t io n  en un m od è le  m a th é m a tiq u e .

4 . 2 .1 .  Les o b se rva tions  q u ' i l  re tie n t

Le risq u e  m oyen a jo u té  par I ' ir ra d ia tio n  ne peut d iffé re r  de zéro 
de faço n  s ig n if ic a t iv e  ( P < 0 , 0 5 )  que s i l 'o n  observe longuem ent des groupes 
d 'e f f e c t i f  co n s id é ra b le , à m o in s  q u 'u n e  trè s  fo r te  dose n ’ a it  é té  a d m in is 
tré e  en peu de te m p s . L 'h y g ié n is te  ne re tie n t que des ob se rva tio n s  consécu
t iv e s  à de te l les doses a d m in is tré e s  a in s i .

4 . 2 .2 .  S es hypothèses

L 'e n s e m b le  des hypothèses de l 'h y g ié n is te  est exposé dans une c o m 
m u n ic a tio n  présen tée  durant ces jou rnées [12 ] , auss i nous bo rne rons-nous à 
rappe le r b riève m e n t q u 'e l le s  ad m e tte n t que le r isq ue  a jo u té  par une ir ra d ia 
t io n ,  indépendant du d é b it de dose (ou  du fra c tio n n e m e n t de l ' ir r a d ia t io n )  
es t p ro po rtionn e l à la  dose m oyenne cum u lé e  ( § 3 .1 .2 .  c i -  de ssus) .

4 . 2 .3 .  S on m o d è le  m a th é m a tiq u e  p ré v is io n n e l

S o it  un pays dont la  p o p u la tio n , s ta b le , est de 50 m il l io n s  de pe rson 
nes, âgées en m oyenne de 40 a n s . Le déve loppem ent des u t i l is a t io n s  in d u s 
t r ie l le s  de l'é n e rg ie  a to m iq u e  va augm enter l ' i r r a d ia t io n  de c e tte  p o p u la tio n . 
A van t de f ix e r  une l im ite  supérieu re  pour c e tte  a u gm e n ta tio n  (pa r e x e m p le , 
s u iv a n t la С I P R ,  c in q  tre n tiè m e s  de rem  par an , en m oyenne) les  a u to r ité s  
s a n ita ire s  c o n su lte n t l 'h y g ié n is te  ._____________________________________

L o rs q u 'i l le  pe u t, l'o b s e rv a te u r com pense les  s o rtie s  par des en tré es .
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V oyons, par e x e m p le , com m e n t ra isonne  ce t expert en ce qu i concerne 
le s  do m m ages, en le u c é m ie s  (e f fe t  s o m a tiq u e ) , et en m u ta tio n s  lé ta le s  
récess ives ' (e ffe t g é n é tiq u e ) .

A  N agasak i, s u iva n t la  dose reçue par l 'e x p lo s io n  n u c lé a ire , la  p o p u la 
t io n  a é té  rép a rtie  en c la s s e s ; la  p lu s  exposée (à  p lu s  de 200 re m s ) et la  
m o in s  exposée (à  m o in s  de 10 re m s) c o m p te n t, resp e c tive m e n t 25 000 et 
210 000 pe rsonnes-ans  q u i , de 1950 à 1970, ont m on tré , re s p e c tiv e m e n t, 15 
et 11 le u cé m ie s  [13] . En p renan t, fa u te  de m ie u x , la c la s s e  la m o in s  expo
sée com m e té m o in , on v o it  que le  r isq ue  m oyen a jou té  (§  4 .1 .2 .  c i-d e s s u s )  
dans la c la s s e  la  p lus  irra d ié e  :

(p  -  p ^  = 550 le u cé m ie s  par m i l l io n  de pe rso n n e s -a n s .

S u ivan t ses hyp o thè ses , l 'h y g ié n is te  d é f in it  un risq u e  m oyen thé o riq ue  
(R M T ) , pour le  d o m m a g e ^  ( la  le u c é m ie ) , te l que :

(R M T ) = k D
"~'m i  i  C

où k^ représente la  con s tan te  de p ro p o rtio n n a lité , et , la  dose m oyenne
cum u lé e  dans la m o e lle  osseuse rouge . E n fa i t ,  i l  ne conna ît que la  dose
c o l le c t iv e  m oyenne, D B , q u i,  m esurée dans l 'a i r ,  es t proche de 400 re m s ;
i l  é c r it  (avec  k 1 , m esuré  dans l 'a i r ,  in fé r ie u r à k ,  , m esuré in  s i t u ) :

— Í 1 
(R M T ) = k ' D 

... i  — i —  (H

a ttr ib u a n t à (R M T ). la  v a le u r de (p  -  p 0) de la c la s s e  la p lu s  exposée, i l  a : 

k '  = 1 ,5  le u c é m ie  par m i l l io n  de pe rsonnes-ans  et par rem  

ce ré s u lta t ne d iffè re  pas trop  de c e lu i de C o u rt-B ro w n  et D o ll [14 ] : i ls  
a va ie n t trouvé , en 1957, sur un groupe de rh u m a tis a n ts  qui ava ien t é té  tra ité s  
par ir ra d ia tio n  de la co lonne  ra ch id ien ne , que la  va leu r de k. po u va it ê tre  de 
1 à 1 ,5  .

E n tre  (R M T ) et dom m age c o l le c t i f  thé o riq ue  ( D C T ) , on peut é c r ire  
(§  4 . 1 .2 .  c i-d e s s u s )  :

(D C T) = (R M T ) Nt 
--------- i ---------- i

d 'o ù ,  en com b in an t c e tte  é g a lité  à la précédente

(D C T) = k ' Nt D 
---------i — i -----  —  Ht

ou encore ( § 4 . 1 . 2 .  c i-d e s s u s ) ,  en fo n c tio n  de D , dose -  p o p u la tio n  e x p r i
m ée en hom m erem s : p

(D C T) = k.' D i —i — p
= 1 ,5  X 10~6 X 50 X 1 0 6X —  X 40 

/ 30
= 500 le u c é m ie s  par an .

E n  ce  qui concerne les p ré v is io n s  g é né tiqu es , l 'h y g ié n is te  ne peut que 
re co u rir à des ré s u lta ts  e x p é rim e n ta u x . P a r e xe m p le , à ceux de Lyon, P h i l l ip s  
et S ea rle  [ 15] re la t ifs  aux m u ta tio n s  lé ta le s  ré ce ss ive s  : avec des s o u ris  dont 
les  te s t ic u le s  ava ie n t reçu 1200 re m s , accoup lées  avec leu rs  p e t its  fe m e lle s , 
la  p ro po rtion  des ovu le s  non a rr iv é s  à te rm e  a d im in u é  (pa r rapport aux 
té m o in s )  de 3 ,2  %; c e la  correspond à une p ro p o rtio n  de gam ètes m â le s  po r- * 
teu rs  de m u ta tio n  lé ta le  ré c e s s iv e  v o is in e  de 25 %; d 'o ù  :

_ 6
k . яз 200 x  10 m u ta tio n  par gam ète  m â le  et par rem
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E n a d m e tta n t, avec W .L . R u sse ll [ 16] que l 'o v a ir e  restau re  in té g a le m e n t 
les  lé s io n s  gé n é tiq u e s , le  risq u e  m oyen de transm ission  d 'u n e  te l le  m u ta tio n  
s 'é c r i t ,  pour la  p o p u la tio n  con s id é rée  :

1 - 6 - 6  , ,
M-j=—  X 200 X 10 X 5 = 500 X 10 m u ta tio n  par zygo te  et par ge ne ra tion ,

les  gé né ra tions  hum a ines  ayant un ry thm e  tre n te n a ire . On dém on tre  q u 'a u  
cours des gé né ra tions  s u c c e s s iv e s  le  risq ue  (de  m o rt)  dû à une m u ta tio n  ré 
c e s s iv e  tend  ve rs  p .j(a tte in t ve rs  la  c e n tiè m e  gé né ra tion ) ; d 'o ù  :

(D C O j = 500 X 106X50 X 106 = 25 000 m o rts  par g é n é ra tio n .

A in s i , I ' a lo u rd is s e m e n t du fa rdeau géné tique  [17 ] de la  p o p u la tio n  par les 
a p p lic a tio n s  in d u s tr ie lle s  de l 'é n e rg ie  a to m iq u e  cau se ra it un nom bre c ro issa n t 
de m o rts  q u i,à  l 'é q u i l ib r e  (dans 3 m i I lé n a ire s ) a tte in d ra it un m i 11 ¡er par a n .

4 . 2 .4 .  D is c u s s io n  de ses p ré v is io n s

B ie n  s û r, on d is c u te  les  ré s u lta ts  des c a lc u ls  de D C T  (donnés ic i à 
t i t r e  d 'e x e m p le s )  : i Is dépendent des va le u rs  — fo rt in ce rta in e s  — a ttr ib u é e s  
à la  co n s ta n te  de p ro p o rtio n n a lité  (]< i ) -  M a is  peu im p o rte  : i ls  n 'o n t  r ie n  de 
co m m u n , ni avec les  o b se rva tio n s  c lin iq u e s , ni avec les  ré s u lta ts  exp é rim e n 
ta u x , q u ' i l  s 'a g is s e  d 'e f fe ts  so m a tiq u e s  ou d 'e f fe ts  g é n é tiq u e s . C 'e s t  le 
m od è le  m a th é m a tiq u e  p ré v is io n n e l lu i-m ê m e  qu i es t en cause , et q u ' i l  fau t 
re je te r : g ro ss iè re m e n t erroné [ 12] , i l  es t dangereux. E n e ffe t ,  l 'a n g o is s e  
des m asses  q u ' i I réve i I le  ou , pour le  m o i ns, qu ' i I p o la r is e  sur I ' i nd us trie  
n u c lé a ire , con du it les responsab les à prendre des m esures dracon iennes de 
p lu s  en p lu s  c o û te u se s . Sans ga in  de qu ié tude  pour qu iconque , sans in té rê t 
pour la  santé des pe rsonnes. Pur g a s p illa g e .

E t I ' in d u s tr ie l — présum é responsab le , m a lg ré  tous ses e ffo r ts  — ne se 
v o i t - i l  pas m enacé d 'ê t r e  c o n tra in t d 'in d e m n is e r  les  v ic t im e s ,  d ire c te s  ou 
in d ire c te s , de tous les dom m ages in d iv id u e ls  observés (non  a jo u té s  par Г1 ir ra 
d ia t io n )  dans ses in s ta lla t io n s ,  v o ire  a len tou r (c a n c e rs , et m êm e m a lfo rm a 
t io n s  c o n g é n ita le s ) ? Le R M T  risq u e  de lu i rendre la dé fense d i f f ic i le .

Que penser de l 'h y g ié n is te  qu i propose ce R M T  pour gu ide  au lé g is 
la te u r [8 , p . 16, append ix  I I I ] ?

5 . C O N C LU S IO N

Les ressources d 'u n  pays — auss i r ich e  s o i t - i l  — é tan t l im ité e s ,  les  d é -' 
penses con sen ties  pour la  san té  — to u jo u rs  in s u ff is a n te s  — de v ra ie n t ê tre  ré 
p a rtie s  en tre  la p ré ve n tio n  des risq ue s  e f fe c t ifs  les  p lu s  p réoccupan ts , l ’ am é
lio ra t io n  des s o in s , e t la  p r is e  en charge des in c u ra b le s . E t c e la  d e v ra it 
s u f f ire .

O r, v o ic i ,  b riè ve m e n t résum ée , la  c o n c lu s io n  d 'u n  obse rva teu r a m é r i-  
c a in [ l8 ] :« e n  c e tte  époque d 'é g a lita r is m e » , des in é g a lité s  auss i « m o ns true u 
ses» que c e lle s  que l 'o n  peut re leve r (pa r exe m p le  en ce qui concerne l ' i n 
d e m n is a tio n  d 'a c c id e n ts  du tra v a il ou de m a la d ie s  p ro fe s s io n n e lle s ) p a ra is 
sen t «anachron iques» .
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Abstract-Résumé

ACTION THRESHOLDS AND RADIATION PROTECTION.
The hypothesis on which the calculations of the public health specialist rest are set forth. The main 

one — the hypothesis that the added risk deriving from irradiation is proportional to the dose — is then 
disproved by a number of examples of threshold dose rate values obtained with animals even for such very 
radiosensitive processes as lymphopoiesis and spermatogenesis. There follow a number of other examples— 
for animals and for man — of dose thresholds in relation to somatic and genetic effects, and even to beneficial 
effects observed after the receipt of doses below the threshold value. Such thresholds are related to the 
phenomenon of active and possibly complete recovery, accompanied by a high degree of selection — 
especially genetic selection. Unfortunately, the proportionality hypothesis takes no account of this; it 
ignores the existence of dose and dose rate thresholds since it is applied to cumulative doses through 
extrapolation towards zero of the results obtained with high doses. It is therefore unrealistic. Efforts 
should be made to determine precisely what doses produce no observable effect or even produce beneficial 
effects. In that way one would put an end to a growing psychosis and to the wasting of money that could be 
used elsewhere.

SEUILS D’ACTION ET RADIOPROTECTION.
L' ensemble des hypothèses sur lesquelles s'appuient les calculs de Г hygiéniste sont énoncées. La 

principale, l ’hypothèse de proportionnalité entre risque ajouté par 1* irradiation et dose, est ensuite réfutée 
par quelques exemples de valeurs de seuils de débits de dose, obtenues chez Г animal, et cela pour les effets 
pourtant les plus radiosensibles, tels la lymphopo'ièse et la spermatogénèse; puis quelques autres exemples 
sont cités, chez 1’ animal et chez Г homme, de seuils de dose vis-à-vis d1 effets somatiques et génétiques, 
et même d'effets bénéfiques relevés pour des valeurs inférieures aux seuils. Ces seuils existent par suite 
d ’une restauration active, qui peut être totale, et à laquelle s’ ajoute une forte sélection, en particulier 
en génétique. Or l'hypothèse de proportionnalité ne tient aucun compte de ces faits. Elle méconnaît 
Г existence de seuils de débits de dose et de dose, puisqu1 on Г applique à des doses cumulées, en extrapolant 
vers zéro les résultats obtenus à fortes doses. Elle n1 est donc pas réaliste. Des efforts devraient être entrepris 
en vue de préciser la zone de doses sans effet observable, voire celle où les effets sont bénéfiques. Ainsi 
mettrait-on un terme à une psychose grandissante et à un gaspillage intempestif de deniers qui seraient si 
utiles ailleurs.

1. IN T R O D U C T IO N

G râ c e  a u x  p r é c a u t io n s  p r i s e s  d !e m b lé e ,  l ' i r r a d i a t i o n  d e s  p e r s o n n e s  
p a r  le s  u t i l i s a t e u r s  de l ’é n e rg ie  a to m iq u e  d a n s  l ’in d u s t r i e  a  to u jo u r s  é té  
t r è s  f a ib le  ; n é a n m o in s  le s  i n d u s t r i e l s  r e ç o iv e n t  d e s  d i r e c t i v e s  p o u r  
m e t t r e  en  o eu v re  d e s  m o y e n s  s u p p lé m e n ta i r e s  a f in  de la  d im in u e r  e n c o r e .  
C e tte  a c t io n  c o n tin u e ,d a n s  le  s e n s  d 'u n e  r i g u e u r  a c c r u e ,  r e p o s e  s.ur la  
r e c o m m a n d a t io n  de la  C .I .P .R .  ( c o m m is s io n  in te r n a t io n a le  de  p r o te c t io n  r a d i o 
lo g iq u e) de  m a in te n i r  to u te s  le s  d o s e s  a u x  v a le u r s  le s  p lu s  f a ib le s  a u x 
q u e lle s  Г о п  p e u t p a r v e n i r  s a n s  d i f f ic u l té ,  c o m p te  te n u  d e s  a s p e c t s  s o c ia u x  
e t  é c o n o m iq u e s .  C e tte  r e c o m m a n d a t io n ,  t r a d u i t e  r é c e m m e n t  en  f r a n ç a i s  
[ 1J , a  r e v ê t u  p lu s ie u r s  f o r m e s .1 D ès l ’a b o rd ,  e l le  p a r a î t  r a i s o n n a b le 
m e n t  p r u d e n te ,  c e p e n d a n t le s  te x t e s  où e l le  f ig u re  so n t é m a i l l é s  de p h r a s e s

1 A s low  a s  p r a c t ic a b l e  e t  a s  low  a s  r e a d i ly  a c h ie v a b le  [ 2 1 e t ,  p lu s  
r é c e m m e n t  : a s  low  a s  is  r e a s o n a b ly  a c h ie v a b le  Т з i .
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e t  cu m u la t i fs  ( e t  l 'o n  s a i t  que de te l s  effe ts  c o m p re n d ra ie n t ,  en p a r t i c u 
l i e r ,  des  c a n c e r s  et des  a n o m a l ie s  à la  n a i s s a n c e ) .  On c o m p re n d ,d è s  l o r s ,  
l ' e m p r e s s e m e n t  m is  p a r  l ' i n d u s t r i e l ,  im p r e s s io n n é ,  se sen tan t  in c o m p é 
te n t ,  pour  o b t e m p é r e r .  On co m p re n d  a u s s i ,  m a lg r é  le s  p ré c a u t io n s  p r i s e s ,  
la  répugnance  m a n ife s té e  p a r  le s  p e r s o n n e s  du public  qui v o ien t  a p p r o c h e r  
de l e u r  foyer  des  c o n s t r u c te u r s  de c e n t r a le s  n u c l é a i r e s .

Nous a l lons  e x a m in e r  que l les  son t le s  hy p o th è ses  qui ont s e r v i  de 
b a s e  au  r a i s o n n e m e n t  de l 'h y g ié n is te ,  souc ieux  de p r é v o i r  , r a i s o n n e m e n t  
r e p r i s  à  le u r  com pte ,  sa n s  e s p r i t  c r i t i q u e ,p a r  des  p e r s o n n a l i té s  tou t  a u s s i  
b ien  in ten t io n n ées  ; nous e s s a i e r o n s  d 'e n  m o n t r e r  le s  f a i l le s  e t  l ' i n e x a c t i 
tude ,  e t  nous s u g g é re ro n s  une m is e  au  po in t s u r  le p lan  in te rn a t io n a l .
E l le  s e r a i t  l i b é r a t r i c e .

2. LES HYPOTHESES

A p rè s  le s  a v o i r  én o n c é e s ,  nous v e r r o n s  l e u r  i n té r ê t ,  l e u r s  
j u s t i f i c a t io n s ,  l e u r s  in c o n v én ie n ts .

2 .1 .  E noncés  e t  c o m m e n ta i r e s

L es h y p o th è se s  r e l a t iv e s  à l ' i r r a d i a t i o n  co l lec t ive  décou len t  de 
c e l le s  qui c o n c e rn e n t  l ' i r r a d i a t i o n  ind iv iduelle .2 C om m ençons  donc 
p a r  én o n c e r  ces  d e r n i è r e s .

2 . 1 . 1 . I r r a d i a t io n  ind iv idue lle

Nous t rouvons  t r o i s  h y p o th è ses  ; la  t r o i s i è m e ,  la  p r in c ip a le ,  souvent 
la  s e u le  invoquée,  ne su f f i t  p a s ,  sau f  excep t ion .

P r e m i è r e  hypo thèse  : On a d m e t  que, m ê m e  en cas  d ' i r r a d i a t i o n  
p a r t i e l l e ,  l ' in d iv id u  c o u r t  le m ê m e  r i s q u e  que s i  la  dose  ava it ,  en chaque 
po in t de l 'o rg a n e  (ou de l 'o r g a n i s m e ) ,  m ê m e  v a l e u r  n u m é r iq u e  que la  
d o se  m o y enne .

A in s i  son t  é ludées  le s  d if f icu l tés  r e la t iv e s  à  la  d i s p e r s io n  g é o m é 
t r iq u e  de l ' i r r a d i a t i o n  à l ' i n t é r i e u r  de l 'o rg a n e  c o n s id é ré  (ou de l ' o r g a n i s 
m e  e n t i e r ) .

D euxièm e hypo thèse  : On a d m e t  que l ' ind iv idu  c o u r t  le m ê m e  r i s q u e ,  
p ou r  une dose  donnée ,  que l le  q u 'a i t  été sa  d is t r ib u t io n  dans le te m p s  ; 
en  d 'a u t r e s  t e r m e s ,  l ' e f f e t  p ro d u i t  s e r a i t  indépendan t du débit de dose  ; 
ou e n c o r e ,  le r i s q u e  in h é re n t  à l ' i r r a d i a t i o n  ne d é p e n d ra i t  que de la  dose 
m oyenne  cum ulé  e dans l 'o rg a n e  c o n s id é ré  ( ou dans l 'o rg a n i s m e  
e n t i e r ) .

A in s i  son t  é ludées  le s  d if f icu l tés  r e la t iv e s  à la  d i s p e r s io n  c h ro n o 
logique de l ' i r r a d i a t i o n .

T r o i s i è m e  hypo thèse  : On a d m e t  que le  r i s q u e  m oyen  a jou té  
p a r  une i r r a d i a t i o n  e s t  p ro p o r t io n n e l  à la  dose  m oyenne  cum ulée  dans 
l 'o r g a n e  c o n s id é ré  (ou dans l 'o r g a n i s m e  e n t i e r ) .

2 L es  défin i tions des  g ra n d e u r s  u t i l i s é e s  ic i  ne son t pas  r a p p e lé e s  
lo r s q u 'e l l e s  ont é té  p r é c i s é e s  dans  une a u t r e  co m m u n ic a t io n  p r é s e n té e  
à ce s  m ê m e s  jo u rn é e s  [ 4 ] .
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E n  vue d ’é v i t e r  de confondre  un r i s q u e  a in s i  défin i av e c  un r i s q u e  
e f fec tif ,  nous avons p ro p o s é  de lu i  ad jo in d re  l 'é p i th è te  de th éo r iq u e  : 
c ' e s t  le r i s q u e  m oyen  th é o r iq u e m e n t  a jou té  p a r  l ' i r r a d ia t io ’ñ ' ^ I e K T M .  T . — 
qui e s t  p r o p o r t io n n e l  à la  dose  m oyenne  cum ulée  [5 ] .

2 .1 .2»  I r r á d i a t io n  co l lec t ive

Les h y p o th è ses  p r é c é d e n te s  é tan t  a d m is e s ,  pour  p r é v o i r  le s  c o n s é 
quences  de l ' i r r a d i a t i o n  d 'une co l le c t iv i té ,  l 'h y g ié n is te  en a im ag iné  
t r o i s  a u t r e s  ; la  d e r n i è r e  n ' e s t ,  d ' a i l l e u r s ,  qu 'un  c o r o l l a i r e  de la  t r o i 
s iè m e  .

Q u a tr iè m e  hypo thèse  : On a d m e t  que l 'o n  peu t a s s i m i l e r  un groupe
co m p o sé  d 'un  c e r t a in  n o m b re  d ' in d iv id u a l i té s  d i s s e m b la b le s  à un m ê m e  
n o m b re  d ' in d iv id u a l i té s  f ic t iv e s  id e n t iq u e s  e n t r e  e l l e s .

Dans la  m e s u r e  où le g roupe e s t  r e p r é s e n t a t i f  d 'une  popula tion ,  pour  
ce t te  popula tion ,  c e t te  hy p o th èse  élude le s  d if f icu ltés  dues à la  v a r ia b i l i t é  
des  r é a c t io n s  in d iv id u e l le s .

C inqu ièm e hypo thèse  : On a d m e t  que le r i s q u e  m o y e n  a jou té  p a r  
l ' i r r a d i a t i o n  e s t ,  p o u r  le g ro u p e ,  indépendan t des  v a r ia t io n s  que la  dose  
m oyenne  cum u lée  p r é s e n te  e n t r e  in d iv id u s .

C e tte  hypo thèse  élude le s  d if f icu l tés  dues à  la  v a r ia b i l i t é  des  i r r a 
d ia t ions  in d iv id u e l le s .

S ix ièm e hypo thèse  : Le d o m m a g e  co l lec t i f  p rovoqué  p a r  l ' i r r a d i a 
t ion  d 'un  g roupe (ou d 'une  popula tion)  e s t  p ro p o r t io n n e l  à la  dose  c o l l e c 
t ive  (ou à la  d o se -p o p u la t io n ) .

E n  vue d 'é v i t e r  de confondre  un d o m m ag e  a in s i  défin i av e c  un 
do m m a g e  e ffec tif ,  nous avons p ro p o s é  de lu i a d jo in d re  l 'é p i th è te  de 
th é o r iq u e  : c ' e s t  le d o m m a g e  co l le c t i f  th é o r iq u e m e n t  a jou té  p a r  l ' i r r a -  
ï ï î â t î o î ï ^ l e  D.  C. T . — qui e s t  p r o p o r t io n n e l  à la  dose  co l lec t ive  (ou à la  
d o se- p o p ulatio n ) [ 5 ].

2 . 2 .  L e u r  i n t é r ê t  : p r é v o i r

C 'e s t  la  p r e m i è r e  fo is  que l 'h y g iè n is te  a voulu  p r é v o i r  le s  d o m m a 
ges s u s c e p t ib le s  d ' ê t r e  c a u sé s  p a r  l ' i r r a d i a t i o n  des p e r s o n n e s  p a r  le s  
ap p l ica t io n s  i n d u s t r i e l l e s  de s o u r c e s  de ra y o n n e m e n ts  io n is a n ts .  Voyons 
donc pourquo i,  e t  c o m m e n t .

2 .2 .1  - P r é v o i r  p ou r  p r é v e n i r

E n  m a t i è r e  d 'hyg iène  i n d u s t r i e l l e ,  l ' e m p lo y e u r  e s t  r e sp o n sa b le  
des  conditions de t r a v a i l .  Sa r e s p o n s a b i l i t é  e s t  p r é c i s é e ,  du m o ins  en  
F r a n c e ,  p a r  le s  ta b lea u x  r e la t i f s  aux  m a la d i e s  p r o f e s s io n n e l l e s .  Les  
r i s q u e s  n 'y  son t m e n tio n n é s  que lo r s q u ' i l s  se  son t t r a d u i t s  p a r  des 
d o m m a g es  e ffec tif s  s u r  un n o m b re  jugé su f f isan t  de t r a v a i l l e u r s .  L 'un  
de ces  tab leaux  a é té  é tab li  a in s i  p ou r  le s  r a y o n n e m e n ts  io n is a n ts .

E n  effe t,  s i  le s  m é d e c in s  ont su  t i r e r  p ro f i t  des  ray o n s  X et des 
ray o n s  du r a d iu m  a u s s i t ô t  a p r è s  l e u r s  d é c o u v e r te s ,  ces  ra y o n s ,
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d 'a b o r d  m y s t é r ieu x ,  b ien tô t  m erve i l leux_ (bénéf iques  pour c e r ta in s  
m a la d e s ) ,  ne t a r d è r e n t  pas  à s ' a v é r e r  p u i s s a m m e n t  dé l é tè re s  ( s u r  des 
m a la d e s  e x c e s s iv e m e n t  i r r a d i é s ; e t  s u r  des  m é d e c in s  ,“a'ccicielïtellement) 
e t  à donner  l ie u  à des  p r o c é d u r e s  de con ten t ieux  L6 1.

M ais le s  m é d e c in s  ont m is  lo n g te m p s  pou r  s 'a p e r c e v o i r ,  à le u r  
d ép e n s ,  que ces  ray o n s  é ta ie n t ,  en  o u tr e ,  t r è s  in s id ie u s e m e n t  d é l é t è r e s .  
A u s s i ,  en r a i s o n  de la  g ra v i té  de c e r t a in s  e f fe ts ,  e t  de l e u r  la ten c e  
p ro lo n g ée ,  l 'h y g ié n is te  a innové : d 'a b o r d ,  sa n s  m ê m e  a t te n d re  la  leçon  
de l 'e x p é r i e n c e ,  i l  a r é d u i t  p r o g r e s s iv e m e n t  le s  doses  m a x im a le s  a d m i s 
s ib le s  (D .M .A ) ,  et  é tendu  s e s  r e c o m m a n d a t io n s  ju sq u 'à  la  popula tion  
to u t  e n t iè re  ; en s u i te ,  i l  a  voulu  p r é v o i r  que l les  s e r a i e n t  les  c o n s é 
q u e n c e s ,  à éc h é a n c e  lo in ta in e ,  de l ' i r r a d i a t i o n  de g roupes  de p e r s o n n e s  
j u sq u 'a u x  l im i te s  r e c o m m a n d é e s ,  pou r  ce la ,  i l  a c a lc u lé ,  pour  chaque 
g ro u p e ,  le D . C . T .  c o r r e s p o n d a n t  aux a f fec tions  le s  p lus  r e d o u té e s ,  
so m a t iq u e s  e t  g én é t iq u e s .

2 . 2 . 2 .  Modèle m a th é m a t iq u e

P o u r  f a i r e  s e s  c a lc u ls ,  g r â c e  à s e s  h y p o th è se s ,  i l  a t r a d u i t  chaque 
s i tu a t io n  en un m o d è le  m a th é m a t iq u e  [ 4 ].

A l 'u s a g e ,  ces  h y p o th è se s ,  qui ont l e u r s  d é f e n s e u r s ,  p r é s e n te n t  
des  inc o n v én ie n ts .

2 . 3 .  L e u r s  . justif ications
C e r ta in s  ont c h e rc h é  à le s  j u s t i f i e r .  V an ité .

2 .3 .1 .  J u s t i f ic a t io n  th é o r iq u e  :

Selon BLAIR[ 7 ,8  ,]la r e s t a u r a t i o n  des dom m a g es  ra d io - in d u i t s  ne 
s e r a i t  j a m a is  to ta le .  II s 'a p p u ie  s u r  la  th é o r ie  de la  cible e t  en t i r e  le s  
a s s e r t i o n s  su iv an te s  :

- i l  ex is te  to u jo u rs  une f r a c t io n  r é v e r s i b l e  e t  une a u t r e  i r r é v e r s i b l e  
d 'un  dom m age ra d io - in d u i t  ;
- la  p a r t  r é v e r s i b l e  du dom m age  d im inue  e x p o n e n tie l le m en t  avec  la  do se .  
Nous c r i t iq u e r o n s  ces  v ues  (§§ 2 . 3 . 3 ,  3 .4 ) .

2 . 3 . 2 .  Ju s t i f ic a t io n s  c l in iques  ou e x p é r im e n ta le s

Des o b se rv a t io n s  ont m o n t r é  que le r i sq u e  de c a n c e r  (en p a r t i c u 
l i e r ,  de le u cé m ie ) ,  c r o î t  avec  la  d o se .  On peut a d m e t t r e  une c r o i s s a n c e  
l in é a i r e ,  m a is  s e u le m e n t  pou r  de f o r t e s  d o se s  ( de 250 à 2500 r a d s  à  la  
m o e l le  o s se u se  pour les  le u c é m ie s  des r h u m a t i s a n t s  b r i ta n n iq u e s  [ 9 l ,  
de 100 à plus de 400 r a d s  pour  le s  le u c é m ie s  de N ag a sak i ,  de 10 à p lus  de 
400 r a d s  pour ce l le s  d 'H i ro s h im a ,  où ont c o e x is té  des  rayons  g a m m a  e t  
des  n e u t ro n s [  10 I ). P a r  a i l l e u r s ,  STEW AR T, su iv ie  de McMAHON, a 
i n s i s t é  s u r  l 'a u g m e n ta t io n  des c a n c e r s  d u ra n t  les  dix p r e m i è r e s  années  
de vie des  en fan ts  i r r a d i é s  in  u te ro  [ 11-14 I .H E M P ELM A N N , e t  a u s s i  
d 'a u t r e s  a u t e u r s ,  ont a c c u s é  l ' i r r a d i a t i o n  de jeunes  enfants  s u r  le thym us 
de d é t e r m in e r  des  tu m e u r s  de la  thyroi 'de, e t  des  le u c é m ie s  [ 15-18 ] . 
C itons a u s s i  une enquête  a m é r ic a in e  s u r  la  longévité  des  r a d io lo g is te s ,  
e l le  ^condu it  à d én oncer  l ' i r r a d i a t i o n  ch ron ique  com m e devant r a c c o u r c i r  
la  longévité  [ 19-21 ] .  Enfin ,  en  géné t ique ,  le s  p r e m i e r s  r é s u l t a t s  p r o v e 
n an t  de l 'o b s e r v a t io n  c l in ique[  22-24  ] s e m b la ie n t  r é v é l e r  l ' in f luence  de 
l ' i r r a d i a t i o n  p a re n ta le  s u r  le ta u x  de m a s c u l in i té  des  en fan ts .  L 'e x p é r i 
m e n ta t io n  s u r  des  s o u r i s ,  m â le s  e t  f e m e l le s i  2 5 ,2 6 ]  , a m o n t ré  l ' a u g 
m e n ta t io n  du taux de m u ta t io n s  en  fonction  de la  do se .
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2 . 3 . 3 .  C a re n c e  des ju s t i f ic a t io n s

La th é o r ie  de la  c ib le  confond m a t i è r e  in e r t e  e t  m a t i è r e  v ivan te  ; 
c e t te  d e r n i è r e ,  à toute a g r e s s io n , r é p o n d  p a r  une r é a c t i o n , r é p a r a t r i c e -, 
b én é f iq u e .

Les  o b s e rv a t io n s  c l in iques  p r é c é d e n te s  n 'o n t  j a m a is  é té  c o n f i r 
m é e s  p a r  la  c o m p a r a i s o n  de g ro u p e s  r e p r é s e n ta t i f s  d 'une  m ê m e  po p u 
la t ion  127-30 J. Les  co n c lus ions  g én é t iq u e s ,  un peu h â t iv e s ,  s u r  la  
v a r ia t io n  r a d io - in d u i te  du taux  de m a s c u l in i té  ont é té  r e n ié e s  p a r  le s  
plus n o to i r e s  de l e u r s  a u t e u r s  [ 31 ] .

De toute façon ,  le s  o b s e rv a t io n s  qui c o n s t i tu e n t  le fo n d em en t  de 
l 'h y p o th è se  de p ro p o r t io n n a l i té  c o n c e rn e n t  des  i r r a d i a t i o n s  à fo r te s  
d o se s  et à f o r t s  déb i ts  de d o se .  O r la  v a le u r  de ce déb i t  de dose a été 
t ro u v é e  d é te r m in a n te  s u r  l ' im p o r ta n c e  de l 'e f f e t !  3 2 -3 7 ]  e t  nous v e r r o n s ,  
au  c h a p i t r e  su iv a n t ,  que des  s e u i l s  e x i s te n t .

2 . 4 .  L e u r s  inconvén ien ts
E l le s  in q u iè te n t  ; e l le s  coû ten t  c h e r ,  in u t i le m e n t .

2 . 4 .1 .  Im p ac t  psycho log ique
L 'h y p o th èse  s e lo n  laque l le  tou te  i r r a d i a t i o n ,  a u s s i  fa ib le  s o i t - e l l e ,  

se so lde  p a r  un d o m m a g e ,  ne l a i s s e  pas  d ' in q u ié te r .  M êm e le m i l l i r e m  
peut ,  p a r  le  ca lc u l ,  condu ire  à un D . C . T .  non n ég l ig e a b le ,  s ' i l  e s t  
app l iqué à une v a s te  popu la tion .  Le public  n 'a d m e t  pas  un t e l  r i s q u e ,  
d 'a u ta n t  m o in s  q u ' i l  lu i e s t  im p o s é .

2 . 4 . 2 .  Inc idence  économ ique

L es  d isp o s i t io n s  à p r e n d r e  p o u r  é p a r g n e r  un h o m m e r e m  à l ' e n v i 
r o n n e m e n t  son t  d 'a u ta n t  p lus co û te u se s  que le n o m b re  en a déjà  é té  p lus  
r é d u i t .

2 . 4 . 3 .  Inc idence  s u r  la  s a n té  publique

L es so m m e s  d é p e n sé e s  a in s i  pou r  p r é s e r v e r  --- th é o r iq u e m e n t  -----
la  s a n té  publique ,  font c r u e l l e m e n t  dé fau t  dans c e r t a in s  s e c t e u r s .

3 . MISE EN DEFAUT DES HYPOTHESES

E x am in o n s  quelques  fa i t s  qui,  t i r é s  de l 'e x p é r im e n ta t io n  a n im a le ,  
e t  a u s s i  de l 'o b s e r v a t io n  de g ro u p es  h u m a in s ,  c o n t r e d is e n t  les  hy p o th è ses  
de l 'h y g ié n i s t e . En  effe t ,  des  s e u i l s  de déb i t  de dose  peuvent ê t r e  av a n c é s  
e t ,  lo r s q u e  c e u x - c i  son t  f r a n c h i s ,  nous v e r r o n s  q u ' i l  fau t  e n c o re  a t t e i n 
d r e  un se u i l  de dose  pour  o b te n ir  un ef fe t  d é l é tè re  ; de p lu s ,  des  effe ts  
b éné f iques  son t o b s e rv a b le s  en deçà  de ce s  s e u i l s .

3 .1 . E x is te n c e  de s e u i ls  de d éb i t  de dose

L 'é tu d e  sy s té m a t iq u e  de toute une gam m e de v a l e u r s  de déb i t  de 
dose  p a r  i r r a d i a t i o n  continue de l 'a n i m a l  conduit à t r o u v e r  des  s e u i l s ,  
m ê m e  p ou r  le s  effe ts  r é p u té s  ê t r e  le s  in d ic a te u r s  le s  p lus  p r é c o c e s  e t  
le s  p lus  s e n s ib le s  d 'une i r r a d i a t i o n  : s p e r m a to g é n è s e , ovogénèse ,  
hém atopo l 'è se  , e m b ry o g e n è s e ,  m i t o s e s  in te s t in a le s ,  longévité ,e t génétique .
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3 .1 .1 .  S p e rm a to g é n è s e

Chez le ch ien ,  e s p è c e  p a r t i c u l i è r e m e n t  r a d io s e n s ib l e , i r r a d i é  10 
m in u te s  p a r  jo u r ,  5 jo u r s  p a r  s e m a in e ,  la  v ie d u ran t ,  CASARETT 
a t ro u v é  un s e u i l  de déb i t  de dose  v e r s  0, 6 r e m / j ,  à p a r t i r  duquel une 
d im inu tion  ne t te  et p r o g r e s s iv e  de la  sp e rm a to g é n è s e  a p p a ra î t  [ 38 1 .
La s t é r i l i t é  com plè te  n é c e s s i t e  3 r e m / j ,  e t  le cum ul de 475 r e m s .  P o u r  
le s  s o u r i s  e t  le s  r a t s  m â le s  une v a le u r  de se u i l  v e r s  3 r e m  / j  peu t  ê t r e  
a v a n c é e ,  pu isque ,  r e s p e c t iv e m e n t ,  des  d éb i ts  de dose  de 2 r e m / j , e t  de 
2, 6 r e m / j ,  toute la  vie et s u r  p lus de dix gén é ra t io n s ,  ne r é u s s i s s e n t  
pas  à a f f e c te r  l e u r  f e r t i l i t é  [3 9 .4 0  ]; avec  3 r e m / j ,  d 'a p r è s  CASARETT, 
on p r o v o q u e r a i t  une inh ib i t ion  de la  s p e rm a to g é n è s e ,  la q u e l le ,  en sep t  
s e m a in e s  ,a t te in t  un p a l i e r  à 50 % de la  n o rm a le  [38 ].

3 .1 .2 .  Ovogénèse s

LOREN TZ e t  co l l .  [41 ]on t  dû i r r a d i e r  des  s o u r i s  f e m e l le s  18 h / j ,
6 j / s e m a i n e ,  à 8, 8 r e m / j ,  pou r  le s  r e n d r e  s t é r i l e s .  Quant à BROWN, 
é tud ian t  le s  r a t e s  [39 ]., i l  n ' a  d é c e lé  un effe t de s t é r i l i t é  qu 'à  p a r t i r  de
10 r e m / j .  A in s i ,  en i r r a d i a t i o n  co n t in u e l lem en t  r é p é té e ,  l 'o v o g én è se  
s e r a i t - e l l e  p lus r a d io r é s i s t a n t e  que la  s p e rm a to g é n è s e .

3 . 1 .3 .  Hématopoi'èse.

Un effe t  d é p r e s s i f  s u r  l ’hém atopo l 'è se  a p p a r a î t  à p a r t i r  de déb i ts  
de dose  v a r ia b le s  se lo n  l ' e s p è c e  an im a le  e t  se lo n  la  lignée c e l lu l a i r e .  
CASARETT [38  ]a  r éu n i  l ' e n s e m b le  des o b s e rv a t io n s ,  dont l ' e s s e n t i e l  
e s t  r e p r o d u i t  au  ta b le a u  I. Les  v a l e u r s  les  plus fa ib les  de se u i ls  de déb i t  
de dose  s 'o b s e r v e n t  pour  le cobaye, e sp èc e  t r è s  r a d io s e n s ib le  ; pour 
tous  le s  c a s ,  c ' e s t  la  lymphopoi 'èse qui a c c u s e  le  m a x im u m  de s e n s i b i l i 
té .

Notons que, chez le r a t ,  LAM ERTON e t  co l l . [ 42] ne t ro u v e n t  a u 
cun t ro u b le  pathologique co n séc u t i f  à une expos i t ion  jo u r n a l i è r e  à 16 r e m s ,  
e t  c e la  ju sq u 'à  330 jo u r s  (dose cum ulée  : 5000 r e m s )  ; à 50 r e m / j  , la  
d é p r e s s io n  des  é r y th r o c y te s  se l im i te  à quelques  s e m a in e s ,  puis e s t  s u i 
vie d 'un  r e to u r  à la  n o r m a le  qui se m a in t ie n t  d u ra n t  l 'o b s e r v a t io n  (p lu 
s i e u r s  m o is )  [43, 44 ] .

TABLEAU I. SEUILS DE DEBITS DE DOSE POUR QUELQUES 
E SP E C E S  ANIMALES

E spèce S eu il  de déb i t  de dose  ( r e m / j  , m e s u r e  dans  l ' a i r )

a n im a le L ym phocy tes N e u tro  phi le s P la q u e t te s E r y th r o c y te s

Cobaye 0,11 2 ,2 2 ,2 2 ,2
C hien 0, 5 3 , 0 3 ,0 6, 0
S o u ris 2, 2 4 , 4 8 ,8 8 ,8
R a t >  1,0 10, 0 10 , 0 10 , 0
L apin 2 ,2 >  10, 0 10, 0 >  10 , 0



IA E A -SM -184/21 43

3 . 1 .4 .  E m b ry o g e n è s e
Aucune an o m al ie  n 'a  pu ê t r e  c o n s ta té e ,n i  s u r  la  ta i l l e  des p o r té e s ,  

ni s u r  le n o m b re  des  n o u v ea u -n és  v ivan tS ;chez  des r a t s ,  ex posés  d u ra n t  
tou te  le u r  v ie in t r a u t e r in e ,  à des  d éb i ts  de dose  jo u r n a l i e r s  a l la n t  de 2 
à 10 r e m s .  Une lé g è r e  d im inu tion  de poids des p e t i ts  a  été t ro u v é e  s e u l e 
m e n t  à p a r t i r  de 20 r e m / j  , qui c o n s t i tu e ra i t  donc une v a l e u r  de s e u i l  
pour  ce t te  e s p è c e  a n im a le l  39 l.

3 .1 .5 .  M ito ses  dans le s  c r y p te s  in te s t in a le s

L ' i r r a d i a t i o n  continue de r a t s  à r a i s o n  de 16 r e m / j  , e t  m ê m e  de
50 r e m / j  ,conduit à o b s e r v e r  un é ta t  s ta t io n n a ir e  non pathologique [ 43 ] . 
B ien  p lu s ,  un déb i t  de dose  de 84 r e m / j  d é te rm in e  une r e s t a u r a t io n  
t e l le m e n t  r a p id e  que le s  r a t s  d e m e u r e n t  en  bonne san té[  45 ] ; e t  m ê m e  
•à 350 r e m / j  , déb i t  de dose in com pat ib le  avec  une s u rv ie  p ro longée  du 
r a t ,  i l  a p p a r a î t  au  n iv e au  des  c ry p te s  un e f fac em e n t  r a p id e  des lé s io n s  
[ 4 6 ] .  En  effe t ,  on a s s i s t e  à une a c c é lé ra t io n  des m i to s e s  , • d 'a u ta n t  
p lus  ne t te  que la  dose  e s t  p lus é l e v é e ,e t  a u s s i  à  une ex ten s io n  de la  zone 
p r o l i f é r a n te  de c e l l u l e s - s o u c h e s .

3 . 1 .6 .  L ongévité

Aucun a b a i s s e m e n t  de longév ité  n 'a  pu ê t r e  o b s e rv é  chez le chien, 
aux  déb i ts  de dose  i n f é r i e u r s  à 0, 6 r e m / j  , chez la  s o u r i s  à m o in s  de
1 r e m / j  , e t  chez  le r a t  à m o in s  de 4 r e m / j  [ 3 8 ,4 1 , 4 7 ,4 8 ]  . En  d e s so u s  
de ces  v a l e u r s ,  on n o te ,  au  c o n t r a i r e ,  une é lév a t io n  de la  d u ré e  de la 
v ie .

3 . 1 .7 .  Génétique

R U SSELL a m o n t r é  qu 'à  9 m r e m / m i n  400 r e m s  ne p ro d u ise n t  
aucun  effe t  d é l é tè r e  s u r  la  d esc e n d a n c e  : la r e s t a u r a t io n  de l 'o v a i r e  
e s t  to ta le  p ou r  ce d éb i t  de dose  [49] .

Quant au  te s t ic u le  de la  s o u r i s ,  aucun  se u i l  n 'a  pu ê t r e  t ro u v é  
p a r  le m ê m e  a u te u r ,  qui e s t  d e s c e n d u  ju sq u 'à  1 m r e m / m i n  pour  ob te n ir  
une dose  de 600 r e m s  ( l ' i r r a d i a t i o n a  d u ré  p lus d 'un  an) [50 ] .

3 . 2 .  E x is te n c e  de s e u i l s  de dose

De m ê m e  que des  s e u i l s  de déb i t  de dose  peuven t ê t r e  m i s  en é v i 
dence en i r r a d i a t i o n  cont inue,  des  s e u i ls  de dose  e x i s te n t ,  en  i r r a d i a t i o n  
unique ou f ra c t io n n é e .

3 . 2 .1 .  S p e rm a to g é n è s e

II fau t ,  p a r  une i r r a d i a t i o n  un ique ,  p lu s  de 2000 r e m s ,  à 70 r e m /  
m in ,  pou r  s t é r i l i s e r  d é f in i t iv e m e n t  le chien (en fa i t ,  90 % du groupe 
é tudié)  [ 38] . Chez l 'h o m m e ,  des cas  d ' i r r a d i é s  a c c id e n te l s ,  te l  ce lu i 
de Los A lam o s  (21 m a i  1946) ou  le s  p ê c h e u r s  ja p o n a is  dans le s  eaux  du 
P a c i f iq u e ,  p r è s  de B ik in i  (20 m a r s  1954),ont m a n i f e s té  une a z o o s p e rm ie  
se p ro lo n g ea n t  de deux  à  q u a t re  a n s ,  s e lo n  l e s  c a s .  L 'a c c id e n té  de 
Los A lam o s  av a i t  r e ç u  400 r e m s , i l  eut deux nouveaux  en fa n ts ,  le p r e m i e r  
cinq ans  a p r è s  l 'a c c id e n t  [51 ] ; quant aux  m a r i n s  ja p o n a is ,  le s  doses  
ont v a r i é  de 250 à 550 r e m s  ¡ jeunes ,  p ou r  la  p lu p a r t ,  i l s  av a ie n t  17 enfan ts  
a v a n t  l ' i r r a d i a t i o n ,  i l s  en  ont eu  45 de p lus dans le s  d ix  ans qui su iv i re n t ,  
tous n o r m a u x !  52 ] .
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Des h o m m e s  r e la t iv e m e n t  je u n e s ,  (âgés  d 'une t r e n ta in e  d 'a n n é e s  en 
m o y e n n e )ap rès  o rc h ie c to m ie  pour  s é m in o m e ,  ont r e ç u  p a r  r a d io th é ra p ie  
lo c a le ,  à la  peau ,  se lon  le s  ca s  de 2500 à 4500 r e m s  (so i t  en v iro n  le 
d ix ièm e aux te s t i c u le s )  f ra c t io n n é s  en p lu s i e u r s  s é a n c e s ,  s u r  20 à 30 
j o u r s .  Tous ont, a p r è s  une p é r io d e  de s t é r i l i t é  p ro longée  de 2 à 4 an s ,  
r e t r o u v é  une sp e rm a to g é n è s e  n o r m a le  ; i ls  ont pu av o ir  de nouveaux 
en fa n ts ,  n o rm a u x  153] . A in s i  la  s t é r i l i s a t i o n  défin itive  de l 'h o m m e  ne 
p e u t - e l l e  pas  ê t r e  fa c i le m e n t  p rovoquée  p a r  l ' i r r a d i a t i o n .

Notons d 'a i l l e u r s  que la  gonade m â le  r e s t a u r e  beaucoup  m ie u x  que 
la  gonade f e m e l le ,  a p r è s  une i r r a d i a t i o n  u n iq u e , ou f r a c t i o n n é e , a l o r s  
que l ' i n v e r s e  e s t  co n s ta té  a p r è s  une i r r a d i a t i o n  continue (§ 3.12 ).

3 . 2 . 2 .  Ovogénèse

L es  d o se s  s u s c e p t ib le s  de s t é r i l i s e r  le s  fe m e l le s  d i f fè re n t  
beaucoup  d 'une  e s p è c e  an im a le  à l ' a u t r e  [ 54 ] . Chez la  f e m m e ,  les  
d o se s  dans l 'o v a i r e  v a r ie n t  de 450 r e m s  en 1 s é a n c e ,  v e r s  la  q u a ra n ta in e ,  
à 1500 r e m s  en 4 s é a n c e s  quotid iennes,  l o r s q u 'e l l e  e s t  jeune L 55 ] .

3 . 2 . 3 .  C a ta ra c te

L 'in d u c t io n  d 'o p a c i té s  c r i s t a l l i n i e n n e s , puis  de c a ta r a c te ,  exige 
des  d o se s  (en ray o n s  g a m m a )  s u p é r i e u r e s , r e s p e c t iv e m e n t ,à  200 et 
1000 r e m s ,  en i r r a d i a t i o n  unique [5 6 ]  . Si l ' i r r a d i a t i o n  e s t  f ra c t io n n é e ,  
é ta lé e  s u r  des  s e m a in e s ,  v o i r e  des  m o is ,  le s  d o ses  r e q u is e s  son t  t r o i s  
ou q u a t re  fo is  p lus é levée  s [ 57 ] .

3 . 2 . 4 .  C a n c e rs  cu tanés

R O W ELL et M AISInI 58, 59 1 n 'o n t  pas  o b s e rv é  de c a n c e r ,  a p r è s  
r a d io th é r a p ie ,  s u r  des  peaux  e x p o s é e s  à m o in s  de 1500 r e m s .  L es  d o ses  
c a n c é ro g è n e s  ,pour le s  p r a t i c i e n s  n ég l ig en ts  qui ont in t ro d u i t  l e u r s  
m a in s  dans le f a is c e a u  de r a y c n s X ,s e r a i e n t  de l ' o r d r e  de 3000 r e m s  159> .

3 . 2 . 5 .  T u m e u rs  o s s e u s e s

T ou tes  le s  e x p é r im e n ta t io n s  a n im a le s  ( s u r  le ch ien  ou le  r a t )  e t  
to u te s  le s  o b se rv a t io n s  h u m a in e s ,  c o n c e rn a n t  des  co n tam ina t ions  p a r  
le r a d iu m -226 ou le s t ro n t iu m -9 0 ,  p e r m e t t e n t  de dé f in i r  un s e u i l  de dose  
c a n c é ro g è n e  dans le s q u e le t te .  P o u r  le s t ro n t iu m -9 0  les  c h a r g e s  ino f fen 
s iv e s  son t  de 0 ,8 p .C i /g  de po ids  de la  s o u r i s ,  0 ,4  p .C i/g  de r a t  e t
0,15ц C i /g  de ch ien[  60 ] .  L 'h o m m e  con tam in é  p a r  du rad ium -226  doit 
c u m u le r  p lus de 1000 r a d s  dans le sq u e le t te  pou r  v o ir  a p p a r a î t r e  un 
c a n c e r  [ 61, 62 ].

3 . 2 . 6 .  Longévité

Chez l 'a n i m a l ,  la  m is e  en  év idence  d 'un  a b a i s s e m e n t  de longévité  
sous  l 'e f f e t  d 'une i r r a d i a t i o n  i n f é r i e u r e  à  100 r e m s  e s t  r a r e  e t  d if f ic i le .

C itons tou te fo is  UPTON, s u r  la  s o u r i s  f e m e l l e ,qui a  r é u s s i  à o b s e r 
v e r  ce t  e f fe t  p a r  l ' a d m in i s t r a t i o n  de 3 0 r e m s  en une fo is [  63 ] . P a r  con tre ,  
a p r è s  a v o i r  i r r a d i é  le r a t ,  HURSH e t  co l l .  [ 64 ] , p a r  20 s é a n c e s  q u o ti
d iennes  de 30 r e m s  .n 'on t pas  p rovoqué  de d éc a lag e  e n t r e  le s  co u rb e s  de 
s u r v ie  des  i r r a d i é s  et des  té m o in s .  La p o p u la t i o n s  H i r o s h im a  et à 
N ag a sak i ,  su iv ie  p lus de v ing t a n s ,  n ' a  m a n i f e s té ,  pour  le g roupe  exposé
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à m o in s  de 100 r a d s ,  aucune  é lév a t io n  du r i s q u e  de m o r t a l i t é  p a r  r a p p o r t  
à ce lu i  que f a i s a ie n t  p r é v o i r  le s  s ta t i s t iq u e s  n a t io n a le s  ja p o n a is e s  de 
l 'époque  c o n s id é r é e  [ 65 ] .

3 . 2 . 7 .  Génétique

Une dose  de 275 r e m s  a d m in i s t r é e  en 1 s é a n c e ,  avec  75 r e m / m i n ,  
augm en te  le r i s q u e  de m u ta t io n  l é ta l e ,  pour  le s  c a r a c t è r e s  d om inan ts  et 
le s  c a r a c t è r e s  r é c e s s i f s .  P à r  c o n t r e ,  la  m ê m e  dose  . frac t io n n é e  en 55 
s é a n c e s  q u o t id ie n n e s ,n 'a u g m e n te  p a s  ce r i s q u e  [ 76 ] .  A in s i ,  c o n t r a i r e -  

'm e n t  à la  co n c lu s io n  de RUSSELL, un se u i l  de dose e x i s t e r a i t ,  m ê m e  
ch e z  le m â l e . SHERIDAN a m ê m e  obtenu, en f ra c t io n n a n t  le s  275 r e m s ,  
un r i s q u e  de m u ta t io n  lé ta le  r é c e s s i v e  i n f é r i e u r  à ce lu i  des  tém o in s  ; 
donc, un effe t b én é f iq u e .

3 . 3 .  E x is te n c e  d 'e f fe t s  b éné f iques

Si des  s e u i l s  peuven t ê t r e  dé f in is  p ou r  la  p lu p a r t  des  effe ts  d é l é 
t è r e s  r a d io - i n d u i t s , en deçà  d e s  s e u i l s d e  d éb i t  de dose  ou de do se ,  i l  
e x i s te  des  e f fe ts  b én é f iq u es .  E n  v o ic i  d 'a u t r e s  e x e m p le s .

3 . 3 .1 .  L ongévité

L es  s o u r i s  e t  le s  r a t s  m â le s  ont m a n i fe s té  une longév ité  s u p é 
r i e u r e  à la  m o yenne ,  à la  su i te  d 'une  i r r a d i a t i o n  e x te rn e  c o n t in u e ,r e s - 
p e c t iv e m e n t  à 0, 11 r e m / j  e t  2, 6 r e m / j  [ 47, 48 ] . U PTO N  a  t ro u v é  un 
r é s u l t a t  s i m i l a i r e  s u r  des  s o u r i s  f e m e l le s  i r r a d i é e s  à r a i s o n  de 1 r e m / j  
[ 63 ] .  Selon le s  co nc lu s ions  de ce t  a u t e u r ,  la  qual i té  de l ' e f f e t  qui, de 
d é l é tè r e  dev ien t  béné f ique ,  s ' i n v e r s e  pour  la  s o u r i s  e n t r e  30 e t  15 r e m s ,  
en i r r a d i a t i o n  a ig u ë .

L es  e x p é r im e n ta t io n s  de c o n tam in a t io n  in te rn e  s u r  s o u r i s  ont 
conduit à des  o b s e rv a t io n s  an a lo g u e s .  C 'e s t  a in s i  q u 'a p r è s  a v o i r  a b r e u 
vé des  s o u r i s ,  l e u r  vie d u ra n t ,  e t  c e la  s u r  dix g é n é r a t io n s ,  à  l 'a id e  
d 'e a u  r e n f e r m a n t  du césium -137 ( 4 n C i /cm 3 ) et  du s t ro n t iu m -9 0  
( I n C i / c m 3 ), NISCHIO e t  c o l l .t 66 ] c o n s ta tè r e n t  une é lév a t io n  s t a t i s t i q u e 
m e n t  s ig n if ic a t iv e  ( P < 0 ,  01), de la  longév ité  m oyenne  des  g é n é ra t io n s  
s u c c e s s iv e s  (442 j chez  le s  i r r a d i é e s  con tre  346 j chez le s  té m o in s ) .
De p lu s ,  p a r  in je c t io n  i n t r a - v e i n e u s e , F IN K E L  [67] a a u s s i  obtenu, s u r  
des  s o u r i s  f e m e l le s ,  une é lév a t io n  v a r ia b le  avec  la  dose  ( ra m e n é e ,  
co m m e en  th é ra p e u t iq u e ,  à l 'u n i té  de poids c o r p o r e l )  e t  avec  le  r a d io -  
n u c lé id e .  P a r  e x e m p le ,  pour  le p lus re d o u té ,  le p lu tonium -239, des 
d o se s  de 0, 08 e t  de 0 ,4  ( iC i /k g  ont p rovoqué  des  é lév a t io n s  r e s p e c t iv e s  
de 14 e t  de 10 % (la  p r e m i è r e  e s t  s ta t i s t iq u e m e n t  s ig n if ic a t iv e ) .

3 . 3 . 2 .  L e u c é m ie s

E n  i r r a d i a n t  une seu le  fois  à  l 'a id e  de n e u t ro n s  des  s o u r i s  m â le s  
e t  f e m e l le s ,  MEWISSEN a t ro u v é  une d im inu tion  de la  f ré q u e n c e  de 
ly m p h o m es  th y m iq u e s ,  pour  des  d o se s  r e s p e c t i v e m e n t  de 5 r a d s  chez 
le s  m â le s  et de 7 r a d s  chez le s  f e m e l le s  [68 ]. L es  d i f fé re n c e s  avec  le s  
té m o in s  non i r r a d i é s  ne son t  tou te fo is  pas  s ta t i s t iq u e m e n t  s ig n i f ic a t iv e s .

L 'a n a ly s e  des  le u c é m ie s ,  d é c l a r é e s  en v ing t ans chez le s  20 000 
s u rv iv a n t s  de N ag a sak i ,  a p p o r te  a u s s i  des é lé m e n ts  nouveaux  [ 69 ]. 
MAYS e t  MARSHALL ont,  fau te  de m ieux ,  p ro p o sé  le g roupe  le plus 
f a ib le m e n t  i r r a d i é  co m m e té m o in  ; la  v a le u r  du r i s q u e  o b s e rv é ,  pour  
ce g ro u p e ,  e s t  de 50 p a r  m i l l io n  de p e r s o n n e s - a n s , On t ro u v e ,  pou r  le s
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g ro u p e s  su iv a n ts ,  aux i r r a d i a t i o n s  a l lan t ,  r e s p e c t iv e m e n t ,  de 10 à 50, 
e t  de 50 à 100 r e m s ,  des  r i s q u e s  o b s e rv é s  de 30 et de 0 p a r  m i l l io n  de 
p e r s o n n e s - a n s . T ou te fo is ,  le s  e f fec t i f s  sont fa ib les  e t  le s  v a r ia t io n s  
o b s e rv é e s  non s ig n i f ic a t iv es  s t a t i s t iq u e m e n t .

3 . 3 . 3  Im m un ité
BURCH a su g g é ré  que l 'a l lo n g e m e n t  de la  longévité  m oyenne 

o b s e rv é  s u r  s o u r i s  e t  r a t s  s e r a i t  im pu tab le  à une s t im u la t io n  des 
r é a c t io n s  de dé fense  des  a n im au x  con tre  le s  a f fec tions  n o m b r e u s e s  qui 
le s  m e n a c e n t  s u r to u t  dans le u r  jeune âge [70 ] .  L ' i r r a d i a t i o n  X a c c r o î t  
l ' a c t i v i t é  b a c té r ic id e  des phagocy tes  du h a m s t e r  [ 71 ]. II e s t  r e g r e t t a b le  
que la  r e c h e r c h e  e ffec tuée  s u r  l 'e f f e t  du déb i t  de dose  p a r  GENGOZIAN 
et co l l .  [72] n 'a i t  p o r té  que s u r  des  d o se s  au m o in s  éga le s  à 200 r e m s ,  
s e u i l  pour  la  d é p r e s s io n  im m u n i ta i r e .

3 . 4 .  In te r p r é ta t io n

L 'e x is t e n c e  de se u i ls  e s t  due à des  p r o c e s s u s  de r e s t a u r a t io n  
ou de s é le c t io n  ; des  d o se s  in f é r i e u r e s  à un se u i l  peuvent p ro v o q u e r  
des. e f fe ts  béné f iques  p a r  s t im u la t io n  des p r o c e s s u s  m é ta b o l iq u e s .

3 . 4 .1 .  R e s ta u ra t io n

L es  phénom ènes  de r e s t a u r a t i o n  se co n s ta te n t  chez tous le s  ê t r e s  
v iv an ts  : m is  d 'a b o r d  en év idence  s u r  le s  b a c t é r i e s ,  i ls  l 'o n t ,  depu is ,  
é té  é g a le m e n t  s u r  le s  t i s s u s  de m a m m i f è r e s .  Un équ ipem en t  e n z y m a t i 
que spéc if ique  p e r m e t  de r e m é d i e r  aux r u p tu r e s  de cha înes  dans 
l 'é d i f i c e ,  com plexe  et f r a g i l e ,  de l 'a c id e  d éso x y ribonuc lé ique  ( ADN ) 
a in s i  qu 'à  d iv e r s e s  a u t r e s  a l t é r a t io n s  de s t r u c t u r e  [ 7 3 ,7 4  ]. A ins i  e s t  
e f facée  la  q u a s i - t o ta l i t é  des  m u ta t io n s .  N éanm oins ,  si  un déb i t  de dose  
t r o p  é levé  provoque la  m o r t  de c e l lu le s ,  d 'a u t r e s  p r o c e s s u s  c o m p e n s a 
t e u r s  in te rv ie n n e n t  pour  a c c é l é r e r  le s  phénom ènes  de m u l t ip l ic a t io n  des
c e l lu le s  - souches  ; c e s  ph én o m èn e s  ont é té  p a r t i c u l i è r e m e n t  é tud iés  dans 
la  peau ,  la  m o e l le  o s s e u s e  e t  la  m uq u e u se  de l ' i n t e s t i n  g rê le  ( § 3 .1. 5 . ) .

3 . 4 . 2 .  S é lec t ion

Aux p r o c e s s u s  de r e s t a u r a t i o n  s 'a jo u te n t  ceux  de sé le c t io n .  P a r  
e x e m p le ,  à tous le s  s ta d e s  des  l ig n é es  g e r m in a le s  (m âle  e t  fem elle ) ,  des  
p r o c e s s u s  d 'é l im in a t io n  des  g a m è te s  a n o rm a u x  e n t r e n t  en  jeu ,  r é a l i s a n t  
a in s i  en  p e rm a n e n c e  une s é le c t io n  e f f ic a c e .  C 'e s t  a in s i  que, chez la  
s o u r i s  m â le ,  se lon  PR E ST O N  [75 ]le s ix iè m e  se u le m e n t  des  t r a n s l o c a 
t ions  indu i tes  su r  le s  sp e rm a to g o n ie s  s u b s i s t e  chez  le s  s p e rm a to c y te s  
e t  que, s e lo n  SHERIDAN e t  FORD [ 76, 77] , une d im inu tion  a p p ré c ia b le  
a p p a r a î t  e n c o re  lo r s  de la  m a tu r a t io n  des s p e rm a to c y te s  en  s p e r m a t o 
z o ïd e s .  L es  p r o c e s s u s  s é le c t i f s  se co m p re n n e n t  lo r sq u e  l 'o n  c o n s id è re  
l ' im p o r ta n c e  des  p e r t e s  c e l lu l a i r e s  spon tanées  dans le s  l ig n é es  g e r m i -  
nales.:30 % chez la  s o u r i s  e t  50 % chez  le  r a t  m â l e s .  Chez la  fem m e, 
se u le m e n t  0 ,2 ^ ,  des  fo l l icu les  p r im o r d ia u x  p r é s e n t s  à la  n a i s s a n c e  é v o 
lue ju sq u 'à  la  m a tu r i t é .  Ces phénom ènes  son t  e n c o re  in te n s i f ié s  p a r  une 
i r r a d i a t i o n ,  ce qui p e r m e t  d 'e x p l iq u e r  le s  é c a r t s  ex is ta n ts  e n t re  le s  p r é 
v is io n s  th é o r iq u e s  e t  le s  r é s u l t a t s  de l 'e x p é r i e n c e  [78,79 ] .

3 . 5 .  C o n séquences

L 'e x is t e n c e  de s e u i l s  e t  a  f o r t i o r i  ce lle  d 'e f fe ts  b én é f iq u es ,  pou r  
des  d o se s  ou des  d éb i ts  de dose  qui ne sont pas  f a ib le s ,  ne ju s t i f ie  pas
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le s  m é th o d e s  a c tu e l le s  de con trô le  de l 'e f f ic a c i t é  de la  r a d io p ro te c t io n  
(c o m p ta b i l i sa t io n  des  d o se s  c u m u lée s  p a r  des  t r a v a i l l e u r s ,  des  d o ses  
g é n é t iq u e m e n t  s ig n i f i c a t iv e s ). D ans le s  conditions n o r m a le s  de t r a v a i l ,  
s e u le s  son t  à c o n s id é r e r ,  com m e l im i te s  s u p é r i e u r e s ,  le s  v a l e u r s  le s  
p lus  fa ib le s  des  s e u i l s .

La pos i t ion  des  o r g a n i s a t io n s  in te r n a t io n a le s ,  c o n f i rm é e  r é c e m 
m e n t  [ 80, 81, 3 ] ,s 'oppose  d é l ib é r é m e n t  à une te l le  c o n v e r s io n .  E l le s  ne 
d e v ra ie n t  p o u r ta n t  pas  t a r d e r  à se  r e n d r e  à  la  r a i s o n .

4 .  CONCLUSION

Dans le but de r a t i o n a l i s e r  le s  choix b u d g é ta i r e s ,  p lus  en c o re  que 
l 'h y g ié n is te ,  l ' é c o n o m is t e  r e c o u r t  à des  m o d è le s  m a th é m a t iq u e s  p r é v i 
s io n n e ls .  Tout m o d è le  ex t ra p o le  : i l  ne s a u r a i t  p r é v o i r  lo in .

Au fu r  e t  à m e s u r e  que le te m p s  p a s s e ,  l ' é c o n o m is t e ,  qui o b s e rv e ,  
r e c t i f ie  s e s  h y p o th è ses  : i l  a  b ien  a c c r é d i t é  sa  m é th o d e .

E n  m a t i è r e  de r a d io p r o te c t io n ,  l 'h y g ié n is te ,  a u  c o n t r a i r e ,  s ' e n 
f e r r e  dans s e s  h y p o th è se s ,  e x t ra p o la n t  sa n s  aucune r e te n u e ,  e s c a m o ta n t  
le s  s e u i ls  d 'a c t io n  e t ,  en deçà  de chaque s e u i l ,  tou te  la  zone où le r i s 
que a changé de s ig n e .  O r ,  c ' e s t  v e r s  chacune de ces  zones q u ' i l  faut 
o r i e n t e r  le c h e r c h e u r ,  p ou r  b ie n  la  d é l im i t e r  p o u r  chaque r i s q u e ,  en 
étendue et en p ro fo n d e u r .  C 'e s t  dans la  so u s -z o n e  com m une à l 'e n s e m b le  
q u ' i l  fau t in t r o d u i r e  le s  p e r s o n n e s  : en  toute qu ié tude ,  e l le s  y s e ro n t  
m ie u x  q u 'en  toute s é c u r i t é .  Au c o n t r a i r e ,  can tonnées  de p lus en plus 
é t r o i t e m e n t  a u p r è s  du z é r o  p a r  un coû teux  d ép lo iem en t  de m oyens  de 
r a d io p ro te c t io n ,  e l le s  en tenden t d i r e  q u 'e l l e s  ne co u re n t  qu 'un  r isq u e  
" a c c e p ta b le " .  E t  ce la  le s  in qu iè te .  Oui, un r i s q u e  im p o s é  p e u t - i l ,  v r a i 
m e n t ,  p a r a î t r e  a c ce p ta b le  ?
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DISCUSSION

ON P A P E R S I A E A - S M - 1 84 /25  AND 21

A. MARTIN: I should  like  to say  th a t  I p a r t i c u l a r l y  w elcom e th e se  
p a p e r s  b ec a u s e  the ph i lo so p h ies  of r a d ia t io n  p ro te c t io n  have been  c o n s t ra in e d  
fo r  too long by the l in e a r  d o s e - r i s k  r e la t io n sh ip .  The th r e s h o ld  h y po thes is  
su f fe r s  f ro m  the s a m e  d raw b ac k  of being too spec if ic .  We r e q u i r e  a m o re  
g e n e r a l  app roach ,  such  a s  a dose  p lu s  dose  sq u a re d  p lu s  dose  cubed r e l a t i o n 
ship ,  with a p p ro p r ia te  t im e -d e p e n d e n t  f a c to r s .  E f fo r t  could then  be expended 
on e s t im a t in g  the co e ff ic ie n ts  of the d i f fe re n t  t e r m s  r a t h e r  than  on d e t e r 
m in ing  th is  m e a n in g le s s  l in e a r  coeff ic ien t .

F .  D. SOWBY: On th i s  sa m e  point I should l ike  to exp la in  th a t  the 
l in e a r  d o s e - r i s k  re la t io n sh ip  h a s  been  a s s u m e d  to d e s c r ib e  the p ro b ab le  
u p p e r  bo u n d ary  for  s to c h a s t ic  e f fec ts  such  a s  c a n c e r  o r  gene tic  dam age ,  
and i t  i s  a p p ro p r ia te  fo r  s e t t in g  dose  l im i t s .  F o r  th e s e  s to c h a s t ic  e f fec ts  
the t r u e  re la t io n sh ip  m a y  ac tu a l ly  be o th e r  than l in e a r ;  if  the shape of the 
c u rv e  w e re  known, it would th e o re t ic a l l y  be p o ss ib le  to u se  it  in  r a d i o 
lo g ic a l  p ro te c t io n ,  a l though th is  would co m p lic a te  the addi t ion  of do se s .
It i s  r e c o g n iz e d  th a t  n o n - s to c h a s t i c  e f fe c ts ,  such  a s  the deve lopm en t of 
c a t a r a c t ,  p ro b a b ly  r e q u i r e  a th r e s h o ld  dose ,  and th is  fa c t  h a s  to  be taken  
into accoun t in  the se t t in g  of dose l im i t s .

M. J . A .  D ELPLA : The s t r a ig h t  l ine ,  the  q u a d ra t ic  o r  cubic cu rv e s ,  
e tc .  , a l l  com e f ro m  inf in ity  and p a s s  th ro u g h  the  o r ig in ,  the  z e ro  point.
T h ese  c u rv e s  a r e  a l l  above the  x - a x i s ,  w h e r e a s  the t r u e  cu rv e  — w hatever  
r i s k  i s  c o n s id e re d  — goes th rough  z e r o  at a nega tive  value; in  o th e r  w ords  
the  a v e ra g e  r i s k  at d o se s  which a r e  not too high i s  n ega t ive  and the e ffec t 
is  ac tu a l ly  ben e f ic ia l ,  even  a s  r e g a r d s  le u k a e m ia  o r  gene tic  le th a l i ty  (mice). 
The r i s k  i s  thus  l e s s  in  the  i r r a d i a t e d  group than  in the c o n t ro l  group.

S. M. MITROVIC: I should like  to  m a k e  a m o r e  g e n e r a l  kind of com m ent.
In conven tiona l  in d u s t ry  th e re  i s  a w e l l - e s ta b l i s h e d  a l loca t ion  of r e s p o n s ib i l i ty  
be tw een  in d u s t r i a l i s t s ,  a u th o r i t i e s  and em p lo y ee s  a s  r e g a r d s  the p rev e n t io n  
of any given r i s k s  o r  d a n g e rs ,  but th is  is  not so  c l e a r  in the c a s e  of n u c le a r  
in d u s t ry .  We have a l r e a d y  h e a rd  abou t the  l in e a r  d o s e - r i s k  re la t io n sh ip  
and the v a r io u s  o th e r  r e la t io n s  b a s e d  on th re sh o ld s ,  but th e re  i s  no g e n e ra l  
a g r e e m e n t  a s  r e g a r d s  t h e i r  va l id ity .  If the p o s s ib i l i ty  e x i s t s  th a t  an in c r e a s e  
in  the backg round  of n a tu ra l  r a d ia t io n  can  in c r e a s e  the n u m b e r  of c a n c e r  
dea ths ,  we m u s t  m ake  e v e r y  e f fo r t  to  s a fe g u a rd  the en v i ro n m en t  and prov ide  
adequa te  p ro tec t io n .

O. ILARI: The d is c u s s io n  s e e m s  to be tak ing  the  f o rm  of a  debate  
be tw een  M r. D elp la  and h is  co l lea g u es  on the one hand and the v a r io u s  
r a d ia t io n  p ro te c t io n  e x p e r t s  on the o th e r .  T h is  i s  a l l  v e r y  in te r e s t in g  
but at  p r e s e n t  we have to keep on sc ien t i f ic  ground and cannot c o n s id e r  
the  p r a c t i c a l  a t t i tu d e s  of r e g u la to r y  and p u b l ic -h e a l th  a u th o r i t ie s .  A ctua lly ,  
i t  is  the  duty of th e se  a u th o r i t ie s  to  adopt the m o s t  a p p ro p r ia te  p r o c e d u r e s  
fo r  rev ie w in g  and l ic e n s in g  n u c le a r  p la n ts ,  and th is  am oun ts  to tak ing  
the c o n s e rv a t iv e  a p p ro a ch .  T h is  m e a n s  th a t  fo r  the m o m e n t  the a u th o r i 
t i e s  a r e  ob liged  to ac ce p t  the IC R P  po l icy  of a s su m in g  a l in è a r  d o se -e f f e c t  
r e la t io n s h ip ,  w ithout th r e s h o ld ,  un t i l  o th e r  unequ ivoca l ,  co n f i rm e d  da ta  
b ecom e ava ilab le  to ju s t i fy  a  m od if ica t ion  in  t h e i r  a t t i tude .
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54 DISCUSSION

J .  M. STOLZ: Could M r.  I l a r i  exp la in  wiiat e x a c t ly  he m e a n s  by 
" a p p ro p r ia te " .

O. ILARI: I m e an  c o n s e rv a t iv e  without going to e x t r e m e s .  T hus ,  
one should adopt a  co n s e rv a t iv e  ap p ro a ch  in m ak ing  m e a s u r e m e n ts  and then 
app ly  com m on se n se  in t h e i r  in te rp re ta t io n .

i
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A bstract

ON THE USE OF THE RISK CONCEPT AND COST-BENEFIT ANALYSIS IN THE SAFETY ASSESSMENT OF 
NUCLEAR INSTALLATIONS.

The risk concept adopted by the Licensing Branch of the South African Atomic Energy Board for use 
in th*e safety assessment of nuclear installations is described. Standards for the population average risk 
resulting from the presence of a nuclear installation are defined and from this a radioactive release criterion 
is specified that relates the accidenta l release magnitude to permissible frequency of occurrence, Individual 
and population average dose lim its are also derived for the normal operational release condition.

Some problem areas in the use o f such a risk concept are identified and discussed. An inconsistency 
in the use of a linear dose-effect relationship in relation to a defined population a t risk is discussed. The 
use of the concept in defining the measures of population control around the site and the extent to which 
emergency procedures are im plem ented are also described.

Although the application of the risk concept is a step towards a more rational approach to reactor siting 
and safety, in the opinion of the authors a cost-benefit approach is the technique which should be actively 
pursued. Some possibilities for the application of such a technique are discussed.

1. INTRO D U CTIO N

In th e  r e a lm  o f h u m a n  e n d e a v o u r  t h e r e  i s  in e v ita b ly  s o m e  f in i te  r i s k  a s s o 

c ia te d  w ith  a ll  m a jo r  c o n s tr u c t io n s .  In th e  c a s e  of a  n u c le a r  in s ta l la t io n  th e r e  is  a 

c o n s id e ra b le  p o te n tia l  r i s k ,  and i t  i s  th e  d u ty  of th e  a u th o r i ty  c o n c e rn e d  w ith  

a s s e s s in g  s u c h  a  p la n t  on g ro u n d s  of p u b lic  h e a l th  and s a f e ty ,  to  e n s u r e  th a t  i t  d o e s  

no t p r e s e n t  an e x c e s s iv e  h a z a rd  to  s o c ie ty .  T a t te r s a l l  e t a l  [ l ]  h a v e  in d ic a te d  

th a t  i t  m ig h t p e rh a p s  b e  g e n e r a l ly  a rg u e d  th a t  a  new  p h e n o m en o n  i s  a c c e p ta b ly  

s a f e  if  th e  s u m m a tio n  of th e  b e n e f its  c o n se q u e n t upon i ts  in tro d u c t io n ,  s u ita b ly  

w e ig h te d  to  a llow  f o r  t h e i r  t im e  d is t r ib u t io n ,  e x c e e d s  by s o m e  p o s i t iv e  m a rg in  th e  

s u m m a tio n  of s im i l a r ly  w e ig h ted  c o s t s ,  r i s k s  and o th e r  d e t r a c t io n s ,  and f u r th e r  

th a t  th e  m a rg in  a t l e a s t  e q u a ls  th a t  o b ta in a b le  f ro m  any  a v a i la b le  a l te rn a t iv e  

p ro p o s a l .  Such a  c o n te n tio n  le a d s  to  th e  im p o r ta n t  c o n c lu s io n s  th a t  a c c e p ta b le  

s ta n d a r d s  a r e  c o n d itio n a l  upon f e a tu r e s  of th e  phen o m en o n  u n d e r  c o n s id e ra t io n  and 

th a t  th e s e  s ta n d a r d s  m a y  ch an g e  w ith  tim e .
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W h ils t th e  above  m a y  be  s a t i s f a c to r y  a s  a  s ta te m e n t  of p r in c ip le ,  m u ch  of a  

c o s t - b e n e f i t  b a la n c e  o f th is  n a tu re  can  a t p re s e n t  on ly  be  d e s c r ib e d  in  b ro a d  

q u a l i ta t iv e  t e r m s .  In th e  m e a n tim e  a s im p le r ,  m o r e  r e a d ily  a p p lic a b le  and r a t io n a l  

a p p ro a c h  is  r e q u ir e d .

F o r  th is  r e a s o n  th e  L ic e n s in g  B ra n c h  o f th e  South A fr ic a n  A to m ic  E n e rg y  

B o a rd  i s  m a k in g  u s e  of a  r i s k  p h ilo so p h y  in  e v a lu a tin g  th e  s a fe ty  o f n u c le a r  

in s ta l la t io n s .  T he b a s is  o f th is  p h ilo so p h y  h a s  b een  in d ic a te d  by T a t t e r s a l l  e t  a l 

[ l o c .  c i t . ] .  It is  im p lic i t  in  th is  a p p ro a c h  th a t  th e  r i s k s  in v o lv ed  a r e  q u a n tif ie d  a s  

f a r  a s  p o s s ib le  in  o r d e r  to  p ro v id e  th e  b e s t  p o s s ib le  e v id e n c e  f o r  th e  f in a l  ju d g e m e n t 

a s  to  w h e th e r  a  p la n t i s  a c c e p ta b ly  s a fe .  T h is  p a p e r  d e s c r ib e s  how  th e  c o n ce p t of 

r i s k  c an  be  u se d  in  th e  g e n e ra t io n  o f c r i t e r i a  f o r  ra d io a c t iv e  r e l e a s e s  o f d is c h a r g e s  

f ro m  a  n u c le a r  in s ta l la t io n ,  bo th  d u r in g  n o rm a l  o p e ra tio n  and  u n d e r  a c c id e n t 

c o n d itio n s .

T h e  b a s is  f o r  d e c i s io n s  on  s u b je c ts  s u c h  a s  th e  c o n tro l  of p o p u la tio n  d e v e lo p 

m e n t  in  a r e a s  a ro u n d  n u c le a r  s i t e s  and th e  c h a r a c t e r i s t i c s  o f, and s o m e  p ro b le m s  

a s s o c ia t e d  w ith , th e  p h ilo so p h y  a r e  d i s c u s s e d .  F in a lly  th e  in tro d u c tio n  o f l im ite d  

c o s t - b e n e f i t  a n a ly s e s  i s  p ro p o s e d  to  im p ro v e  th e  k now ledge  of th e  s i tu a t io n  in  a r e a s  

w h e re  in fo rm a tio n  i s  la c k in g .

T h e  h a z a rd  to  th e  c o m m u n ity  a s  a  r e s u l t  o f th e  p r e s e n c e  o f a  n u c le a r  i n s ta l 

la t io n  i s  d u e  m a in ly  to  th e  e f fe c ts  on th e  h u m an  p o p u la tio n  o f th e  d is c h a r g e  of 

r a d io a c t iv e  m a te r ia l .  T h e  e f fe c ts  a r e  c o m p le x  and  ra n g e  f ro m  s t a t i s t i c a l  v a r ia t io n  

in  th e  lo n g - te r m  p ro b a b i l i ty  o f an in d iv id u a l c o n tr a c t in g ,  a t th e  lo w -d o s e  en d , s o m e  

ra d ia t io n - in d u c e d  d i s e a s e  s u c h  a s  c a n c e r  and g e n e t ic  e f f e c ts ,  to  th e  p o s s ib i l i ty  of 

d e a th  a s  a  r e s u l t  o f a  v e ry  h igh  ra d ia t io n  d o s e .

H e re  a  g e n e r a l  d is t in c t io n  m u s t be  m a d e  be tw een

1) th e  a c tu a l  r i s k  r e s u l t in g  f ro m  th e  n o r m a l  o p e ra t in g  d is c h a r g e s  of ra d io a c t iv i ty  

w h ich  w ill b e  r e le a s e d  d u r in g  th e  r e a c t o r  l i f e t im e ,  and

2) th e  p o te n tia l  r i s k  w h ich  w ill be  re a l iz e d  o n ly  if  a c t iv e  m a te r i a l  i s  r e le a s e d  f ro m  

th e  in s ta l la t io n  a s  a  r e s u l t  of a c c id e n ts  w ith in  th e  p lan t.

M eth o d s  f o r  g e n e r a t in g  ra d io a c t iv i ty  r e l e a s e  c r i t e r i a  r e la te d  to  bo th  of th e s e  

r i s k s  a r e  d e s c r ib e d  b e lo w . In any a s s e s s m e n t  on th e  b a s is  of r i s k ,  th e  p ro b le m  

a r i s e s  a s  to  w h ich  r i s k  p a r a m e te r  o r  m e a s u r e  o f r i s k  sh o u ld  be  u s e d . If th e  r a t io  

o f th e  r i s k  of a l l  e f fe c ts  to  th e  r i s k  of m o r ta l i ty  in r e s p e c t  o f c o n v e n tio n a l h a z a rd s  

i s  n o t g re a t ly  d if f e r e n t  f ro m  th is  r a t io  f o r  th e  n u c le a r  h a z a r d ,  th e  m o r ta l i ty  r i s k  

c an  b e  ü sed  a s  th e  b a s i s  f o r  c o m p a r is o n  b e tw e e n  th e  n u c le a r  in d u s try  and o th e r  

in d u s t r i e s .

In  th e  p re s e n c e  of o n ly  l im ite d  d a ta ,  i t  i s  a s s u m e d  th a t  th is  r a t io  i s  b ro a d ly  

s i m i l a r ;  i t  i s  t h e r e f o r e  f e l t  th a t  th e  u s e  of th e  m o r ta l i ty  r i s k  f o r  th e  d e v e lo p m en t 

o f r e l e a s e  c r i t e r i a  is  ju s t i f ie d .
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In  o r d e r  to  d e v e lo p  a  s ta n d a rd  on  th e  b a s i s  o f th e  p o p u la tio n  a v e r a g e  m o r t a l i t y  

r i s k ,  th e  a v e r a g e  a n n u a l r i s k s  to  m e m b e r s  o f s o c ie ty  r e s u l t in g  f ro m  a  r a n g e  of 

c o n v e n t io n a l h a z a r d s  w e re  s tu d ie d . I t w as  a s s u m e d  th a t ,  on th e  w h o le , th e  e x is t in g  

r i s k  le v e ls  in  s o c ie ty  w e re  to le r a te d  by th a t  s o c ie ty  and th a t  th e  im p o s it io n  of an 

a d d it io n a l r i s k  w h ich  d id  n o t s ig n if ic a n tly  a l t e r  th e  p o p u la tio n  a v e r a g e  r i s k  w ould  

a ls o  be  a c c e p ta b le .  It w a s  a p p a re n t f ro m  th e  s tu d y  th a t s o c ie ty  i s  c o n c e rn e d  no t 

o n ly  w ith  th e  a v e r a g e  r i s k  le v e l s ,  bur i s  a l s o  l e s s  tolerant o f a  few  m a jo r  d i s a s t e r s  

c o m p a re d  w ith  a  l a r g e  n u m b e r  of m in o r  o n e s  p r e s e n t in g  th e  s a m e  r i s k .  C o n se q u e n tly , 

th e  m a g n itu d e - f r e q u e n c y  r e la t io n s h ip  f o r  th e  o c c u r r e n c e  o f s e v e r a l  ty p e s  of d i s a s t e r  

w a s  e x a m in e d . It f u r th e r m o r e  a p p e a r s  [  2 ]  th a t  th e r e  i s  a  d i f f e r e n c e  o f a s  m u ch  a s  

t h r e e  o r d e r s  o f m a g n itu d e  b e tw een  r i s k s  a c c e p te d  v o lu n ta r i ly  (e .g . p r iv a te  fly in g ) 

and  th o s e  im p o s e d  on s o c ie ty  by , f o r  e x a m p le ,  n a tu r a l  p h e n o m e n a . T a b le  I g iv e s  

v a lu e s  of s o m e  p o p u la tio n  a v e r a g e  m o r t a l i t y  r i s k  le v e ls .  A s a  r e s u l t  o f th is  in v e s 

t ig a t io n  i t  w as  co n c lu d ed  th a t  an a d d itio n a l m o r ta l i ty  r i s k  o f 10 6 p e r  p e rs o n  p e r

2. A C C ID E N T A L  R A D IO A CTIV ITY  R E L E A S E  C RITERIA

T A B L E  I 

PO PU L A T IO N  RISKS

T y p e  of r i s k
A v e ra g e  a n n u a l m o r ta l i ty  

r i s k  p e r  in d iv id u a l

M o to r  V e h ic le , USA 2,7 i o ' 4

M o to r  V e h ic le , J a p a n 2 X lO -4

M o to r  V e h ic le , SA 3 X i o " 4

A b n o rm a l b i r t h s ,  J a p a n 5 X i o " 2

R ailw ay , J a p a n 2 X i o ~ 5

E a r th q u a k e s ,  J a p a n 3 X Ш -5

W a te r  T r a n s p o r t ,  J a p a n 9 X 1 0 ' 6

W a te r  T r a n s p o r t ,  USA 8 X i o - 6

A ir c r a f t ,  USA 7,5 X io ' 6

M e d ic a l and S u r g ic a l ,  USA 5 ,5 X
- 6

10 x

E l e c t r i c  C u r re n t ,  USA 5 X 1 0 - 6

L ig h tn in g , USA 5,5 X i o " 7

R ailw ay , SA 1 X i o " 5

D ro w n in g , SA 6 X 1 0 -5

L ig h tn in g , SA 2 X 1 0 -6

V en o m o u s  In s e c ts ,  SA 2 X 1 0 -6
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y e a r  w ould  be c o n s id e re d  a c c e p ta b le  to  s o c ie ty .  F u r th e r m o r e ,  T a t t e r s a l l  e t  a l [  I ]  

s u g g e s te d  th a t th e  r i s k  s ta n d a rd  sh o u ld  be  m o r e  c o n s e rv a t iv e  by b e tw een  one  and 

tw o o r d e r s  of m a g n itu d e  in o r d e r  to  a llow  f o r  th e  u n c e r ta in t ie s  in p re d ic t in g  h a z a r d s  

and  th e  s u s p e c te d  c u r r e n t  t r e n d s  fo r  s o c ie ty  to  be  l e s s  to le r a n t  of r i s k s  th e  m o re  

a ff lu e n t i t  b e c o m e s .

C o n se q u e n tly , th e  p o p u la tio n  a v e r a g e  r i s k  s ta n d a rd  w as  fix e d  a t an  a v e r a g e  of
“8

10 d e a th s  p e r  p e r s o n  p e r  y e a r .  T h is  c an  b e  c o m p a re d  w ith  an  in d iv id u a l r i s k  of

10 , le a d in g  to  a  p o p u la tio n  a v e r a g e  r i s k  o f 2 ,5  x 10 ^ g iv en  by F a r m e r  [ з ] ,  and

an in d iv id u a l r i s k  of 10 u s e d  by O tw ay e t a l  [ 4 ] .  F ig u r e s  1 and  2 g iv e  s o m e

e x a m p le s  of th e  m a g n itu d e - f r e q u e n c y  r e la t io n s h ip  f o r  a v a r ie ty  of h a z a r d s .  If th e  

n u c le a r  h a z a rd  m a g n itu d e - f r e q u e n c y  re la t io n s h ip  i s  to  be  s i m i l a r  to  th e s e  c u r v e s ,  

i t  c a n  b e  e x p re s s e d  by a  f r e q u e n c y  d is t r ib u t io n  of th e  fo rm

dP(N ) = A N ~1 ,5 dN

w h e re  dP (N ) r e p r e s e n t s  th e  p ro b a b le  f r e q u e n c y  p e r  y e a r  of a l l  e v e n ts  in w h ich  th e  

n u m b e r  of c a s u a l t ie s  l ie  b e tw ee n  N and N+dN . H en ce  th e  p ro b a b le  f r e q u e n c y  f o r  a l l  

e v e n ts  b e tw een  and w ould be

f ^ 2  -1 5
P(N _ ) -  P(N ) = \ . ,  AN dN2 1 * N j

T h e  v a lu e  of th e  c o n s ta n t A d e p en d s  on th e  c h a r a c t e r i s t i c s  of a  p a r t i c u la r  s i te .

F o r  any n u c le a r  in s ta l la t io n  in  a  p a r t i c u l a r  e n v iro n m e n t th e r e  m a y  w e ll  be  

one  c r i t i c a l  n u c lid e  w h ich  w ill  c o n tr ib u te  th e  m a jo r  s h a r e  to  th e  to ta l  m o r ta l i ty  r i s k .  

T h e r e f o r e ,  in  o r d e r  to  p ro v id e  a  m o re  r e a d i ly  u s e fu l s ta n d a r d  in a  p a r t i c u la r  

s i tu a t io n ,  th e  above  f r e q u e n c y  d is t r ib u t io n  c an  be  c o n v e r te d  to  an  a c t iv ity  r e l e a s e  

c r i t e r io n  w h ich  i s  c o u p le d  to  th e  c r i t i c a l  n u c lid e  and  w h ich  c a n  b e  g e n e r a te d  in  th e  

fo llo w in g  m a n n e r .

On th e  a s s u m p tio n  th a t ,  f o r  a c c id e n ta l  r e l e a s e s  f ro m  a  n u c le a r  p o w e r p la n t,  
131

th e  c r i t i c a l  n u c lid e  i s  I, th e  p e rm i t te d  f r e q u e n c y  d is t r ib u t io n  f o r  v a ry in g  m a g n i-  
131

tu d e s  of 1 r e l e a s e  i s  d e fin e d  a s

dP (C ) = g(C )dC  

s o  th a t ,  an a lo g o u s  to  th e  a b o v e  p ro c e d u re ,

f C2
P (C 2 ) -  P t C j )  = J c  g(C )dC

w h e re  С is  th e  r a d io a c t iv i ty  r e l e a s e  m a g n itu d e  in c u r ie s  and P (C ) is  th e  p ro b a b le  

f r e q u e n c y  o f a ll  e v e n ts  h a v in g  r e l e a s e  m a g n itu d e s  b e tw ee n  0 and  С c u r ie s .
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F o r  a  p a r t i c u l a r  m a g n itu d e  of I r e l e a s e ,  th e  p o p u la tio n  a v e r a g e  th y ro id

d o s e ,  and h e n ce  r i s k ,  w ill  d epend  on th e  a tm o s p h e r ic  d is p e r s io n  c h a r a c te r ic t i c s

e x is t in g  w hen th e  r e l e a s e  o c c u r s  and on th e  p o p u la tio n  d is t r ib u t io n  dow nw ind a t  th e

tim e . F o r  th is  re a s o n  s e v e r a l  d if f e r e n t p o p u la tio n  th y ro id  d o s e s  cou ld  r e s u l t  f ro m  
131

th e  r e l e a s e  of on e  c u r ie  o f I. L e t th e s e  d o s e s  be  d en o ted  by D^. T h e  c o r re s p o n d in g  

p r o b a b i l i t i e s  of o c c u r r e n c e  of th e s e  d o s e s ,  g iv en  th a t th e  r e l e a s e  h a s  o c c u r r e d ,  a r e  

g iv e n  by Q. w h e re  1 <  i <  m , and m is  th e  n u m b e r  of d i f f e r e n t  p o p u la tio n  d o s e s .  

F o r  e x a m p le , if i t  i s  a s s u m e d  th a t on ly  w ind d ir e c t io n  and w e a th e r  s ta b i l i ty  c an  

in f lu e n c e  th e  p o p u la tio n  d o s e ,  and if  th e  w ind  d i r e c t io n  i s  d iv id e d  in to  j s e c to r s  and 

th e  w e a th e r  s ta b i l i ty  in to  к g ro u p s ,  then

SIMPSON e t  a l .

m  = j x к

A g iv e n  n u m b e r  of c a s u a l t i e s  N can  th e r e f o r e  be  c a u s e d  by  m  d if f e r e n t  r e l e a s e  

m a g n itu d e s ,  C .,

N = C D R i i

w h e re  R i s  th e  m o r t a l i t y  r i s k  c o e f f ic ie n t f o r  d e la y e d  d e a th s  f ro m  th y ro id  c a n c e r  a s  
131a r e s u l t  of I in h a la tio n  and a  l in e a r  d o s e - e f f e c t  r e la t io n s h ip  is  a s s u m e d . T he 

fr e q u e n c y  of a l l  e v e n ts  r e s u l t in g  in  up to  N c a s u a l t i e s  is  e q u a l to  th e  su m  f o r  a l l  i 

o f th e  to ta l  f re q u e n c y  f o r  a l l  r e l e a s e  m a g n itu d e s  up  to  C. m u ltip l ie d  by th e  p ro b a b il i ty

Qi-

f N i s ec -
T h a t i s  J  AN" ’ dN = S Q . \  ^ ( Q d C

О i О

It c a n  b e  show n th a t ,  u n d e r  t h e s e  c o n d itio n s ,

g(C) = G C -1 ,5  

w h e re  G is  a  c o n s ta n t w h ich  i s  ag a in  s i t e  s p e c if ic .
131T h e  p o te n tia l  n u m b e r  of c a s u a l t i e s  e x p e c te d  f ro m  a  r e l e a s e  of С c u r i e s  of I is

N o a cco u n t h a s  b e e n  ta k e n  o f th e  fa c t  th a t  th e  p e rs o n  in  q u e s tio n  m a y  d ie  

f r o m  o th e r  c a u s e s  d u r in g  th e  in d u c tio n  p e r io d .  T he  p o te n tia l  n u m b e r  o f c a s u a l t i e s  

p e r  y e a r  i s  th e r e f o r e  g iv e n  by th e  e x p re s s io n



w h e re  '

T h a t i s

B u t, if 

n u m b e r

E Q . D. R f  m aX g(C ).C dC  
i  1 1 J 0

131
: i s  th e  m a x im u m  p o s s ib le  r e l e a s e  of I u n d e r  any c i r c u m s ta n c e ,m a x  J

S  Q .D . R f  m a x G C '0 , 5 dC
i 1 1 0
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th e  to ta l  p o p u la tio n  d e e m ed  to  be  a t r i s k  c o m p r is e s  P  in d iv id u a ls ,  th e  

of c a s u a l t i e s  p e r  y e a r  p e r m i t te d  in te r m s  of th e  p r im a r y  s ta n d a rd  is

FIG .3. Permitted frequency density function for 131I.
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10 '

H e n c e ,  in  th e  l i m i t

2  2Q .D .R  C0,5 
i i m axi

A ty p ic a l  e x am p le  of a  f re q u e n c y -m a g n itu d e  r e la t io n s h ip d P (C )  = GC 1 ,5 dC  v e r s u s  

С is  d e p ic te d  in  F ig u r e  3. In o r d e r  to  f a c i l i t a te  th e  u s e  of th is  c r i t e r io n  f o r  th e  

p u rp o s e  o f a  s a fe ty  a s s e s s m e n t  o f a  n u c le a r  in s ta l la t io n ,  th e  fre q u e n c y  d is t r ib u t io n  

g iv en  ab o v e , v iz .

dP (C ) = G C '1’5 dC

c an  be in te g ra te d  o v e r  r e l e a s e  m a g n itu d e s  of a d e f in e d  in te r v a l  ( fo r  e x am p le  d e ca d e

in te r v a l s )  to  p ro v id e  th e  to ta l  p e rm it te d  fre q u e n c y  of a c c id e n ta l  r e l e a s e s  w ith in

e a c h  d e c a d e . The s u m m a tio n  of th e  e x p e c te d  f r e q u e n c ie s  of a l l  e v e n ts  th a t  w ould
131

g iv e  r i s e  to  an  a c c id e n ta l  r e l e a s e  of I w ith  a  m a g n itu d e  w ith in  a  g iven  in te r v a l

m u s t  b e  c o m p a re d  w ith  th e  p e rm i t te d  f r e q u e n c y  th u s  d e r iv e d .
131 131

F o r  s i tu a tio n s  w h e re  I i s  not th e  d o m in an t n u c lid e ,  ’e q u iv a le n t’ I

r e l e a s e s  w ould be c a lc u la te d  f o r  th e  o th e r  c o n tr ib u tin g  n u c l id e s  on th e  b a s is  of 

t h e i r  r i s k  p o te n tia l. In c a lc u la tin g  th e  p o te n t ia l  r i s k  no a cc o u n t h a s  b een  ta k e n  of 

th e  t im e  re q u ir e d  to  r e in s t a t e  th e  in s ta l la t io n  a f te r  a  m a jo r  a c c id e n t. In d eed , in 

s o m e  c a s e s  th e  p la n t w ould  no t m e r i t  r e in s ta te m e n t  a t a l l .  T he p o te n tia l  p o p u la tio n  

r i s k  co u ld  th u s  in fa c t  be  l e s s  th a n  th e  c a lc u la te d  v a lu e .

3. O PE R A T IO N A L  DISCHARGES

F o r  o p e ra t io n a l  r e l e a s e s  of ra d io a c t iv e  m a te r ia l  f ro m  an in s ta l la t io n ,  th e  

a c tu a l  r i s k  to  th e  p o p u la tio n  can  be e s t im a te d  and h e n ce  s u i ta b le  r e l e a s e  l im it s  can  

b e  d e te rm in e d  on th e  b a s i s  of th e  p o p u la tio n  a v e r a g e  r i s k  le v e l.  W in k le r e t a l ¡_5 ^ 

h a v e  d e s c r ib e d  ty p ic a l  l im i t s  f o r  m e m b e r s  o f th e  g e n e r a l  p u b lic  f o r  e x p o su re  

r e s u l t in g  f ro m  n o rm a l  o p e ra t io n a l  r e l e a s e s  w hich  w e re  d e r iv e d  in su c h  a  m a n n e r .  

It sh o u ld  be  no ted  th a t  th e s e  f ig u r e s  a r e  b a se d  on a  p o p u la tio n  a v e r a g e  r i s k  le v e l of

10 c a s u a l t i e s /p e r s o n /y e a r  w h ich  is  a  r e la x a t io n  of a f a c t o r  of 10 on th e  a c c id e n ta l  

r e l e a s e  v a lu e . T h is  f a c to r  is  in tro d u c e d  b e c a u s e  th e  r e l e a s e s  a r e  m a d e  in  a  c o n 

t r o l le d  fa sh io n  and th e r e  i s  a c o n se q u e n t re d u c tio n  in th e  u n c e r ta in t ie s  in  th e  r i s k  

to  th e  p u b lic  c o m p a re d  w ith  th e  p o te n tia l  r i s k  in  th e  c a s e  of a c c id e n ta l  r e le a s e s .

T h e  r i s k  c o e f f ic ie n t fo r  w h o le -b o d y  i r r a d i a t io n  is  ta k e n  [ 5  ]  to  be  200 c a s e s  of
6 —4

c a n c e r  p e r  10 m an  r e m ,  o r  an a v e ra g e  of 2 x 10 c a s e s /m a n  r e m . E ach  c a s e

is  e q u a ted  to  a  f a ta li ty  and th e  re s u l t in g  p o p u la tio n  a v e r a g e  w h o le -b o d y  d o s e  l im it  
-4

would th e r e f o r e  be  5 x Ю r e m /y e a r .
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T he r i s k  i s ,  h o w e v e r ,  not u n ifo rm ly  d is t r ib u te d  th ro u g h o u t th e  p o p u la tio n , 

s in c e  th o s e  liv in g  c lo s e  to  th e  in s ta l la t io n  c an , by th e  v e ry  n a tu r e  of th in g s , be  

e x p e c te d  to  r e c e iv e  a  g r e a t e r  ra d ia tio n  e x p o s u re .  T h u s, a lth o u g h  th e  p o p u la tio n  

a v e r a g e  r i s k  m ig h t b e  a c c e p ta b le ,  th e  p e a k  in d iv id u a l r i s k  m ig h t b e  e x c e s s iv e ;  it 

s h o u ld  t h e r e f o r e  l ik e w is e  be  lim ited  by th e  im p o s itio n  of an  in d iv id u a l d o s e  lim it .  

We h a v e  u sed  th e  te r m  p e a k - to - a v e r a g e  r i s k  r a t io  to  id e n tify  th is  c h a r a c te r i s t i c .  

V a r ia t io n s  in r i s k  le v e l  b e tw een  d if f e r e n t  m e m b e rs  of s o c ie ty  do  e x is t  f o r  m o s t 

o th e r  h a z a r d s ,  and in v e s t ig a t io n s  w e re  m a d e  to  e s ta b l i s h  v a lu e s  of th e  r i s k  r a t io  

th o u g h t to  be  a c c e p ta b le .  E a r th q u a k e s  and dam  d i s a s t e r s  p ro v id e  tw o e x a m p le s  of 

c a s e s  s im i l a r  to  th a t  of n u c le a r  p o w e r s ta t io n s ,  w h e re  th e  r i s k  re d u c e s  w ith  

in c r e a s in g  d is ta n c e  f ro m  th e  fo c u s  o f th e  h a z a r d  and w h e re ,  a lth o u g h  th e  c o n s e 

q u e n c e s  of th e  o c c u r r e n c e  of an  a c c id e n t cou ld  b e  s e v e r e ,  th e  a s s o c ia te d  p r o b a b i l

i t i e s  a r e  v e ry  low. U n fo r tu n a te ly  d a ta  of th is  n a tu re  a r e  v e ry  s c a r c e .  F ro m  th e  d a ta  

th a t  a r e  a v a i la b le  i t  i s  th o u g h t th a t th e  r i s k  r a t io  sh o u ld  n o t e x c e e d  a  v a lu e  o f 50 

f o r  th e  p o p u la tio n  d e fin e d  t o b e  a t r i s k .  By u s in g  th e  w h o le -b o d y  d o s e  r i s k  c o e f f ic ie n t 

r e f e r r e d  to  ab o v e , th e  m a x im u m  in d iv id u a l a n n u a l w h o le -b o d y  d o s e  b e c o m e s  25 

m r e m / y e a r  w h ich  i s  1/2 0 0  th o f th e  o c c u p a tio n a l d o s e  l im it  re c o m m e n d e d  by th e lC R P . 

In th e  c a s e  of s i t e s  w ith  ty p ic a l  p o p u la tio n  d i s t r ib u t io n s ,  th e  in d iv id u a l d o s e  l im it  

w ill be  m o r e  r e s t r i c t i v e .

F o r  e x p o s u re  o th e r  th a n  w h o le -b o d y  e x p o s u r e ,  we h a v e  s p e c if ie d  £ 5 ]  th a t th e  

d o s e  to  any in d iv id u a l s h a l l  no t e x c e e d  1/2 0 0  th  of th e  o c c u p a tio n a l d o s e  l im its  

re c o m m e n d e d  by th e  IC R P . T h is  is  b a se d  on th e  a s s u m p tio n  th a t  th e s e  o c c u p a tio n a l 

d o s e  l im i t s  f o r  th e  v a r io u s  c a t e g o r ie s  of e x p o s u r e  r e f le c t  th e  s a m e  m o r ta l i ty  r i s k  

to  th e  in d iv id u a l e x p o se d .

4. DISCUSSION ON T H E  USE O F TH E RISK C O N C E PT

A lthough  th e  ad o p tio n  of th e  r i s k  c o n ce p t a s  a  b a s is  f o r  s a fe ty  a s s e s s m e n t  

p ro v id e s  one w ith  a  m o r e  ra t io n a l  m e a n s  o f d e c id in g  w h e th e r  an in s ta l la t io n  i s  

a c c e p ta b ly  s a f e ,  t h e r e  a r e  a n u m b e r  of p ro b le m  a r e a s  and c o n f lic t in g  re q u i r e m e n ts  

w h ich  a r e  d is c u s s e d  be low .

F i r s t  and f o r e m o s t  i s  th e  p a u c ity  o f d a ta .  A lthough d a ta  on a c c id e n ts  a r e  

g e n e r a l ly  a v a i la b le  in l a r g e  q u a n t i t ie s ,  in fo rm a tio n  on th e  n u m b e r  o f c a s u a l t ie s  p e r  

e v en t and r i s k  d is t r ib u t io n s  can n o t b e  re a d i ly  e x tra c te d .  R isk  c o e f f ic ie n ts  a r e  

d e r iv e d  fro m  d a ta  on a c u te  e x p o s u re  and, in th is  m e th o d , h a v e  to  be  u se d  fo r  c h ro n ic  

e x p o s u r e  le v e ls  a s  w e ll.  T h e  e ffe c t of d o s e - r a t e  d e p e n d e n c e , w h ich  cou ld  in v o lv e  a 

re la x a t io n  o f th e  r e l e a s e  c r i t e r i a ,  h a s  to  be  d is r e g a r d e d  on a c c o u n t of th e  la c k  of 

q u a n tif ie d  d a ta ,  and r i s k  c o e f f ic ie n ts  f o r  s in g le -o rg a n  e x p o s u r e ,  e x c e p t in  r e s p e c t  

of a few  in s ta n c e s ,  h a v e  to  be  in f e r r e d .  If m o r e  d a ta  w e re  a v a i la b le ,  th e  f a c to r s  of
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c o n s e r v a t is m  u sed  in d e r iv in g  th e  a v e r a g e  r i s k  le v e ls  of 10 and 10 c a s u a l t i e s /  

p e r s o n / y e a r  m en tio n e d  ab o v e  cou ld  b e  re v ie w e d .

F u r th e r m o r e ,  th e  l in e a r  d o s e - e f f e c t  r e la t io n s h ip  is  a s s u m e d  in o u r  c a lc u 

la t io n s ,  a s  i s  th e  co m m o n  p r a c t i c e ,  in v iew  o f th e  a b se n c e  of J u s tif ia b le  a l te r n a t iv e s .  

L o g ic a lly ,  th is  w ould  r e q u i r e  one  to  c o n s id e r  th e  ra d io lo g ic a l  im pact: on th e  e n t i r e  

g lo b a l p o p u la tio n  w hen a s s e s s in g  th e  e f f e c ts  o f a n u c le a r  in s ta l la t io n  [ б ] .  In 

g e n e r a l  w e s y m p a th iz e  w ith  th is  a p p ro a c h . H o w ev e r, s in c e  a t l a r g e  d is ta n c e s  fro m  

an in s ta l la t io n  th e  r i s k  of r a d ia t io n - in d u c e d  d i s e a s e s  and of c o n se q u e n t d e a th s  

r e p r e s e n t s  but a  s m a l l  f r a c t io n  of th e  v a r ia t io n  in  th e  n a tu r a l  in c id e n c e  of su ch  

d i s e a s e s ,  w e c o n s id e r  it ju s t i f ia b le  to  l im it  th e  p o p u la tio n  a t r i s k  f o r  d e c i s io n 

m a k in g  p u rp o s e s  by ex c lu d in g  th a t  p a r t  of th e  g lo b a l p o p u la tio n  f o r  w hom  th e  

a d d it io n a l r i s k  r e p r e s e n t s  l e s s  th an  a c e r ta in  f r a c t io n  of th a t  w h ich  i s  th e  r e s u l t  

of th e  n a tu ra l  in c id e n c e  of th e  p a r t i c u l a r  d is e a s e .  We s u g g e s t  th a t  0 ,1  % w ould  

r e p r e s e n t  a  s u f f ic ie n tly  c o n s e rv a t iv e  f r a c t io n .  It sh o u ld  b e  r e a l i z e d  th a t i t  c an  be  

a rg u e d  th a t  th e  in c id e n c e  of d i s e a s e s  d u e  to  ra d io a c t iv i ty  r e l e a s e s  f ro m  th e  

in s ta l la t io n  can n o t b e  p ro v e n  to  e x is t  a t th e s e  le v e ls .

W e re c o g n iz e ,  h o w e v e r , th a t  th e  r i s k  to  th e s e  p e o p le  o u ts id e  th e  d e fin ed  

p o p u la tio n  a s  a  r e s u l t  o f n u c le a r  p o w e r d o e s ,  in th e o ry ,  e x is t  and sh o u ld  be  s tu d ie d  

a s  a s e p a r a te  e x e r c i s e  s o  long  a s  th e  l in e a r  d o s e - e f f e c t  r e la t io n s h ip  i s  not s u p e r 

s e d e d .

If an  a r e a  w ith in  w h ich  th e  p o p u la tio n  a t r i s k  r e s id e s  i s  d e f in e d , th e  e ffe c t of 

c h an g in g  th e  p o p u la tio n  d is t r ib u t io n  w ith in  th a t  a r e a  is  to  a l t e r  th e  a v e r a g e  r i s k  

and h e n c e  th e  r e l e a s e  c r i t e r i a .  On th e  o th e r  han d , if  th e  d is t r ib u t io n  r e m a in s  

e s s e n t ia l ly  th e  s a m e  bu t th e  to ta l  p o p u la tio n  i s  in c r e a s e d ,  th e  p o p u la tio n  a v e ra g e  

r i s k  and th e  r e l e a s e  c r i t e r i a  re m a in  th e  s a m e .  It can  b e  s e e n  th a t  c h an g in g  th e

I r e l e a s e  c r i t e r i a  a s  a r e s u l t  of c h an g e s  in  th e  p o p u la tio n  d is t r ib u t io n  cou ld  r e s u l t  

in e x p e n s iv e  b a c k f it t in g  of s a fe ty  eq u ip m e n t to  th e  in s ta l la t io n .  I t i s  th e r e f o r e  

n e c e s s a r y  to  s e t  th e  r e l e a s e  c r i t e r i a  on th e  b a s i s  of th e  p ro je c te d , p o p u la tio n  fo r  

th e  l i f e t im e  of th e  p la n t ,  and a lso  to  app ly  s o m e  m e a s u r e  o f p o p u la tio n  c o n tro l .  

T h is  c o n tro l  sh o u ld  be b a s e d  on a g u id e  w h ich  in d ic a te s  th e  s iz e  of d e v e lo p m e n t, at 

any  g iv e n  d is ta n c e  f ro m  th e  s i t e ,  th a t  w ould  c a u s e  a s ig n if ic a n t  in c r e a s e  in  th e  

p o p u la tio n  a v e ra g e  r i s k .  A s an e x a m p le ,  f o r  a  ty p ic a l  s i t e  a  g e n e r a l  in c r e a s e  in 

th e  p o p u la tio n  of 20% , w ith  no d e v e lo p m e n ts  w ith in  th e  10 km  r a d iu s  fro m  th e  s i t e ,  

w ould  i n c r e a s e  th e  o v e r a l l  r i s k  by 5% . T h e  ad d itio n  of a  b lo c k  of 30% of th e  to ta l  

p o p u la tio n  be tw een  10 and  15 km f ro m  th e  s i t e  would in c r e a s e  th e  o v e ra l l  r i s k  by 

45% . T a b le  II in d ic a te s  th e  s iz e  of p o p u la tio n  in c r e a s e s  in r e la t io n  to  th e i r  d is ta n c e  

f ro m  th e  s i t e ,  e a c h  o f w h ich  w ould  in v o lv e  an  in c r e a s e  o f abou t 0 ,1 %  in th e  p o p u la tio n  

a v e r a g e  r i s k .  Such a  T ab le  s u ita b ly  a d ju s te d  to  ta k e  a cc o u n t of e n v iro n m e n ta l  

f e a tu r e s  cou ld  be u sed  in co m p ilin g  a  g u id e  to  th e  c o n tro l  of d e v e lo p m e n ts  a ro u n d  

th e  s i t e .  P o p u la tio n  g ro w th s  l a r g e r  th an  th o s e  g iv e n  in th e  T a b le  w ould  be  r e f e r r e d
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T A B L E  II

GUIDE TO A SU G G ESTED  

FR A M E W O R K  F O R  PO PU L A T IO N  C O N TR O L 

AROUND N U C L E A R  SITES

D is ta n c e
A d d itio n a l g e o p le  p e r m is s ib le  
w ith in  2 2 ^  s e g m e n ts  w ithou t 

r e f e r e n c e  ( s e e  te x t)

W ith in  5 km A ll d e v e lo p m e n ts  r e f e r r e d

5 -  7,5 km 100

7,5 -  10 km 200

10 -  15 km 400

15 -  20 km 1 000

A bove 20 km 4 500

to  th e  lo c a l  a u th o r ity  f o r  c o m m e n t. H o w e v e r, i t  sh o u ld  b e  n o ted  th a t  if  s im u lta n e o u s  

d e v e lo p m e n ts  w e re  to  ta k e  p la c e  a t  le v e ls  ju s t  be low  th o s e  g iv e n  in  th e  T a b le , then  

th e  p o p u la tio n  r i s k  f ig u r e  w ould  a l t e r  s ig n if ic a n tly .  T h e r e f o r e ,  in  p r a c t i c e ,  in f o r 

m a tio n  abou t th e  a c tu a l  c h a n g e s  in  p o p u la tio n  d u r in g  th e  life  o f th e  in s ta l la t io n  would 

b e  r e q u i r e d  to  avo id  th e  v io la tio n  of th e  v a r io u s  r i s k  l im it s .

It m ig h t in  m an y  c a s e s  be  t r u e  th a t  p a r t i c u l a r  n u c le a r  in s ta l la t io n s  m e e t th e  

s p e c if i e d  c r i t e r i a ,  and  th a t  th e  r i s k  im p o s e d  on th e  a ffe c te d  p o p u la tio n  a s  a  r e s u l t  

of a c c id e n ta l  r e l e a s e s  -  ev en  th e  m ax im u m  in d iv id u a l r i s k  -  w ou ld  be  a c c e p ta b le  

and  th e r e  w ould  b e  no  n e c e s s i ty  f o r  in v o k in g  e m e rg e n c y  p r o c e d u r e s  f ro m  c o n s id e r 

a tio n s  o f th e  r i s k  a lo n e . H o w ev e r, ev en  if  th e  r i s k  s ta n d a r d s  a r e  c o m p lie d  w ith , in 

th e  e v e n t of an  a c c id e n t th e  r i s k  to  th e  p u b lic  h a s  to be  m in im iz e d ;  h e r e  th e  r i s k  

c o n c e p t in d ic a te s  th e  e x te n t to  w h ich  e m e rg e n c y  p ro c e d u re s  n e ed  to  be  im p le m e n te d . 

M in im iz in g  th e  r i s k  w ould  in v o lv e  am ong  o th e r  th in g s  a b a la n c e  b e tw een  th e  re d u c tio n  

in r i s k  re s u l t in g  f ro m  th e  l im ita tio n  o f r a d ia t io n  e x p o s u re ,  and th e  im p o s it io n  of 

a d d i t io n a l  r i s k  a s  a  r e s u l t  o f th e  im p le m e n ta tio n  of c e r ta in  e m e rg e n c y  a c t io n s  su c h  

a s ,  f o r  in s ta n c e ,  e v a c u a tio n  of m e m b e r s  of th e  p u b lic  f ro m  th e  v ic in ity  of th e  s i t e .

5 . C O S T -B E N E F IT  ANALYSIS

F r o m  th e  above  i t  can  be  s e e n  th a t  a  r i s k  p h ilo so p h y  c an  p ro v id e  q u a n ti ta t iv e  

in fo rm a tio n  f o r  a  m o r e  r a t io n a l  d e c is io n  on th e  s a fe ty  of a  n u c le a r  in s ta l la t io n .  

H o w e v e r, a s  m e n tio n e d  in th e  in tr o d u c tio n , th e  p h ilo so p h y  d e s c r ib e d  above  w as
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d e v e lo p ed  a s  an In te r im  m e a s u r e  f o r  u s e  u n ti l  s o m e  te c h n iq u e  f o r  th e  a s s e s s m e n t  

of n u c le a r  p la n t s a fe ty  a lo n g  c o s t- b e n e f i t  l in e s  cou ld  be  d ev e lo p ed .

It c an  be  a rg u e d  th a t  a l l  m a jo r  te c h n o lo g ic a l  d e v e lo p m e n ts  sh o u ld  be  a im e d  at 

im p ro v in g  th e  'q u a l i ty  of l i f e ' and h e n c e  th e  d e c is io n  on  w h e th e r  a  p a r t i c u la r  

in s ta l la t io n  would be  d e s i r a b l e  fo r  th e  s o c ia ty  sh o u ld  be  b a s e d  on th e  o v e ra l l  

r e q u i r e m e n t  th a t i t  sh o u ld  r e p r e s e n t  a  s ig n if ic a n t im p ro v e m e n t to  th is  q u a lity  of 

lif e .  In an id e a l  s i tu a t io n  i t  i s  fe l t  th a t in any  c o m m u n ity  s o m e  s p e c ia l  o rg a n iz a tio n  

s h o u ld  be re s p o n s ib le  f o r  c a r r y in g  out a  c o m p le x  a n a ly s is  to  d e te r m in e  th e  o v e r a l l  

p la n  f o r  m ax im u m  b e n e f it to  s o c ie ty .  A s a  p a r t  of su ch  an a n a ly s is  th e  n eed  f o r  and 

lo c a tio n  o f p o w er g e n e r a t io n  p la n t w ould be  d e te rm in e d ,  and th e  c h o ic e  b e tw ee n  

d i f f e r e n t  ty p e s  o f p o w e r p la n t u s in g  d i f f e r e n t  fu e ls  w ould b e  m a d e .

H o w ev e r, in c a r r y in g  ou t s u c h  an a n a ly s i s ,  a l l  th e  b e n e f its  and c o s ts  in th e  

fu l l e s t  s e n s e  r e la t in g  to  a l l  th e  m e m b e rs  of th e  s o c ie ty  b e a r in g  th o s e  c o s ts  o r  

r e a p in g  th e  b e n e f i ts ,  sh o u ld  b e  c o n s id e re d  and n o t ju s t ,  a s  w e s u s p e c t  i s  th e  co m m o n  

p r a c t i c e  f o r  th is  ty p e  o f a n a ly s is ,  th e  e c o n o m ic  a rg u m e n t a lo n e .

It i s  c l e a r  th a t  a  r i s k  p h ilo so p h y  f o c u s s e s  a t te n tio n  on ly  on th e  d e t r im e n ta l  

c h a r a c t e r i s t i c s  of an  in s ta l la t io n ;  m o re o v e r ,  in th e  m e th o d  o u tlin e d  in th is  p a p e r ,  

o n ly  o n e  r i s k  p a r a m e te r  ( th e  m o r ta l i ty  r i s k )  i s  u s e d  a s  a  m e a s u r e  of th e  w ho le  

s p e c t ru m  o f d e t r a c t io n s .  It t h e r e f o r e  r e p r e s e n t s  on ly  a  l im ite d  -  a lb e it m o s t 

im p o r ta n t  -  p a r t  of th e  c o s t - b e n e f i t  a n a ly s is .

S o m e  of th e  f a c to r s  th a t  would be  in v o lv ed  in s u c h  an  a n a ly s is  a r e  g iv e n  in 

T a b le  III. In o r d e r  th a t  th e  f in a l  c o s t - b e n e f i t  b a la n c e  c a n  b e  c a r r i e d  ou t w ith  

m in im a l  u s e  of s u b je c t iv e  ju d g e m e n t, a s  m a n y  o f th e s e  f a c to r s  a s  p o s s ib le  m u s t  be  

q u a n tif ie d  and th e n  re d u c e d  to  s o m e  c o m m o n  b a s e .  T he  q u e s tio n  o f w ha t q u a n tity  to  

u s e  f o r  th is  b a s e  th e n  a r i s e s .  We b e lie v e  th a t  s o m e  e f fo r t  sh o u ld  b e  d e v o ted  to  th is  

c r i t i c a l  q u e s tio n  of w ha t th e  r ig h t  un it f o r  u s e  in c o s t- b e n e f i t  a n a ly s is  i s .  H o w ev e r, 

in  th e  m e a n tim e  w e a c c e p t th a t  m o n ey , o r  s o m e  d i r e c t ly  p r o p o r t io n a l  e q u iv a le n t 

s u c h  a s  a  f r a c t io n  o f a  s o c i e ty 's  g r o s s  n a tio n a l p ro d u c t ,  s e e m s  to  b e  th e  b e s t  

m e a s u r e  a t th e  p r e s e n t  t im e .

M any  o f th e  b a s ic  f a c to r s  th e m s e lv e s  h a v e  a  ch an g in g  v a lu e  to  s o c ie ty .  

W h e re a s  an  in d u s t r i a l  d e v e lo p m e n t m a y  b e  a c c e p ta b le  a t a  g iv e n  p o in t in t im e , even  

th o u g h  c o s ts  a r e  i n c u r r e d  a s  a  r e s u l t  o f, f o r  e x a m p le  p o llu tio n  of th e  a tm o s p h e r e ,  

th e  s a m e  s o c ie ty  m a y  a t a  l a t e r  d a te ,  if  fa c e d  w ith  a  s im i l a r  d e c i s io n ,  r e je c t  th e  

p r o p o s a l .  In a d d itio n , th e  a p p a re n t v ie w s  of a  c o m m u n ity , a s  e x p r e s s e d  by th e  

m a jo r i ty  o f i t s  m e m b e r s ,  m a y  n o t b e  in th e  b e s t  i n te r e s t  of th a t  c o m m u n ity  s in c e ,  if 

t h e s e  m e m b e rs  w e re  in  p o s s e s s io n  o f a l l  th e  f a c ts  and had  th e  n e c e s s a r y  e x p e r t i s e  

th e m s e lv e s  to  m a k e  a  r e a l i s t i c  v a lu a tio n  of th o s e  p a r a m e te r s  th a t  a r e  a t p r e s e n t  

d if f ic u lt  to  q u a n tify , th e y  m ig h t ho ld  a l t e r n a t iv e  v iew s.

T he  p ro b le m  of q u a n tify in g  c o s ts  and  b e n e f i ts  a s s o c ia te d  w ith  p a r a m e te r s  

th a t  a r e  c u r r e n t ly  d if f ic u lt  to  q u an tify  -  in  fa c t  th e  w ho le  p ro b le m  of c a te r in g  f o r
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T A B L E  III

SO M E FA C T O R S TO BE CONSID ERED  

IN A C O S T -B E N E F IT  ANALYSIS

C o s ts B e n e f i ts

1. C o s t o f d e s ig n , c o n s t r u c t io n ,  o p e r  1. W orth  o f th e  p ro d u c t( s )

a tio n

2. R isk  of d e a th  and in ju r y  to  h u m a n s 2. R ed u c tio n  of s o m e  e x is t in g  r i s k s

3. D a m ag e  to  o th e r  f o r m s  of life 3. E c o lo g ic a l  b e n e f i ts

4. R ed u c tio n  of e x is t in g  a m e n itie s 4. N ew  a m e n it ie s

5. R ed u c tio n  in a e s th e t ic s 5. G ain  in a e s th e t ic  v a lu e  of th e

e n v iro n m e n t

6. O th e r  f o r m s  o f p o llu tio n 6. Im p ro v e m e n t in  em p lo y m e n t p r o 

p o s a ls

th e  s p e c t r u m  o f s o c ie ta l  v ie w s  on m a t te r s  s u c h  a s  th e s e  -  to g e th e r  w ith  th e  m u ltitu d e  

of o th e r  c o s ts  and b e n e f i ts  a r i s in g  fro m  a  te c h n o lo g y  su ch  a s  e l e c t r i c  p o w e r g e n e r 

a tio n , in d ic a te s  th a t c o s t - b e n e f i t  a n a ly s is  in i t s  b ro a d e s t  s e n s e  p r e s e n t s  a  fo rm id a b le  

ta s k .

T h e  im p o r ta n t  p o in t i s ,  h o w e v e r , to r e a l i z e  th a t no s o lu tio n  to  any  eq u a tio n  

r e la t in g  r i s k s  to  b e n e f i ts  and c o s ts  to  b e n e f its  w ill e v e r  be  p e r f e c t .  It is  r ig h t  to  

id e n tify  th e  a r e a s  of u n c e r ta in ty  and im p o r ta n t  p e rh a p s  to  s t r e s s  how  la r g e  s o m e  of 

th e s e  u n c e r ta in t ie s  a r e  o r  how c o n s id e ra b le  th e y  m ay  a p p e a r  to  be  a t th e  p r e s e n t  

t im e .  N e v e r th e le s s  w e m u s t  no t be  s o  d is m a y e d  by th e  c o n fu s io n  and u n c e r ta in ty  as  

to  a b an d o n  th e  a tte m p t.  If th e  c o n cep t is  r ig h t ,  and w e h a v e  y e t to  f in d  a b e t t e r  o n e , 

th e n  any a p p lic a tio n , h o w e v e r  l im ite d , i s  l ik e ly  to  im p ro v e  o u r  p e r s p e c t iv e .  W h ere , 

f o r  s o m e  p a r a m e te r s ,  q u a n tif ic a tio n  h a s ,  th ro u g h  la c k o f  in fo rm a tio n  o r  u n d e r s ta n d - ,  

ing  a t th e  p r e s e n t  t im e ,  p e r f o r c e  to  b e  s o  im p r e c i s e  a s  to  h a v e  no  s ig n if ic a n c e  in th e  

m a th e m a t ic a l  b a la n c e  o f th e  e q u a tio n , th en  th e  d i r e c t io n  of th e  e f fe c t of th e s e  

p a r a m e te r s  sh o u ld  be  e x p r e s s e d  in  q u a l i ta t iv e  t e r m s  to  fo rm  a  q u a lify in g  c o m m en t 

on th e  o v e r a l l  r e s u l t  o b ta in e d  p u re ly  f r o m  th e  b a la n c e  of th o s e  t e r m s  th a t  c an  be  

q u a n tif ie d .

C le a r ly  th e n , a l th o u g h  w e h a v e  a  long  w ay to  g o , e v e r y  s te p  in th is  d ir e c t io n  

w ill  p r e s e n t  an  im p r o v e m e n t .  We b e lie v e  th a t  th e  u s e  of c o s t - b e n e f i t  te c h n iq u e s  in 

a  l im ite d  s e n s e  p r e s e n t s  a  way in w h ich  s u c h  im p ro v e m e n ts  c a n  be  m ad e . F o r  

in s ta n c e ,  o n ce  a  d e c i s io n  h a s  b een  ta k e n ,  by w h a te v e r  m e a n s ,  to  p ro v id e  a  c e r ta in
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e l e c t r i c a l  g e n e ra t io n  c a p a c ity  w ith in  a  g iv e n  b ro a d ly  d e fin e d  a r e a ,  a l te rn a t iv e  

m e a n s  of a ch iev in g  th is  a im  c an  be  a n a ly z e d  w ith  a  c o s t - b e n e f i t  a n a ly s is ,  i .e .  ’th e  

c o m p a ra t iv e  c o s t - b e n e f i t  a n a ly s i s ’. M any of th e  im p o n d e ra b le s ,  e .g . th e  u s e  to  

w h ic h  th e  e le c t r i c i ty  i s  p u t, m a y  be  co m m o n  to  a l l  p ro p o s a ls  and can  b e  e lim in a te d . 

T h e  USAEC [7^] f o r  e x a m p le  h a s  re c e n t ly  m o v e d  in th is  d i r e c t io n .

C o s t-b e n e f i t  te c h n iq u e s  can  a ls o  be  e m p lo y e d  in a  l im ite d  s e n s e  f o r  th e  

a n a ly s is  of p a r t i c u l a r  s u b s y s te m s  w ith in  a  p la n t;  if  an a l te r n a t iv e  s y s te m  (e .g . 

e m e rg e n c y  c o r e  c o o lin g  and  shu tdow n  s y s te m s )  is  a v a i la b le ,  th e  a n a ly s is  c an  g iv e  

g u id a n c e  on th e  c h o ic e  of th e  b e s t  s y s te m  to  be  u sed . T he im p o s itio n  of fu e l  

t e m p e r a tu r e  r e d u c tio n , w ith  i t s  a s s o c ia te d  c o s ts  in  t e r m s  o f re d u c e d  o u tp u t, c an  be 

c o m p a re d  w ith  th e  re d u c t io n  in r i s k  a c h ie v e d . An e x a m p le  o f th e  l im ite d  ty p e  of 

a n a ly s is  i s  co n ta in ed  in th e  re c e n t ly  p u b lis h e d  w o rk  on n u m e r ic a l  g u id e s  f o r  d e s ig n  

o b je c t iv e s  and l im it in g  c o n d itio n s  to m e e t  th e  c r i t e r io n  ’a s  low  a s  p r a c t i c a b le ’ f o r  

r a d io a c t iv e  m a te r i a l  in l ig h t - w a te r - c o o le d  n u c le a r  p o w e r r e a c t o r  e f f lu e n ts  (WASH 

1258) [ 8 ] .  F u r th e r  w o rk  o f th is  n a tu r e  by B e a tt ie  e t  a l  [ l 2 ]  d e ta i l s  an  a n a ly s is  of 

th e  c o s t  o f la r g e  a c c id e n ta l  r e l e a s e s .

P r o p e r  u s e  of e v en  th e s e  l im ite d  te c h n iq u e s  in v o lv e s  s o m e  u n d e rs ta n d in g  of 

th e  v a lu e  of a  h u m an  life  and  c o s t  of h u m a n  in ju ry  and a lth o u g h  w e re c o g n iz e  th a t  

i t  i s  a  d iff ic u lt p ro b le m  to  e s ta b l is h  su c h  v a lu a t io n s ,  i t  c an n o t b e  a vo ided .

6. CONCLUSION

We h av e  o u tlin e d  th e  u s e  o f th e  r i s k  c o n ce p t in th e  a s s e s s m e n t  o f n u c le a r  

in s ta l la t io n s  and h a v e  id e n tif ie d  s o m e  a s s o c ia te d  p ro b le m  a r e a s .  T h e  a p p lic a tio n  

of a  t r u e  c o s t- b e n e f i t  a n a ly s is  m a y  a t p r e s e n t  s e e m  to  p r e s e n t  a  fo rm id a b le  ta s k ,  

b u t w e b e lie v e  th a t i t  sh o u ld  n one  th e  l e s s  b e  p u rs u e d  a t e v e r y  o p p o rtu n i ty , even  if 

on ly  in a  l im ite d  s e n s e ,  s in c e  i t  i s  on ly  in  th is  way th a t  p r o g r e s s  to w a rd s  o u r  

u n d e rs ta n d in g  of th is  te c h n iq u e  w ill b e  m a in ta in e d  and i t s  e v e n tu a l g e n e r a l  u s e  in 

th e  f ie ld s  o f s a fe ty  and te c h n o lo g ic a l  a s s e s s m e n t  w ill co m e  about.
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A bstract

THE PREDICTION OF POPULATION DOSES DUE TO RADIOACTIVE EFFLUENTS FROM NUCLEAR 
INSTALLATIONS.

S tudies on th e  siting and safe ty  aspects o f  nu c lea r in s ta lla tio n s  h ave  b ee n  m ade m ore com prehensive 
re c e n tly  by th e  d eve lopm en t o f  fast and e c o n o m ic a l co m p u te r program s describ ing  th e  co m p lex  pathw ays by 
w hich  ra d io a c tiv ity  finds its w ay from  irra d ia te d  fuel to  m a n . W ith in  the  CEGB th e  WEERIE program  has 
b ee n  developed  to  ev a lu a te  in h a led  doses to  ad u lt hum an  body organs, c lo u d  6 and y doses and the  ground 
deposition  from discharges o f  a irbo rne  effluen ts under n o rm a l o p e ra tio n a l or ac c id en t cond itions. WEERIE 
m ay  thus b e  used to g en e ra te  sp a tia l d istribu tions o f  dose to  a v a rie ty  o f  organs and th e  p ossib ility  arises o f 
in teg ra tin g  the dose isople ths w ith  rea l p o pu la tion  d istribu tions to  assess popu la tion  doses, w hich  m ay  then 
b e  com b in ed  w ith  UNSCEAR figures for risks per 106 m a n -rad s . In th e  paper th e  m ethodo logy  used to set up 
th e  ev a lu a tio n  o f popu la tion  dose using ec o n o m ic a l m ethods d eve loped  for the  s to rage , re tr ie v a l and 
m o d ifica tio n  of  pop u la tio n  data  is described . As illu s tra tiv e  exam ples  o f  th e  w ork , p o pu la tion  dose 
e va lua tions  are m ade  for “5Kr d ischarges from a reprocessing  p la n t. T he m a jo r con tribu tions  to  popu la tion  
dose are id e n tif ie d , the  e ffec ts  o f  c u ttin g  o ff  dose con tribu tions at 1% o f  background  doses are  investig a ted  ’ 
and the  results p resen ted  as contours o f  eq u a l p o p u la tion  dose.

1. INTRODUCTION

The computer program WEERIE, which has been described elsewhere [1, 2], 
calculates the estimated release rates for a wide range of nuclides into 
the atmosphere and after allowing for meteorological dispersion, the inhaled 
doses, cloud (3-dose and ground deposition of activity may be found, while 
integration over the volume of the plume leads to estimates of cloud y 

exposure. The program has been widely used for investigations of accident 
conditions at Magnox power stations [3], to provide guidance for improved 
emergency monitoring procedures together with data for assessing the 
dosimetric consequences. More recently WEERIE has been used to consider the 
radiological safety following a fuel pin failure in an advanced gas cooled 
reactor including representation of the free pin volume activity [4].

WEERIE enables predictions to be made of spatial distributions of dose 
under normal operational or accident conditions and in the present paper these 
calculations have been extended to the next logical stage of development by 
integrating them with real population distributions within the U.K. This 
enables the assessment to be made of population doses from single and multiple 
sources so that the effects of a complete nuclear power programme may be
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estimated. The model is illustrated by examples of continuous releases of 
nuclides: firstly the population dose from the ®^Kr discharged from a 
notional reprocessing plant serving a 5 GW(E) power programme is estimated, 
and secondly assuming the plant to be operating to the I.C.R.P. criteria for 
the critical group of the population, the population dose is evaluated as a 
function of the effective height of release and distance to the critical group. 
The effects of dose cut-off at 1% of background dose are investigated and the 
spatial distribution of population dose is presented graphically by means of 
population dose isopleths.

2. METHODS OF CALCULATION

2.1 The WEERIE program
85The Kr inventories for the example cases here were generated by 

the FISP program [5J which is a module of the WEERIE code [6] and the 85£r 
was assumed to be emitted directly to the atmosphere, without filtration.
The Gaussian plume model forms the basis of the meteorological calculation, 
with allowance for ground deposition of activity, and the dispersion 
parameters a and a are usually those of Pasquill [7] for releases of 
duration up lo a few hours. There are also instantaneous release parameters 
for short "puffs" of activity. Finally, there is a continuous meteorology 
option in which the concentrations at any downwind distance are averaged 
over the six Pasquill categories weighted with their mean frequency of 
occurrence in the U.K. using data presented by Bryant [8].

In the final stage of the WEERIE program the complete radioactive 
environment is used to assess inhalation doses to organs of exposed 
individuals by use of tabulated values of rems per Curie inhaled which 
were calculated for all the fission product nuclides in WEERIE using 
I.C.R.P. 2 metabolic data [9]. The cloud 8 dose is evaluated from point 
concentrations as are the inhaled doses, but the cloud-y exposure requires 
integration over a large volume of the plume because of the long mean free 
path of y-rays in air. Special techniques in WEERIE have enabled the code 
to be extremely fast in a multi-energy group cloud-y evaluation utilizing 
Gaussian quadrature numerical integration over the real plume geometry and 
not making approximations to the semi-infinite cloud model [2].

2.2 Storage and display of population data
A detailed study of the local population distribution have always formed 

a necessary part of the assessment of a nuclear site [10J. In this work 
direct access by a computer program to census data has been developed, 
influenced partly by present trends in the presentation of census information. 
For example, the United Kingdom 1971 Census, soon to be generally available, 
has been planned for compatibility of information, use in computations 
which involve locations and in the display of data by graphical means [11].
The standard data to be made available will be on a 10, 1 or 0.1 km grid.

The earlier 1966, Sample Census data is not so readily adaptable to 
computer use, but a reduction to a 1.59 km x 2.64 km grid covering England
and Wales has been published [12]. This was derived from population totals
of local authority areas by condensing the population upon the centroid of 
each of these areas and assigning a population class to a particular grid
cell if a centroid with population in a certain range lay within the cell.
In the present work some adjustments were necessary to this largely 
experimental presentation in order to obtain the correct total populations 
for England and Wales and that for the Greater London area.
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In working with stored population data computing costs must be 
considered. An acceptable compromise between definition of cell population 
and the description of overall variations may be achieved by using 
population classes identified by characters assigned to cells. A single 
character may be stored more economically than the' actual population figure.
A second advantage of character representation is that grey-level (line 
printer) maps С13J of population density may be generated directly and this 
technique has been used to generate the population density maps in Section 3.

•Depending upon the computer used, different strategies may be adopted.
The present work has been carried out using the Imperial College CDC 6400 
computer which has a 60 bit word. 20 characters have been packed into each 
word and up to 8 different characters may be used; this range of characters 
could be increased by using more bits per character. The complete population 
map of England and Wales may be stored in 4 kilo-words. In work in progress 
using the C.E.G.B. IBM 370 computer, characters are assigned to 8 bit "bytes", 
4 to a word. The complete range of approximately 50 characters may be used,
with a penalty of increased core requirement.

2.3 Calculation and display of population doses

A program has been written which makes use of a library of data 
generated by WEERIÇ and of population data in "packed store" as described 
in 2.2. This work is concerned with continuous releases and for the two 
cases considered WEERIE was used to generate dose patterns as a function of
downwind distance for a range of release heights.

When the site of the release has been defined the program scans the 
population cells, extracts the population density from packed store and 
interpolates in the dose pattern to yield man-rads for that cell.1 Since for 
realistic sites the wind does not distribute activity uniformly into each 
sector, the values of man-rads estimated are weighted by the probability of 
the wind blowing in the direction of interest. For inhaled or cloud 6 doses 
it is permissible to separate the "wind rose" from the WEERIE calculation, 
but for cloud-y doses which require spatial integration over the plume, slight 
errors may be introduced within a few hundred meters of the stack (the mean 
free path of 1 MeV Ys  is '''ISO m in air) . Since in this work the spatial 
resolution of population density is at minimum 1.59 km, the wind rose is 
again assumed separable from the WEERIE calculation. The same frequency 
of occurrence of weather categories has been assumed to apply within 200 km 
of each site; it is known that in large urban areas this frequency will be 
modified and doses in these areas may thus be overestimated.

Contour maps of man-rads may be generated by the program, on a flat
bed or drum plotter, to the same scale as the population grey - level map.
In order to apply some degree of smoothing and to reduce storage requirements 
for the automatic contouring routine, a condensation to man-rads per year 
per square kilometxe averaged over 16 cells was carried out before plotting.

3. ILLUSTRATIVE EXAMPLES OF POPULATION DOSES

3.1 Continuous gaseous release from a reprocessing plant

The first example deals with population doses resulting from a notional 
reprocessing plant situated on the N.E. coast of England and discharging 
®^Kr and 3h into the atmosphere from a 5000 MW(E) nuclear power programme. 
Assuming a mean thermal efficiency of 30% for the power reactors and a
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FIG. 1. Annual doses as a function o f distance from a reprocessing plant serving a 5000-MW(e) nuclear 
programme assuming B5Kr and 3H are discharged to atmosphere from a 50-m stack.

burn up of 20,000 MWD.T 1, a 5000 MW(E) program requires 300 tonnes of fuel 
to be reprocessed per year giving rise to about 2MCi of ®^Kr released to 
atmosphere per year. This figure compares with 500 Ci (MW(E)yr)--'- quoted 
by U.N.S.C.E.A.R. [14]. The corresponding inventory is 10 Ci.yr 
which is here assumed to reach the atmosphere, although in practice it may 
be in liquid effluents. The downwind doses are shown in Fig. 1; where 
the cloud g and cloud y dose are due to ^ K r  an(j (.̂ e wh0ie body dose results 
from %  inhalation, a 50 m effective stack height having been assumed.

Dunster and Warner [15J and the U.S. Environmental Protection Agency 
[16] give comparable data for *^Kr arisings and subsequent doses when 
allowance is made for variations in stack height and the reduction from 
cloud g dose to skin dose. The ICRP criterion for limiting the discharge 
would be that the peak skin dose should not exceed 3 rem.yr-  ̂ and the 
results of Fig. 1 may be scaled to this level by multiplying by a factor 
of 52.5. Implicit in this assumption is equality of cloud-6 dose in air 
and skin dose. This is not quite true, but for the purposes of this paper 
cloud-g dose is assumed to effectively be skin dose. Thus under the 
present assumption of a 50 m effective stack height the processing plant
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TA BLE I. C A LCU LA TED  ANNUAL POPULATION DOSES WITHIN 200 KM 
RADIUS O F  NOTIONAL PROCESSING PLA NT SERVING 5 GW(e) 
PROGRAMME

Population
85Kr cloud g 
dose (man- 
rad year-'*')

Kr cloud у 

dose (man-rad 
year--1-)

3 .H inhalation
dose (man-rad 
year )

1.706 x 107 3,152 13.8 70.2

TA BLE II. CALCULATED ANNUAL POPU LA TION DOSES FROM  
NOTIONAL REPROCESSING PLANT SERVING 250 GW(e) PROGRAMME AND 
M EETING IC R P  CRITERION F O R  CLOUD |3 DOSE TO SKIN

Population
О С

Kr cloud g 
dose (man-rad 

year

Kr cloud у 
dose (man-rad 

year-*)

3 .H inhalation 
dose (man-rad 

year )

(a) 1.23 x 103 523 2.31 12.3

(b) 1.706 x 107 1.60 x 105 726 3.69 x 103

(a) - for regions where cloud y dose exceeds 1% of natural background.

(b) - within a 200 km radius.

(with present technology and filtration techniques) could deal with a 250 
GW(E) nuclear power programme. Tables I, II and Fig. 2 demonstrate the 
population doses from the 5 GW(E) and 250 GW(E) power programmes and in 
the latter case the effect of a 1% of natural background cut-off on the 
cloud-y contribution to whole body irradiation. Even for the 250 GW(E) 
programme only a small fraction of the population receives more than 1 
mrad .yr-l whole body dose. If the 200 km range is used for the 250 GW(E) 
power programme, the 85£r cloud (3 (i.e. skin), population dose is 
approaching 10% of the natural background population skin dose. This is 
seen in Fig. 1 to be mainly due to a cloud-6 dose averaging about 10 mrad 
yr--*- to the population at distances of 100-200 km from the site. In Fig.
2 the contour levels on the grey area map are at 10— man rads, yr--*- km-  ̂
for cloud-0 ®^Kr dose from the 5 GW(E) programme.
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FIG. 2. Grey scale population map o f NE Ehgland with contour plots o f cloud-fi population doses at
10_1 man*rad* a"1-km "2 (---------- ) for the release of b5Kr from a 5-GW(e) nuclear programme from a
reprocessing plant marked [R] . (Grey scale m ap Crown copyright reserved. )
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In this second example, the same hypothetical reprocessing plant as in 
the last example is assumed to emit ®-*Kr and the population doses are 
evaluated for varying effective heights of release. In Fig. 3 the relative 
cloud-g doses are shown as a function of distance and the I.C.R.P. suggested 
maximum skin dose to an individual member of the public is 3 rads. yr“l which 
is normally taken to be the maximum dose to which the 'critical group' may 
be exposed. Thus the annual doses in Fig. 3 can be scaled so that the 
maximum dose to any individual for a specific height of release and distance
of closest approach meets the 3 rad. yr-^ limit.

Fig. 4 shows the resulting population cloud~B doses out to 200 km from
the plant for effective release heights up to 200 m with the distance to the
critical group being up to 2 km. For a tall stack, if the nearest population 
is closer than the peak in the close-distance curve, the release rate is set 
as if that population were at the peak dose point, so that population dose 
will be constant until the critical group is farther away than the peak in 
the dose-distance curve.

One o f  t h e  i n t e r e s t i n g  f e a t u r e s  o f  F i g .  4 i s  t h a t  a l t h o u g h  t h é  
p o p u l a t i o n  d o se  i s  i n c r e a s i n g  a t  a  f a s t e r  l i n e a r  r a t e  w i t h  c r i t i c a l  g r oup  
d i s t a n c e  f o r  t a l l e r  s t a c k s ,  a l l  f o u r  c u r v e s  must  meet  a t  l a r g e  d i s t a n c e s  
due t o  t h e  c o n v e r g e n c e  o f  t h e  do se —d i s t a n c e  c u r v e s ,  a s  shown i n  F i g .  3.

FIG. 3. A nnual re la tiv e  c lo u d -g  doses from a5Kr discharged from  stacks o f  d iffe ring  heigh ts.
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Distance to Critical Group ( m )

FIG. 4. Annual population cloud-fi dose calcula ted  out to 200 km from a reprocessing plant em itting  85Kr 
at a rate that meets the ICRP suggestion o f 3 rad* a ' 1 to the ’c ritica l group' as a function of height of release 
and distance to that 'c ritica l group'.

TA BLE III. POPULATION CLOUD-/3 DOSES FROM 85K r ADDED UP TO 
200 KM FR O M  A REPROCESSING P LA N T AS A FUNCTION OF E F F E C T IV E  
HEIGHT OF RELEASE AND DISTANCE T O  THE CRITICAL GROUP 
(population  dose  un its  a r e  m a n - r a d - a -1)

Population
Distance tc 
'critical 
group' (m)

Stack hei ght (m)
* 0 50 100 200

1.706 x 107 200 1.78 x 103 - - -

400 5.81 x 103 1.60 x 105 - -
4 5 5800 1.95 X  10 1.88 x 10 4.80 x 10

1000 2.89 x 104 2.04 x 105 5.11 x 10;> 8.00 x 105

2000 9.62 x 104 3.07 x 105 6.35 x 10;> 9.60 x 105
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FIG. 5. Grey scale population map o f NE England with plots o f cloud-£ population doses at
Ю1 man* rad* a"1* km-2 (----------) for S5Kr released from a plant (marked Щ ) to m eet the ICRP criterion of
3 rad- a -1 at 400 m from a 50-m stack. (Grey scale map Crown copyright reserved. )
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FIG. 6. Grey scale population map of NE England with plots o f cloud-6 population doses at
10‘ m an -rad -a "1-km "2 (---------- ) for “5Kr released from a plant (marked Щ] ) to m eet the ICRP criterion of
3 rad* a -1, k m '2 a t 1 km from a 200-m  stack.
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The total population within 200 km of the plant in this example is 1.706 x 
10^ and the population dose varies from 1800 man-rads. yr-* for a ground 
level release and 200m fence to 10® man-rads.yr-l for a 200m stack and 2 km 
fence (both cases requiring 3 rads, yr-* at the fence) as shown in Table III. 
If background radiation is taken as giving 100 mrad. yr-* to the skin, the 
population dose would be 1.7 x 10® man-rads. yr-* from this source and the 
contribution from a reprocessing plant could be as high as 59% or aŝ  low as
0.1% of the skin dose due to natural background. It is to be expected that 
these figures would vary with the individual site and if cloud-y rather 
than cloud-6 doses were used as the limiting criteria.

_^Finally Fig. 5 and 6 show the population dose contours for 10 man-rads 
yr. km superimposed on-grey scale maps for the cases of a 50m stack 
with a critical group distance of 400m and a 200m stack with a 1 km critical 
group distance respectively. It is clear that the population doses increase 
and the number of people above a given dose limit increases with stack 
height. Also the population dose contributions are significant at large 
distances and clearly would be increased by the siting of subsequent 
nuclear installations.

4. CONCLUSIONS

The principal conclusion to be drawn from this work is that it has been 
shown feasible to estimate collective doses for realistic population 
distributions around actual nuclear sites by the development of computing 
techniques which are economical both in fast core requirements and execution 
time.

Illustrative examples have been given for notional nuclear sites which 
demonstrate that the relationship between population dose and site 
characteristics is extremely complex for a nuclear installation operating 
to the I.C.R.P. criteria for individual members of the public.

The methods outlined in the paper provide a basis for siting calculations 
in that the effect of a number of sites on a population group may be considered 
and changes in population distribution with time can be investigated.

The immediate future development of the work is towards representation 
of long range (>10^ km) meteorological dispersion and the consideration of 
the accident situation in terms of population dose commitment.
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INFLUENCE DE LA PUISSANCE ET DE LA 
DISTANCE SUR LES RISQUES PRESENTES 
PAR UN REACTEUR NUCLEAIRE — 
FACTEUR ATMOSPHERIQUE DE SITE
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D épartem ent de sûreté n u cléa ire ,
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A b stra c t-R é su m é

HAZARDS OF NUCLEAR REACTORS AS A FUNCTION OF REACTOR POWER AND DISTANCE -  THE SITE 
ATMOSPHERIC FACTOR.

The paper discusses the characterization  of a reactor site by a re la tive  value representing hazards 
transm itted via the atmosphere. To do this the author proposes a general method w hich, with a few 
supplementary hypotheses, can be applied to particular cases. First, on the assumption that there is an upper 
damage threshold, one determines — as a function of reactor power — a maxim um  distance from the reactor at 
which dam age w ill occur by taking effluent emission together with atmospheric diffusion coefficients. In 
evaluating the risk for each  distance, account is taken of atmospheric diffusion and the probability o f an 
accident of a certain severity. The population inside the c irc le  o f maxim um  radius is then weighted, both 
as a function of the previously obtained distance factor and as a function of the prevailing wind directions.
The p ractical application o f the method is discussed in the light o f the accuracy o f the currently available 
data. A num erical exam ple is given.

INFLUENCE DE LA PUISSANCE ET DE LA DISTANCE SUR LES RISQUES PRESENTES PAR UN REACTEUR 
NUCLEAIRE -  FACTEUR ATMOSPHERIQUE DE SITE.

L 'objectif de cet exposé est de caractériser un site par une valeur relative concernant les risques transmis 
par voie aérienne. Pour ce faire on propose une méthode générale que l'on applique avec quelques hypothèses 
supplém entaires à des cas concrets. Tout d’abord une distance m axim ale d 'a tte in te  en fonction de la puissance 
est déterm inée par la combinaison des émissions d 'effluents e t des coefficients de diffusion atmosphérique, en 
supposant une nuisance lim itée  par un seuil. Pour chaque distance le risque est évalué en tenant com pte de la 
diffusion atmosphérique e t de la probabilité de voir survenir un accident d'une certaine intensité. Enfin la 
population à l'in térieur du rayon m axim al est pondérée, d'une part en fonction du facteur distance obtenu 
précédem m ent e t d 'autre part en fonction de la rose des vents. Les modalités pratiques de l ’application de 
cette  m éthode sont discutées en regard de la précision des données actuellem ent disponibles. Une application 
numérique est citée en exem ple.

1. INTRODUCTION

Le développement de l'énergie nucléaire va poser de plus en plus le problème 
du choix des sites.

On peut espérer que le développement rapide de la sûreté des réacteurs 
conduise un jour à la banalisation de ces installations, c'est-à-dire à une 
liberté d’implantation au moins aussi grande que celle d’autres établissements 
industriels; dans l’état actuel de nos connaissances les pays privilégiés qui 
ont encore la liberté de choix du site se doivent d’essayer de trouver, en matière 
de sûreté, des critères objectifs.

83
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Ces critères doivent permettre, au minimum, de comparer les risques 
relatifs de deux installations sur un m ê m e  site et surtout, d'une m ê m e  instal
lation sur deux sites différents.

La vitesse relativement grande du transfert de la contamination par voie 
atmosphérique, les difficultés,dans ce cas.de prévention et de lutte, imposent 
de choisir ce mode de transfert c o m m e  critère principal.

2. DEFINITIONS E T  HYPOTHESES

2 .1 .  L im i te  d 'in fluence

Tout d'abord la notion d'environnement d'une centrale a besoin d'être 
précisée. La question se pose en effet immédiatement lorsque l'on veut 
définir le domaine d'intégration des doses qui conduit à la notion d'hommes-rems. 
L'expression mathématique associée étant généralement divergente,il y a lieu 
de donner une borne supérieure aux distances considérées, à moins d'envisager 
c o m m e  Machta [ 1 ] des panaches faisant plusieurs fois le tour de la terre, les 
doses au-delà de 100 k m  étant alors du m ê m e  ordre que les doses en-deçà 
pour l'installation étudiée.

Cette borne supérieure peut être fixe (50 miles par exemple) ou mieux 
être associée à un niveau individuel d'exposition. En effet dans ce cas elle est 
plus facilement liée à un rejet potentiel déterminé. D'autre part, il est possi
ble de définir ces seuils soit par comparaison avec les fluctuations de la radio
activité naturelle, soit par une limite au-dessous de laquelle il sera pratique
ment impossible de déterminer un effet (10 rems à la thyroide par exemple).

Théoriquement ceci entraîne une borne différente pour chaque condition 
météorologique, chaque nucléide et chaque seuil considéré.

2 .2 .  D iffusion a tm o sp h é r iq u e

Il n'est pas dans notre propos de revenir sur la définition des 
classes de stabilité par exemple. Dans les pays construits et habités que sont 
ou seront les alentours des centres nucléaires, il nous paraît assez vain 
d'imaginer un gradient thermique "basses couches" constant au-dessus de sols 
de nature différente sur des dizaines de kilomètres. Les essais de corrélation 
menés avec nos résultats expérimentaux n'ont pas abouti : des conditions de 
diffusion moyenne nous paraissent suffisants ;mais nous pourrions améliorer 
la méthode en tenant compte d'une distribution probabiliste globale des concen
trations telle que celle que nous avons proposée en [ 2] .

Le seul paramètre que nous retiendrons momentanément,1a direction du 
vent,peut lui-même être sujet à caution si nous considérons certains sites 
et les distances de quelques dizaines de kilomètres : ce sont les trajectoires, 
souvent sinueuses, qu'il faudrait envisager.

Quoi qu'il en soit,à chaque direction de vent nous supposerons un 
panache à l'intérieur duquel les concentrations au sol sont réparties unifor
mément. La largeur angulaire de ce panache décroît en



IA EA -SM -18 4 /2 3 85

La concentration moyenne (ou le dépôt qui lui est proportionnel) décroît 
avec la distance selon également une loi puissance dans les modèles les plus 
répandus. L'exposant de cette loi puissance varie selon ces modèles, selon 
les conditions météorologiques, voire avec la distance elle-même mais nous 
pensons pouvoir rendre compte de l'ensemble des phénomènes dans le 
domaine considéré (quelques heures, quelques dizaines de kilomètres) avec 
un exposant unique.

2 . 3 .  D om m a g es  r e te n u s

En principe la nuisance potentielle de l'installation sera la s o m m e  de 
toutes les conséquences possibles de tous les rejets possibles. Ceci implique 
de regarder l'évolution de tous les nucléides relâchés et d'évaluer le coût 
sous forme de vies humaines ou seulement de soins, de mesures de déconta
mination ou d'évacuation de populations, d'immobilisation de machines coû
teuses etc Le but principal de cette étude étant d'obtenir un coefficient relatif, 
nous ne retiendrons que les premières et même,dans le cas d'applications numé
riques,que les problèmes associés aux iodes et à la thyroi'de. Il n'est pas néces
saire pour cela que -ce qui est admis généralement- ce risque soit le 
principal mais cela suppose implicitement que les autres dommages lui soient 
proportionnels (doses globales proportionnelles à la dose thyroïde, activité 
industrielle proportionnelle à la population etc...).

En toute rigueur il faudrait que les seuils retenus pour chacun des phénomènes 
soient également compatibles, par exemple si la dose d'irradiation globale est en 
tous points le 1 / 1 0 de la dose thyroïde; le seuil à retenir serait également le 1 /10, 
sous peine de devoir dans un cas considérer des populations qui ne seraient pas 
comptées dans le second.

Д 1 n'est pas permis de trop entrer dans le détail car il est probable que,dans 
le cas d'accident important,le seuil d'action ou d'indemnisation sera fixé en 
fonction de considérations économiques ou politiques qui échappent à notre analyse.

Nous ne considérons que les rejets accidentels, les rejets normaux étant 
considérés c o m m e  acceptés et dans tous les cas donnant des doses bien infé
rieures à celle retenue c o m m e  limite.

2 .4 .  D éfin it ion  du d é t r im e n t

Enfin nous caractériserons l'agression potentielle d'une installation sur 
son environnement par le "détriment",c'est-à-dire par l'tespérance mathéma
tique" ou la "moyenne stochastique", c'est-à-dire la s o m m e  des produits des 
conséquences des accidents par leur probabilité, et plus particulièrement dans 
ces conséquences un nombre de décès proportionnel aux irradiations.

3. METHODE

3 .1 .  C alcu l du d é t r im e n t

La quantité Q  de nucléides potentiellement rejetable est proportionnelle à 
la puissance W.
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Q t = a b i W

L'indice i va être caractéristique d'un accident. Les termes a , quantité de 
nucléide contenu par unité de puissance, et W  puissance,peuvent varier (a en 
particulier avec la nature et surtout l'âge du combustible)mais nous élimi
nons ces variations en nous plaçant à la puissance nominale et en suppo
sant les quantités maximales (fin de vie).

La gravité de l'accident sera essentiellement caractérisée par le terme bi 
fraction de la quantité de nucléide contenue dans le coeur rejetée dans l'environ
nement; b¡ variera de 0 à 1. On pourrait imaginer des bj >1 dans le cas d' ’’e m 
ballement" du réacteur. Mais d'une part ces accidents de criticité ont des proba
bilités deux ordres de grandeur en dessous des précédentes [ з ]  , d'autre part 
ils concerneront surtout des nucléides à période courte qui n'intéresseront que 
les alentours immédiats.

Toute nuisance individuelle D x¡ (dose associée à une concentration ou un 
dépôt à une distance x) est proportionnelle à Q et décroît avec la distance selon 
la loi puissance considérée plus haut.

On peut donc écrire :
D xj = a b | C W x _ a où oc est positif et c représente la dose à 1 k m  associée

à une émission de 1 curie.

Ceci suppose que l'on néglige la décroissance de la radioactivité durant le 
transport,du réacteur au point considéré.

Si l'on s'est fixé un seuil D  ̂  au-dessous duquel l'effet sera nul (ou indiscer
nable) on peut ainsi lui associer -pour chaque accident- une distance maximale
d'atteinte x, telle que , l /a

1 (a b¡ c W)

On pourrait aussi définir une borne inférieure ( X2 i ) de distance correspon
dant à une dose D 2 au-delà de laquelle les "rems" n'ont plus d'effet (il est indif
férent d'irradier un cadavre)mais dans les cas pratiques cette distance est 
inférieure aux dimensions du site.

On pourra, pour l'accident maximal envisageable,définir une distance au-delà 
de laquelle le réacteur n'a plus d'influence détectable ;

(a b m c W )  l/a
x  _  — --------

m  Di

bm  pouvant être pris égal à 1 ou une fraction du m ê m e  ordre
si l'on admet que la volatilisation complète d'une installation est physiquement
impossible.

Le nombre d'habitants soumis au panache à une distance x est : 
p (x, д ) Л 0 x dx 

où p (x, в ) est la densité de population
Д в x dx l'aire du secteur balayé par les effluents, Л в exprimé en radians.



IAEA-SM -1 8 4 /2 3 87

Nous pouvons écrire ’
Д  в = à  в г x -Y 

( Л  в ̂  = largeur à 1 k m  )

Donc, en cas d'un accident unique, le détriment subi par une population située à 
une distance x dans une direction 0 est

_y
N ¡0 = P(i) P  (в) a b^c g W  x~a p (x, 0 ) x Д  0- x dx

P (i) représentant la probabilité de survenue de l'accident
P (в) probabilité que le vent souffle vers le secteur de direction в et de largeur Д0

a bi c W  x la dose individuelle reçue à cette distance x, g le facteur
de proportionnalité (supposé unique) entre la dose individuelle et le risque de 
décès. En fait, ce facteur a aussi une distribution probabiliste qui dépendra de la 
composition de la population et des contre-mesures qui pourraient être
prises (surveillance médicale, inhalation d'iode stable ... )

Ces calculs sous cette forme, ou arrêtés à la notion d'hommes-rems, sont 
souvent effectués pour un accident baptisé "maximal" ou de"référence" ou de 
"dimensionnement".

La densité de population n'y est pondérée en fonction de la distance que par 
le facteur x l-a_Y qU¡ dépend exclusivement de la dilution des effluents.

En réalité nous avons vu que le détriment est la s o m m e  de tous les N  j g .
A  une distance proche de la distance xm  précédemment définie seul l'accident
apocalyptique', pratiquement impossible, pourra intervenir.

A  des distances plus faibles, le m ê m e  accident aura des conséquences plus 
élevées auxquelles s'ajouteront les conséquences faibles des accidents modérés, 
plus probables.

Pour connaître le détriment total, il suffirait en principe, pour chaque secteur 
( Д  в Д  x ) de somm e r  les résultats de chaque accident sur le spectre total 
de ces derniers, m a  is un tel travail exhaustif n'est pas d'une approche facile.

Toujours dans le cadre de valeurs relatives de site,il est plus simple de sup
poser une distribution des accidents en fonction de leur probabilité. Il est fréquent 
de voir présenter sur un diagramme rejets-probabilité un tel accident par un point.

En fait cet accident,défini par une séquence d'événements malheureux ou 
arbre de défaillances,conduit à un rejet qui ne devrait être lui-même donné que 
dans un intervalle donné avec une distribution assez large venue des impréci
sions sur les taux de fuite, l'efficacité des filtres, le piégeage de parois etc...
De plus les points correspondant à divers "arbres"considérés n'ont aucune 
raison apparente de s’aligner sur une courbe. Mais quelques accidents ou groupes 
d'accidents ont généralement des détriments nettement supérieurs aux autres 
et conditionnent l'allure d'une courbe qui donnera la densité de probabilité en 
fonction du rejet R  = a b W  sous une forme
APj = k R} P A R  = ki bj ~P Д Ь  W *  ^ (ppositif) 

où Ap¡ est la s o m m e  des probabilités des accidents entraînant des rejets compris
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entre Ri et Ri + Д R. Les constantes k et k-̂
qui en dérivent sont propres à l'installation et permettent en principe de détermi 
ner le risque et de le comparer à un critère quelconque.

Remarquons en passant que le critère proposé est souvent indépendant de 
l'installation,ce qui implique une valeur de ki variant en sens inverse de la 
puissance et va à l'encontre d'analyses type coût-avantage.

Pour sommer sur le spectre d'accidents (supposé alors quasi continu), les 
détriments intéressant la population du secteur (x, $. ),la borne supérieure 
de b sera b m  qu'on prendra égale à 1 dans ces premières applications.

La borne inférieure bf correspondra à l'accident qui donne la dose seuil indi 
viduelle à la distance considérée c'est-à-dire telle que

x "D 1

bf = ücW

les accidents de rejets inférieurs à Ц- n'entraîïiant aucune conséquence à la dis
tance x considérée.

Le détriment N  ( x ,e  ) subi par la population considérée dans le secteur x ,6 

est donc de :
2- P - a -Y Г   ̂ -fiN (x, в ) = P (0) a c g W x р ( х , 0 ) х Д 0 1 х dx kj / b* b¿ pAb¡

x aDi

I _  |̂ x 1 -«-Y x 1 U-P) Dj  acW

Di \  2 - Poù D  représente l'expression
\a c W /  

cas général
et,si P = 2,
N (  x в ) = K2 ( - lo g  ( x a D l ) x 1" " “Y ) 

a c W

Pour obtenir le détriment total du site, il faut alors intégrer par rapport à 
в (sur tout le cercle) et par rapport à x  à partir de x 2 distance qu'on peut 
confondre avec la limite du site jusqu'à x  ̂distance maximale où un effet peut 
être perceptible ( Xj et x2 définis plus haut).

On peut obtenir des fonctions analytiques qui définissent la population en 
fonction de l'azimut et de la distance (la densité est souvent une fonction crois
sante de cette dernière dans les premiers kilomètres).

Il faut toutefois prendre garde que mathématiquement on ne peut parler de 
population en un point donné c o m m e  on le fait couramment en localisant les 
habitants d'une ville à la mairie. On peut parler de populations cumulées jus
qu'à une distance ou du taux d'accroissement par unité de distance : les diffi
cultés sont un peu analogues à celles rencontrées dans les "courbes" de pro
babilités. On les évite en utilisant la densité classique. Mais pratiquement on 
disposera de valeurs finies dont la précision pourra être de moins en moins
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bonne quand on s'éloignera de l'installation et la s o m m e  pourra se faire soit 
par ordinateur, soit souvent à la main, les approximations et les extrapolations 
ne nécessitant pas un pas d'intégration très fin.

Un simple paramètre, proportionnel à la densité de population,pondéré par 
la fréquence des vents et l'expression précédente pour la distance, et s o mmé 
jusqu'à la distance xm  suffira donc à comparer des sites entre eux pour une ins
tallation donnée . Pour deux installations différentes il faudra faire intervenir kj.

Pour un indice absolu de nocivité, il faudra tenir compte de plusieurs nu
cléides et de plusieurs effets. Seul ce dernier indice pourrait être comparé 
à la nocivité des rejets normaux, ou aux avantages obtenus du fonctionnement 
de l'installation.

3.2. Influence de la puissance

En ne regardant qu'un seul nucléide on pourrait encore simplement déter
miner l'influence de la puissance et donc comparer deux installations entre 
elles. Il est relativement aisé de tenir compte de la répartition de la popu
lation. Par contre il semble que le facteur Ц  ou plus prosaïquement l'impor
tance et la probabilité des accidents envisageables n'est pas une fonction simple 
de la taille. Au contraire l'établissement de critères indépendants de la puis
sance et surtout la redondance des sécurités dans les nouvelles constructions 
(sans parler de l'expérience acquise tous les jours) fait qu'un P W R  de 1000 MW(th) 
ne serait pas plus dangereux qu'un réacteur de recherches de 8 MW(th) [ 3] .
En postulant une densité de population sensiblement uniforme avec la distance, 
et un coefficient kj identique on obtient d'abord le dommage provoqué 
dans l'environnement à la distance x .

Le détriment dû au réacteur peut dans ce cas être intégré analytiquement 
selon x . La borne supérieure sera la distance maximale considérée.

La borne inférieure devrait être celle définie au début distance en deçà de 
laquelle les conséquences ne sont plus fonction de la dose individuelle. Plus 
aisément on peut prendre x = 1 km,limite habituelle du site,ou plus aisément 
encore x = o l'intégration étant facilitée si

N  ( x , 0 ) = K 3 W 2_рГ1-а -Y _ x i - Y + « ( l - P  ) D l  \ 2 - P j d x
a c W/

2 - « - Y >0, et,2 - Y + a ( 1 - p ) > 0

l'on trouve dans ce cas :
N  ( в ) = K 4 W  ^ - +  1 -p

formule qui suppose donc :
-une nuisance individuelle limitée par un seuil 
-des rejets proportionnels à la puissance 
-une densité de population constante
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-des concentations d'effluents et la largeur du panache décrites par des lois 
puissance

-enfin, puisque nous n'avons pas fait intervenir la décroissance radioactive, 
des nucléides dont la période est supérieure à une dizaine d'heures.

R E M A R Q U E S  :

Si l'on admet que les probabilités ne dépendent pas du rejet en curies, 
mais uniquement de la fraction de la quantité contenue dans le coeur,
Д  Pi = k 2 b¡ Рдь et on obtient une formule particulièrement simple 

pour l'influence de la puissance.
N(0) = K5 W

Cette hypothèse apparaît assez logique puisque, à un arbre de défail
lance identique dans deux installations, elle associe des rejets proportion
nels à la puissance.

4. A PPLIC A TIO N

Nous prendrons : 
a = 50 Ci/kW d'iodes contenus
c = 5.10 ”4 rem à la thyroïde par curie émis ce qui suppose un coefficient moyen
de diffusion de ; -6 -35. 10 s. m

Dosera pris arbitrairement égal à 30 rems à la thyroïde, dose au-dessus de 
laquellé une surveillance médicale est obligatoire en France.
“ = 1, 5
Y = 0, 2 (la largeur angulaire du panache es t divisée par  2 à quelques dizaines 

de kilomètres)
P= 1 les accidents participant alors également au détriment, les graves

conséquences étant compensées par une densité de probabilités inverse
ment proportionnelle.

On peut d'abord définir la distance xm  d'atteinte pour un réacteur de puis
sance W. On obtient, en simplifiant légèrement

x m  = w 2̂Z
x exprimé en kilomètres m
W  en mégawatts
ce qui implique pour un réacteur de l'ordre du gigawatt thermique une étude 
d'environnement jusqu'à une centaine de kilomètres.

Mais le terme de pondération de la densité de population devient alors
W ____ 0,8

0 7 X x 1

- 0 7Ce facteur, approché par W x  jusqu'àune trentaine de kilomètres pour
ce m ê m e  réacteur,décroît après très rapidement de sorte qu'une étude fine n'est 
plus nécessaire.
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Si l'on prenait P = 3 tel qu'on pourrait (avec un peu de bonne volonté) le 
déduire de [ 3 ] on obtiendrait, en gardant les m ê m e s  valeurs des autres para
mètres,un facteur de pondération égal à

/  -2, 2 -  0, 7\
Г  - -  )\  w  /W

c'est à dire une décroissance beaucoup plus rapide.

En particulier,pour 1000 MW,le facteur de pondération est déjà égal à 1/1000 
à 20 k m  ce qui rend négligeable les distributions de population au-delà, sauf 
évidemment si la densité est nulle en deçà de cette distance.

Nous prendrons P = 2, tel que ce coefficient pourrait être tiré de la courbe 
critère proposée [4] ceci ne change rien à la valeur x ; par contre on obtient 
alors un terme de pondération proportionnel à

- 0, 7 W  x log
que nous retiendrons pour l'application numérique.

Il faut souligner que ce terme P= 2 suppose une'bourbe'fcritère classique de 
pente - 1. En effet la"courbe" critère relie des conséquences d'accidents indivi
duels. Pour une exploitation quantifiée d'une telle courbe il faut une hypothèse sup
plémentaire sur le "nombre d'accidents" dans chaque intervalle de rejets.

La définition des secteurs (x, в ) est liée à l’imprécision sur les autres facteurs.

Lorsqu'on passe d'une probabilité de 5% à une probabilité de 95% 
dans l'évaluation des conséquences d'un rejet donné dans i'atmosphère, les concen
trations à une distance donnée varient d'un facteur supérieur à 20 [ 2 ] . Dans le 
m ê m e  intervalle une m ê m e  concentration peut être obtenue à des distances de 
rapport voisin de 10. On voit donc qu'une échelle telle que 1 à 2, 2 à 5, 5 à 10 k m  etc 
est largement suffisante.

L'emploi d'un modèle de diffusion plus élaboré donnerait une précision illu
soire car personne n'a encore chiffré la dispersion des résultats à l'intérieur 
d'une classe donnée. Il est envisageable par contre de rajouter une telle distri
bution globale à l'analyse,mais aux dépens de la simplicité.

La définition de Д  в pose aussi quelques problèmes. C'est par abus de langage 
que l'on donne une fréquence de vent de direction $ alors que cette fréquence est 
mathématiquement nulle, la seule donnée ayant un sens étant la fréquence dans un 
secteur donné.

Dans tous les cas lorsque le vent moyen souffle vers un secteur donné, la lar
geur du panache est telle que son atteinte dépasse le plus souvent ce secteur. Il 
faudrait donc pondérer la probabilité d'un secteur par celles des secteurs voisins. 
Pratiquement la continuité générale des roses des vents permet d'estimer que ce 
terme correctif n'est pas très important. Si cette discontinuité entre deux direc
tions existe, c'est qu'il existe un accident topographique mais alors il est prudent 
de considérer les trajectoires, les déviations du panache sur une centaine de kilo
mètres étant probables. De plus dans les vallées étroites, exemple de ces accidents
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^^^-^Puis sanee thermique
distance (MW) 
(km)

100 1000 3000

1 à 2 150 200 250
2 à 5 50 100 150
5 à 10 20 50 70

10 à 25 4 20 25
25 à 50 8 10
50 à 100 1 3
100 à 200 1

topographiques, la largeur angulaire va décroître beaucoup plus rapidement qu'indi- 
qué ici. Enfin, ces fréquences de vent serviront à pondérer des populations qui 
seront supposées groupées à la mairie alors que l'habitat dépassera souvent les 
limites des secteurs.

Il faut déterminer une rose des vents totale. La largeur des secteurs importe 
peu, pourvu bien entendu qu'elle soit la m ê m e  sur les sites que l'on veut comparer. 
Pour la déterminer on n'oubliera pas de se raccorder à une station climatologique 
voisine (pour tenir compte d'une trentaine d'années) et surtout d'attribuer 
une direction aux vents dits "calmes", de façon à ce que la s o m m e  des fréquences 
(assimilées ici à P  (0))soit égale à 1.

La population sera répartie dans des secteurs ayant c o m m e  largeur angulaire 
celle de la rose des vents et c o m m e  longueur les intervalles définis précédemment. 
La densité de population dans ces secteurs sera déterminée. Pour les m ê m e s  inter
valles de distance, la valeur moyenne de la fonction x ^ log - -j—g sera calculée 
avec x en kilomètres et W  en mégawatts.
Chaque densité sera multipliée par la fréquence du vent correspondante et la valeur 
moyenne trouvée de l'expression précédente. La s o m m e  de ces produits caractéri
sera le site au point de vue atmosphérique pour l'installation de puissance W. Par 
exemple, on aura le tableau approximatif I.

5. DISCUSSION

Les termes a et У peuvent varier légèrement selon les auteurs ou le progrès 
de nos connaissances. En tous cas ils restent physiquement déterminés et l'on 
peut estimer que la distance "maximale" d'atteinte ne dépendra que de la dose D-̂  
prise c o m m e  seuil ou du rejet b¡ W  qui sera jugé "impossible".

Le terme p par contre restera toujours assez arbitraire. En effet,ou bien nos 
connaissances resteront incomplètes et ce coefficient restera basé sur des impres
sions subjectives ( "les gros accidents" doivent être psychologiquement -
ou politiquement- évités) ou bien nos connaissances dans le spectre des accidents
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aura progressé et il  sera  alors relativem ent facile (avec des m oyens de calcul 
plus puissants) de fa ire la som m e d iscrète  des détrim ents en un point dus à chaque 
accident, sans se  soucier de l'im portance relative des "détriments".

Il faut prendre garde à ce que le s  distances considérables envisagées ne pré
jugent en rien du "détriment" absolu de l'installation. Au contraire à la  distance m a
xim ale d'atteinte x , ce  dernier e st mathématiquement nul. En fait toutes le s  études 
ont montré que le s  installations nucléaires ont atteint un niveau de sûreté large
ment supérieur à celui de beaucoup d'autres industries [ 3 ]  . Ce facteur intrinsèque 
est m êm e s i bon que le  param ètre p défini principalem ent à partir de la probabilité 
des grands accidents dépendra de plus en plus des facteurs d 'agression  de l'environ
nement contre le  réacteur : sé ism es , inondations, sans doute, m ais au ssi explo
sions in dustrielles et,surtout,négligence ou m alveillance humaines, d ifficilem ent 
chiffrables.

Sur un s ite  à densité constante le  tableau perm et de voir que la  puissance a 
relativem ent peu d'importance pour le détriment. Ceci tient essentiellem en t à 
l'hypothèse -g én éra lisé e - que le s  probabilités seront lié e s  aux rejets, indépen
damment de l'installation. La puissance n'intervient que par la possib ilité  de rejets  
plus é lev és, reculant le s  bornes d'intégration. Si l'on avait supposé une distribu
tion des probabilités fonction de la fraction des nucléides contenus dans le  coeur, on 
aurait obtenu :

pour p= 1 : le  m êm e facteur 1 x ~ o ~7 - x

pour p = 3 : W 2 x ~2 ,2  -  W x ” ° ’ 7

et pour P = 2 : enfin W x 7 log ~x Y, 5

c'est-à-d ire, com m e on pourrait s'y  attendre, une importance beaucoup plus grande 
de la puissance.

6. CONCLUSION

En faisant des hypothèses relativem ent sim ples, m ais r éa lis te s , on a pu donner 
une méthode de calcul permettant de déterm iner un facteur atmosphérique caracté
risant un site  en fonction d'une installation donnée.

Ce facteur e st particulièrem ent sensib le  aux probabilités a sso c iées  aux rejets 
et particulièrem ent à l'im portance relative des graves accidents et des incidents 
plus bénins.

L es distributions de c e s  probabilités conduisent à des influences très d iverses  
de la puissance.

L es études u ltérieures devront porter sur cet aspect ainsi que sur l'influence  
des distributions probabilistes des coefficients de diffusion et des d écès dus à une 
irradiation donnée.
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D'ores et déjà des applications numériques objectives peuvent être obtenues 
mais les facteurs de pondération de la densité de population vont var ie r  au fur et 
à m esure du progrès de nos connaissances.
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D I S C U S S I O N

D. M. SIMPSON: If one c o n s id e r s  a v e r y  lo w -p ro b a b i l i ty  ac c iden t ,  say  
10*6 ev e n ts  p e r  y e a r ,  th e re  is  a p o s s ib i l i ty  of one such  event in 1000 y e a r s  
fo r  a 1000 r e a c t o r  p r o g r a m m e .  In o th e r  w o rd s ,  such  an even t m a y  n e v e r  
o c c u r  w ithin the n u c le a r  e n e r g y  p r o g r a m m e  as  we know it  today. Do you 
th ink  th a t  the p ro b a b i l i ty  th e o ry ,  which e s t im a te s  the  n u m b e r  of even ts  
th a t  a r e  l ike ly  to happen in a  long t im e - p e r io d ,  can  be ex tended  to sh o r t  
t im e - p e r io d s  when the even t is  not l ike ly  to o cc u r  at a ll?

R. LE  QUINIO: It i s  n o r m a l  fo r  v e r y  lo w -p ro b a b i l i ty  ev e n ts  to be 
r e g a r d e d  as  p r a c t i c a l ly  im p o s s ib le ,  and th is  i s  why m o s t  of the p r e s e n t  
n a t io n a l  r e g u la to r y  bod ies  r e s t r i c t  t h e i r  s tu d ie s  to m in o r  " r e f e r e n c e "  
ac c id e n ts  o r  "d im ens ion ing"  a c c id e n ts ,  which have no s e r io u s  conseq u e n ces  
N e v e r th e le s s ,  m uch  m o r e  s e r io u s  ac c id e n ts  a r e  a lw ays  p o s s ib le ,  and the 
r e s p o n s ib le  a u th o r i t ie s  c l e a r ly  r e a l i z e  th is  b ec a u s e  n u c le a r  pow er  s ta t io n s  
a r e  a lw ays  lo ca ted  at a d is tan c e  f ro m  populous a r e a s  in sp ite  of the c l e a r  
e c o n o m ic  in t e r e s t  of hav ing  th e m  c lo se  by.
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ESTIMATION OF POPULATION DOSE COMMITMENTS DURING THE EXAMINATION OF SAFETY REPORTS ON 
FRENCH NUCLEAR POWER STATIONS.

After describing briefly the French legislation relating  to the safety o f nuclear facilities , the authors 
exam ine in greater detail the way in which population dose com m itm ents — or potential population doses — 
are estim ated. The adm inistrative procedures are o f fairly recent origin and their formulation coincided with 
a considerable growth in the number o f major facilities. One purpose of a safety assessment is to make the 
prospective operator ask him self about the effects which the facility  w ill have on the environment and in 
particular about the constraints placed on future industrial development over an area which may extend for 
tens of kilometres around the site . It appears to be increasingly difficult at present to assess the safety of a 
nuclear facility  without taking into account the other facilities (nuclear or otherwise) located within a 
considerable radius. It is in the general context of the developm ent of the nuclear industry in a given 
country — or a group of countries — that nuclear safety must be assessed.

L'EVALUATION DES DOSES ENGAGEES POUR LES POPULATIONS LORS DE L’EXAMEN DES RAPPORTS DE 
SURETE DES CENTRALES NUCLEAIRES FRANÇAISES.

Après avoir décrit som m airem ent la législation française concernant la sûreté des installations nucléaires, 
les auteurs exam inent plus en déta il la façon dont sont évaluées les doses engagées- ou po ten tie lle s— pour les 
populations. Les procédures adm inistratives sont re la tivem ent récentes e t leur mise en p lace coïncide avec 
un développem ent considérable du nombre des installations importantes. .Un des buts de l ’exam en de la sûreté 
est d 'am ener le  futur exploitant à s’interroger sur l ’influence que son installation aura sur l'environnem ent et 
par exem ple sur les contraintes qu 'il impose au développement futur des industries dans une zone qui peut 
s'étendre sur plusieurs dizaines de kilomètres autour du site. Il paraît actuellem ent de plus en plus difficile  
de juger la sûreté d'une installation nucléaire sans tenir com pte des autres installations — nucléaires ou n o n — 
im plantées dans un rayon assez large. C’est dans le cadre général du développem ent de l ’industrie nucléaire 
dans un’pays donné — e t m ême dans un ensemble de pays — que la  sûreté nucléaire doit ê tie  évaluée.

Avant  même que l e s  programmes n u c l é a i r e s  a t t e i g n e n t  l e  n i v e a u  q u ’on l e u r  
c o n n a î t  a c t u e l l e m e n t ,  l a  s û r e t é  d es  i n s t a l l a t i o n s  a t om iq u es  a é t é  une de s  
p r é o c c u p a t i o n s  e s s e n t i e l l e s  d es  e x p l o i t a n t s .  Gn p e u t  d ' a i l l e u r s  se  demander  s i ,  
da ns  une c e r t a i n e  m es u re ,  l e s  p r é c a u t i o n s  p r i s e s  ne se s o n t  pas  r e t o u r n é e s  c on
t r e  l ’u t i l i s a t i o n  de c e t t e  n o u v e l l e  s o u r c e  d ’é n e r g i e  en l a i s s a n t  c r o i r e  au p u b l i c  
q u ' e l l e  c a c h a i t  d es  d a n g e r s  i m p o r t a n t s  mal connus  ou mal m a î t r i s é s .

95
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Dans ce  domaine chaque  pa ys  a p r o g r e s s i v e m e n t  mis s u r  p i e d  une l é g i s l a t i o n  
ou une r è g l e m e n t a t i o n  q u i  t e n a i t  compte de  s e s  s t r u c t u r e s  j u r i d i q u e s  p r o p r e s .  En 
f a i t  t o u s  l e s  t e x t e s  p u b l i é s  s o n t  f o n d é s  s u r  l e s  Recommandat ions de  l a  Commis
s i o n  I n t e r n a t i o n a l e  de P r o t e c t i o n  R a d i o l o g i q u e  (CIPR) a i n s i  que s u r  l e s  nombreu
s e s  p u b l i c a t i o n s  de l ' A g e n c e  I n t e r n a t i o n a l e  de l ' E n e r g i e  Atomique .  C e t t e  Or g a
n i s a t i o n  I n t e r n a t i o n a l e  a s u s c i t é  de  t r è s  nombreux é ch a ng es  e t  g r â c e  à e l l e
i l  e x i s t e  une a s s e z  g ra nd e  u n i f o r m i t é  de  vue da n s  l ' é v a l u a t i o n  d es  c o n s é q u e n 
c e s  pour  l e s  p o p u l a t i o n s  du d év el oppe me nt  de  l ' é n e r g i e  n u c l é a i r e .

Nous nous p r op os on s  dans  c e t t e  Communicat ion de p r é s e n t e r  l a  f a ç o n  d o n t ,  
en FRANCE, s o n t  examinés  s u r  l e  p l a n  de  l a  s û r e t é  n u c l é a i r e ,  l e s  p r o j e t s  de
c e n t r a l e s ,  e t  comment,  à ce  s t a d e ,  s o n t  e s t i m é e s  l e s  d o s e s  e n ga g é e s  p o ur  l e s
p o p u l a t i o n s .  Ces e s t i m a t i o n s  s o n t  f a i t e s  à l a  f o i s  en c o n s i d é r a n t  l e  f o n c t i o n n e 
ment normal  e t  l e s  a c c i d e n t s  de d i me n s i o nn e me n t .  I l  f a u t  b i e n  r e m a r q u e r  que l e s  
p r o c é d u r e s  ne s o n t  pas  e n c o r e  f i g é e s  e t  que l e s  r e n s e i g n e m e n t s  que d o i t  f o u r n i r  
l e  f u t u r  e x p l o i t a n t  s o n t  e n c o r e  d i s c u t é s  e t  p r é c i s é s  au c o u r s  de l ' e x a m e n  d es  
r a p p o r t s  de  s û r e t é .

Notons  é g a l em e nt  que nous ne p a r l e r o n s  pas  de s  i n f o r m a t i o n s  q u i  d o i v e n t  
ê t r e  f o u r n i e s  à l a  Commission de s  Communautés E ur op ée nn es  (CCE) au s e n s  de 
l ' a r t i c l e  37 du t r a i t é  d'EURATOM. Cet  a r t i c l e  s t i p u l e  que chaque  E t a t  Membre 
e s t  t e n u  de  communiquer l e s  d on né es  g é n é r a l e s  de t o u t  p r o j e t  de r e j e t  d ' e f 
f l u e n t s  r a d i o a c t i f s ,  à l a  Commission,  q u i  l u i  p e r m e t t e n t  d ' é m e t t r e  un a v i s  s u r  l e s  
c o n s é q u en c e s  r a d i o l o g i q u e s  po uva nt  en r é s u l t e r  pour  un a u t r e  E t a t  Membre.

Après  a v o i r  donné un a p e r ç u  de l a  r è g l e m e n t a t i o n  e x i s t a n t e  ou en p r é p a r a 
t i o n ,  nous p r é c i s e r o n s  l e s  i n f o r m a t i o n s  que d o i t  f o u r n i r  l ' é t u d e  du s i t e  pour
p e r m e t t r e  d ' é v a l u e r  l e s  c o n s é q u e n c e s  r a d i o l o g i q u e s  po ur  l e  p u b l i c  du r e j e t  d es  
e f f l u e n t s .  Nous p r é c i s e r o n s  e n s u i t e  l a  méthode u t i l i s é e  pour  c a l c u l e r  c e s  c o n 
s é q u e n c e s  a u s s i  b i e n  en f o n c t i o n n e m e n t  normal  q u ’ en c a s  d ' a c c i d e n t .  Nous d é 
c r i r o n s  é g a l em en t  l e s  c o n d i t i o n s  du c o n t r ô l e  de l ' e n v i r o n n e m e n t .

1.  LA REGLEMENTATION

La s û r e t é  d es  i n s t a l l a t i o n s  n u c l é a i r e s ,  e t  donc c e l l e  d e s  r é a c t e u r s  de 
p u i s s a n c e  e s t ,  en FRANCE, so u s  l a  r e s p o n s a b i l i t é  du M i n i s t è r e  de l ' I n d u s t r i e ,  
du Commerce e t  de  l ' A r t i s a n a t  e t  p l u s  p a r t i c u l i è r e m e n t  d ' u n  S e r v i c e  de  ce 
M i n i s t è r e :  l e  S e r v i c e  C e n t r a l  de  S û r e t é  d es  I n s t a l l a t i o n s  N u c l é a i r e s  [SCSIN)/ l_/
[ 2 ]  . Ce S e r v i c e  e s t  "notamment  c h a r g é  de p r é p a r e r  e t  de m e t t r e  en o e uv r e  
t o u t e s  a c t i o n s  t e c h n i q u e s  ( . . . )  r e l a t i v e s  à l a  s û r e t é  d e s  i n s t a l l a t i o n s  n u
c l é a i r e s  e t  en p a r t i c u l i e r :  E l a b o r e r  l a  r è g l e m e n t a t i o n  t e c h n i q u e  c o n c e r n a n t  l a  
s û r e t é  de s  i n s t a l l a t i o n s  n u c l é a i r e s  e t  s u i v r e  son a p p l i c a t i o n " .

P a r  a i l l e u r s  un d é c r e t  j f ' i J  d é f i n i t  l e  c a d r e  j u r i d i q u e  e t  a d m i n i s t r a t i f
da ns  l e q u e l  l a  c o n s t r u c t i o n  e t  l ' e x p l o i t a t i o n  de s  i n s t a l l a t i o n s  d i t e s  " I n s t a l 
l a t i o n s  N u c l é a i r e s  de Base"  [INB) d o i v e n t  se  d é r o u l e r .  B i en  e n te nd u l e s  r é a c 
t e u r s  n u c l é a i r e s  c o n s t i t u e n t  d e s  I n s t a l l a t i o n s  N u c l é a i r e s  de Ba se .  C ' e s t  a i n s i  
que " l e s  i n s t a l l a t i o n s  ( . . . )  ne p e u v en t  ê t r e  c r é é e s  q u ' a p r è s  a u t o r i s a t i o n " ,  
c e t t e  a u t o r i s a t i o n  é t a n t  d é l i v r é e  p a r  d é c r e t  du P r e m i e r  M i n i s t r e  a p r è s  a v i s  d ' u n e  
Commiss ion I n t e r m i n i s t é r i e l l e  d e s  I n s t a l l a t i o n s  N u c l é a i r e s  de Base  (CIINB).

Des I n s t r u c t i o n s  m i n i s t é r i e l l e s  p r é c i s e n t  p a r  a i l l e u r s  l a  p r o c é d u r e  
e x a c t e  que d o i t  s u i v r e  l e  f u t u r  e x p l o i t a n t  q u i  demande une a u t o r i s a t i o n  de 
c r é a t i o n .  Sans  e n t r e r  d an s  l e  d é t a i l  d e s  cheminements  a d m i n i s t r a t i f s ,  d i s o n s  
s i mplement  que l e  SCSIN j o u e  l e  r ô l e  de  " p l a q u e  t o u r n a n t e ” da n s  l a  c i r c u l a t i o n  
d e s  d o s s i e r s  s o i t  v e r s  l e  C om mi s s a r i a t  à l ’E n e r g i e  Atomique d o n t  nous p r é c i s e 
r o n s  l e  r ô l e  p l u s  l o i n ,  pour  l ’é t u d e  t e c h n i q u e  d e s  demandes d ' a u t o r i s a t i o n ,  
s o i t  v e r s  l a  CIINB pour  s o l l i c i t e r  son a v i s ,  s o i t  v e r s  l e  M i n i s t r e  e t  l e  P r e m i e r
M i n i s t r e ,  pour  p r o p o s e r  une  d é c i s i o n .
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Le document  de b a s e  s u r  l e q u e l  e s t  j u g é e  l a  s û r e t é  de l ' i n s t a l l a t i o n  e s t  
l e  "Ra ppor t  de S û r e t é ” . I l  n ’ e s t  b i e n  e n te ndu  pas  p o s s i b l e  q u ' u n  document  d é f i 
n i t i f  c o n c e r n a n t  une  i n s t a l l a t i o n  a u s s i  complexe q u ’un r é a c t e u r  n u c l é a i r e  de 
p u i s s a n c e  p u i s s e  ê t r e  é t a b l i  d ès  l a  demande d ' a u t o r i s a t i o n  de  c o n s t r u c t i o n .
A u s s i  l a  r è g l e m e n t a t i o n  a - t - e l l e  prévu t r o i s  s t a d e s  s u c c e s s i f s  pour  a r r i v e r  à 
une r é d a c t i o n  f i n a l e :

-  Un r a p p o r t  p r é l i m i n a i r e  de  s û r e t é  qu i  j o u e  l e  r ô l e  de  n o t i c e  d e s c r i p 
t i v e  e t  d é f i n i t  avec  p r é c i s i o n  l e s  p r i n c i p a l e s  o p t i o n s  t e c h n i q u e s  c o n c e r n a n t  
l a  s û r e t é  pour  l a  demande d ' a u t o r i s a t i o n  de  c r é a t i o n .

-  Un r a p p o r t  p r o v i s o i r e  de  s û r e t é  q u i  d o i t  ê t r e  r e m i s  s i x  mois  a v a n t  l e  
p r e m i e r  ch arge me nt  du r é a c t e u r .

-  Un r a p p o r t  d é f i n i t i f  de s û r e t é  r e m i s  a p r è s  l e s  e s s a i s  de  mi se  en s e r v i c e .

L ’examen de  c e s  t r o i s  r a p p o r t s  de s û r e t é  e s t  e f f e c t u é  p a r  u n ”Groupe Perma
n e n t  c h a r g é  d es  r é a c t e u r s ” q u i  a s s i s t e  l e  SCSIN e t  e s t  composé de  c i n q  r e p r é 
s e n t a n t s  du M i n i s t è r e  de l ’ I n d u s t r i e ,  du Commerce e t  de l ' A r t i s a n a t ,  de  q u a t r e  
e x p e r t s  du C o mmi ss a r i a t  à l ’E n e r g i e  Atomique e t  de  q u a t r e  e x p e r t s  de  l ’e x p l o i 
t a n t  [ E l e c t r i c i t é  de F r a n c e ) .  Le C o mmi ss a r i a t  à l ’E n e r g i e  Atomique j o u e  un 
r ô l e  i m p o r t a n t  a u s s i  b i e n  d a n s  l e  d é ve l opp em en t  d e s  é t u d e s  t e c h n i q u e s  de  s û r e t é ,  
que da n s  l ’ a n a l y s e  de  s û r e t é  d e s  i n s t a l l a t i o n s .  D’une  p a r t  i l  e s t  pr évu  da ns  
se s  m i s s i o n s  de  ’’p r o p o s e r  l e s  mes ur es  p r o p r e s  à a s s u r e r  l a  p r o t e c t i o n  d es  p e r 
s onn es  e t  d es  b i e n s  c o n t r e  l e s  e f f e t s  de  l ' é n e r g i e  a to mi q ue  e t  c o n t r i b u e r  à 
l e u r  mise  en o e u v r e ” e t  à ce  t i t r e ,  i l  d i s p o s e  de  moyens d ’é t u d e s  t e c h n i q u e s  e t  
e x p é r i m e n t a l e s  i m p o r t a n t s  d a ns  l e s  domai nes  de l a  s û r e t é  e t  de  l a  p r o t e c t i o n ,  
d ’a u t r e  p a r t  l a  d é c i s i o n  m i n i s t é r i e l l e  r e l a t i v e  à l a  c r é a t i o n  d e s  g r o u p e s  p e r 
manents  l u i  c o n f i e  l a  m i s s i o n  de  r a p p o r t e u r  a u p r è s  de  c e s  g r o u p e s  po ur  l ' a n a 
l y s e  de  s û r e t é .

Dans l e  c a d r e  de  l ' I n s t r u c t i o n  m i n i s t é r i e l l e  r e l a t i v e  à l ' a p p l i c a t i o n  du 
d é c r e t  s u r  l e s  i n s t a l l a t i o n s  n u c l é a i r e s  de  b a s e ,  l e  p l a n  i n d i c a t i f  d e s  r a p p o r t s  
de s û r e t é  e s t  p r é c i s é .  Chacun d e s  t r o i s  r a p p o r t s  s i g n a l é s  p l u s  h a u t  comprend 
t r o i s  vol umes :

-  Volume I  -  I n t r o d u c t i o n  e t  G é n é r a l i t é s .
-  Volume I I  -  Equ ipe men ts  de  l a  c e n t r a l e  e t  f o n c t i o n n e m e n t .
- Volume III - Analyse de la sûreté.

Chaque volume comprend p l u s i e u r s  c h a p i t r e s  e t  l e s  c h a p i t r e s  qu i  t r a i t e n t  
d i r e c t e m e n t  ou i n d i r e c t e m e n t  de  l ' e x p o s i t i o n  d e s  p o p u l a t i o n s  aux r a yon nemen ts  
s o n t  :

-  Les c h a p i t r e s  2 ( S i t e ) ,  5  ( S t o c k a g e ,  c o n t r o l e  e t  e v a c u a t i o n  d es  d e c h e t s  
e t  e f f l u e n t s  r a d i o a c t i f s ) ,  6 (Résumé de  l ’a n a l y s e  de  s û r e t é .  Con sé qu en ce s  r a d i o 
l o g i q u e s  pour  l a  p o p u l a t i o n )  e t  7 ( O r g a n i s a t i o n  au s t a d e  de  l a  c o n s t r u c t i o n  e t  de 
l ’e x p l o i t a t i o n  -  P r o t e c t i o n  du p e r s o n n e l )  du volume I .

-  Le c h a p i t r e  4 ( Fo n c t io nn e me nt  normal  e t  a c c i d e n t e l  -  Consé que nce s  r a 
d i o l o g i q u e s  de  l ’ e x p l o i t a t i o n  pour  l a  p o p u l a t i o n )  e t  l e  c h a p i t r e  5 ( R a d i o p r o 
t e c t i o n )  du volume I I I .

I l  c o n v i e n t  de s i g n a l e r  l e  r ô l e  i m p o r t a n t  j o u é  p a r  l e  M i n i s t è r e  de  l a  
S a n t é  P u b l i q u e .  Ce M i n i s t è r e  e s t  s a i s i  comme l e s  a u t r e s  M i n i s t è r e s  i n t é r e s s é s
p a r  l e  M i n i s t r e  de  l ’ I n d u s t r i e ,  du Commerce e t  de l ' A r t i s a n a t  de s  demandes
d ' a u t o r i s a t i o n  de  c r é a t i o n  d ’ i n s t a l l a t i o n s  n u c l é a i r e s  e t  i l  e s t  r e p r é s e n t é  à 
l a  CIINB p a r t i c i p a n t  a i n s i  à l a  m is e  au p o i n t  de l ' a v i s  de  c e t t e  Commiss ion.
Mais de p l u s  l ’ a u t o r i s a t i o n  de c o n s t r u c t i o n  ne p e u t  ê t r e  d é l i v r é e  q u ’avec  
l ’a c c o r d  e x p l i c i t e  ( a v i s  conforme)  de c e  M i n i s t è r e .
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E n f i n  c e  M i n i s t è r e  i n t e r v i e n d r a  c o n j o i n t e m e n t  a ve c  l e  M i n i s t è r e  c h a r g é  
de l a  P r o t e c t i o n  de l a  N a t u r e  e t  de l ’E nvi ronne ment  d an s  l ' e x a m e n  des  p r o j e t s  
d ' a r r ê t é s  p r é v u s  d a ns  l e  c a d r e  d ' u n e  r è g l e m e n t a t i o n  en p r é p a r a t i o n  pour  l e s  
r e j e t s  d ' e f f l u e n t s  l i q u i d e s  ou g aze ux .  Nous y r e v i e n d r o n s  p l u s  l o i n .

P e nd an t  p l u s i e u r s  a n n é e s ,  a l o r s  que l a  l é g i s l a t i o n  é t a i t  moins  s t r u c t u 
r é e  -  e t  l e s  i n s t a l l a t i o n s  moins  nombreuses  e t  moins  i m p o r t a n t e s  -  l ' e x a m e n  
d e s  c o ns é q u e n c e s  du f o n c t i o n n e m e n t  d ' u n e  i n s t a l l a t i o n  s u r  l ' e n v i r o n n e m e n t  se  
l i m i t a i t  à é t u d i e r  l e s  c o n s é q u e n c e s  d ’ un ou p l u s i e u r s  a c c i d e n t s  g r a v e s  p r i s  en 
compte pour  l e  d i mens i onnement  de l ’ i n s t a l l a t i o n .  Le f o n c t i o n n e m e n t  normal  d o n t  
l ’ i n f l u e n c e  s u r  l ' e n v i r o n n e m e n t  é t a i t  n é g l i g e a b l e  n ' é t a i t  pas  p r i s  en compte 
La m u l t i p l i c a t i o n  d e s  i n s t a l l a t i o n s  e t  l a  c o n c e n t r a t i o n  de p l u s i e u r s  i n s t a l l a 
t i o n s  s u r  un même s i t e  o n t  c o n d u i t  à e n v i s a g e r  é g a l em en t  l e s  c o ns é q u e n c e s  de ce  
f o n c t i o n n e m e n t  normal  s a n s  i n c i d e n t  g r a v e  t o u t  en m a i n t e n a n t  l ' é t u d e  du ou d e s  
a c c i d e n t s  d i t s  de " d i me ns io n ne me n t” . De t o u t e  f a ç o n ,  i l  é t a i t  de  p r a t i q u e  c o u
r a n t e  de p r é s e n t e r  une é t u d e  du s i t e »  l e s  c o n d i t i o n s  a c t u e l l e s  n ' o n t  f a i t  
q u ' a c c r o î t r e  l ' i n t é r ê t  p o r t é  à c e t  a s p e c t  de  l ' é v a l u a t i o n  de l a  s û r e t é .

2.  L ’ETUDE DU SITE

Nous avons  vu que l e  c h a p i t r e  2 du volume I de s  r a p p o r t s  de  s û r e t é  d e v a i t  
ê t r e  c o n s a c r é  au s i t e .  Le c o n t e n u  de  c e  c h a p i t r e  d o i t ,  dè s  l e  r a p p o r t  p r é l i m i 
n a i r e ,  p e r m e t t r e  de  c o n n a î t r e  au moins da n s  l e u r s  g r a n d e s  l i g n e s ,  l e s  c o n d i t i o n s  
de  d i s p e r s i o n  d an s  l ' e n v i r o n n e m e n t  d e s  e f f l u e n t s  l i q u i d e s  e t  g a ze u x .  Un c an e va s  
p our  une é t u d e  de ce  t y p e  a é t é  p r o po sé  p a r  l ' A g e n c e  I n t e r n a t i o n a l e  de  l ' E n e r 
g i e  A t o m i q u e [ b ]  e t  l e  f u t u r  e x p l o i t a n t  a t o u t  i n t é r ê t  à s ' e n  i n s p i r e r .  P a r 
mi l e s  r e n s e i g n e m e n t s  q u i  d o i v e n t  ê t r e  f o u r n i s  n o t o n s :

-  La d i s t r i b u t i o n  d es  h a b i t a n t s  da n s  l a  zone  e n t o u r a n t  l e  s i t e  en f o n c 
t i o n  de  l a  d i s t a n c e  e t  de  l a  d i r e c t i o n .

-  La p r é v i s i o n  du déve l opp eme nt  e sc o mp t ée  da ns  l ' a v e n i r  de  c e t t e  zone en 
t e n a n t  compte  de l ' i n f l u e n c e  que l ' i n s t a l l a t i o n  n u c l é a i r e  p r o j e t é e  a u r a  s u r
ce  d é v e l o pp em e nt .

-  La d e s c r i p t i o n  d é t a i l l é e  de  l ' u t i l i s a t i o n  de s  t e r r a i n s  en p o r t a n t  son 
a t t e n t i o n  s u r  l ' u t i l i s a t i o n  a g r i c o l e ,  notamment  l e s  p â t u r a g e s .

-  L ' i m p l a n t a t i o n  d e s  i n d u s t r i e s .
-  La c o n f i g u r a t i o n  d e s  v o i e s  de  communi ca t i on s  e t  d ' a c c è s .

Pa r  a i l l e u r s  l a  c o n n a i s s a n c e  du t r a n s f e r t  d e s  e f f l u e n t s  gazeux  suppose
une  é t u d e  m é t é o r o l o g i q u e  q u i ,  d a ns  une  p r e m i è r e  é t a p e ,  p o u r r a  se  r é f é r e r  aux
m es u re s  de l a  s t a t i o n  m é t é o r o l o g i q u e  l a  p l u s  p r o c h e .  Ce pendant  s u r  l e  s i t e  
l ui -même,  d es  m es ur es  s o n t  i n d i s p e n s a b l e s  au moins  p e nda nt  q u e l q u e s  a nnée s  
a f i n  de  p r é c i s e r  l e s  c o n d i t i o n s  l o c a l e s .

La c i r c u l a t i o n  d e s  eaux s o u t e r r a i n e s  e t  d e s  eaux de s u r f a c e  s e r a ,  b i e n  
e n t e n d u ,  d é c r i t e  en m e t t a n t  l ' a c c e n t  s u r  l ' u t i l i s a t i o n  p r é s e n t e  e t  f u t u r e  en 
a v a l  e t  en amont du s i t e .  En e f f e t ,  l e s  eaux de  s u r f a c e ,  s ou ve n t  un c o u r s  d ' e a u ,  
r e c e v r o n t  l e s  e f f l u e n t s  l i q u i d e s  de l ' i n s t a l l a t i o n ,  e t  l e s  eaux s o u t e r r a i n e s  
r i s q u e n t  d ’ ê t r e  c o n t a m i n é e s  p a r  l e s  f u i t e s  d ' u n  s t o c k a g e  ou d ' u n e  p i s c i n e .  Le 
p o i n t  i m p o r t a n t  e s t  de demander  au f u t u r  e x p l o i t a n t  de s ' i n t e r r o g e r  s u r  l ' a v e 
n i r  de  son i n s t a l l a t i o n  -  y c o mp r i s  son a r r ê t  d é f i n i t i f  -  e t  ég al eme nt  s u r  l e s  
c o n t r a i n t e s  q u ' i l  r i s q u e  d ' i m p o s e r  aux a c t i v i t é s  i n s t a l l é e s  en a v a l .

E n f i n  l e  c h a p i t r e  " E c o l o g i e "  d o i t  t r a i t e r  d e s  p r o c e s s u s  de t r a n s f e r t
de  l a  c o n t a m i n a t i o n  p a r  l e s  o r g a n i s m e s  v i v a n t s ,  c ' e s t - à - d i r e  p r i n c i p a l e m e n t
l e s  p r o d u i t s  a g r i c o l e s  e t  l e s  é l e v a g e s .  C’ e s t  s a n s  d o u t e  à ce  n i v e a u  que l ' é 
v a l u a t i o n  de l a  d o s e  e ngagé e  e s t  l a  p l u s  d é l i c a t e  c a r  e l l e  i m p l i q u e  l a  c o n
n a i s s a n c e  de  nombreux p a r a m è t r e s  qu i  ne s o n t  pas  n é c e s s a i r e m e n t  c onnus  ou f a 
c i l e m e n t  o b t e n u s  au moment du d é p ê t  de l a  demande d ’a u t o r i s a t i o n  de c r é a t i o n .
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A ce  s t a d e ,  i l  f a u t  demander  au f u t u r  e x p l o i t a n t  de  commencer l e s  i n v e s t i g a 
t i o n s  n é c e s s a i r e s  en s o u l i g n a n t  que ,  p a r  a i l l e u r s ,  l e  c o n t r ô l e  de l ’ e n v i r o n 
nement  q u ' i l  s e r a  amené à f a i r e  da n s  l e  f u t u r  ne  p r e n d r a  t o u t e  s a  s i g n i f i c a 
t i o n  que s i  l e s  t r a n s f e r t s  de  c o n t a m i n a t i o n  à p a r t i r  du s i t e  s o n t  c o r r e c t e m e n t  
a p p r é c i é s .

P r a t i q u e m e n t ,  donc l e  r a p p o r t  p r é l i m i n a i r e  de s û r e t é  p o u r r a  ne c o n t e n i r  
q u ’une é v a l u a t i o n  a p p r o c h é e  de l a  d os e  e n g ag é e .  Ce pen da nt  i l  p e u t  f o u r n i r  une 
é v a l u a t i o n  a s s e z  p r é c i s e  d e s  e f f l u e n t s  r a d i o a c t i f s  p r é v u s  en f o n c t i o n n e m e n t  
n or ma l .  i

3 .  LES EFFLUENTS EN FONCTIONNEMENT NORMAL

La l é g i s l a t i o n  f r a n ç a i s e  d o i t  d a ns  un t r è s  p ro c he  a v e n i r  ê t r e  c o m pl é t é e  
p a r  deux d é c r e t s  f i x a n t  l e s  c o n d i t i o n s  de  r e j e t  c f ' e f f l u e n t s  r a d i o a c t i f s  

que t o u t  e x p l o i t a n t  d e v r a  r e s p e c t e r .  En f a i t  i l  d e v r a  f o u r n i r  au M i n i s t è r e  de 
l ' I n d u s t r i e ,  du Commerce e t  de  l ' A r t i s a n a t  une é t u d e  p r é l i m i n a i r e  p r é c i s a n t  
l e s  é q u i v a l e n t s  de  d os e  q u i  r é s u l t e r o n t  pou r  l e  p u b l i c .  C e t t e  é v a l u a t i o n  d o i t  
s ' a p p l i q u e r  au f o n c t i o n n e m e n t  no r mal ,  y c ompr i s  l e s  i n c i d e n t s  m i n e u r s .  C e t t e  
é t u d e  p r é l i m i n a i r e  d o i t  p r é c é d e r  l e  d é p ô t  d ' u n e  demande d ' a u t o r i s a t i o n  de 
r e j e t s .  On p e u t  p e n s e r  que d a n s  s e s  g r a n d e s  l i g n e s  c e t t e  é t u d e  r e p r e n d r a  l e s  
c h a p i t r e s  c o r r e s p o n d a n t s  d e s  r a p p o r t s  de s û r e t é  d a ns  l e s q u e l s  on t r o u v e  d é j à  
l e s  é v a l u a t i o n s  d e s  c o n s é q u e n c e s  r a d i o l o g i q u e s  .des r e j e t s  d e s  e f f l u e n t s  gazeux 
e t  l i q u i d e s .

3 . 4 .  E v a l u a t i o n  d e s  c o ns é q u e n c e s  r a d i o l o g i q u e s  d e s  r e j e t s  d es  e f f l u e n t s  
gazeux

C e t t e  é v a l u a t i o n  p a s s e  n é c e s s a i r e m e n t  p a r  l a  c o n n a i s s a n c e  d e s  p r o d u i t s  
de  f i s s i o n  p r é s e n t s  d a ns  l e  c o m b u s t i b l e .  Des programmes de c a l c u l  a p p r o p r i é s  
o n t  é t é  mis au p o i n t  à  c e t  e f f e t  [ 6J  . E n s u i t e  i l  f a u t  f a i r e  un c e r t a i n  nombre 
d ' h y p o t h è s e s  s u r  l e  p o u r c e n t a g e  de g a i n e s  f i s s u r é e s ,  s u r  l e  t a u x  de f u i t e  des  d i f 
f é r e n t e s  p a r t i e s  du c i r c u i t  p r i m a i r e  p ou r  f i n a l e m e n t  a b o u t i r  à c h i f f r e r  l e s  
a c t i v i t é s  des  p r o d u i t s  de f i s s i o n  g azeux  émis  da ns  l ’a t m o s p h è r e .  Pour  un r é a c 
t e u r  à eau p r e s s u r i s é e  de 1 000 MWe on p e u t  a i n s i  c a l c u l e r  un r e j e t  a nn u el  de 
l ' o r d r e  de 25 000 Ci  de mélange  de gaz  r a r e s .  En s u p p o s a n t  a l o r s  un r e j e t  p e r 
manent  e t  c o n t i n u ,  e t  en u t i l i s a n t  l a  r o s e  des  v e n t s  f o u r n i e  p a r  l ’ é t u d e  de 
s i t e ,  on p e u t  c a l c u l e r  l e  t r a n s f e r t  de c e t t e  a c t i v i t é  dans  l e s  d i f f é r e n t e s  d i 
r e c t i o n s .  On d i v i s e r a  a i n s i  l e  s i t e  en d i f f é r e n t s  s e c t e u r s ,  ou m a i l l e s  g é o g r a 
p h i q u e s ,  d é t e r m i n é s  p a r  l ’ a z i mu t  e t  l a  d i s t a n c e .  On r e l è v e r a  l e  nombre d ' h a 
b i t a n t s  r é s i d a n t  à  l ' i n t é r i e u r  de  c haque  m a i l l e .

Une q u e s t i o n  d é l i c a t e  se  p o se :  c ’ e s t  c e l l e  du c h o i x  de  l a  d i s t a n c e  ma
x i ma l e  à p a r t i r  du s i t e  j u s q u ’où on d o i t  f a i r e  ce  d é c ou p a ge .  Se l on  d e s  c r i t è 
r e s  t e l  c e l u i  d é v e l o p p é  p a r  R. LE QUINIO [ 7 ]  , on s e  l i m i t e  g é n é r a l e m e n t  à
une  d i s t a n c e  c o m p r i s e  e n t r e  60 e t  100 km: l a  p r é s e n c e  d ' u n e  g r an de  a g g l o m é r a t i o n  
é t a n t  une r a i s o n  de d é p a s s e r  60 km, m ai s  i l  p a r a î t  i n u t i l e  d ' a l l e r  a u - d e l à  de 
100 km. On p e u t  a l o r s  c a l c u l e r  d a ns  c haque  m a i l l e  g é o g r a p h i q u e ,  pou r  deux c a t é 
g o r i e s  de s t a b i l i t é  d e s  m as se s  d ' a i r  l e s  c o n c e n t r a t i o n s  v o l u mi q u es  moyennes ten  
Ci /m ) c o r r e s p o n d a n t  au r e j e t  c o n s i d é r é .  On d i s t i n g u e  deux c a t é g o r i e s  de  c o n d i 
t i o n s  de  d i f f u s i o n :  c e l l e s  d i t e s  bonnes  s o n t  a s s o c i é e s  aux v e n t s  s u p é r i e u r s  à
2 m/s e t  c e l l e s  d i t e s  m au v a i s e s  s o n t  a s s o c i é e s  à d e s  v e n t s  i n f é r i e u r s  à 1 m/s .

Les c o n c e n t r a t i o n s  moyennes a i n s i  o b t e n u e s  s o n t  t r a n s f o r m é e s  en c on ce n
t r a t i o n s  i n t é g r é e s  a n n u e l l e s  p a r t i e l l e s  p a r  m u l t i p l i c a t i o n  p a r  une c e r t a i n e  
d u r é e ,  d é d u i t e  de l a  p r o b a b i l i t é  de  p e r s i s t a n c e ,  e l l e -mê me  d é d u i t e  de  l a  f r é 
q uence  t i r é e  d es  s t a t i s t i q u e s .
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On p a s s e  e n s u i t e  à la  c o n c e n t r a t i o n  in t é g r é e  i n d i v i d u e l l e  t o t a l e  en f a i 
s a n t  l a  somme d e  t o u s  l e s  r é s u l t a t s  p a r t i e l s  p r o v e n a n t  d e s  d i f f é r e n t e s  p la g e s  
de v i t e s s e  de  v e n t  p o u r  l e s  d e u x  r é g im e s  de  d i f f u s i o n .

P u is  à p a r t i r  de  l a  c o n c e n t r a t i o n  i n t é g r é e  a n n u e l le  t o t a l e  e t  d e s  
C o n c e n t r a t io n s  M a x im a le s  A d m is s ib le s ,  on  c a l c u l e  en u t i l i s a n t  l e s  c o r r e s p o n 
d a n c e s  p r o p o s é e s  p a r  la  C IP R ,  l e s  é q u i v a le n t s  de d o s e  i n d i v i d u e l l e  en re m s .
Une t e l l e  i n v e s t i g a t i o n  p e r m e t t r a  d e  d é t e r m in e r  en  p r e m ie r  l i e u  l a  d o s e  m o ye n 
ne  à l a q u e l l e  s e r o n t  e x p o s é s  l e s  h a b i t a n t s  de  c h a q u e  m a i l l e  g é o g r a p h iq u e .  A 
l ' a v e n i r  le s  r é s u l t a t s  p o u r r a ie n t  é v e n t u e l le m e n t  ê t r e  e x p r im é s  en h o m m e -re m s.
Une t e l l e  p r é s e n t a t i o n  a u r a i t  p o u r  e f f e t  de  f o c a l i s e r  l ’ a t t e n t i o n  s u r  l ’ e x p o s i 
t i o n  d e s  g r a n d e s  a g g lo m é r a t io n s .  E l l e  p e u t  c o n s t i t u e r  un m oyen p r a t iq u e  p o u r  
g u id e r  l ' e x p l o i t a n t  p o u r  le s  r e j e t s  c o n c e r t é s  en l ’ i n c i t a n t  à p r o f i t e r  d e s  s i 
t u a t i o n s  m é t é o r o lo g iq u e s  f a v o r a b le s  à une i r r a d i a t i o n  m in im a le  d e s  z o n e s  à f o r 
t e  p o p u la t i o n .  C e p e n d a n t l ' u t i l i s a t i o n  de c e t t e  u n i t é  s u s c i t e  e n c o re  d e s  r é t i c e n  
c e s  e t  on  d o i t  se  m o n t r e r  r é s e r v é  s u r  so n  u t i l i s a t i o n .  C e t t e  u t i l i s a t i o n  ne s e 
r a i t  e n v is a g é e  q u 'a p r è s  a c c o r d  d e s  a u t o r i t é s  in t é r e s s é e s .

On com pre n d  é g a le m e n t  que  l e s  t r a j e c t o i r e s  r é e l l e s  d e s  e f f l u e n t s  g a z e u x  
d o iv e n t  ê t r e  c o n n u e s  a v e c  u n e  b o n n e  p r é c i s io n  e t  d a n s  l e  c a s  d 'u n  r e l i e f  a c 
c id e n t é  l a  d i r e c t i o n  du v e n t  s u r  l e  s i t e  p e u t  ne p as s u f f i r e  à p r é v o i r  l e s  
o b j e c t i f s  a t t e i n t s  à q u e lq u e s  d i z a in e s  d e  Km. I l  s e r a  a l o r s  i n d i s p e n s a b le  de 
p r o c é d e r  à une  é tu d e  p lu s  r i g o u r e u s e  en u t i l i s a n t  d e s  lâ c h e r s  d e  t r a c e u r s  a t 
m o s p h é r iq u e s  e t  en é t u d ia n t  l e u r  d i s p e r s i o n  s u r  l e  t e r r a i n .

B ie n  e n te n d u ,  s i  l e s  r e j e t s  g a z e u x  c o n t ie n n e n t  d e s  r a d io n u c lé id e s  s o l i 
d e s ,  s u s c e p t ib le s  de  se  d é p o s e r  s u r  l e s  c u l t u r e s  e t  p a r  l à  d e  c o n t a m in e r  l ’ a 
l i m e n t a t i o n  d 'u n e  f r a c t i o n  de  la  p o p u l a t i o n ,  i l  f a u d r a  en t e n i r  c o m p te .

On com pre n d  é g a le m e n t  q u e , p o u r  q ue  c e t t e  e s t im a t io n  a i t  q u e lq u e  s i 
g n i f i c a t i o n  s u r  l e  p la n  d e  l a  s é c u r i t é  r a d io l o g i q u e ,  i l  f a u t  l a  f a i r e  s im u l t a 
n é m e n t, non s e u le m e n t  p o u r  l e s  i n s t a l l a t i o n s  g r o u p é e s  s u r  un même s i t e ,  m a is  
é g a le m e n t  p o u r  l e s  i n s t a l l a t i o n s  im p la n t é e s  s u r  d e s  s i t e s  d i f f é r e n t s  d o n t  l e s  
r e j e t s  p e u v e n t  c e p e n d a n t a t t e i n d r e  l e s  mêmes p a p u la t io n s .

C e s  q u e s t io n s  s e r o n t  n a t u r e l le m e n t  é v o q u é e s  au moment d e  l 'e x a m e n  d e s  
d i f f é r e n t s  r a p p o r t s  d e  s û r e t é  e t  o n  c o m p re n d  d 'a u t a n t  m ie u x  l a  n é c e s s i t é  d ’ un 
exam en c e n t r a l i s é  de  la  s û r e t é  d e s  i n s t a l l a t i o n s  n u c l é a i r e s .

3 . 2 .  E v a lu a t io n  d e s  c o n s é q u e n c e s  r a d io l o g i q u e s  d e s  r e j e t s  d e s  e f f l u e n t s  
l i q u i d e s

De même que p o u r  l e s  r e j e t s  d ' e f f l u e n t s  g a z e u x ,  l e  f u t u r  e x p l o i t a n t  
d e v r a  f o u r n i r  un e  é tu d e  é v a lu a n t  l e s  c o n s é q u e n c e s  d e s  r e j e t s  l i q u i d e s  q u ' i l  
p e n s e  a v o i r  à e f f e c t u e r .  A u  c o u r s  de l 'e x a m e n  d e  c e t t e  é t u d e ,  une  a t t e n t i o n  
p a r t i c u l i è r e  s e r a  a p p o r té e  au " r é a l i s m e "  d e s  é v a l u a t i o n s .  De t o u t e  b o n n e  f o i ,  
l e  f u t u r  e x p l o i t a n t  p e u t  s o u s -e s t im e r  l e s  q u a n t i t é s  à  r e j e t e r .  I l  l u i  e s t  p e u t -  
ê t r e  d i f f i c i l e  d e  p r é v o i r  l e s  c o n s é q u e n c e s  p o u r  l e s  r e j e t s  d e s  i n c i d e n t s  i n é v i 
t a b le s  q u i  s e  p r o d u i r o n t  d u r a n t  l e s  v i n g t  ou t r e n t e  a n n é e s  de  f o n c t io n n e m e n t  
de  la  c e n t r a l e .  D ans c e t t e  o p t iq u e ,  un exam en a t t e n t i f  d e s  c o m p te s  r e n d u s  d ' e x 
p l o i t a t i o n  d e s  c e n t r a le s  en s e r v i c e  f o u r n i t  d e s  i n f o r m a t io n s  t r è s  p r é c ie u s e s .

S i  la  " d i s p e r s i o n ” d e s  r e j e t s  l i q u i d e s  n 'e s t  p a s  s o u m is e  a u x  f l u c t u a 
t i o n s  d i r e c t i o n n e l l e s  que c o n n a î t  c e l l e  d e s  r e j e t s  g a z e u x ,  l ' é v a l u a t i o n  d e s  
d o s e s  e n g a g é e s  p o u r  l e s  p o p u la t io n s  n 'e n  e s t  g u è r e  s i m p l i f i é e .  I l  e s t ^ c e r t e s  
r e la t i v e m e n t  f a c i l e  de  c a l c u l e r  l e s  c o n c e n t r a t io n s  v o lu m iq u e s  en C i/ m  a t t e i n 
t e s  d a n s  l e  c o u r s  d ’ eau r é c e p t e u r .  N o to n s  c e p e n d a n t  q ue  l e  m é la n g e  de  l 'e a u  
r e j e t é e ,  g é n é ra le m e n t  p lu s  c h a u d e  que l ’ eau r é c e p t r i c e ,  p e u t  ne  p a s  s e  f a i r e  
ra p id e m e n t  s u r t o u t  s ' i l  s ' a g i t  d 'u n  f l e u v e  au d é b i t  c a lm e  e t  t r a n q u i l l e .
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M a is  d e  t o u t e  f a ç o n  com m ent p a s s e r  à l ’ é q u i v a le n t  de  d o s e  r e ç u  p a r  un e  
p e rs o n n e  du p u b l ic ?

Une p r e m iè r e  a p p ro c h e  s i m p l i s t e  c o n s i s t e  à c a l c u l e r  la  d o s e  a n n u e l le  r e 
ç u e  p a r  un i n d i v i d u  q u i  u t i l i s e r a i t  à lo n g u e u r  d 'a n n é e  c e t t e  eau  comme eau d e  
b o is s o n .  M a is  c e t t e  eau p e u t  ê t r e  u t i l i s é e  a u s s i  comme eau d ' i r r i g a t i o n  e t  d o n c  
c o n t a m in e r  d e s  a l im e n t s .  On s a i t  é g a le m e n t  que d e s  o rg a n is m e s  a q u a t iq u e s  p e u v e n t  
c o n c e n t r e r  c e r t a i n s  r a d io n u c l é i d e s  e t  d e v e n i r  a i n s i  un e  s o u r c e  d e  c o n t a m in a t io n  
p o u r  l 'h o m m e . De t r è s  n o m b re u s e s  é tu d e s  o n t  é t é  c o n s a c r é e s  à c e s  é v a lu a t io n s  e t  
p r é s e n t é e s  d a n s  d i f f é r e n t s  C o n g r è s  /Г87 f s j

U ne m é th o d e  r a t i o n n e l l e  p o u r  a b o r d e r  c e  p ro b lè m e  a ,  p a r  a i l l e u r s  é t é  
d é c r i t e  /"10J  m a is  sa m is e  en a p p l i c a t i o n  n é c e s s i t e  d e  n o m b re u s e s  é tu d e s  p a r 
t i c u l i è r e s  p o u r  d é f i n i r  p a r  e x e m p le  l a  v o i e  c r i t i q u e ,  l e  g ro u p e  d e  p o p u la t io n  
c r i t i q u e ,  e t c .  A u s s i ne s e m b l e - t - i l  p a s  p o s s ib l e  q u ' e l l e  p u is s e  ê t r e  c o n d u i t e  
à so n  te rm e  au m oment où s o n t  é t u d ié s  l e s  r a p p o r t s  d e  s û r e t é .  On v o i t  au c o n t r a i 
r e  a p p a r a î t r e  la  n é c e s s i t é  d e  c o n t r ô l e s  a d a p té s  au c o n t e x t e  é c o lo g iq u e ,  n o u s  
d é v e lo p p e r o n s  c e  p o in t  d a n s  un p r o c h a in  p a r a g r a p h e .

S ig n a lo n s  e n f in  p o u r  en t e r m in e r  a v e c  l e s  e f f l u e n t s  l i q u i d e s  l e  p ro b lè m e
p a r t i c u l i e r  p o sé  p a r  l e s  g r a n d s  f l e u v e s  i n t e r n a t i o n a u x  d o n t  l a  s u r v e i l l a n c e  
e x i g e  à l 'é v i d e n c e  u n e  c o l l a b o r a t i o n  i n t e r n a t i o n a l e  e f f i c a c e  e t  c o n f ia n t e .

4 .  LE S  E FFLU E N TS  A PR ES  UN A C C ID E N T

L e s  r a p p o r t s  d e  s û r e t é  d o iv e n t  a n a l y s e r  l e s  c o n s é q u e n c e s  r a d io l o g i q u e s  
d 'u n  c e r t a i n  no m b re  d 'é v é n e m e n ts  f o r t u i t s  c o n s id é r é s  comme d e s  a c c id e n t s  au 
s e n s  commun du m o t ,  c ' e s t - à - d i r e  q u ' i l s  e n t r a în e n t  l ' i n d i s p o n i b i l i t é  d e  l ' i n s 
t a l l a t i o n  p o u r  u n e  d u r é e  non n é g l i g e a b l e ,  p a r f o i s  même l ' i n d i s p o n i b i l i t é  d é f i 
n i t i v e .  C la s s iq u e m e n t  on  c o n s id è r e  p a rm i c e s  a c c id e n t s :

-  La  r u p t u r e  c i r c o n f é r e n t i e l l e  e t  t o t a l e  d ’ u n e  c a n a l i s a t i o n  du c i r c u i t
p r im a i r e  [b ra n c h e  f r o i d e  p o u r  l e s  p r e s s u r i s é s ,  b o u c le  de  r e c i r c u l a t i o n  en 
am ont de  l a  pompe p o u r  l e s  b o u i l l a n t s ) ,

-  La  c h u t e  d 'u n  é lé m e n t  c o m b u s t ib le  au c o u r s  du d é c h a rg e m e n t .
-  L 'é j e c t i o n  d 'u n e  b a r r e  ou d 'u n e  g ra p p e  d e  com m ande.

N ous a l l o n s  t e n t e r  d a n s  c e  q u i  s u i t  de d o n n e r  q u e lq u e s  i n d i c a t i o n s  s u r  
l e s  p a ra m è tre s  p r i s  en  c o m p te  en d i s c u t a n t  ou c o m m en ta n t l e s  h y p o th è s e s  ou l e s  
f a i t s  q u i  le s  j u s t i f i e n t .

N o to n s  t o u t  d 'a b o r d  que  l a  c o n n a is s a n c e  p r é c is e  de  la  p u is s a n c e  à l a 
q u e l le  a f o n c t io n n é  l e  r é a c t e u r  n ' e s t  p a s  un f a c t e u r  e s s e n t i e l  à c o n n a î t r e  c a r  
un e  e r r e u r  de  q u e lq u e s  p o u r c e n t s  s u r  la  p u is s a n c e  i n t r o d u i t  u n e  i n c e r t i t u d e  
n é g l i g e a b le  s u r  l a  q u a n t i t é  d e s  p r o d u i t s  d e  f i s s i o n  d i s p o n ib l e s .  P a r  c o n t r e  
d a n s  l e  c a s  de  l 'a c c i d e n t  l e  p lu s  g r a v e  q u i  e s t  l a  r u p t u r e  du c i r c u i t  p r im a i r e
i l  e s t  e s s e n t i e l  d e  p r é c i s e r  - le  t a u x  d e  r u p t u r e s  d e  g a in e s .  I l  e s t  a d m is  que 
p o u r  l e s  a c c id e n t s  de  d im e n s io n n e m e n t ,  l a  te m p é r a t u r e  d e s  g a in e s  n e  d é p a s s e  p as 
815° C p o u r  l e s  b o u i l l a n t s  e t  1 200° C p o u r  l e s  p r e s s u r i s é s :  l 'U S  AEC p re n d  
100% de  g a in e s  ro m p u e s  d a n s  c e s  d e u x  c a s .

On p o u r r a i t  c e p e n d a n t  p e n s e r  que  l a  t e m p é r a t u r e  m a x im a le  a t t e i n t e  d a n s  l e s  
b o u i l l a n t s ,  é t a n t  p lu s  f a i b l e ,  d e v r a i t  c o n d u i r e  à un no m bre  é g a le m e n t  p lu s  f a i 
b le  d e  g a in e s  ro m p u e s .

L 'a u t r e  d o n n é e  in d i s p e n s a b le  à c o n n a î t r e  c o n c e rn e  l e s  p r o d u i t s  d e  f i s s i o n  
q u i  s o n t  é m is  p a r  l e s  r u p t u r e s  de  g a in e .  On p e u t  l 'e n v i s a g e r  en d e u x  é t a p e s :  
p re m iè r e m e n t ,  é m is s io n  p a r  l e  c o m b u s t ib le  d a n s  l 'e s p a c e  g a in e -c o m b u s t ib le  ( l e  
” g a p ” s e lo n  l a  t e r m i n o l o g i e  a m é r i c a in e ) ,  d e u x iè m e m e n t , l 'é m i s s i o n  p ro p re m e n t



1 0 2 CANDES e t  SLIZEWICZ

d i t e  à t r a v e r s  l a  r u p t u r e  d e  g a in e .  La  m é th o d e  a m é r ic a in e  a te n d a n c e  à c o n f o n 
d r e  c e s  d e u x  é ta p e s  en se  p la ç a n t  d ’ a i l l e u r s  s y s té m a t iq u e m e n t  du c ô t é  p e s s im is t e  
c ’ e s t - à - d i r e  en p r e n a n t  un e  é m is s io n  de  100% p o u r  l e s  g a z  e t  l e s  io d e s  c o n te n u s  
d a n s  l e  c o m b u s t ib le  c o n c e r n é .  C e  t a u x  d 'é m is s io n  e s t  en  f a i t  c e l u i  que l ' o n  o b 
s e r v e r a i t  p o u r  l a  f u s i o n  du c o e u r .  D an s c e  c a s ,  i l  c o n v i e n d r a i t  d ’ y  a j o u t e r  
d ’ a u t r e s  r a d io n u c lê id e s  r e la t i v e m e n t  v o l a t i l s .  I l  n o u s  s e m b le r a i t  p lu s  l o g iq u e  
de  p r e n d r e  10% p o u r  l ’ é m is s io n  d e s  g a z  r a r e s ,  s a u f  p o u r  l e  K r y p t o n -B 5  p o u r  le q u e l
on p r e n d r a i t  30% [ î î ]  . En  f a i t  l a 'd o s e  d u e  à l ' i r r a d i a t i o n  p a r  c e  r a d i o é l é 
m ent e s t  f a i b l e  s i  on l a  c o m p a re  à c e l l e  d u e  à la  t o t a l i t é  d e s  g a z  r a r e s  /"12/  .

En  c e  q u i  c o n c e rn e  l e s  r a d io i o d e s ,  u n e  q u e s t io n  im p o r t a n t e  e s t  de  c o n n a î t r e
l ’ e s p è c e  c h im iq u e  s o u s  l a q u e l l e  on l e s  r e t r o u v e  d a n s  l 'e n v i r o n n e m e n t .  C e r t a in s  
t r a v a u x  c o n d u is e n t  à p e n s e r  q ue  l ' i o d e  p e u t  se  t r o u v e r  s o i t  s o u s  fo rm e  d ’ io d e  
m o lé c u la i r e ,  s o i t  s o u s  fo rm e  d ’ io d u r e  de  m é t h y le ,  s o i t  s o u s  fo rm e  d ’ a c id e  h y p o -  
io d e u x :  c e s  d e u x  d e r n iè r e s  fo rm e s  c o n s t i t u a n t  c e  que l ' o n  a p p e l l e r a i t  l ’ io d e  
p é n é t r a n t  /1 3 7  ■ P a r  a i l l e u r s ,  s i  l 'e n s e m b le  d e s  g a z  r a r e s  e s t  d i s p o n ib l e
p o u r  l e  r e j e t ,  on d o i t  c o n s id é r e r  que d i f f é r e n t s  ph én om ènes r é d u is e n t  l a  q u a n 
t i t é  d e s  io d e s  d i s p o n ib l e s ,  à s a v o i r :  l e  d é p ô t  s u r  l e s  s t r u c t u r e s  ( p a r o i s  de  
l ' e n c e i n t e ,  p a r o is  d e s  c o n d e n s e u rs  à g l a c e ] ,  la  p r é c i p i t a t i o n  a v e c  l 'e a u  de 
l a  d o u c h e  de l ' e n c e i n t e ,  e t c .

F in a le m e n t  l a  p r o p o r t io n  d ' i o d e  " d i s p o n i b l e ” p o u r  l e s  r e j e t s  e s t  de  
l ' o r d r e  de 1 à 10% s u iv a n t  l ' im p o r t a n c e  a t t r i b u é e  a u x  d i f f é r e n t s  f a c t e u r s  de  
r é d u c t i o n .  De p lu s ,  l a  n a t u r e  d e  l 'e s p è c e  c h im iq u e  e s t  im p o r t a n t e  à c o n n a î t r e .
E n  e f f e t ,  on c o n s id è r e  l e s  c o n s é q u e n c e s  r a d io l o g i q u e s  du r e j e t  s o u s  d e u x  a s 
p e c t s .  T o u t  d 'a b o r d  l ’ i n h a l a t i o n  p e n d a n t l e  p a s s a g e  du n u a ge  q u i  e n t r a în e  
une  i r r a d i a t i o n  de  l a  t h y r o ïd e  d u e  à l ' i o d e  q u i  s ’ y  d é p o s e :  c e t  e f f e t  e s t  
c o n s id é r é  comme in d é p e n d a n t  d e  l ’ e s p è c e  c h im iq u e .

M a is  on  d o i t  é g a le m e n t  c o n s id é r e r  l e  d é p ô t  s u r  l e s  p â t u r a g e s  e t  la  
c o n t a m in a t io n  du l a i t  d e s  v a c h e s  se  n o u r r i s s a n t  de l ’ h e rb e  a i n s i  c o n ta m in é e .  
L 'e x p é r ie n c e  a m o n tré  que c e  d é p ô t ,  f o n c t io n  b ie n  e n te n d u  de  la  c o n c e n t r a t i o n  
d a n s  l ' a i r ,  é t a i t  en f a i t  l a  v o i e  q u i  e n t r a î n a i t  l a  c o n t a m in a t io n  i n t e r n e  l a  p lu s  
im p o r t a n t e  s u r t o u t  s i  l ' o n  c o n s id è r e  que  d e s  n o u r r i s s o n s  b o iv e n t  l e  l a i t  c o n 
c e r n é  /"147 / Ï 5 /  . M a is  a l o r s  d é s  c o n t r e -m e s u r e s  e f f i c a c e s  e x i s t e n t :  l i m i t a 
t i o n  de l a  c o n s o m m a tio n  du l a i t  e t  t r a n s f o r m a t io n  de  ce  l a i t  en f ro m a g e  ou en 
l a i t  en p o u d re  p o u r  l e s q u e ls  un s t o c k a g e  d ’ u n e  d u ré e  s u f f i s a n t e  a s s u r e r a  la  
d i s p a r i t i o n  de  l ' i o d e  c o n t a m in a n t .  C e p e n d a n t l ' i o d u r e  de m é t h y le  q u i  e s t  s o u 
v e n t  c o n s id é r é  comme l a  fo rm e  l a  p lu s  f r é q u e n t e  d ' i o d e  d i f f i c i l e  à p i é g e r ,  , 
se  d é p o s e  b e a u c o u p  m o in s  q u e  l ’ io d e  m o lé c u la i r e  [ î b ]  . F in a le m e n t  l e s  p r é c i p i 
t a t i o n s  q u i  e n t r a în e n t  un d é p ô t  m a x im a l s o n t ,  d a n s  un c e r t a i n  s e n s ,  d o n c  f a 
v o r a b le s  p a r  l e  " l a v a g e "  d e s  f e u i l l e s  q u ’ e l l e s  e n t r a în e n t  à l ' é l i m i n a t i o n  d e  
l ' i o d e  d e  la  c h a în e  a l im e n t a i r e .

Un a u t r e  f a c t e u r  q u i  i n t e r v i e n t  d a n s  l a  c o n t a m in a t io n  d e  l 'e n v i r o n n e 
m en t e s t  l e  t a u x  de  f u i t e  de  l v e n c e in t e :  c e l u i - c i  e s t  d é f i n i  p a r  l e  c o n s t r u c 
t e u r  e t  t i e n t  co m p te  de  la  s u r p r e s s io n  q u i  se  p r o d u i t  au moment d e  l ' a c c i d e n t .
On p re n d  en g é n é r a l  un t a u x  de  f u i t e  de  0 ,1 %  p a r  j o u r :  m a is  la  p r e s s io n  à 
l ’ i n t é r i e u r  de l 'e n c e i n t e  d o i t  a s s e z  r a p id e m e n t  r e v e n i r  à l a  p r e s s io n  n o rm a le  
e t  l e s  f u i t e s  non c o n t r ô lé e s  c e s s e r .

,L e  d e r n i e r  f a c t e u r  à p r e n d r e  en c o m p te  e s t  l i é  a u x  c o n d i t i o n s  m é t é o r o lo 
g iq u e s  e x i s t a n t  au moment de  l ’ a c c id e n t .  L e s  c a r a c t é r i s t i q u e s  m é t é o r o lo g iq u e s  
du s i t e  s o n t ,  n o u s  l ’ a v o n s  d i t ,  é t u d ié e s  p o u r  é v a lu e r  l e s  c o n s é q u e n c e s  r a d i o l o 
g iq u e s  d e s  r e j e t s  n o rm a u x . On l e s  c o n n a î t  d o n c  b ie n  e t  i l  s ' a g i t  d e  c h o i s i r  
p a rm i l e s  c o n d i t i o n s  p o s s ib le s  l e s  c o n d i t i o n s  r é a l i s t e s .  I l  p e u t  s e m b le r  l o 
g iq u e  d e  c h o i s i r  d e s  c o n c e n t r a t i o n s  au s o l  de  t r a n s f e r t  a y a n t  u n e  p r o b a b i l i t é  
d e  95% de ne  p a s  ê t r e  d é p a s s é e s  à une  d i s t a n c e  d é te r m in é e  [ \7 ]
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En e s  q u i  c o n c e r n e  l a  d u r é e  de  l 'a c c i d e n t  on p e u t  s o i t  c h o i s i r  u n e  v a le u r  
a r b i t r a i r e ,  d e u x  h e u re s  p a r  e x e m p le  p e n d a n t l e s q u e l l e s  s e r o n t  m is e s  s u r  p ie d  
d e s  a c t i o n s  de  p r o t e c t i o n ,  s o i t  e s s a y e r  d 'é v a l u e r  l a  v a l e u r  e x a c t e  de  l a  d u 
r é e  de  la  s u r p r e s s io n  d a n s  l ’ e n c e in t e  p e n d a n t l a q u e l l e  d e s  r e j e t s  n o n  c o n t r ô l a 
b le s  o n t  l i e u .

F in a le m e n t  p o u r  l e s  c o n s é q u e n c e s  r a d io l o g i q u e s  l e s  c a l c u l s  s o n t  c o n d u i t s  
de  l a  même fa ç o n  que  p o u r  l e s  r e j e t s  n o rm a u x .

Le  d e u x iè m e  a c c id e n t  q u i  p e u t  a v o i r  d e s  c o n s é q u e n c e s  s i g n i f i c a t i v e s  p o u r  
l 'e n v i r o n n e m e n t  e s t  l ' a c c i d e n t  de  m a n u t e n t io n :  c h u t e  d 'u n  a s s e m b la g e  i r r a d i é  
d a n s  l a  p i s c i n e  d e  s t o c k a g e  p a r  e x e m p le .  On p e u t  a d m e t t r e  que  t o u s  l e s  c r a y o n s  
s o n t  a l o r s  ro m p u s  m a is  on  b é n é f i c i e  d 'u n  te m p s  de  r e f r o i d i s s e m e n t  q u i  n 'e s t  p as 
i n f é r i e u r  à v i n g t - q u a t r e  h e u r e s  e t  q u i  s e r a i t  même p l u t ô t  d e  l ' o r d r e  d e  q u a t r e  
j o u r s .  P a rm i l e s  f a c t e u r s  à p r e n d r e  en c o m p te  p o u r  é v a lu e r  l e s  c o n s é q u e n c e s  
r a d io l o g i q u e s ,  on t r o u v e :

-  T a u x  d 'é m is s io n  d e s  p r o d u i t s  d e  f i s s i o n  d a n s  l 'e s p a c e  g a in e -c o m b u s t ib le
-  Fo rm e  c h im iq u e  d e s  io d e s  é m is .
-  T a u x  de  r e n o u v e l le m e n t  h o r a i r e  de  l 'a t m o s p h è r e  du b â t im e n t .
-  R é t e n t io n  p a r  l 'e a u  d e  l a  p i s c i n e .
-  E f f i c a c i t é  d e s  p iè g e s  à io d e .
-  C o n d i t i o n s  de d i f f u s i o n  a tm o s p h é r iq u e .

D a n s c e  c a s  e n c o re  c 'e s t  l ' i o d e  q u i  p a r a î t  ê t r e  l e  r a d io é lé m e n t  le  
p lu s  " i m p o r t a n t " ,  e t  l e  p ro b lè m e  e s t  t r a i t é  de  l a  même f a ç o n  que d a n s  l e  c a s  
p r é c é d e n t .

5 . LE  CONTROLE DE L 'E N V IR O N N E M E N T

L 'é t u d e  de s i t e  a y a n t  m is  en é v id e n c e  l e s  p o in t s  où r i s q u e n t  de  se  r e 
t r o u v e r  l e s  p r o d u i t s  r a d i o a c t i f s  r e lâ c h é s  p a r  l ' i n s t a l l a t i o n ,  une  s u r v e i l l a n c e  
a d é q u a te  d o i t  y  ê t r e  p o u r s u i v i e .  M a is  b ie n  e n te n d u  i l  s e m b le  l o g iq u e  -  e t  même 
i m p é r a t i f  c a r  t o u t e  s u r v e i l l a n c e  e s t  in c o m p lè t e  -  de  s u r v e i l l e r  l e s  r e j e t s  e u x -  
mêmes q u e  c e  s o i t  l e s  e f f l u e n t s  g a z e u x  e t  l e s  e f f l u e n t s  l i q u i d e s .  C ' e s t  a i n s i  
q u 'e n  ce  q u i  c o n c e r n e  c e s  d e r n i e r s  d e s  c a p a c i t é s  en nom bre  s u f f i s a n t  d o iv e n t  
ê t r e  p r é v u e s  p o u r  s t o c k e r  l e s  e f f l u e n t s  q u i  ne p o u r r a ie n t  ê t r e  r e j e t é s  immé
d ia t e m e n t  e t  d e v r a ie n t  s u b i r  un t r a i t e m e n t  d e  d é c o n t a m in a t io n .

I l  p a r a î t  é g a le m e n t  u t i l e  d ' é t a b l i r  un e  c a r t e  d e  l ' i r r a d i a t i o n  n a t u 
r e l l e  a u t o u r  du s i t e .  On é v a lu e r a  a i n s i  la  d o s e  d ' i r r a d i a t i o n  que  l e  p u b l i c  
r e ç o i t  en d e h o r s  d e  t o u t e  a c t i v i t é  n u c l é a i r e .  P a r  la  s u i t e ,  i l  s e r a  a i n s i  p o s 
s i b l e  de  c o m p a re r  l e s  d o s e s  d u e s  au f o n c t io n n e m e n t  d e s  i n s t a l l a t i o n s  a v e c  
c e l l e s  d u e s  à l a  r a d i o a c t i v i t é  n a t u r e l l e .  A l a  l i m i t e  d ' a i l l e u r s ,  a i n s i  que 
c e la  a é té  s u g g é r é  [лй]  un s i t e  d o n t  l a  r a d i o a c t i v i t é  n a t u r e l l e  s e r a i t  t r o p  
é le v é e  p o u r r a i t  ê t r e  é l im in é .

En é v i t a n t  d e  d é v e lo p p e r  d ’ u n e  f a ç o n  in c o n s id é r é e  l e s  c o n t r ô l e s  e x t é 
r i e u r s  / Î 9 /  on se  l i m i t e r a  à la  m e s u re  de  la  r a d i o a c t i v i t é  a tm o s p h é r iq u e  
(g a z  e t  p o u s s i è r e s ) ,  de  l a  r a d i o a c t i v i t é  d e s  e a u x  r e c e v a n t  l e s  r e j e t s  l i q u i d e s  
e t  d 'u n  c e r t a i n  no m bre  de  p r o d u i t s  a g r i c o l e s  ( l e  l a i t  n o ta m m e n t) .  Ce  p ro b lè m e  
a é t é  abondam m ent d é v e lo p p é  d a n s  de  n o m b re u s e s  p u b l i c a t i o n s  [ 2o j  /21J [7.2] [.23J

L 'e n s e m b le  d e s  c o n t r ô l e s  e f f e c t u é s  s u r  l e  t e r r i t o i r e  s e r o n t  c e n t r a l i s é s  
p a r  l e  M in is t è r e  d e  l a  S a n té  P u b l iq u e  q u i  s e r a  a i n s i  en m e s u re  d e  c a l c u l e r  l e s  
d o s e s  d u e s  au f o n c t io n n e m e n t  d e s  d i f f é r e n t e s  i n s t a l l a t i o n s  e t  d e  p o r t e r  une 
a p p r é c ia t i o n  s u r  l e u r  im p a c t  s u r  l e s  p o p u la t i o n s .
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Un j u s t e  é q u i l i b r e  d o i t  ê t r e  t r o u v é  e n t r e  d e s  c o n t r ô le s  t r o p  e s p a c é s  q u i  
l a i s s e r a i e n t  é c h a p p e r  d e s  c o n t a m in a t io n s  t e m p o r a i r e s  e t  d e s  c o n t r ô le s  t r o p  nom
b r e u x  q u i  p r e n d r a ie n t  b e a u c o u p  d e  te m p s , e t  r i s q u e r a i e n t  f in a le m e n t  d e  s o u le v e r  
d e s  c r a i n t e s  i n j u s t i f i é e s .  P e n d a n t un c o u r t  la p s  d e  te m p s , i l  p e u t  ê t r e  i n t é r e s 
s a n t  d ’ e f f e c t u e r  d e s  cam p agn es  de  m e s u re s  t r è s  p r é c is e s  t e l l e s  q ue  c e l l e s  p r o p o 
s é e s  p a r  H . L .  BECK /247 £25/ . C ’ e s t  b ie n  f in a le m e n t  à p a r t i r  d e  c e s  c o n t r ô l e s
q ue  d e v r a ie n t  ê t r e  non- p lu s  é v a lu é s  m a is  m e s u ré s  l e s  é q u iv a le n t s  de  d o s e  r e ç u s  
e f f e c t i v e m e n t  p a r  l e  p u b l i c .  Un p o in t  n o u s  p a r a î t  im p o r t a n t  à s o u l i g n e r :  la  
n é c e s s i t é  que l e s  m é th o d e s  u t i l i s é e s  p a r  l ’ e x p l o i t a n t  r e s p o n s a b le  de  la  s u r v e i l 
la n c e  a u t o u r  du s i t e  s o ie n t  p a r f a i t e m e n t  d é f i n i e s .  En e f f e t  le s  c o m p a ra is o n s  de  
c e s  f a i b l e s  n iv e a u x  de  c o n t a m in a t io n  n 'o n t  de v a le u r  que  d a n s  l a  m e s u re  où l e s  
r é s u l t a t s  s o n t  e f f e c t i v e m e n t  c o m p a ra b le s  e n t r e  e u x .  D es c o m p a ra is o n s  o n t  d ' a i l 
l e u r s  é t é  e f f e c t u é e s  s o u s  l e s  a u s p ic e s  d e  l 'A g e n c e  p a r  e x e m p le  d a n s  l e  d o m a in e  
de la  c o n t a m in a t io n  du m i l i e u  m a r in  / 2 6 ]  .

■ CON CLUSION S

N ous a v o n s  ra p id e m e n t  d é c r i t  l a  fa ç o n  d o n t ,  en FR AN CE, s o n t  e x a m in é s  le s  
r a p p o r t s  de  s û r e t é  d e s  r é a c t e u r s  de  p u is s a n c e  e t  n o tam m en t com m ent s o n t  é v a lu é e s  
l e s  d o s e s  e n g a g é e s  p o u r  l e s  p o p u la t i o n s .

Une r è g le m e n t a t io n  c o m p lè te  se  m et p r o g r e s s iv e m e n t  en p la c e  q u i  s ' i n s 
p i r e  d e  ce  q u i  e s t  r é a l i s é  d a n s  d ’ a u t r e s  p a y s  e t  d e s  R e c o m m a n d a tio n s  de  l ' A I E A .

Nous p e n s o n s  que l ' u n  d e s  r ô l e s  d 'u n e  "C o m m is s io n ” de s û r e t é  e s t  d ' i n c l i 
n e r  l e  f u t u r  e x p l o i t a n t  à r é f l é c h i r  d a v a n ta g e  s u r  le s  p ro b lè m e s  de  s é c u r i t é  
n o tam m en t c e u x  c o n c e r n a n t  l a  c o n t a m in a t io n  de  l 'e n v i r o n n e m e n t .  I l  f a u t  é g a le 
m en t a t t i r e r  so n  a t t e n t i o n  s u r  le s  p ro b lè m e s  p o s é s  p a r  l a  p ré s e n c e  de p l u s i e u r s  
r é a c t e u r s  s u r  l e  même s i t e ,  s u r  le s  i n c i d e n t s  q u i  se  p r o d u i r o n t  c e r t a in e m e n t  
t o u t  au lo n g  d e  l a  v i e  d e s  r é a c t e u r s .  L e s  i n s t a l l a t i o n s  de  d é c o n t a m in a t io n  d o iv e n  
ê t r e  c a p a b le s  de t r a i t e r  c e s  i n c i d e n t s  e t  d e  l e s  r e n d r e  i n o f f e n s i f s  p o u r  l e  p u b l i c  
t o u t  en  é v i t a n t  une  d im in u t io n  e x c e s s iv e  de l a  p r o d u c t io n  d ' é l e c t r i c i t é .

I l  n o u s  s e m b le  é g a le m e n t  t r è s  u t i l e  d ' a t t i r e r  l ' a t t e n t i o n  s u r  la  n é c e s s i t é  
e t  l ’ u t i l i t é  d 'u n e  s u r v e i l l a n c e  r a is o n n a b le  de  l ’ e n v ir o n n e m e n t ,  s u r  l ' i n t é r ê t  
d e  p a r f a i r e  l a  c o n n a is s a n c e  d e s  c a r a c t é r i s t i q u e s  g é o p h y s iq u e s  e t  é c o lo g iq u e s  du 
s i t e  no tam m ent s i  d e s  i n s t a l l a t i o n s  n o u v e l l e s  r i s q u e n t  d 'a p p o r t e r  d e  n o u v e l le s  
s o u r c e s  d e  ra y o n n e m e n ts  ou d e  m o d i f i e r  c e r t a i n s  p a r a m è t r e s :  c i r c u l a t i o n  d e s  e a u x  
s o u t e r r a in e s  p a r  e x e m p le  ou m o d i f i c a t i o n  du r é g im e  d e s  e a u x  s u p e r f i c i e l l e s  p a r  
s u i t e  d e  l a  c o n s t r u c t io n  d 'u n  b a r r a g e .

B ie n  e n te n d u  le s  p ro b lè m e s  d e  s û r e t é  ne  s o n t  p a s  te r m in é s  a v e c  l a  r é d a c 
t i o n  du r a p p o r t  d é f i n i t i f  de  s û r e t é ,  au c o n t r a i r e  l e  fo n c t io n n e m e n t  de  l ' i n s t a l 
l a t i o n  v a  p e r m e t t r e  de j u g e r  l a  v a l e u r  d e s  é tu d e s  e t  a p p o r t e r  l 'e x p é r i e n c e  q u i  
s e r v i r a  à m ie u x  d é f i n i r  l e s  s o l u t i o n s  a d é q u a te s  p o u r  une s û r e t é  t o u j o u r s  p lu s  
g r a n d e .
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Abstract

THE UNCHANGING ASPECTS OF RADIATION EXPOSURE LIMITS.
Beginning with the introduction of the first formal recommendation on radiation protection practices, a 

series of revisions in recommended standards has occurred. A review of the influences and pressures on the 
scientific community as a whole, and therefore, on the standards setters may provide some valuable insight into 
the standard-setting process.

The introduction of the hot cathode X-ray tube coupled with the public outcry over the battlefield X-ray 
casualties during World War I provided the needed impetus for the formal adoption of that first 'standard '. In 
the mid-1920s Mutscheller developed the recommendation of 1/lOOth of the erythema dose in 30 days. This 
led directly to the first internationally accepted limit of 0.2 R/d and later to 0.1 R/d. Even the 1950 limit of 
300 mrem/week for organs at 5 cm in tissue and 600 mrem/week lim it for skin had a strong basis in the original 
Mutscheller work. By the late 1950s the public and scientific debate over the fall-out controversy ultimately 
led to a review of the available radiobiological data by the National Academy of Sciences in the USA and 
the Medical Research Council in Great Britain. The reports of these committees led the ICRP and the NCRP 
to the present limits of 5 (age- 18) rem for certain critical tissues and 15 rem/a for others. Since 15 rem/a is 
300 mrem/week, the tie to 1925 is intact.

Today the seientific and public debate is over nuclear power plant effluents. Again, as in the 1950s the 
National Academy of Sciences initiated a review of the available radiobiological data. Concurrently the 
United Nations Scientific Committee on the Effects of Atomic Radiation performed a similar study. Both 
reviews were published in 1972. By early 1974 the NCRP had not changed its basic recommendations. The 
ICRP, after an extensive review issued a press release in 1972 stating that no changes in the radiation protection 
standards are warranted.

There is a popular notion that over the past several decades radiation 
exposure limits have steadily and dramatically decreased in response to an 
increased appreciation of radiobiological effects, and that they will there
fore continue to decrease. The purpose of this paper is to show that, in 
the first place, very little change has taken place since the mid-1920's 
and in the second place, those changes which have come about have only 
rarely been a direct result of the introduction of new radiobiological data.

1920 - Radiation protection practices adopted

Although physicists experimenting on gas discharge effects had been 
exposed to low energy x rays since the 1850's and evidence of biological 
damage was clearly evident in the first ten years of the twentieth century 
following Roentgen's discovery of the x ray in 1895, it was not until 1921 
in Great Britain[l] and 1922 in the United States[2] that a formal endorse
ment of radiation protection practices came about. The introduction of the 
hot cathode tube which caused great concern among the radiologists due to 
the much larger currents available, and a series of sensational headlines 
and horror stories describing the anemia induced as a result of battlefield 
x-ray practices during World War I apparently created the pressure for this 
change.

109



1925 - 1/100th of the erythema dose in 30 days

110 MEINHOLD

When the studies done by Mutscheller[3] in Germany in the 1920's are 
examined, it becomes apparent that he provided a basic foundation for set
ting radiation protection exposure standards. This is not only to imply 
that his methodology was instructive, but also that his recommended exposure 
limit is still relevent.

Mutscheller visited a number of well run x-ray departments and obser
ved working practices. He discerned that such operations were not hindered 
when the medical personnel involved were restricted to less than l/100th of 
the acute erythema dose in 30 days. He further noted that employees working 
under these guidelines were in good health. The context in which these 
recom m endations were made can be seen from Mutscheller's words, "... for in 
order to be able to calculate the thickness of the protective shield there 
must be known the dose which an operator can, for a prolonged period of 
time, tolerate without ultimately suffering injury." This "tolerance" dose 
was based on the assumption of a threshold in the dose effect curve. Such 
a relationship is common to toxic agents when tested for their acute effects 
There were strong reasons to believe that this held true for chronic radia
tion exposure as well.

1934, 1936 - .2 R/day, .1 R/dav

In 1934 the International Commission on Radiological Protection (ICRP) 
adopted a tolerance dose of .2 Roentgen/day[4]. One can show that this is 
the exposure, in Roentgens, essentially equivalent to Mutscheller's l/100th 
of the acute erythema dose in 30 days. The acute exposure in Roentgens 
required to produce an erythema with the equipment then in use is approxi
mately 600 R (Roentgens). l/100th of this exposure is 6 R, which, when 
distributed over 30 days is .2 R/day. Taylor[5] indicates some rather more 
sophisticated approaches would lead to the same number. The equivalence to 
Mutscheller's number, however, is clear.

In the U.S. a limit of .1 R/day was adopted[6]. It is instructive to 
understand the rationale behind the difference between the ICRP and the U.S. 
limit. Failla testified before the Joint Committee on Atomic Energy[7] 
that he played a major role in the adoption of .1 R/day. He stated that he 
had been recording the radiation exposure and blood count results from 
three technicians who had been handling a radium source at Columbia Presby
terian Hospital. His records indicated that two of them had received 
.1 R/day over a three-year period and had showed no abnormal blood counts.
He further testified that on this basis he recommended .1 R/day.

The National Council on Radiation Protection and Measurements' (NCRP) 
Report No.l7[8] indicates that the difference between .2 R/day and .1 R/day 
was due to a difference in measuring technique. In the U.S. the measure
ments were in free air while in Great Britain and Europe the measurements 
were made at the surface of the body.

1954 - 300 mrem/week and 600 mrem/week

The next period during which a change in the limits came about was in 
the early 1950's. This was prompted by the changed situation regarding the 
energy of the available radiations. Both NCRP[9] and the ICRP[l0] recom
mended limits of 600 mrem/wk to the skin and 300 mrem/wk to the blood 
forming organs, the gonads and the lens of the eye. Extensive animal 
studies had been performed during the Second World War to investigate dose 
rate effects, energy dependence, fractionation and repair and the relative



ÏA EA -SM -184/19 1 1 1

effectiveness of high LET radiation. Leukemia had been identified as a
late effect and there was a growing acceptance that the total dose over a
working lifetime should be limited.

As will be demonstrated, there were still some very strong ties to 
previous recommendations. 600 mrem/wk to the skin is the same as the 
.1 R/day for the six-day workweek which prevailed in the 1920's. Further, 
the energies encountered prior to the Manhattan Project (the U.S. nuclear 
weapons program) were roughly 200 kvp with a half value layer of 5 cm.
Since the blood forming organs are'considered to be at 5 cm, the limit of 
300 mrem/wk to the blood forming organs was essentially in effect in the 
late 20's, the 30's and the 40's! The weekly dose to the bone marrow, 
when the skin is irradiated with 200 kvp x rays to a limit of.l R/day, is 
300mrem. With the advent of new high energy radiations, specific bone 
marrow limits were required. For example, a daily skin exposure to 
.1 R/day of cobalt-60 radiation with an energy in excess of 1 MeV would
result in very nearly 600 mrem/wk to bone marrow. Genetic effects were
also considered during this time. Indeed, Failla reports[ll] that he had 
asked H. J. Muller and Donald R. Charles, both prominent geneticists, to 
participate on his NCRP Committee. The NCRP Report Ko. 17, however, 
indicates that the gonad dose limit came as a result of suspected fertility 
impairment and a judgment that the gonads were nominally at or below 5 cm 
in tissue.

Both the NCRP and ICRP recommended l/10th of the occupational limit 
for individuals in the general population. Again from NCRP Report No. 17 
the reason does not seem to be based on population genetics considerations, 
but rather on reducing the total lifetime dose of potential occupational 
workers.

1957 - 5 (Age -18) rem

By the mid-1950's very significant changes were made in the recommenda
tions of the NCRP[l2] and the ICRP[l3]. These changes came about for two 
interrelated reasons. The first was the scientific and public concern over 
weapons testing fallout. The second was the emergence of genetic damage as 
the controlling effect in low dose situations.

An extensive review of the available radiobiological knowledge was 
undertaken in the U.S. by the National Academy of Sciences(NAS)— National 
Research Council, Committee on the Biological Effects of Atomic Radiation 
(BEAR)[14]. The subcommittee on genetic effects provided the primary input. 
On the basis of the radiobiological data then available, they adopted a 
linear no-threshold dose effect relationship. In addition, they attempted 
to estimate the fraction of the ambient genetic burden that could be ascrib
ed to the natural radiation environment. On this basis they recommended 
that the general population be limited to 10 rem in 30 years and that 
individuals be limited to 50 rem to age 30. In Great Britain the Medical 
Research Council (MRC)[15] did a similar review at the same time and pro
duced very similar recommendations. Although they did not arrive at a 
definite population limit they did suggest it should be no more than twice 
the natural background (approximately 6 rem in 30 years).

On the somatic side, the MRC recommended a 200 rem lifetime dose.
They felt there was good evidence to indicate that leukemia incidence show
ed a statistical increase after acute exposure to that dose, and that the 
effect from protracted exposure was less and within the acceptable range 
of risks of other kinds commonly incurred in industry and home life. They 
recommended a continuance of the .3 rem/week limit with the admonition 
that these exposures be kept as low as practicable.
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Following closely on the issurance of these reports the NCRP and the 
ICRP developed the first new exposure limits since Mutsheller's recommenda
tions in the 1920's.

In order to comply with the suggestions for occupational exposure 
limits, the two Commissions adopted a limit of 5(Age - 18) rem for the criti 
cal organs. For the ICRP, these were the gonads, blood forming organs and 
the lens of the eye. The NCRP considered these organs to be the whole 
body, the head and trunk, and active blood forming organs. The NCRP opted 
to limit the skin to 10 rem/year which is twice the critical organ limit 
to conform with prior practice of having the skin limit equal to twice the 
bone marrow limit. The ICRP decided on 8 rem/13 weeks and 30 rem/year 
since there was no radiobiological data to warrant reducing the skin limit. 
All other organs were limited to 15 rem/year. The changes at this time 
were stimulated primarily by genetic considerations.

With regard to non-occupational exposures, the NCRP recommended a 
limit of .5 rem/year for any individual. The XCRP used a rather compli
cated set of categories of non-occupational exposure but recommended a 
limit of .5 rem/year to individual members of the public. This limit was 
based on the consideration that children formed part of such a population.

The ICRP took the matter one step further in making recommendations 
concerning the exposure of populations. They adopted a maximum genetic 
dose to the whole population of 5 rem/30 years in addition to natural 
background and medical exposure. This is in agreement with the MRC and NAS 
recommendations of 6 and 10 rem/30 years, respectively, since the addition 
of medical exposure to the 5 rem/30 years will result in 6-10 rem/30 years

In 1960 the U.S. Federal Radiation Council (FRC)[l6] adopted a value 
of .5 rem/year for individuals in the general population. They further 
recommended that the average population exposure not exceed .170 rem/year 
because there might be a variability of a factor of three between the 
average population exposure and the maximum an individual in the population 
might receive. It is interesting to note that 5 rem in 30 years (ICRP 
genetic dose) is .170 rem/year. Indeed, the FRC acknowledges in its 
Report #1 that adherence to the .170 rem/year will assure that 5 rem/30 
years is not exceeded.

During the recent and continuing power reactor controversy in the U.S. 
much attention has been focused on low level radiation effects, particular
ly on those related to low level releases resulting from reactor opera
tions. In this situation, much like the fallout controversy of the 1950’s, 
the NAS was once again asked to review the radiobiological data and make 
recommendations. The Academy appointed a committee on the Biological 
Effects of Ionizing Radiation (BEIR). At approximately the same time the 
United Nations Scientific Committee on the Effects of Atomic Radiation 
(UNSCEAR) undertook a similar study. Both committee reports were released 
in late 1972.

Both reports suggest the estimates of genetic risks made in the mid- 
1950’s were probably high. The UNSCEAR Report[l7] suggests a doubling dose 
of approximately 200 rem might be a reasonable estimate for low dose-rate 
exposure, whereas the BEIR Committee[l8] uses a range of 20 - 200 rem.
These estimates can be compared to the 1956 values of approximately 30 - 80 
rem as the doubling dose mentioned in both the BEAR Committee and MRC 
reports.

From a genetic point alone then, the radiobiological basis for the 
standard would dictate either no change or an increase (less stringent).
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The somatic case is less clear. The BEIR Committee, using only human 
data, decided that a linear dose effect curve drawn through data at high 
doses and dose rates and extrapolated to the origin, would be the basis of 
their risk estimates. It should be noted that the suggestion for reducing 
the population dose limit by a factor of 100 was based on their assumption 
that the power reactor program could operate within this lower guideline.

The UNSCEAR Committee, using animal data, concluded as follows:

"The data from gamma- or x-irradiated animals suggèst that for 
low-LET radiation, while both linear and curvilinear dose-response 
curves are seen, linear curves in the dose range of less than 
100 rads occur principally when the target tissue is highly sus
ceptible to induction of neoplasms by radiation. In man, target 
tissues which show such high sensitivity to tumour induction by 
radiation have not been identified except possibly in the foetus 
(see annex H). If, as the data suggests, most human tumours 
induced by radiation arise from relatively resistant tissues, 
then it could be predicted in the light of experimental animal 
data that the dose-response curves for such neoplasms will be 
non-linear in the low-dose ranges.
"Another important consideration is the reduced effect of pro
tracted irradiation as compared to an equal dose administered 
in a short period of time. While considerably more data are 
required, the animal data available indicate that both protracted 
continuous irradiation and fractionated irradiation produce less 
carcinogenic effect than a single administration of the same 
total 'dose, suggesting that such an effect might be expected 
to occur in man as well."

This can be interpreted to mean that one should not extrapolate in a 
linear fashion from effects seen at high doses and dose rates to estimate
effects that might occur at low doses and dose rates.

In fact, although the weight of evidence seems to be swinging in favor 
of the UNSCEAR conclusion, a definitive estimate of the "recovery factor" 
is not now available. However, there is no crisis since large populations 
simply are not going to be exposed to more than 17o of the population limit 
in the foreseeable future.

The ICRP completed a review of this same material in mid-1972 with a 
view toward the impact of any new data on its recommendation. At its 
November 1972 meeting, the Commission issued the following statement:

"As a result of this review the Commission does not see grounds 
for making any reduction in its dose limits for exposures of the 
whole body or of individual organs, either for workers or for 
members of the general public. In fact, it recognizes that the 
limits for red bone-marrow and gonads might appropriately be 
raised to a moderate extent to become consistent with the levels 
adopted for the whole body and for other tissues. It does not
however regard it as necessary to modify the existing system
of dose limits by recommending an immediate increase in these 
limits."[19]

Today's skin limit is 30 rem/year. This is equivalent to 600 mrem/week 
(1949), .1 R/day (1934) and l/100th erythema dose in 30 days (1925). Other 
organs limit is 15 rem/year. This is equivalent to 300 mrem/week, one half 
of .1 R/day (1934) and one half of l/100th of the erythema dose in 30 days



TABLE I. HIGHLIGHTS IN THE EVOLUTION OF RADIATION PROTECTION STANDARDS

Date Standard Background
Relationship to 

Previous Recommendations

1920 Protection practices Hot cathode
Battlefield x ray casualties -

1925 l/100th of erythema in 
30 days

Search for a standard -

1934 .2 R/day and .1 R/day Roentgen adopted in 1928 .2 R and . 1-R is the measure
ment of l/100th of the erythema 
in 30 days

1954 300 mrem/wk; 600 mrem/wk High energy radiation and 
radiobiological data from 
U.S. "atomic bomb" research

For 1934 radiations .1 R/day 
delivers 600 mrem to the skin 
and 300 mrem at 5 cm

1957 5(Age -18) rem 
15 rem/year

<?
Fallout controversy 
Genetic considerations

Organ limit of 15 rem/year is 
equivalent to 300 mrem/week

1975 ? Power reactor controversy ?
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at 200 kvp (1925). Bone marrow and gonads limits today are 5 rem/year based 
on genetic considerations of 1956. It is currently estimated that the 
genetic effect may be overestimated by a factor of six. Using a conserva
tive factor of three, we might be all the way back to 1925 (T ab le I).
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BASIC CONCEPTS FOR ENVIRONMENTAL 
RADIATION STANDARDS

W .D . ROWE, A .C .B . RICHARDSON 
US Environmental Protection A gency,
Washington, D .C .,
United States o f A m erica

Abstract

BASIC CONCEPTS FOR ENVIRONMENTAL RADIATION STANDARDS.
The elements required for informed decisions in the establishment of standards to protect the public from 

the effects of environmental releases of radioactive materials are reviewed. These include explicit estimation 
of all potential health effects and an analysis of the costs and capabilities of effluent controls, as well as con
sideration of the overall benefit/cost balance for each type of activity releasing radioactive materials. Sub
sidiary issues are the distribution in time and over populations of potential health impacts and the possibility of 
different value judgements by different nations in situations where radioactive materials may cross international 
boundaries. It is concluded 1) that standards based on health considerations alone are not appropriate in the 
present age of widespread use of radioactive materials, 2) that consideration of benefit/cost tradeoffs and the 
cost-effectiveness of health risk reduction must be explicitly made in deriving quantitative radiation standards, 
and 3) that international agreement is required on the basis for control of global radioactive pollutants.

1. INTRODUCTION

For a number of years we have all been exposed to the general socio
economic concepts that are central to this meeting— concepts such as 
"cost-benefit balancing," "cost-effectiveness of risk reduction," and 
"as low as practicable" (or practical, depending upon the thickness of 
your dictionary). For the purpose of developing guidance for radiation 
protection these have been coupled with our own strictly radiological 
health concepts such as the nonthreshold, linear dose-effect 
relationship, and dose commitments both to individuals and to 
populations measured in "person-rems" (or "man-rads"). Each of these

- concepts has different uses which depend upon the scope and nature of 
the problem at hand. I would like to describe how, in the United 
States, we have attempted to sort out and use these in the development 
of radiation standards for protection of the general population— we call 
these standards "environmental radiation standards."

2. THE ASSESSMENT AND IMPLICATIONS OF HEALTH EFFECTS

A prerequisite for any standards-setting rationale is an assumed
relationship between cause and effect— in this case for the effects of 
exposure of human beings to ionizing radiation. Figure 1 shows some of 
the more basic forms this relationship could take in the low dose region 
of interest to us in establishing standards for protection of the 
general population.

Curve 1 represents the linear, nonthreshold relationship usually
prudently assumed for purposes of radiation protection. Curve 2 
represents a threshold assumption for radiation effects. Curve 3 is the 
type of relationship that could result if repair mechanisms are

117
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FIG. 1. Dose-effect relationships for radiation exposure of human populations. See text for description.

important at low dose rates. Finally, curve 4 could result for the 
average response of a population if particularly radiation-sensitive 
individuals exist that are preferentially singled out by low doses 
uniformly applied to a population. Although there appear to be data
available to support each of these viewpoints, we continue to base our 
judgments for standards on curve 1, the linear nonthreshold dose-effect 
relationship. This decision stems from the need for reasonable prudence 
in matters affecting public health protection, especially in the absence 
of definitive scientific information, and reflects, as well, a consensus 
of the collective value judgments of experts in the field.

The rejection of a threshold relationship, such as that shown by
curve 2, has basic significance for standards-setting, of course, and
that is that there is no acceptable non-zero dose level based on 
elimination of health risk alone. Thus, at any level of exposure we 
must examine the benefits associated with an activity producing public 
radiation exposure and the cost-effectiveness of risk-reduction through 
effluent control and through other measures. In carrying forward the 
process of developing standards based on this examination, we must 
proceed to make a series of decisions on judgmental issues. These 
include such matters as the appropriate limiting level of spending for 
measures to reduce exposure, the equity of both the absolute and 
relative distributions over the population of benefits and radiation 
risks attributable to an activity producing public radiation exposures, 
and finally, the implications of the distribution in time of these 
benefits and risks. The consideration of time is required because many 
uses of radioactive materials involve, in at least some degree, 
incurring long-term risks in order to acquire short-term benefits.

Before discussing each of these factors and developing a perspective 
on their various roles in the development of a framework for setting 
environmental standards, I would like to emphasize that two objectives 
should be of overriding importance in choosing a methodology to be used 
for standards-setting. The first is that as complete an assessment of 
the impact on public health must be made as is possible, an assessment 
that reflects an up-to-date consensus of available knowledge. The 
second is that, in addition to explicitly assessing public health 
impact, the cost and effectiveness of measures available to reduce or
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e l i m i n a t e  r a d i o a c t i v e  e f f l u e n t s  m ust  be  c a r e f u l l y  exam ined .  I t  would be  
i r r e s p o n s i b l e  t o  s e t  s t a n d a r d s  t h a t  impose u n n e c e s s a r y  h e a l t h  r i s k s  on 
t h e  p u b l i c  ( u n n e c e s s a r y  i n  t h e  s e n s e  t h a t  e x p o s u r e s  p e r m i t t e d  c an  be  
a v o id e d  a t  a  s m a l l  o r  r e a s o n a b l e  c o s t ) , and i t  would e q u a l l y  be  
i r r e s p o n s i b l e  t o  s e t  s t a n d a r d s  t h a t  impose u n r e a s o n a b l e  c o s t s
( u n r e a s o n a b l e  i n  t h e  s e n s e  t h a t  c o n t r o l  c o s t s  imposed by s t a n d a r d s
p r o v i d e  l i t t l e  o r  no h e a l t h  b e n e f i t  t o  t h e  p u b l i c ) .  T hus ,  t h e  n e c e s s i t y  
t o  exam ine t h e  econom ics  o f  e f f l u e n t  c o n t r o l  p r o c e e d s  d i r e c t l y  from  t h e  
n a t u r e  o f  t h e  r e l a t i o n s h i p  assumed t o  e x i s t  b e tw ee n  r a d i a t i o n  d o se  and 
i t s  e f f e c t s  on h e a l t h .  As p o i n t e d  o u t  a b o v e ,  i t  i s  t r u e  t h a t  i f  a
t h r e s h o l d  l e v e l  w ere  to  e x i s t  i t  m ig h t  t h e n  be p o s s i b l e  t o  e s t a b l i s h  a
s t a n d a r d  b a se d  on h e a l t h  c o n s i d e r a t i o n s  a l o n e ,  by  s e t t i n g  i t  b e low  t h a t  
l e v e l  so  a s  t o  a v o id  any p u b l i c  h e a l t h  im p a c t .  ■ However, such  a 
t h r e s h o l d  c a n n o t  be  assumed f o r  t h e  v a s t  m a j o r i t y  o f  r a d i a t i o n  e f f e c t s ,  
and a  s t a n d a r d  s e t  a t  any  l e v e l  o t h e r  t h a n  z e r o  m ust  be  j u s t i f i e d  on th e  
b a s i s  t h a t  t h e  a c t i v i t y  p r o v i d e s  o f f s e t t i n g  b e n e f i t s ,  and t h a t  a l l  
r e a s o n a b l e  m e a su re s  t o  m in im iz e  t h e  r i s k  due t o  r a d i o a c t i v e  e f f l u e n t s  
a r e  r e q u i r e d  by t h e  s t a n d a r d s .

There  a r e  s e v e r a l  e le m e n t s  t o  a  c o m p le te  a s s e s s m e n t  o f  t h e  p o t e n t i a l  
h e a l t h  im p a c t  . o f  r a d i o a c t i v e  e f f l u e n t s .  The f i r s t  i s  an  a c c u r a t e  
d e t e r m i n a t i o n  o f  e f f l u e n t  s o u r c e  te rm s  a s  a  f u n c t i o n  o f  t h e  l e v e l  o f  
p o s s i b l e  e f f l u e n t  c o n t r o l .  N e x t ,  t h e  r a d i o n u c l i d e s  r e l e a s e d  m ust  be  
f o l lo w e d ,  u s i n g  a p p r o p r i a t e  e n v i r o n m e n t a l  m o d e l in g  t e c h n i q u e s ,  t h ro u g h  
t h e  b i o s p h e r e  o v e r  a s  w ide  an  a r e a  and f o r  a s  lo n g  a p e r i o d  a s  t h e y  may 
e x p o se  human p o p u l a t i o n s .  The t o t a l i t y  o f  p o t e n t i a l  human d o se  must 
n e x t  be  c a l c u l a t e d ,  and t h e  p r o b a b i l i t i e s  o f  i n c u r r i n g  t h e  v a r i o u s  
s o m a t ic  and g e n e t i c  h e a l t h  e f f e c t s  a t t r i b u t a b l e  t o  t h e s e  d o s e s  must  be  
e s t i m a t e d  and a p p l i e d .

The h e a l t h  a s s e s s m e n t s  made by EPA f o r  d e r i v i n g  e n v i r o n m e n ta l  
s t a n d a r d s  d e p a r t  i n  two r e s p e c t s  from  p r a c t i c e  common i n  t h e  p a s t .  The 
f i r s t  o f  t h e s e  i s  t h e  u s e  o f  t h e  c o n c e p t  o f  t o t a l  p o p u l a t i o n  dose  
commitment i n  a s s e s s i n g  t h e  im p a c t  o f  an  e n v i r o n m e n ta l  r e l e a s e .  We have 
d e f i n e d  t h e  te rm  " e n v i r o n m e n ta l  d o se  commitment" f o r  t h i s  t o t a l  
p o p u l a t i o n  d o se  commitment due t o  an e n v i r o n m e n t a l  r e l e a s e .  I t  d i f f e r s  
f rom  t h e  UNSCEAR d e f i n i t i o n  o f  d o s e  commitment,  w h ich  i s ,  s t r i c t l y  
s p e a k in g ,  a  c a l c u l a t i o n  o f  t h e  l i m i t i n g  p o t e n t i a l  i n d i v i d u a l  d o se  from 
a n  e n v i r o n m e n ta l  l e v e l  o f  r a d i o a c t i v i t y ,  and i s  n o t  t h e  t o t a l  p o p u l a t i o n  
d o se  due t o  a  s p e c i f i c  e n v i r o n m e n t a l  r e l e a s e .  P r e v i o u s  a s s e s s m e n t s  o f  
t h e  im p a c t  o f  r a d i o a c t i v e  e f f l u e n t s  f rom  s p e c i f i c  f a c i l i t i e s  have  
u s u a l l y  f o c u s e d  upon t h e  c a l c u l a t i o n  o f  r a d i a t i o n  d o se  commitments to  
t h e  h y p o t h e t i c a l  c r i t i c a l  i n d i v i d u a l ,  who i s  g e n e r a l l y  found  i n  t h e  
l o c a l  p o p u l a t i o n  and whose e x p o s u r e  i s .  u s u a l l y  i n c u r r e d  im m e d ia te ly  
f o l lo w in g  t h e  r e l e a s e  o f  an  e f f l u e n t .  F o r  s h o r t - l i v e d  r a d i o n u c l i d e s  
t h i s  may s u f f i c e  t o  l i m i t  p o p u l a t i o n  im p a c t ,  b u t  when l o n g - l i v e d
m a t e r i a l s  a r e  i n v o lv e d  t h i s  p r a c t i c e  can  l e a d  to  g r o s s  u n d e r e s t i m a t e s  o f  
t h e  t o t a l  im p a c t  o f  an  e n v i r o n m e n t a l  r e l e a s e .  I n s t e a d  o f  j u s t  l o c a l  
a n n u a l  d o s e ,  t h e  t o t a l i t y  o f  d o s e s  t o  a l l  p o p u l a t i o n s  o v e r  t h e  l i f e t i m e  
o f  t h e  r a d i o n u c l i d e  i n  t h e  b i o s p h e r e  m us t  be  c o n s i d e r e d .  The u n d e r ly i n g  
a s s u m p t io n  j u s t i f y i n g  t h e  p r a c t i c e  o f  a s s e s s i n g  o n ly  t h e  a n n u a l  d o se  to  
l o c a l  p o p u l a t i o n s  a ro u n d  n u c l e a r  f a c i l i t i e s  h a s  u s u a l l y  b e e n  t h a t  
maximum i n d i v i d u a l  d o se s  a r e  o f  pa ram oun t  c o n c e rn  and t h a t  d o s e s  t o  
o t h e r  t h a n  l o c a l  p o p u l a t i o n s  and a t  t im e s  a f t e r  t h e  " f i r s t  p a s s "  o f  an 
e f f l u e n t  a r e  so  s m a l l  a s  t o  be  i n d i s t i n g u i s h a b l e  from  t h o s e  due to
n a t u r a l  b a ck g ro u n d  r a d i a t i o n  and a r e ,  t h e r e f o r e ,  i g n o r a b l e .  T h is  p o i n t
o f  v iew  i s  n o t  a c c e p t a b l e  f o r  u s e  i n  d e r i v i n g  e n v i r o n m e n t a l  s t a n d a r d s
b e c a u s e  i t  n o t  o n ly  n e g l e c t s  t h e  i m p l i c a t i o n s  o f  a n o n t h r e s h o ld
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h y p o t h e s i s  f o r  r a d i a t i o n  e f f e c t s ,  b u t  a l s o  t h e  c o n s i d e r a t i o n  t h a t  th e  
r a d i a t i o n  d o se s  i n v o lv e d  a r e  due t o  a v o id a b l e  man-made r e l e a s e s  o f  
m a t e r i a l s  and a r e  n o t  d o s e s  due  t o  n a t u r a l  phenomena.

The second  d e p a r t u r e  from  u s u a l  p r a c t i c e  i s  o u r  u s e  o f  e x p l i c i t  
e s t i m a t e s  o f  h e a l t h  e f f e c t s  r a t h e r  t h a n  t h e  u s e  o f  e x p o su re  a s  t h e  
e n d p o in t  t o  b e  m in im ized  by s t a n d a r d s .  I t  i s  p e r h a p s  o b v io u s ,  i n  
r e t r o s p e c t ,  t h a t  t h e  p r o p e r  f o c u s  f o r  d e t e r m i n a t i o n  o f  t h e  a p p r o p r i a t e  
l e v e l  f o r  a  s t a n d a r d  t o  p r o t e c t  p u b l i c  h e a l t h  im p a c t  o f  t h a t  l e v e l ,  b u t  
i n  t h e  p a s t  m in i m iz a t i o n  o f  e x p o s u r e  h a s  o f t e n  s e r v e d  a s  a  u s e f u l  
s u r r o g a t e  f o r  t h i s  im p a c t  b e c a u s e  o f  u n c e r t a i n t i e s  a b o u t  o r  a  r e l u c t a n c e  
t o  a c c e p t  t h e  c o n se q u en c es  o f  a s s u m p t io n s  c o n c e r n in g  t h e  form  o f  t h e  
r e l a t i o n s h i p  b e tw een  e x p o su re  and e f f e c t .  In  t h i s  r e g a r d ,  t h e  
p r o t e c t i o n  o f  b i o t a  o t h e r  t h a n  man must  a l s o  be  c o n s i d e r e d .  A l th o u g h ,  
on t h e  b a s i s  o f  e x i s t i n g  d a t a  f o r  a  w ide  v a r i e t y  o f  l i f e  fo rm s ,  none 
a p p e a r  t o  be  s u f f i c i e n t l y  more s e n s i t i v e  t h a n  man to  r e q u i r e  s e p a r a t e  
p r o t e c t i o n ,  we must  c o n t i n u e  to  e x e r c i s e  v i g i l a n c e  to  i n s u r e  t h a t  
s t a n d a r d s  p r o v id e  a d e q u a te  p r o t e c t i o n  f o r  o t h e r  l i f e  form s a s  w e l l .

3. THE ECONOMICS OF RISK REDUCTION

B e fo re  d i s c u s s i n g  i n  d e t a i l  economic a s p e c t s  such  a s  c o s t - b e n e f i t  
b a l a n c i n g  and c o s t - e f f e c t i v e n e s s  o f  r i s k  r e d u c t i o n ,  i t  i s  u s e f u l  t o  
c o n s i d e r ,  i n  t h e  c o n t e x t  o f  a  s p e c i f i c  exam ple  such  a s  t h e  n u c l e a r  power 
i n d u s t r y ,  t h e  v a r i o u s  p e r s p e c t i v e s  i n  w hich  c o n s i d e r a t i o n  o f  s t a n d a r d s  
f o r  r a d i o a c t i v e  e f f l u e n t s  from  t h e  n u c l e a r  power i n d u s t r y  can  be p l a c e d .  
At l e a s t  t h e  f o l lo w in g  a r e  p o s s i b l e :

1 .  The p u b l i c  h e a l t h  im p a c t  o f  each  e f f l u e n t  s t r e a m  o f  r a d i o a c t i v e
m a t e r i a l s  from  eac h  ty p e  o f  f a c i l i t y  i n  t h e  f u e l  c y c l e ;

2 .  t h e  combined im p a c t  o f  t h e  v a r i o u s  components  o f  t h e  f u e l  c y c l e
r e q u i r e d  t o  s u p p o r t  t h e  p r o d u c t i o n  o f  a  g iv e n  q u a n t i t y  of 
e l e c t r i c a l  power;  and

3 .  t h e  i n t e g r a t e d  im p a c t  o f  t h e  e n t i r e  f u e l  c y c l e  due to  t h e  
p r o j e c t e d  f u t u r e  g ro w th  o f  t h e  i n d u s t r y  th ro u g h  some f u t u r e  
y e a r ,  f o r  ex am p le ,  t h e  y e a r  2000.

The f i r s t  o f  t h e s e  p e r s p e c t i v e s  i s  r e q u i r e d  f o r  a s s e s s i n g  t h e  
e f f e c t i v e n e s s  o f  c o n t r o l  o f  p a r t i c u l a r  e f f l u e n t  s t r e a m s  from s p e c i f i c  
t y p e s  o f  f a c i l i t i e s .  I t  i s  p a r t i c u l a r l y  u s e f u l  f o r  r e g u l a t o r y  p u r p o s e s ,  
su c h  a s  th e  dev e lo p m en t  o f  t e c h n i c a l  g u id e s  and r e g u l a t i o n s  s p e c i f y i n g  
" a s  low a s  p r a c t i c a b l e "  d e s i g n  and o p e r a t i o n  o f  f a c i l i t i e s .

The second  v i e w p o i n t ,  w h ich  c an  be  e x p r e s s e d  a s  an a s s e s s m e n t  o f  t h e  
t o t a l  im p ac t  o f  t h e  i n d u s t r y  f o r  e ac h  u n i t  o f  t h e  b e n e f i c i a l  e n d - p r o d u c t  
( e l e c t r i c a l  power) a s  a  f u n c t i o n  o f  t h e  l e v e l  o f  e f f l u e n t  c o n t r o l ,  
p r o v i d e s  t h e  p e r s p e c t i v e  r e q u i r e d  f o r  an  a s s e s s m e n t  o f  t h e  r e l a t i o n s h i p  
o f  t h i s  b e n e f i t  to  t h e  r e l a t e d  e n v i r o n m e n ta l  c o s t  -  i n  t h i s  c a s e  t h e  
p o t e n t i a l  p u b l i c  h e a l t h  im p a c t .  We f i n d  t h i s  p e r s p e c t i v e  m ost  u s e f u l  
f o r  d evelopm en t  o f  e n v i r o n m e n ta l  s t a n d a r d s  f o r  s p e c i f i c  a c t i v i t i e s .

F i n a l l y ,  a l t h o u g h  e ac h  o f  t h e s e  p e r s p e c t i v e s  c an  a s s i s t  t h e  fo rm in g  
o f  ju d g m e n ts  a s  t o  t h e  p r o p e r  l e v e l  o f  c o n t r o l  and t h e  a c c e p t a b l e  im pac t  
o f  t y p i c a l  f a c i l i t i e s  o r  f o r  a  u n i t  o f  o u t p u t  from t h e  e n t i r e  f u e l  
c y c l e ,  o n ly  t h e  t h i r d  p e r s p e c t i v e  p r o v i d e s  an  a s s e s s m e n t  o f  t h e  
p o t e n t i a l  o v e r a l l  im p a c t  o f  t h e  e n t i r e  i n d u s t r y .  The m ag n i tu d e  o f  t h i s
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im p a c t  can  b e  e i t h e r  c o n s i d e r a b l e  o r  r e l a t i v e l y  s m a l l ,  d e p en d in g  upon 
t h e  l e v e l  o f  e f f l u e n t  c o n t r o l  r e q u i r e d  by e n v i r o n m e n ta l  s t a n d a r d s .  T h is  
t h i r d  v i e w p o in t  w i l l  be  m ost  u s e f u l  a t  t h e  p o l i t i c a l  l e v e l ,  where  
d e c i s i o n s  m ust  be  made c o n c e r n in g  t h e  s o c i a l  a c c e p t a b i l i t y  o f  m a jo r  
a l t e r n a t i v e  n a t i o n a l  c o u r s e s  o f  a c t i o n  f o r  f u t u r e  e n e rg y  s u p p ly .  Of 
c o u r s e ,  t h e  o v e r a l l  p o t e n t i a l  r a d i o l o g i c a l  im p a c t  i s  o n ly  one s m a l l  p a r t  
o f  t h a t  c o n s i d e r a t i o n .  T h is  t h i r d  p e r s p e c t i v e  can  a l s o  b e  u s e f u l  t o  us 
a s  s t a n d a r d s - s e t t e r s  i n  t h e  e s t a b l i s h m e n t  o f  p r i o r i t i e s  f o r  a c t i o n  i n  
o u r  own a r e a  o f  r e s p o n s i b i l i t y .

The n u c l e a r  i n d u s t r y  a l s o  p r o v i d e s  a u s e f u l  exam ple  f o r  t h e  
e x a m in a t io n  o f  t h e  e x p l i c i t  u s e  o f  c o s t / b e n e f i t  b a l a n c i n g  and c o s t -  
e f f e c t i v e n e s s  o f  r i s k  r e d u c t i o n  i n  d e r i v i n g  s t a n d a r d s .  F i g u r e  2 
d i s p l a y s  t h e  g e n e r a l  form  t h a t  t h e  c o s t - e f f e c t i v e n e s s  o f  r i s k  r e d u c t i o n  
f u n c t i o n  f o r  a  complex a c t i v i t y  su c h  a s  t h e  e n t i r e  u ra n iu m  f u e l  c y c l e  
w i l l  t a k e .  Each p o i n t  on  t h e  c u r v e  r e p r e s e n t s  t h e  a d d i t i o n  o f  a  new 
c o n t r o l  o v e r  e n v i r o n m e n t a l  r e l e a s e s .  These  h a v e  b e e n  a r r a n g e d  i n  
d e c r e a s i n g  o r d e r  o f  e f f e c t i v e n e s s .  I n  t h e  c a s e  o f  a  l a r g e  i n d u s t r y  
i n v o l v i n g  many d i f f e r e n t  t y p e s  o f  f a c i l i t i e s ,  e a c h  w i t h  many t y p e s  o f  
e f f l u e n t s  and many o p t i o n s  f o r  d e g r e e  o f  c o n t r o l ,  t h i s  c u rv e  w i l l  
a c t u a l l y  a p p ro a c h  t h e  i d e a l i z e d  smooth c u r v e  shown. The h o r i z o n t a l  a x i s  
r e p r e s e n t s  a c c u m u la te d  c o s t s .  These  c o s t s  m ust  be  e x p r e s s e d  a s  t h e  
p r e s e n t  w o r th  o f  a l l  c o s t s  o v e r  t h e  l i f e  e x p e c ta n c y  o f  t h e  c o n t r o l s ,  
i n c l u d i n g  b o t h  c a p i t a l  and o p e r a t i n g  e x p e n s e s ,  and m ust  a l s o  be

F IG . 2 . C ost-e ffec tiveness  o f risk reduction  for a  co m p lex  a c tiv i ty .
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n o r m a l i z e d  to  a  u n i t  o f  b e n e f i t  ( i n  t h i s  c a s e ,  a  g i g a w a t t  y e a r  o f
e l e c t r i c i t y ) ,  s i n c e  d i f f e r e n t  t y p e s  o f  f a c i l i t i e s  h ave  d i f f e r e n t  
q u a n t i t a t i v e  r e l a t i o n s h i p s  t o  t h e  end p r o d u c t .  The v e r t i c a l  a x i s  i s
c o s t - e f f e c t i v e n e s s ,  e x p r e s s e d  a s  t h e  number o f  p r o j e c t e d  e f f e c t s
p r e v e n t e d  p e r  u n i t  o f  p r e s e n t  w o r th  o f  e x p e n d i t u r e .  T h is  number o f
p r o j e c t e d  e f f e c t s  must  be  c a r e f u l l y  e s t i m a t e d  — i t  sh o u ld  i n c l u d e  a l l  
o f  t h e  p o t e n t i a l  im p ac t  o f  e ac h  r e l e a s e  o v e r  i t s  e n t i r e  p r o j e c t e d  t im e  
o f  r e s i d e n c e  i n  t h e  b i o s p h e r e ,  and a l s o  i n c l u d e  a l l  a n t i c i p a t e d  r e l e a s e s  
o v e r  t h e  assumed l i f e t i m e  o f  t h e  c o n t r o l  sy s te m  c o n c e rn e d .

T h is  s o r t  o f  d i s p l a y  (and i t s  i n t e g r a l ,  w hich  y i e l d s  t h e  t o t a l  
number o f  h e a l t h  e f f e c t s  p r e v e n t e d  by any p a r t i c u l a r  l e v e l  o f  
e x p e n d i t u r e )  g i v e s  u s  a  r a t h e r  c o m p le te  a s s e s s m e n t  o f  t h e  t o t a l  
p o t e n t i a l  r a d i o l o g i c a l  im p a c t  o f  e n v i r o n m e n ta l  r e l e a s e s  from  an 
a c t i v i t y .  I t s  main d e f i c i e n c i e s  a r e  1) a  f a i l u r e  t o  d i s p l a y  t h e  
d i s t r i b u t i o n  o f  t h a t  im p ac t  a c r o s s  t h e  p o p u l a t i o n  and o v e r  t im e  and 2) a 
f a i l u r e  t o  r e l a t e  t h e  t o t a l  im p a c t  o f  t h e  a c t i v i t y  t o  i t s  . b e n e f i t s . We 
w i l l  d e a l  w i t h  t h e s e  s e p a r a t e l y  l a t e r .

What does  a  d i s p l a y  su c h  a s  t h a t  i n  f i g u r e  2 t e l l  u s  a b o u t  t h e  
c h o ic e s  f o r  s t a n d a r d s  s e t t i n g ?  T h ere  a r e  two s im p le  c a s e s .  These  a r e  
no c o n t r o l ,  r e p r e s e n t e d  by t h e  e x tre m e  u p p e r  l e f t - h a n d  end o f  t h e  c u r v e ,  
and no r i s k ,  r e p r e s e n t e d  by t h e  e x tre m e  lo w e r  r i g h t - h a n d  end .  In  
g e n e r a l ,  n e i t h e r  o f  t h e s e  a r e  r e a s o n a b l e  p o s s i b i l i t i e s .  T here  a r e  a t  
l e a s t  t h r e e  more r e a l i s t i c  c h o i c e s .  F i r s t ,  i f  one i s  g i v e n  (from  o t h e r  
c o n s i d e r a t i o n s )  an  a c c e p t a b l e  l e v e l  o f  im p a c t ,  one can  r e q u i r e  t h e  
i m p o s i t i o n  o f  c o n t r o l s ,  s t a r t i n g  a t  t h e  l e f t  o f  t h e  c u r v e ,  u n t i l  t h e  
im p a c t  i s  re d u c e d  t o  t h e  d e s i r e d  l e v e l .  A second  a l t e r n a t i v e  a r i s e s  i f  
t h e  amount o f  e x p e n d i t u r e  a v a i l a b l e  f o r  c o n t r o l  i s  p r e d e t e r m i n e d .  Then 
one s im p ly  im poses  a l l  c o n t r o l s  t o  t h e  l e f t  o f  t h a t  amount on t h e  
h o r i z o n t a l  a x i s .  U s u a l l y  n e i t h e r  o f  t h e s e  v a l u e  ju d g m e n ts  a r e  a v a i l a b l e  
(o r  even  a p p r o p r i a t e )  and a  t h i r d  a l t e r n a t i v e  must  be  u se d  -  e i t h e r  
e x p l i c i t l y  o r  i m p l i c i t l y .  T h is  i s  t o  d e te r m in e  a maximum a c c e p t a b l e  
r a t e  o f  sp e n d in g  f o r  r i s k  a v o id a n c e  and r e q u i r e  t h e  i m p o s i t i o n  o f  a l l  
c o n t r o l s  above t h a t  r a t e  on t h e  v e r t i c a l  a x i s .  A l th o u g h  t h i s  p r o c e d u r e  
may seem d i s t a s t e f u l ,  i n  a c t u a l  p r a c t i c e  i t  u s u a l l y  t u r n s  o u t  t o  be  t h e  
l e a s t  so  o f  t h e  c h o ic e s  a v a i l a b l e .  We h ave  a l s o  found  t h a t  i n  r e a l  
s i t u a t i o n s  a  d i s c r e t e  b r e a k - p o i n t  o f t e n  o c c u r s  w i t h i n  t h e  ra n g e  o f  
a c c e p t a b l e  r a t e s  o f  e x p e n d i t u r e  t h a t  f a c i l i t a t e s  such  d e c i s i o n - m a k i n g .  
Based on r e c e n t  U .S. e x p e r i e n c e  t h i s  a c c e p t a b l e  ra n g e  a p p e a r s  t o  l i e  i n  
t h e  n e ig h b o rh o o d  o f  a  few h u n d red  t h o u sa n d  t o  a b o u t  h a l f  a m i l l i o n  
d o l l a r s  p e r  h e a l t h  e f f e c t  a v e r t e d .

Now, what  r e l a t i o n  d o e s  b e n e f i t / r i s k  b a l a n c i n g  b e a r  t o  t h i s  
d i s c u s s i o n ?  The f i r s t  and m ost  o b v io u s  u s e  i s  e x p r e s s e d  a s  a n e c e s s a r y ,  
b u t  n o t  a  s u f f i c i e n t ,  c o n d i t i o n .  T h is  i s  t h e  c o n d i t i o n  t h a t  t h e  t o t a l  
b e n e f i t s  o f  a  p a r t i c u l a r  a c t i v i t y  m ust  e x ceed  i t s  t o t a l  c o s t s ,  i n c l u d i n g  
i t s  p u b l i c  h e a l t h  and e n v i r o n m e n ta l  im p a c t ,  i n  o r d e r  t h a t  i t s  p u r s u i t  be  
a s o c i e t a l l y  a c c e p t a b l e  e n d e a v o r .  Such an  e v a l u a t i o n  i s  d i f f i c u l t ,  i f  
n o t  i m p o s s i b l e ,  t o  a c h i e v e  i n  a  q u a n t i t a t i v e  way b e c a u s e  o f  t h e  d i v e r s e  
c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  b e n e f i t s  and c o s t s  i n v o lv e d .  We a r e  
g e n e r a l l y  re d u c e d  t o  making q u a l i t a t i v e  j u d g m e n t s ,  once t h e  v a r i o u s  
c a t e g o r i e s  o f  b e n e f i t  and c o s t  h ave  b e en  re d u c e d  to  q u a n t i t a t i v e  te rm s  
( u s u a l l y  i n  d i f f e r e n t  u n i t s ) ,  t o  t h e  e x t e n t  p o s s i b l e .

O f t e n ,  how ever ,  su c h  t r a d e o f f s  may be  s u b d i v i d e d  and made on a 
c a t e g o r y  by c a t e g o r y  b a s i s ,  su c h  a s  com paring  t h e  h e a l t h  b e n e f i t  o f  an 
x - r a y  d i a g n o s i s  t o  t h e  r a d i a t i o n  r i s k  (a s  i n  t u b e r c u l a r  s c r e e n i n g )  and 
t h e n  c o n s i d e r i n g  t h e  d o l l a r  b e n e f i t s  and c o s t s  t o  s o c i e t y  o f  t h e  p r o c e s s
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a s  a s e p a r a t e  m a t t e r .  T h is  c o n c e p t  o f  c a t e g o r i z a t i o n  i s  u s e f u l  when we 
a t t e m p t  t o  make f u r t h e r  u s e  o f  b e n e f i t / c o s t  c o n s i d e r a t i o n s '  i n  s e t t i n g  
s t a n d a r d s  f o r  r a d i a t i o n  p r o t e c t i o n .  Suppose we a r e  c o n s i d e r i n g ,  a s  
b e f o r e ,  t h e  n u c l e a r  p r o d u c t i o n  o f  e l e c t r i c i t y  v i a  t h e  u ra n iu m  f u e l  
c y c l e ,  and we f o c u s  o u r  a t t e n t i o n  on . h e a l t h  b e n e f i t s .  A l th o u g h  th e  
h e a l t h  b e n e f i t s  o f  e l e c t r i c a l  p ow er ,  a t  t h e  m a r g in ,  a r e  e x t r e m e ly  
d i f f i c u l t  t o  q u a n t i f y  and w i l l  be  q u i t e  d e p e n d e n t  on t h e  t im e  fram e 
c o n s i d e r e d ,  some g e n e r a l i z a t i o n s  a r e  p o s s i b l e .  I f  we c o n s i d e r  th e  
h e a l t h  b e n e f i t  o f  e l e c t r i c a l  power l o s t  due t o  i n v e s tm e n t s  i n  c o n t r o l  
c o s t s ,  i t  i s  c l e a r  t h a t  i f  we make no e x p e n d i t u r e  f o r  c o n t r o l s  th e  
i n v e s tm e n t  i n  power c a p a c i t y  c an  be m ax im ized ,  and t h e  b e n e f i t  fo re g o n e  
w i l l  b e  z e r o .  Now, a s  we d i v e r t  i n v e s tm e n t  i n  c o n s t r u c t i o n  o f  power 
p r o d u c t i o n  c a p a c i t y  t o  i n v e s tm e n t  i n  c o n s t r u c t i o n  o f  e n v i r o n m e n ta l  
c o n t r o l s ,  b e n e f i t  fo r e g o n e  w i l l  i n c r e a s e ,  and p r o b a b ly  a t  an  i n c r e a s i n g  
r a t e ,  a s  t h e  l a c k  o f  power c a p a c i t y  becomes more a c u t e .  F i g u r e  3 shows, 
su p e r im p o sed  on t h e  i n t e g r a l  o f  t h e  c o s t - e f f e c t i v e  c u r v e  o f  f i g u r e  2 ,  
two su c h  c u r v e s  w h ich  a r e  c o n cav e  upward and r e p r e s e n t ,  i n  a  g e n e r a l  
way, w hat  may be c o n j e c t u r e d  t o  be  r e a s o n a b l e  l i m i t s  o f  u n c e r t a i n t y  on 
su c h  a b e n e f i t s  fo r e g o n e  f u n c t i o n .  The p o i n t  o f  i n t e r e s t  d e r i v e s  from 
t h e  o b s e r v a t i o n  t h a t ,  i n  g e n e r a l ,  t h e  c o s t - e f f e c t i v e n e s s  f u n c t i o n  by i t s  
v e r y  n a t u r e  a s y m p t o t i c a l l y  a p p ro a c h e s  b o th  a x e s a n d  h a s  a r a t h e r  sm a l l  
r e g i o n  o f  s h a r p  i n f l e c t i o n  n e a r  t h e  o r i g i n .  The r e g i o n  o f  i n t e r s e c t i o n  
o f  t h e  l i m i t i n g  b e n e f i t  fo r e g o n e  f u n c t i o n s  w i t h  t h i s  c u r v e  r e p r e s e n t s  
t h e  a p p r o p r i a t e  r e g i o n  f o r  c h o ic e  o f  s t a n d a r d s  whose o b j e c t i v e  i s  th e

FIG.3. A conjecture on the functional form of health benefits and its relation to health costs due to effluents 
for nuclear power.
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b a l a n c i n g  o f  b e n e f i t s  and c o s t s .  As you c an  s e e ,  i t  can  e a s i l y  t u r n  o u t  
t h a t  t h e  r e g i o n  o f  u n c e r t a i n t y  f o r  b e n e f i t / c o s t  b a l a n c i n g  w i l l  encompass 
m ost  o f  t h e  r e g i o n  o f  r a p i d l y  c h a n g in g  c o s t - e f f e c t i v e n e s s  -  t h e  r e g i o n  
w here  we h ave  found  t h a t  t h e  a c c e p t a b l e  c h o ic e s  b a se d  on c o s t -  
e f f e c t i v e n e s s  a lo n e  u s u a l l y  l i e .  T hus ,  c o s t - e f f e c t i v e  s t a n d a r d s  w i l l  
u s u a l l y  a l s o  s a t i s f y ,  w i t h i n  t h e  p r e s e n t  l i m i t s  o f  u n c e r t a i n t y ,  c r i t e r i a  
f o r  an  a c c e p t a b l e  b e n e f i t / c o s t  b a l a n c e  -  a t  l e a s t  a s  f a r  a s  h e a l t h
b e n e f i t s  a r e  c o n c e r n e d .  The o t h e r  t y p e s  o f  b e n e f i t s  and c o s t s  r e a l l y
f a l l  o u t s i d e  o f  t h e  a r e a  o f  c o n s i d e r a t i o n  f o r  s t a n d a r d s - s e t t i n g  to  
p r o t e c t  h e a l t h ,  e x c e p t  f o r  t h e  need  t o  s a t i s f y  t h e  n e c e s s a r y  b u t  n o t  
s u f f i c i e n t  c r i t e r i o n  t h a t  b e n e f i t s  e x ceed  t o t a l  c o s t s  m en t io n ed  e a r l i e r .

I n  summary, one may i d e n t i f y ,  o u t  o f  a  l a r g e  v a r i e t y  o f  s t a n d a r d s -
s e t t i n g  r a t i o n a l e s ,  a t  l e a s t  t h e  f o l l o w in g  c h o i c e s :

A. Zero E m iss io n  -  Zero  R i s k :  The u n d e r l y i n g  p r e m is e  i s  t h a t  i n
o r d e r  t o  have  z e r o  e n v i r o n m e n t a l  o r  human h e a l t h  r i s k  due t o  an 
a c t i v i t y  i t  i s  r e q u i r e d  t h a t  t h e r e  be  z e r o  e m i s s io n  o f  
p o l l u t a n t s  t o  t h e  e n v i r o n m e n t .  T h is  a p p ro a c h  e l i m i n a t e s  t h e  
e n v i r o n m e n ta l  h e a l t h  r i s k s  a s s o c i a t e d  w i t h  e m is s io n s  from  t h e  
a c t i v i t y .  The c o s t  o f  im p le m e n ta t io n  i s  u s u a l l y  p r o h i b i t i v e ;  
i n  many c a s e s  t h e  o n ly  way t o  a c c o m p l i s h  su c h  an  o b j e c t i v e  i s  
t o  susp en d  t h e  a c t i v i t y ,  o t h e r w i s e  t h i s  a p p ro a c h  c an  r e s u l t  i n  
a  r e q u i r e m e n t  t o  expend more r e s o u r c e s  t h a n  a r e  a v a i l a b l e  t o  
s u s t a i n  t h e  a c t i v i t y .

B. B e s t  A v a i l a b l e  T ech n o lo g y :  T h is  a p p ro a c h  i s  b a s e d  on t h e
p h i lo s o p h y  t h a t  t h e  b e s t  m ethods a v a i l a b l e  f o r  r e d u c i n g
p o l l u t i o n  o r  e m i s s io n s  sh o u ld  be  u t i l i z e d .  F a c t o r s  f a v o r i n g  
t h i s  a p p ro a c h  a r e  t h a t  a d d i t i o n a l  h e a l t h  r i s k s  due to  e m is s io n s  
from t h e  p a r t i c u l a r  a c t i v i t y  a r e  h e l d  t o  a  minimum. On th e  
o t h e r  h a n d ,  t h e  c o s t  may be  p r o h i b i t i v e .  As t e c h n o lo g y
im proves  t h e  a c t i v i t y  may h a v e  to  u p g ra d e  t h r o u g h  f r e q u e n t  
i n s t a l l a t i o n  o f  new e m is s io n  c o n t r o l  e q u ip m e n t .  In  some 
i n s t a n c e s  t h i s  a p p ro a c h  may r e q u i r e  i n s t a l l a t i o n  o f  e m is s io n  
c o n t r o l  equ ip m en t  t h a t  i s  n o t  c o s t - e f f e c t i v e .  On t h e  o t h e r  
hand i t  can  a l s o  p e r m i t  p u r s u i t  o f  a c t i v i t i e s  w i t h  u n a c c e p t a b ly  
h ig h  im p a c t ,  i f  t h e  b e s t  a v a i l a b l e  t e c h n o lo g y  i s  i n s u f f i c i e n t  
to  p r o v i d e  an  a c c e p t a b l e  r e l a t i o n s h i p  o f  t o t a l  b e n e f i t s  to  
t o t a l  c o s t s .

C. "Lowest P r a c t i c a b l e "  T ech n o lo g y :  T h is  a p p ro a c h  h a s  a s  i t s
o b j e c t i v e  t h e  m a in te n a n c e  o f  e m is s io n s  a t  a l e v e l  t h a t  i s  a s  
low a s  p r a c t i c a b l e ,  g i v i n g  p r i n c i p a l  c o n s i d e r a t i o n  t o  t h e  c o s t s  
and a v a i l a b i l i t y  o f  c o n t r o l s .  U t i l i z a t i o n  ' o f  t h i s  a p p ro ac h  
w i l l  u s u a l l y  keep  h e a l t h  r i s k  a t  a  low l e v e l ;  t h e  c o s t  o f  
e m i s s io n  c o n t r o l  e qu ipm en t  and a v a i l a b i l i t y  o f  a l t e r n a t i v e  
c o u r s e s  o f  a c t i o n  w i l l  a f f e c t  t h e  amount o f  e m i s s io n s  a l lo w e d .  
T h is  a p p r o a c h ,  how ever ,  d o e s  n o t  s p e c i f i c a l l y  r e q u i r e  t h a t  
e i t h e r  b e n e f i t s  o r  r i s k s  be  e x p l i c i t l y  c o n s i d e r e d .

D. C o s t - e f f e c t i v e n e s s  o f  R is k  R e d u c t io n :  I n  t h i s  a p p ro a c h  t h e  c o s t  
o f  r e d u c i n g  an  e m i s s io n  i s  e x p l i c i t l y  b a la n c e d  a g a i n s t  t h e  
e n v i r o n m e n ta l  and h e a l t h  r i s k s  a s s o c i a t e d  w i t h  t h a t  e m i s s io n .  
P u b l i c  h e a l t h  and e n v i r o n m e n ta l  r i s k s  a r e  k e p t  low th ro u g h  
c o n s i d e r a t i o n  o f  t h e  p r a c t i c a l  p a r a m e t e r s  o f  c o s t - e f f e c t i v e n e s s  
o f  r i s k  r e d u c t i o n .  Use o f  t h i s  a p p r o a c h ,  how ever ,  r e q u i r e s  a 
d i f f i c u l t  q u a n t i t a t i v e  b a l a n c i n g  o f  c o s t s  a g a i n s t  known o r  
assumed r i s k s .  I n  common w i t h  t h e  p r e c e d in g  a l t e r n a t i v e s ,  i t  
d oes  n o t  r e q u i r e  e x p l i c i t  c o n s i d e r a t i o n  o f  t h e  r e l a t i o n s h i p  o f  
t o t a l  b e n e f i t s  t o  t o t a l  c o s t s .
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E. B e n e f i t / C o s t  b a l a n c i n g :  T h is  a p p ro ac h  i s  b a se d  on t h e
p h i lo s o p h y  t h a t  t h e  b e n e f i t s  c r e a t e d  by an  a c t i v i t y  sh o u ld  be  
c o s t - e f f e c t i v e l y  b a l a n c e d  a g a i n s t  t h e  a s s o c i a t e d  r i s k s .  T h is  
a p p ro a c h  k e e p s  t o t a l  h e a l t h  and e n v i r o n m e n ta l  r i s k  a t  a  minimum 
l e v e l ,  s i n c e  i t  r e q u i r e s  t h a t  r e s i d i i a l  e n v i r o n m e n ta l  o r  h e a l t h  
r i s k s  o f  a c t i v i t i e s  have  o f f s e t t i n g  b e n e f i t s .  A l lo w a b le  
e n v i r o n m e n ta l  r i s k s ,  how ever ,  may be  g r e a t e r  t h a n  f o r  t h e  f i r s t  
two a p p r o a c h e s ,  and an  e x t r e m e ly  d i f f i c u l t  a s s e s s m e n t  and 
b a l a n c i n g  o f  b e n e f i t s  and c o s t s  i s  r e q u i r e d .

We have  fo u n d ,  a s  a  p r a c t i c a l  m a t t e r ,  t h a t  a p p ro a c h  D, t h e  c o s t -  
e f f e c t i v e  r e d u c t i o n  o f  r i s k  t o  a  s o c i e t a l l y  a c c e p t a b l e  l e v e l  o f  
e x p e n d i t u r e ,  c o u p le d  w i t h  a r e q u i r e m e n t  f o r  a  s u b j e c t i v e  ju d g m en t  t h a t  
t o t a l  b e n e f i t s  e x ce ed  t o t a l  c o s t s ,  i s  t h e  m ost  s a t i s f a c t o r y  a p p ro ac h  
a v a i l a b l e  f o r  s t a n d a r d s - s e t t i n g  a t  t h e  p r e s e n t  l e v e l  o f  d ev e lo p m en t  o f  
t h e s e  t y p e s  o f  a n a l y s e s .  We h a v e  r e c e n t l y  a p p l i e d  t h i s  m eth o d o lo g y  to  
t h e  u ra n iu m  f u e l  c y c l e .  The p r i n c i p a l  f i n d i n g  h a s  b e e n  t h a t  t h e r e  i s  an  
u r g e n t  need  f o r  some new r e q u i r e m e n t s  t o  l i m i t  l o n g - l i v e d  m a t e r i a l s  such  
a s  k r y p t o n - 8 5 ,  i o d i n e - 1 2 9 ,  and t h e  l o n g - l i v e d  a c t i n i d e s .  We were  
p l e a s e d  to  f i n d  t h a t  t h e  l e v e l s  o f  c o n t r o l  now b e in g  i n s t i t u t e d  i n  t h e  
U n i te d  S t a t e s  f o r  m ost  o t h e r  r a d i o a c t i v e  e f f l u e n t s ,  p a r t i c u l a r l y  from 
r e a c t o r s ,  s a t i s f y  o u r  c o s t - e f f e c t i v e n e s s  c r i t e r i a ,  a l t h o u g h  i n  a  few 
m in o r  i n s t a n c e s  t h e  l e v e l  o f  c o n t r o l  may have  s u r p a s s e d  t h e  p o i n t  o f  
e a s i l y  j u s t i f i e d  r e t u r n .

4 .  FUTURE RISK, RISK DISTRIBUTION, AND DIFFERING SOCIETAL VALUES

A n o th e r  a s p e c t  o f  s t a n d a r d s - s e t t i n g  t h a t  h a s  n o t  i n  t h e  p a s t  
r e c e i v e d  s u f f i c i e n t  c o n s i d e r a t i o n  i s  t h a t  o f  t h e  r o l e  o f  t im e .  Most o f  
t h e  p o t e n t i a l  h e a l t h  im p a c t  o f  r a d i a t i o n  e x p o s u r e  i s  e x p r e s s e d  many 
y e a r s  i n  t h e  f u t u r e  a n d ,  i n  t h e  c a s e  o f  l o n g - l i v e d  r a d i o a c t i v e  
m a t e r i a l s ,  t h e  e x p o s u r e  i t s e l f  c an  o c c u r  a l o n g  t im e  a f t e r  t h e i r  r e l e a s e  
t o  t h e  e n v i ro n m e n t .

I n  a s s e s s i n g  th e  im p a c t  o f  an  a c t i o n  to  r e d u c e  e x p o s u r e ,  su c h  as  
i n s t a l l a t i o n  o f  an  e f f l u e n t  c o n t r o l ,  i t  i s  c u s to m a ry  t o  e x p r e s s  th e  
t r a i n  o f  f u t u r e  c o s t s  im p l i e d  by t h a t  a c t i o n  i n  te rm s  o f  t h e i r  p r e s e n t  
w o r th .  Economic t h e o r y  p r o v i d e s  u s  t h e  means f o r  c a l c u l a t i n g  t h i s ,  and 
t h e  e s s e n t i a l  p r e r e q u i s i t e s  a r e  two: 1) t h e  f u t u r e  c o s t  m us t  be  c a p a b le  
o f  b e in g  met i n  one o f  two a l t e r n a t i v e  ways : e i t h e r  by o b l i g a t i n g  t h e  
f u t u r e  c o s t  a t  t h e  t im e  i t  w i l l  be  i n c u r r e d ,  o r  by m aking a n  i n v e s tm e n t  
now t h a t  w i l l  grow i n  s i z e  so  a s  t o  c o v e r  t h e  f u t u r e  c o s t  when i t  
a r i s e s ,  and 2) a g ree m e n t  on an  a p p r o p r i a t e  d i s c o u n t  r a t e  which  
r e p r e s e n t s  t h e  i n t e r e s t  t h a t  w i l l  be  e a rn e d  and t h e  d e p r e c i a t i o n  t h a t  
w i l l  a c c r u e  on a  p r e s e n t  i n v e s tm e n t  up to  t h e  t im e  o f  t h e  f u t u r e  c o s t .  
The m ethod i s  w e l l - e s t a b l i s h e d  f o r  u s e  i n  d e a l i n g  w i t h  f u t u r e  m o n e ta ry  
c o s t s .  T h e re  i s ,  h o w ev er ,  much l e s s  g u id a n c e  a v a i l a b l e  t h a t  i s  u s e f u l  
f o r  more g e n e r a l  k i n d s  o f  f u t u r e  c o s t s ,  su c h  a s  p o t e n t i a l  h e a l t h  
e f f e c t s .  I n  p a r t i c u l a r ,  when one i s  d e a l i n g  w i t h  f u t u r e  c o s t s  whose 
r e m i s s i o n  c a n n o t  be  p u r c h a s e d  w i t h  a  m o n e ta ry  e x p e n d i t u r e  i n  t h e  f u t u r e ,  
b u t  a r e  i r r e v o c a b l y  com m itted  i n  t h e  p r e s e n t ,  t h e  p ro b lem  i s  f a r  more 
d i f f i c u l t .  H e a l t h  e f f e c t s  o f  r a d i a t i o n  f a l l  i n t o  t h i s  c a t e g o r y .  - I n  o u r  
c o n s i d e r a t i o n  o f  t h i s  p rogram  we h a v e  n o t  b e en  a b l e  t o  p r o g r e s s  much 
beyond i d e n t i f i c a t i o n  o f  some o f  t h e  more i m p o r t a n t  f a c t o r s  t h a t  a r e  
i n v o l v e d .

F i r s t ,  t h e  c o n c e p t  o f  " d i s c o u n t i n g "  f u t u r e  h e a l t h  e f f e c t s  i s  most  
o b v i o u s l y  a p p l i e d  t o  t h e  m o n e ta ry  v a l u e  r e q u i r e d  t o  c o m p en sa te  f o r  an



126 ROWE and RICHARDSON

e f f e c t  a f t e r  i t  h a s  o c c u r r e d .  However,  t h e  m o n e ta ry  v a l u e  o f  an  e f f e c t  
w h ich  h a s  o c c u r r e d  and t h e  amount s o c i e t y  ( o r  an  i n d i v i d u a l )  i s  w i l l i n g  
t o  i n v e s t  t o  a v o id  o c c u r r e n c e  o f  an  e f f e c t  a r e  two q u i t e  d i f f e r e n t  
c o n c e p t s ,  w hich  must  be  d i s t i n g u i s h e d .

S e c o n d ly ,  t h e  m o n e ta ry  v a l u e  o f  m ost  o f  t h e  h e a l t h  e f f e c t s  
c o n s i d e r e d  i n  r a d i a t i o n  s t a n d a r d s - s e t t i n g ,  w hich  i n v o l v e  e i t h e r  
p o t e n t i a l  l o s s  o f  l i f e  o r  e x t r e m e ly  s e r i o u s  d i s a b i l i t y ,  i s  n o t  e a s i l y  
a s s e s s e d  now, and i s  even  more u n c e r t a i n  f o r  t h e  f u t u r e .  L eav in g  a s i d e  
t h e  m o ra l  i m p l i c a t i o n s  o f  a s s i g n i n g  a  m o n e ta ry  v a l u e  t o  co m p en sa te  f o r  
such  e f f e c t s  and c o n s i d e r i n g  o n ly  t h e  e x p e r i e n c e  we can  draw upon f o r  
w hat  s o c i e t y  i s  w i l l i n g  t o  spend  to  p r e v e n t  t h e i r  o c c u r r e n c e ,  we can  
d i s t i n g u i s h  s e v e r a l  c h a r a c t e r i s t i c s .  The amount d epends  h e a v i l y  upon 
w h e th e r  t h e  r i s k  o f  i n c u r r i n g  t h e  e f f e c t  i s  imposed v o l u n t a r i l y  o r  
i n v o l u n t a r i l y  ( t h e  l a t t e r  c a s e  c a r r y i n g  a much g r e a t e r  w i l l i n g n e s s  t o  
sp en d )  and how f a r  i n t o  t h e  f u t u r e  i t  i s  a n t i c i p a t e d  t o  o c c u r .  The 
amount a l s o  dep en d s  upon who i s  s u p p l y i n g  i t  and upon how t h e  b u rd e n  o f  
payment i s  d i s t r i b u t e d .  I n  a d d i t i o n ,  t h e  h i s t o r i c a l  t r e n d  i s  f o r  
s t e a d i l y  i n c r e a s i n g  amounts and t h e r e  i s  no r e a s o n  to  b e l i e v e  t h a t  t h i s  
t r e n d  w i l l  n o t  c o n t i n u e .

F i n a l l y ,  t h e  t im e  sp a n s  i n v o lv e d  f a l l  i n t o  t h r e e  q u i t e  d i f f e r e n t
c a t e g o r i e s :  t h o s e  f o r  s o m a t i c  e f f e c t s ,  t h o s e  f o r  g e n e t i c  e f f e c t s ,  and
t h o s e  f o r  d e la y e d  e x p o su re  due to  r e l e a s e s  o f  l o n g - l i v e d  r a d i o n u c l i d e s .  
Som atic  e f f e c t s ,  w i t h  some e x c e p t i o n s ,  t y p i c a l l y  b e g in  t o  a p p e a r  t e n  t o  
f i f t e e n  y e a r s  f o l lo w in g  e x p o su re  and c o n t i n u e  f o r  a  p e r i o d  r a n g in g  from 
s e v e r a l  d e c a d e s  t o  t h e  l i f e s p a n  o f  t h e  ex p o sed  i n d i v i d u a l .  M os t ,  b u t  
n o t  a l l ,  g e n e t i c  e f f e c t s  o c c u r  w i t h  d e c r e a s i n g  f r e q u e n c y  i n  s u c c e s s i v e  
g e n e r a t i o n s ,  a  m a j o r i t y  h a v in g  b e e n  e x p r e s s e d  by t h e  end o f  t h e  f i r s t
f i v e  o r  so  g e n e r a t i o n s .  The t im e  d i s t r i b u t i o n  o f  d o se  commitments due
t o  e n v i r o n m e n t a l  p o l l u t i o n  by l o n g - l i v e d  n u c l i d e s  depends  h e a v i l y  upon 
t h e  h a l f - l i f e  o f  t h e  n u c l i d e  and t h e  d e t a i l s  o f  i t s  pa thw ays  th r o u g h  th e  
b i o s p h e r e ,  and r a n g e s  from  d e c a d e s  t h r o u g h  t im e  f ram e s  t y p i c a l  o f
r e c o r d e d  h i s t o r y  t o  g e o l o g i c a l  t im e  f r a m e s .

We h a v e  n o t  found i t  f e a s i b l e  t o  u s e  t h e  c o n c e p t  o f  p r e s e n t  w o r th  o f  
a  m o n e ta ry  v a l u e  a s s i g n e d  t o  s p e c i f i c  h e a l t h  e f f e c t s  f o r  two r e a s o n s .  
F i r s t ,  v i c t i m s  o f  t h e  e f f e c t s  o f  r a d i a t i o n  e x p o su re  a r e  n o t  
i d e n t i f i a b l e .  Thus t h e  u s e f u l n e s s  o f  t h e  c o n c e p t  o f  c o m p e n sa t io n  f o r  
r e a l  l o s s  i s  o n ly  a s  a  s u r r o g a t e  f o r  t h e  p u r p o s e  o f  e s t i m a t i n g  t h e  w o r th  
o f  a  l i f e ,  s i n c e  t h e  s p e c i f i c  v i c t i m s  c a n n o t  be  i d e n t i f i e d .  However, 
t h e  c o n c e p t  "w o r th  o f  a  l i f e "  i s  n o t ,  i n  o u r  o p i n i o n ,  t h e  r e l e v a n t  one .  
I n d e e d ,  i n  some i n s t a n c e s  t h e  l o s s  o f  a  l i f e  may b e  p e r c e i v e d ,  i n  p u r e l y  
econom ic t e r m s ,  t o  h ave  n e g l i g i b l e  o r  ev en  p o s i t i v e  m o n e ta ry  v a l u e  to  
s o c i e t y .  The r e l e v a n t  c o n s i d e r a t i o n  i s  w hat  amount i s  s o c i e t y  w i l l i n g  
t o  i n v e s t  t o  p r e v e n t  such  e f f e c t s  from  o c c u r r i n g ,  w i t h  a l l  o f  t h e
p s y c h o l o g i c a l ,  econom ic ,  and e t h i c a l  i m p l i c a t i o n s  t h a t  become f a c t o r e d  
i n t o  su c h  a s o c i e t a l  v a l u e .  S e c o n d ly ,  we f i n d  i t  s i g n i f i c a n t  t h a t  one 
can  o n l y  p r e v e n t  such  e f f e c t s  t h r o u g h  a d e c i s i o n  t o  spend  now, and th e
a l t e r n a t i v e  o f  ex p en d in g  an  amount a t  a  l a t e r  t im e  t o  a v o id  t h e  im p ac t
o f  an  e a r l i e r  r e l e a s e  o f  r a d i o a c t i v e  m a t e r i a l s  i s  s im p ly  n o t  a v a i l a b l e .  
T h is  would a p p e a r  t o  r u l e  o u t  u se  o f  t h e  c o n c e p t  o f  d i s c o u n t i n g  t h e  
v a l u e  o f  f u t u r e  h e a l t h  e f f e c t s .  The p ro b lem  p o se d  by t h e  p o s s i b i l i t y  o f  
commitments f o r  h e a l t h  e f f e c t s  th o u s a n d s  o f  y e a r s  h e n c e  r e m a in s  u n s o lv e d
-  i t s  s o l u t i o n  must  u l t i m a t e l y  depend  upon s o c i e t y  e x p r e s s i n g  i n  some 
manner an  e t h i c  c o n c e r n in g  i t s  r e s p o n s i b i l i t y  t o  f u t u r e  g e n e r a t i o n s .

Once one h a s  d e a l t  w i t h  t h e  q u e s t i o n  o f  d e t e r m i n i n g  w hat  v a l u e  
s o c i e t y  p l a c e s  on th e  p r e v e n t i o n  o f  h e a l t h  e f f e c t s  now, t h e  f u r t h e r
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q u e s t i o n  a r i s e s ,  w i l l  t h i s  v a l u e  change  i n  t h e  f u t u r e ?  We can  examine 
th e  c u r r e n t  r a n g e  o f  v a l u e s ,  b u t  we c an n o t  p r e t e n d  to  be  a b l e  t o  make a 
p r e d i c t i o n  f o r  t h e  f u t u r e ,  e x c e p t  t o  p o i n t  t o  t h e  h i s t o r i c a l  t r e n d ,  
w h ich  h a s  b e en  a s t e a d y  i n c r e a s e ,  d e p en d e n t  p r i n c i p a l l y  upon s o c i e t y ' s  
g row ing  a b i l i t y  t o  pay  f o r  such  i n v e s tm e n t s  i n  t h e  f u t u r e  q u a l i t y  o f  
l i f e .  A s u b s i d i a r y  q u e s t i o n  i s  t h e  p o s s i b i l i t y  o f  t h e  em ergence  o f  
o t h e r  means t o  d e a l  w i t h  t h e  e f f e c t s  o f  r a d i a t i o n  a f t e r  t h e y  have  
o c c u r r e d ,  su c h  a s  t h e  d ev e lo p m en t  o f  an  e f f e c t i v e  t r e a t m e n t  f o r  c a n c e r  
o r  le u k e m ia ,  o r  new d e v e lo p m en ts  r e s u l t i n g  i n  f u t u r e  s o c i e t a l  ch an g es  i n  
v iew  on t h e  a c c e p t a b i l i t y  o f  t h e  u s e  o f  su c h  m e a su re s  a s  a b o r t i o n  o r  
e u t h a n a s i a  t o  a v o id  g e n e t i c a l l y  d e f i c i e n t  i n d i v i d u a l s .  The o n ly  
s u p p o r t a b l e  p o s i t i o n  a p p e a r s  t o  b e  t o  p r e d i c a t e  t o d a y ' s  d e c i s i o n s  on 
t o d a y ' s  v a l u e s  and c a p a b i l i t i e s  and t o  make f u t u r e  c h an g es  o n ly  when and 
i f  t h e s e  v a l u e s  o r  c a p a b i l i t i e s  c h an g e .

A n o th e r  i s s u e  t h a t  must  be  r e c o g n i z e d  i s  t h a t  d i f f e r e n t  c u l t u r e s  and 
s o c i e t i e s  may p l a c e  d i f f e r e n t  v a l u e s  on  r i s k ,  l i f e ,  and b e n e f i t s .  W hile  
i t  may be p o s s i b l e  f o r  a l l  t o  a g r e e  on a h e a l t h - e f f e c t  t o  dose  
r e l a t i o n s h i p ,  s t a n d a r d s  c an  s t i l l  v a r y  from  c o u n t r y  t o  c o u n t r y  s i n c e  
r i s k / b e n e f i t  ju d g m e n ts  may d i f f e r .  W hile  t h i s  may be a c c e p t a b l e  f o r  
e f f e c t s  o f  r a d i o a c t i v i t y  c o n f in e d  w i t h i n  a  c o u n t r y ' s  b o r d e r s ,  i t  w i l l  
n o t  s u f f i c e  f o r  s i t u a t i o n s  i n  w hich  one c o u n t r y ' s  e f f l u e n t s  a f f e c t  t h e  
p o p u l a t i o n s  o f  o t h e r  n a t i o n s .  The need  f o r  i n t e r n a t i o n a l  ag ree m e n t  i n  
t h i s  a r e a  on m u tu a l ly  a c c e p t a b l e  r i s k / b e n e f i t  ju d g m e n ts  i s  o b v io u s ,  b u t  
t h e  ach iev e m en t  o f  su c h  ag ree m e n t  may be a d i f f i c u l t  p r o c e s s .  P e rh a p s  a 
u s e f u l  p l a c e  t o  s t a r t  would be  t h e  m a t t e r  o f  k r y p t o n - 8 5  r e l e a s e s  
a s s o c i a t e d  w i t h  t h e  p r o d u c t i o n  o f  n u c l e a r  power.  H ere  we h ave  a t  l e a s t  
t h e  a d v a n ta g e  o f  c l e a r l y  d e f i n e d  m ode ls  f o r  e n v i r o n m e n ta l  b e h a v i o r .

A second  m a jo r  c o n s i d e r a t i o n  i n  s t a n d a r d s - s e t t i n g ,  beyond a  lo o k  a t  
t o t a l  im p a c t ,  i s  t h e  m a t t e r  o f  t h e  d i s t r i b u t i o n  o f  b e n e f i t s  and 
d e t r i m e n t a l  im p a c t  a c r o s s  t h e  p o p u l a t i o n .  Th is  p ro b lem  i s  t h e  one 
t r a d i t i o n a l l y  em phas ized  by r a d i a t i o n  s t a n d a r d s ,  w h ich  a r e  u s u a l l y  
e x p r e s s e d  a s  l i m i t s  on a n n u a l  i n d i v i d u a l  e x p o s u r e .  I t  i s  n o t  a s  
s t r a i g h t f o r w a r d  a p ro b lem  to  d e a l  w i t h  a s  t o t a l  im p a c t ,  p a r t l y  b e c a u se  
t h e  l e v e l  o f  i n d i v i d u a l  r i s k s  a r e  u s u a l l y  v e r y  s m a l l ,  e s p e c i a l l y  i n  
co m p a r iso n  w i t h  o t h e r  more e v e ry d a y  fo rm s o f  i n d i v i d u a l  r i s k - t a k i n g .  We 
have  found  t h a t  i n d i v i d u a l  e x p o s u r e s  f rom  v a r i o u s  n u c l i d e s  and pa thw ays  
a r e  u s u a l l y  r e l a t i v e l y  u n i f o r m l y  low a s  a  r e s u l t  o f  m e a su re s  t a k e n  to  
c o n t r o l  t o t a l  p o p u l a t i o n  im p a c t .  I n  t h o s e  few i n s t a n c e s  w here  t h i s  i s  
n o t  t h e  c a s e  ( r a d i o i o d i n e  i n  m i lk  consumed by a  d a i r y  f a r m e r ' s  c h i l d r e n  
comes t o  mind) we h ave  u se d  t h e  a rgum en t  t h a t  maximum i n d i v i d u a l  r i s k  
a s s o c i a t e d  ■ w i t h  su c h  pa th w ay s  sh o u ld  be  a r b i t r a r i l y  r e d u c e d  to  l e v e l s  
c o m e n su ra te  w i t h  t h a t  f o r  o t h e r  n u c l i d e s  and p a th w ay s  u s i n g  t h e  most  
c o s t - e f f e c t i v e  means a v a i l a b l e .  To d a t e ,  t h i s  modus o p e r a n d !  f o r  
h a n d l i n g  g r o s s  m a l d i s t r i b u t i o n  o f  d o se  a p p e a r s  t o  be  s a t i s f a c t o r y .  We 
have  n o t  a t t e m p t e d  t o  t a c k l e  t h e  r a t h e r  e s o t e r i c  f u r t h e r  q u e s t i o n  o f  t h e  
r e l a t i v e  d i s t r i b u t i o n  o f  b e n e f i t  t o  r i s k .

5. CONCLUSIONS

I  would l i k e  t o  summarize  o u r  m a jo r  c o n c l u s i o n s  f o r  r a d i a t i o n  
s t a n d a r d s .  F i r s t ,  s t a n d a r d s  f o r  a c c e p t a b l e  r a d i a t i o n  e x p o s u r e  b a se d  on 
h e a l t h  a l o n e ,  and w i t h o u t  s p e c i f i c  c o n s i d e r a t i o n  o f  t h e  s o u r c e s  
c o n c e r n e d ,  a r e  n o t  a p p r o p r i a t e  i n  an ag e  w here  u s e  o f  r a d i o a c t i v e  
m a t e r i a l s  i s  u b i q u i t o u s .  T h is  c o n c l u s i o n  a p p l i e s  t o  m ost  o f  e x i s t i n g  
n u m e r i c a l  recom m enda tions  f o r  l i m i t s  on r a d i a t i o n  e x p o s u r e .  We 
r e c o g n i z e  t h a t  t h e  s h o r tc o m in g s  o f  su c h  u n i v e r s a l l y  a p p l i c a b l e  n u m e r i c a l
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g u id a n c e  a r e  u s u a l l y  m i t i g a t e d  by t h e  a d d i t i o n a l  g u id a n c e  t h a t  e x p o s u r e s  
sh o u ld  b e  m a i n t a i n e d  a s  f a r  b e lo w  su c h  g u i d e s  a s  p r a c t i c a l .

Second ,  U n i t e d  S t a t e s  p o l i c y  f o r  e n v i r o n m e n ta l  r a d i a t i o n  s t a n d a r d s -  
s e t t i n g  i s  t o  u s e  a n a l y s e s  o f  r i s k s ,  c o s t s ,  and b e n e f i t s  f o r  e a c h  m ajo r  
c a t e g o r y  o f  r a d i a t i o n  s o u r c e s  and to  d e v e lo p  s e p a r a t e  s t a n d a r d s  f o r  e ac h  
o f  t h e s e  m a jo r  c a t e g o r i e s .  T h is  p r o c e s s  m ust  i n c l u d e  an  a s s e s s m e n t  o f  
t h e  lo n g  te rm  a s  w e l l  a s  o f  t h e  s h o r t  te rm  i m p l i c a t i o n s  o f  t h e  a c t i v i t y  
c o n c e r n e d .  I n  e s t a b l i s h i n g  t h e s e  s t a n d a r d s ,  e s p e c i a l l y  when o n ly  s m a l l  
d o s e s  a r e  c o n c e r n e d ,  t h e  p r im a r y  f u n c t i o n  o f  s t a n d a r d s  i s  t o  l i m i t  t o t a l  
p o t e n t i a l  s o c i e t a l  im p a c t ,  and a  s e c o n d a r y  b u t  s t i l l  e s s e n t i a l  f u n c t i o n  
i s  t o  p r o v i d e  a l i m i t a t i o n  on t h e  d i s t r i b u t i o n  o f  t h a t  im p a c t  t h r o u g h  
l i m i t s  on  maximum i n d i v i d u a l  e x p o s u r e .  T h is  i m p l i e s  t h a t  m e a su re s  f o r  
s t a n d a r d s  m ust  be  expanded beyond th e  u s u a l  u n i t s  f o r  i n d i v i d u a l  d o s e s ,  
m i l l i r e m s  o r  r a d s ,  t o  a I s o  encom pass  u n i t s  f o r  t o t a l  im p a c t  o r  p o t e n t i a l  
im p a c t ,  p e r s o n - r e m s  ( o r  m a n - ra d s )  a n d ,  i n  t h e  c a s e  o f  l o n g - l i v e d  
m a t e r i a l s ,  c u r i e s  r e l e a s e d  t o  t h e  e n v i ro n m e n t .

F i n a l l y ,  we r e a l i z e  t h a t  v a l u e  ju d g m e n ts  a p p r o p r i a t e  t o  t h e  U n i te d  
S t a t e s  may n o t  be  a p p r o p r i a t e  f o r  c o n t r o l  o f  r a d i a t i o n  w i t h i n  t h e  
b o r d e r s  o f  o t h e r  c o u n t r i e s .  Even i f  t h e r e  i s  i n t e r n a t i o n a l  ag ree m é n t  on 
t h e  r e l a t i o n s h i p  b e tw ee n  r a d i a t i o n  d o se  and h e a l t h  e f f e c t s ,  d i f f e r e n c e s  
i n  o t h e r  v a l u e  ju d g m en ts  r e q u i r e d  f o r  s t a n d a r d s - s e t t i n g  a r e  s t i l l  n o t  
p r e c l u d e d .  However, i n  c a s e s  w here  r a d i o a c t i v e  e f f l u e n t s  do n o t  honor  
n a t i o n a l  b o u n d a r i e s ,  t h e r e  i s  a n e e d ,  w h ich  i s  y e a r l y  g row ing  more 
u r g e n t ,  f o r  i n t e r n a t i o n a l  a g reem en t  on a  m u tu a l ly  a c c e p t a b l e  b a s i s  f o r  
c o n t r o l  o f  t h e s e  m a t e r i a l s .

D I S C U S S I O N

H. T . DAW: I should  lik e  to ask  a q u estio n  r e la t in g  to F ig . 1, w hich  
sh o w s four p o s s ib le  c u r v e s  fo r  the d o s e - e f fe c t  r e la t io n sh ip . C urve 4 h as  
a h igh er  s lo p e  at low  d o s e s ,  w hich can be in te r p r e te d  to m ea n  that rad ia tion  
c a u s e s  m o r e  dam age at low  d o s e s .  T h is  i s  in  addition  to your exp lan ation  
that th e r e  is  s e le c t iv e  a ction  on ce r ta in  m o re  s e n s it iv e  in d iv id u a ls  in  the  
p op u la tion  ex p o sed . W ould you  ca re  to expand a l i t t le  on th is?

W. D. ROWE: Y e s . In stea d  of in te r s e c t in g  C urve 1 at the e x tr e m e  
r ig h t o f the f ig u r e , C urve 4 cou ld  v e r y  w e ll in te r s e c t  at a lo w er  va lu e  so  
that the to ta l e f f e c t s  under C urve 4 w ould a v era g e  th e  sa m e a s  for  C urve 1, 
o r  ev en  l e s s  i f  taken  o v er  the w hole r a n g e . We did not t r y  to in d ica te  the 
m agnitude of the e f f e c t s ,  but o n ly  the v a r io u s  p r o c e s s e s  that m igh t e x is t .

O. ILARI (C hairm an): You r e fe r r e d  to the n eed  for  a p u b lic  h ea lth  
a u th o r ity  to p er fo rm  a co m p le te  a s s e s s m e n t  o f  the to ta l en v iro n m en ta l  
im p a ct a s s o c ia te d  w ith any g iven  a c tiv ity . In p a r tic u la r , you m en tion ed  
the o v e r a ll  a s s e s s m e n t  of the en v iro n m en ta l im p a ct of the e n tir e  n u c lea r  
fu e l c y c le .  Such o v e r a ll  a s s e s s m e n t s  can  lea d  to  su r p r is in g  r e s u l t s  a s  
fa r  a s c o n c e r n s  the r e la t iv e  con tr ib u tion s , due to the v a r io u s  p a r ts  o f the  
a c t iv ity  under r e v ie w . F o r  in s ta n c e , in  s e v e r a l  E n v iro n m en ta l S ta tem en ts  
p u b lish ed  by  the USAEC for  n u c lea r  pow er s ta tio n s  it  i s  su r p r is in g  to find  
that the p r in c ip a l con trib u tion  to the p op u lation  c o lle c t iv e  d o se  i s  not due 
to o p era tio n  of the p la n ts  but to  tra n sp o r ta tio n  o f fu e l and w a s te s .  O w ing  
to the p a r tic u la r  a ssu m p tio n s  m ade fo r  th is  a s s e s s m e n t ,  h o w ev er , it  i s  
p o s s ib le  that the d e tr im en t ev a lu a tio n  r e la t in g  to the tra n sp o r t p h ase  o f  
th e  c y c le  h a s  a h ea lth  m ea n in g  d ifferen t fro m  that of the o th er  p a r ts  o f



IA EA -SM -184/20 129

the c y c le .  In o th er  w o rd s , the r e s u l t s  o f an o v e r a ll  a s s e s s m e n t  m igh t be  
m is le a d in g  if  you a re  not c a r e fu l w ith the a ssu m p tio n s  m ad e and the in te r 
p re ta tio n  of r e s u l t s .

W. D . ROWE: T h is  i s  a lw a y s p o s s ib le  w hen v iew in g  the to ta l c y c le .  
H ow ev er , if  the a s s e s s m e n t  i s  not o n ly  co n cern ed  w ith the m agn itude of 
the h ea lth  e ffe c t , but a ls o  c o n s id e r s  the c o s t - e f f e c t iv e n e s s  o f h ea lth -  
e ffe c t  red u ctio n  on an eq u itab le  b a s is ,  th e r e  i s  l i t t le  danger o f tak in g  the  
'w rong' action .

P . CANDES: I am  in te r e s te d  in  th is  m a tter  o f ev a lu a tio n  o f population  
d o s e s  due to the tra n sp o r t of r a d io a c t iv e  m a t e r ia ls ,  and I und erstan d  that 
you a re  su g g e s t in g  the p o s s i b i l i t y  o f  e s ta b l ish in g  n u c le a r  p a r k s  to re duce  
th is  d o se . H ave you ev a lu a ted  the r is k s  a s s o c ia te d  w ith the tra n sp o r t o f  
a ll  the s m a ll  am ou n ts o f r a d io iso to p e s  w hich  w ould th en  be in vo lved ?

W. D. ROWE: We h ave not y e t c o n s id e r e d  th e s e  r is k s  in  d e ta il, but 
th ey  w ill  be fu lly  ev a lu a ted  w hen the p rop on en ts o f n u c lea r  p a rk s put the 
con cep t forw ard  a s  a s e r io u s  a lte r n a tiv e .

S. AM ARANTOS: W ill the E P A  (E n v iro n m en ta l P r o te c t io n  A gen cy)  
sta n d a rd s be co n cern ed  w ith a c c id e n ta l con d ition s?

W. D. ROWE: Y e s , but in  e x a c t ly  what m an n er h a s  not yet b een  
d ec id ed . The A to m ic  E n erg y  C o m m iss io n  i s  r e sp o n s ib le  for  en su r in g  
that eq u ip m en t and f a c i l i t ie s  m e e t s p e c if ic a t io n s . The s p e c if ic a t io n s  m ay  
be su ch  that an a ccep ta b le  le v e l  o f r is k  i s  m et on a p r e d ic ta b le  b a s is .  The
r o le  o f E P A  m igh t be to f ix  the a ccep ta n ce  r is k  and to d e term in e  the  
v a lid ity  of a ssu m p tio n s  for  p r e d ic ta b ility .

H. P . JAM M ET: I ju s t  want to s a y  a few  w ords about the con fu sion  
that can  a r is e  through  the v a r io u s  in te r p r e ta tio n s  o f the w ord 's ta n d a rd s'.
A  d is t in c t io n  shou ld  be m ade b etw een  r eco m m en d a tio n s  or r e g u la t io n s  
b a se d  on r a d io lo g ic a l p r in c ip le s  and th o se  b a sed  on e c o n o m ic , a d m in is tra tiv e  
and s o c ia l  c o n s id e r a t io n s . The fo r m e r  m a y  be u n iv e r s a l in  c h a r a c te r , but 
the la t te r  a re  o n ly  o f n a tion a l o r  lo c a l  s ig n if ic a n c e .

P . RECHT: I should  lik e  to jo in  M r. J a m m et in  d raw in g a tten tion  to
the im p o rta n ce  o f te r m in o lo g y . S tan dards su ch  a s  the " p r im a ry  p ro tec tio n  
standard" u sed  in  the USA and the n o r m s em p lo y ed  in  E u rop e a re  l im it s  
in  the r e g u la to r y  s e n s e .  We shou ld  take a le a d  fro m  the d e fin itio n s  u sed  
at the C o n feren ce  on the E n v iron m en t in  S tock h o lm , 1972, w here a d is t in c t io n  
w as m ade b etw een  s c ie n t if ic  r e co m m en d a tio n s  and stan d ard s h av in g  a r e g u 
la to r y , a d m in is tr a t iv e , o r  p o lit ic a l c h a r a c te r .

W. D. ROWE: V alue ju d g em en ts or  's c ie n t i f ic  sta n d a rd s' c e r ta in ly  can  
and shou ld  be m ad e w ithout reg a rd  fo r  n a tio n a l b o u n d a r ie s , w h ile  stan d ard s  
la id  down in  a r e g u la to r y  s e n s e  m u st be a d d r e sse d  to the p o lit ic a l e n tity  
fo r  w hich  th ey  a re  e s ta b lis h e d . Of c o u r se , r e g u la to r y  sta n d a rd s m igh t w e ll 
be in tern a tio n a l in  sc o p e . H o w ev er , I a g ree  e n t ir e ly  that we should  know  
e x a c t ly  what i s  m ea n t by  the d ifferen t ty p es  of stan d ard .

O. ILA R I:  In the  co n tex t o f  the  p r e s e n t  d is c u s s io n  I shou ld  l ik e  to add  
that freq u en tly  sa fe ty  and p r o te c t io n  sta n d a rd s a re  ex p o rted  to g e th e r  w ith  
tech n o lo g y . In fa c t , the p u b lic  h ea lth  a u th o r itie s  o f c o u n tr ie s  im p o rtin g  
n u c lea r  tech n o lo g y  fro m  ab road  o ften  have g rea t d if f ic u lty  in  try in g  to s e t  
n a tio n a l sta n d a rd s w hich  are  d ifferen t fro m  th o se  p ro p o sed  by the te c h n o 
lo g is t s .  T h is  s itu a tio n  o ften  a r is e s  in  the se t t in g  o f a ccep ta b le  r e fe r e n c e  
le v e l s  fo r  a cc id en t c o n d it io n s , e x c lu s io n  r a d iu s , e tc .

W. D. ROWE: T h is  i s  tr u e , and th ere  i s  the ad d ition a l co m p lica tio n  
th at a m a jo r  a cc id en t w ill  have s e r io u s  r e p e r c u s s io n s  around the w orld .
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F o r  ex a m p le , an a cc id en t of th is  n ature o u ts id e  the U nited  S ta te s  o f A m e r ic a  
in  a p lan t u s in g  U nited  S ta tes  tech n o lo g y  and sta n d a rd s w ould p rov id e  s ig n i
fic a n t am m u nition  to th o se  who a re  op p osed  to n u c lea r  p ow er in  any fo rm .
T hus the p ro b lem  i s  e x tr e m e ly  co m p lex . I did not c la im  in  m y pap er that
I w ould p ro v id e  any a n sw ers; I am not ev en  su r e  that w e 'v e  a sk ed  a ll  the  
q u e st io n s  yet.'

G. BRESSON: In your p re se n ta tio n  you ex p la in ed  what you u nderstan d  
b y  su ch  c o n cep ts  a s 'u n d ertak in g ', 'a c t iv ity ', e tc . , w hich  have an e c o n o m ic , 
c o m m e r c ia l or  te c h n ic a l s ig n if ic a n c e , but w hat do you m ean  by  " so c ie ty " , 
a con cep t w hich h a s  no le g a l ,  eco n o m ic  o r  s o c io lo g ic a l  b a s is?

W. D . ROWE: B y s o c ie ty , I m ean  that c o lle c t iv e  p opulation  w hich  i s  
in v o lu n ta r ily  su b jected  to r is k  w ithout d ir e c t ly  p a r tic ip a tin g  in  th e b e n e fits  
o f an u ndertak in g . One m u st d if fe r e n tia te  b etw een  d ir e c t  b e n e fits  — e . g. 
p r o fit  to  an in d u stry , e n e r g y  supp ly  — and in d ir e c t  b e n e f its , su ch  a s  a r is e  
fo r  in s ta n c e  throu gh  in c r e a s e s  in  the g r o s s  n a tio n a l p rod uct.

S. M. MITROVIC: If m an i s  b io lo g ic a l ly  th e sa m e  a ll o v er  the w orld , 
h e i s  ev e r y w h e r e  a ffec ted  in  the sa m e w ay  by the sa m e  d a n g ers and r is k s .
I th e r e fo r e  fa i l  to s e e  how d ifferen t l im it s  can  be ap p lied  in  d ifferen t  
c o u n tr ie s . It m u st a ls o  be borne in m ind that th e s e  d o se  l im it s  a ls o  
c o rresp o n d  to l im it s  o f r e s p o n s ib il ity .

W. D. ROWE: It i s  n e v e r th e le s s  u n d erstan d ab le  that ea ch  cou n try  or  
p op u lation  w ill  have it s  own c r it e r ia  a s  to the im p o rta n ce  o f the r is k s  
in v o lv ed .

D. BENINSON: A s y s te m  o f  d o se  lim ita tio n  h a s tw o co m p o n en ts . F ir s t ,  
th e r e  are  the d ose  l im it s ,  r e la te d  id e a lly  to  v a lu e s  o f a ccep ta b le  r is k s  and, 
se c o n d ly , th e r e  a re  th e  l e v e l s  d er iv ed  for  ea ch  s o u r c e , b a se d  on the j u s t i 
f ic a tio n  and the 'a s  low  a s  re a so n a b ly  a ch iev a b le ' c o n cep ts . W hen d is c u s s in g  
s ta n d a rd s, a v e r y  c le a r  d is t in c t io n  should  a ls o  be m ad e b etw een  th e s e  two  
co m p o n en ts .

W. D. ROWE: If one a s s u m e s  a tru e  lin e a r  r e la t io n sh ip , and can d efine  
the le v e l s  and b e n e fits  o f ra d ia tio n  fro m  a ll s o u r c e s ,  then the d o se  l im it s  
you m en tio n ed  f ir s t  a re  m e a n in g le s s ,  at le a s t  in  th eo ry .

D. BENINSON: E ven  if  e v e r y  so u r c e  is  ju s t if ie d  and 'o p tim ized ', the  
p o s s ib i l i t y  o f m u ltip lica tio n  of so u r c e s  c a l l s  fo r  so m e  so r t  o f lim it  fo r  the  
to ta l a v era g e  d o se .

W. D. ROWE: T h is  i s  not tru e  in  th eo ry , but cou ld  o ccu r  in  p r a c t ic e ,  
fo r  in s ta n ce  w ith  a to ta l d o se  of 1000 r e m /a  fo r  in d iv id u a ls , a ll  w ould c e a s e  
to  e x is t .  F o r tu n a te ly , ou r e x p e r ie n c e  w ith rad ia tion  i s  quite the r e v e r s e ,  
i.  e .  so u r c e  stan d ard s b a sed  upon p r a c t ic a lity  are  so  low  that the stun from  
a ll  s o u r c e s  w il l  b e s ig n if ic a n tly  l e s s  than e x is t in g  popu lation  ex p o su re  l im it s ,  
e . g. 170 m r e m /a .
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Abstract

EXPERIENCE GAINED IN APPLYING THE ICRP CRITICAL GROUP CONCEPT TO THE ASSESSMENT OF PUBLIC 
RADIATION EXPOSURE IN CONTROL OF LIQUID RADIOACTIVE WASTE DISPOSAL.

The control of liquid radioactive waste disposal to the aquatic environment of the United Kingdom is based 
on the limitation of public radiation exposure. Experience has shown that in general somatic dose has been of 
greater importance than genetically significant exposure. UK waste disposal policy is briefly reviewed, showing 
the importance attached to the estimation of radiation exposure of the individual or of small groups of the 
population in a somatic context.

Control of such exposure has been based on critical pathway analysis, and originally on the most highly 
exposed individual — isolated from a representative sample of the exposed population; latterly the critical group 
concept has been used as outlined in the current recommendations of the ICRP. The problems of applying this 
concept, together with its advantages and disadvantages, are discussed. The paper goes on to review experience 
gained in attempting its application. It concludes with a comparison, using the two most important internal 
exposure pathways for Windscale sea discharges (Porphyra/  laverbread and fish), of different methods of critical 
group identification which have been examined.

1. INTRODUCTION

The objectives of United Kingdom policy for the control of radioactive waste 
disposal include sp ecific  lim its for human radiation exposure, both for individual 
m em bers of the public and collectively  for the population of the country as a whole. 
These lim its , published in 1959 in the White Paper L1J "The Control of Radioactive 
Waste", may be sum m arized as requiring:

(a) that exposure of individual m em bers of the public is  within the dose 
lim its  recommended by the International C om m ission on Radiological 
Protection, and

(b) that the co llective dose to the population of the country as a whole 
does not, on average, exceed 1 rem  per person in 30 years.

It is  normal practice in setting controls on liquid radioactive w astes from  
major nuclear s ite s  to consider each site  individually. This is  regarded as a prac
tica l n ecessity  because of the many variab les, particularly environm ental, which 
have to be taken into account. It is  a lso  c lose ly  in accord with the overall waste
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disposal policy, since in alm ost all ca ses individual exposure from a discharge is  
much m ore significant than the contribution made to population exposure, and 
assessm en t of this category of exposure requires specific investigation. The popula
tion exposure of the country as a whole from  controlled disposal of liquid radioactive 
w astes is  only in the region of a few hundred m an-rem  per year and is  thus of the 
order of 10_2% of the lim it specified  as national policy, with individual contribution 
from  d isposals from  many s ite s  being le s s  than 10-4%. The low est lev e ls  of indi
vidual exposure can only be quantified on a 'not greater than' basis where they are 
low er than about 0.1% of the ICRP-recommended dose lim it. Maximum individual 
values in a few ca se s  reach a few per cent or so.

These findings have made the estim ation and a ssessm en t of exposure of 
individual m em bers of the public of paramount importance, although choice of a 
particular value for an exposure factor such as food consumption rate w ill, of 
course, have a consequential effect on population exposure. The computational 
model used in a sse ss in g  exposure has been reviewed extensively^2 , 3 ,4J and is  
based on critica l pathway techniques utilizing param eters identified and quantified 
by means of surveys of the exposed population. The aim  has always been to protect 
those who are m ost highly exposed and, in the early  years of application of the con
tro l policy, this w as achieved on the assumption that the individual in the sam ple, 
with, for example, the highest observed consumption rate, would be the m ost highly 
exposed. B ecause of the innate variability of the metabolic factors which also help 
to determ ine the dose received , th is is  an assumption which may not always be 
valid. Furtherm ore, the acute dependence on one single individual places a very  
great onus on the conduct of the surveys. Since w aste disposal controls are based  
on these data and are thus dependent on the habits of a single, often very exceptional 
and som etim es even eccentric, individual, the sca le  of the p erm issib le d ischarges 
may fluctuate widely between su ccessive  surveys. N evertheless, despite its d is 
advantages and w eaknesses, there was at that tim e no acceptable alternative 
procedure to using the single highest observed value In a representative sam ple of 
the ejposed  population, until the concept of a cr itica l group was developed by the 
ICRpL 5 J in its 1966 recomm endations. Following endorsem ent by the B ritish  
Medical R esearch Council's Committee on Protection against Ionizing Radiation, 
these recommendations w ere adopted for use in the UK and th is paper is  an attempt 
to review  experience in the use of the concept by one of the authorizing departments 
in the UK.

2. THE ICRP CRITICAL GROUP CONCEPT

2 .1 . B asis of the concept

The ICRP's recomm endations for exposure of m em bers of the general pub
lic  take the form  of a system  of dose lim itations to body-organs or the whole body.
In the case  of internal radiation, following ingestion of contaminated food or drink, 
or the inhalation of contaminated a ir , the specific dose lim its are related to derived  
organ or body burdens of individual radionuclides. For practical purposes in the 
application of the dose lim its, the organ body burdens have to be related to derived  
rates of intake of specific  radionuclides sufficient to generate and maintain these  
burdens. In turn these rates of intake of radioactivity are equated to concentration 
lim its in food and water, the so -ca lled  derived working lim its , which require a 
knowledge of food and water intake rates. To estab lish  such a model, assum ptions
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have to be made regarding the anatomy and physiology of exposed individuals and 
the relevant metabolic turnover of radionuclides in the body. The ICRPl 6 J has 
defined the important characteristics of a 'standard man'; in relating rates of 
intake to organ and body burdens, mean values of metabolic turnover are taken for 
th is 'typical' person and individual variations are not taken into account, neither 
for these factors nor for s iz e , sex , physical conditions and so on. 'Standard man' 
so defined was taken by the ICRP to represent a typical occupationally exposed  
adult selected  as to m edical fitness, and we may therefore conclude that the range 
of metabolic param eters in the public at large might be even wider than in standard 
man.

It is  quite clear that variations do ex ist, so that even within a group of 
people which appears to be homogeneous with respect to factors such as s iz e , sex  
and other physical param eters, the dose received  from a standard rate of intake 
w ill vary. For exam ple, an estim ate of the range of doses to the low er large  
intestine of 54 individuals, using an unabsorbed radionuclide, lanthanum-140, a s  a 
tracer, has been stud ied l7 j . The individuals ranged in age from 7 to 76 years and 
had no apparent abnorm alities in GI tract function. The authors concluded that a 
sizable proportion of the population may experience doses many tim es in ex cess  of 
that assum ed for the average or 'standard man'. Their m easurem ents indicated 
that about 15% of the general population may experience a dose 3 tim es, and 6% as 
much as 5 tim es, that for 'standard man'. In a report prepared for Committee П 
of the ICRP in relation to GI tract exposure, E v e M  gave data on the mean weight 
of faecal sam ples in a group of m ale radiation workers at AERE, Harwell. The 
data suggested that the distribution might be of the log-G aussian type. The e s t i
mated median value was 141 g. d-1 and 90% of the population lay within the range 
of 70-275 g. d- l .  Tipton and Cookt 9j m easured the concentrations of a number of 
trace elem ents in human tissu e . The data w ere obtained from 150 adult subjects 
who w ere considered to be a representative sam ple of the normal adult population 
of the United States. The authors concluded that for m ost trace elem ents, in m ost 
tissu es , the distributions of concentration values w ere not norm ally distributed. 
Table I shows a selection  of their data for five elem ents in liv er  and kidney. The 
median and the 80% range (10th-90th percentiles) are shown. The values of the 
concentrations for 'standard man'ы;adjusted to jig. g _l  (ash), are shown for 
com parison. It can be seen  that the observations are skewed toward low values 
and the 90th percentiles for A l, Cu, Mn and Sr in liver  and for A1 and Sr in kidney 
are m ore than twice the median.

B ecause of the innate variability of these factors, the person with, for 
instance, the maximum consumption rate of a critica l foodstuff may not necessarily  
be the m ost highly exposed mem ber of the population. The nearest approach to 
characterizing the highest degree of exposure which can reasonably be achieved is  
therefore probably that of taking the average behaviour of a group of those who are  
likely to be the m ost highly exposed.

This is  consistent with the current recomm endation of the ICRP, which is  
that for control and a ssessm en t of a specific w aste d isposal operation, the appro
priate dose lim it(s) shall be applied to the mean dose of a sm all group of the 
population; this group should be representative of those expected to receive  the 
highest dose and as homogeneous as practicable with resp ect to those factors which 
determ ine radiation dose.



TABLE I. STABLE ELEMENTS IN HUMAN TISSUE

Elem ent Concentration of elem ent (ng. g * of tissu e  ash)

Liver Kidney

Median P ercentiles Standard
man

Median P ercen tiles Standard
man

10th 90th 10th 90th

Al 47 17 120 55 25 14 82 37

Cu 510 320 1300 660 26 0 190 340 260

Mn 100 55 220 100 82 45 150 77

Sr 1 .6 0.7 3. 5 2. 3 5 .2 2 .8 12 7. 3

Zn 3500 2200 5900 3500 4500 3200 7400 4400

From  Tipton and Cook, Health P hysics £  (1963) 103.
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It is  thus n ecessary  to ensure that the critica l group is  representative of 
that particular segm ent of the exposed population which is  at highest r isk , not only 
due to a combination of ch aracteristics such as age, sex , location, e t c . , but also  
with respect to their dietary, occupational or recreational habits, which may be of 
prim e importance in determ ining their exposure. The procedure adopted has 
becom e one of estim ating the relevant param eter, which may be the consumption 
rate of a foodstuff or the tim e spent in an external exposure regim e, by means of a 
'habits/consumption survey'. This has a number of functions, the fir s t  of which is  
sim ply to identify the cr itica l pathway(s), though its ultim ate and m ost important 
purpose is  to co llect data on a sam ple of the population exposed via th is critica l 
pathway, on which w aste disposal control procedures may be based. Whilst the 
qualitative selection  of the critica l group may be fairly straightforward, the p re
c ise  identification of the range of consumption or occupancy rate for the group is  
a much more difficult proposition.

It is  neither practicable nor necessary  to survey the whole of a population 
exposed via a particular pathway; it is  sufficient for a sam ple of it to be examined 
and steps taken to ensure that th is sam ple is  as representative as p ossib le, with 
particular em phasis on those m ost likely  to be highly exposed. The critica l group 
can be identified either directly from  the raw sam ple data or, m ore correctly , from  
a mathematical distribution of the whole of the exposed population constructed from  
the sam ple data. A typical distribution, taking consumption rate of a foodstuff as 
an example, is  shown in Fig. 1. The skew ness of the distribution is  a characteris
tic  of this type of survey. The practical problem is  one of deciding the point at 
which to set the lower lim it to consumption rate (Gmin) within the cr itica l group, 
such that the dose to individuals in this end of the distribution rem ains reasonably 
homogeneous. It is  our view  that the ratio between the maximum for the group 
(Gmax) and №e mean (G) should be no greater than the unavoidable variability which 
ex is ts  in metabolic factors, and preferably le s s .  The type of mean value (G) used  
is  open to question; the ICRP, for instance, is  not specific on this point. Whilst 
the arithm etic or geom etric m eans might be used -  or even the modal value -  we 
have chosen to use the geom etric mean or median as the standpoint from  which to 
estim ate the dose to individuals.

3. APPLICATION OF THE CONCEPT

CO N SU M P TIO N  RATE

F IG .l .  T y p ic a l d istribu tion  found from  h a b it  surveys for consum ption  of a foodstuff.
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Ideally, the acceptable lim it to the quantity Gm ax/G , which may be term ed  
the homogeneity or 'H' ratio, should be decided against a searching analysis of 
m etabolic variability; failing this it has to be set on a m ore arbitrary b asis at 2 
or, at the m ost, 3, which should ensure that the implied variation in dose, due to 
differing consumption rates, is  le s s  than that caused by metabolic factors. This 
might constitute a reasonable b asis on which to judge whether a particular system  
of cr itica l group identification is  acceptable and it has been applied here to the 
situations reviewed in section 4, using som e of the methods d iscussed  below.

The ICRP gives only general guidance on the considerations needed to define 
the critica l group, leaving national authorities to decide on a more p recise  m athe
m atical or statistica l approach to the problem . To date, there is  an alm ost 
com plete lack of published attempts at its solution, the only example being the 
well-known Porphyra/laverbread consumption pathway at WindscaleC ю ] . One of 
the fir s t  problems which has to be faced is  the often sm all s ize  of both the exposed  
population and the sam ple of it for which data can be obtained. Some of the more 
refined statistical methods are therefore of academ ic in terest only, since they can 
be applied in only a sm all minority of ca ses  where a large amount of data is  ava il
able. In addition, the refinem ents they introduce may be invalidated by inaccuracies  
in the estim ates of consumption rate or occupancy factor due to the method by which 
these data are produced. Whilst it may be possib le to check the information by, for 
instance, having people record their use of a foodstuff, this w ill always be retro 
spective, and the data in the survey proper w ill often depend on the subject's 
mem ory and judgement at interview. A great deal depends on the design of the 
s u r v e y t ll]  and the sk ill of the interview er, but som e uncertainty in the data must 
always remain. The ideal solution would be fairly sim ple and applicable to the 
resu lts of any survey, large or sm all, w hilst at the sam e tim e having as objective 
a b asis as possible.

Attempts at a solution may be considered -  according to whether they are 
wholely arbitrary or have som e m athem atical/statistical b asis. In each case  the 
resu lts of a particular method can be judged in term s of the 'H' ratio a s a te s t of 
relative acceptability.

3 .1 . Arbitrary methods

3 .1 .1 . If sim plicity w ere the only consideration then the m ost obvious of 
arbitrary methods, selecting  data at the upper end of the distribution which stand 
out from the rest as exceptional, would be an automatic choice. This is  m ost 
easily  achieved by examining the data displayed in histogram  form, and one way 
would be to choose the low est interval above the mode in which there are no ob ser
vations, as the lower cut-off value appropriate to Gmjn of F ig. 1; alternatively, 
th is point may be selected  on the b asis  of a minimum in the smooth curve drawn on 
the data. These methods have the advantage that they can be applied to any se t of 
data; their chief disadvantage is  their subjective nature, particularly with the 
form er approach, because the position of Gm jn can be manipulated to som e extent 
by varying the s ize  of interval chosen for a histogram . N evertheless, it is  a useful 
method and is  clearly  consistent with the ICRP recommendation that the critica l 
group shall be representative of those who may be expected to receive the highest 
dose, for it se lec ts  those whose habits are exceptional.
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3 .1 . 2, An alternative method is  to se lect an arbitrary fraction of the upper 
end of the distribution and use the arithm etic mean or median value within it. The 
upper quartile, and the top 10, 5, 2 or even 1% have been suggested. Whilst their 
choice may m eet the broad ICRP requirem ents it does not provide a particularly 
system atic b asis for a selection  procedure, there being no logic behind selection  of 
any of these values.

3. 2. Mathematical and sta tistica l analysis

3. 2 .1 . Although a ll the distributions of habits which we have studied turn 
out to be skewed, frequently with a long ta il towards the higher values, the data 
often fit a log-G aussian distribution. The degree of fit can itse lf  provide a method 
of cr itica l group identification in ca ses where there is  a significant deviation from  
the log-G aussian plot at the upper end of the range. This then form s a sub-group 
with significantly higher consumption or occupancy rates than those indicated by 
the main group. A s illustrated with data from  the W indscale/laverbread pathway 
discussed  in section 4, the data may be insufficient to identify p recise ly  the point 
at which separation of the sub-group occurs, but a reasonable approximation may 
be made by extrapolation.

3. 2. 2. The derivation of a Gaussian-type distribution by taking the 
logarithm  of the variable provides a further opportunity for analysis of survey data. 
One such method is  to take those values in the upper end of the range which lie  out
side som e statistica lly  defined lim its . This can be done in term s of standard 
deviation of the log-G aussian distribution and, according to choice and the degree  
to which the resu lt m eets the te s t  of homogeneity, the position of Gm ¡n may be 
based on l a  or 2a, giving associated  probabilities of 84 and 97. 5% respectively  that 
all observations obtained w ill be below the critica l group values.

3. 2. 3. Another method which has recently been proposed^ 12] u ses  the 
sta tistica l extrem e value theory of G u m b el[l3 ]( the situation to which it was 
applied being the identification of a  cr itica l group for the Porphyra/laverbread  
pathway. The survey data w ere sub-sam pled by random, M onte-Carlo, techniques, 
taking groups of 10, 20, 30, 40 and 50 observations of laverbread consumption rate. 
The highest value out of each sub-sam ple w as plotted and the extrem e-value fr e 
quency distributions produced in this way w ere examined, separately for adults and 
children, m ale and fem ale. A large number of sub-sam ples w ere generated by an 
iterative technique, observations from  each pool of consumption rate data being 
replaced for further u se , so  that the product of the number and s ize  of the sub- 
sam ples far exceeded the number of observations in the consumption rate survey. 
The median values for each distribution w ere examined, from which it was found 
that men had the highest consumption rates and that the lower values found for  
children w ere not such as to be likely  to lead to a higher degree of exposure after 
allowance has been made for other factors related to their age. As for women and 
children the median of the extrem e-value distribution for men increased  with 
sam ple s iz e , but the rate of increase becam e sm all for a sam ple s ize  of m ore than 
about 30. For th is reason it was proposed that the median value for the extrem e- 
value distribution of groups of 30 men should be taken as the mean value of 
consumption rate for the critica l group. This particular value of sam ple s ize  was 
regarded as being- consistent with the intentions of the ICRP when referring to 
critica l groups 15J.
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The appropriate choice of s ize  of sam ple n ecessarily  involves judgement but 
with th is reservation the method would have been one of the m ost objective proposed 
so far, for it is  based on a sta tistica l technique which it is  claim ed is  widely used. 
Its chief practical disadvantage lie s  in the large amount of survey data that is  
required. The situation to which it was applied by Beach is  ideal in. th is respect, 
for there w ere m ore than 2500 observations (1206 men, 1067 women and som e 
children). This is  a very much larger  amount of data than that available from  most 
surveys, so that it  is  unlikely that the method w ill often be applicable in practice.
In fact it  has only been possib le to apply it to one other pathway so far, that involv
ing fish  consumption in relation to Windscale d ischarges (section 4 .1 .2 ) .

4. EXPERIENCE OF APPLICATION OF THE CONCEPT

Although the critical group concept can be applied to the evaluation of any 
w aste disposal operation, the need for the greater refinement and sophistication it 
offers over the previous sim pler approach of selecting  an individual varies . In 
general, the larger the potential dose to individuals in the population the greater  
w ill be the need to secure an accurate assessm en t, whereas when exposure is  
unusually low a relatively crude estim ate w ill suffice. Since a relatively large body 
of data is  an alm ost essen tia l prerequisite for successfu l application of the critical 
group concept, it is  an expensive system  to apply, because it incurs a lot of time 
and effort to secure and collate the data; this additional expense is  m ore easily  
justified at higher lev e ls  of exposure.

In consequence, and though a number of surveys have now been examined in 
the context of critica l group identification, strenuous efforts to identify such groups 
have only been made for the more important pathways -  for W indscale (the laver- 
bread and fish  consumption) and for Trawsfynydd (fish consumption). Control of the 
m ajority of waste d isposals, for which exposure is  extrem ely low, often with con
tamination below lim its of detection, has continued along sim ple lin es involving the 
selection  of an exceptional individual from  a representative sam ple.

4 .1 . Windscale

D ischarges from  this site  have offered unusual opportunities for critical 
group identification, because two of the cr itica l pathways involve large groups of 
people. It has been estim ated that at lea st 26 000 people eat laverbread, w hilst the 
B ritish  fish -eating population who receive supplies from  the north-east Irish Sea 
m ust number as many as 500 000. The third pathway, involving external exposure, 
concerns so very few people in any significant way that it has not been possib le to 
apply the cr itica l group concept, and control has had to continue on the b asis of the 
individual spending the m ost tim e in the more highly contaminated areas.

4 .1 .1 .  Laverbread

1967 survey This was our fir st opportunity to evaluate the practicability  
and value of the cr itica l group concept, m ore than 1500 observations being secured  
for adults as w ell as nearly 300 for children. The fir s t  step was to establish  the 
radiological status of children as opposed to adults. After being satisfied  that the 
consumption rate range observed for children did not place them in a specially
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LA V ER B REA D  CONSUMPTION, g .d ”1 
(U pp er lim it o( each weight g r o u p )

FIG. 2. The distribution of laverbread consumption rates for adults. 1967 and 1972.

important category, and that their exposure was likely  to be of low er significance  
than that of adults, attention was concentrated on adults. Laverbread was found to 
be eaten by alm ost a s  many women as men but at a lower rate. Since there w as no 
evidence to suggest that the radiation sensitivity of the sex es  differed significantly  
in this particular context, the whole of the data for a.dults was combined for 
analysis.

The resu lts showed a typically skewed distribution but one in which alm ost 
all of the data fitted a log-G aussian curve, as demonstrated on a log-probability 
plot and illustrated in F ig. 2. However, a sm all number of observations, the whole 
of the upper end of the range and equal to only about 0. 5% of the observations, lay 
w ell off the main distribution at higher values of consumption than would have been 
expected from the line fitted to the rest of the data. P rec ise  separation of this 
sub-group was not p ossib le but the deviation was sufficient for a decision to be 
made; the observations beyond the maximum value at which log-norm ality still
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TA B LE II. DISTRIBUTION OF ADULT CONSUMPTION RATE OF 
LAVERBREAD, 1972

Mean per capita 
consumption 
rate, g .d -1

Frequency, 
number of 
observations

Cumulative
frequency

Cumulative re la 
tive frequency as 
% of total

0 .1 -  10 777 777 34.18

1 0 .1 -  20 944 1721 75.71

2 0 .1 -  30 280 2001 88.03

3 0 .1 -  40 191 2192 96.44

4 0 .1 -  50 33 2225 97. 89

5 0 .1 -  60 18 2243 98. 68

6 0 .1 -  70 25 2268 99.78

7 0 .1 -  80 0 2268 99.78

8 0 .1 -  90 0 2268 99.78

90.1-100 1 2269 99.82

100 .1-110 0 2269 99.82

110.1-120 0 2269 99.82

120.1-130 3 2272 99.96

130.1-140 0 2272 99.96

140.1-150 0 2272 99.96

150.1-160 0 2272 99. 96

160.1-170 0 2272 99.96

170.1-180 1 2273 100. 0

held w ere taken to constitute the cr itica l group. The median value within this sub
group was 161. 9 g/day, and a rounded-off value of 160 g/day was adopted as the 
mean consumption rate of the cr itica l group. This treatment of the data g ives an 
'H' ratio of 2 .4  between the maximum and median values, m eeting the postulated  
requirem ent of reasonable homogeneity.

1972 survey In the repeat survey in 1972 further efforts w ere made to 
increase the number of observations, and data were obtained for 2273 adults (1206 
men and 1067 women) and 250 children. Adults w ere confirmed as being more 
highly exposed than children and their combined distribution is  sum m arized in 
Table П. Unlike the data from the previous survey a good fit to a log-norm al d is 
tribution was maintained throughout the sam ple (Fig. 2), even at the higher
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consumption rates . This is  in part attributed to an apparent increase in the propor
tion of the population with consumption rates in the 20 to 40 g/day range, and there 
is  no b asis  for identifying a critica l group of exceptional consum ers on the basis of 
a deviation from log-norm ality.

V isual examination of the data shows frequent observations up to 60-70 g /  
day, the continuum being broken above th is band, with only five observations of 
unequivocally high consumption ra tes , though the dividing line between these high- 
rate consum ers and the rem ainder is  somewhat arbitrary and cannot be expressed  
on a mathematical or sta tistica l b asis. They represent only about 0. 2% and the 
range of consumption rates within this sub-group is  quite narrow, the 'H' value 
being 1. 3. On a provisional b asis while further methods of evaluation w ere being  
studied, this group was adopted as the cr itica l group with a median value of 
130 g/day.

Most of the other methods d iscussed  in section 3 have now been tested on 
the data of th is survey, and.the resu lts are sum marized in Table III with their ’H' 
values alongside. The resu lt of using a straightforward method of examining the 
log-norm al distribution, as described in section 3 .2 .2 ,  is  c learly  unacceptable if 
selection  is  based on 1er, because the 'G' value is  4. 9. Each of the other system s  
gives m ore readily acceptable 'H' values, though that produced from  application of 
the extrem e value is  rather higher than the value of 3 arbitrarily posed as an 
acceptable lim it.

4 .1 .2 . F ish

The other major internal exposure pathway for liquid d ischarges from  
W indscale involves a relatively  large number of people and resu lts from the con
sumption of fish . The north-east Irish Sea to which d ischarges are made is  a 
productive fishery for many sp ec ies , notably p laice, cod, whiting, herring and, to 
a le s s e r  extent, for shellfish . Common experience in situations such as this is  
that though fish  may be eaten by many people, m ost of these consum ers live far 
from  the source of supply and their consumption rates are much low er than those 
of the nearby coastal com m unities, and particularly the fisherm en.

National dietary sta tis tic s  show that the average per capita intake of fish  
is  21 g/day [ 14] ,  Against th is norm, fish  consumption was surveyed along the 
Cumberland and north Lancashire coasts, with special em phasis on the fishing  
com m unities at Whitehaven and Morecambe Bay. The resu lts of this survey are 
sum m arized in Table IV.

The methods of analysis used for the laverbread survey w ere applied to 
these data and revealed a deviation from  a log-G aussian distribution in which the 
exceptional consumption rate values are low er than would have been predicted from  
extrapolation, the reverse  of the situation for the 1967 laverbread survey. The 
resu lts are shown in Table III alongside the analysis of the 1972 laverbread survey.

4 .2 . Trawsfynydd

The cr itica l pathway for discharges from th is power station to the lake of 
the sam e name is  provided by fish  consumption -  principally trout though som e 
perch are eaten. The resu lts of a recent consumption survey amongst anglers and



TABLE III. COMPARISON OF CRITICAL GROUP IDENTIFICATION PROCEDURES

Model* Winds cale Trawsfynydd

Laverbread consumption, 
1972

F ish  consumption F ish  consumption

Median 
consumption 
rate, g. d- *

Homogeneity
ratio

Median 
consumption  
rate, g. d _1

Homogeneity
ratio

Median 
consumption  
rate, g. d -1

Homogeneity
ratio

3 .1 .1 . 130 1. 3:1 270 3.1:1 115 2.0:1

3 .1 .2 . (e .g . 5%) ' 48 3. 6:1 275 3. 0:1 65 3. 6:1

3. 2 .1 No deviation detectable 205 4 .1:1 No deviation detectable

3 .2 . 2 . , data outside I ct 35 4. 9:1 220 3.8:1 45 5. 2:1
data outside 2cr 52 3. 3:1 400 2.1:1 74 3. 2:1

3. 2. 3. 55 3.1:1 310 2 .7:1 - -

*The numbers refer  to sections within the text.
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T A B L E  IV. DISTRIBUTION OF FISH F L E SH  CONSUM PTION RATES; 
N O R T H -E A ST  IRISH SE A  C O A STA L COMMUNITIES

Mean per capita 
consumption 
rate, g. d~l

Frequency, 
number of 
observations

Cumulative
frequency

Cumulative re la 
tive frequency as 
% of total

0 .1 -  10 52 52 1 0 .4
1 0 .1 -  20 59 111 22.2
2 0 .1 -  30 49 160 32.0
3 0 .1 -  40 37 197 39.4
4 0 .1 -  50 41 238 47 .6
5 0 .1 -  60 37 275 55.0
6 0 .1 -  70 41 316 63.2
7 0 .1 -  80 19 335 67 .0
8 0 .1 -  90 14 349 69.8
90 .1-100 33 382 76 .4

100.1-110 17 399 79.8
110.1-120 16 415 83.0
120.1-130 9 424 84.8
130.1-140 11 435 8 7 .0
140.1-150 9 444 88.8
150.1-160 4 448 89 .6
160.1-170 9 457 91 .4
170.1-180 5 462 92.4
180.1-190 2 464 92.8
190.1-200 3 467 93.4
200.1-210 7 474 94.8
210.1-220 2 476 95.2
220.1-230 1 477' 95.4
230.1-240 2 479 95.8
240.1-250 1 480 96 .0
250.1-260 4 484 96.8
260.1-270 1 485 97. 0
270.1-280 5 490 98. 0
280.1-290 0 490 98. 0
290.1-300 1 491 98.2
300.1-310 2 493 98. 6
310.1-320 0 493 98.6
320.1-330 1 494 98.6
370.1-380 1 495 99.0
410 .1-420 1 496 99.2
450 .1-460 1 497 99 .4
480.1-490 1 498 99. 6
500.1-510 1 499 99.8
830.1-840 1 500 100.0
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TA BLE V. DISTRIBUTION OF TROUT AND 
PER C H  CONSUMPTION RATES; TRAW SFYNYDD, 1973

Mean per capita 
consumption 
rate, g .d ~ l

Frequency, 
number of 
observations

Cumulative
frequency

Cumulative re la 
tive frequency as 
% of total •

0 .1 -  10 93 93 41. 33

1 0 .1 -  20 52 145 64.44

2 0 .1 -  30 44 189 84. 00

3 0 .1 -  40 14 203 90. 22

4 0 .1 -  50 5 208 92.44

5 0 .1 -  60 2 210 92. 33

6 0 .1 -  70 12 222 98.67

7 0 .1 -  90 0 222 98.67

90 .1 -100 1 223 99.11

100.1-110 0 223 99.11

110 .1-120 1 224 99. 56

120.1-230 0 224 99. 56

230.1-240 1 225 100, 0

their fam ilies and friends are sum m arized in Table V. B ecause perch are more 
highly contaminated with the critica l radionuclide (caesium -137) than trout, a 
weighting factor for perch consumption rates has been applied before adding them  
to data on trout. This was done so that a true total intake of radioactivity could be 
computed m ore easily  from  lev e ls  of radioactivity in trout alone; the sum total of 
'consumption' so calculated is  term ed a trout-equivalent value, though, in practice, 
it does not make a great deal of difference to the resu lt.

The data from 224 observations fit a log-G aussian distribution and several 
methods of analysis have been attempted (Table Ш ). Though there are not as many 
observations for the W indscale pathways just d iscussed , it is ,  nevertheless, an 
unusually high number in our experience, matched only by one other recent se t of 
data, that for the Hartlepools survey for fish /sh e llfish  consumption. The latter  
survey is  particularly interesting in that the data again deviate from  a log-G aussian  
distribution over the upper end of the range, in a manner sim ilar to the Windscale 
fish -su rvey  data, i. e . the high values are le s s  than would be predicted by 
extrapolation.

5. DISCUSSION AND CONCLUSIONS

In practice, the ideal solution to the problem of identifying a critica l group,
i . e .  that it should be com pletely objective, is  difficult to approach. Chief among
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the reasons for th is is  the nature of so many of the exposed population groups and 
particularly their sm all s iz e , though the basic requirem ent of homogeneity with 
respect to those factors which affect the dose received  m akes for difficulty right 
from the start.

Our experience of conducting habits/consum ption surveys in the UK is  that 
opportunities to am ass very large numbers of observations by survey are rare, 
the exam ples referred  to in the context of W indscale being unique. Even to produce 
a hundred or two observations is  unusual, the number generated in m ost ca ses  
being only a few tens. In such circum stances it is  not surprising that the means 
of selecting  a critica l group are severely  restricted . Application of com plex  
methods such as the extrem e-value analysis are ruled out and w hilst it may be 
possib le to attempt approaches which require a display of the data in a log-norm al 
fashion, the degree of fit to such a distribution is  likely to be poor, making methods 
dependent on it of poorer precision  than where a large body of data is  available.
The existence of a deviation from  log-norm ality is  in any case  subject to chance and 
if the degree of fit is  poor it w ill be difficult to decide the point at which such devi
ation begins to occur. A s seen  from  Table II, the application of a 1er lim it usually 
gives an 'H' value which is  barely acceptable. Application of 2a produces a nar
rower range to the values within the cr itica l group and often g ives an 'H' value 
within the chosen arbitrarily-posed  lim it. However, its  application to surveys 
where only a few tens of observations are available w ill be hardly logica l, for 
unless there are at lea st 80 observations the resu lt w ill be based on le s s  than two 
known individuals' habits. In the m ajority of exposure pathways resulting from the 
discharge of liquid radioactive w astes in the UK, recourse has therefore had to be 
made to the use of the exceptional individual in a representative sam ple of the 
exposed population.

6. ACKNOWLEDGEMENTS

We are indebted to many of the staff of the F ish eries Radiobiological Labora
tory for their support in the surveys which have been referred  to and to Mr C. J. 
Hewett in particular. Our thanks are a lso due to Mr L. E. Woolner for help in the 
m athematical and sta tistica l aspects of the paper.

R E  F E R E N C E S

[1 ] The D isposal of Radioactive W astes, Cmnd 884, HMSO, London (1959).
[2 ] FOSTER, R. F . ,  OPHEL, I. L . , PRESTON, A .,  "Evaluation of human 

radiation exposure", Ch. 10, Radioactivity in the Marine Environment, 
National Academy of Sciences, Washington, DC (1971).

[ 3] PRESTON, A . , The United Kingdom approach to the application of ICRP 
standards to the controlled disposal of radioactive w aste resulting from  
nuclear power program m es, Environmental A spects of N uclear Power 
Stations (Proc. Symp. New York, 1970), IAEA, Vienna (1971) 147.

[ 4] PRESTON, A .,  MITCHELL, N. T . ,  The evaluation of public radiation 
exposure from  the controlled m arine disposal of radioactive w aste (with 
specia l reference to UK), Interaction of Radioactive Contaminants with 
Constituents of the Marine Environment (Proc. Symp. Seattle, 1972), 
IAEA, Vienna (1973) 575.



[б ] ICRP, Recommendations of the International Com m ission on Radiological 
Protection (Adopted September 17, 1965), ICRP Publication 9, Pergamon  
P ress , Oxford (1966).

[6 ] ICRP, Report of Committee II on P erm issib le  Dose for Internal Radiation 
(1959), Recommendations of the International Com m ission on Radiological 
Protection, ICRP Publication 2, Pergamon P r e ss , Oxford (1960).

[ 7 ] HAYES, R. L . , CARLTON, J. E . , BUTLER, W. R. J r . ,  Radiation dose 
to the human intestinal tract from  internal em itters, Hlth Phys. (1963) 
915.

[8 ] EVE, I. S . , A review  of the physiology of the gastro-intestinal tract in 
relation to radiation d oses from radioactive m ateria ls, Hlth Phys. 12 
(1966) 131.

[ 9] TIPTON, I. H ., COOK, M. J . , Trace elem ents in human tissu e , Part II 
Adult subjects from the United States, Hlth Phys. 9 (1963) 103.

[10] PRESTON, A . , JEFFERIES, D. F. , The ICRP critica l group concept in 
relation to the Windscale sea  d ischarges, Hlth Phys. 16 (1969) 33.

[11] MOSER, C. A ., Survey Methods in Social Investigation, Heinemann (1958).
[ 12] BEACH, S. A . , The identification of an homogeneous critica l group using  

sta tistica l extrem e-value: Application to laverbread consum ers and the 
W indscale liquid effluent d ischarges, Nat. Rad. Prot. Board Rep. NRPB 
R -19 (1974), HMSO, London.

[ 13 ] GUMBEL, E. J . , S tatistics of E xtrem es, Columbia University P ress ,
New York (1960).

[ 14] ANON. , Household Food Consumption and Expenditure, Annual R e p ., 
National Food Survey Committee, HMSO, London (1973).

146 PRESTON etal.



IA EA -SM -184/30

DOSE INDIVIDUELLE ET DOSE 
COLLECTIVE A LA LUMIERE DES 
RECOMMANDATIONS DE LA CIPR

H. JAMMET, D . MECHALI 
CEA, Centre d ’ études nucléaires 
de Fontenay-aux-Roses,
Département de protection,
Fontenay-aux-Roses,
France

Abstract-Résumé

INDIVIDUAL AND COLLECTIVE DOSES IN THE LIGHT OF THE RECOMMENDATIONS OF ICRP.
In activities involving exposure to radiation, protective measures must take into account both the 

individual and the population as a whole if their objectives are to be achieved. Hence the ’ individual dose* 
and 'collective dose' concepts, the first of them being applied when the risks that might be incurred by 
individuals have to be kept within acceptable limits and the second when the burden that such activities 
might impose on the population as a whole is being assessed. The methods for ensuring that dose limits are 
respected have reached a high degree of perfection. Studies relating to the practical application of the 
'collective dose' concept should be pursued and elaborated.

DOSE INDIVIDUELLE ET DOSE COLLECTIVE A LA LUMIERE DES RECOMMANDATIONS DE LA CIPR.
Pour remplir ses objectifs, la protection mise en oeuvre dans les activités impliquant une exposition 

aux rayonnements doit tenir compte de considérations relatives aux individus et de considérations relatives 
à la société. Les notions de dose individuelle et de dose collective répondent à ces deux aspects, la 
première permettant de limiter à une valeur acceptable les risques que pourraient courir les individus, la 
seconde permettant d ’apprécier la charge que ces activités pourraient faire peser sur la société. Les 
méthodes permettant d'assurer le respect des limites de dose sont maintenant bien au point. Les études 
relatives à l'application pratique du concept de dose collective doivent être poursuivies et développées.

On a s s is t e  depuis quelques années à une év o lu tio n  dans l 1importan
ce r e la t iv e  à accorder aux d if fé r e n ts  c r it è r e s  perm ettant de d é f in ir  la  pro
t e c t io n  à m ettre en oeuvre dans l e s  a c t iv i t é s  comportant une e x p o s it io n  aux 
rayonnements. A lors que pendant longtemps l 'a c c e n t  a v a it  é té  mis sur le s  
conséquences que l 'e x p o s it io n  pouvait avo ir  sur l e  plan in d iv id u e l, on s ' e s t  
de p lu s en p lu s a tta c h é , au cours de ces  d ern ières années, à l 'a s p e c t  c o l l e c 
t i f  du problème e t  la  CIPR a développé ces co n sid éra tio n s dans s e s  d ern ières  
p u b lic a tio n s . Après av o ir  rap p elé , à l a  lum ière de nos connaissances sur le s  
e f f e t s  pathologiques des rayonnements, l e s  o b j e c t i f s  que d e v a it  se  proposer 
la  p r o te c t io n , on verra comment, dans ce co n tex te , t e n ir  compte des considé
r a tio n s  r e la t iv e s  aux in d iv id u s e t  de c e l l e s  r e la t iv e s  à la  c o l l e c t i v i t é  e t  
la  façon  dont ces  deux ordres de con sid éra tio n s se  combinent e t  se  complè
te n t  pour a tte in d re  l e s  o b j e c t i f s  v i s é s .

Lorsque l 'o n  considère l e s  co n d itio n s dans le s q u e lle s  se  m anifes
te n t  l e s  e f f e t s  pathologiques des rayonnements io n is a n ts ,  on peut c la s se r  
ceu x -c i en deux grands ty p es .

147
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Les effets du premier type se manifestent à coup sûr lorsque la 
dose reçue a atteint ou dépassé une certaine valeur et jamais dans le cas 
contraire. La valeur de ce seuil d'action varie, pour un même effet, d'un 
individu à l'autre mais dans des limites relativement étroites et on peut 
donc, lorsque l'on considère une population irradiée, déterminer pour un ef
fet donné, deux valeurs de la dose, l'une au-dessous de laquelle aucun 
individu ne sera atteint, 1 'autre au-delà de laquelle tous les individus 
de la population subiront l'effet considéré. C'est le cas, par exemple, 
des lésions de la peau, de la cataracte ou des différentes manifestations 
du syndrome aigu d'irradiation. Il faut noter également que lorsque l'on 
considère les effets sur un organe ou un tissu, ils sont d'autant plus 
sévères que la dose reçue a été plus élevée.

Les conditions dans lesquelles apparaissent les effets du second 
type sont tout* à fait différentes. Lorsqu'une population est irradiée, ces 
effets n'apparaissent que chez quelques individus et ceci au hasard, d'où 
leur nom d'effets stochastiques. C'est en particulier le cas des affections 
malignes, cancers et leucémies et des effets génétiques. Lorsque de tels 
effets se manifestent leur gravité est totalement indépendante de la dose 
reçue et ils ne se distinguent en rien des affections de même nature qui 
apparaissent spontanément. Leur mise en évidence ne peut donc reposer que 
sur la comparaison statistique des fréquences avec lesquelles ils apparais
sent dans deux populations comparables mais dont l'une seulement a subi une 
irradiation. Les données dont on dispose en ce domaine proviennent d'une 
part 'des nombreuses expérimentations effectuées sur l'animal et d'autre 
part de l'observation de populations humaines soumises à une irradiation, 
qu'il s'agisse d'irradiation à des fins médicales, d'irradiation profession
nelle ou de l'irradiation subie par les populations d'Hiroshima et de Naga-, 
saki. Ces données permettent d'affirmer que l’irradiation à dose élevée 
peut entraîner l'apparition d'affections malignes et de tares génétiques et 
montrent que d'une façon générale la fréquence d'apparition de ces affec
tions croît lorsque la dose s'élève. Mais,dans la majeure partie des cas, 
ces observations concernent des irradiations à dose élevée, souvent déli
vrées en un temps court, et lorsqu'on veut évaluer les effets résultant de 
l'irradiation à des doses beaucoup plus faibles telles qu'on les rencontre 
dans le domaine de la radioprotection, deux problèmes se posent :
- le premier concerne l'existence ou l'absence d’un seuil d'action, analogue 
à celui mis en évidence pour les effets non stochastiques,, En fait, il est 
pratiquement impossible de résoudre ce problème par l'expérimentation ani
male ou l'observation humaine, car pour pouvoir Juger sur le plan statis
tique de l'existence ou de l'absence de très faibles modifications de la 
fréquence d'apparition de ces affections il faudrait faire porter l'étude 
sur des populations extrêmement grandes ;

- le second concerne l'évaluation quantitative des effets éventuels à faible 
dose à partir des résultats des observations effectuées chez l'homme à do
se élevée et donc la forme de la relation entre la dose reçue et l'augmen
tation de fréquence de l'affection considérée. Les données dont on dispose 
ne permettent pas de résoudre ce problème de façon certaine, tant en raison 
des incertitudes statistiques sur les fréquences observées, les populations 
étudiées étant limitées, que des incertitudes sur les doses effectivement 
reçues. Comme l'a indiqué le Comité Scientifique des Nations Unies dans 
son dernier rapport, les expérimentations animales permettent cependant de 
penser qu'au moins pour les rayonnements à faible TLE, les relations dose- 
effet pour les affections observées chez l'homme seraient de forme curvi- 
linéaire. Des considérations théoriques, telles celle? développées par 
Rossi et son école, conduiraient également à adopter des relations poly
nomiales. On ne peut actuellement faire état de certitude en ce domaine, 
mais il apparaît que de toutes les formes de relation compatibles avec les
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données disponibles la relation linéaire est certainement celle qui con
duit aux évaluations les plus prudentes.

En l'absence de certitudes sur ces deux points, la CIPR,considé
rant que pour fixer des règles de protection il pouvait suffire d'évaluer 
la limite supérieure du risque, a décidé de fonder ses recommandations sur 
les hypothèses les plus prudentes, absence de seuil et proportionnalité 
entre la dose et l'effet.

Si l'on essaie, après ce bref rappel sur les effets pathologiques 
des rayonnements, de définir les objectifs que doit se fixer la protection, 
on voit que la question se pose en termes totalement différents selon 
que l'on considère les effets stochastiques ou les effets non stochastiques. 
Pour ces derniers, il existe de façon certaine un seuil au-dessous duquel 
l'irradiation ne provoque aucun effet nocif et il suffit donc, pour assurer 
une protection absolue, de fixer des règles de protection propres à mainte
nir l'exposition au-dessous de ce seuil. Pour les effets stochastiques, dès 
lors que l'on admet qu'il n'existe pas de seuil à l'action des rayonnements 
et que toute irradiation même très faible peut entraîner une augmentation, 
si faible soit-elle, de la probabilité d'apparition de certaines affections, 
il n'est plus possible de viser une protection absolue et on doit donc accep
ter un certain risque ; le problème consiste alors à limiter ce risque à m  
niveau acceptable. Le concept de risque acceptable qui apparaissait déjà 
dans la Publication CIPR 1 a été longuement developpé dans les Publications 
CIPR 9 et CIPR 22. C'est ainsi que le paragraphe ( ÿ i ) de la Publication 
CIPR 9 indique que l'on "doit limiter la dose de rayonnement à un niveau tel 
que le risque encouru puisse être jugé acceptable par l'individu et par la 
société en raison des avantages qui découlent des activités impliquant une 
exposition aux rayonnements ionisants". D'autre part, puisque l'on admet que 
toute exposition peut comporter un certain risque, on doit, comme le recomman
de la CIPR, réduire toutes les irradiations autant qu'on peut raisonnablement 
le faire compte tenu des aspects économiques et sociaux. C'est là 
d'ailleurs une philosophie qui n'est pas particulière au domaine des rayon
nements ionisants et qui, explicitement ou implicitement, a servi de guide 
dans bien d'autres activités humaines, qu'il s'agisse d'activités profes
sionnelles, de ia vie courante ou même d'activités de loisirs comme la plu
part des sports.

Avant d ’examiner les critères sur lesquels juger de l'acceptabi
lité du risque, il convient de préciser la signification du terme "risque”, 
qui, dans la Publication CIPR 9, est utilisé dans son sens général. Dans la 
Publication 22, la CIPR a clairement distingué les deux concepts que recou
vre ce terme :
- celui de risque qui correspond à la probabilité qu'un individu subisse un 

effet nocif du fait d'une irradiation. Cette probabilité globale est, en 
première approximation, égale à la somme des probabilités partielles cor
respondant aux différents effets possibles ;

- celui de détriment qui tient compte non seulement de la probabilité d'appa
rition de chacun des effets nocifs possibles mais également de leur gravi
té. Il est évident que l'apparition d'une tumeur bénigne, par exemple, ne 
peut être mise sur le même pied que celle d'une tumeur maligne et que même 
pour les affections malignes leur gravité dépend largement de l'efficacité 
des thérapeutiques.

Pour juger de l'acceptabilité d'une exposition aux rayonnements, 
selon la philosophie développée par la CIPR on doit donc comparer, tant du 
point de vue des individus que de la société les avantages qui découlent de 
l'activité comportant cette exposition au détriment qui pourrait en résulter.
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Dans certains cas, le bilan des avantages et du détriment se pose 
en termes sensiblement identiques sur le plan individuel ou sur le plan de 
la société. Il en est ainsi, par exemple, des irradiations à des fins médi
cales, qu'il s'agisse d'examens diagnostiques ou d'actes thérapeutiques : 
les avantages retirés de ces actes médicaux et le détriment qui pourrait 
résulter de l'exposition aux rayonnements concernent les mêmes individus 
et sont donc distribués de façon identique dans la population.

Mais le plus souvent, et c'est en particulier le cas des activités 
qui comportent des rejets de substances radioactives dans l'environnement, 
la distribution du détriment ne coïncide pas avec la distribution des avan
tages. C'est ainsi, par exemple, que les individus soumis à l'exposition 
la plus importante du fait de rejets d'effluents ne sont pas forcément ceux 
qui retirent le plus d'avantages de l'activité considérée. Aussi, d'une 
façon générale, la balance entre les avantages et le détriment n'a-t-elle 
vraiment un sens et ne peut-elle se faire que sur le plan collectif. Les 
termes qui entrent dans le bilan concernent alors les avantages qu'apporte 
à la société l'activité considérée et le détriment total qui en résulte.

Il en est de même lorsqu'il s'agit non de vérifier par une ana
lyse globale coût-avantages que l'activité envisagée est justifiée mais de 
s'assurer qu'elle est exercée dans les meilleures conditions de protection, 
c'est-à-dire à un niveau tel que l'effortque nécessiterait une réduction 
supplémentaire de l'exposition ne serait pas justifié par la diminution du 
détriment qui en résulterait : c’est là encore le détriment collectif que 
l'on considère.

C'est donc par des analyses globales ou différentielles dont l'un 
des termes concerne le détriment pour la collectivité que l'on pourra, dans 
chaque cas, déterminer le niveau optimal de la protection à mettre en oeuvre 
et juger de la justification d'une activité comportant une exposition aux 
rayonnements.

Mais on ne peut négliger pour autant l'aspect individuel du pro
blème et il n'est raisonnable de se fonder sur le détriment total qu'à condi 
tion que- le détriment individuel soit, pour tout individu, limité à une va- ' 
leur que la société juge acceptable, c'est là encore un problème qui n'est 
pas particulier à la protection contre les rayonnements et qui se pose en 
des termes analogues dans la plupart des activités humaines. On doit donc 
définir le niveau jusqu1auquel le détriment individuel peut être considéré 
comme acceptable. Les doses correspondantes constitueront des limites indi
viduelles, de portée générale, qui ne devront en aucun cas être dépassées.

Comme l'a indiqué la CIPR dans sa publication 9, à propos de la 
fixation des limites de dose pour les travailleurs et pour les personnes du 
public, les dangers entraînés par l'exposition ne devraient pas dépasser 
pour les travailleurs ceux qui sont acceptés dans la plupart des activités 
industrielles ou scientifiques présentant un niveau de sécurité élevé et 
pour les personnes du public ceux qui sont habituellement acceptés dans la 
vie courante. En raison des hypothèses adoptées pour l'évaluation du détri
ment, les limites de dose ainsi déterminées comportent d'ailleurs très pro
bablement un facteur de sécurité.

Le problème qui se pose en pratique dans chaque cas particulier 
consiste à définir des mesures de protection propres à garantir que les 
limites de dose ne seront pas dépassées. Pour évaluer l'exposition des per
sonnes du public résultant du rejet dans l ’environnement de substances radio
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actives, on a pendant un temps fait appel à la notion de concentration maxi
male admissible dans l'air ou dans l'eau en admettant implicitement que 
l'exposition des individus était proportionnelle à la concentration des 
radionucléides dans le milieu où s'effectuait la dispersion initiale et on 
se contentait de s'assurer que cette concentration maximale était respectée. 
Mais, en raison de la complexité des voies qui peuvent conduire à une expo
sition de l'homme, cette approximation est souvent très insuffisante pour 
évaluer l'irradiation des individus du public. Une méthodologie s'est déve
loppée, qui mettant en évidence dans chaque cas les voies qui peuvent condui
re à une exposition de la population permet d'évaluer de façon plus sûre 
l'irradiation correspondante. Elle tient compte de très nombreux facteurs, 
les uns caractérisant l'environnement les autres caractérisant les popula
tions. Il n'est bien entendu pas possible d'évaluer ainsi l'irradiation de 
chaque individu de la population, mais on peut, généralement définir au sein 
dè celle-ci des groupes de population composés d'individus ayant en ce qui 
concerne les facteurs qui conditionnent l'exposition (situation géographique, 
âge, habitudes alimentaires, habitudes professionnelles, mode de vie...) des 
caractéristiques semblables. A condition que les groupes de population ainsi 
définis soient suffisamment homogènes, il est raisonnable de considérer 
l'exposition moyenne à l'intérieur de chaque groupe comme représentative de 
l'exposition des individus qui le composent et c'est cette exposition moyenne 
que l'on comparera aux limites de dose pour les personnes du public. En pra
tique, les études menées dans chaque cas permettent d'établir l'existence 
d'un ou deux groupes de population dont les caractéristiques sont telles 
qu'ils seront soumis à une exposition plus élevée que le reste de la popula
tion et il suffira, pour garantir le respect des limites de dose, de s'assu
rer que l'exposition du ou des groupes critiques est inférieure à ces limites.

Il ne faut cependant pas oublier, dans cette analyse, que les limi
tes de dose ne s'appliquent pas à l'irradiation résultant d'une source donnée, 
mais à l'irradiation totale subie par les personnes du public du fait de 
l'ensemble des sources, à l'exclusion toutefois de l'irradiation naturelle 
et de l'irradiation à des fins médicales. Dans le cas où plusieurs sources 
peuvent contribuer de façon significative à l'exposition et ceci sera proba
blement de plus en plus fréquent dans l'avenir, la définition du groupe cri
tique et l'évaluation de son irradiation devront tenir compte de ces diffé
rentes sources. ,

Comme nous l'avons vu précédemment, pour Juger de la charge socia
le que l'exposition aux rayonnements peut faire peser sur une population, il 
est nécessaire d'évaluer le détriment total c'est-à-dire la somme des détri
ments individuels. Dans l'hypothèse où les différents risques sont liés à 
la dose reçue par des relations linéaires, le détriment individuel est direc
tement proportionnel à la dose. On peut alors évaluer le détriment total dans 
une population en multipliant la somme des doses reçues par les individus qui 
composent cette population par un coefficient de proportionnalité. La somme 
des doses individuelles ou dose collective peut également s'exprimer par le 
produit de la dose individuelle moyenne par le nombre d'individus de la col
lectivité étudiée. D'une façon plus générale la dose collective s'exprime par 
l'intégrale J  H N(H) dH où H représente la dose et N(h) dH le nombre de person
nes exposées à des doses comprises entre H et H + dH. La dose collective cor
respondant au produit d'une dose par un nombre de personnes aura pour unité 
l'homme-rem.

Comme les doses individuelles qui la composent, la dose collective 
peut être évaluée pour l'organisme entier ou pour un organe particulier j 
elle concerne la dose effectivement reçue ou la dose qui résultera de l'in
corporation de substances radioactives.
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Lorsque des radionucléides à vie longue sont rejetés dans l'envi
ronnement, l'exposition des populations se poursuivra pendant de nombreuses 
années à un niveau qui variera avec le temps. Pour apprécier le détriment 
total qui, dans une population, résultera d'un rejet il faudra dono évaluer 
la dose collective accumulée au cours des années ; mathématiquement celle-ci 
correspond à l'intégrale par rapport au temps du débit de dose collective 
dans la population considérée. Ce concept a été développé et utilisé par le 
Comité Scientifique des Nations Unies sous le nom de "dose engagée". Dans le 
cas où une installation rejette chaque année dans l'environnement les mêmes 
quantités de substances radioactives, la dose collective engagée par les 
rejets effectués en une année est égale à la dose collective annuelle lors
que l'équilibre est atteint dans l'environnement. La même philosophie s'ap
plique d'ailleurs lorsque l'on veut s'assurer du respect des limites de dose 
et c'est l'exposition annuelle du groupe critique après équilibre dans l'en
vironnement ou la dose engagée résultant du rejet annuel que l'on compare 
à ces limites.

La dose collective peut être évaluée pour m  groupe de population 
plus ou moins large. Ce peut être, par exemple, dans le cas de l'exposition 
professionnelle, les travailleurs d'une installation ; dans le cas de l'ex
position de la population, il peut être utile d'évaluer la dose collective 
pour le groupe critique, pour la population d'une région ou celle d'un pays. 
Quand on applique ce concept à la population mondiale on lui donne le nom 
de dose population.

Il faut noter à ce propos que la notion de détriment total dans 
une population est appliquée depuis longtemps dans le domaine des effets 
génétiques et qu'elle est à la base des recommandations de la CIPR sur la 
limite de dose génétique.

La validité de l'utilisation du concept de dose collective, tel 
qu'il vient d'être défini, pour évaluer le détriment pour une population 
exposée repose sur la validité de l'hypothèse de la linéarité des relations 
entre la dose et les risques. Dans le cas contraire, en effet, le coefficient 
de proportionnalité entre la dose et le détriment ne serait pas constant et 
varierait avec la valeur de la dose et on devrait alors pour apprécier le 
détriment pour la population multiplier la fraction de la dose collective 
correspondant à chaque niveau de dose par un coefficient approprié. L'utili
sation d'un coefficient de proportionnalité constant, déduit d ’observations 
à dose élevée, conduirait alors à une surestimation du détriment, et celle-ci 
serait d'autant plus importante que les niveaux de dose seraient plus faibles.

La CIPR a insisté sur les conséquences qui pourraient, dans cer
tains cas, résulter d'une surestimation du détriment. Elle a indiqué que ceci 
pouvait conduire à remplacer des techniques comportant une exposition aux 
rayonnements par des techniques en fait plus dangereuses et que, lorsqu'un 
tel problème se posait, l'estimation du détriment fondée sur des hypothèses 
délibérément prudentes ne devait être utilisée qu'avec beaucoup de prudence 
et en ayant conscience de la possibilité que le détriment réel soit bien 
inférieur à cette estimation. Il en est de même dans les analyses visant à 
l'optimisation de la protection où la surestimation du détriment différentiel 
résultant d'une réduction de l'exposition pourrait conduire à consentir un 
effort qui ne serait pas compensé par le gain social correspondant.

Sous ces réserves, la dose collective traduit, au moins de façon 
grossière, le détriment qui, pour une population, résulte d'une activité 
comportant une exposition aux rayonnements ou d'une source d'exposition déter
minée. Deux points cependant méritent attention lorsqu'on l'utilise en pra
tique.
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Le premier, qui concerne surtout l'optimisation de la protection, 
a trait à la façon dont on doit combiner, pour la prise de décisions, les 
considérations relatives aux doses reçues par les individus et celles rela
tives à la dose collective. Lorsque les doses individuelles sont proches des 
limites de dose, on ne peut négliger l'aspect individuel du problème et une 
réduction des doses permet à la fois de s'assurer que les limites ne seront 
pas dépassées et de réduire le détriment individuel à un niveau plus faible. 
Lorsque les doses individuelles sont très inférieures aux limites de dose 
et faibles devant les variations locales de l'irradiation naturelle, l'as
pect individuel du détriment perd toute signification et seul le détriment 
collectif garde un sens. Il est donc légitime de consentir, pour une même 
réduction de la dose collective, un effort plus grand dans le premier cas 
que dans le second et la CIPR a estimé qu'un facteur de l'ordre de 10 pou
vait être convenable.

Le second problème qui se pose en pratique lorsque l'on évalue 
la dose collective ou la dose population concerne les limites de l'intégra
tion. Il est certain qu'en principe, dès lors que l'on admet que le détri
ment est lié à la dose par une relation linéaire sans seuil, la dose collec
tive doit comprendre toutes les doses individuelles, si faibles soient-elles, 
et la borne inférieure de l'intégrale doit être égale à zéro. Mais souvent 
les doses reçues par une fraction de la population sont si faibles que leur 
contribution à la dose totale est peu significative malgré le grand nombre 
d'individus concernés. Aussi, en pratique, lorsque les doses individuelles 
sont très inférieures aux limites de dose, peut-on arrêter l'intégration lors
qu'on a la certitude que cela ne modifierait pas l'évaluation de la dose 
collective d'un facteur supérieur à deux ou trois, ou encore comme l'indique 
également la CIPR dans la Publication 22 lorsqu'il est évident que le détri
ment résiduel est Insignifiant par rapport aux avantages apportés par les 
activités qui sont à l'origine de l'exposition.

Doses individuelles et dose collective constituent donc les deux 
critères permettant de s'assurer que les activités comportant une exposition 
aux rayonnements sont exercées dans les meilleures conditions de protection.

Sur le plan pratique, les méthodes permettant de garantir le res
pect des limites de dose individuelles, en particulier dans le cas de rejets 
de substances radioactives dans l'environnement, sont maintenant bien au 
point et une longue expérience a permis de s'assurer de la validité des modè
les qui ont été développés pour 1 'évaluation de l'exposition des groupes cri
tiques.

En ce qui concerne les doses collectives et en particulier la dose 
population, si le concept est bien clair, son application dans la pratique 
soulève encore des problèmes tant du point de vue des méthodes d'évaluation 
car les modèles nécessaires sont bien plus complexes que dans le cas précé
dent que du point de vue de son utilisation. Aussi, bien que de nombreux 
travaux aient déjà vu le jour en ce domaine au cours de ces dernières années, 
les études doivent-elles se poursuivre et se développer.

D I S C U S S I O N

P . RECHT: In p a p er  IA E A -S M -1 8 4 /10 p r e se n te d  b y  M r. N . T . M itch e ll 
w e find an ex a m p le  o f the a p p lica tion  o f IC R P P u b lica tio n  7 to a c r it ic a l  
group o f la v e r b r e a d  e a te r s .  How can  the co n cep ts  o f c o lle c t iv e  d o se  and
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c o s t -b e n e f it  b a lan ce  be ap p lied  in  th is  c a s e ,  w h ere  th e  ICRP d o se  l im it  i s  
u se d , and what w ould be the d etr im en t?  If th is  d e tr im en t had b een  ca lc u la te d ,  
I w onder w hether the B r it is h  a u th o r itie s  w ould h ave fix ed  r e le a s e  le v e l s  at 
th e ir  p r e se n t  v a lu e s .

D. ME C H A U : P u b lica tio n  7 g iv e s  a p r a c t ic a l m ethod  of en su r in g  
that, in  the c a s e  o f r e le a s e s  to  the en v iro n m en t, nobody w ill  be su b jected  
to a d o se  h igh er  than the l im it s  s e t  fo r  m e m b e r s  o f the p u b lic , l im it s  w hich  
a re  of g e n e r a l ap p lica tio n . C o st-b e n e f it  or  c o s t - e f f e c t iv e n e s s  a n a ly s e s ,  
u sed  to d e term in e  that the a c t iv ity  i s  ju s t if ie d  and to e n su r e  o p tim a l p r o te c 
tion  c o n d it io n s , can  be ap p lied  not to  the c r i t ic a l  group but to the popu lation  
a s  a w hole, and m u st be p er fo rm ed  in  each  c a s e .  T h ey  are  o f s ig n if ic a n c e  
not fo r  in d iv id u a ls  but for  the c o lle c t iv ity . A lthough c o m p lem en ta ry , th e se  
tw o a s p e c ts ,  d o se  l im it s  and c o s t -b e n e f it  a n a ly s e s ,  m u st be c le a r ly  
d is tin g u ish ed .

H. P . JAM M ET: A s a co -a u th o r  of the p ap er p erh ap s I can add that 
b a s ic a l ly  the p u rp ose  of th is  n ew  m eth od o logy  i s  to avoid  co n fu s in g  d is 
c r e p a n c ie s  in  the e s t im a t io n  o f b e n e fits  and d isa d v a n ta g es  r e su lt in g  fro m  
the u se  of ra d ia t io n s  and to r a tio n a liz e  th e s e  e s t im a t io n s  and p rov id e  
so lu tio n s  p roved  by  co m p a ra b le  m eth o d s.

P . RECHT: A nother th ing  I should  lik e  to point out i s  that th ere  i s  no 
ICRP popu lation  d o se  l im it  for  so m a tic  e f f e c t s ,  w hich  c o m p lic a te s  the  
a s s e s s m e n t  o f d e tr im en t e x c e p t for g e n e tic  e f f e c ts .

D. BENINSON: I should  ju s t lik e  to com m en t that p ro tec tio n  a s s e s s m e n t s  
are  o f  tw o ty p e s . F ir s t ,  th e r e  a re  th o se  r e la te d  to p eo p le , in  w hich  c a s e  
d o se  l im it s  en su re  that the r is k s  in cu rred  a r e  a ccep ta b le . S eco n d ly , th ere  
a r e  th o se  r e la te d  to the so u r c e ;  h ere  it  i s  n e c e s s a r y  to a s s e s s  the to ta l 
(h yp oth etica l) im p act o f th e  s o u r c e , for  ex a m p le  to co m p a re  it  w ith  that 
o f a lte r n a tiv e  s o u r c e s  or  p r o c e d u r e s . T h ese  a s s e s s m e n t s  r e q u ir e  the u se  
o f c o l le c t iv e  d o se s . Of c o u r se  the c o lle c t iv e  d o se  con cep t i s  not new; 
fo r  m an y  y e a r s  u se  h as b een  m ade o f p o p u la tio n -a v era g e  d o s e s ,  obtained  
through  s im p ly  d iv id in g  the c o lle c t iv e  d ose  by  the nu m ber of p eop le  in v o lv ed .
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Abstract

RADIOLOGICAL SAFETY GUIDES FOR POPULATION IN POLAND: THE PRINCIPLES FOR SETTING AND 
APPLICATION BY DESIGNERS OF NUCLEAR INSTALLATIONS.

The paper discusses die bases for setting the radiological safety guides for the population in Poland.
The discussion covers the individual and collective dose limits for the population in normal operation of 
nuclear installations as well as emergency guides for accidental situations. The principles of the application 
of these guides by designers of nuclear installations in this country are also defined.

1 . PR O PO SE D  GUIDES FOR P O PU L A T IO N  E X PO SU R E  IN PO LAN D  
FROM  NORMAL OPERATION OF NUCLEAR REACTORS

A cco rd in g  to th e  reco m m en d a tio n s  of the In tern a tion a l C o m m iss io n  for  
R a d io lo g ic a l P r o te c t io n  [ 1 ] ,  it i s  n e c e s s a r y  in  the even t o f th e  rad ia tion  
ex p o su re  of the w h o le  o r  a la r g e  p art o f th e  p op u lation  to c o n s id e r  the  
r e su lt in g  c o n se q u e n c e s  not o n ly  for an in d iv id u a l but a ls o  for a l l  ex p o sed  
p e r s o n s . T ab le  I p r e s e n ts  the m ax im u m  p e r m is s ib le  d o s e s  for  adult 
in d iv id u a l m e m b e r s  o f th e  p op u lation  in  P o la n d , w hich  h ave b een  b ased  
on our r e c e n t d o m e s t ic  r e g u la t io n s  [ 2 ] .

T he co rresp o n d in g  data from  in tern a tio n a l r eco m m en d a tio n s  a r e  g iven  
in  T a b le  II. One can s e e  im m e d ia te ly  that th e r e  a re  s l ig h t  d if fe r e n c e s  
b etw een  the P o lis h  sta n d a rd s and the ICRP rec o m m e n d a tio n s , w hich  lie  
m a in ly  in  the age  group c o n s id e r e d  for  our p opu lation , a so m ew h a t d ifferen t  
d eterm in a tio n  o f c r it ic a l  o rg a n s and the a b se n c e  o f d if fe r e n tia tio n  o f th yroid  
d o se  for  c h ild r e n  and ad u lts in  our r e g u la t io n s . T h e d o se  v a lu e s  .in T a b le s  I 
and II a r e  b a sed  m a in ly  on p o s s ib le  so m a tic  e f fe c ts  in  hum an body due to 
io n iz in g  ra d ia tio n .

In th e  in tern a tio n a l r eco m m en d a tio n s  [ 1 , 3 ]  a gu ide fo r  ev a lu a tion  of 
th e  w h o le  p op u la tion  e x p o su r e  i s  p o stu la ted  a s w e ll .  T h is  d o se  l im it , 
w ith  p o s s ib le  g e n e tic  e f f e c ts  c o n s id e r e d , w as s e t  at 5 r e m  for  the f ir s t  
30 y e a r s  o f hum an l i f e .  T he fo llo w in g  p op u lation  e x p o su r e  l im it s  r e su lt  
from  th e s e  r eco m m en d a tio n s :

M axim um  d o se  l im it  for an in d iv id u a l m em b er  o f the population:
500 m r e m /a
A v e r a g e  d o se  l im it  for an in d iv id u a l m em b er  o f the population:
170 m r e m /a .
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T A B L E  I. MAXIMUM PER M ISSIBL E  DOSES OF IONIZING RADIATION  
FOR A D U LT  PERSONS WITHIN AND IN THE VICINITY OF NUCLEAR  
FAC ILITIES IN POLAND [2 ]

Organ
Annual dose 

(rem)

Gonads and bone marrow

Muscles, fat tissue, liver, spleen, 
kidneys, G-I tract, lungs, eye

0,5

lenses and other organs of human 
body not mentioned in the 
remaining groups

1,5

Bones, thyroid and skin of the
3,0whole body

Hands, forearms and feet 7,5

T A B L E  II. THE ANNUAL DOSE LIMITS FOR INDIVIDUAL M EM BERS  
OF THE P U B L IC  ACCORDING TO THE IN TER NA TIO N AL R EC O M 
M ENDATIONS [ 1 , 3 ]

Organ Annual dose limit 
(rem)

Whole body, gonads, red bone marrow 0, 5

Any single organ excluding the red bone 
marrow, gonads, bone, thyroid and skin 1,5

Bone, thyroida , skin of the whole body 
(excluding skin of hand, forearms, 
feet and ankles)

3,0

Hands, forearms, feet and ankles 7,5

a The exposure of the thyroid of children below the age of 16 shall be limited to 1,5 rem /a.

In s e tt in g  th e s e  v a lu e s  the In tern a tion a l C o m m iss io n  for R a d io lo g ic a l  
P r o te c t io n  h as paid  s p e c ia l  a tten tion  to lim it in g  the p o s s ib i l i t y  o f g en e tic  
d am age due to  io n iz in g  ra d ia tio n . S ub seq uent re sea rch ' h as p ro v ed , h o w ev er , 
that fo r  s m a ll  d o se s  the g e n e tic  r is k  i s  som ew h at l e s s ,  w h ile  the so m a tic  
r is k  i s  s l ig h t ly  b ig g er  than had b een  thought [ 4 ] .  T he c o n s id e r a b le  quantity  
o f tu m o u rs o b se r v e d  am ong ch ild ren  w h o se  m o th ers  had r e c e iv e d  ra d ia tio n  
d o s e s  b etw een  1 and 3 re m  b e fo r e  d e liv e r y  s u g g e s ts  that an in d iv id u a l d o se  
o f 0 ,5  r e m /a  m a y  not be w ith in  th e  a ccep ta b le  m a rg in  o f  sa fe ty .
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T A B L E  III.  P R O P O S E D  B R E A K D O W N  O F  T H E  A V E R A G E  INDIVIDUAL 
D OSE FO R  T H E  P O P U L A T IO N  O F  T H E  USA [ 5]

Kind of exposure
Dose rate equivalent 

(mrem/a)

Medical diagnoses 5

Medical therapy 10

Nuclear industry, excl. occupational exposure 10

Other radiation sources available for the
population 5

Occupational exposure including employees of
nuclear industry 10

Sum 40

Reserve 130

Total 170

W ith  th i s  in  m i n d  s o m e  a u t h o r s  [ 5] c o n s i d e r  t h a t  a s  f a r  a s  th e  s o m a t i c  
e f f e c t s  a r e  c o n c e r n e d  th e  r e c e n t l y  s e t  m a x i m u m  p e r m i s s i b l e  d o s e s  m a y  be 
a c c e p t e d  a s  lo n g  a s  r a d i a t i o n  p r o t e c t i o n  m e a s u r e s  in  n u c l e a r  f a c i l i t i e s  c an  
e n s u r e  r e a l  r a d i a t i o n  l e v e l s  m u c h  b e lo w  th e  m a x i m u m  p e r m i s s i b l e  v a lu e s .  
M o r g a n ,  w h o s e  v ie w  on  th i s  i s s u e  h a s  b e e n  m e n t io n e d  a b o v e ,  h a s  p r o p o s e d  
th e  b r e a k d o w n  o f  th e  a v e r a g e  in d iv id u a l  d o s e  f o r  th e  m e m b e r s  o f  p o p u la t io n  
in  th e  USA [ 5 ] ,  a s  q u o te d  in  T a b l e  III.

E x p o s u r e s  f o r  m e d i c a l  p u r p o s e s  w e r e  a l s o  in c lu d e d  in  th e  a v e r a g e  
d o s e  b re a k d o w n ,  w h ic h  w a s  l a r g e l y  b e c a u s e  o f  th e  n eed  to  l i m i t  th e  b ig  
c o n t r ib u t io n  o f  t h i s  i r r a d i a t i o n  to  th e  t o t a l  e x p o s u r e  o f  th e  p o p u la t io n  in  
th e  U SA. It  i s  w o r th  n o t in g  th a t  a  s i m i l a r  s i t u a t io n  m a y  e x i s t  in  m a n y  o th e r  
c o u n t r i e s  [ 6 ] .  P r e s u m a b l y  m e d i c a l  e x p o s u r e s  c o n t r ib u t e  to  th e  p o p u la t io n  
e x p o s u r e  in  P o l a n d ,  to o .  A s  y e t ,  h o w e v e r ,  no r e p r e s e n t a t i v e  e v a lu a t io n  
o f  t h i s  h a s  b e e n  m a d e  in  th i s  c o u n t r y .

T h e  p l a n s  f o r  e l e c t r i c i t y  p r o d u c t io n  b y  n u c l e a r  p o w e r  p l a n t s  i n  P o la n d  
and  t h e i r  r e a l i z a t i o n  sh o u ld  p r o c e e d  t o g e t h e r  w ith  th e  n e c e s s a r y  b r e a k d o w n  
o f  th e  a v e r a g e  d o s e  l i m i t  f o r  in d iv id u a l  m e m b e r s  o f  th e  p o p u la t io n  in  th e  
c o u n t r y .  T h e  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  R a d io l o g i c a l  P r o t e c t i o n  h a s  
s t a t e d  in  i t s  P u b l i c a t i o n  9 (§ 92) t h a t  i t  i s  v e r y  u n l i k e ly  t h a t  th e  p e a c e f u l  
u s e  o f  r a d i o i s o t o p e  te c h n o lo g y  and  n u c l e a r  e n e r g y  w i l l  c a u s e  g r e a t e r  
g e n e t i c  e x p o s u r e  o f  th e  w h o le  p o p u la t io n  t h a n  th e  f i f th  p a r t  o f  th e  g e n e t i c  
d o s e  l i m i t ,  w h ic h  i s  e q u iv a l e n t  to  1 r e m  p e r  30 y e a r s .

N u c l e a r  p o w e r  p r o d u c t io n  w i l l  p r o b a b l y  p r o v i d e  th e  b ig g e s t  s h a r e  o f  
t h i s  e x p o s u r e  in  th e  f o r e s e e a b l e  f u t u r e .  S e l e c t io n  o f  th e  g e n e t i c  d o s e  l i m i t  
f o r  th e  p o p u la t io n  d ue  to  a l l  s o u r c e s  o f  r a d i a t i o n ,  e x c lu d in g  m e d i c a l  
e x p o s u r e s  an d  n a t u r a l  b a c k g r o u n d  r a d i a t i o n ,  m u s t  b e  c a r r i e d  o u t  s e p a r a t e l y  
an d ,  to  a  c e r t a i n  d e g r e e ,  w i l l  be  a r b i t r a r y  f o r  e a c h  c o u n t r y .  T a k in g  in to  
a c c o u n t  th e  IC R P  r e c o m m e n d a t i o n s  [ 1 ] i t  w ou ld  s e e m  th a t  in  o u r  c o u n t r y  
a  d o s e  o f  1 r e m / 3 0  y e a r s  i s  a c c e p t a b l e .  T h i s  w i l l  r e p r e s e n t  h a l f  o f  th e
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T A B L E  IV. DOSE L IM ITS F O R  30 Y EA RS FOR 
TIO N  F R O M  T H E  L IT E R A T U R E

T H E  W H O LE P O P U L A -

Country or Dose lim ita 
organization (rem/30a)

Reference

ICRP 2,0 [7]

Sweden 1,0 [8]

United Kingdom .1 .0 [9]

С zechoslovakia 1,0 [10]

USSR 2,0 [11]

a Excluding medical exposure and natural background radiation.

T A B L E  V. P R O P O S E D  B R E A K D O W N  O F T H E  A V E R A G E  INDIVIDUAL 
D OSE FO R  P O L A N D

Type of exposure Dose rate equivalent 
(mrem/a)

Whole population, excluding groups of 
occupational exposure 

. The expected breakdown is as follows:
15 mrem/a — reserved for possible accidents 

in nuclear facilities

33

8 m rem /a — exposure of population from 
normal operation of nuclear 
facilities

5 mrem/a — exposure of population from
auxiliary activities for reactor 
safety (handling and fuel 
reprocessing, decontamination 
of effluents etc.)

5 mrem/a — other sources available to 
population

Occupational exposure including employees 
of nuclear industry

10

Sum 43

Reserve 127

Total 170

e x e m p l a r y  v a lu e  g iv en  b y  th e  IC R P  in  th e  y e a r s  19 5 8 -1 9 6 4  fo r  th e  b r e a k 
d ow n  o f  an  a v e r a g e  d o s e  l i m i t  f o r  th e  p o p u la t io n ,  w h ich  w a s  a t  th e  l e v e l  
o f  5 r e m / 3 0  y e a r s ,  a m o n g  th e  d i f f e r e n t  u s e s  o f  n u c l e a r  e n e r g y  [7 ]  and  i s  
c o n s i s t e n t  w i th  th e  v a lu e  a c c e p t e d  s o  f a r  by  v a r i o u s  c o u n t r i e s  ( s e e  T a b le  IV).

T h e  p r o p o s e d  v a lu e  o f  1 r e m / 3 0  a  i s  e q u iv a l e n t  to  33 m r e m / a .  It 
s e e m s  r e a s o n a b l e  to  r e s e r v e  a b o u t  h a l f  o f  t h i s  v a lu e  f o r  u n e x p e c te d
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e x p o s u r e s  r e s u l t i n g  f r o m  u n c o n t r o l l e d  a c c i d e n ta l  r e l e a s e s ,  w h ic h  m ig h t  
o c c u r  d u r i n g  th e  r e a l i z a t i o n  o f  a n u c l e a r  e n e r g y  d e v e lo p m e n t  p r o g r a m m e .

T h e r e f o r e  th e  u p p e r  l i m i t  o f  th e  a v e r a g e  e x p o s u r e  of p o p u la t io n  due 
to  n o r m a l  o p e r a t i o n  o f  n u c l e a r  p o w e r  p la n t  m a y  r e a c h  a b o u t  15 m r e m / a .  
A b ou t  h a l f  of t h i s  v a lu e ,  i . e .  8 m r e m / a ,  sh o u ld  be  r e s e r v e d  fo r  th e  
r e a l i z a t i o n  o f  th e  a p p r o p r i a t e  p r o g r a m m e  f o r  th e  d i s c h a r g e  of r a d i o a c t i v e  
w a s t e s  in to  th e  e n v i r o n m e n t  d u r i n g  n o r m a l  o p e r a t i o n  o f  n u c l e a r  f a c i l i t i e s .
A s m a l l e r  v a lu e  o f  a b o u t  5 m r e m / a  sh o u ld ,  on th e  o t h e r  h a n d ,  be  r e s e r v e d  
f o r  l i m i t i n g  r a d i o n u c l i d e s  r e l e a s e d  b y  a u x i l i a r y  a c t i v i t i e s  s u c h  a s  h an d l in g  
and  r e p r o c e s s i n g  s p e n t  fue l ,  d e c o n ta m in a t io n  o f  r a d i o a c t i v e  e f f l u e n t s 'e t c .  
F in a l ly ,  5 m r e m / a  sh o u ld  c o v e r  th e  e f f e c t s  o f  th e  a p p l i c a t i o n  of o t h e r  
r a d i o a c t i v e  s o u r c e s ,  w h ic h  m ig h t  b e  b o th  u s e d  in  d i f f e r e n t  b r a n c h e s  o f  th e  
n a t i o n a l  e c o n o m y  an d  a v a i l a b l e  to  th e  p o p u la t io n  and ,  h e n c e ,  m ig h t  
r e p r e s e n t  a  c e r t a i n  h a z a r d .

A c c o r d in g  to  th e  fo r e g o in g  c o n s i d e r a t i o n s  th e  f in a l  b r e a k d o w n  of th e  
a v e r a g e  in d iv id u a l  d o s e  f o r  m e m b e r s  o f  th e  w h o le  p o p u la t io n  i n  P o la n d  
m a y  b e  a c c e p t e d .  T h e  r e s u l t s  a r e  s u m m a r i z e d  in  T a b le  V.

On th e  b a s i s  o f  th e  n u c l e a r  p o w e r  d e v e lo p m e n t  p r o g r a m m e  in  P o la n d  and 
d e m o g r a p h ic  f o r e c a s t s  an  a p p r o x i m a t e  a v e r a g e  f a c t o r  o f  th e  i n s t a l l e d  
n u c l e a r  p o w e r  fo r  th i s  c o u n t r y  w a s  c a l c u l a t e d  a s  0 ,0012  M W ( e ) /m a n .
B e a r i n g  th i s  and  th e  a b o v e - m e n t i o n e d  a v e r a g e  d o s e  l i m i t  o f  8 m r e m / a  ( s e e  
T a b le  V) in  m in d ,  an  a v e r a g e  a n n u a l  p o p u la t io n  d o s e  fo r  1 MW of i n s t a l l e d  
e l e c t r i c  p o w e r  c a n  b e  c a l c u l a t e d  to  b e  a b o u t  7 m a n - r e m / a  p e r  MW(e) 
an d  m a y  be  r e c o m m e n d e d  a s  a f a c t o r  in  th e  d e s i g n  o f  s t a t i o n a r y  p o w e r  
r e a c t o r s  in  P o la n d .  It sh o u ld  b e  a n t i c ip a t e d ,  h o w e v e r ,  t h a t  th e  p o s s i b l e  
g ro w th  o f  p o p u la t io n  a r o u n d  n u c l e a r  f a c i l i t i e s ,  g r e a t e r  e l e c t r i c  e n e r g y  
p r o d u c t io n  f r o m  n u c l e a r  p o w e r  p l a n t s  t h a n  p r e d i c t e d  and  th e  p o s s ib l e  
g ro w th  o f  e l e c t r i c  e n e r g y  p r o d u c t io n  p e r  c a p i t a  a f t e r  AD 2000 m a y  l e a d  to  
a n  i n c r e a s e  in  th e  r e s e r v e d  v a lu e .  F o r  t h i s  r e a s o n  i t  i s  r e c o m m e n d e d  
to  a d o p t  a n  a v e r a g e  p o p u la t io n  d o s e  o f  5 m a n - r e m / a  p e r  1 M ff(e )  of 
i n s t a l l e d  p o w e r  o r  a b e t t e r  v a lu e  of 1,6 m a n - r e m / a  p e r  1 MW of t h e r m a l  
p o w e r .  T h e  l a t t e r  i s  due  to  th e  p o s s i b l e  d e v e lo p m e n t  o f  n u c l e a r  h e a t  
g e n e r a t i n g  p l a n t s ,  w h ic h ,  a s  i n  o t h e r  c o u n t r i e s ,  i s  p r e d i c t e d  f o r  P o la n d .

U s in g  th e  a v a i l a b l e  d a ta ,  a  c o m p a r i s o n  o f  p o s t u l a t e d  p o p u la t io n  d o se  
b u r d e n s  f r o m  th e  p r e d i c t e d  g e n e r a t i o n  of e l e c t r i c i t y  in  n u c l e a r  p o w e r  
p l a n t s  in  AD 2000 and  th e  a p p r o p r i a t e  d e m o g r a p h i c  f o r e c a s t s  f o r  v a r i o u s  
c o u n t r i e s  w a s  c a r r i e d  ou t.  T h e  r e s u l t s  a r e  g iv e n  in  T a b le  VI and  p r o v e  
t h a t  th e  h i t h e r t o  p r o p o s e d  e x p o s u r e  l i m i t s  f o r  th e  p o p u la t io n  o f  P o la n d  
u n d e r  n o r m a l  o p e r a t i o n  o f  n u c l e a r  p o w e r  p l a n t s  a r e ,  p r o j e c t e d  to  AD 2000 
and  b e y o n d ,  c o m p a r a t i v e l y  w e l l  w i th in  th e  s a f e t y  m a r g i n .

2. D ES IG N  C R IT E R IA  FO R  T H E  E S T A B L IS H M E N T  O F C R IT IC A L  
A REA S AROUND N U C L E A R  F A C IL IT IE S  IN P O L A N D

2 . 1 .  D e s ig n  b a s i s  f o r  th e  e s t a b l i s h m e n t  of c r i t i c a l  a r e a s

W hen d e s i g n in g  a  n u c l e a r  r e a c t o r  i t  i s  n e c e s s a r y  to  c o n s i d e r  th e  
p o s s i b i l i t y  o f  u n c o n t r o l l e d  e x p o s u r e  o f  th e  p o p u la t io n  in  i t s  v i c i n i t y  d u r in g  
a n  e m e r g e n c y  s i t u a t io n .  F o r  t h i s  r e a s o n  th e  D e s ig n  B a s i s  A c c id e n t  
c o n c e p t  sh o u ld  be  a d o p te d ,  a s  w e l l  a s  th e  e v a lu a t io n  o f  th e  d o s e s  th a t  m ig h t



T A B L E  VI. C O M P A R IS O N  O F  P O P U L A T IO N  D OSE B U R D EN S  F R O M  T H E  P R E D I C T E D  G E N E R A T IO N  O F  
E L E C T R I C I T Y  IN N U C L E A R  P O W E R  P L A N T S  AND D E M O G R A P H IC  F O R E C A S T S  IN  V A R IO U S C O U N T R IE S  FO R  
AD 2000

Country

Predicted 
number of population

(X 106)

Power installed 
in nuclear power 

plants 
(MW (e)/person)

Average 
dose lim it 
(mrem/a)

Population dose lim it 
per 1 MW(e) 
(man* rem/a)

Radiation burden 
factor of 106 people 

(man*rem/а » MW(e) x 106) Reference

Czechoslovakia 17 0,002 10 5 0,29 [10]

Poland 38,6 0,0012 8 5a 0,13

Sweden 9 0,01 10 1 0,11 [12]

USA 270 0,003 10 3 0,01 [5 ,13]

a This value results from the reduction of the calculated original value by a factor of 1,4 for the formation of a margin of safety for future development of the 
nuclear energy programme.
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b e  r e c e i v e d  b y  th e  p o p u la t io n .  T h e  p o s s i b l e  e f f e c t s  of th e  d o s e s  r e c e i v e d  
s h o u ld  b e  e s t i m a t e d  f r o m  b o th  th e  s o m a t i c  and  th e  g e n e t i c  p o in t s  of v ie w .

In th e  c a s e  o f  a n  u n c o n t r o l l e d  p o p u la t io n  e x p o s u r e  d u r i n g  a  r e a c t o r  
a c c i d e n t  i t  i s  no t p o s s i b l e  to  a p p ly  th e  r i s k - b e n e f i t  a p p r o a c h ,  w h ic h  i s  of 
u s e  fo r  n o r m a l  o p e r a t i o n  w ith  io n iz in g  r a d i a t i o n .  T h u s  th e  o n ly  p o s s i b i l i t y  
i s  to  p la n  th e  a p p r o p r i a t e  e m e r g e n c y  m e a s u r e s  to  p r e v e n t  and  l i m i t  th e  
e x p o s u r e  to  th e  p o p u la t io n .  In  p la n n in g  an  e m e r g e n c y  a c t i o n  th e  fo l low in g  
s h o u ld  b e  t a k e n  in to  a c c o u n t :

T h e  r a n g e  o f  e m e r g e n c y  m e a s u r e s
C o s t - b e n e f i t  a n a l y s e s .

B e c a u s e  o f  t h e i r  im p a c t  o n  c o n s t r u c t i o n  c o s t s  and  o p e r a t io n ,  t h e s e  p r o b l e m s  
sh o u ld  b e  c o n s i d e r e d  a t  an  e a r l y  s t a g e  o f  th e  d e s i g n  and  s i t e  s e l e c t i o n  o f  a 
n u c l e a r  f a c i l i ty .

F o r  a p o s t u l a t e d  a c c i d e n t a l  r e l e a s e  of r a d i o n u c l i d e s  f r o m  a  n u c l e a r  
r e a c t o r  to  th e  e n v i r o n m e n t  i t  i s  no t  p o s s i b l e ,  a s  f o r  o c c u p a t io n a l  e x p o s u r e  
o f  e m p l o y e e s  o r  f o r  th e  p o p u la t io n ,  to  e s t a b l i s h  th e  u n i v e r s a l  v a lu e s  of 
d o s e s  t h a t  w o u ld  c o v e r  a l l  th e  e m e r g e n c y  s i t u a t i o n s  an d  th e  p r e s u m e d  
e x c e e d i n g  o f  w h ic h  w o u ld  j u s t i f y  s p e c i a l  p r e c a u t i o n s  o r  th e  a p p l i c a t i o n  of 
e x t r e m e l y  c o s t l y  e n g i n e e r e d  s a f e g u a r d s  t e c h n i q u e s .  T h i s  i s  l a r g e l y  
b e c a u s e  th e  p r o b a b i l i t y  o f  an  a c c i d e n t  m a y  in  d i f f e r e n t  w a y s  d e p e n d  on 
p a r t i c u l a r  d e s i g n  f e a t u r e s  and  r a n d o m  c i r c u m s t a n c e s .  On th e  o t h e r  h and ,  
th e  r i s k  a s s o c i a t e d  w i th  s p e c i a l  p r e v e n t i v e  a c t i o n  d u r i n g  a n  a c c i d e n t  and  
th e  e f f e c t i v e n e s s  o f  t h i s  a c t io n  w i l l  l a r g e l y  d e p e n d  on  th e  p a r t i c u l a r  
s i t u a t i o n  d u r i n g  a n  e m e r g e n c y .

A l th o u g h  i t  i s  in  p r a c t i c e  no t  p o s s i b l e  to  s e t  t h e s e  v a l u e s ,  i t  i s  c l e a r  
t h a t  th e  r e a c t o r  s h o u ld  be  d e s i g n e d  in  th e  m a n n e r  t h a t  w o u ld  fu l f i l  th e  
r i s k - b e n e f i t  c o n d i t io n .  It i s  a l s o  c e r t a i n  th a t  th e  p e r s o n  in  c h a r g e  of 
e m e r g e n c y  a c t io n  w i l l  h a v e  to  u n d e r t a k e  r a p i d  d e c i s i o n s  r a n g i n g  f r o m  the  
e x p o s u r e  p r e v e n t i o n  o f  e m p l o y e e s  w i th in  th e  p la n t  to  r a d i o l o g i c a l  
p r o t e c t i o n  o f  th e  p o p u la t io n  in  i t s  v i c in i t y .  T h e s e  d u t i e s  m i g h t  be  
a c c o m p l i s h e d  w i th  m o r e  p r e c i s i o n  an d  a c c u r a c y  i f  th e  s a f e t y  g u id e s  fo r  
c l a s s i f y i n g  th e  a c c i d e n t a l  s i t u a t i o n  in to  th e  a p p r o p r i a t e  e m e r g e n c y  c a t e g o r y  
a r e  s e t .  F o r  th i s  r e a s o n  E m e r g e n c y  R e f e r e n c e  L e v e l s  (E R L ) ,  d i s c u s s e d  
l a t e r ,  h a v e  b e e n  s e t  in  o u r  c o u n t r y .

T h e  E R L  h a v e  b e e n  d iv id e d  in to  p r i m a r y  and  s e c o n d a r y  o n e s .  T h e  
p r i m a r y  E R L  c o m p r i s e  e x p o s u r e  d o s e  and  d o s e s  a b s o r b e d  b y  th e  w h o le  
bo d y  o r  b y  p a r t i c u l a r  o r g a n s .  T h e  s e c o n d a r y  E R L ,  w h ic h  a r e  in  p r a c t i c e  
e a s i e r  to  d e a l  w ith ,  c o m p r i s e  c lo u d  d o s a g e ,  c o n c e n t r a t i o n  o f  c r i t i c a l  
r a d i o n u c l i d e s  in  m i l k  and  c o n ta m in a t io n  l e v e l s  o f  p a s t u r e s .

2. 2. E m e r g e n c y  R e f e r e n c e  L e v e l s  — p r i m a r y  g u id e s

A s  a r e f e r e n c e  p o in t  f o r  th e  i n s t i t u t i o n  o f  c r i t i c a l  a r e a s  a r o u n d  a  n u c l e a r  
r e a c t o r  i t  i s  n e c e s s a r y  to  s e t  th e  r e f e r e n c e  d o s e s  r e c e i v e d  b y  c r i t i c a l  o r g a n s  
in  bo th  e x t e r n a l  an d  i n t e r n a l  e x p o s u r e .  T h e  p r o p o s e d  v a lu e s  f o r  t h e s e  
p r i m a r y  g u id e s  a r e  g iv e n  in  T a b l e s  VII an d  VIII.

If  a n  e x p o s u r e  d o s e  o f  15 R i s  a p p l i e d  a s  a r e f e r e n c e  l e v e l  f o r  th e  
i n s t i t u t i o n  o f  c r i t i c a l  a r e a s  due  to  e x t e r n a l  g a m m a  r a d i a t i o n ,  i t  m a y  be 
a s s u m e d  t h a t  w i th in  th e  r a d i a t i o n  e n e r g y  r a n g e  of i n t e r e s t  th e  e x p o s u r e  
d o s e  o f  15 R a s  m e a s u r e d  in  a i r  a p p r o x i m a t e l y  c o r r e s p o n d s  to  t h a t  o f  10 r a d s  
a b s o r b e d  in  b o n e  m a r r o w .
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TA BLE VII. EM ERGENCY R E F E R E N C E  LEVELS FOR EX TER NAL 
EXPOSURE

Radiation Critical organ ERL

Gamma Whole body 15 R in air

TA BLE VIII. DOSES-TO CRITICAL ORGANS AS EMERGENCY 
R E F E R E N C E  LEVELS FOR INTERNAL EXPOSURE

Radionuclide Half-life Critical organ . ERL 
(rad)

Iodine isotopes - Thyroid 25

, ssSr 51 d Bone marrow 10

90Sr 28 a Bone marrow 10

m Cs 27 a Whole body 10

TA BLE IX. CLOUD DOSAGE AS AN EM ERG EN CY R E F E R E N C E  L E V E L  
IN INCORPORATION OF CRITICAL RADIONUCLIDES BY THE 
RESPIRATORY TRACT

Radioisotope 131j 137Cs B9Sr 90Sr

Critical group of 
population

Children [17] Adults [ 17] Newborn 
children [17]

Newborn 
children [173

Critical organ Thyroid Whole body Bone marrow Bone marrow

Dose on critical organ 
as an ERL (rad)

25 10 10 10

Cloud dosage as an 
ERL in incorporation of 
critical organ by 
respiratory tract (Ci* s/m 3

0,03a 0,93 0,85 0,05

If the dose to thyroid may be caused also by other radioisotopes of iodine and/or 132Te after their 
accidental release, the appropriate ERL value for 131I should be reduced by a factor of 2.
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TABLE X. E R L  FOR CRITICAL RADIONUCLIDES REPRESEN TING  
P O PU LA TIO N  HAZARD VIA THE GASTRIC TRACT

Radioisotope 131j I37Cs 89Sr 90Sr

Critical group of 
population

Children Children
[17]

Newborn
children

Newborn
children

Critical organ Thyroid Whole body Bone marrow Bone marrow

Dose on critical organ 
as an ERL (rad)

25 10 10 10

Concentration of 
radioactivity in milk
as an ERL (j¿Ci/m3)

250 6700 3500- 150

Contamination of 
pasture as an ERL 
(MCi/m2)

1,5 22 175 7,5

2 .3 .  E m e rg e n c y  r e f e r e n c e  le v e ls  — s e c o n d a ry  guides

The e m e r g e n c y  r e f e r e n c e  le v e ls  ( s e c o n d a ry  guides) a r e  applied  in  the
in te r n a l  ex p o su re  of both the r e s p i r a t o r y  and g a s t r i c  t r a c t s .  T he  values
w e re  s e t  fo r  a b s o rb e d  d o se s  for  c r i t i c a l  o rg a n s  ( see  T ab le  II) u s in g  the
ca lcu la t io n  m ethods  g iven in  a p rev io u s  p a p e r  [14]  and w e r e  b ased  on r e c e n t
B r i t i s h  data  [15] ca lc u la ted  f o r 90S r  and 89S r .  The l a t t e r  r e f e r s  to r e c e n t
da ta  for the  r e te n t io n  of 90S r  in  hum an  bones p lo tted  ag a in s t  age and to its  
im p a c t  on r a d ia t io n  dose  [1 6 ] .  The p ro p o se d  cloud dosage ,  re c o m m e n d e d  
in  P o lan d  as  E R L  for  in te r n a l  ex p o s u re  due to inha la t ion  of 131I , 132Te,
137C s , 89S r  and 90S r,  is  g iven in  T ab le  IX.

T ab le  X g ives  the  p ro p o se d  va lues  of c r i t i c a l  rad io n u c l id e  co n c en tra t io n s  
in  m i lk  and the  con tam ina t ion  of p a s tu r e s  as  the E R L  in  i n te r n a l  ex p o su re  
due to consum ption  of m i lk  con tam ina ted  by 131I, 137Cs, 89S r  and 90S r .  R a d io 
i so to p e s  with s h o r t  h a l f - l iv e s  do not a ffec t the p ro p o se d  v a lu es .

F o r  the t r a n s i t io n  of p o s t - a c c id e n ta l ly  r e l e a s e d  131I, 137C s , 89S r  and
90 S r  f ro m  food to the hum an  body the following chain  c o m p r i s in g  m ilk  
consum ption  has  been  adopted fo r  o u r  country :

A tm o sp h e re  -* g r a s s  -» cow -*■ m ilk  -» m an.

Within a few days a f t e r  the  p o s t - a c c id e n ta l  r e l e a s e  of th e s e  c r i t i c a l  
rad io n u c l id e s  to  a tm o s p h e re  a ra p id  i n c r e a s e  in  the  con tam ina t ion  le v e l  of 
m ilk  f ro m  cows p a s tu re d  in  the  su r ro u n d in g  a r e a  w ill  o c c u r .  T he  co n ta 
m in a t io n  le v e l  w il l  s low ly  fa ll  w ith in  a p e r io d  of w eeks  o r  m on ths ,  l a rg e ly  
depending  on the  p h y s ic a l  and c h e m ic a l  p r o p e r t i e s  of the  con tam ina t ing  
m a te r i a l ,  as  w e ll  as  on so m e  e n v i ro n m e n ta l  and b io log ica l  f a c to rs .
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3. P R A C TIC A L A PP LIC A TIO N  OF THE E R L  IN REACTOR DESIGN 
AND INSTITUTION OF CRITICAL AREAS AROUND NUCLEAR 
INSTALLATIONS

T h e  d e s ig n e r s  of n u c le a r  f a c i l i t i e s  in  Poland , should  apply  the 
r e c o m m e n d e d  E R L  in  the following m a n n e r .  A fte r  a s su m in g  the  type and 
r a n g e  of the  d es ig n  b a s is  a c c id en t  (DBA) fo r  a g iven n u c le a r  f a c i l i ty  and 
adopting the  m o s t  u n favourab le  m e te o ro lo g ic a l ,  d em o g ra p h ic  and 
a g r ic u l tu r a l  conditions,  the  cloud dosage  and con tam ina t ion  of so i l  and 
m ilk  in  a g iven a r e a  should  be ca lcu la ted .

As a next s tep  the  a v e ra g e  ind iv idual dose  a b s o rb e d  w ith in  co n tam in a ted  
a r e a  by the  c r i t i c a l  o rg a n s  of an  ind iv idual of the c r i t i c a l  age should  be 
ca lc u la ted .  T h is  m a y  be ac co m p l ish e d  by s im p le  p ro p o r t io n a l  r e l a t io n  
be tw een  s 'econdary  and p r i m a r y  E R L .  F in a l ly ,  the  c r i t i c a l  a r e a s  fo r  which 
the  dose  a n d / o r  co n tam in a t io n  le v e ls  a r e  with in  the  following ra n g e s  should 
be e s ta b l ish e d :

F i r s t  C r i t i c a l  A re a :  10 E R L  ^ d o se s  a n d / o r  con tam inations
Second C r i t i c a l  A re a :  1 E R L  < dose  a n d / o r  con tam ina t ions  < 10 E R L

T h e s e  c a lc u la t io n s  should  be  r e v is e d  fo r  the  s a m e  po s tu la te d  r e a c t o r  a c c id en t  
u s in g  ava i lab le  ty p ic a l  da ta  fo r  the  ac tu a l  m e te o ro lo g ic a l  and o th e r  conditions 
at the  g iven s i te .

If n e c e s s a r y ,  the  F i r s t  C r i t i c a l  A re a  thus  ca lc u la ted  m a y  be r e g a rd e d  
a s  an  exc lu s ion  a r e a  for  a g iven s i te .
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D I S C U S S I O N

P. D. SOWBY: The c u r r e n t  r e c o m m e n d a t io n s  of IC R P  no lo n g e r  include 
a b reakdow n of the  gene tic  dose  l im i t  into com ponen ts  c o r re sp o n d in g  to 
d if fe ren t  s o u r c e s .  The C o m m iss io n  now r e c o m m e n d s  th a t  ea ch  com ponent 
of the gene tic  dose  should be t r e a t e d  on the  b a s i s  of r i s k - b e n e f i t  an a ly s is .  
The gene tic  dose  l im i t  should not be r e g a r d e d  a s  a cake th a t  can  be cu t up 
in to  ra t io n s .

J .  PENSKO: Although we do not yet  have a b ig  n u c l e a r  in d u s t ry  in 
P o land ,  we a r e  a l r e a d y  t ry in g  to e s ta b l i s h  g e n e r a l  c r i t e r i a  fo r  the  d e s ig n e r s  
of n u c l e a r  in s ta l l a t io n s  to  help  th e m  with the  p r o b le m s  of s a fe ty  a n a ly s is  
in  r e s p e c t  of popu la tions  liv ing  beyond the  fence .  At the  p r e s e n t  t im e  we 
have no p o s s ib i l i ty  of se t t in g  m o r e  exac t  v a lu es ,  b a s e d  on r i s k - b e n e f i t  
a n a ly s i s ,  but we do need  som e f ig u re s  — if only  to a n s w e r  the ques tions  
on e n v i ro n m e n ta l  s a fe ty  th a t  could be r a i s e d  by  m e m b e r s  of the public 
l iv ing  in the  v ic in ity  of the s e le c te d  s i te .  F o r  th e se  r e a s o n s  we th ink it 
i s  ju s t i f ie d  and u se fu l  in  o u r  p a r t i c u l a r  c a se  to  r e g a r d  the  IC R P  genetic  
dose  l im i t  a s  a cake ,  p a r t  of which could s e r v e  a s  a rough  ind ica t ion  for  
o u r  n u c le a r  d e s ig n e r s .

E. KUNZ: I should l ike  to m ake  it  c l e a r  tha t  th e r e  a r e  no off ic ia l  
popula tion  dose  l im i t s  fo r  the n u c l e a r  in d u s t ry  in C zechos lovak ia .  The 
f ig u re s ,  quoted a s  r e l a t i n g  to C zec h o s lo v a k ia ,  fo r  gene t ic  d o se  l im i t  
a p p o r t io n m en t  given in  T ab le  IV of your p a p e r  and fo r  co l lec t iv e  dose  . 
given in  T ab le  VI a r e  on ly  p r o p o s a l s  which have been  put fo rw ard .

O. ILARI (C hairm an):  The a p p o r t io n m en t  of the gene t ic  dose  l im it  
in  T ab le  V a p p a re n t ly  ta k e s  no account of the  n eed  fo r  e s ta b l i s h in g  p o p u la 
tion ex p o s u re  l im i t s  th a t  a r e  'a s  low a s  r e a d i ly  a c h ie v a b le 1, but is  d e r iv e d  
f ro m  the  IC R P  u p p e r  l im i t s .  A c tua lly ,  the d o se s  ind ica ted  in T ab le  V a r e  
quite high if in tended  a s  a v e ra g e  v a lu es  o v e r  the  whole P o l i s h  popula tion ,  
and p r e s e n t  techno logy  p e r m i t s  m u c h  lo w er  ex p o s u re  le v e ls  to be  ach ieved . 
The a p p o r t io n m en t  p r e s e n te d  m a y  be c o n s id e re d  a p p r o p r ia te  a s  a f i r s t  
a p p ro x im a tio n  to  the  p ro b le m ,  but a  second  a p p ro x im a tio n  w ill  undoubtedly  
be needed . /

J .  PENSKO: You a r e  quite r ig h t .  The p a r t i t io n in g  of the gene tic  dose  
l im i t  p r e s e n te d  in  m y  p a p e r  i s  only  a  f i r s t  ap p ro x im a tio n  of the p ro b le m  
c o r re s p o n d in g  to P o l i s h  condit ions  b e c a u s e  a t  the m o m e n t  we have no b e t t e r  
d a ta .  We a r e  fu lly  c o n sc io u s  of both the  p r e s e n t  and the  fu tu re  popula tion  
b u rd e n  due to n u c l e a r  r e a c t o r s  in  Poland; th is  b u rd e n  will be f a r  below 
the  p ro p o se d  value of 8 m r e m / a ,  which w as adopted only  fo r  ca lcu la t ion  
p u r p o s e s .
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CRITERIOS Y NORMATIVA PARA LA EVALUACION 
DE LA DOSIS RECIBIDA POR LA POBLACION 
EN LAS ZONAS DE INFLUENCIA  
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Abstract-Resumen

CRITERIA AND STANDARDS FOR EVALUATING THE DOSE RECEIVED BY THE POPULATION IN AREAS 
AFFECTED BY NUCLEAR FACILITIES.

The paper sets forth the criteria that should be taken into consideration in determining the exposure levels 
of the population living in the area affected by a nuclear facility during its normal operation and in deducing 
the total dose received from external exposure, inhalation of radioactive nuclides released with the gaseous 
effluents and ingestion of food and water contaminated by gaseous and liquid releases of both types of effluent. 
Following these criteria, the authors indicate what studies are necessary and what calculation programmes are 
to be used in order to determine the zones that can be considered critical in the light of the meteorological and 
topographic characteristics of the area where the nuclear facility is situated, so as to define the critical 
population groups from the standpoint of inhalation and of individual external exposure, and to determine the 
total population that would be involved as far as genetic effects are concerned. The paper also gives the 
standards to be used in determining the critical areas connected with radioactive contamination of foodstuffs 
produced in the area affected by the facility and its incidence on the internal contamination of the population 
as a consequence of consumption of such food and of water affected by the direct release of liquid effluents and 
by the indirect effects of liquid and gaseous effluents. On the basis of these studies and appropriate calculation 
programmes, the authors show how to determine the most suitable locations for external-exposure measurement 
apparatus and for samplers of gases, aerosols, foodstuffs and water. A description is also given of the calculation 
programmes to be used in establishing the total radiation dose received by the critical population groups and all 
others liable to be affected, to a greater or lesser degree, by the operation of the nuclear facility.

CRITERIOS Y NORMATIVA PARA LA EVALUACION DE LA DOSIS RECIBIDA POR LA POBLACION EN LAS 
ZONAS DE INFLUENCIA DE LAS INSTALACIONES NUCLEARES.

En la memoria se exponen los criterios que se considera deben tenerse en cuenta para la determinación de 
los niveles de exposición del público que habita en el área de influencia de una instalación nuclear, como 
consecuencia de su operación normal, y la deducción de la dosis total recibida a causa de su exposición externa, 
de la inhalación de los núclidos radiactivos evacuados con los efluentes gaseosos y de la ingestión de los 
alimentos y agua que resultan contaminados radiactivamente por las descargas gaseosas y líquidas de ambos 
tipos de efluentes.

De acuerdo con dichos criterios se exponen los estudios a realizar y los programas de cálculo a utilizar 
para llegar a la deducción de las zonas que podemos considerar críticas, según las características meteorológicas 
y topográficas de la zona donde se encuentra el emplazamiento de la instalación nuclear, con e l fin de deducir 
los grupos críticos de población desde el punto de vista de la inhalación y de la exposición externa individual y 
la población total que podría verse implicada en la consideración de los efectos genéticos. Se expone  también 
la normativa para la deducción de las zonas críticas relacionadas con la contaminación radiactiva de los pro
ductos alimenticios producidos en el área de influencia de la instalación y su incidencia sobre la contaminación 
interna de la población como consecuencia de su ingestión, y de la ingestión del agua afectada por la evacuación 
directa de los efluentes líquidos y la indirecta derivada de éstos y de los gaseosos.

De dichos estudios y con la aplicación de programas de cálculo apropiados se indica cómo se deducen los 
lugares más idóneos para la colocación de los aparatos que han de medir los valores de exposición externa y los 
de muestreo de gases, aerosoles, alimentos y aguas, así como los programas de cálculo que se emplean para 
deducir la dosis total de radiación recibida por los grupos críticos de población y todos los restantes que en 
mayor o menor grado pueden verse afectados por el funcionamiento de la instalación nuclear.
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1 .  I N T R O D U C C I O N

E n  E s p a ñ a ,  el M in ister io  de In d u s tr ia  en c o la b o r a c i ó n  c o n  la 
Junta de E n e r g í a  N u c l e a r  y  la industr ia  e l é c t r i c a  n a c io n a l ,  h a  defini
do un plan e lé c t r i c o  que e s t a b le c e  el d e s a r r o l l o  de  é s ta  p a r a  un p e 
r io d o  de 10 a ñ o s .  E s t e  plan s e  r e v i s a  c a d a  2 añ o s  de f o r m a  que las 
p r e v i s i o n e s  p a r a  lo s  años s igu ien tes  e s tén  s i e m p r e  a c tu a l iz a d a s .

C o m o  c o n s e c u e n c ia  de d icho  plan e lé c t r i c o  n ac iona l y  a pa rt ir  
de  la s  e x t r a p o la c io n e s  c o n s id e r a d a s  v á l id a s  en 1 . 9 7 2 ,  s e  ha p r e v i s t o  
la  p o te n c ia  y  el p o r c e n ta je  c o r r e s p o n d ie n t e  de e n e r g í a  e l é c t r i c a  de o r i  
g en  n u c le a r  hasta  el año 1 9 8 5 ,  tabla I .

D e  a c u e r d o  c o n  d ich o  plan e n e r g é t i c o  y  dado el p a p e l  p r e p o n 
d era n te  que en él s e  ha c o n c e d id o  a la s  c e n t r a le s  n u c l e a r e s ,  la s  di
v e r s a s  c o m p a ñ í a s  e lé c t r i c a s  e s p a ñ o la s  han in ic iado  su s  p r e v i s i o n e s ,  
e s ta b le c ie n d o  la  lo c a l i z a c ió n  de  la s  que l e s  c o r r e s p o n d e n  en b a s e  a la 
d is tr ibu c ión  del m e r c a d o  y  de a c u e r d o  c o n  la s  p r e v i s i o n e s  e s ta b le c id a s  
en  la  p lan if icación  industria l p r e v i s ta  en l o s  p la n es  de d e s a r r o l l o .

H a s ta  la  f e c h a  s e  han c u r s a d o  lo s  e x p e d ie n te s  de so l ic itu d  p a 
r a  la  a u to r iza c ió n  de un total de 24 u n id a d e s ,  u b ic a d a s  en 18 e m p la z a 
m ie n to s ,  c o n  u n a  p o te n c ia  total de l  o r d e n  de lo s  22 000  MW (e).

E n  la  tabla I I  s e  han incluido las  c a r a c t e r í s t i c a s  p r in c ip a le s ,  
l o c a l i z a c ió n  y  f e c h a  de ex p lo ta c ió n  p r e v i s ta  de d ich a s  c e n t r a l e s ;  en la  ■ 
f ig u r a  1 s e  m u e s t ra  un plano de la  l o c a l i z a c ió n  de las  m i s m a s .

L a  c o n s t r u c c i ó n  de  la s  p r im e r a s  c e n t r a le s  n u c l e a r e s  e stu v o  
a c o m p a ñ a d a  p o r  u na g ra n  e s c a s e z  de e x p e r i e n c ia  p r o p ia  en r e la c ió n  
c o n  la s  p o s ib le s  c o n s e c u e n c i a s  d e r iv a d a s  de la  e v a c u a c ió n  al m e d io  am 
biente de  lo s  d e s e c h o s  r a d ia c t iv o s  p r o d u c id o s  durante la  e x p lo ta c ió n .  
T r a s  la  c o n s tru cc ió n ,  de la  p r im e r a  c e n t ra l  n u c le a r  e s p a ñ o la ,  s e  intro 
dujo el c o n c e p to  de ce n tra l  de r e f e r e n c i a ,  c o n  las  e x c e p c i o n e s  que im 
p u s ie r a n  las  c a r a c t e r í s t i c a s  p r o p ia s  del e m p la za m ie n to .  A s í ,  l o s  c r i 
t e r i o s  de lo s  l ím ite s  de e v a c u a c ió n  de d e s e c h o s  r a d ia c t iv o s  al m ed io  
am biente de la  C . N ,  de S ta  Ш  de G a r o ñ a  so n  s im ila r e s  a lo s  de la 
c e n t ra l  D r e s d e n  I I ;  de l m ism o  m o d o  la C . N .  de V a n d e l ló s  p u e d e  s e r  
c o n s id e r a d a  c o m o  u na r e p r o d u c c i ó n  de la  c e n tra l  f r a n c e s a  de S a in t 
ly a u r e n t - d e s - E  aux ( S . L . 2 . ) .

H o y  en  d í a  s e  e s tá  c o n fe c c i o n a n d o  un p r o y e c t o  de  r e g la m e n to
de a c u e r d o  c o n  la  le g is la c ió n  n a c io n a l ,  p a r a  que el e x p lo ta d o r  de  c a 
da cen tra l  n u c le a r  v ig i le  el e n torn o  de la  m ism a  al obj'eto de a s e g u r a r 
s e  que  la  p o b la c ió n  no r e c i b e  d o s is  s u p e r i o r e s  a u n o s  l ím ite s  f i jados  
q u e ,  a d e m á s  de s e r  a ce p ta b le s  d e s d e  el punto de  v is ta  de la  p r o t e c c ió n  
r a d io l ó g i c a ,  no su p on ga n  un. p o r c e n ta je  im portante  s o b r e  el fon d o  r a 
d iactivo  natural.

2 .  I N F L U E N C I A  D E L  E M P L A Z A M I E N T O  E N  L A S  D O S I S

L a  e x p e r i e n c ia  ad qu ir ida  c o n  la  e x p lo ta c ió n  de la s  t r e s  c e n t r a 
le s  n u c l e a r e s  actualmente en  s e r v i c i o  ha h e c h o  que s e  p r e s t e  g ra n  
atenc ión  a lo s  p r o b le m a s  que la  D e m o g r a f í a ,  H i d r o l o g í a  y  M e t e o r o l o 
g í a  plantean en cuanto a la  e s t im a ción  de  la s  d o s is  que la  p o b la c ió n  
r e c i b e  c o m o  c o n s e c u e n c ia  de la  ex p lo ta c ió n  de una c e n t r a l .
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T A B L A  I. P O T E N C IA  E L E C T R I C A  IN S T A L A D A  DE ORIGEN N U C LEA R 
(R ev is ion  p r o v i s io n a l  c o r r e sp o n d ie n te  a 1974)

Año 1975 1979 1982 1985

MW(e) 103 7,6 X 103 13, 7 X 103 23, 5 X 103

Porcentaje 4 20 25 33

•  EN TRAMITE 

FIG .l. Emplazamiento de las centrales nucleares.

2 . 1. D em o g ra f ía

L a  e le c c i ó n  de  lo s  e m p la z a m ie n to s ,  h a  s id o  f i jada  p o r  la s  n e c e 
s id a d e s  de  e n e r g í a  e l é c t r i c a  p r e v i s ta s  p a r a  la s  z o n a s  m á s  industr ia li 
z a d a s  en  la  actualidad y  la s  que en  un futuro p r ó x im o  han de  a lca n 
z a r  í n d i c e s  im p ortan tes  de in d u s tr ia l iza c ió n ;  e sto  im p lica  q u e ,  si bien  
p u e d e  p r e s e n t a r s e  u na d en s id ad  de  p o b la c ió n  c a s i  nula en  su  in m ed ia 
ta p r o x im id a d ,  r e su lte  p r á c t ic a m e n te  im p o s ib le  s ituar  l o s  e m p la z a m ie n 
tos  en z o n a s  de m u y  b a ja  d e n s id a d  de  p o b la c ió n .  S i  s e  o b s e r v a  el m a 
p a  e x p u e s to  en  la  f ig u r a  2 ,  s e  p u e d e  d e d u c i r  que la  m a y o r  p a rte  de 
la s  c e n t r a le s  n u c l e a r e s  s e  v a n  a s ituar  en  z o n a s  que p o s e e n  una  den 
s id ad  de p o b la c ió n  s u p e r i o r  a lo s  30 habitantes p o r  k m ^ , a e x c e p c i ó n



T A B L A  II. CARACTERISTICAS GENERALES DE LAS C E N TR A LES  NUCLEARES D E L  P L A N  
E L E C T R IC O  NACIONAL

Central nuclear Tipo de 
reactor

Potencia
[MW(e)|

Fecha
explotación

Localización Agua de 
refrigeración

Sistema de 
refrigeración

Zona de 
exclusión, radio (m)

Toneladas U02

José Cabrera PWR 153 1968 Guadalajara Rio Tajo Circuito abierto 230 21

. Garoña BWR/4 440 1970 Burgos Río Ebro Circuito abierto 320 89

Vand ellos Grafito-gas 480 1972 Tarragona Mediterráneo Circuito abierto 250 500a

Almaraz I PWR 930 1977 Cáceres Río Tajo Embalse 1000 80

Lemoniz I PWR 930 1977 Vizcaya Cantábrico Circuito abierto 750 80

Almaraz II PWR 930 1978 Cáceres Río Tajo Embalse 1000 80

Lemoniz II PWR 930 1978 Vizcaya Cantábrico Circuito abierto 750 80

Aseó I PWR 930 1978 Tarragona Mediterráneo Circuito abierto 750 80

Aseó II PWR 930 1979 Tarragona Mediterráneo Circuito abierto 750 80

Cofrentes BWR/6 970 1979 Valencia Río Júcar Torres 126

Santilán I 1000 1980 Santander Cantábrico Circuito abierto

Tarifa I 1000 1981 Cádiz Atlántico Circuito abierto

Aragón 1000 1981 Zaragoza . Río Ebro

Cabo Cope 1000 1981 Murcia Mediterráneo

Trillo I 1000 1982 Guadalajara Río Tajo
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T A B L A  II (cont inuación)

Punta Endala I 1000 1982 Guipúzcoa Cantábrico

Regodola 1000 1982 Lugo' Cantábrico

Punta Endala II 1000 1983 Guipúzcoa Cantábrico

Sayago I 1000 1984 Zamora Río Duero

Tarifa II 1000 1984 Cádiz Atlántico

Vergara 1000 1985 Navarra Río Ebro

Asperillo I 1000 1986 Huelva Atlántico

Oguella I 1000 1987 Vizcaya Cantábrico

Oguella II 1000 1988 Vizcaya Cantábrico

Asperillo II 1000 1988 Huelva Atlántico

a Aleación O-Mo.
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FIG. 2. Distribución demográfica y emplazamiento de las centrales nucleares.

de la sq u e  s e  e n cu e n tra n  en  el c e n t r o  de  E s p a ñ a ,  p a r a  el a b a s te c i 
m iento de M ad r id  y  su z o n a  in d u str ia l iza d a ,  que tienen una  d e n s id a d

p
de p o b la c ió n  del o r d e n  de  lo s  13 habitantes p o r  km , A lg u n a s  s e  e n 
c u e n tra n  en z o n a s  c o n  una  d en s id ad  de p o b la c ió n  c o m p r e n d id a  en tre

pl o s  300 y  510 habitantes p o r  km-^ y  en d e te rm in a d o s  c a s o s ,  c o m o  el 
c o r r e s p o n d ie n t e  a la  cen tra l  de L e m o n iz ,  c o n  d o s  u n id ad es  y  una  p o 
te n c ia  e l é c t r i c a  conjunta de 1 800 M W (e),  e s tá  situada a una d is tanc ia  
de  u n o s  20 km de la  z o n a  industr ia l de B i lba o  c o n  una p o b la c ió n  del 
o r d e n  de  600 000 habitantes .

E n  g e n e r a l ,  la  d e n s id a d  d e m o g r á f i c a  en las  p r o x im id a d e s  de
la s  c e n t r a le s  n u c l e a r e s  ( á r e a  de 30 km de r a d io )  e s  del o r d e n  de 20

2a 30 habitantes p o r  km , si bien en  la s  s ituadas en el l itoral no p u ede  
e l im in a r se  la  pos ib il idad  de  qu e ,  c o m o  o c u r r e  c o n  la  cen tra l  n u c le a r  
de  V a n d e l l ó s ,  s e  a l c a n c e ,  en  c ie r t a s  é p o c a s  del añ o ,  una  p o b la c ió n  
turista  del o r d e n  de 150 000 habitantes en  un á r e a  anular de r a d io s  
10 y  30 k m .  L a  f ig u ra  3 m u e s t r a  la  d is tr ibu c ión  de  la  p o b la c ió n  a l r e 
d e d o r  de algunas c e n t r a le s  n u c l e a r e s .

L o s  p r o b le m a s  d e m o g r á f i c o s ,  p la n tead os  y a  en la  actualidad , no 
t e n d e r á n  a m e j o r a r  en  el futuro y a  que l o s  e je s  de e x p a n s ió n  d e m o g r á  
f i c a ,  que se  r e la c io n a  c o n  la  industria l y  t u r í s t i c a ,  c o in c id e n  p r e c i s a 
m ente  c o n  lo s  em p la za m ie n to s  de la s  fu tu ras  c e n t ra le s  n u c l e a r e s .  P o r  
e l lo ,  l o s  estud ios  s o b r e  la  in c id e n c ia  de  lo s  efluentes r a d ia c t iv o s  e v a 
c u a d o s  d e s d e  las  c e n t r a le s  al m ed io  am bien te ,  han de  p r e v e e r  que, en 
el fu tu ro ,  ha de s e r  a fectada  u na p o b la c ió n  m a y o r  que la  actual en 
g r a n  p a rte  de lo s  e m p la z a m ie n to s .
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FIG.3. Población en función de la distancia a los emplazamientos de varias centrales nucleares.

2. 2.  H id ro log ía

C o m o  s e  d e d u c e  de la  tab la  I I  y  de la f ig u ra  1 el 50% de  lo s  
e m p la za m ie n to s  actualm ente p r e v i s t o s  s e  e n cu e n tra n  s i tu ados  en  el lito
r a l ,  y  el o t r o  50% r e p a r t id o s  en tre  la s  c u e n c a s  de  lo s  r í o s  E b r o ,  T a  
jo  y  J ú c a r .  E l  agua de  e s ta s  c u e n c a s  no pu ed e  d e d i c a r s e  únicam ente  
a la  r e f r i g e r a c i ó n ,  s ino  que tiene o t r o s  u s o s  m á s  p r io r i t a r io s  c o m o  
so n  el abastec im iento  de  p o b la c io n e s ,  z o n a s  in d u str ia les  y  r e g a d í o s .  
D a d o s  l o s  v a l o r e s  e x p u e s to s  en  la  tabla I I I ,  que c o r r e s p o n d e  a la 
p r o g r a m a c ió n  p r e v i s ta  p a r a  el año 2 0 0 0 ,  el v o lu m e n  d e m a n d a d o  p a r a  
e s t o s  f in es  s u p o n d r á ,  c o m o  m í n im o ,  el 70% de  l o s  r e c u r s o s  de  la  cu en  
c a  del D u e r o ,  el 60% de la  del T a j o ,  el 80% de  la  del E b r o  y  el 100%



TA BLA  III. A PROV ECHAM IENTO DE LOS RECURSOS HIDRAULICOS DE LAS CUENCAS UTILIZADAS

Cuenca
Aportación 

natural 
(m3 x l0 6/año)

Recursos 
disponibles 

(m3 x 106/año)

Demanda (m3 x 106/ano) Retomos 
(m3 x 106 /ano)

Balance 
(m3 x 106/año)Abastecimientos Regadíos Total

Duero 15 860 9 764 270 6 510 6 780 1 520 4 500

Tajo 10 180 7 870 1610 3 020 4 630 1 860 5 100

Ebro 18 842 12 720 700 9 070 9 770 2 370 5 320

Júcar 3784 2400 480 3 370 3 850 - “1 450
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de la del J ú c a r ,  E s t o  d e m u e s t r a  qu e ,  en  n u e s tro  c a s o ,  s e  acentúan 
la s  im portan tes  im p l i c a c io n e s  que p a r a  lo s  a p r o v e c h a m ie n to s  de las  
c u e n c a s  de '  d ic h o s  r í o s  te n d r á  el vert id o  de r e s i d u o s  r a d ia c t iv o s  l íq u i  
d o s  de la s  c e n t r a le s  n u c le a r e s  en  ellas e s t a b le c id o s ,  p o r  su s  in c id e n 
c ia s  en  la d o s is  a la  p o b la c ió n  a t r a v é s  del agua de su m in istro  a las  
c iu d a d e s  y  de la c a d e n a  alimenticia que te n g a  su  punto de pa rt id a ,  prin 
c ip a lm en te ,  en  lo s  p r o d u c t o s  v e g e ta le s  cu lt iv ados  m ediante ,  el e m p leo  
de d ich a s  agu as  p a r a  r e g a d í o .

E n  lo que r e s p e c t a  a la s  c e n t ra le s  s ituadas en  el l itora l ,  la e x 
p lotac ión  m u y  in ten sa  en n u e s tr o  pa ís  de lo s  r e c u r s o s  m a r í t im o s  de 
la  z o n a  v e n d r á n  a fe c ta d o s  p o r  lo s  v e r t id o s  de  lo s  r e s i d u o s  r a d ia c t iv o s  
y  en  c o n s e c u e n c i a ,  el estudio  detallado de lo s  m is m o s  s e r á  n e c e s a r i o  
p a r a  la  d e d u c c ió n  de su  im p l ica c ió n  cuantitativa en la  d o s is  de d iv e r 
s o s  g r u p o s  de p o b la c ió n .

2. 3 .  M e teo ro lo g ía

L a s  d iv e r s a s  c o n d i c i o n e s  c l im a to ló g ic a s ,  o r o g r á f i c a s  y  e c o l ó g i 
c a s  de n u e s tr o  p a ís ,  h a c e n  que lo s  em p laza m ien tos  de la s  c e n t ra le s  
n u c l e a r e s  se a n  d i s p a r e s .  E l lo  h a c e  n e c e s a r i o  que s e  r e a l i c e  un p r o 
g r a m a  de e stu d ios  m e t e o r o l ó g i c o s ,  en c a d a  uno de d ic h o s  em p laza m ien  
t o s ,  al ob je to  de o b t e n e r  u na in d ica c ió n  de la s  z o n a s  que m á s  p u eden  
v e r s e  a fec ta d as  p o r  la  c on tam in a c ión  a t m o s fé r i c a  de l o s  r e s i d u o s  g a 
s e o s o s  em it idos ,  y  en  c o n s e c u e n c i a  p o d e r  e s t im a r  la s  d o s is  r e c ib id a s  
p o r  la p o b la c ió n ,  m ed iante  e sta  v í a ,  y  lo s  lu g a r e s  m á s  p r o b a b le s  de 
d epós ito  de las  p a r t í c u la s  r a d ia c t iv a s .

E l  p r o g r a m a  de  e stu d ios  no se  r e d u c i r á  s im plem ente  a la  o b 
ten c ión  de aquel los  p a r á m e t r o s  que c o n d u c e n  de u n a  f o r m a  m á s  o me 
n o s  t e ó r i c a  a la d e te rm in a c ió n  del v a l o r  del c o e f ic ie n te  de  d ilución  en 
func ión  de la  d is ta n c ia  y  del s e c t o r  c o r r e s p o n d ie n t e ,  s ino que s e  llev_a 
r á n  a c a b o  en  c a d a  em p laza m ien to  e x p e r i e n c ia s  que est im en  de f o r m a  
acep tab le  el c o m p o r ta m ie n to  de  lo s  r e s i d u o s  g a s e o s o s  al s e r  so m e t i 
d o s  al t r a n s p o r t e  a t m o s f é r i c o .

D e n t r o  tam bién  de este  p r o g r a m a ,  h a  de e v a lu a r s e  el e fecto  
c o n  que el m ed io  ( t o p o g r a f í a ,  v e g e t a c ió n ,  e t c . . . )  in c ide  en  lo s  v a l o 
r e s  d a d o s  p o r  m o d e lo s  c l á s i c o s  de difusión  de l o s  c o e f i c i e n t e s  de dilu
c ión  .

P a r a  el estud io  de lo s  r i e s g o s  que tra e  c o n s ig o  la  ex p lo ta c ión  
de la s  c e n t r a le s  n u c l e a r e s  y  ten iendo  en  cu en ta ,  c o m o  s e  ha in d icado  
en el ap artado  2 . 1 .  , que a lgunas ten drán  en  su z o n a  de  in fluencia  po 
b la c io n e s  d e  tam año tal que s e  h a c e  n e c e s a r i o  la  a p l ica c ió n  d e l  c o n c e p  
to de d o s is  g e n é t ica  a la s  m is m a s  y  que s e  trata  de  que la  in c id e n c ia  
al r e s p e c t o  s e a  la  m e n o r  p o s ib le ,  la  m e d id a  de d ic h a s  d o s is  e s  en los  
m o m e n to s  actuales  p r á c t ic a m e n te  im p os ib le  y ,  en c o n s e c u e n c i a ,  su  cál 
cu lo  r e q u ie r e  lo s  p a r á m e t r o s  l o c a l e s  m e t e o r o l ó g i c o s  p e r fe c ta m e n te  d e 
t e r m in a d o s  .

D e  e sta  f o r m a  p o d r e m o s  o b te n e r  u n a  id e a  a p r o x im a d a ,  antes 
de  c o m e n z a r  la  e x p lo ta c ió n  de la  ce n t ra l ,  de  la m a n e r a  c o n  que las 
distintas z o n a s  c i r c u n d a n te s  a la  m ism a  v a n  a q u e d a r  a fectadas  p o r  la
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contam in a c ión  g a s e o s a ,  lo que  n o s  p e r m it ir á  e s t a b l e c e r  p re v ia m e n te  un 
plan de v ig i lan c ia  de la  rad ia ct iv id ad  am biental,  en el que s e  incluyan  
lo s  lu g a r e s  m á s  id ó n e o s  p a r a  la  c o l o c a c i ó n  de lo s  e q u ip o s  d es t in ad os  
a la  m e d id a  de lo s  n ive les  de r a d ia c ió n  y  c o n ta m in a c ió n .

3 .  C R I T E R I O S  A D O P T A D O S

S e  e n cu e n tra  en estud io  un r e g la m e n to  s o b r e  v ig i lan c ia  ra d io ló  
g i c a  de  la p o b la c ió n ,  que h a b r á  de  s e r  ap licado  a la s  in s ta la c io n e s  nu 
c l e a r e s  y  ra d ia c t iv a s  de n u e s tr o  p a í s .  L o s  c r i t e r i o s  fu ndam en ta les  en 
lo s  que e ste  r e g la m e n to  e s tá  b a s a d o ,  en  el c a s o  de  la s  c e n t r a le s  nu
c l e a r e s ,  s e  p u ed en  c o n s i d e r a r  d iv id idos  en d o s  g r u p o s :  el que  in cluye  
áq uel los  que han de s e g u i r s e  antes de c o m e n z a r  la  ex p lo ta c ió n  y  el 
que  c o n s i d e r a  lo s  que han de t e n e r s e  en  cuen ta  d e s p u é s  de  c o m e n z a 
da la  m is m a .

A ú n  cu a n d o  no s e  e n c u e n t r a  p u b lica d o  t o d a v í a  d ich o  R e g la m e n 
to ,  p a r a  las  c e n t r a le s  en  fu nc ion am iento  y  en  c o n s t r u c c i ó n  s e  e x ige  
y a  el cum plim iento de l o s  a s p e c t o s  m á s  fu ndam en ta les  del m i s m o .

3 .1 .  C r i t e r i o s  p r e - o p e r a c io n a l e s

D e s d e  la  a u to r iza c ió n  p r e v i a  h asta  que s e  in ician  la s  p r u e b a s  
p r e - n u c l e a r e s  su e len  t r a n s c u r r i r  en  n u e s tr o  pa is  de  4 a 5 a ñ o s .  D u 
rante e ste  p e r io d o  de t ie m p o ,  en  la  z o n a  de in fluencia  de la  c e n tra l  de 
b e r á n  l l e v a r s e  a c a b o ,  b a s á n d o s e  en  las c a r a c t e r í s t i c a s  m e t e o r o l ó g i 
c a s ,  t o p o g r á f i c a s ,  h id r o ló g i c a s  y  d e m o g r á f i c a s ,  e s tu d io s  que c o n d u z 
ca n  a 1 a :
— D e te r m in a c ió n  de  lo s  r a d i o n ú c l i d o s , c a m in o s  y  g r u p o s  de  p ob la

c ió n  que p u ed an  s e r  c o n s i d e r a d o s  c r í t i c o s  c o m o  c o n s e c u e n c i a  de 
la  ex p lo ta c ión  de la  c e n tra l  n u c l e a r .

— P la n i f ica c ió n  de un s i s te m a  de v ig i lan c ia  de  la  rad ia ct iv id ad  am 
biental .

— D e te r m in a c ió n  de  lo s  n iv e le s  de fon d o  de la  rad ia ct iv idad  a m 
biental en  lo s  lu g a r e s  f i jad os  en el p la n .

— E s t im a c ió n  de  la s  d o s i s  e x te r n a s  o in tern a s  que  lo s  g r u p o s  c r í
t i c o s  de  p o b la c ió n  v a n  a s o p o r t a r .

3. 2. C r i t e r io s  p o s t - o p e r a c io n a le s

A  lo  la r g o  de  la  v id a  de la  c e n tra l  y  fu n d á n d o se  en  el plan de 
v ig i lan c ia  rad ia ct iv a  a d op tad o ,  l o s  c r i t e r i o s  a s e g u ir  s e r á n :
— D e te r m in a c ió n  de lo s  r a d io n ú c l id o s  de lo s  r e s i d u o s  r a d ia c t iv o s

en s u s  puntos de  e m is ió n .
— M ed id a  de lo s  n iv e le s  de e x p o s i c i ó n  a la r a d ia c ió n  e x te r n a  en

lo s  lu g a r e s  m á s  r e p r e s e n t a t iv o s  d e te rm in a d o s  en  el plan de  vigilan 
c i  a de la  ra d ia c t iv id a d .

— D e te r m in a c ió n  de lo s  n iv e le s  de  con tam in a c ión  de  la s  m u e s t r a s
r e p r e s e n t a t iv a s  c o r r e s p o n d ie n t e s  a lo s  e s la b o n e s  m á s  c a r a c t e r í s t i  
e o s  de la s  c a d e n a s  o c a m in o s  c r í t i c o s  e s t a b le c id o s .

— C o n o c im ie n to  del e s ta d o  de  contam in a c ión  de l o s  indiv iduos  de 
la  p o b la c ió n  c r í t i c a .
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D e te r m in a c ió n  de lo s  n iv e le s  de e x p o s i c i ó n  y  de  la s  d o s i s  a la 
p o b l a c i ó n .

C o r r e c c i ó n  del plan de  v ig i lan c ia  r a d ia c t iv a  a la  luz de la  e x p e  
r ie n c ia  y  r e s u l ta d o s  que s e  v an  o b te n ie n d o .

4 .  N O R M A T I V A

C o n  el fin de  que p u e d a  c u m p lim e n ta rse  ad ecu a d a m e n te  el fin 
p e r s e g u id o  c o n  lo s  c r i t e r i o s  e x p u e s to s  a n te r io r m e n te ,  s e  e s ta b le c e n  
n o r m a s  que  tienen p o r  ob je to  f i jar  las  b a s e s  que p erm itan  h a c e r  c o m 
p a r a b le s  lo s  r e s u l ta d o s  ob te n id o s  p a r a  l o s  distintos e m p la za m ie n to s  y  
h a c e r ,  en  lo p o s ib le ,  rut inario  el p r o c e s o  estimativo de la s  d o s i s ,  que 
e s  el ob jetivo  e s e n c ia l  y  último del s i s te m a  de v ig i la n c ia .

4.1. No r m a s  p r e - o p e r a c io n a l e s

D u ra n te  el p e r io d o  p r e v i o  a la in ic ia c ió n  de la s  o b r a s  del e m 
plazam iento  y  en  la  fa s e  de c o n s t r u c c i ó n  de  la  c e n t ra l  y  p a r a  cum pli
m en ta r  lo s  c r i t e r i o s  d a d o s  s e  e s t a b le c e  que :
a) P a r a  la  d e te rm in a c ió n  de  lo s  p o s ib le s  r a d io n ú c l i d o s , c a m in o s

y  g r u p o s  de p o b la c ió n  c r í t i c o s ,  s e  s iga n  las  n o r m a s  ex is ten tes  en
la s  p u b l i c a c io n e s  al r e s p e c t o  del O I E A .  y  C I P R  y  la s  r e c o m e n d a  
das  p o r  la  A d m in is t r a c ió n  de  algunos p a ís e s  p a r a  lo s  que este  
p r o b le m a  no e s  n u e v o .

b )  R e s p e c t o  a la  p lan if icac ión  de un s is te m a  de  v ig i lan c ia  s e  d e ter  
m inen  :
— tipos de d e t e c t o r e s  de r a d ia c ió n  que van  a s e r  e m p le a d o s  de 

a c u e r d o  c o n  la  actividad y  c la s e  de r a d ia c ió n  que s e  e s p e r a  
m e d ir  c o n  e l lo s ,

— lu g a r e s  en  d o n d e  ta les  d e t e c t o r e s  v a n  a s e r  c o l o c a d o s  de  a c u e r  
do c o n  las  c a r a c t e r í s t i c a s  d e m o g r á f i c a s ,  h id r o l ó g i c a s ,  m e t e o r o  
ló g i c a s  y  t o p o g r á f i c a s  de  lo s  e m p la za m ie n to s ,

— f r e c u e n c ia  de la s  le c tu r a s  de lo s  d e t e c t o r e s ,
— p r o c e s o  n u m é r i c o  al que s e  s o m e te r á n  las  m e d id a s  p a r a  o b te 

n e r  v a l o r e s  que c o n d u z c a n  a e s t im a r  el g r a d o  de i r r a d ia c ió n  o 
c o n t a m in a c ió n .

c )  P a r a  la  d e te rm in a c ió n  de la  rad ia ct iv id ad  ambiental s e  hagan  
anális is  de la  actividad e s ta c io n a l  en  la  z o n a  de in fluenc ia  de  la  
c e n t ra l  c o n  r e s p e c t o  a:
— lo s  c u l t iv o s . que en  ella  s e  p r o d u z c a n ,
— lo s  m a te r ia le s  que constituyen  la  c o r t e z a  t e r r e s t r e ,
— lo s  an im ales que  v iv e n  en  la  z o n a  o que s e  alimentan c o n  p r o 

d u cto s  que p r o c e d e n  de la  m ism a ,
— el ambiente a t m o s fé r i c o ,
— las  aguas tanto s u p e r f i c ia le s  c o m o  fr e á t i ca s  que p u ed an  de  algu 

na f o r m a  c o n t a m in a r s e  p o r  lo s  r e s i d u o s  de la  c e n tra l  y  que 
se a n  u tilizadas p a r a  r e g a d í o ,  b e b id a ,  e t c ,

— la  ñ o r a ,  fauna y  l im os  de ta les  a g u a s ,
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— lo s  r a d io n ú c l id o s  p r e s e n t e s  en el o r g a n is m o  h u m an o ,  s i e m p r e  
que su  d e te rm in a c ió n  s e a  p o s ib le .

d) P a r a  la  e s t im a ción  de las  d o s is  que e s to s  g r u p o s  c r í t i c o s  de
p o b la c ió n  v a n  a s o p o r t a r ,  la s  distintas c o m p a ñ í a s  e x p lo ta d o ra s  
p u e d e n  e m p le a r  lo s  m o d e lo s  de  c á lc u lo  que est im en  o p o r t u n o s ,  pe  
r o  h a b rá n  de  utilizar en lo s  m is m o s  lo s  p a r á m e t r o s  p r o p io s  del 
em p la za m ie n to ,  s i e m p r e  que s e a  p o s ib l e ;  en c a s o  c o n t r a r i o ,  se  
ju s t i f ica rá  con ve n ie n te m e n te  la  a p l ica c ió n  de lo s  c o r r e s p o n d ie n t e s  a 
o t r o s  e m p la z a m ie n to s .

4 . 2 .  N o rm a s  p o s t - o p e ra c io n a le s

L a s  n o r m a s  que han de t e n e r s e  en cuen ta  durante  la  ex p lo ta 
c ión  de  la cen tra l  p a r a  cu m plim entar  lo s  c r i t e r i o s  e s t a b le c id o s  en esta  
fa s e  están  r e la c io n a d a s  c o n :
a) L o s  análisis de la s  m u e s t r a s  r e p r e s e n t a t iv a s  de? lo s  r e s i d u o s  

e m it id os ,  en cuanto  se. r e f i e r e  a:
— continuidad o p e r io d ic id a d ,  s e g ú n  las  e m is io n e s ,
— d eterm in a c ión  de la  actividad total y  su c o m p o s i c i ó n  cualitativa o 

e s p e c i f i c a c ió n  de lo s  r a d io n ú c l id o s  c u y a  c o m p o s i c i ó n  cuantitativa 
e s  n e c e s a r i o  d e t e r m in a r ;  e s ta d o  f í s i c o  y  q u ím ic o  en  que  s e  en 
cu en tran  lo s  c o m p o n e n t e s  m á s  im p o rta n te s .

b )  In sta la c ión  en  las  z o n a s  m á s  c a r a c t e r í s t i c a s ,  seg ú n  el estudio
p r e v i o  del plan de v ig i la n c ia ,  de lo s  d e t e c to r e s  n e c e s a r i o s  p a r a  e s  
t im ar lo s  n ive les  de  e x p o s i c i ó n  a la  ra d ia c ió n  e x te r n a  c o r r e s p o n 
dientes a c a d a  z o n a .

c )  A n á l is i s  p e r i ó d i c o s  que perm itan  p o n e r  en e v id e n c ia ,  en  c a d a  
uno de lo s  e s la b o n e s  m á s  c a r a c t e r í s t i c o s  de lo s  ca m in o s  o c a d e 
nas  c r í t i c a s  de e x p o s i c i ó n ,  el e fe c to  de  lo s  efluentes 'em itidos p o r  
la' cen tra l  en r e la c ió n  c o n  lo s  r a d io n ú c l id o s  q u e ,  se g ú n  las  c i r 
c u n s ta n c ia s ,  s e  definan c o m o  c r í t i c o s  fundam enta les , '  p a r a  e s t im a r  
lo s  n ive les  de  e x p o s i c i ó n  que de e l lo s  s e  d e r iv a n .

d) V ig i la n c ia  m é d ic a  y  d e t e r m in a c io n e s  de lo s  n ive les  de contam ina
c ió n  in terna  de in d iv idu os  p e r te n e c ie n te s  a lo s  g r u p o s  c r í t i c o s  e s 
t a b le c id o s ,  c o n  el fin de d e d u c i r  la  in c id e n c ia  s o b r e  el o r g a n is m o  
de  lo s  r a d io n ú c l id o s  a b s o r b i d o s .

e )  P r o c e s a m i e n t o  de lo s  datos o b te n id o s ,  p o r  el s i s te m a  de vigilan
c ia  de  lo s  n iv e le s  de  e x p o s i c i ó n  e x te r n a  y  lo s  análisis de  la s  m u e s  
t r a s  c ita d as ,  p a r a  c o m p a r a r  lo s  r e su lta d o s  o b ten id os  c o n  lo s  te ó r i  
e o s  c a lc u la d o s  y  p o d e r  d e d u c i r  la s  d o s i s  tota les r e c ib id a s  p o r  la 
p o b la c ió n  c r í t i c a ,  l o s  r i e s g o s  r e a l e s  d e r iv a d o s  del funcionam iento  
de la  C e n tr a l  y  la  n e c e s id a d  de  in tr o d u c ir  m o d i f i c a c io n e s  en  lo s  l í  
m ites  de  e v a c u a c ió n  de  efluentes y  en  lo s  s i s te m a s  de v ig i la n c ia  de 
la  rad ia ct iv id ad .

A u n q u e  lo s  c r i t e r i o s  p r e - o p e r a c i o n a l e s  no lo in d ican ,  dado el in 
t e r é s  p o r  la  in fluencia  s o b r e  el m ed io  am biente ,  s e  in c luye  la  c o n v e 
n ie n c ia  de to m a r  tam bién  m u e s t r a s  de e lem e n to s  que no están  inclu idas 
en  lo s  c a m in o s  c r í t i c o s ,  c o n  el fin de  p r o c e d e r  a su  estudio  sistemáti 
с о  y  d e d u c i r ,  a lo la r g o  del t ie m p o ,  su g r a d o  de contam in a c ión  y  lo s  
e f e c t o s  de  la  i r r a d ia c ió n  d e r iv a d a  del funcionam iento  de  la  C e n tr a l .
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4 . 3 .  N o rm a s  a d m in i s t r a t iv a s

A  fin de  que la s  au tor ida des  co m p e te n te s  de la  A d m in is t ra c ió n ,  
en  m a te r ia  de p r o t e c c i ó n  r a d io l ó g i c a ,  e s tén  in fo rm a d a s  de  lo s  e fe c to s  
que  la  ex p lo ta c ió n  d e  u n a  c e n t ra l  t iene s o b r e  el m e d io  am biente ,  c a d a  
s e m e s t r e  s e  rem iten  a la  Junta de E n e r g í a  N u c l e a r :
— lo s  r e su lta d o s  ob te n id o s  del análisis de  la s  m u e s t r a s  de efluentes 

to m a d a s  en  lo s  puntos de e m is ió n ,  •
— lo s  da tos  m e t e o r o l ó g i c o s ,
— lo s  da tos  h i d r o g r á f i c o s ,
— las  m e d id a s  o b ten id as  en  lo s  distintos ap a ra to s  de  la  r e d  de  v ig i 

la n c ia  de la rad ia ct iv idad  a t m o s fé r i c a ,
— la s  m ed id as  o b ten id as  en  el análisis de las  m u e s t r a s  de  f l o r a ,  fau 

n a ,  agua y  l im o ,
— las  e s t im a c io n e s  de  las  d o s i s  a la  p o b la c ió n .

5 .  P R O C E S O  N U M E R I C O

S i  bien  el r e g la m e n to  en  estudio  e x ig i r á  a l o s  e x p lo t a d o r e s  de 
la s  c e n t r a le s  n u c l e a r e s  una e s t im a c ió n  de la s  d o s i s  r e c ib id a s  p o r  la 
p o b la c ió n ,  la  A d m in is t r a c ió n ,  a t r a v é s  de la  Junta de E n e r g í a  N u c l e a r ,  
e v a lu a r á  de n u ev o  e s ta s  d o s i s  c o n  lo s  da tos  su m in is tra d o s  p o r  el exp ío  
t a d o r ,  c o m p le ta d o s  c o n  o t r a s  m e d id a s  que est im e o p o r tu n o  h a c e r .

A c tu a lm e n te ,  en  la  J E N ,  s e  d is p o n e  fundam entalm ente de t r e s  
c ó d ig o s  de cá lcu lo  en  m a te r ia  de  p r o t e c c i ó n  r a d io l ó g i c a ,  c u y a  finalidad 
e s  la  e s t im a ción  de  la s  d o s i s  a la p o b la c ió n .  A. c ont inu ac ión  h a c e m o s  
u na b r e v e  d e s c r ip c i ó n  de lo s  m i s m o s .

E S D O R A . -  E s  un c ó d ig o  b a s a d o  en m o d e lo s  m a te m á t ico s  c lá 
s i c o s  y  que c a lc u la ,  en  func ión  de ,1a p o te n c ia  de func ionam iento  del 
r e a c t o r ,  la  cantidad de p r o d u c t o s  r a d ia c t iv o s  que s e  fo r m a n  a lo l a r 
go  del t ie m p o .

C o n  lo s  p a r á m e t r o s  s a c a d o s  de la s  e s p e c i f i c a c i o n e s  t é c n i c a s  y  
d e  d is e ñ o  de  la  c e n t ra l  s e  d eterm inan  la s  c a n t id a d e s ,  de  e s t o s  p r o d u c  
tos  r a d ia c t iv o s ,  que qu edan  co n f in a d o s  en  lo s  ed i f ic io s  de  la  m ism a  o 
que s e  l ib e ra n  a ia  a tm ó s fe r a  a t r a v é s  de  lo s  distintos s i s te m a s  de v en  
til a c i ó n .

S o m e t id o s  e s t o s  p r o d u c t o s  a la  d i s p e r s ió n  a t m o s fé r i c a ,  se g ú n  
lo s  da tos  m e t e o r o l ó g i c o s  d a d o s  p o r  la  t o r r e  m e t e o r o l ó g i c a  insta lada  (o  
bien e m p lean d o  lo s  v a l o r e s  de  la d i s p e r s ió n  h o r izon ta l  y  v e r t i c a l  o y ,c r z  
se g ú n  la s  c a t e g o r í a s  de estab ilidad  de P a s q u i l l ) ,  s e  determ inan  las  
c o n c e n t r a c i o n e s  am bienta les  en  el a ire  y  en  el t e r r e n o  ( p r o d u c id a  p o r  
la  p r e c ip i ta c ió n  de  l o s  r a d io n ú c l id o s  s o b r e  el m is m o )  p o r  s e c t o r e s  y  
en func ión  de la  d is ta n c ia .

D efin ido  un tipo de individuo en cuanto  a su  m e ta b o l ism o  y  c o n s  
titución o r g á n i c a ,  el c ó d ig o  d e te rm in a  las  d o s is  in tern a s  p o r  inha lación  
de a ire  contam inado  y  las  d o s i s  e x te r n a s  p o r  in m e r s ió n  en  la  nube r a  
d iactiva  y  p o r  e fe c to  de  la  co n tam in a c ión  su p e r f ic ia l  del s u e l o .
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E s t e  m ism o  c ó d ig o  n o s  perm ite  d e d u c i r  l o s  lu g a r e s  d o n d e  m a 
y o r  r i e s g o  de i r r a d ia c ió n  y  contam in a c ión  p u e d e  e x is t ir  y ,  en  c o n s e 
c u e n c ia ,  d e te rm in a r  la s  z o n a s  donde d e b e n  c o l o c a r s e  lo s  e q u ip o s  c o 
r r e s p o n d ie n t e s  al plan de v ig i lan c ia  de la  rad ia ct iv id ad .

E V A R I S T O . -  E s  un c ó d ig o  p r e p a r a d o  p a r a  el c á lc u lo  de  d o 
s i s  a t r a v é s  de c a m in o s  c r í t i c o s .  D a d a  la  fuente contam inante ,  s igue  
a lo s  r a d io n ú c l id o s  a t r a v é s  de lo s  distintos e s la b o n e s  que constituyen  
el c a m in o  c r í t i c o ,  h asta  l l e g a r  al in d iv id u o .  E n  e s te  c ó d ig o ,  c a s i  t o d o s  
lo s  da tos  de las fu n c io n e s  de t r a n s f e r e n c ia  del m ed io  a lo s  d istintos e s  
la b o n e s  del cam in o  c r í t i c o ,  el com p o r ta m ie n to  de lo s  m is m o s  en  e l lo s ,  
e t c .  , s o n  bastan tes  d u d o s o s  y  e s p e r a m o s  q u e ,  c o n  la, in fo rm a c ió n  de 
o t r o s  a u to re s  y  n u e s tr o  p r o p io  e s f u e r z o ,  p o d a m o s  d e te rm in a r lo s  de 
m a n e r a  a ce p ta b le .

U n a  v e z  que  lo s  r a d io n ú c l id o s  l le g a n ,  a t r a v é s  del ca m in o  c r í  
t i c o ,  al individuo y  s e  ha deñnido  éste  o r g á n ic a m e n t e ,  s e  determ inan  
la s  d o s i s  in ternas a que dan lu g a r .

C O N C O R R . -  B a s a d o  en  m o d e lo s  de difusión  en  c o r r i e n t e s  l í 
q u id a s ,  d e term in a ,  en  func ión  de la  d is ta n c ia ,  ca u d a l ,  v e lo c id a d  y  c o e  
f ic ien tes  de  d i s p e r s ió n ,  las  c o n c e n t r a c i o n e s  de lo s  r a d io n ú c l id o s  vert i  , 
d o s  en  la  c o r r ie n t e  de  f o r m a  c o n t in u a  o en p e r i o d o s  de c o r t a  d u r a 
c ión  ,

. C o n  el v a l o r  de la  c o n c e n t r a c i ó n  s e  determ inan  la s  d o s i s  inter 
n as  a la p o b la c ió n  p o r  in gestión  de agu a ,  y  las  d o s i s  e x te r n a s  que 
p u e d e n  s e r  r e c ib id a s  p o r  lo s  que utilizan el agua c o m o  m ed io  r e c r e a t i  
v o  ( b a ñ o ,  p e s c a ,  etc .  ).

A ctu a lm en te  s e  t iene el c ó d ig o  en  es ta d o  de am p lia c ión ,  a fin de 
d e te rm in a r  la co n tam in a c ión  p r o d u c id a  en  la  v e g e t a c ió n  cult ivada  que se  
r i e g a  c o n  las agu as  de  lo s  r í o s  p o r t a d o r e s  de ef luentes  r a d ia c t iv o s  y 
en  la  f l o r a  y  fauna de lo s  m i s m o s .

6 .  C O N C L U S I O N .

D a d o  el p r o g r a m a  n u c le a r  p lanteado en n u e s tr o  p a ís ,  18 em p la  
za m ie n to s  c o n  24 u n id a d e s  y  una  p o te n c ia  de ap ro x im a d a m e n te  22 000 
M1/V(e) en  el p e r io d o  de lo s  10 añ os  p r ó x i m o s ,  la  A d m in is t r a c ió n ,  a t r a  
v é s  de la  J E N ,  tom ó  c o n c ie n c ia  de la  n e c e s id a d  de im p o n e r  un s i s 
tem a  a d e cu a d o  de v ig i la n c ia  a l r e d e d o r  de e l la s ,  p a r a  te n e r  una  e s t i 
m a c ió n  aceptab le  de  las  d o s i s  que las  p o b la c io n e s  a fec ta d as  p u ed en  
r e c i b i r  y  a s e g u r a r s e  de  que s e  m antengan  no s ó lo  en  v a l o r e s  in fer ió  
r e s  a lo s  e s t a b le c id o s  c o m o  no p e l i g r o s o s ,  d e s d e  el punto de v is ta  de 
la  p r o t e c c i ó n  r a d io l ó g i c a ,  se g ú n  las  r e c o m e n d a c i o n e s  de la CIPR y  
o t r o s  o r g a n i s m o s  in te rn a c ion a les ,  si no tam bién  en v a l o r e s  que  c o n t r i 
bu yan  en  un p o r c e n ta je  p e q u e ñ o  a la  e l e v a c ió n  de la  d o s is  n o rm a lm e n  
te r e c ib id a  a c a u s a  del fon do  rad ia ct iv o  natura l ,  de a c u e r d o  c o n  las 
n o r m a s  e s ta b le c id a s  p o r  o t r o s  p a ís e s  m á s  d e s a r r o l l a d o s  y  c o n  m a y o r  
in v e s t ig a c ió n  b á s i c a  y  t e c n o ló g i c a .
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D I S C U S S I O N

P .  SLIZEW ICZ: Could you give a  few m o r e  d e ta i l s  r e g a r d in g  the 
p r e - o p e r a t i o n a l  m e a s u r e m e n t s  you r e f e r r e d  to?

F .  DÍAZ DE LA CRUZ: In the  o r a l  p r e s e n ta t io n  I could only give the
b a s ic  c o n s id e ra t io n s  u nder ly ing  the  p r e - o p e r a t i o n a l  m e a s u r e m e n t s  for  the 
su r v e i l la n c e  of e n v i ro n m e n ta l  r a d io a c t iv i ty .  Section  4.1 of the  p r in te d  p a p e r  
in d ic a te s  the in s t ru c t io n s  which a r e  g iven to the n u c l e a r  pow er  s ta t ion  
o p e r a to r .  T h ese  in s t ru c t io n s  r e l a t e  m a in ly  to n a tu r a l  r a d ia t io n  background  
m e a s u r e m e n t s  and the p r e p a ra t io n  of a s y s t e m  of r a d io a c t iv i ty  su r v e i l la n c e ,  
tak ing  into accoun t the  d e m o g ra p h ic ,  h y d ro lo g ic a l  and m e te o r o lo g ic a l  con 
d it ions  of the s i te .

i
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Abstract-Résumé

PREDICTION OF THE RADIOLOGICAL CONSEQUENCES -  ON A REGIONAL SCALE -  OF NORMAL WASTE 
DISPOSAL FROM NUCLEAR FACILITIES.

With the expansion of nuclear power generation and the increasing number of possible sites for new 
facilities, especially near existing sites or national frontiers, the method for evaluating the radiological 
consequences of the normal operation of nuclear facilities is bound to need further refinement. The concept of 
*dose received by the critical group* is being supplemented by the concept of ‘ collective dose*, which combines 
the exposures of the different population groups involved and serves as a basis for damage evaluation. The 
authors examine several criteria, in particular that relating to the extent of the affected zones and the number 
of persons exposed. Individual and collective doses as a function of distance from the source are compared for 
several typical situations. The result brings out both the advantages and the limitations of the collective dose 
concept. The authors then consider the diversity of the characteristics of the environment and the populations 
liable to be affected directly or indirectly by contamination of the environment or of foodstuffs following 
the disposal of waste from one or more facilities. By expressing the exposure of a population in terms of 
collective dose per unit amount of discharged activity, it is possible to delimit zones of relative hazardousness 
with respect to possible sites. This approach necessitates general studies (such as the compilation of basic data), 
which would also be useful in evaluating the consequences of non-radioactive discharges and which should be 
carried out on the basis of regional or international collaboration.

PREVISION DES CONSEQUENCES RADIOLOGIQUES DES REJETS NORMAUX D'INSTALLATIONS NUCLEAIRES A
L’ ECHELLE REGIONALE.

La méthode d’évaluation des conséquences radiologiques du fonctionnement normal des installations 
nucléaires est appelée à évoluer, en raison du développement de l ’ énergie nucléaire et de la multiplication des 
sites d’ implantation possibles des nouvelles installations, notamment à proximité de celles déjà existantes ou de 
frontières nationales. Au concept de la dose délivrée au groupe critique vient se superposer la notion de dose 
collective, qui intègre les expositions des différents groupes de population concernés et sert de base à 1* évaluation 
du détriment. Plusieurs critères sont examinés, en premier lieu celui de l ’ étendue des zones concernées et du 
nombre de personnes exposées. L*évolution des doses individuelles e t collectives en fonction de la distance à la 
source, dans plusieurs situations types, est comparée. Le résultat montre à la fois l ’ intérêt et les limites de 
validité du concept de dose collective. L’ examen de ce premier critère est complété par celui de la diversité 
des caractéristiques de l ’environnement et des populations susceptibles d’être exposées directement ou indirec
tement à là contamination du milieu ambiant ou des denrées alimentaires consécutive aux rejets d’une ou de 
plusieurs sources. L’expression de l ’exposition des populations en termes de dose collective par quantité unitaire 
d’activité rejetée permet la délimitation de zones de risques relatifs par rapport aux points d’ implantation 
possibles. Elle nécessite des études générales (telles que l ’ inventaire de données de base), utiles aussi à 
l’ évaluation des conséquences de rejets non radioactifs, et qui devraient être réalisées dans le cadre de collabora
tions régionales ou internationales.*
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L a m éthode  d 'é v a lu a t io n  des  co n séquences  r a d io lo g iq u es  du fonctionne
m e n t  n o r m a l  des  in s ta l l a t io n s  n u c l é a i r e s  e s t  appe lée  à év o lu e r ,  en r a i s o n  du 
déve loppem en t de l ' é n e r g i e  n u c l é a i r e  et de la  m u l t ip l ic a t io n  des  s i t e s  d ' i m 
p lan ta t ion  p o s s ib le s  des  nouve l les  in s ta l l a t io n s ,  no ta m m e n t  à p ro x im i té  de 
c e l l e s  d é jà  e x i s ta n te s  ou de f o n t iè re s  n a t io n a les .

L 'a p p l ic a t io n  de la  re c o m m a n d a t io n  « a s  low as r e a d i ly  ach ievab le»  fait 
qu 'au  concept de la  dose  d é l iv ré e  au g roupe  c r i t iq u e  v ien t se  s u p e r p o s e r  la  
no tion  de dose  co l lec t iv e ,  qui in tè g re  le s  expos it ions  des d i f fé re n ts  g ro u p es  
de popula tion  c o n c e rn é s  e t  s e r t  de b a s e  à l 'é v a lu a t io n  du d é t r im e n t .

L 'e x a m e n  de c r i t è r e s  c o m p lé m e n ta i r e s ,  s u r  une b a s e  ré g io n a le  p lus 
é l a r g ie ,  a p p a ra î t  in d isp en sa b le  et,  dans c e r t a in s  c a s ,  p o u r ra i t  im p l iq u e r  la  
n é c e s s i t é  d 'une  co o p é ra t io n  in te rn a t io n a le  au s ta d e  des  p ro je t s .

Un p r e m i e r  c r i t è r e  e s t  l 'é te n d u e  des  zones i n t é r e s s é e s  et le  n o m b re  de 
p e r s o n n e s  exp o sée s .  Un a u t re  souvent évoqué e s t  la  su p e rp o s i t io n  des  r e j e t s  
p ro v en a n t  de d i f fé ren te s  s o u r c e s  plus ou m o in s  p ro c h e s  le s  unes des  a u t r e s ;  
on peut y a jo u te r  l 'a u g m e n ta t io n  des  quan t i té s  é m is e s  de r a d io é lé m e n ts  
r é s u l t a n t  de la  tendance  à g ro u p e r  le s  in s ta l la t io n s  n u c l é a i r e s  s u r  un m ê m e  
s i te ;  i l  y a a in s i  double s u p e rp o s i t io n :  p lu s i e u r s  s o u r c e s ,  p lu s i e u r s  rad io -  
n u c lé id e s  [1].  Un a u t r e  en c o re  e s t  la  v a r ia b i l i t é  rég io n a le  des conditions 
de t r a n s f e r t  ou d 'a c c u m u la t io n  des  r a d io n u c lé id e s  dans  le  m i l ie u  e t  chez 
l 'h o m m e ,  su sc e p t ib le  de m o d if ie r  le s  p a r a m è t r e s  d 'év a lu a t io n  des  d o ses  à 
p a r t i r  des  c o n c e n t ra t io n s  dans le m i l ie u  am bian t .  P o u r  tou te s  ce s  r a i s o n s  
il  e s t  n é c e s s a i r e  de p r o c é d e r  à l 'a n a ly s e  des conséq u e n ces  rad io lo g iq u es  du 
fonc tionnem en t des  in s ta l la t io n s  s u r  une b a s e  r é g io n a le ,  se lon  d if fé ren ts  
c r i t è r e s .

1. ETENDUE DES ZONES CONCERNEES E T  NOMBRE DE
PERSONNES EXPOSEES

E n cas  de r e j e t  d 'un  p ro d u it  de f i s s io n  gazeux  p a r  une ch em in ée  de 
h a u te u r  hypothé tique h (m), le  ca lc u l  p e r m e t  d 'é v a lu e r  dans d i f fé re n ts  cas  
le s  c o n c e n t ra t io n s  a tm o sp h é r iq u e s  m oy e n n es  en  d iv e rs  s e c t e u r s  de la  ré g io n  
env iro n n a n te ,  à des  d i s t a n c e s  x du point de r e j e t  et en tenan t com pte  de la  
d i s p e r s io n  t r a n s v e r s a l e  à l 'a x e  du panache .  C es co n c e n t ra t io n s  peuvent ê t r e  
r e p r é s e n t é e s  g rap h iq u e m en t ,  e t  e x p r im é e s  en  f ra c t io n  de la  co n c en t ra t io n  
m a x im a le ,  ce qui donne une bonne im age  des  r i s q u e s  ind iv iduels  r e l a t i f s ,  
p ro p o r t io n n e ls  aux c o n c e n t ra t io n s  a tm o s p h é r iq u e s  p a r  le  jeu d 'un  c e r t a in  
n o m b re  de p a r a m è t r e s  de c o n v e rs io n .  N o tam m en t ,  l e s  d o se s  aux individus 
su s c e p t ib le s  d ' ê t r e  le s  p lu s  ex p o sés  peuvent a in s i  ê t r e  éva lu é es .  M a is  le  
r i s q u e  ind iv iduel  n ' e s t  pas  le s e u l  à  c o n s id é r e r  : avec l 'é lo ig n e m e n t  du s i te  
le s  c o n c e n t ra t io n s  d im inuen t m a i s  l 'é ten d u e  des  zones  c o n tam in ée s  augm ente  
e t ,  à  d en s i té  de popula tion  ég a le ,  le  n o m b re  de p e r s o n n e s  c o n c e rn é e s  va  
c r o i s s a n t  [2] . Ce c r i t è r e  d 'a c c e p ta b i l i té  du r i s q u e  lié  à  la  dose  c o l lec t iv e  
d e v r a i t  ê t r e  c o n s id é ré  au d é p a r t ,  tan t p o u r  la  p ré v is io n  des  r e j e t s  c o n c e r té s  
r é s u l t a n t  du fonctionnem ent n o r m a l  des  in s ta l la t io n s  que p o u r  c e l le s  des  
r e j e t s  cont inus.

Dans c e s  d if fé ren ts  c a s ,  on peut,  à t i t r e  d 'e x e m p le ,  t e n te r  une app roche  
t r è s  g r o s s i è r e ,  p ou r  une voie d 'a t t e in te  donnée, l ' in h a la t io n ,  c o n c e rn an t  des  
popu la tions  de m ê m e  type et de m ê m e  d en s i té  te l l e s  que des  popula tions 
u r b a in e s ,  de den s i té  m oyenne.

INTRODUCTION



E n ca s  de r e j e t s  b r e f s  a c c id e n te ls  ou en c a s  de r e j e t s  c o n c e r té s ,  les  
zones  a c o n s id é r e r  son t  s i tu e e s  dans la  m ê m e  d i r e c t io n ,  a des  d i s t a n c e s  
v a r ia b le s  du po in t de r e je t .  Soient : C¡ la  co n c e n t ra t io n  m a x im a le  o b s e r 
vab le  dans le l i t  du ven t à  la  d is ta n c e  x, et C j  la  co n c e n t ra t io n  m oyenne  à 
la  m ê m e  d is ta n c e ,  com pte  tenu  de la  d iffus ion  l a té r a l e .

A une d is ta n c e  x ¡ ,  la  d is ta n c e  t r a n s v e r s e  à l 'a x e  du p anache  le  long de 
laquelle  la  co n c e n t ra t io n  r e s t e  s u p é r ie u r e  au 1 /10  de la  co n c e n t ra t io n  m a x i 
m a le  e s t  2 i  ( « l a r g e u r  1 /10  du panache»  ). L 'a i r e  c o m p r i s e  e n t r e  deux
c o u rb e s  s u c c e s s iv e s  d ' i s o c o n c e n t ra t io n  Cj et C i+1 e s t

xi + i
S. = f 2 ü (x) dx (1)

xi

L a co n c e n t ra t io n  m oyenne  dans c e t te  zone ,  C, é tan t  c o m p r i s e  en t re  
Ci+1 et C¡ (Ci+1 < C < C¡), la  dose  c o l lec t iv e ,  e x p r im é e  en h o m m e s - r e m s ,  
p ro p o r t io n n e l le  à l a  co n c e n t ra t io n  a tm o sp h é r iq u e  e t  au n o m b re  de 
p e r s o n n e s ,  e s t

x i  + l

Rj = К  C S = K J C x 2 £ (x) dx (2)
xi

En  ad m e t ta n t  p o u r  s im p l i f i e r  que C = C¡ (ce qui m a jo r e  C), i l  v ien t

R i = K Cj s,
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ou

E¡ = K Cj / 21 (x) dx (3)

et le rap port  entre  le s  d o s e s  c o l l e c t iv e s  dans une zone quelconque et dans 
la zone  de co n cen tra t ion  m a x im a le ,  CQ, toutes c h o s e s  é g a le s  par  a i l le u rs ,  
est  ap p rox im ativem en t

R. C.  S.i ___I  ___I

R o c0 s0

R 0 é tan t  la  d ose  co l lec t iv e  au groupe  c r i t iq u e .
Il  s 'a g i t  donc de d é t e r m in e r ,  en fonction de le u r  d is ta n c e  à  la  so u r c e ,  

le s  a i r e s  des  zones  ex p o sée s  à des  n iveaux  de con tam ina t ion  donnés ,  e x p r i 
m é s  en f ra c t io n s  de la  con tam ina t ion  m oyenne  dans la  zone la  p lus  exposée .  

Du point de r e j e t ,  l a  l a r g e u r  e s t  vue (fig. 1) sous  un angle 0j, t e l  que

qui dépend de la  d u r é e  du r e j e t ,  du te m p s  de t r a n s p o r t  et de la  p e r s i s t a n c e  
du ven t dans la  d i r e c t io n  c o n s id é r é e ,  com pte  tenu  du r e l i e f  e t  des
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FIG. 1» Largeurs des zones exposées à différents niveaux de contamination selon leur distance à la source.

p a r t i c u l a r i t é s  g éog raph iques  de la  r é g io n  [3] . On s a i t  que dans des  con
d i t ions  données ,  ce t  angle diminue avec  la  d is tance .  P o u r  la  p ré v is io n  
de r e j e t s  p ro lo n g é s ,  B e a t t ie  [4] a ch o is i  a r b i t r a i r e m e n t  Sp =30° à 100 m  
et 6p = 15° à 105 m . P o u r  des  r e j e t s  b r e f s ,  on peut r e p r é s e n t e r  la  v a r ia n c e  
Сту p a r  une fonction de p u is s a n c e  de la  d is ta n c e  [3] . On peut a u s s i  d é d u i re  
des  c o u rb e s  e x p é r im e n ta le s  de Le Quinio [5] ,  é ta b l ie s  p ou r  des  é m is s io n s  
con tinues  d 'une  d u ré e  de une h e u re ,  une r e la t io n  de la  fo rm e  i = b x a (avec 
b = l ,0 5  et a =0,84 pour  des v a l e u r s  de x c o m p r i s e s  e n t r e  400 et 16 000m ).  
De a < 1, i l  r é s u l t e  que

. l - a

e s t  une fonction d é c r o i s s a n te  de x.
On peut donc d éd u ire  la  v a le u r  de l i de r é s u l t a t s  ex p é r im e n ta u x  indiquant 

SL ou 0, su ivan t le s  c a s ,  en fonction  de la  d is t a n c e ,  et ,  en donnant à i  (x) une 
e x p r e s s io n  a lg éb r iq u e ,  r é s o u d r e  dans l ' i n t e r v a l l e  où la r e la t io n  e s t  défin ie  
le s  équa tions  (3) et  (4). Avec la  re la t io n  k = b x a, la  so lu t ion  es t

R -  2 K b  - ГRi " 1Г+Т Ci
a + 1 

Ki + 1 ’
a + 1

x.

d 'où

R. _i

Rn

—  v a + l  a +1f" X -  x
i 1 + 1 1

C Y a + 1  Y a + 1
П) x b '  A

la  zone de r é f é r e n c e  e n to u ra n t  le point de  co n c en t ra t io n  m a x im a le  (C0) 
_étant c o m p r i s e  e n t r e  le s  a b s c i s s e s  xA et x B (cho is ies  de te l le  s o r t e  que 
C ¡ /C 0 ~  C i /C max).
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x (m)
FIG. 2. Variation des doses selon la distance, par rapport à la zone de référence (toutes choses égales par 
ailleurs) — Rejet bref; condition F; h= 8 0 m .

FIG.3. Variation des doses selon la distance, par rapport à la zone de référence (toutes choses égales par 
ailleurs) — Rejet prolongé; conditions C-D; h = 80m .
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* ( m )

FIG.4. Variation des doses selon la distance, par rapport à la zone de référence (toutes choses égales par 
ailleurs) — Rejet continu ; conditions pondérées; h = 80 m .

On trouve  e f fec t iv em en t ,  com m e le m o n t re n t  la  f ig u re  2 p o u r  un r e j e t  
b r e f  en condition  F  (se lon  la  c la s s i f i c a t io n  de P a sq u i l l ) ,  e t  la f ig u re  3 p ou r  
un  r e j e t  p ro longé  en condit ions  C -D , le r é s u l t a t  su ivan t : b ien  que le  r a p p o r t  
C¡/Cq des c o n c e n t ra t io n s  a tm o s p h é r iq u e s  au so l  dans l 'a x e  du panache 
d é c r o i s s e  avec la  d is t a n c e ,  le r a p p o r t  des  d o se s  c o l le c t iv e s  R ¡/R 0 dans le  
s e c t e u r  co n c e rn é  c ro î t  à d en s i té  de popula tion  éga le .

En  cas  de r e j e t s  con t inus ,  on o b t ie n d ra i t  un r é s u l t a t  ana logue avec des 
é c a r t s  en c o re  p lus  p ro n o n c e s ,  co m m e le m o n t re n t  le s  f ig u re s  4 et 5, obtenues 
en se  r é f é r a n t  à un m o d è le  de d iffus ion  en  condit ions  a tm o sp h é r iq u e s  pon
d é r é e s  [6] et en supposan t  to u jo u rs  une d en s i té  de popula tion  u n ifo rm e .  L es 
d i s t a n c e s  ind iquées  son t a l o r s  m e s u r é e s  r a d ia le m e n t  à  p a r t i r  de la  so u r c e ,  
d ans  une d i r e c t io n  quelconque.

C es  r é s u l t a t s ,  obtenus dans  le c a s  s im p le  de popula tions hom ogènes  
ex p o sée s  à  une seu le  voie d 'a t t e in te ,  l ' in h a la t io n ,  su g g è re n t  une m éthode
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FIG. 5. Variation des doses selon la distance, par rapport à la zone de référence (toutes choses égales par 
ailleurs) — Rejet continu ; conditions pondérées; h = 30 m.

s im p le  p e r m e t ta n t  d 'é v a lu e r  la  dose  c o l lec t iv e  to ta le  à  p a r t i r  de la  dose  
co l lec t iv e  l im i té e  au g roupe  de popula tion  c r i t iq u e  en vue d 'é v a lu e r  le 
d é t r im e n t  to ta l  c o r re s p o n d a n t .  E l le  n é c e s s i t e r a i t  l 'é v a lu a t io n  des  n iveaux  
de con tam ina t ion  am b ian te  su iv ie  de l 'a n a ly s e  c o m p a ré e  des  d iv e r s e s  vo ies  
de r e j e t ,  des  m o d e s  d 'e x p o s i t io n  e t  d e s  c a r a c t é r i s t i q u e s  p h y s iq u e s  ou dém o 
g rap h iq u e s .  M a is  avan t d 'a b o r d e r  c e t te  an a ly se  il  faut so u l ig n e r  que l ' é v a 
lua tion  des  n iveaux  d 'ex p o s i t io n  des  popula tions e s t  su b o rdonnée  à c e l le  du 
n iveau  de c o n tam in a t io n  du m il ie u  r é c e p te u r  : en  c a s  de r e j e t s  gazeux , 
l 'é v a lu a t io n  e s t  p ra t iq u e m e n t  l im i té e  au dom aine  de va l id i té  des  m o d è le s  de 
d iffus ion ,  dont l ' e x t r a p o la t io n  a u -d e là  des  d is t a n c e s  p ou r  le s q u e l le s  des  
données e x p é r im e n ta le s  ont é té  ob tenues p r é s e n t e r a i t  peu de g a r a n t ie s  et 
a b o u t i r a i t  à  des  r é s u l t a t s  dénués  de s ign if ica t ion ,  tan t  p o u r  le s  d o se s  indivi 
d u e l le s  que pou r  le s  d o se s  c o l le c t iv e s .  C ependant un m o d è le  de diffusion à 
longue d is ta n c e  peu t ê t r e  u t i l i s é  pou r  des  r e j e t s  de d u ré e  l im i té e  [7].

Un s c h é m a  analogue s e r a i t  v a lab le  p ou r  le s  r e j e t s  l iqu ides  d i lu é s  dans 
des  eaux  su sc e p t ib le s  d ' ê t r e  u t i l i s é e s  en  a g r ic u l tu r e .



190 GARNIER et LACOURLY

2. DIVERSITE DES CARACTERISTIQUES PHYSIQUES
OU DEMOGRAPHIQUES

Q u 'i l  s ' a g i s s e  de dose  ind iv iduelle  ou co l le c t iv e ,  l 'é v a lu a t io n  des  con
s é q u en c es  rad io lo g iq u es  du fonc tionnem ent des  in s ta l la t io n s  n u c l é a i r e s  doit 
t e n i r  com pte  des  d i f fé re n te s  v o ie s  de r e j e t  ( a i r ,  eau , sol)  e t  des  d i f fé re n ts  
m o d e s  d 'ex p o s i t io n  ( i r r a d ia t io n  e x te rn e ,  inha la t ion ,  inges tion  d 'ea u  et de 
p ro d u i ts  a l im e n ta i re s ) .

Si le s  zones c o n s id é r é e s ,  le s  unes au v o is in ag e  du s i t e ,  le s  a u t r e s  à 
une c e r t a in e  d is tan c e ,  p r é s e n ta i e n t  des  c a r a c t é r i s t i q u e s  d i f fé re n te s ,  le 
coeff ic ien t  de p ro p o r t io n n a l i té  K de la  r e la t io n  (2) ne s e r a i t  p lus u n ifo rm e .  
C o n s id é ra n t  le r i s q u e  d 'in h a la t io n  p ou r  des  c a té g o r ie s  de population  c o m 
p a r a b le s ,  le r a p p o r t  K ¡/Kg s e r a i t  éga l  au r a p p o r t  des  d e n s i té s  de population . 
D ans d 'a u t r e s  c a s ,  con tam ina t ion  de la  cha îne a l im e n ta i r e  p a r  ex e m p le ,  il 
d e v r a i t  t e n i r  com pte  des  coef f ic ien ts  globaux de t r a n s f e r t  de la  con tam ina t ion  
e n t r e  le s  s o u r c e s  de po llu tion  et l 'h o m m e .

L es  d o ses  co l lec t iv e s  su sc e p t ib le s  d ' ê t r e  r e ç u e s  en d iv e r s  s e c t e u r s  
(x, 0)  d 'une zone c i r c u l a i r e ,  au c e n t r e  de laque l le  se  t ro u v e  une s o u r c e  de 
r e j e t s  gazeux  continus S, s 'e x p r im e n t  p a r

DVI = ) f„Q K  d ( — ) n  h o m m e s  • r e m s  
n  y x V x /  e . x

avec :
fe (sans d im e n s io n s )  : f ré q u en c e  du ven t soufflan t dans la  d i r e c t io n  в 

débit de la  so u rc e

coe ff ic ien t  de diffusion dans le l i t  du vent à la  d is ta n c e  x 
dans le s  conditions m é té o ro lo g iq u e s  c o n s id é r é e s

c o r r e c t io n  due à la  d i s p e r s io n  t r a n s v e r s a l e  de p a r t  et 
d 'a u t r e  de l 'a x e  du panache

coe ff ic ien t  m oyen  de co n v e r s io n  des  co n c e n t ra t io n s  
a tm o sp h é r iq u e s  en d o ses  d ' in h a la t io n  ou d ' in g es t io n  à 
l 'o rg a n e  de r é f é r e n c e ;  ce coeff ic ien t  inc lu t des  f a c te u r s  
te ls  que la  v i t e s s e  a p p a re n te  de dépôt au so l ,  la  f ra c t io n  
de r ad io n u c lé id e  re te n u e  p a r  le s  r é c o l t e s ,  la  p roduc t ion  
ag r ic o le ,  le s  c o n so m m a tio n s  a l im e n ta i r e s ,  l e s  p a r a m è t r e s  
an a tom iques  et physio log iques  de l 'h o m m e

n o m b re  de p e r s o n n e s  ex p o sé e s  p a r  su i te  de la  con tam ina t ion  
du s e c te u r  co n s id é ré .

E n  ca s  de r e j e t s  l iq u id es ,  le  ca lc u l  de la  dose  co l lec t iv e  peu t ê t r e  
effec tué  se lon  le s  m ê m e s  p r in c ip e s ,  m a is  le  s c h é m a  e s t  un peu d i f fé ren t ,  
et p lus  ou m o in s  com plexe  se lo n  l 'u t i l i s a t io n  u l t é r i e u r e  des eaux et le 
r é g im e  des  r i v i è r e s .  P a r  exem ple ,  p ou r  c a lc u le r  le  t r a n s f e r t  dans  des  eaux 
d e s t in é e s  à l ' i r r i g a t io n ,  i l  faut se  r é f é r e r  au déb i t  m oyen  du c o u rs  d 'ea u  
pendant la  s a iso n  de p ro d u c t io n :  il faut donc c o n n a î t r e  le  c a le n d r ie r  des

Q (C i / s )  :

d x( s / m 3)

K y

—( r e m / ( C i / m 3)) : 
x

N0 x (hom m es)
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c u l tu r e s .  D 'a u t r e  p a r t ,  le  coe ff ic ien t  m oyen  de co n v e r s io n  des  c o n c e n t ra 
t ions dans l 'e a u  en équ iva len ts  de d o se  à l 'h o m m e  inc lu t le s  f a c te u r s  de 
t r a n s f e r t  en m i l ie u  aqua tique ,  dont l 'am p l i tu d e  de v a r ia t io n  e s t  t r è s  im p o r 
tan te .  C eci  a u to r i s e  à ad o p te r  des  hypo thèses  s im p l i f i c a t r i c e s ,  p a r  exem ple  
ce l le  d 'u n e  diffusion hom ogène dans la  p o r t io n  du c o u r s  d 'ea u  u t i l i s é e .

En  ce qui co n c e rn e  le s  p e r s o n n e s  ex p o s é e s ,  on peut ê t r e  am en é ,  se lon  
la  n a tu re  du r i s q u e ,  à d i s t in g u e r  p lu s i e u r s  c l a s s e s  d 'â g e s  et à a p p l iq u e r  à 
chacune d 'e n t r e  e l le s  le  coeff ic ien t  de co n v e rs io n  des  a c t iv i té s  en d o se s  D/x. 
a p p r o p r ié  (com m e dans le c a s  b ien  connu de la  dose  à la  th y ro ïd e  des 
n o u r r i s s o n s ) .

C e tte  p r é c i s io n  m is e  à  p a r t ,  le  n o m b re  de p e r s o n n e s  ex p o sée s  e s t  éga l  
en cas  d 'in h a la t io n  à la  popula tion  du s e c te u r  c o n s id é ré .  En  ca s  d ' in g es t io n  
des  p ro d u its  a l im e n ta i r e s  r é c o l t é s  dans  un s e c te u r  so u m is  à  l ' in f luence  de 
r e j e t s  gazeux  ou l iq u id es ,  il en e s t  de m ê m e  s i  l 'o n  adm et l 'h y p o th è se  de 
l 'a u to c o n so m m a tio n  h a b i tu e l le m e n t  r e te n u e  p o u r  le  c a lc u l  de la  dose  à l ' i n d i 
vidu le p lus exposé  du g roupe  c r i t iq u e .  M ais on peut a u s s i ,  é c a r t a n t  ce t te  
hypo thèse ,  c a lc u le r  le  n o m b re  de c o n s o m m a te u r s  en d iv isan t  la  p roduc tion  
p a r  la  c o n s o m m a tio n  ind iv iduelle  m oyenne de chaque p ro d u i t ,  e t  en d éd u ire  
la  co n tr ibu t ion  de c e lu i - c i  à l ' i r r a d i a t i o n  in te rn e  d 'un  g roupe  de popula tion  
p lus  l a rg e  en r a i s o n  de la  c o m m e r c i a l i s a t i o n  et de la  d is t r ib u t io n  des  d e n r é e s  : 
i l  s e  peut que le s  individus ex p o s é s  ne so ien t pas  to u jo u rs  le s  m ê m e s ,  m a is  
que la  popula tion  su sc e p t ib le  d ' ê t r e  c o n c e rn ée  so i t  c e l le  de la  rég io n ,  du 
p ay s ,  ou d 'a u t r e s  r é g io n s  de la  C om m unau té  eu ro p é en n e ,  p a r  exem ple  dans 
le  ca s  des  p ro d u its  l a i t i e r s  (con tam ina tion  a tm o sp h é r iq u e )  ou des  p ro d u its  
i r r i g u é s  (con tam ina tion  du m il ie u  aquatique).  Quoi q u ' i l  en so i t ,  toute con
tam in a t io n  du s e c te u r  c o n s id é ré  a pou r  r é s u l t a t  une c e r t a in e  augm en ta tion  de 
l ' i r r a d i a t i o n  des  popula tions  : l 'é v a lu a t io n  du d é t r im e n t  c o r re s p o n d a n t  co m 
p lé te r a i t  l ' a n a ly s e  des  r i s q u e s  l ié s  au fonctionnem ent des  in s ta l la t io n s  p r o 
je té e s  e t  p o u r r a i t  e n t r e r  en ligne de com pte  dans la. f ixation  des  l im i te s  de 
r e j e t .  C e tte  éva lua t ion  du d é t r im e n t  com plé tan t  c e l le s  des  d o se s  ind iv i
d u e l le s  au g roupe  de population  c r i t iq u e  c o n t r ib u e r a i t  à l ' a p p l ic a t io n  de la  
r e c o m m a n d a t io n  « a s  low as  r e a d i ly  ach ievable» .

3. M U L T IP L IC IT E  DES SOURCES

Un a u t r e  ca s  à e n v i s a g e r  e s t  ce lu i  où la  r é g io n  c o n s id é r é e  s e  t rouve  
sous  l ' in f lu en c e  de p lu s i e u r s  s o u r c e s .

R e je ts  a tm o sp h é r iq u e s

Soient S1( S2 , .  . .  S¡ ce s  s o u r c e s ,  de co o rdonnées  p o la i r e s  , x¡ p a r  
r a p p o r t  au c e n t r e  de la  zone é tud iée .  La dose  co l le c t iv e  e s t  a lo r s

N0 : popula tion  de la  zone é tud iée .
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L a co n c e n t ra t io n  a tm o sp h é r iq u e  r é s u l t a n te ,  p ou r  chaque type de s i tu a t io n  
m é té o ro lo g iq u e ,  e s t

f  (6r) : f ré q u en c e  du vent venan t de la  d i r e c t io n  i

d (x; ) : coeff ic ien t  de d if fus ion  dans le  l i t  du ven t à la  d is ta n c e  x¡ de la

: déb i t  de la  s o u rc e  S.

K(yf ) : c o r r e c t io n  due à la  d i s p e r s io n  t r a n s v e r s a l e  de p a r t  e t  d 'a u t r e  de

L a ré so lu t io n  de ce  p ro b lè m e  com p lex e ,  qui n é c e s s i t e  év id em m en t  
une bonne co n n a is sa n c e  du c l im a t  de la  r é g io n ,  p r é s e n te  un in té r ê t  p a r t i c u l i e r  
dans  le s  zones frontalières.

R e je ts  l iqu ides

Dans l 'h y p o th è se  d 'une  d ilu t ion  hom ogène dans une p o r t io n  d 'u n  c o u rs  
d 'e a u ,  l ' e n s e m b le  de p lu s i e u r s  s o u r c e s  r a p p r o c h é e s  e s t  équ iva len t à une 
se u le  s o u r c e  dont l ' a c t iv i t é  to ta le  s e r a i t  la  so m m e  des  ac t iv i té s  r e s p e c t i v e s ,  
p o u r  chacun  des  r a d io n u c lé id e s  iden tif iés .

CONCLUSION

L es  é lé m e n ts  n é c e s s a i r e s  à  l ' a n a ly s e  p ré v is io n n e l l e  des  co n séquences  
ra d io lo g iq u e s  des  r e j e t s  gazeux  d ' in s ta l la t io n s  n u c l é a i r e s  sont,  tout d 'a b o r d ,  
l e s  données  m é té o ro lo g iq u e s ,  à p a r t i r  d e s q u e l le s  on peut,  m oyennan t c e r 
t a in e s  hypo thèses  s u r  le s  im p lan ta t io n s  p o s s ib le s ,  p r é p a r e r  des  c a r t e s  
d ' i s o c o n c e n t ra t io n s  dans une zone d é te r m in é e  au tou r  des  po in ts  où s 'e f f e c 
tu e ra ie n t  des  r e j e t s  t e m p o r a i r e s  ou p ro lo n g és  de quan t i té s  u n i t a i r e s .  De 
m ê m e ,  le s  données  hyd ro log iques  de toute n a tu re  son t in d is p e n sa b le s  au 
c a lc u l  de la  contamination des  d i f fé re n te s  p a r t i e s  du m il ie u  aquatique .  De 
te l l e s  é tu d es ,  h ab i tu e l lem en t  e f fec tu ée s  p a r  l 'e x p lo i ta n t  au s tade  de l 'a v a n t-  
p r o je t ,  d e v ra ie n t  f a i r e  p a r t i e  d 'é tu d e s  g é n é r a le s  r é a l i s é e s  à l ' é c h e l l e  de 
ré g io n s  à d é l im i t e r  en  l ia iso n  avec le s  a u t r e s  f a c te u r s  du m il ie u  : f a c te u r s  
éco log iques  in f luençant le s  t r a n s f e r t s ,  données d é m o g ra p h iq u es  et 
éc o n o m iq u e s ,  e tc .

L 'e x p r e s s i o n  des r i s q u e s  en  t e r m e s  de d o se s  ind iv iduelles  ou co l le c t iv e s  
p a r  quan t i té  u n i ta i r e  r e j e t é e  ( r e m s  ou h o m m e s  • r e m s  p a r  C i / a n  de d i f fé re n ts  
r a d io n u c lé id e s )  p e r m e t t r a i t  la  d é l im i ta t io n  de zones  de r i s q u e s  r e l a t i f s ,  p a r  
r a p p o r t  aux po in ts  d ' im p la n ta t io n  p o s s ib le s .  C es é tu d e s ,  r é a l i s é e s  dans  le 
c a d r e  d 'u n e  co l la b o ra t io n  ré g io n a le  ou in te rn a t io n a le ,  p r é p a r e r a i e n t  l ' e x a m e n  
u l t é r i e u r  de p r o je t s  p r é c i s  i n t é r e s s a n t  un  ou p lu s i e u r s  E ta t s .  E l le s  p o u r ra ie n t  
a u s s i  c o n s t i tu e r  un point de d é p a r t  u t i le  à l 'é v a lu a t io n  des  c o n séq u e n ces  de 
r e j e t s  non r a d io a c t i f s .

s o u r c e  S.-

l 'a x e  du panache .
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D I S C U S S I O N

K . - J.  VOGT: W ith  r e f e r e n c e  to  F ig s  2 to 5 of y o u r  p a p e r ,  I should like 
to  know w hethe r  the  c r o s s - w in d  d is t r ib u t io n  of the  p lum e — which depends 
on the diffusion c a te g o ry  — has  b ee n  taken  into accoun t in ca lc u la t in g  the 
co l lec t iv e  dose .

A r ie t t e  GARNIER: Yes. It was taken  into accoun t in the a lg e b ra ic  
e x p r e s s io n  g iving the  " 1 /1 0  width of the p lum e"  as  a function  of d is tance .

N. T. M IT C H E LL  (C ha irm an) :  Can you say  anything about m a th e m a t i c a l  
m o d e ls  u se d  fo r  a s s e s s in g  liquid w as te  r e l e a s e s ?

A rle t te  GARNIER: I have done no eva lua t ions  of tha t  kind in the p r e s e n t  
p a p e r .  The th e o r e t i c a l  eva lua tion  fo r  g a s e o u s  r e l e a s e s  w as p r e s e n te d  only 
by way of ex am ple .
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Abstract-Résumé

COST-BENEFIT STUDIES IN THE FIELD OF RADIATION PROTECTION (METHODOLOGICAL ASPECTS).
Cost-benefit analysis is a method of facilitating the decision-making process, which has been employed 

with varying degrees of success in connection with a number of economic and social questions. Regardless of 
where it is employed, it rests on certain general principles and simplifying assumptions. While these principles 
are relatively clear in the case of a commercial enterprise, it being possible to analyse any decision from the 
point of view of its financial consequences (for example, its impact on profits), this is not so when one is dealing 
with a broad question that has implications extending beyond this context. To some extent, radiation protection 
is such a question. Some radiation protection problems can be treated purely in terms of the unit of production 
(for example, a nuclear power station). However, if one does not take into account all the interactions between 
this and other units of production, which are governed by technical, economic and social relationships, one may 
well end by treating decision-making problems in too narrow a manner. At the general level, when formulating 
the problem it is scarcely possible to ignore the existence of groups and institutions,which not only are not 
controlled by the authority responsible for the unit of production but may even be opposed to it; people living 
near the site, workers employed at the site, etc. Regardless of what is included when formulating the problem, 
consideration must also be given to how deeply it is intended to go in the analysis of the consequences of 
possible decisions; one can be more ambitious or less ambitious in describing these consequences and tracing 
the relations of cause and effect. Different levels of ambition will entail different methods of quantification, 
which may range from complete evaluation in monetary terms to simple quantification of the consequences in 
physical terms. The relationships between these methods, which are susceptible of analysis, the difficulties 
involved and the results that may be expected are discussed in general terms and illustrated by an example: 
the radiation protection of workers engaged in uranium ore extraction.

ETUDES COUT-AVANTAGE DANS LE DOMAINE DE LA RADIOPROTECTION (ASPECTS METHODOLOGIQUES).
L’analyse coût-avantage constitue une méthode d ’aide à la décision qui a été utilisée dans différents 

domaines économiques et sociaux avec des succès divers. Indépendamment de son lieu d’application, elle 
s'appuie sur un certain nombre de principes généraux et d’hypothèses simplificatrices. Si ces principes 
apparaissent relativement clairs lorsqu'on se situe au niveau de l ’ entreprise, puisque alors toute décision peut 
être analysée du point de vue de ses conséquences en termes financiers, ou de profit, il n’ en n’ est plus de 
même au niveau d’un problème plus large qui déborderait ce cadre institutionnel. La radioprotection apparaît 
dans une certaine mesure dans cette dernière catégorie. Certains problèmes de radioprotection peuvent être 
connus au niveau de l ’unité de production elle-m êm e (par exemple une centrale) mais, si on ne tient pas 
compte de l ’ensemble des interactions que cette unité entretient avec d’ autres, du fait des dépendances 
techniques, économiques et sociales, on peut être amené à concevoir de fajon trop étroite les problèmes 
décisionnels. Sur un plan général, il paraît difficile de ne pas inclure dans la formulation du problème l’ exis
tence de groupes et d’ institutions extérieures qui non seulement ne sont pas contrôlés par l ’ autorité qui dirige 
la production mais qui peuvent se placer en opposition à celle-ci : riverains des sites utilisés, travailleurs des 
unités de production. Indépendamment de l ’extension physique de l ’analyse au sens oîi on l ’a décrit plus haut, 
une autre dimension devra être également précisée selon l ’approfondissement que l’ on veut donner à l’ analyse 
des conséquences des décisions possibles. On peut être plus ou moins ambitieux dans la description de ces 
conséquences et remonter plus ou moins loin dans leurs réseaux de causalité. A ces différentes ambitions 
correspondront des méthodes de quantification différentes, pouvant aller de la valorisation complète en termes
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monétaires à la simple quantification des conséquences en termes physiques. Les relations qui peuvent être 
analysées entre ces méthodes, leurs difficultés et les résultats qu' on peut en attendre, sont discutés de façon 
générale et illustrés â propos d 'un exemple, celui de la radioprotection des travailleurs dans l'extraction des 
minerais d'uranium.

1. INTRODUCTION

1.1. La pub lica t ion  n° 9 de la  CIPR adoptée le 17 s e p te m b re  1965, dans 
le  p a r a g ra p h e  52, pose  le  p r in c ip e  d 'une  a m é l io ra t io n  des  condit ions  de la  
r a d io p r o te c t io n  dans un s e n s  p lus  la rg e  que ce lu i  de la  défin ition  d 'une  
n o r m e .  « L a  C o m m iss io n  r e c o m m a n d e  d ’é v i t e r  toute expos it ion  inu ti le  e t  de 
m a in te n i r  tou tes  le s  d o se s  aux v a l e u r s  le s  p lus fa ib les  auxque lles  l 'o n  peut 
p a r v e n i r  s a n s  d if f icu lté ,  com pte  tenu des  a s p e c ts  so c iau x  et éc onom iques .»
Le r e c o u r s  aux n o r m e s  co n s t i tu a i t  ju s q u 'à  p r é s e n t  un m oyen  u n iv e r s e l l e m e n t  
ad m is  dans  le dom aine de la  p ro tec t io n .  L es  n o r m e s  p r é s e n te n t ,  en effe t,  
l 'a v a n ta g e  d ' ê t r e  d 'un  u sa g e  s im p le ,  m ê m e  s i  l e u r  déf in i t ion  p ra t iq u e  pose  un 
n o m b re  im p o r ta n t  de p r o b lè m e s  de toute n a tu re .  O r ,  avec  l ' i n t e r p r é t a t i o n  
nouvel le  des  r e c o m m a n d a t io n s ,  l 'a m b ig u i té  in t r in sè q u e  à  la  notion  de n o r m e s  
e t en p a r t i c u l i e r  le  c a r a c t è r e  conven tionne l q u 'e l l e s  p r é s e n te n t  s e m b le  
r é a f f i r m é .  On c o n s id è r e ,  d é s o r m a i s ,  que la  n o rm e  ne r e p r é s e n t e  qu 'une  
l im i te  s u p é r i e u r e  à ne  pas  d é p a s s e r ,  m a i s  q u ' i l  convien t de f a i r e  « m ieu x»  
a u s s i  souvent q u ' i l  e s t  p o s s ib le .  Dans ce nouveau con tex te ,  la  tâ ch e  des 
s e r v i c e s  c h a rg é s  de f a i r e  ap p l iq u er  ce s  p r in c ip e s  se  t ro u v e  s in g u l iè re m e n t  
m od if iée .  E n  effet,  le s  tâ c h e s  q u ' i l s  r e m p l i s s e n t  a c tu e l le m e n t :  m e s u r e s ,  
s u r v e i l l a n c e ,  ac tion  s u r  l e s  ac t iv i té s  n u c l é a i r e s  en vue de f a i r e  r e s p e c t e r  
le s  n o r m e s  p r é c é d e n te s ,  son t  d é s o r m a is  in c lu se s  dans un p r o g r a m m e  plus 
l a rg e .  Ce p r o g ra m m e  v a  n é c e s s a i r e m e n t  d éboucher  s u r  un  c e r t a in  n o m b re  
d ' in te r r o g a t io n s  co n c e rn a n t  le s  r a p p o r t s  qui vont s ' é t a b l i r  e n t r e  le s  con
t r a i n t e s  de p ro te c t io n ,  le s  n é c e s s i t é s  d 'o r d r e  économ ique et l e s  r é a l i t é s  
s o c ia l e s  dans le s q u e l le s  l e s  d é c is io n s  en  ques tion  s ' i n s è r e n t .

C es p ro b lè m e s  ne sont pas  nouveaux. I ls  s e  p o sa ien t  p r é c é d e m m e n t  de 
façon g é n é r a le  au n iveau  de l ' é t a b l i s s e m e n t  des  n o r m e s  e l l e s - m ê m e s .  M a is  
on pouvait  a l o r s  e s p é r e r  le u r  t r o u v e r  une  so lu t ion  s a t i s f a i s a n te  dans  le  c a d r e  
d ' in s t i tu t io n s  in te rn a t io n a le s  et de r é u n io n s  d 'e x p e r t s  dont le s  r e c o m m a n 
dat ions  p r é s e n ta i e n t  un c a r a c t è r e  a s s e z  g ran d  de g é n é r a l i t é  et  r e s ta ie n t  
v a la b le s  s u r  d 'a s s e z  longues p é r io d e s  de te m p s .  Dans la  nouvel le  p e r s p e c t iv e  
qui e s t  t r a c é e ,  c e t te  s i tu a t io n  e s t  l a r g e m e n t  t r a n s f o r m é e .  Si en effe t,  le s  
r e c o m m a n d a t io n s  p r é c é d e n te s  sont a p p l iq u ée s ,  e l le s  im pliquen t une m o d if ic a 
t ion  p r e s q u e  p e rm a n e n te  des  r è g le s  de p ro te c t io n  au n iveau lo c a l  où c e l l e s - c i  
s e ro n t  en v ig u eu r .  En  r e la t io n  avec le s  p r o g r è s  de la  techno log ie  et des  
c o n n a is sa n c e s  s c ien t i f iq u es  d 'une  p a r t ,  e t d 'a u t r e  p a r t ,  s e lo n  la  sp é c i f ic i té  
p r o p r e  à chaque ins t i tu t ion  et à  l 'e n v i ro n n e m e n t  dans lequel  e l le  se  s i tu e  
( sp éc if ic i té  a u s s i  b ien  s u r  le  p la n  techn ique  qu 'économ ique  et so c ia l )  on 
d e v r a  r e d é f in i r ,  ca s  p a r  c a s ,  l e s  r è g l e s  de p ro te c t io n  dans  l ' e s p r i t  des  
r e c o m m a n d a t io n s  p r é c é d e n te s .  Il e s t  év iden t que pou r  o p é r e r  c e t te  ad a p ta 
t ion  p e r m a n e n te ,  i l  dev ien t  non se u le m e n t  n é c e s s a i r e  de pouvo ir  s 'a p p u y e r  
s u r  un r é s e a u  d ' in fo rm a t io n s  t r è s  d é t a i l l é e s ,  m a i s  e n c o re  .il faut pouvo ir  
d i s p o s e r  de p r in c ip e s  d 'a n a ly s e  adéquats  en  vue d 'a b o r d e r  le s  m u l t ip le s  
q u es t io n s  p r a t i q u e s  qui s e ro n t  so u le v é e s  se lon  tou te  v r a is e m b la n c e .

Le r ô le  des  é tudes et des  in fo rm a t io n s  qui p e r m e t t r o n t  d 'o p é r e r  le s  
choix  r e v ê t  donc une  im p o r ta n c e  qui ne c e s s e r a  de s ' a c c r o î t r e .  O r  la
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n é c e s s i t é  d ’une c o n c e r ta t io n  e n t r e  le s  d iv e r s  s p é c ia l i s t e s  de ce s  q u es t io n s  au 
p lan  n a t io n a l  ou in te rn a t io n a l  e s t  a p p a ru e  depuis  f o r t  long tem ps .  E l le  a 
abouti ju s t e m e n t  à la  dé f in i t ion  de po l i t iques  s u r  le s q u e l le s  un c o n s e n su s  
im p o r ta n t  a pu s ' é t a b l i r .  P o u r  que ce d ia logue p u is s e  e x i s t e r  d é s o r m a i s  dans 
le  c a d r e  des  n o uve l les  r e c o m m a n d a t io n s  qu 'on  a év o q u é es ,  i l  s e m b le  n é c e s 
s a i r e  qu 'une d is c u s s io n  s 'e n g a g e  e t  que de nouve l les  f o rm e s  de c o n s e n su s  se  
d e s s in e n t  au n iveau  de la  concep t ion  m ê m e  avec  la q u e l le  peuven t ê t r e  m enées  
de te l l e s  é tudes  et de la  fo rm e  des in fo rm a t io n s  qui peuvent le s  n o u r r i r .  En 
effet,  i l  s e r a i t  h au tem e n t  so u h a i ta b le  que le s  r é s u l t a t s  p u is s e n t  en ê t r e  
ren d u s  c o m p a r a b le s  et que le s  c r i t è r e s  q u 'e l l e s  u t i l i s e n t  p u is s e n t  ê t r e  dans 
une c e r t a in e  m e s u r e  un if ié s .  C 'e s t  dans  ce t te  p e r s p e c t iv e  que l 'o n  peut 
s i t u e r  le s  r e c o m m a n d a t io n s  de la  CIPR qui ont é té  pub l iées  dans  la  
pub lica t ion  22 ( Im p lica tions  of C o m m iss io n  R e co m m en d a t io n s  tha t  D oses  be 
kep t as Low as  R eadi ly  A chievable  — A v r i l  1973) et qui tenden t e x p l ic i tem en t  
à  p r é c o n i s e r  l 'u t i l i s a t io n  des  é tudes  de type « co û t -a v an ta g e»  c o m m e m o d è le  
g é n é r a l  d 'a n a ly se .

L es  p r in c ip e s  s u r  le sq u e ls  son t b a s é e s  ce s  é tudes  peuvent en effet 
a p p a r a î t r e  s a t i s f a i s a n t s  p o u r  a b o r d e r  le s  p r o b lè m e s  de s é c u r i t é  n u c l é a i r e  
t e l s  q u ' i l s  se  p r é s e n te n t  d é s o r m a is .

Toute fo is  l 'e x p é r i e n c e  que l 'o n  a de c e s  é tudes  app l iquées  au dom aine  
de la  sa n té  et de la  s é c u r i t é  dans le  c a d r e  g é n é r a l  de ce qui e s t  appelé en 
F r a n c e  la  r a t i o n a l i s a t i o n  des choix b u d g é ta i r e s  (RCB), in s p i r é e  du P PB S  
(P r o g ra m m in g ,  P ro je c t in g ,  B udgeting  System ) a m é r ic a in ,  am èn e  à fo rm u le r  
quelques  r é s e r v e s  à p ropos  de c e t te  app ro c h e .  L es  c o n s id é ra t io n s  qui vont 
s u iv r e  te n te ro n t  d 'e x p o s e r  ce s  d if f icu l tés  p r o p r e s  à  l 'a p p l ic a t io n  de ce s  
m é th o d e s  à la  r a d io p r o te c t io n  e t  ab o u t iro n t  en conc lu s ion  à que lques  su g g e s 
tions  p r a t iq u e s .  Beaucoup  de c e s  dév e lo p p e m en ts  a p p a r a î t r o n t  à coup s û r  
pou r  c e r t a in s  c o m m e  de s im p le s  q u e r e l l e s  d o c t r in a le s .  I l  e s t  im p o r ta n t  
tou te fo is  de se  r e n d r e  com pte  que se lo n  la  concep tion  g é n é r a le  du p ro b lè m e  
que l 'o n  adopte ,  e t  se lo n  la  m a n iè r e  de le f o r m u le r ,  le s  so lu t ions  e t  le s  
choix peuvent ê t r e  r a d ic a le m e n t  d i f fé re n ts . .  Il s e m b le  q u 'en  s c h é m a t i s a n t  
f o r te m e n t  la  s i tu a t io n ,  on p u i s s e  d i r e  que l 'o r g a n i s a t io n  g loba le  de la  p r o t e c 
t ion  a d 'a b o rd  é té  conçue p a r  des  s p é c ia l i s t e s  du dom aine  n u c l é a i r e  et m é d i 
ca l .  P u is  devan t l ' a m p le u r  c r o i s s a n te  de la  ques tion ,  avec le  déve loppem en t 
des  d i f fé re n te s  f o rm e s  d 'u t i l i s a t i o n  de l ' é n e r g i e  n u c l é a i r e ,  le s  é c o n o m is te s  
ont é té  m o b i l i s é s  et se  son t  p enchés  à l e u r  to u r  s u r  le  p ro b lè m e .  L 'a c c e n t  
qui s e m b le  a v o i r  é té  m i s  à p r é s e n t  s u r  le s  m é th o d es  c o û t -a v a n ta g e  r e f l è t e  
s im p le m e n t  la  p ré p o n d é ra n c e  qui e s t  a c c o rd é e  au point de vue e t  au m ode 
de p en sée  de c e t te  nouvel le  d isc ip l in e .  L 'e f fo r t  de r a t i o n a l i s a t i o n  et de 
c la r i f ic a t io n  qui so u s - te n d  c e t te  d é m a r c h e  e s t  c e r t e s  é m in e m m e n t  louable  
et son in té r ê t  ne s a u r a i t  ê t r e  m i s  en doute. E n c o r e  f a u t - i l  que le s  r e p r é 
se n ta t io n s  et le s  concep ts  u t i l i s é s  so ien t  p e r t in e n ts  p a r  r a p p o r t  aux r é a l i t é s  
so c ia le s  et te chn iques  q u ' i l s  d é c r iv e n t .  O r chaque s p é c ia l i s t e  a tendance  à 
s u iv r e  une pen te  n a tu re l l e  a b o u t is s a n t  à  r a m e n e r  à  un  p r o b lè m e  q u ' i l  s a i t  
t r a i t e r  tou te s  le s  q u es t io n s  qui lu i son t p o s é e s ,  c ' e s t - à - d i r e  à o p é r e r  une 
ré d u c t io n ,  une t r a d u c t io n  de c e s  p r o b lè m e s  dans le s  t e r m e s  de s a  p r o p r e  
d isc ip l in e .

A ins i  le s  te c h n ic ie n s  de la  p r o te c t io n  p e n s e n t  pouvo ir  r é s o u d r e  l e s  p r o 
b lè m e s ,  que ls  q u ' i l s  so ien t ,  en r é d u i s a n t  l 'e x p o s i t io n  des  invididus aux 
r i s q u e s .  L es  é c o n o m is te s ,  quant à eux, p ren n e n t  en com pte  le n é c e s s a i r e  
b i lan  des  coû ts  et des  b én é f ice s  qui r é s u l t e  de tou te  d é c is io n  et,  ex t ra p o la n t  
du c a d r e  de l ' e n t r e p r i s e  où c e lu i - c i  a un s e n s ,  ten ten t  de p r o lo n g e r  c e t te
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logique à la  s o c ié té  tout e n t iè re .  Si un psycho logue  s e  p encha i t  s u r  le  p r o 
b lè m e ,  il  a u r a i t  p ro b a b le m e n t  lu i - m ê m e  une a u t r e  façon de v o i r  le s  ch o ses  
e t  a in s i  de su i te .  E n  face  de tou te s  c e s  te n d a n c e s ,  i l  y a néan m o in s  des 
d é c is io n s  à p r e n d r e  et qui posen t  des  p ro b lè m e s .  C 'e s t  donc à  une an a ly se  de 
la  sp é c i f ic i té  des  p ro b lè m e s  de p ro te c t io n  so u s  l 'a n g le  d é c is io n n e l  que l 'o n  
s ' a t t a c h e r a ,  en e s sa y a n t  d 'e n  t i r e r  quelques co nc lus ions  quant à la  p e r t in e n c e  
des  é tudes  de type c o û t-a v an ta g e .

1. 2.  Il n 'e s t  pas  ques tion  ic i  de t r a i t e r ,  en g é n é ra l ,  de la  déf in i t ion  et 
de la  concep t ion  des  n o r m e s  dans  le  dom aine  de la  ra d io p ro te c t io n .  On peut 
s im p le m e n t  r a p p e le r  quelques  c a r a c t é r i s t i q u e s  p a r t i c u l i è r e s  de c e l l e s - c i  
q u ' i l  p a r a î t  im p o r ta n t  de r e t e n i r  dans la  p e r s p e c t iv e  du su je t  abo rdé .

On peut e n v i s a g e r  d 'a b o rd  un p r e m i e r  axe de ré f lex io n  : p a r  ex e m p le ,  à 
p ro p o s  du p r o c e s s u s  h is to r iq u e  d ’ém ergence  et  de défin ition  des  v a l e u r s  
l im i te s  des  r i s q u e s  c o n s id é r é s  com m e a c c e p ta b le s  dans une s o c ié té  donnée 
et r e la t iv e m e n t  à une ac t iv i té  économ ique  ég a le m en t  donnée. P o u r  a b o r d e r  
une te l le  a n a ly se ,  i l  faut p r e n d r e  en  c o n s id é ra t io n  d 'une p a r t  l ' é t a t  de 
d éve loppem en t  des  c o n n a is sa n c e s  s c ien t if iq u es  co n c e rn a n t  le s  r i s q u e s  et 
l e u r s  conséq u e n ces  de toute n a tu re ,  d 'a u t r e  p a r t ,  l ' é t a t  des  d i f fé re n te s  
f o rc e s  s o c ia l e s  en  p r é s e n c e  c o n c e rn é e s  p a r  ce r i s q u e  et la  façon dont ces  
f o rc e s  s o c ia l e s  in t é r io r i s e n t  et m a n ife s te n t ,  dans le u r  p r o p re  s t r a t é g i e ,  les  
co n n a is s a n c e s  p r é c é d e n te s .  L a  r é s u l t a n te  g lobale de ce  p r o c e s s u s  h is to r iq u e  
peu t s 'a n a l y s e r  co m m e étan t  p r é c i s é m e n t  une p ra t iq u e  s o c ia le  en  m a t i è r e  de 
s é c u r i t é  qui,  en  g é n é r a l ,  e s t  sanc t ionnée  p a r  une définition, quan t i ta t ive  
p r é c i s e  appe lée  n o rm e .  C e tte  n o rm e  m a t é r i a l i s e  en quelque s o r t e  le  co m 
p r o m is  t e m p o r a i r e  qui s 'é t a b l i t  en t re  le s  d i f fé re n te s  f o rc e s  s o c ia le s  en 
p r é s e n c e ,  com pte  tenu de la  p e rc e p t io n 'q u e  c e l l e s - c i  p o s sè d e n t  du r i s q u e ,  
et  de la  façon dont e l le s  in tro d u ise n t  c e t te  p e rc e p t io n  dans l e u r s  ob jectifs  
r e s p e c t i f s .  Dans son déve loppem ent h i s to r iq u e ,  i l  s ' a g i t  d 'une s o r t e  de 
p r o c e s s u s  d 'a c c u m u la t io n  où la  p r i s e  de co n sc ie n c e  p r o g r e s s iv e  des  d a n g e rs  
que p r é s e n te  une ac t iv i té  s 'a f f in e  et s 'e n r i c h i t  chez ceux  qui y son t ex p o sés  
ta n d is  que, dans le  m ê m e  te m p s ,  le déve loppem en t économ ique et le s  su rp lu s  
q u ' i l  dégage p e r m e t te n t  d 'a f f e c te r  une p a r t  c r o i s s a n te  d e s  r e s s o u r c e s  aux 
a c t iv i té s  de p r o te c t io n ;  c ' e s t  a ins i  qu 'on  peut g r o s s i è r e m e n t  e x p l iq u e r  le 
p r o c e s s u s  p e rm a n e n t  de d im inu tion  des  n o r m e s .  L o rs q u 'o n  env isage  le 
p ro b lè m e  au n iveau  d 'une  u n i té  de p ro d u c t io n  b ie n  p r é c i s e ,  à un m o m e n t  
donné, un en s e m b le  com plexe  de d é te rm in a t io n s  p a r t i c u l i è r e s  am ène  à nuan
c e r  la rg e m e n t  ce s c h é m a  g é n é ra l .  T ou te fo is ,  ce  que l 'o n  su g g è re  d 'e n  
r e t e n i r ,  c ' e s t  e s s e n t i e l l e m e n t  le  r a p p e l  qu 'une n o rm e  ne s a u r a i t  ê t r e  con
s id é r é e  com m e le s im p le  r é s u l t a t  d ' un c a lc u l  techn ique  que l ' e n t r e p r i s e  
p o u r r a i t  m a î t r i s e r ,  s i  p a r  exem ple  e l le  p o s sé d a i t  tou te s  le s  in fo rm a tio n s  
n é c e s s a i r e s .  Une n o rm e  s ' im p o s e  à l ' e n t r e p r i s e  com m e une c o n t ra in te  
qui lu i  v ien t  de l ' e x t é r i e u r ,  c ' e s t - à - d i r e  que la  s é c u r i t é  c o r r e s p o n d ,  en 
g é n é r a l ,  à  une f ina l i té  c o n t ra d ic to i r e  avec ce l le  qui r é g i t  l ' e n t r e p r i s e  dans 
son  en sem b le .

D 'a u t r e s  t r a i t s  c a r a c t é r i s e n t  la  déf in i t ion  d 'une  n o r m e  à la  l u m i è r e  du 
s c h é m a  p ré c é d e n t  : s i  on r e t i e n t  l ' id é e  q u ' i l  s 'a g i t  d 'un  ind ice  ex p r im an t  
l ' é q u i l ib r e  m o m e n ta n é  d ’un jeu  so c ia l  et non le  r é s u l t a t  d 'un  ca lc u l  r a t io n n e l ,  
on peut en  d é d u i re  quelques  co n séquences  im p o r ta n te s .  E n  effet,  dans  ce 
que l 'o n  appe lle  ce  jeu  so c ia l ,  de  m u l t ip le s  phénom ènes  de n a tu re  non 
techn ique  e n t re n t  en ligne de com pte  et i n te r f è r e n t  p lus ou m o in s  l ib r e m e n t  
avec le s  données  s c ien t i f iq u es  e l l e s - m ê m e s .  De p lu s ,  c e l l e s - c i  son t n é c e s -
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s a i r e m e n t  in a c h e v é e s ,  e l le s  p r é s e n te n t  des la cu n e s  e t  des  in c e r t i tu d e s .
E n t r e  ce type d ' in fo rm a t io n s  et le s  r e p r é s e n ta t io n s  s o c ia l e s  qui sont a t ta c h é e s  
aux fa i t s  q u 'e l l e s  d é c r iv e n t ,  i l  peut y avo ir  des  é c a r t s  c o n s id é r a b le s .  En 
d éf in i t ive ,  ce ne sont pas  f o rc é m e n t  le s  p ra t iq u e s  s o c ia le s  l e s  p lus  nocives  
qui sont p e r ç u e s  fo rc é m e n t  co m m e te l le s  et c ' e s t  ce qui explique dans  une 
c e r t a in e  m e s u r e  le s  d i f fé re n c e s  im p o r ta n te s  qui peuvent ê t r e  no tées  dans 
le s  n iveaux  de s é c u r i t é  c o n s id é r é s  com m e a c c e p ta b le s  e n t r e  le s  d iv e r s e s  
b ra n c h e s  i n d u s t r i e l l e s ,  ou e n t r e  d iv e r s e s  a c t iv i té s  s o c ia le s .  Tout un s y s 
tè m e  sym bo lique  fo r te m e n t  m a rq u é  p a r  l 'a p p a r te n a n c e  c u l tu r e l le  des  g ro u p es  
co n c e rn é s  e n t r e  en  ac tion  dont i l  ne faut n é g l ig e r  n i  l ' im p o r ta n c e  ni la  p r o 
fondeur.  Le dom aine  de l 'é n e r g i e  n u c lé a i r e  co n s t i tu e  de ce  po in t de vue un 
s e c te u r  p r iv i lé g ié  p o u r  i l l u s t r e r  ce type de c o n s id é ra t io n s .

Enfin ,  un  d e r n i e r  é lém e n t  s u r  le q u e l  i l  e s t  n é c e s s a i r e  d ' i n s i s t e r ,  c ' e s t  
l 'h é té r o g é n é i té  des  d o m ain es  qu 'on  doit p r e n d r e  en c o n s id é ra t io n  s i  on veut 
a n a ly s e r  le p r o b lè m e  des n o r m e s .  C 'e s t  f a i r e  une o b se rv a t io n  ban a le  que 
de r e m a r q u e r  que le  dom aine  de la  s é c u r i t é  se  t ro u v e  à l ' i n t e r s e c t io n  du 
bio log ique,  de l 'é c o n o m iq u e  et du so c ia l .  I l  s e m b le  tou te fo is  qu 'une  te l le  
co n s ta ta t io n  co m p o r te  des  co n séq u e n ces  qui d é p a s se n t  le s im p le  fa i t  de 
r e c o n n a î t r e  l ' e x i s t e n c e  d 'une  com plex i té  p a r t i c u l i è r e  à ce  dom aine .  C e la  
s ign if ie  en effet que p o u r  a n a ly s e r  une n o rm e ,  in te rv ie n n e n t  des  c o n n a is 
sa n c e s  i s s u e s  d 'un  e n s e m b le  de s c ie n c e s  to ta le m e n t  h é té ro g è n e s .  P re s q u e  
tous le s  p r o b lè m e s  de d éc is io n  p r é s e n te n t 'c e t t e  c a r a c t é r i s t i q u e  à un d e g ré  
p lus  ou m o in s  é levé .  Ce qui a r r i v e  souvent cependan t,  c ' e s t  que la  v a le u r  
ex p l ica t iv e  fo u rn ie  p a r  l 'une  de c e s  s c ie n c e s  a p p a r a i s s e  dom inan te  en vue de 
c o m p re n d re  un phénom ène  donné. C 'e s t  a in s i  que p a r  abus de langage on 
p a r l e  de fa i ts  économ iques  ou de fa i t s  soc iaux ,  e x p r im a n t  p a r  là  la  p r é 
p o n d é ra n ce  des  concep ts  i s s u s  de te l l e s  ou te l le s  s c ie n c e s  en vue de d é c r i r e  
c e r t a in e s  r é a l i t é s  p h én o m én a le s .  C e la  n 'e s t  pas  le ca s  de la  s é c u r i t é ;  il 
p a r a î t  n é c e s s a i r e  de m o b i l i s e r  p lu s i e u r s  d is c ip l in e s  des  s c ie n c e s  s o c ia le s ,  
économ iques  e t  b io log iques  en vue d 'a n a ly s e r  le s  p r o b lè m e s  qui sont p o sé s ,  
a u s s i  b ien  p o u r  la  c o n n a is sa n c e  que pour  la  déc is io n .  E n  ce s e n s ,  une 
an a ly se  qui n 'u t i l i s e r a i t  qu 'une p ro b lé m a t iq u e  p u re m e n t  économ ique  ou p u r e 
m e n t  b io logique ou p u r e m e n t  soc io log ique  p o s s é d e r a i t  une  v a l e u r  exp lica tive  
r e la t iv e m e n t  fa ib le .

2. R A P P E L  DE QUELQUES DEFINITIONS

2.1. E tu d e s  d é c is io n n e l le s

On r a s s e m b l e  sous  l 'a p p e l la t io n  g é n é ra le  d 'é tu d e s  d é c is io n n e l le s  ou 
d 'a id e  à la  d éc is io n  le s  m é th o d es  d 'a n a ly s e  et de r e p r é s e n ta t i o n  des  phéno
m è n e s  n a t u r e l s  ou so c iau x ,  qui son t  u t i l i s é e s  dans le  but d ' é c l a i r e r  le s  
choix te ch n iq u e s  e t  po l i t iq u es  au n iveau  de l ' e n t r e p r i s e  ou de l ' a d m i n i s t r a 
tion. Ce type d 'é tu d e s  se  d i f fé re n c ie  donc de c e l le s  qui son t r é a l i s é e s  dans 
le c a d r e  de la  r e c h e r c h e  fo n d am en ta le  c a r  e l le s  ne  v is e n t  pas  à a c c r o î t r e  les  
c o n n a is s a n c e s  de l 'h o m m e ;  e l le s  p a r te n t  au c o n t r a i r e  du n iveau  ac tu e l  des  
c o n n a is s a n c e s  e t  te n te n t  de l ' u t i l i s e r  au m ie u x  afin  de f a c i l i t e r  l ' é l a b o r a t io n  
des  d é c is io n s .  L 'e n s e m b le  des m é th o d e s  qui ont é té  m i s e s  au point dans ce 
but ont é té  long tem ps  r é u n ie s  so u s  le t e r m e  de « r e c h e r c h e  o p é ra t ionne l le»
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et ont é té  app l iquées  s u r to u t  à des  p r o b lè m e s  techn iques  de n a tu re  indus
t r i e l l e ,  économ ique ou m i l i t a i r e .  C es m é th o d es  ont connu depuis  quelques 
an nées  un déve loppem ent im p o r ta n t  et l e u r  u sa g e  s ' e s t  é tendu  à l 'é tu d e  des  
p r o b lè m e s  so c io -p o l i t iq u e s .

Toute é tude,  toute co n n a is sa n c e  quel le  q u 'e n  so i t  la  n a tu re  et la  f o rm e ,  
dans  la  m e s u r e  où e l le  co n s t i tu e  un d is c o u r s  so c ia l ,  peut ê t r e  c o n s id é r é e  
co m m e  r e n t r a n t  de p r è s  ou de lo in  dans  un  p r o c e s s u s  de déc is io n .  I l  ex is te  
donc un continuum  e n t r e  le s  é tudes  d é c is io n n e l le s  p r o p re m e n t  d i te s  et le s  
é tudes  e t  in fo rm a tio n s  en  g é n é ra l .  T ou te fo is ,  le s  é tudes  d é c is io n n e l le s  ont 
p o u r  sp é c i f ic i té  d ' ê t r e ,  en p r in c ip e ,  d i r e c te m e n t  u t i l i s a b le s  p o u r  la  d é c is io n ,  
c ' e s t - à - d i r e  de p e r m e t t r e  une r é d u c t io n  de la  m a r g e  l a i s s é e  au jugem en t ou à 
l ' a p p r é c ia t io n  sub jec t ive  des  d é c id e u rs .  I l  e s t  év ident que c e t te  m a r g e  d ' in 
c e r t i tu d e  qui l a i s s e  p la ce  au jugem en t  hum ain  ne s a u r a i t  en aucun c a s  to ta le 
m e n t  d i s p a r a î t r e ,  s u r to u t  lo r s q u e  la  d éc is io n  n 'e s t  pas  de n a tu re  s t r i c t e m e n t  
tech n iq u e ,  et le  m a in t ie n  d 'une  te l le  m a rg e  e s t  é m in e m m e n t  souha itab le .

2. 2. E tu d e s  c o û t -a v an ta g e  et co û t -e f f ic a c i té

Dans le u r  g é n é ra l i t é ,  le s  p ro b lè m e s  de d éc is io n  peuvent tous se  r é d u i r e  
fo rm e l le m e n t  à un p ro b lè m e  de c o m p a ra is o n  se lo n  c e r t a in s  c r i t è r e s  e n t r e  un 
e n s e m b le  p lus  ou m o ins  v a s te  d 'a l t e r n a t iv e s .  R e p r é s e n te r  une te l le  s i tu a t io n  
im plique  g é n é ra le m e n t  le r e c o u r s  à des  m oyens  m a th é m a t iq u e s  qui peuvent,  
se lo n  le c a s ,  r e n d r e  com pte  des  d iv e r s e s  c a r a c t é r i s t i q u e s  du p ro b lè m e  
en v isag é .  T ou te fo is ,  dans beaucoup  de s i tu a t io n s  c o n c r è te s ,  on ne p o ssè d e  
pas  une co n n a is sa n c e  su f f i s a m m e n t  appro fond ie  des  d i f fé re n ts  é lé m e n ts  
touchés  p a r  la  d éc is ion  pou r  pouvo ir  p a r v e n i r  à une fo rm u la t io n  m a th ém at iq u e  
co m p lè te .  On en e s t  r é d u i t  a lo r s  à se  c o n te n te r  d 'une  ana ly se  p lus  g r o s s i è r e  
où la  p a r t  de l 'a p p r é c ia t io n  sub jec t ive  et de l 'a n a ly s e  q u a l i ta t iv e 'd e v ien t  p lus  
im p o r ta n te .

C 'e s t  le c a s  en p a r t i c u l i e r  de l 'a n a ly s e  d ite  « co û t -a v an ta g e»  (cos t-  
benef i t)  e t  de s e s  d é r iv é e s .  E l le  c o n s is te  dans un p r e m i e r  te m p s  à  é l a b o r e r  
une l i s t e  de p r o g r a m m e s ,  de p r é f é r e n c e  indépendan ts  le s  uns des  a u t r e s ,  
co n s t i tu a n t  l 'e n s e m b le  des  a l t e r n a t iv e s  p o s s ib le s  p a r  r a p p o r t  au choix  é tud ié .  
E l le  se  p ro p o se  en su i te  de c o m p a r e r  le s  p r o g r a m m e s  p r é c é d e n t s  se lo n  un 
e n s e m b le  de r a t i o s  r a p p o r ta n t  le u r  coût à  l e u r  e f f ica c i té  p a r  r a p p o r t  à un 
ob jec ti f  fixé.

Ce qui d i f fé ren c ie  l ' a n a ly s e  co û t -a v an ta g e  de s e s  d é r iv é e s ,  c ' e s t  e s s e n 
t i e l le m e n t  le d e g ré  d 'a m b i t io n  avec le q u e l  on e s s a i e  de m e s u r e r  le s  con
sé q u e n c e s  ou — ce  qui r e v ie n t  au  m ê m e  — la  n a tu re  de l 'o b je c t i f  que l 'o n  
f ixe aux p r o g r a m m e s .

Un ex e m p le  s im p le  p e r m e t t r a  d ' i l l u s t r e r  c e t te  d if fé ren ce .
Soit le  c a s  d 'un  s e r v i c e  de p ro te c t io n  a t tac h é  à une un ité  de p roduc t ion  

in d u s t r i e l l e .  Supposons que l 'o n  s ' i n t é r e s s e  au c o n t rô le  d 'une  s o u r c e  de 
co n tam in a t io n  a tm o sp h é r iq u e  l ié e  à c e t te  p roduction .  Supposons enfin que 
ce  s e r v i c e  de p ro te c t io n  se  p o se  co m m e p ro b lè m e  d 'u t i l i s e r  le  p lus  e f f ic a 
c e m e n t  p o s s ib le  l ' e n s e m b le  des  m oyens  en  m a t é r i e l  e t  en p e r s o n n e l  qui 
son t  à s a  d ispos i t ion .

Ь а  ques tion  im m é d ia te  qui se  pose  a l o r s  devan t ce p ro b lè m e ,  c ' e s t  c e l le  
de s a v o i r  ce que s ign if ie  l ' e x p r e s s i o n :  « u t i l i s a t io n  la  p lus  e f f icace  p o s s ib le  
de ce s  m o y ens» .  C e t te  q u es t ion  renvo ie  à c e l le  de la  déf in i t ion  de l 'o b je c t i f  
de ce  s e rv ic e .
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Selon le s  c i r c o n s ta n c e s ,  on peut d i r e  p a r  exem ple  que le  but p o u r su iv i  
p a r  le  s e r v i c e ,  p a r  r a p p o r t  au p ro b lè m e  en v isag é ,  e s t  :
— d 'o p é r e r  un e n s e m b le  de m e s u r e s  s u c c e s s iv e s  de co n tam in a t io n  a tm o sp h é 

r iq u e  p ou r  c o n n a î t r e  le s  c o n c e n t ra t io n s  d égagées  (m esu re )
— d ' a v e r t i r  le s  s e r v i c e s  de p ro d u c t io n  a u s s i tô t  qu 'une  éva lua t ion  de la  con

c e n t r a t io n  s e r a  te l le  qu 'une  n o rm e  de s é c u r i t é  donnée s e r a  a t te in te  
( su rv e i l lan ce )

— de s u g g é r e r  au s e r v i c e  de p ro d u c t io n  des m é th o d es  de t r a v a i l  qui p e rm e t te n t  
de r é d u i r e  le  déb i t  de s o u r c e s  de po llu t ion  (prévention)

— de d im in u e r  le s  c a s  de m a la d ie s  p ro fe s s io n n e l le s  l ié e s  à l ' in h a la t io n  de 
l ' a i r  con tam iné  p a r  le s  t r a v a i l l e u r s  (san té  publique)

— d 'a u g m e n te r  l ' e s p é r a n c e  de v ie  de la  popula tion  (dém ograph ie)
— de m a in te n i r  l ' i n t é g r i t é  de l ' é c o - s y s t è m e  n a t u r e l  (écologie)
— etc.

C e tte  é n u m é ra t io n ,  dont on se  r e n d  com pte  q u 'e l le  p o u r r a i t  en c o re  se  
p o u r s u iv r e ,  a p ou r  but de s u g g é r e r  que tou t  ob jec ti f  que l 'o n  peu t a s s ig n e r  à 
une ac t iv i té  peut to u jo u rs  ê t r e  inc lus  dans un  o b jec ti f  p lus  v a s te  p ou r  lequel  
i l  dev ien t  a lo r s  un m o y e n .1 Selon que l 'o n  co n v ien d ra  de c o n s id é r e r  le s  
ob jec t i fs  et donc le s  co n séq u e n ces  indu i tes ,  de façon p lus  ou m o in s  la rg e ,  
on se  t r o u v e r a  dans le  c a d r e  de l 'a n a ly s e  co û t -a v an ta g e  ou de l 'a n a ly s e  
c o û t -e f f ic a c i té .

A insi,  en r e p r e n a n t  l 'e x e m p le  p r é c é d e n t ,  on s e r a  dans  le  c a d r e  de 
l 'a n a ly s e  c o û t -e f f ic a c i té ,  s i  on se  dem ande  co m m e n t  r e n d r e  m in im u m  le 
coût u n i t a i r e  d 'une  m e s u r e  de c o n tam in a t io n  (par  exem ple ) .  C ' e s t - à - d i r e  que 
l 'o n  ne s ' i n t e r r o g e r a  ab so lu m e n t  pas  s u r  l 'u t i l i t é  u l t é r i e u r e  de c e t te  m e s u r e .  
L 'o b je c t i f  r e t e n u  s e r a  ce lu i  de r é a l i s e r  des  m e s u r e s  et « l 'e f f ic a c i t é »  s e r a  
su iv ie  en t e r m e s  p h ys iques .  Ce s e r a  le  n o m b re  de m e s u r e s  qu 'on  peut 
f a i r e  pou r  un coût donné.

P a r  c o n t re ,  s i  on se  p o se  le p ro b lè m e  de s a v o i r  que l le  s o r t e  de com bi
n a iso n  d 'a c t iv i t é s  de p ro te c t io n  e s t  su sc e p t ib le  de c o n t r i b u e r  au b i e n - ê t r e  
s o c ia l  de la  popu la tion ,  on se  t ro u v e  dans  le  c a d r e  de l 'a n a ly s e  co û t-avan tage ;  
ce t te  co n tr ibu t ion  é tan t  m e s u r é e  en t e r m e s  m o n é ta i r e s  on peut c o m p re n d re  
f a c i le m e n t  que s i  la  déf in i t ion  en  t e r m e s  d 'a v a n ta g e  p r é s e n te  une c e r ta in e  
é l a s t i c i t é ,  i l  en e s t  de m ê m e  de la  no tion .de  coût qui peut,  de la  m ê m e  façon, 
r e c e v o i r  des  con tenus  p lus  ou m o in s  am bitieux .  C 'e s t  a in s i  que la  l i t t é r a 
t u r e  p o r ta n t  s u r  ce s  qu es t io n s  p a r l e  de coût f in a n c ie r ,  de coût économ ique , 
de coût s o c i a l ;  on peut d i r e  cependan t que ce s  notions et en p a r t i c u l i e r  la  
d e r n i è r e  (le coût so c ia l )  son t lo in  de r e c e v o i r  des  contenus  p a r f a i t e m e n t  c l a i r s .

On peut r e m a r q u e r  à ce p ro p o s  que la  langue a n g la is e  p o s sè d e  une 
r i c h e s s e  s u p é r ie u r e  au f r a n ç a is  p o u r  q u a l i f ie r  c e s  d i f fé re n te s  s o r t e s  d 'e f f i 
c a c i té  (efficacy ,  e f f e c t iv e n e s s ,  eff ic iency).

A ins i ,  le  m ot « E f fe c t iv e n e s s» ,  qui peu t ê t r e  rendu  p a r  le  q ua l i f ica t i f  
«effec t i f» ,  e t  le  t e r m e  « E ff ic ie n c y » ,  qui peut ê t r e  r en d u  p a r  «E ff ic ien t» ,  
ex p r im e n t  le s  n u an c es  qu 'on  a su g g é ré e s  p lus  haut du point de vue du c a r a c 
t è r e  p lu s  ou m o in s  l a rg e  ou f ina l  que l 'o n  donne aux ob jec ti fs .

D ans l a  su i te  de c e t te  co m m u n ic a t io n ,  on d é s ig n e r a  p a r  le t e rm e  «coû t-  
a v a n ta g e »  ce  que le s  a n g lo -sa x o n s  appe l len t  « c o s t - b e n e f i t»  et p a r  «coû t-  
e f f ic a c i té »  l 'e n s e m b le  des  m é th o d e s  « c o s t - e f f e c t i v e n e s s »  e t  « c o s t -e f f ic ie n c y  ».

1 La représentation graphique sous forme de graphe de cette propriété simple aboutit à ce qui est appelé 
dans le jargon de la RCB : les graphes objectif-programme.
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2 . 3 .  O p tim isa t ion

On dés igne  sous ce t e r m e  l e s  m é th o d es  m a th é m a t iq u e s  qui p e r m e t te n t  
de t r o u v e r  le  m ax im u m  ou le m in im u m  d 'une  fonction  dont le s  coe ff ic ien ts  et 
le s  v a r ia b le s  sont so u m is  à un e n s e m b le  de c o n t ra in te s .  v

C es  m é th o d es  f o rm a l i s e n t  le  p r o c e s s u s  de r e c h e r c h e  de la  d é c is io n  qui 
r e n d  m a x im u m  (ou m in im u m ) un c e r ta in  c r i t è r e  (e x p re s s io n  d 'un  s e u l  ou d 'un  
e n s e m b le  d 'o b je c t i f s ) ,  com pte  tenu de c e r t a in e s  c o n t ra in te s .

2.4. P r i s e  de d éc is ion

Le r é s u m é  qui v ien t d ' ê t r e  fait  de d i f fé re n te s  m é th o d es  et concep ts  
u t i l i s é s  dans le  c a d r e  de la  p lan if ica t io n  et de la  p r i s e  de d é c is io n s  va  p e r 
m e t t r e  de r e v e n i r  s u r  le  p ro b lè m e  des n o r m e s  en r a d io p ro te c t io n  et de 
l 'u t i l i s a t io n  p o s s ib le  des é tudes  de type c o û t-a v an ta g e .  On a évoqué quelques  
t r a i t s  spéc if iques  à la  n a tu re  des  n o r m e s  de s é c u r i t é  se lo n  t r o i s  p lans  : une 
n o r m e  co n s t i tu e  le r é s u l t a t  d 'un  p r o c e s s u s  s o c ia l  e t  h is to r iq u e  où s 'a f f ro n te n t  
des  r a t i o n a l i t é s  en conflit.  Une n o r m e  in tè g re  en ce s e n s  a u s s i  b ien  des 
c o n s id é ra t io n s  d 'o r d r e  sc ien t i f ique  que des  r e p r é s e n ta t io n s  so c ia le s  dont la  
r a t io n a l i t é  inc lu t des  é lé m e n ts  de n a tu re  e x t ra - s c ie n t i f iq u e .2 Enfin ,  m ê m e  s i  
on se  l im i te  aux é lé m e n ts  d 'o r d r e  sc ien t i f iq u e ,  c e u x -c i  sont to ta le m en t  
h é té ro g è n e s  dans le  se n s  q u ' i l s  ap p a r t ien n e n t  a des  o r d r e s  d i f fé re n ts  de 
c o n n a is sa n c e s  : ép idém io log ie  et m é d ec in e  p ou r  c e r t a in s  a s p e c ts  du d é t r i 
m e n t ,  économ ie  polit ique et ges tion ,  soc io log ie  in d u s t r ie l le ,  p sychologie  
s o c ia le ,  physique  n u c lé a i r e ,  e tc .

C es d if f icu ltés  son t p r o p r e s  à l 'é tu d e  des  p r o b lè m e s  de s û r e t é  et de 
p ro te c t io n  : tou te fo is  i l  ne f a u d ra i t  pas  en e x a g é r e r  le  c a r a c t è r e  spéc if ique  
c a r  e l le s  se  r e n c o n t r e n t  dans  tout p ro b lè m e  de déc is ion .  L a  q u es t ion  que 
l 'o n  exa m in e  à p r é s e n t  e s t  c e l le  de s a v o i r  d ans  quels  cas  l ' a n a ly s e  de type 
coût-avan tage  constitue  un m o y e n  adéquat p ou r ,  non pas r é s o u d r e  cette  
c o m p lex i té ,  m a i s  au m o in s  la  r é d u i r e  à un d e g r é  acce p ta b le ,  e t se lo n  la  
r é p o n s e  à  c e t te  p r e m i è r e  ques tion  on e n v i s a g e ra  ensu i te  d 'a u t r e s  d é m a r c h e s  
p o s s ib le s .

Ce q u ' i l  e s t  u t i le  d 'é v o q u e r  avant d 'e n t a m e r  ce t te  d i s c u s s io n  ce sont 
le s  l im i te s  auxque l le s  s 'e x p o s e  toute d é m a r c h e  d 'a id e  à la  déc is ion .  Au 
d é p a r t ,  l e s  p ro b lè m e s  sont c o m p lex e s  et e m b ro u i l lé s  ; i ls  le son t e s s e n 
t ie l le m e n t  p a r c e  que l 'o n  n 'a  pas  à s a  d isp o s i t io n  un e n s e m b le  de concep ts  
adap té s  à l 'o b je t  é tud ié ,  c ' e s t - à - d i r e ,  c o n s t i tu é s  en ta n t 'q u e  to ta l i té  o r g a 
n is é e .  C ependant,  on e s t  c o n t ra in t  d 'a g i r  et  de t r a n c h e r  m a lg r é  les  
in c e r t i tu d e s .

Il  ne fa u d ra i t  pas  c r o i r e  cependan t q u ' i l  ex is te  une p a n a cé e ,  une m é thode  
m i r a c l e  qui va  r é d u i r e  c e t te  com plex i té  p a r  s e s  v e r tu s  p r o p r e s  et qui v a  d ic 
t e r  des  choix p a r f a i t s  ( ra tionnels . '  ) à la  p la ce  des  ho m m e s  qui sont c h a rg é s  
de le  fa i r e .

Si la  com plex i té  in h é re n te  au p ro b lè m e  e s t  r é d u i te ,  c ' e s t  en  p a r t i e  au 
p r ix  d 'un  a p p a u v r is s e m e n t  qui en cons t i tue  la  c o n t r e p a r t ie .  M a is  à t ro p  
a p p a u v r i r  le  jeu  des  d é te r m in a t io n s ,  on peut a b o u t ir  à des  r e p r é s e n ta t io n s  
m é c o n n a i s s a b le s ,  dont la  s im p l ic i té  n ' e s t  a l o r s  q u ' i l lu s o i r e .  L ' i d é a l  r é s id e

2 Ceci ne veut pas dire qu'on ne puisse tenir un discours scientifique à Jeur propos ; ce discours, simple
ment, sera celui des sciences sociales et non celui de la biologie' et de la physique.
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donc en une s o r t e  d 'é q u i l ib re  e n t r e  la  s im p lif ica t io n  et le r é a l i s m e ,  et il 
r e v ie n t  à l 'a n a ly s te  et en su i te  au d é c id e u r  de ju g e r  de la  p e r t in e n c e  de 
l ' in f o rm a t io n  q u ' i l  u t i l i s e  ou q u ' i l  p rodu it .

L a  d is c u s s io n  p r é s e n té e  dans la  su ite  de ce  docum ent a u r a  p o u r  objet 
de d é m o n t r e r  le s  d i f fé re n te s  h ypo thèses  que suppose  l 'a n a ly s e  de type 
co û t -a v an ta g e  u t i l i s é e  dans un bu t d 'a id e  à  la  d é c is io n  e t  c e la  conduit à 
su g g é re r ,  un c e r t a in  n o m b re  de p r in c ip e s  g é n é ra u x  qui p o u r r a ie n t  s e r v i r  de 
b a s e  à une concep t ion  p lus  l a rg e  des  é tu d es ,  m odu lée  s e lo n  la  sp é c if ic i té  
des  p ro b lè m e s  q u 'e l l e s  env isagen t.

C e r ta in s  a s p e c ts  des  p r o b lè m e s  de p ro te c t io n  qui se  po se n t  dans le  ca s  
de l 'e x t r a c t i o n  du m i n e r a i  d 'u ra n iu m  s e ro n t  u t i l i s é s  à  t i t r e  d ’i l lu s t ra t io n .

3. L 'A P P R O C H E  DECISIONNELLE : IM PORTANCE D 'UNE ETUDE
APPROFOND IE

T e ls  q u ' i l s  son t conçus  en g é n é r a l ,  les  p r o b lè m e s  qui a p p a r a i s s e n t  dans 
le cham p  des  p ré o c c u p a t io n s  des  in s t i tu t io n s  son t f o rm u lé s  au d é p a r t  de 
façon t r è s  vague. Dans le u r  r é a l i t é  in i t ia le ,  i l  n ' e s t  souvent pas  im m é d ia te 
m e n t  évident de p r é v o i r  q ue l le  in s t i tu tion  e s t  en  m e s u r e  de t r o u v e r  une 
r é p o n s e  adéquate  à la  c r i s e  qui se  m a n i fe s te  sous une fo rm e  ou une au tre .  
T r è s  souvent,  le choix de l 'o rg a n is a t io n  s o c ia le  ( l ' e n t r e p r i s e ,  un  s e rv ic e  
p a r t i c u l i e r  de c e l l e - c i ,  une o rg a n isa t io n  nouvel le  c r é é e  ad -h o c .  . . ) à  qui e s t  
confié le  so in  de r é s o u d r e  le p ro b lè m e  en ques tion ,  s o u s -e n te n d  dé jà  le 
choix  d 'un  c e r t a in  type de so lu t ions  tech n iq u e s .  L 'a n a ly s te  qui conçoit  le s  
é tudes  d 'a id e  à  l a  d é c is io n  ne peu t en aucun c a s ,  c o m m e  on le  v e r r a  à  
p r é s e n t ,  se  d é s i n t é r e s s e r  de c e t te  s i tu a t io n  in i t ia le .  S ' i l  p en se  p a r  exem ple  
que ce choix de b a s e  e s t  dé jà  p ra t iq u e m e n t  d é te rm in é  e t  q u ' i l  a  peu de 
ch ances  de pouvo ir  le  r e m e t t r e  en c a u se ,  ou q u ' i l  e s t im e  que c e lu i - c i  s ' e s t  
fa i t  ju d ic ie u se m e n t ,  i l  s e r a  am ené  à  s ’en g a g e r  dans le s  p r o c é d u re s  hab i
tu e l le s  d 'a n a ly s e s  du type que l 'o n  évoque et le  choix de s a  m é thode  r é s u l 
t e r a  a lo r s  de la  p r i s e  en co n s id é ra t io n  de la  r a t io n a l i t é  de l ' in s t i tu t io n  
p r é c i s e  qui v a  ê t r e  en s i tu a t io n  de p r e n d r e  la  déc is ion .  Si, au c o n t r a i r e ,  
ce choix in i t ia l  ne lu i  s e m b le  pas  en c o re  ac q u is ,  i l  d e v r a  plu tô t e s s a y e r  de 
c o m p re n d re  la  v é r i t a b le  n a tu re  du p ro b lè m e  qui lu i  e s t  posé  et en d éd u i re  le 
n iveau  p ro b ab le  auquel,  s e lo n  lu i ,  i l  s e r a i t  p r é f é r a b le  de l ' a b o r d e r .  C 'e s t  
se lo n  le s  r é s u l t a t s  de ce s  d iv e r s e s  in v e s t ig a t io n s  p r é l i m in a i r e s  qu 'une 
m é th o d e  d 'a n a ly s e  peut é m e r g e r .

3.1. L es  hy p o th è ses  im p l ic i te s  s o n t - e l l e s  v é r i f i é e s ?

3.1.1. A nalyse

L es  m é th o d es  c o û t -a v a n ta g e  et c o û t -e f f ic a c i té  co n s t i tu e n t ,  dans le u r  
g é n é r a l i t é ,  des  m o y e n s  p o s s ib le s  pour  a n a ly s e r  a p r i o r i  ou a  p o s t e r i o r i  le s  
c o n séq u e n ces  des  d é c is io n s  po l i t iques  im p o r ta n te s .  E l l e s  peuvent donc 
c o n s t i tu e r  la  b a s e  d 'un  langage  co m m un  p our  le s  d i f fé re n te s  in s t i tu t io n s  dont 
le s  d é c is io n s  im pliquen t à l 'é v id e n c e  des c o n séq u e n ces  s o c ia le s  qui déborden t 
l a r g e m e n t  le  c a d r e  in i t ia l  d e s d i te s  in s t i tu t io n s  : équ ipem en t co l lec t i f ,  lo c a 
l i s a t io n  in d u s t r ie l le ,  u r b a n i s m e ,  am én a g em e n t ,  e tc.

Ce langage com m un  s e  p la c e  dans  le c a d r e  d 'u n e  th é o r ie  de la  d éc is io n  
fondée s u r  le p r in c ip e  de l 'o p t im isa t io n .
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T ou te fo is ,  un t e l  c a d r e  th é o r iq u e  e s t  n é c e s s a i r e m e n t  s im p l i f ic a te u r  et 
su p p o se  des  hypo thèses  p r é a la b le s  et des  l im i ta t io n s  q u ' i l  convien t de m e t t r e  
en  év idence .  I l  faut b ie n  v o ir  que ce s  l im i ta t io n s  peuvent avo ir  des  con
sé q u en c es  im p o r ta n te s  a u s s i  b ien  s u r  la  c o m p ré h e n s io n  des  p ro b lè m e s  que 
s u r  l ' e f f ic a c i t é  des  d é c is io n s  qui en  r é s u l t e r a i e n t .  Ce c a d r e  th é o r iq u e  
n 'é t a n t  pas  le  s e u l  p o s s ib le ,  on peut ê t r e  am ené  à en d é f in i r  d 'a u t r e s  ( fa isan t  
appe l  à l a  th é o r ie  des  jeux p a r  exem ple ) .

3 .1 .2 . Choix

Un p r e m i e r  choix s ' a v è r e  fo n d a m e n ta l :  ce lu i  de l 'u n i té  qui v a  c o n s t i tu e r  
le  su p p o r t  de la  d éc is io n  qu 'on  p re n d  en c o n s id é ra t io n  e t  des  ce l lu le s  so c ia le s  
to u c h ée s  p a r  ce t te  déc is ion .  I l  faut b ie n  v o i r  que ce choix in i t ia l  ne v a  pas 
«de s o i» ,  m a lg r é  le s  a p p a r e n c e s .  U im plique  le  r e c o u r s  im p l ic i te  ou 
ex p l ic i te  à une an a ly se  du s y s t è m e  s o c ia l  où s e  jouent l e s  év é n em en ts  m is  en 
jeu  p a r  le  p ro b lè m e  étud ié .  Ce sy s tè m e  s o c ia l  peut se  d é c o m p o s e r  en  un 
c e r t a in  n o m b re  d '« u n i té s »  in te rd é p e n d a n te s ,  h i é r a r c h i s é e s ,  do tées  d 'un  
en s e m b le  de « f o n c t io n s » .  Selon la  n a tu re  du p ro b lè m e ,  son  im p o r ta n c e ,  son 
é tendue ,  s a  s p é c i f ic i té ,  des  « u n i té s»  s o c ia l e s  de ce type doivent ê t r e  dé f in ies  
et r e c o n n u e s  co m m e p e r t i n e n te s .  A ins i  p ou r  une d éc is io n  r e la t iv e  à l ' e n t r e 
p r i s e ,  on d e v r a  se  d e m a n d e r  s i  c e l l e - c i  r e lè v e  ou non de la  co m p éten ce  
e x c lu s iv e  d 'un  s e r v ic e  p a r t i c u l i e r ,  s i  au c o n t r a i r e  e l le  im plique  une c o n c e r ta 
tion  e n t r e  des  s e r v i c e s  de m ê m e  n iveau ,  s i  e l le  r e lè v e  e x c lu s iv e m e n t  de la  
d i r e c t io n  g é n é ra le ,  s i  e l le  dem ande  que des  co n tac ts  avec des  in s t i tu t io n s  
e x t é r i e u r e s  à l ' e n t r e p r i s e  so ie n t  p r i s ,  e tc .  Selon le  n o m b re  des  « un ité s»  
c o n c e r n é e s ,  la  n a tu re  des l ie n s  qui le s  u n is s e n t  et  la  co m p a tib i l i té  de l e u r s  
ob jec t i fs  r e s p e c t i f s ,  un c a d r e  d 'a n a ly s e  g é n é r a l  du p ro b lè m e  de d éc is io n  
peut ê t r e  t r a c é .

Le ca s  le  p lus f ré q u e m m e n t  d é c r i t  dans  la  l i t t é r a t u r e  t r a i t a n t  de r e c h e r 
che o p é ra t io n n e l le  e t  d 'a id e  à la  d éc is io n  e s t  ce lu i  où on c o n s id è r e  qu 'un  
a c te u r  s o c ia l  unique, q u ' i l  s ' a g i s s e  d 'un  individu iso lé ,  d 'un  g roupe  de p e r 
so n n e s ,  ou d 'une in s t i tu t io n  p r i s e  g lo b a lem en t ,  e s t  en s i tu a t io n  de choix 
devan t u n -c e r ta in  n o m b re  de so lu t ions  a l t e r n a t iv e s  en vue d 'a t t e in d r e  un 
o b je c t i f  donné (qui n ' e s t  pas  fo rc é m e n t  unique).  C e tte  s i tu a t io n  se  p r ê te ,  
en effe t,  a s s e z  f a c i le m e n t  à un e n s e m b le  de r e p r é s e n ta t io n s  des  d iv e r s e s  
c a r a c t é r i s t i q u e s  de c e t te  r é a l i t é .  C 'e s t  ce dom aine que l 'o n  appe l le ,  de 
façon  g loba le ,  l 'o p t im isa t io n .  L es  m o d è le s  en ques tion  ne  cons t i tuen t  c e p en 
dant qu 'une  a p p ro x im a tio n ,  qu 'une  s im p l i f ic a t io n  des  phénom ènes  soc iaux  
q u ' i l s  sont c e n s é s  r e p r é s e n t e r  et  c e t te  r é d u c t io n  ne peut ê t r e  c o n s id é ré e  
co m m e  p e r t in e n te  q u 'à  condition  que le p ro b lè m e  de d éc is io n  en  ques tion  
s a t i s f a s s e  un e n s e m b le  d 'h y p o th èse s  qu 'on  va  é n u m é r e r .

3.1 .3. H ypothèse fondam en ta le

L 'h y p o th èse  fondam en ta le  e s t  que l 'u n i té  en ques tion ,  c ' e s t - à - d i r e  
l ' a c t e u r  s o c ia l  c o n s id é r é ,  so it  v r a im e n t  à m ê m e ,  p a r  r a p p o r t  à la  d éc is io n  
é tu d iée ,  d ' im p o s e r  ou de m e t t r e  en œ u v r e  s e s  p r o p r e s  c r i t è r e s  de r a t i o n a 
li té  dans le  c a d r e  des  choix qui son t  p o sé s .  O r ,  un en s e m b le  s o c ia l  quel 
q u ' i l  so it  co ns t i tue  to u jo u rs  une r é a l i t é  o rgan ique  com plexe  et c o n t r a d ic 
to i r e  où on peut c o n s id é r e r ,  a p r i o r i ,  que le  r é s e a u  des  in te rd ép en d a n ce s  
r e l i a n t  le s  d iv e r s  é lé m e n ts  qui le co n s t i tu en t  fo rm e  un tout in d is so c ia b le .  
L 'h y p o th è se  e s t  donc q u ' i l  e s t  n éa n m o in s  lé g i t im e ,  dans c e r t a in s  c a s ,
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d ' i s o l e r  d an s  l 'a n a ly s e  c e r t a in s  a c t e u r s  de ce  con tex te  et que ce ne so i t  pas  
là  une o p é ra t io n  t r o p  a r t i f i c i e l l e .  D ans une te l le  o p é ra t io n ,  i l  ne faut pas  
c r o i r e  que l ' a c t e u r  dont on é tud ie  le c o m p o r te m e n t  so i t  c o n s id é r é  c o m m e 
to ta le m e n t  iso lé  du con tex te  s o c ia l  c a r  c e lu i - c i  s ' i n t r o d u i t  p a r  le  b ia is  de ce 
qui s e r a  p e rç u  p a r  ce t  a c te u r  co m m e des c o n t r a in te s  à la  fois  te chn iques  et 
s o c ia l e s  de son  e n v i ro n n e m en t .  M a is  ces  c o n t ra in te s  s e r o n t  c o n s id é r é e s  
d ans  ce  p r e m i e r  m o d è le  co m m e données et p a s s iv e s .  C ' e s t - à - d i r e  qu 'on  
suppose  q u ' i l  e s t  lé g i t im e  de n é g l ig e r  ( p e u t - ê t r e ,  en p r e m i è r e  app rox im ation )  
l 'e f fe t  en r e t o u r  de la  d éc is io n  qui va  ê t r e  p r i s e  s u r  l ' é t a t  de c e s  c o n t ra in te s  
e l l e s - m ê m e s .  C e la  s ign if ie  en d e r n i è r e  an a ly se  que l ' a c t e u r  en ques tion  
m a î t r i s e  non s e u le m e n t  le s  d iv e r s  é lé m e n ts  du choix in i t ia l  auque l i l  e s t  
con fron té ,  m a is  e n c o re  le s  d iv e r s e s  conséq u e n ces  u l t é r i e u r e s  de la  d éc is io n  
q u ' i l  a p r i s e  de façon  q u 'e l l e s  ne r e m e t te n t  pas  en q u es t ion  le  c a r a c t è r e  
« o p tim a l»  du choix p r im i t i f .

Il e s t  b ie n  év iden t que, dans la  p ra t iq u e ,  un t e l  m o d è le  s e r a  d 'au ta n t  
p lu s  p e r t in e n t  que la  d éc is io n  é tud iée  s e r a  de p o r té e  l im i té e ,  d é c le n c h e ra  
le s  r é a c t io n s  du n o m b re  le  p lus  pe t i t  p o ss ib le  d 'a c t e u r s  s o c ia u x ;  so it  q u ' i l  
y a i t  unan im ité  g é n é r a le  s u r  l 'o b je c t i f  p o u rsu iv i  et  a l o r s  l ' e n s e m b le  s o c ia l  
se  r é d u i t  à une en t i té  unique pou r  ce  p ro b lè m e ,  so i t  que la  d é c is io n  so it  
te l le m e n t  in f im e  e t  r e s t r e i n t e  q u 'e l le  n 'e n t r a în e  l ' i n t é r ê t  de p e r so n n e ,  
h o r m is  de ce lu i  m ê m e  qui la  p rend .

3 .1 .4 . C as  des  é tudes  co û t -a v an ta g e

C om m en t s i t u e r  le s  é tudes  co û t -a v an ta g e  dans c e t te  d i s c u s s io n ?  H is to 
r iq u e m e n t ,  on peut d i r e  de façon t r è s  sc h é m a t iq u e  que le s  é tudes  coût-  
avan tage  son t n é e s  de la  co n s ta ta t io n  su ivan te  : on a rec o n n u  que le s  choix 
économ iques  dont la  r a t i o n a l i t é  pouvait  a p r i o r i  ê t r e  conçue c o m m e « in te rn e »  
à l ' e n t r e p r i s e  qui ava it  la  c h a rg e  de le s  m e t t r e  en œ u v r e  (par  exem ple  la  
lo c a l i s a t io n  des  u n i té s  de p roduc t ion  in d u s t r ie l le ,  l ' im p la n ta t io n  s p a t ia le  et 
l a  n a tu re  d 'un  r é s e a u  de t r a n s p o r t ,  le  choix de n o r m e s  de s é c u r i t é .  . .  ) 
av a ien t  des  c o n séq u e n ces  éc o nom iques  et s o c ia l e s  « e x te r n e s »  dont la  p r i s e  
en c o n s id é ra t io n  é ta i t  d if f ic i lem e n t  nég l igeab le .  A ins i ,  c r é e r  un b a r r a g e  
h y d r o - é le c t r iq u e  pouvait  e n t r a în e r  une u t i l i s a t io n  du lac  de r e te n u e  à des  fins 
a g r ic o le s  ou to u r i s t i q u e s  dont l a  p r i s e  en com pte  pouvait  c o n d u i re  à un  
choix de s i t e  tout à fa i t  d i f fé re n t  de ce lu i  qui a u r a i t  r é s u l t é  d 'un  s im p le  
c a lc u l  économ ique  en t e r m e s  de p roduc t ion  d 'é n e rg ie .

On peut v o i r  r a p id e m e n t  ce qui c a r a c t é r i s e  une te l le  d é m a r c h e ,  ce  qui 
fa i t  s a  f o rc e  et en  m ê m e  te m p s  s a  fa ib le s s e  :
— d 'a b o rd  e l le  e s t  t r è s  g é n é r a le  et s 'a p p l iq u e  en  fa i t  à to u te s  d é c is io n s  

d 'une  c e r t a in e  im p o r ta n c e ;
— s i ,  au d é p a r t ,  e l le  co n s t i tu e  en  quelque s o r t e  un « e n r ic h i s s e m e n t»  de 

la  d é c is io n  p r i s e  au se in  de l ' e n t r e p r i s e ,  e l le  dev ien t p a r  c o n t re  
a p p a r e m m e n t  in d isp en sa b le  l o r s q u ' i l  s 'a g i t  d 'une  d é c is io n  p r i s e  dans le s  
in s t i tu t io n s  publiques  e t  au n iveau  de l 'E ta t ;  e t  c ' e s t  ce  p ro lo n g e m e n t  
n a t u r e l  qui lu i  a donné l ' e s s o r  u l t é r i e u r  qu 'on t connu c e s  m é th o d e s  aux 
E ta t s - U n i s  dans le  c a d r e  du s y s t è m e  PPBS.

A lo rs  que le s  co n s ta ta t io n s  qui p ré c è d e n t  n ' im p l iq u e n t  pas  n é c e s s a i r e 
m e n t  le  r e c o u r s  à un  c a d r e  th é o r iq u e  unique d 'a n a ly s e ,  le s  é tudes  coût-  
avan tage  ont é té  p r é s e n té e s  d 'e m b lé e ,  e t  s a u f  excep t ion ,  c o m m e  une f o rm e  
p a r t i c u l i è r e  de c a lc u l  économ ique  r e le v a n t  de la  th é o r ie  de l 'o p t im isa t io n .
C ' e s t - à - d i r e  q u 'e l l e s  supposen t  que, com pte  tenu du n iveau  auque l se  s i tuen t
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c e s  a n a ly s e s ,  le s  hypo thèses  s im p l i f i c a t r i c e s  qu 'on  a e s q u i s s é e s  p lus  haut 
so ie n t  v é r i f i é e s .  C 'e s t  là ,  b ie n  s û r ,  l 'o r ig in e  des  f a ib l e s s e s  qu 'on  a annon
c é e s ,  f a ib l e s s e s  ab o u t is sa n t  n a tu re l le m e n t  à des  an a ly se s  dont la  p e r t in e n c e  
s ' a v è r e  p r é c a i r e  et qui s e rv e n t  dans la  p ra t iq u e  souven t à donner  un 
«habillage» sc ien t if ique  à des  d é c is io n s  p r i s e s  p a r  a i l l e u r s ,  p lutôt q u 'à  
o r i e n t e r  le s  v é r i t a b le s  choix.

C e tte  s i tu a t io n  a s e m b l e - t - i l  abouti à une r é g r e s s i o n  a s s e z  im p o r ta n te  
d ans  la  p ro d u c t io n  de ce type d 'é tu d e s  au p ro f i t  d 'a n a ly s e s  et d 'év a lu a t io n s  
m e t ta n t  en jeu  des  ex p é r im e n ta t io n s  c o n t rô lé e s  en  v r a i e  g ra n d e u r .

On conçoit  t r è s  b ien  p a r  a i l l e u r s  le s  r a i s o n s  de ce t  échec ,  qui r é s u l t e n t  
d 'u n e  concep t ion  i l l u s o i r e  de la  r a t i o n a l i t é  du sy s tè m e  s o c ia l  e t des  u n i té s  
qui le com posen t .

Si on r e p r e n d  l 'e x e m p le  de l ' e n t r e p r i s e  évoquée p lus  hau t ,  le  p ro b lè m e  
qui se  pose  e s t  ce lu i  de s a v o i r  s i  le s  c r i t è r e s  e ffec tifs  qui p r é s id e n t  à son 
fonc tionnem en t sont b ie n  ceux d 'un  hypothé tique op tim um  s o c ia l  qui d e m a n 
d e r a i t  à ê t r e  p r é c i s é ,  ou s ' i l s  son t  d 'une  a u t r e  n a tu re .  E n  m a t i è r e  de 
s é c u r i t é  p a r  ex e m p le ,  on peut se  d e m a n d e r  s i  l a  r é d u c t io n  des  r i s q u e s  à un 
m in im u m  co n s t i tu e ,  en so i ,  l 'u n  des  ob jec ti fs  de l ' e n t r e p r i s e ,  ou s i  au 
c o n t r a i r e ,  on doit c o n s id é r e r  que le  n iveau  des  n o r m e s  u t i l i s é e s  a p p a ra î t  
c o m m e une c o n t ra in te ,  r é s u l t a n t  de ,  ou p lu tô t im p o s é e  p a r  un  e n s e m b le  de 
f o rc e s  s o c ia l e s  e x t é r i e u r e s  à  l ' e n t r e p r i s e  e l l e - m ê m e  : s p é c i f ic i té  p a r t i c u 
l i è r e  de la  b ra n c h e  s u r  le  p lan  techn ique  ou p s y c h o - soc io log ique ,  r e c o m m a n 
dat ions  des  in s t i tu t ions  n a t io n a le s ,  n iveau  g é n é r a l  des  n o r m e s  dans le s  
a u t r e s  s e c t e u r s  in d u s t r ie l s ,  e tc .

B ien en tendu , on peut to u jo u rs  c o n c ev o ir  que l ' e n t r e p r i s e  p re n n e  l ' i n i 
t ia t iv e  de c e t te  réd u c t io n  des  n o r m e s  et n 'a t te n d e  pas  que c e s  f o r c e s  s e  m a n i 
f e s te n t  p ou r  p r e n d r e  le s  d é c is io n s  c o r r e s p o n d a n te s ,  m a is  c e la  ne c h a n g e ra i t  
p as  l 'a n a ly s e  p ré c é d e n te .

Il  faut s a i s i r  ic i  le s  co n séq u e n ces  q u ' im p liq u en t  le s  d iv e r s e s  c o n s id é 
r a t i o n s  p r é c é d e n te s  lo r s q u 'o n  en v isag e  de f a i r e  une étude d é c is io n n e l le .

V oulo ir  d r e s s e r  un b ilan  a u s s i  g é n é r a l  que p o s s ib le  des  co n séq u e n ces  de 
tou te  n a tu re  qui r é s u l t e n t  d 'une  d é c is io n  économ ique  ou po lit ique peu t c o n s 
t i t u e r  un  ob jec ti f  de r e c h e r c h e  in té r e s s a n t .  M a is  la  s i tu a t io n  e s t  e x t r ê m e m e n t  
d i f fé re n te  s i  on se  p la ce  a p r i o r i  ( c ' e s t - à - d i r e  avant que le s  choix a ien t  é té  
f ixés)  ou a p o s te r io r i .  Dans ce second  c a s ,  on se  t ro u v e  dans un c a d r e  
ana ly tique ,  a l o r s  que dans le p r e m i e r  on se  s i tu e  dans  un c a d r e  p ré v is io n n e l  
en e s s a y a n t  de p r o d u i re  une in fo rm a tio n  u t i le  p o u r  le  d é c id e u r  lu i - m ê m e .
O r le s  d é c id e u r s ,  e t le s  in s t i tu t io n s  q u ' i l s  r e p r é s e n te n t ,  ne son t pas  con 
c e r n é s  p a r  le s  c o n séq u e n ces  de l e u r s  choix dans toute le u r  g é n é r a l i t é  et  à 
tous  le s  niveaux. Ce qui le s  i n t é r e s s e ,  c ' e s t  s u r to u t  de s a v o i r  s i  le s  c o n s é 
quences  de c e t te  d éc is io n  vont ê t r e  c o m p a t ib le s  ou f a v o ra b le s  à l ' a c c o m p l i s 
se m e n t  de l e u r s  p r o p r e s  o b jec t i fs ,  au s e in  du s y s t è m e  so c ia l .  O r  ces  
ob jec t i fs  sont n é c e s s a i r e m e n t  l im i té s  et r e s t r e i n t s  du fa i t  de la  n é c e s s a i r e  
sp é c ia l i s a t io n  des  tâ c h e s  et de la  r a t io n a l i t é  du s y s t è m e  s o c ia l  dans le q u e l  
c e s  in s t i tu t io n s  fonctionnent.

A ins i ,  une e n t r e p r i s e  qui a p ou r  o b jec t i f  de p r o d u i re  de l 'é n e r g i e  se lon  
c e r t a in e s  m é th o d es  n 'a  p a s ,  a p r i o r i ,  à se  p r é o c c u p e r  des  b ie n fa i ts  soc iaux  
qui r é s u l t e r o n t  u l t é r i e u r e m e n t  de s a  p ro d u c t io n  de kW • h. Ce qui l ' i n t é r e s s e ,  
c ' e s t  de c o n n a î t r e  le s  é lé m e n ts  d ' in fo rm a t io n  qui, du p o in t  de vue de la  
r a t i o n a l i t é  qui l 'a n im e ,  s e ro n t  p e r t in e n ts .

Ces quelques r e m a r q u e s  tenden t s im p le m e n t  à r a p p e l e r  que s i ,  com m e 
on l ' a  vu p lus  hau t,  au n iveau  d 'une  an a ly se  f o rm e l le  tout ob jec ti f  peu t ê t r e
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c o n s id é r é  co m m e un m o y e n  au s e r v i c e  d 'une  fin s u p é r i e u r e ,  le s  s y s tè m e s  
s o c ia u x  c o n c r e t s  so n t  f in a l i s é s ,  quan t à  eux, de m a n iè r e  non a r b i t r a i r e  et i ls  
p o u rsu iv e n t  des  ob jec ti fs  qui ne son t pas  quelconques .

Le p r o p r e  d 'une an a ly se  d éc is io n n e l le  p e r t in e n te  s e r a  p r é c i s é m m e n t  de 
d é t e r m in e r  d 'a b o rd  le s  ob jec t i fs  im p l ic i te m e n t  p o u r su iv is  p a r  l ' in s t i tu t io n  au 
s e r v ic e  de laque l le  e l le  e s t  p la c é e  et de d é d u i re  de c e t te  p r e m i è r e  p h ase  le 
n iveau  de g é n é r a l i t é  des  co n séq u e n ces  et des  m o y e n s  qui d ev ro n t  ê t r e  
en v isag é s .

C 'e s t  là  que l 'o n  peu t s i t u e r  le  c l ivage  qui e x i s te  e n t r e  le s  an a ly se s  
co û t-a v an ta g e  et c o û t -e f f ic a c i té  et  c ' e s t  une façon de c o m p re n d re  le 
c a r a c t è r e  i r r é a l i s t e  que peut p r e n d r e  la  p r e m i è r e  en tan t  que p ro c é d u re  
d 'a id e  à la  d éc is io n  s i  e l le  e s t  em p loyée  s a n s  d is c e r n e m e n t .

3.2. Le v r a i  p ro b lè m e  e s t - i l  t r a i t é ?
I

11 se m b le  im p o r ta n t  é g a le m e n t  dans ce con tex te  de d é f in i r  avec p r é 
c i s io n  la  n a tu re  du p ro b lè m e  r é e l  qui e s t  sou levé  dans. le  c a d r e  de la déc is ion .  
Selon une r e m a r q u e  c l a s s iq u e  des  p r a t i c i e n s  de la  r e c h e r c h e  o p é ra t io n n e l le ,  
il  vau t m ie u x  t r a i t e r  im p a r fa i te m e n t  un v r a i  p ro b lè m e  que de r é s o u d r e  p a r 
fa i tem e n t  un faux p ro b lè m e .  En  m a t i è r e  de p ro te c t io n  rad io lo g iq u e ,  la  
ques tion  e s t  p r é c i s é m e n t  de s a v o i r  s i  le  v r a i  p ro b lè m e  e s t  ce lu i  de la  r a t i o 
n a l is a t io n  des  d é p e n se s  de p ro te c t io n  (pour un budget donné, co m m en t  d é f in i r  
l 'a l lo c a t io n  des  r e s s o u r c e s  qui r e n d r a  m in im u m  un in d ic a te u r  g loba l  d 'e x p o 
si t ion  aux r i s q u e s  ? ) ou ce lu i  du r a p p o r t  qui e x i s te  e n t r e  la  v a l e u r  des  n o r m e s  
qui son t u t i l i s é e s  dans  l a  p ro d u c t io n  d 'é n e r g ie  n u c l é a i r e  et le s  r é a c t io n s  des 
f o rc e s  s o c ia le s  qui sont to u c h ée s  p a r  ce s  m e s u r e s  de façon d i r e c te  ou indi
r e c t e  ( t r a v a i l l e u r s ,  r i v e r a i n s  d e s  s i t e s ,  e tc .  ). I l  faut n o te r  que la  n a tu re  
de la  l ia iso n  qui r e l i e  le s  deux p r o b lè m e s  en q ues t ion  e s t  loin d ' ê t r e  s im p le  
et q u 'e l le  ne v a  pas  n é c e s s a i r e m e n t  dans le  s e n s  :

réd u c t io n  des  n o r m e s ------------> réd u c t io n  des  dem an d e s  so c ia le s  en
m a t i è r e  de s é c u r i t é

ce  qui veu t d i r e  en p ra t iq u e  que la  r é s o lu t io n  du p r e m i e r  p ro b lè m e  ne va 
p a s  n é c e s s a i r e m e n t  dans le s e n s  de la  r é s o lu t io n  du second  et m ê m e  q u ' i l  
s ' a g i t  de deux p ro b lè m e s  d is t in c ts  qui p r é s e n te n t  en fa it  des  l ie n s  t r è s  
fa ib les .

A lo rs  que la  so lu t ion  du p ro b lè m e  de la  r é d u c t io n  des n o r m e s  peut ê t r e  
b a s é e  s u r  des  c o n s id é ra t io n s  techn iques  et économ iques  in te r n e s  à l ' e n t r e 
p r i s e  et donc f a i r e  appe l  à des  techn iques  c l a s s iq u e s  de r e c h e r c h e  o p é r a 
t ionne l le ,  le second  p r é s e n te  une co m p lex i té  in f in im en t s u p é r ie u r e .  Avant 
de l ' e n v i s a g e r  sous un angle d éc is io n n e l  o b l ig a to i re m e n t  s im p l i f ic a te u r ,  il 
fa u d ra i t  que la  co n n a is sa n c e  que l 'on  en p o ssè d e  so i t  quelque peu avancée.
O r c e t te  co n n a is sa n ce  n ' e s t  s e m b l e - t - i l  p ou r  l ' i n s ta n t  que t r è s  p a r t i e l l e ,  et 
c e c i  p ou r  un en s e m b le  de r a i s o n s  indépendan tes  : l a  c o n t ro v e r s e  n u c lé a i re  
s ' e s t  e s s e n t i e l l e m e n t  l im i té e  à quelques  pays où e l le  a p r i s  une a m p le u r  
im p o r ta n te ;  e l le  ne s ' e s t  m a n i fe s té e  q u 'à  une date e n c o re  r é c e n te  (1969 aux 
E ta t s - U n i s  p a r  exem ple );  enfin l 'é tu d e  de ce type de phénom ènes  m o b i l i se  
p lu tô t des  s p é c ia l i s t e s  des  s c ie n c e s  s o c ia le s  ; o r ,  dans c e s  d isc ip l in e s  il 
y a e n c o re  a s s e z  peu d 'e x p é r ie n c e  accu m u lée  c o n c e rn a n t  le s  p ro b lè m e s  de 
la  p e rc e p t io n  so c ia le  des  phénom ènes  d 'en v iro n n e m e n t  et de n u isance .  P a r  
conséquen t,  la  c o m p ré h e n s io n  que l ’on a  a c tu e l le m e n t  de c e s  phénom ènes 
so c iau x  s e m b le  en c o re  t r è s  l im i té e .
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Ce q u ' i l  p a r a î t  im p o r ta n t  de so u l ig n e r  à p ropos  de ce s  d i f fé re n te s  q u es 
t ions ,  c 'e s t  d 'une  p a r t  la  co n s ta ta t io n  de le u r  g é n é ra l i t é  (ces a s p e c ts  peuvent 
ê t r e  a n a ly sé s  à p a r t i r  de tous le s  phénom ènes  de san té  et de s é c u r i t é  quelle  
qu 'en  so i t  la  n a tu re )  et d 'a u t r e  p a r t ,  l ' i n t é r ê t  q u ' i l  y  a à le s  c o n s id é r e r  en 
tan t  que phénom ènes  soc iaux  à p a r t  e n t i è r e  et donc su sc e p t ib le s  de f a i r e  
l 'o b je t  d 'une  exp l ica tion  ra t io n n e l le .  « L ' i r r a t i o n a l i t é »  s i  souvent dénoncée 
des  g ro u p es  et des  individus qui tenden t à  p r o c l a m e r  de façon e x c e s s iv e  les  
d a n g e r s  de l 'é n e r g i e  n u c l é a i r e  ne doit donc pas  ê t r e  c o n s id é r é e  co m m e un 
phénom ène p a r t i c u l i e r  non su sc e p t ib le  de f a i r e  l 'o b je t  d 'é tu d e s  et d ' i n t e r 
p r é ta t io n s  co h é re n te s .  Une te l le  i r r a t i o n a l i t é  ne r e f lè t e  que l ' ig n o ra n c e  
r e la t iv e  des  s c ie n c e s  s o c ia le s  face  à un p ro b lè m e  q u 'e l l e s  c o m m en c en t  
s e u le m e n t  à a b o rd e r .  M êm e s i  le s  a rg u m e n ts  u t i l i s é s  a p p a r a i s s e n t  com m e 
p e u . s é r ie u x  ou peu fondés p o u r  la  m a jo r i t é  des s p é c ia l i s t e s ,  i l  n 'e n  n 'e s t  pas  
m o in s  v r a i  que ce s  condu ites  s o c ia le s  ne s a u r a ie n t  ê t r e  c o n s id é r é e s  com m e 
sa n s  in té rê t .  I l  ne faut pas  o u b l ie r  que c ' e s t  l 'é tu d e  de la  m a la d ie  m e n ta le  
qui a p e r m i s  le déve loppem en t de la  co n n a is sa n c e  ra t io n n e l le  de l ' in c o n 
sc ien t .  A u ss i  p eu t -o n  e s p é r e r  que l 'a n a ly s e  en  p ro fo n d e u r  des  p e rc e p t io n s  
s o c ia le s  r e la t iv e s  à l 'é n e r g i e  n u c l é a i r e  p e r m e t t r a  de j e t e r  le s  b a s e s  d 'une  
th é o r ie  p lus g é n é ra le  des  p e rc e p t io n s  co l lec t iv e s  en  m a t i è r e  d 'e n v iro n n e m e n t  
e t  de n u isa n c e s .  E n c o r e  f a u t - i l  que la  p r i s e  de c o n sc ie n ce  de l 'e x i s te n c e  de 
ce s  d im e n s io n s  du p ro b lè m e  a p p a r a i s s e  dans le s  m il ieu x  r e s p o n s a b le s  de 
l 'o r i e n ta t io n  de la  r e c h e r c h e  et q u ' i l  en r é s u l t e  une a l loca tion  de r e s s o u r c e s  
convenab les  qui donne une p lace  aux sc ie n c e s  te ch n iq u e s ,  b io log iques ,  
économiques  e t s o c ia le s .

3.3. Où s ' a r r ê t e r  dans l 'a n a ly s e  des  co n séq u e n ces?

L 'id é e  que l 'o n  veu t  s u g g é r e r  à p r é s e n t  e s t  c e l le  de l 'e x i s te n c e  d 'une  
r e la t io n  e n t r e  le n iveau  des  ob jec t i fs  auxquels  on a ch o is i  de se  s i t u e r  (qui, 
c o m m e on l ' a  vu p lus  hau t e s t  d é t e r m in é  lu i - m ê m e  p a r  la  n a tu re  de l ' i n s t i 
tu t ion  qui e s t  c e n sé e  a g i r  p ou r  r é s o u d r e  le p ro b lè m e  qui se  pose)  et la  
m é thode  d 'é la b o ra t io n  c o r r e s p o n d a n te  des coû ts  e t  des  avan tages .

3.3.1. E x p lo ra t io n  des  conséq u e n ces

Le p r e m i e r  point qu 'on  peut r e m a r q u e r  e s t  q u ' i l  y a p r é c i s é m e n t  une 
c e r t a in e  la t i tude  dans le contenu  de ce qu 'on  qualif ie  de coûts et d 'a v a n ta g e s .  
On ava it  dé jà  o b se rv é  ce phénom ène à p ropos  des  ob jec ti fs  et des  m oyens  et 
on ab o rd e  ic i  une ques tion  de m ê m e  n a tu re .  E n  effe t,  dans c e t te  e x p lo ra t io n  
des  c o n séq u e n ces  ( fa s te s  et n é fa s te s )  qui r é s u l t e n t  de la  d éc is io n  ju s q u 'à  quel 
point p eu t-o n  a l l e r ?  M ê m e  s i  on suppose  que ce t te  d éc om pos i t ion  en c a té 
g o r ie s  ( fa s te s  et n é fa s te s )  a i t  un s e n s  (on v e r r a  ce t te  ques tion  p lus  b a s ) ,  on 
peu t en effet p é n é t r e r  p lus  ou m o in s  loin dans  la  com plex i té  des  conséq u e n ces  
d 'une  déc is ion .

Un ex e m p le  en s u g g é r e r a  le  p r in c ip e  : le  ca s  d 'une  m a la d ie  p r o f e s 
s io n n e l le  qui e n t ra în e  la  d i s p a r i t io n  p r é c o c e  ou l ' in v a l id i té  d 'un  c e r t a in  
n o m b re  de t r a v a i l l e u r s  au c o u r s  de le u r  v ie  ac tive .  On c o n s id è r e  de façon 
év iden te  q u ' i l  s ' a g i t  d 'un  effe t n é fa s te  dont i l  faut t e n te r  d 'é v a lu e r  le  coût.
I l  y a d 'a b o rd  un en se m b le  de coûts  dont le contenu se m b le  a p p a re m m e n t  
c l a i r ,  co m m e ceux  qui son t l ié s  aux d iv e r s  so in s  m é d icaux  e n t r a în é s  p a r  
l 'a p p a r i t io n  de c e t te  m a la d ie .  On peut r e m a r q u e r  au p a s s a g e  que la  dé f in i
t ion  de c e t te  p r e m i è r e  c a té g o r ie  de coût n 'e s t  d é jà  pas  a u s s i  év iden te  q u 'e l le
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p a r a î t ;  on p o u r r a i t  s e  d e m a n d e r  s i  tout ce qu 'on  inc lu t g é n é r a le m e n t  dans 
ce p r e m i e r  ch i ff re  doit e f fec t iv e m en t  y e n t r e r ,  c a r  m ê m e  s i  c e t te  m a la d ie  
é ta i t  é l im in é e  à l a  su i te  de m e s u r e s  ad é q u a te s ,  i l  e x i s t e r a i t  des  s e r v i c e s  de 
s a n té ,  des  hôpitaux et des p e r s o n n e ls  m éd icaux .  Le coût des  so in s  p r o d i 
gués à l 'o c c a s io n  de c e t te  m a la d ie  d o i t - i l  a lo r s  ê t r e  conçu com m e la  so m m e  
des  f a c te u r s  dont la  co m b in a iso n  abouti t  à p r o d u i re  le  s e r v i c e  en ques tion?
Ou d o i t - i l  ê t r e  conçu co m m e la  so m m e  des f a c te u r s  p r é c é d e n t s  e f fec t ivem en t  
d é t ru i t s  p a r  la  p roduc t ion  de ce s e r v i c e ,  sa ch a n t  que l ' a u t r e  p a r t i e  a u r a i t  é té 
de toute façon  im m o b i l i s é e ?

E n su i te ,  on su ppose  que la  d i s p a r i t io n  p ré c o c e  d 'un  t r a v a i l l e u r  e n t ra în e  
une p e r t e  de p ro d u c t io n ,  ou un coût su p p lé m e n ta i r e  pou r  l ’e n t r e p r i s e .  Là 
e n c o re ,  la  ques tion  e s t  loin d 'ê t r e  c l a i r e .  C e la  dépend d 'une m u lt i tude  
d 'é l é m e n t s  su p p lé m e n ta i r e s  q u ' i l  f a u d ra i t  d 'a b o rd  a n a ly s e r  : la  qual if ica tion  
de ce s  t r a v a i l l e u r  s , ' l a  d ifficu lté  q u ' i l  y a à le s  r e m p l a c e r ,  l 'e x i s t e n c e  de 
chôm age ,  le s  condit ions  du m a r c h é ,  e tc .

I l  n 'e s t  pas  fait  é ta t  b ie n  s û r  des  conséq u e n ces  in d iv id u e l les ,  f a m i l ia l e s ,  
s o c ia l e s  de c e t te  m a la d ie  et de la  m o r ta l i t é  qui e s t  c e n sé e  en r é s u l t e r .  . .

Au to ta l ,  tout é v é n em en t ,  tou te  d é c is io n  peuvent ê t r e  conçus co m m e la  
s o u r c e  d 'un  en se m b le  de p e r tu r b a t io n s  qui affec ten t  v i r tu e l l e m e n t  le  sy s tè m e  
s o c ia l  dans son e n s e m b le  et à tous le s  n iveaux . M ais  c e t te  p e r tu r b a t io n  ne 
se  p ropage  pas  de façon l in é a i re .  De m u l t ip le s  ré g u la t io n s ,  r é t r o a c t io n s ,  
in te r a c t io n s  son t  m o b i l i s é e s .  Ce qui e s t  n é fa s te  à un n iveau  peut d ev e n ir  
f av o ra b le  à un  a u t r e  n iveau.

L 'h y p o th èse  sou tenue  ic i ,  c ' e s t  que ce t te  a n a ly se ,  qui p o u r r a i t  s e  p r o 
lo n g e r  à l ' in f in i ,  do it  ê t r e  l im i té e  e t  r a p p o r té e  à un s y s t è m e  d 'a c t e u r s  
so c iau x  p r é c i s ,  c o n c e r n é s  p a r  la  d é c is io n  en v isag é e .

C e c i  im plique  deux s o r t e s  de c o n séq u e n ces  :
— au t e r m e  de c e t te  a n a ly se ,  on aboutit  à  des  r é s u l t a t s  d i f fé r e n ts ,  se lon  

l ' a c t e u r  s o c ia l  que l 'o n  e n v i s a g é  ( l 'e n t r e p r i s e  c o n s id é r é e  de façon iso lée ,  
l a  b ra n c h e  in d u s t r ie l le  dans son  e n s e m b le ,  le p e r s o n n e l  d 'une  e n t r e p r i s e  
donnée, le s  r i v e r a i n s  de te ls  ou te ls  s i t e s ,  e tc .  ) ;

— pour  chacun  de ce s  a c t e u r s ,  i l  y a une c e r t a in e  façon d 'e n v i s a g e r  la  
m e s u r e  des  coûts  et des  avan tages  en r e la t io n  avec la  r a t i o n a l i t é  p r o p r e  à 
ce t  a c te u r  et l a  façon  dont i l  l ' e x p r im e  en g é n é ra l .

3 .3 .2 . C onception  du coût

Le concept de coût se  r a t t a c h e  en g é n é r a l  en économ ie  à ce lu i  de coût 
de p roduction .  P o u r  f a b r iq u e r  une c e r t a in e  m a r c h a n d is e  ou p r o d u i re  un 
c e r t a in  « s e r v i c e », une quant ité  donnée de t r a v a i l ,  de m a t i è r e s  p r e m i è r e s ,

3 Dans la littérature traitant de ces problèmes, il existe une entité qui est souvent citée, et qui semble 
être considérée par certains comme pouvant servir de référence à une analyse: la société dans son ensemble. /

Ainsi dans l'appendice II de la publication de la CIPR, on trouve dans un chapitre sur les analyses coût- 
avantage : « . . .  que les avantages susceptibles d 'ê tre  pris en compte dans le type d'analyses coût-avantage 
applicables dans le cadre du § 5a) (de la publication CIPR n" 9) sont définis grossièrement comme incluant tous 
les avantages pour la soc ié té» .. Or, le problème vient du fait que la société considérée comme une totalité 
ne prend pas de décision et que, lorsqu'on passe aux institutions qui sont censées la représenter, celles-ci ne 
sont pas mues par une rationalité qui inclut les intérêts de la société tout entière mais par des motifs bien plus 
immédiats. Aussi la considération globale des conséquences d 'une décision au niveau de la société tout entière 
est impropre à contribuer à la compréhension de la dynamique sociale elle-même et de sa rationalité, et ceci 
indépendamment de la qualité de l'information correspondante. Toute la critique qui est développée ici de 
l'analyse coût-avantage en tant que processus d 'aide à la décision est fondée sur cette constatation.
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de m oyens  de p roduc t ion  e s t  m is e  en œ u v re .  Selon la  co m p o s i t io n  et la  
v a l e u r  de ce s  d if fé ren ts  inputs on aboutit  à un c e r t a in  coût de p roduc t ion  qui 
e s t  con séc u t if  à l ' im m o b i l i s a t io n  des « f a c te u r s  de p ro d u c t io n »  qui ont été 
e m p lo y és .  Si c e s  f a c te u r s  n 'a v a ie n t  pas  été m is  en œ u v re  dans ce t te  p r o 
duction ,  i ls  a u ra ie n t  pu s e r v i r  a i l l e u r s ,  d 'où  la  notion  de «coû t d 'opportun ité» .  
C e t te  défin ition  s 'é te n d  n a tu re l le m e n t  aux a c t iv i té s  de l ' e n t r e p r i s e  qui ont 
p o u r  o b jec ti f  d 'o b te n i r  un n iveau  de s é c u r i t é  donné ( s e r v ic e  de p ro tec t io n ) .  
P a r t a n t  d 'un  n iveau in i t ia l  de r i s q u e s  qui r é s u l t e  du m ode de p roduc tion  
u t i l i s é ,  ce type d 'a c t iv i té  c o n s is te  à r a m e n e r  le r i s q u e  en ques tion  à un 
n iveau  ac ce p ta b le  dans  le  s y s tè m e  s o c ia l  c o n s id é ré .  Bien entendu, i l  r e s t e  
un r i s q u e  non nul qui,  l o r s q u ' i l  se r é a l i s e  (de façon d iscon tinue  : ac c iden t ,  
ou continue : i r r a d ia t io n ,  p a r  exem ple )  d é c le n ch e  un e n s e m b le  de m é c a 
n i s m e s  de sau v e tag e ,  de s e c o u r s ,  de so ins  m éd icaux ,  e tc .  qui peuvent ê t r e  
a n a ly sé s  de la  m ê m e  façon en t e r m e s  de coût de p roduc tion  et enfin  des  
p e r t e s  h u m a in es  et m a t é r i e l l e s  qui peuvent,  quant à e l l e s ,  ê t r e  a s s im i l é e s  à 
une d e s t ru c t io n  de « f a c te u r s  de production» . Les  coûts  en ques tion  doivent,  
en p r in c ip e ,  se  d éd u ire  des  données co m p tab le s  de l ' e n t r e p r i s e .  Si on 
e n v isa g e a i t  le p ro b lè m e  à une éc h e l le  p lus  v a s te ,  c o m m e p a r  ex e m p le  le 
s e c t e u r  de p roduction  d 'é n e rg ie  dans son e n s e m b le ,  on p o u r ra i t  s e  p la c e r  
dans le c a d r e  d 'a n a ly se  de la  co m p tab i l i té  na t iona le .

On conçoit  tout de su i te  que s i  ce p r e m i e r  c a d re  th éo r iq u e  p r é s e n te  le 
m é r i t e  de la  c l a r t é ,  i l  ne donne pas  néa n m o in s  tou te s  le s  r é p o n s e s  que l 'on  
s o u h a i t e ra i t  r e c e v o i r  d an s  le c a d r e  d 'u n  p ro b lè m e  d éc is io n n e l .  En  effet,  
l ' im p u ta t io n  obtenue a in s i  ne p e r m e t  pas  de c o n n a î t re ,  d 'une  p a r t  l 'a f fec ta t io n  
qui s e r a i t  fa i te  des  r e s s o u r c e s  d ég agées  s i  le s e r v ic e  en  ques tion  n 'a v a i t  pas  
é té  p ro d u it  ou s i  le s  f a c te u r s  de p roduc t ion  d é t ru i t s  ava ien t  é té  s a u v e g a rd é s ,  
d 'a u t r e  p a r t  les. conséq u e n ces  de toute n a tu re ,  e t  en p a r t i c u l i e r  e x te rn e  à 
l ' e n t r e p r i s e ,  qui r é s u l t e n t  de ce t te  p roduction .  On se  r e n d  com pte  que la  
no tion  de coût qui e s t  u t i l i s é e  dans le t e r m e  «é tude  coû t-a v an ta g e»  et qui 
s ign if ie  im p lic item en t  « c o n s é q u e n c e s  n é fa s te s » ,  par oppos it ion  à avantage, 
e s t  beaucoup  plus r ic h e ,  ou p lus  vague s i  on veut,  que ce l le  de coût de 
p ro d u c t io n ,  e t dem ande  donc à r e c e v o i r  un contenu th é o r iq u e  p r é c i s .  Or ce 
contenu  e s t ,  s e m b l e - t - i l ,  r a r e m e n t  ex p l ic i té  de façon s a t i s f a i s a n te  dans la 
p ra t iq u e  des  é tudes  c o û t-a v an ta g e .  Une des  am b igu ité s  qui p a r a î t  la  p lus  
p ro fonde  p ro v ie n t  de l 'a p p a re n te  n é c e s s i t é  de q u a l i f ie r  de l 'é t iq u e t t e  « fa s te  
ou n é fa s te»  tou te s  le s  c o n séq u e n ces  p r é v i s ib le s  ou o b se rv a b le s  de la  d éc is io n  
de l 'o p é r a t io n  é tud iée  c o m m e s i  ce tte  qu a l if ica t io n  e x is ta i t  «en  s o i» .  Q uelle  
a t t i tude  p r e n d r e  devant une conséquence  qui a p p a r a î t r a i t  co m m e n éfa s te  
p o u r  c e r t a in s  a c te u r s  so c iau x  a lo r s  q u 'e l le  s e r a i t  un avantage pou r  d 'a u t r e s ?  
O r,  loin de n 'a p p a r a î t r e  que de façon ex cep t ionne l le ,  ce t te  s i tu a t io n  se m b le ,  
au c o n t r a i r e ,  c o n s t i tu e r  le  ca s  g é n é ra l .  A ins i ,  toute d éc is io n  économ ique  
d 'une  c e r t a in e  a m p le u r  n 'a  pas  s e u le m e n t  pou r  conséquence  une m od if ica t ion  
de l 'a l lo c a t io n  des  r e s s o u r c e s  m a is  ég a le m e n t  une t r a n s f o r m a t io n  de la  
d i s t r ib u t io n  des  r e v e n u s  qui,  dans le c a s  d 'un  p ro b lè m e  d ' im p la n ta t io n  in d u s 
t r i e l l e ,  d e v r a  ê t r e  c o n s id é r é e  de p lus  so u s  un angle sp a t ia l .  C om m en t  
a b o r d e r  a lo r s  un te l  p ro b lè m e  dans le s c h é m a  r é d u c te u r  qui e s t  p ro p o sé  en 
t e r m e s  de coût et  d 'av a n tag e ?

3.3.3. Le p ro b lè m e  de la  v a lo r i s a t io n

L es  é tudes  co û t-a v an ta g e  son t p r é s e n té e s ,  en g é n é ra l ,  com m e des 
p r o c é d u r e s  e m p ir iq u e s  p e r m e t ta n t  une p r i s e  en com pte  t r è s  la rg e  des  con-
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s é q u e n c e s  s o c ia l e s ,  des  d é c is io n s  po l i t iques  ou économ iques  d 'une  c e r t a in e  
am p le u r .  Vues sous  ce t  angle ,  i l  e s t  év ident que ce s  m é th o d es  s o r t e n t  du 
c a d r e  th é o r iq u e  é la b o ré  à p a r t i r  des  concep ts  économ iques  t r a d i t io n n e l s .
I l  p a r a î t  i l l u s o i r e  et m ê m e  d an g e reu x .( le  s e u l  d an g e r  n 'é ta n t  que de r é a l i s e r  
des  é tudes  inu t i le s )  de v o u lo i r 'à  tout p r ix  y f a i r e  r e n t r e r  des  no tions qui 
lu i sont é t r a n g è r e s .  A in s i .v o u lo ir  p a r  exe m p le  t r a d u i r e  en t e r m e s  m oné-  
r a i r e s  la  so u f fran c e  ou le  « p ré ju d ic e  p sy c h o lo g iq u e »  c o n séc u t if s  à une m a la -

1 die ou un acc iden t du t r a v a i l  s e m b le  une e n t r e p r i s e  co n te s ta b le  : ou b ien  le 
p r ix  c o r re s p o n d a n t  s e r a  c o n s id é r é  un iquem en t  co m m e une convention de 
c a lc u l  a r b i t r a i r e  et dans ce  ca s  on ne voit  pas  pourquo i on n ' a r r ê t e r a i t  pas  
l ' a n a ly s e  à un s ta d e  a n t é r i e u r ,  c o n s id é r a n t  l 'e n s e m b le  des  conséq u e n ces  
en v isa g é e s  en t e r m e s  physiques  : n o m b re  de ca s  de m a la d ie s  in te rv en an t  
chez des  su je ts  de t e l  âge, ayant te l le  ou te l le  co nséquence  s u r  le u r  s u rv ie  
en n o m b re  d 'a n n é e s ,  condu isan t  à  te l le  ou te l le  in c ap a c i té  physique ,  e tc .  , 
ou b ien  on u t i l i s e  le  coût c o r r e s p o n d a n t  c o m m e un é lé m e n t  p a r t i c u l i e r  d 'un  
coût «g lobal»  et on v a  a g r é g e r  en une m ê m e  en t i té  des  coûts  to ta le m en t  
h é té ro g è n e s  avec le r i s q u e  que ce t  ind ice  f ina l  p e rd e  toute s ign if ica t ion  
a u s s i  b ien  p ra t iq u e  que th éo r ique .

L es  ré f lex io n s  qui se  son t déve loppées  en F r a n c e  à p ro p o s  de ce  qu 'on  
appe lle  « le  p r ix  de la  v ie  hum aine»  peuven t ê t r e  r e p r i s e s  en vue d ' i l l u s t r e r  
le s  c o n s id é ra t io n s  p r é c é d e n te s .  S ' i l  p a r a î t  en effet tout à fa i t  jud ic ieux  
d 'o p é r e r ,  dans un c e r t a in  n o m b re  de s e c t e u r s  touchant à la  sa n té  e t  à la 
s é c u r i t é ,  le  c a lc u l  a p o s t e r i o r i  du p r ix  im p l ic i te  a t tac h é  à une v ie  sauvée  à 
t r a v e r s  le s  in v e s t i s s e m e n ts  qui son t fa i t s ,  l 'u t i l i s a t io n  a p r i o r i  d 'un  te l  
r é s u l t a t  dans un ca lc u l  d éc is io n n e l  p a r a î t  t r è s  co n te s tab le .  D 'a b o rd ,  les 
v a l e u r s  t ro u v é e s  dans la  p r e m i è r e  o p é ra t io n  sont e x t r ê m e m e n t  v a r ia b le s  
d 'u n  s e c te u r  à un a u t r e  et i l  f a u d ra i t  ê t r e  b ien  na'if p ou r  s ' e n  é to n n e r ,  c a r  on 
ne voit pas  p a r  quel  m é c a n i s m e  s o c ia l  i l  y  a u r a i t  un a ju s te m e n t  spontané 
se lon  le s  u t i l i t é s  m a r g in a le s  de c e s  in v e s t i s s e m e n ts  dans le s  d if fé ren ts  
s e c t e u r s  c o n c e rn é s .  C es  v a l e u r s  d i f fé re n te s  e x p r im e n t  s e u le m e n t  à  le u r  
façon que l a  r a t io n a l i t é  des  choix qui son t fa i t s  dans le  s y s t è m e  s o c ia l  pour 
la  san té  et p o u r  la  s é c u r i t é  ne r e p o s e n t  pas  s u r  un o b jec t i f  d 'e f f ic a c i té  te ch 
nique (en t e r m e s  p a r  exe m p le  de m o r t a l i t é  et de m a la d ie s  é v i té e s ,  e tc .  ).
A v ou lo ir  à tout p r ix  a f f e c te r  une v a l e u r  m o n é ta i r e  à des  c o n séq u e n ces  de 
ce t te  n a tu re ,  on s 'e x p o s e  à  un double d a n g e r  :
— s i  on p en se  pouvo ir  d é d u i re  de l 'o b s e r v a t io n  des c o m p o r te m e n ts  p a s s é s  

un p r ix  im p l ic i te  de la  v ie  hu m a in e ,  de la  so u ffran c e .  . . qui so it  c o h é ren t ,  
on r i s q u e ,  en l 'e m p lo y a n t  à nouveau  dans un ca lc u l  d éc is io n n e l ,  de r e p r o 
d u ir e  le s  condit ions  d 'une  s i tu a t io n  p ré c é d e n te  qui ne co n s t i tu a i t  en r i e n  
le  m o d è le  d 'un  op tim um  s o c ia l  (m au v a ise  in fo rm a tio n ,  in é g a l i té s  
s o c ia l e s ,  e tc .  ) ;

— s i  on juge ne pas  pouvo ir  d éd u ire  c e s  v a l e u r s  des  c o m p o r te m e n ts  p a s s é s ,  
on e s t  r a m e n é  à un choix a r b i t r a i r e  que s e u l  un  c e r t a in  p r a g m a t i s m e  peut 
ju s t i f i e r ;  m a i s ,  c ' e s t  au d é c id e u r  lu i - m ê m e  et non à l ' a n a ly s te  de p r e n d r e  
le s  r e s p o n s a b i l i t é s  qui lui incom ben t  dans un te l  choix  qui peut ê t r e  
d é te r m in a n t  s u r  l ' i s s u e  de la  d éc is io n  f inale.

4. E X E M P L E  DE L 'EX TR A C TIO N  DU MINERAI D'URANIUM

Cet exe m p le  n 'e s t  p r i s  ic i  q u 'à  t i t r e  d ' i l lu s t r a t io n  p a r t i e l l e  d 'une c e r ta in  
n o m b re  de c o n s id é ra t io n s  qui ont é té  déve loppées  p lus  haut.  Du point de vue
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de la  s é c u r i t é  n u c l é a i r e ,  le s  m in e s  p r é s e n te n t  une c e r t a in e  sp é c i f ic i té  dont 
i l  e s t  u t i le  de r a p p e l e r  c e r t a in s  t r a i t s  e t qui tendent à r e n d r e  ce p ro b lè m e  
p e u t - ê t r e  p lus  l im i té  e t  donc m ie u x  c i r c o n s c r i t  que d 'a u t r e s  ( c e n t r a le s ,  
d é c h e t s ,  e tc .  ). P o u r ta n t ,  m a lg r é  c e s  condit ions  fa v o ra b le s ,  le s  p ro b lè m e s  
de concep t ion  et de m éthodo log ie  des  é tudes  se  posen t  de façon identique .
E n  v o ic i  quelques ca s  :

Le p ro b lè m e  de la  p ro te c t io n  dans le s  m in e s  e s t  c a r a c t é r i s é  p a r  le  fait  
q u 'en  p r e m i è r e  a p p ro x im a tio n  la  population  ex posée  e s t  t r è s  c l a i r e m e n t  
déf in ie  : i l  s ' a g i t  de la  popula tion  des  agents  qui t r a v a i l le n t  au fond. C e tte  
popu la tion  e s t  peu  n o m b re u s e  (de l ' o r d r e  de 700 p e r s o n n e s  p ou r  la  F ra n c e ) ,  
e l le  e s t  t r è s  s ta b le  et b ie n  connue s u r  le  p lan  à la  fois m é d ic a l  e t  so c ia l .
L es  m e s u r e s  d 'ex p o s i t io n  son t,  dans le ca s  des  m in e s  f r a n ç a i s e s ,  ind iv i
d u e l le s ,  e t son t c a lc u lé e s  de façon s y s té m a t iq u e  se lon  des  m é th o d es  r e l a t i v e -  • 
m e n t  ép ro u v é e s .  C e t te  c o n n a is sa n c e  p e r m e t  donc dans une c e r t a in e  m e s u r e  
d ' é v i t e r  de r e s t e r  p longé au n iveau  des  p r o b lè m e s  p u re m e n t  te chn iques  l ié s  
à  la  p ro d u c t io n  et au t r a n s f e r t  des  r a d io n u c lé id e s  à t r a v e r s  l 'e n v i ro n n e m e n t  
ju s q u 'à  l 'h o m m e ,  et d 'e n v i s a g e r  le s  p r o b lè m e s  s o c io -é c o n o m iq u e s  s u r  une 
b a s e  techn ique  so lide .

Dans le c a d r e  d 'une m in e  e x is ta n te ,  so u m ise  à une ra t io n a l i t é  technique 
e t  économ ique  donnée ,  on peu t  se  p o s e r  le  p ro b lè m e  d é c is io n n e l  s u iv a n t :  
p o u r  un n iveau  donné des  r e s s o u r c e s  de p ro te c t io n ,  c o m m en t  r é d u i r e  au 
m a x im u m  l 'e x p o s i t io n  des  m in e u r s ?  On ne v is e  donc pas  le p ro b lè m e  de la  
concep tion  g é n é r a le  d 'une  m in e  nouvelle  qui n 'e x i s t e r a i t  pas  en c o re .

Il e s t  év ident que l 'e x p o s i t io n  des m in e u r s  ne r é s u l t e  pas  un iquem en t 
de l ’e f f ica c i té  r e la t iv e  des  m e s u r e s  de p r o te c t io n ;  en fa i t ,  le s  m é th o d es  
d 'e x p lo i ta t io n  e l l e s - m ê m e s  dans  le u r  concep tion  g é n é ra le  d é f in is se n t  un 
n iveau  de r i s q u e  g é n é ra l .  Selon que l 'o n  t r a v a i l l e  en  c h a n t i e r s  m é c a n i s é s  
ou non, se lon  le s  m é th o d es  de bo isa g e  et de so u ta in e m en t  u t i l i s é e s ,  le 
n iv e au  de r i s q u e  s e r a ,  a p r io r i ,  d i f fé ren t .  F a u t - i l  dès  l o r s  in c lu re  p a r m i  
le s  ac t io n s  p o s s ib le s ,  des  m o d if ic a t io n s  des  m é th o d es  d 'ex p lo i ta t io n  
e l l e s - m ê m e s ?

L 'é tu d e  techn ique  g é n é r a le  du p ro b lè m e  p ré c é d e n t  conduit à é l a b o r e r  
une l i s te  d 'a c t io n s  p o s s ib le s  s u s c e p t ib le s  de r é d u i r e  l 'e x p o s i t io n  des  m in e u r s ;  
on a deux g ra n d e s  c a té g o r ie s  d ' in te rv e n t io n s  p o s s ib le s  :

1) des  ac t ions  « te c h n iq u e s » c o n c e rn a n t :
— la  concep t ion  de la  ven t i la t io n  de la  m in e  (p re s s io n ,  débit)
— le  r e v ê te m e n t  des  p a r o i s  et l 'o b tu ra t io n  de zones abandonnées
— le d ra in a g e  des  eaux  r é s id u e l l e s  (à fo r te  co n c e n t ra t io n  de radon)
— le choix des  in te r v a l le s  de te m p s  p o u r  l a  r e p r i s e  du t r a v a i l  a p r è s  

le s  t i r s
— le s  m oyens  de p ro te c t io n  ind iv iduelle  du pos te  de t r a v a i l ,  etc .

2) des  ac t ions  co n c e rn a n t  l 'o rg a n is a t io n  du t r a v a i l :
— la  ro ta t io n  du p e r s o n n e l
— la  d im inu tion  du te m p s  de t r a v a i l .

Quant aux m é thodes  d 'e x p lo i ta t io n ,  e l le s  s e  p r é s e n te n t  à la  fo is  com m e 
un m o y e n  techn ique  et co m m e une fo rm e  d 'o rg a n is a t io n  du t r a v a i l .

P o u rq u o i  d is t in g u e r  de l a  s o r t e  e n t r e  ac t ions  « te ch n iq u e s»  et ac tions  
s u r  l 'o rg a n i s a t io n  du t r a v a i l ?  L a  q ues t ion  peut se  p o s e r  d 'u n e  a u t r e  façon: 
en  quoi une m o d if ica t io n  du déb i t  d 'a é r a g e  s e r a i t - e l l e  p lus  « techn ique»  qu 'une 
m o d if ica t io n  de l 'o rg a n i s a t io n  du t r a v a i l ?
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P o u r  r e p r e n d r e  le s  a n a ly se s  p r é c é d e n t e s /  i l  s e m b le  que la  d is t in c t io n  à 
o p é r e r  à ce  p ro p o s  ne ren v o ie  pas  à la  n a tu re  de l 'a c t io n  é tud iée  p lu tô t q u 'à  
l 'é c h e lo n  d é c is io n n e l  co n c e rn é  p a r  c e l l e - c i .  A ins i ,  on peut c o n s id é r e r  que 
la  d éc is io n  de m o d if ie r  le déb i t  d 'a é r a g e  e s t  du r e s s o r t  du s e r v ic e  de p r o t e c 
t ion  de la  m in e ,  qui p o s s è d e  une c e r t a in e  au tonom ie  p o u r  r é g l e r  ce p r o 
b lè m e .  P a r  c o n t r e ,  m o d if ie r  l 'o rg a n i s a t io n  du t r a v a i l  co n s t i tu e  une o p é r a 
tion  beaucoup  p lus  com plexe  qui v a  m o b i l i s e r  la  d i r e c t io n  g é n é r a le  de la  
m in e  et p e u t - ê t r e  n é c e s s i t e r  de r e m o n t e r  en c o re  p lus  hau t dans  la  h i é r a r c h i e  
de l ' e n t r e p r i s e  et t e n i r  com pte  de c o n t ra in te s  e x te r n e s  p a r t i c u l i è r e s  : r é a c 
tions  des  sy n d ic a ts ,  r é a c t io n s  des  a u t r e s  p e r s o n n e ls  t r a v a i l l a n t  en su r fa c e ,  
e f fe ts  s u r  le s  r e n d e m e n ts ,  e tc .  Si on en v isa g e a i t  une m o d if ic a t io n  éven
tu e l le  des  m é th o d es  d 'ex p lo i ta t io n ,  le  p ro b lè m e  s e r a i t  b ien  s û r  e n c o re  plus 
com plexe  et n é c e s s i t e r a i t  de t e n i r  com pte  d 'un  e n s e m b le  e n c o r e  p lus v as te  
d 'a c t e u r s  soc iaux .  On voit  qu 'une d é c is io n  e s t  d 'au ta n t  p lus  technique q u 'e l le  
r e n t r e  dans  la  co m p é te n ce  ex c lu s iv e  d 'un  a c te u r  so c ia l ,  qui en m a î t r i s e  à 
un  m o m e n t  donné le s  d iv e r s  é lé m e n ts .

A ins i ,  se lo n  que l 'o n  se  p la ce  dans le c a d r e  d 'une  étude d éc is io n n e l le  
p o u r  un  a c te u r  s o c ia l  ou p o u r  un a u t r e ,  le s  t e r m e s  du p ro b lè m e  vont appa
r a î t r e  d if fé re m m e n t .  Ce qui e s t  p e r ç u  à un n iveau  c o m m e une co n t ra in te  
r e n t r e  à un n iveau  s u p é r i e u r  com m e une v a r ia b le  d 'a c t io n  p o s s ib le .  P o u r  un 
s e r v i c e  de p ro te c t io n ,  le m ode d 'e x p lo i ta t io n  peu t ê t r e  c o n s id é r é  co m m e une 
c o n t ra in te  ( su sce p t ib le  néanm oins  d 'é v o lu e r  à long t e r m e ) ,  a l o r s  qu 'au  
n iveau  de la  d i r e c t io n  g é n é r a le  on p o u r r a  e n v i s a g e r  des  m o d if ica t io n s  
m a r g in a le s  de c e lu i - c i  e t donc le f a i r e  r e n t r e r  dans le s  v a r i a b l e s  d 'ac t ion .

Selon le  n iveau  auque l  on se  s i t u e r a ,  on a u r a  ég a le m e n t  des  conceptions 
t r è s  d i f fé re n te s  des  coûts  et des  av a n ta g es .  P re n o n s  p a r  exem ple  le p r o 
b lè m e  des coû ts  :

a) E v a lu e r  le  coût d 'un  v e n t i la te u r  su p p lé m e n ta i r e  n 'e n t r a î n e  aucune 
d i f f ic u l té ;  m a is  que s ign if ie  e x a c te m e n t  le  coût d 'une r o ta t io n  a c c r u e  du 
p e r s o n n e l  dans le s  p o s te s  de t r a v a i l ?

b) Supposons m ê m e  que l 'o n  se  r e s t r e i g n e  à l ’a c te u r  s o c ia l  e n t r e p r i s e .  
C h a n g e r  l 'o rg a n i s a t io n  du t r a v a i l  co n s t i tu e  une p e r tu r b a t io n  au s e in  de 
l ' e n t r e p r i s e ,  m o m e n ta n é e  dans le s  m e i l l e u r s  c a s ,  d u rab le  s i  la  nouvelle  
o rg a n isa t io n  ne s a t i s f a i t  pas  à un en s e m b le  de c a r a c t é r i s t i q u e s  d iff ic i le  à 
a p p r é c i e r  a p r i o r i .  C e tte  o rg a n isa t io n  nouvel le  p e r tu r b e  en  effet un  c e r ta in  
n o m b re  d 'é l é m e n t s  t r è s  d iv e r s .  E l le  a des  c o n séq u e n ces  a u s s i  b ien  écono
m iq u e s  (b a is se  de la  p ro d u c t iv i té  p a r  exem ple )  que s o c ia l e s  (m enace  pour  
l 'é q u i l ib r e  des  r a p p o r t s  soc iaux  dans l ' e n t r e p r i s e ,  e tc .  ). C es é lé m e n ts  
peuven t d i f f ic i lem e n t  a p p a r a î t r e  à p a r t i r  des  données c o m p tab le s  e t  i l  e s t  
e n c o re  p lus  d if f ic i le  de le s  e s t i m e r  s u r  le p lan  m o n é ta i re .

Ce p ro b lè m e  p a r a î t  en effet se  p o s e r  dans  des  t e r m e s  te ls  que les  
in s t ru m e n ts  de l 'a n a ly s e  économ ique  t r a d i t io n n e l le  son t im p r o p r e s  à donner  
une r é p o n s e  s a t i s f a i s a n te .

P o u r  le  d é c id e u r ,  i l  s e m b le  qu 'une  an a ly se  soc io log ique  des r a p p o r t s  
so c iau x  in te r n e s  et e x t e r n e s  à l ' e n t r e p r i s e ,  de l e u r s  d é t e r m in a n ts  et de 
l e u r  é l a s t ic i t é  p a r  r a p p o r t  à c e r t a in e s  f o rm e s  de ch a ngem en t  e s t  beaucoup  
p lus  in t é r e s s a n t e  p o u r  r e n d r e  com pte  d 'un  te l  p ro b lè m e  qu 'une  quelconque 
an a ly se  de type co û t -a v a n ta g e .

A insi ,  dans l 'e x e m p le  env isagé  ic i ,  on peut e s s a y e r  de r é s u m e r  la  
s i tu a t io n  de la  façon su ivan te  ; à un p r e m i e r  n iveau  d 'a n a ly s e ,  qui s ' a d r e s s e  
im p l ic i te m e n t  à la  d i r e c t io n  du s e r v i c e  c h a rg é  de la  p ro te c t io n ,  une p r e 
m i è r e  étude de type c o û t -e f f ic a c i té  e s t  en v isa g e a b le ,  pouvant condu ire  à
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une m o d é l is a t io n  a s s e z  p o u ssé e  de la  m in e  et p e r m e t ta n t  de c o m p a r e r  l 'e f fe t  
des  c o m b in a iso n s  des d iv e r s  m oyens  techn iques  p o s s ib le s  s u r  l 'e x p o s i t io n  
ind iv iduelle  des  m in e u r s .  L es  r é s u l t a t s  d 'une  te l le  étude sont a lo r s  d i r e c t e 
m e n t  u t i l i s a b le s  à co u r t  t e r m e  p a r  le s e r v ic e  de p ro tec tion .

A un deux ièm e n iveau , on su g g è re  que des  r é s u l t a t s  p e u t - ê t r e  équ iva len ts  
e t en tout ca s  non nég l ig ea b le s  p o u r ra ie n t  ê t r e  obtenus p a r  des  m o d if ica t io n s  
dans  l 'o rg a n is a t io n  du t r a v a i l .  M ais  on s ' e m p r e s s e  de p r é c i s e r  que ce s  
m o d if ic a t io n s  ne neuvent ê t r e  o p é ré e s  fa c i le m e n t  et q u 'e l l e s  engagent un 
p r o c e s s u s  de d éc is io n  qui d é p a s s e  la  co m p éten ce  exc lus ive  du s e r v ic e  de 
p ro te c t io n .  La d éc is io n  doit r e m o n t e r  à un n iveau  plus é levé .  E l le  e s t  
n é c e s s a i r e m e n t  à p lus long t e r m e  et engage des  é tudes  c o m p lé m e n ta i r e s  de 
type p s y c h o - soc io log ique s u r  s a  fac t ib i l i té .  C es coûts  son t a lo r s  p lus  
d if f ic i le s  à é v a lu e r  e t ,  à la  l im i te ,  i l  ne s ' a g i t  plus là  que d 'un  em p lo i  m é ta -  
phonique de la  notion de coût dans la  m e s u r e  où on s o r t  du dom aine  s t r i c t  de 
l 'a n a ly s e  économ ique .

A un n iveau  en c o re  p lus é levé ,  on peut ensu i te  s u g g é r e r  le  r ô le  du point 
de vue de l 'e x p o s i t io n  au r i s q u e  e t  des  m é th o d es  d 'ex p lo i ta t io n  en u sa g e  dans 
le s  m in e s  (m éc an isa t io n ,  m é thode  de b o isa g e ,  techn iques  de r e c o n n a is s a n c e  
et d 'ex p lo i ta t io n ,  e tc .  ). A ce  n iveau , le s  a s p e c ts  techno log iques  e t  écono
m iq u e s  r e p r e n n e n t  une f o r te  im p o r ta n c e .  Des p ro b lè m e s  nouveaux de 
n u isa n c e  se  posen t  : po llu t ion  p ro v en an t  des  engins m é c a n iq u e s ,  r i s q u e  
d 'a c c id e n ts  dus à  l 'e x te n s io n  de la  ta i l l e  des  g a l e r i e s ,  e tc .  Ic i ,  i l  s 'a g i t  de 
choix à p lus  long t e r m e  et le n iveau  de d éc is io n  e s t  en c o re  p lus  é levé  que 
p r é c é d e m m e n t .  L es  d i f fé re n ts  types d ' in c e r t i tu d e  son t ég a le m en t  p lus  
im p o r ta n ts .  Des données c o m p a ra t iv e s  e n t r e  d iv e rs  s y s t è m e s  peuvent 
d ev e n ir  in té r e s s a n te s .

A ins i ,  l 'e x e m p le  p r é c é d e n t  cons ti tue  une bonne i l lu s t r a t io n  des idées  
évoquées  plus haut. Selon la  n a tu re  des  p ro b lè m e s  qui se  p o sen t ,  des  
a p p ro c h e s  fa isa n t  appe l  à  des  d is c ip l in e s  adéqua tes  sont p lus  s a t i s f a i s a n te s  
que des  m é th o d es  p a s s e - p a r to u t .  L a  p lu ra l i té  des  po in ts  de vue qui r é s u l t e  
de la  conjonction  des  d iv e r s e s  d is c ip l in e s  m o b i l i s é e s  p ou r  a n a ly s e r  un  p r o 
b lè m e  e s t  p lus  r i c h e  que la  r é d u c t io n  a r t i c i f i e l l e  de tous c e u x - c i  à un c a d r e  
un ique dom iné p a r  une d isc ip l in e ,  que l le  q u 'e l le  so it .

5. CONCLUSION

E n déf in i t ive ,  i l  s e m b le  souha itab le  de r e c o n n a î t r e  que l ' e x t r a o r d in a i r e  
co m p lex i té  du r é s e a u  de c o n séq u e n ces  qui r é s u l t e n t  d 'une  d éc is io n  économ ique 
ne  s a u r a i t  s 'a n a l y s e r  se lo n  le s c h é m a  d 'un  exem ple  add i t if  d 'e f fe ts  bénéf iques  
et n é fa s te s  dont i l  s u f f i ra i t  de f a i r e  le  b i la n  p ou r  c o m p a r e r  des  choix a l t e r 
n a t i f s  à l 'é c h e l l e  de la  S ocié té  tout e n t iè r e .  L 'é tu d e  d 'un  te l  r é s e a u  de con
sé q u e n c e s  peut cependant ê t r e  ab o rdée  u t i l e m e n t ,  en conjuguant la  v a le u r  
ex p l ica t iv e  d 'un  e n sem b le  de c o n n a is sa n c e s  p ra t iq u e s  et th é o r iq u e s  i s s u e s  
d es  d iv e r s e s  s c ie n c e s  s o c ia l e s ,  physiques  et b io log iques  qui p a r a i s s e n t  
p e r t in e n te s  p a r  r a p p o r t  aux p ro b lè m e s  qui se  posen t.  A c e t te  p lu ra l i té  
d 'a p p r o c h e s  s u r  le p lan  des  m é th o d es  d 'a n a ly s e  des  conséquences  des  d é c i 
s ions  c o r r e s p o n d r a i t  p a r  a i l l e u r s  la  r e c o n n a i s s a n c e  de la  n a tu re  c o n t r a d ic 
t o i r e  de la r é a l i t é  s o c ia le ,  dans laquelle  s ' i n s c r i t  toute d éc is io n  économ ique .
A p a r t i r  des  é lé m e n ts  d ' in fo rm a t io n  et d 'a n a ly s e s  é l a b o r é e s  p a r  l 'é tu d e ,  i l  
r e v ie n t  donc à chaque a c te u r  s o c ia l  de d é f in i r  à p a r t i r  de s e s  p r o p r e s  c r i 
t è r e s  de choix , de son p r o p r e  s y s t è m e  de v a l e u r s ,  s e s  p r o p r e s  ob jec ti fs  et
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de se  s i t u e r  p a r  r a p p o r t  aux d i f fé re n te s  so lu t ions  p o s s ib le s .  C ette  a p p a re n te  
r é g r e s s i o n  d an s  le p r o c e s s u s  d 'é la b o ra t io n  des  d é c is io n s  ne s ign if ie  pas  
cependan t un r e t o u r  co m p le t  à un  p r a g m a t i s m e  sa n s  r è g le .  Au c o n t r a i r e ,  
en vue de p e r m e t t r e  un c e r t a in  d ia logue s o c ia l  au n iveau  d 'un  s e c t e u r  de 
p ro d u c t io n  ou s u r  le  p lan  in te rn a t io n a l ,  un c e r t a in  n o m b re  de conventions 
peuvent ê t r e  d éc id é es  afin de r e n d r e  c o m p a ra b le s  des  in fo rm a t io n s  de 
p ro v e n a n c e s  d iv e r s e s .  Ce type de convention,  dont la  n é c e s s i t é  e s t  appa rue  
p a r  exem ple  pou r  u n i f ie r  l 'u s a g e  des  un i té s  de m e s u r e s ,  c o n s t i tu e ra i t ,  en 
m a t i è r e  de ra d io p ro te c t io n ,  une ex tens ion  de la  notion  de « n o rm e »  et de 
r é g le m e n ta t io n .  Afin de p e r m e t t r e  des  c o m p a r a is o n s  dans  l 'é v a lu a t io n  des 
s e r v i c e s  de p ro te c t io n ,  au p lan  na t ional  ou in te rn a t io n a l ,  une m é thode  p r é 
c i s a n t  dans le  d é ta i l  le s  d i f fé re n ts  types  de v a r ia b le s  à m e s u r e r ,  le s  un ités  
de m e s u r e s  et le s  m é th o d es  d 'é l a b o ra t io n  quan t i ta t ive  des  in fo rm a t io n s  à 
c o l l e c te r  p o u r r a i t  ê t r e  en v isag é e ,  en  tenan t com pte  de la  d iv e r s i t é  des 
in fo rm a tio n s  de b a s e  a c tu e l le m e n t  d é tenues .  I l  e s t  su g g é ré  ic i  que ce  c a d re  
g é n é r a l  d 'a n a ly s e  ne se  r e s t r e i g n e  pas  a p r i o r i  à  la  m éthodo log ie  coût- 
avan tage  m a is  é la b o re  en fonction de la  sp é c i f ic i té  du dom aine  de la  p r o 
te c t io n  rad io log ique  s e s  p r o p r e s  r è g l e s  et s e s  p r o p r e s  concep ts .
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D I S C U S S I O N

P. RECHT: I th ink  tha t  fo r  la ck  of t im e  you have b ee n  obliged to  pas s  
v e r y  quickly o v e r  c e r t a in  a s p e c ts  of y o u r  ex c e l len t  a n a ly s i s  w hich  I c o n s id e r
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v e r y  im p o r ta n t .  What is  the " p r i c e  of hum an  life"  to  which you r e f e r  in 
se c t io n  3.3.3 of y o u r  p a p e r ,  and to what ex ten t  can  you a t tac h  a m o n e ta ry  
v a lu e ,  say ,  to the d e t r im e n t  which is found in a l l  c o s t -b e n e f i t  s tu d ie s?

F . FAGNANI: E x p re s s in g  " the  p r i c e  of hum an  l ife"  in m o n e ta r y  t e r m s  
c o n s t i tu te s  an exam ple  of a g e n e r a l  p ro b le m ,  the p ro b le m  of econom ic  
quan t if ica t ion  of e le m e n ts  tha t  a r e  ou ts ide  the n o r m a l  r a n g e  of app l ica t ion  of 
econom ic  concep ts  but a r e  n e v e r th e le s s  im p o r ta n t  enough to be ta k en  into 
accoun t in m ak in g  d e c is io n s .  In the f ie ld  of hea l th  and sa fe ty ,  t h e re fo r e ,  
such  e le m e n ts  as pain ,  a f t e r - e f f e c t s ,  r e s t r i c t i o n  of ac t iv i ty ,  e tc .  , can  be 
c o n s id e re d  on the s a m e  footing as  the m in e  i ts e lf .  Any d ec is io n  to a l lo ca te  
funds fo r  hea l th  o r  p ro te c t io n  im p l ie s  th a t  so m e  va lue  is  a t tac h ed  to  th e se  
e le m e n ts .  The a p o s t e r i o r i  s tudy  of th e se  im p l ic i t  v a lu es  p r e s e n t s  m any  
d ifficu lt  e m p i r i c a l  p ro b le m s  and is of l i t t le  help to the d ec is io n  m a k e r s .

D. BENINSON: In th is  connec t ion  p e rh a p s  I can  add tha t  v a r io u s  a s s e s s 
m e n ts  of the cos t  of a man- r e m  have been  m a d e  without a s su m p t io n s  a s  to 
the  co s t  of l ife .  They a r e  b a s e d  on su rv e y s  of the  cos t  tha t  people  w ere  
w ill ing  to  b e a r  to  avoid a t r i v i a l  e x p o su re .  H edgran  and L inde ll  have m ade  
a s tudy  of th is  type.

F .  FAGNANI: The im p l ic i t  value  ac c o rd e d  by a popula tion  to c e r t a in  
sa fe ty  m e a s u r e s  can of c o u r s e  be inv e s t ig a ted  by d i r e c t  ques tion ing  of the 
population ,  but in m y  opinion the  in fo rm a tio n  obta ined  in th is  way is  of l i t t le  
u se .  F o r  one th ing, the r i s k  to which v a r io u s  popula tion  g ro u p s  a r e  exposed  
d i f fe r s  c o n s id e ra b ly ,  while  the  ca p i ta l  c o s ts  have to be  bo rn e  by the to ta l  
population; those  who a r e  exposed  to only s l igh t  r i s k  could consequen t ly  say  
th a t  they  a t tac h  no va lue  to  sa fe ty  p re c a u t io n s .  H ow ever ,  th is  is  a t h e o r e t i c a l  
explana tion .  A ctua lly ,  the m a in  p ro b le m  is tha t  v e r y  l i t t le  in fo rm a tio n  is  
ava i lab le  on th e se  m a t t e r s :  the a n s w e rs  obta ined  in th is  kind of inq u iry  d if fe r  
widely  and a r e  th e r e f o r e  not v e r y  in fo rm ative .

H. P .  JAM M ET: T he  two types  of a n a ly s is  you have dea lt  with, co s t -  
b en e f i t  and c o s t -e f fe c t iv e n e s s ,  d if fe r  not only in th e i r  o b jec t ives  but a l so  in th e i r  
m ethodo logy . The c o s t -b e n e f i t  an a ly s is  c o m p a r e s  the advan tages  and d i s 
advan tages  of an ac t iv i ty  in an abso lu te  m a n n e r  and c a l ls  fo r  the u se  of a 
c o m m on  unit ,  the m o s t  p r a c t i c a l  one be ing  the m o n e ta ry  unit .  T he  co s t-  
e f fec t iv e n ess  a n a ly s i s ,  h ow ever ,  c o m p a r e s  the  in v e rs e ly  r e c ip r o c a l  changes  
in the cos t  of the  p ro te c t io n  and the c o s t  of the d e t r im e n t  and can  be t r e a te d  
in a r e la t iv e  m a n n e r .

F .  FAGNANI: It is  t r u e  th a t  th e re  is  a b ig  d if fe ren ce  be tw een  the  two 
m e th o d s .  M ost of the a s p e c ts  we have c o n s id e re d  r e l a t e  to  c o s t -b e n e f i t  
s tu d ie s .  It is ou r  view tha t  c o s t - e f f e c t iv e n e s s  s tu d ie s  a r e  v e r y  c lo se  to the 
conven tiona l  techn iques  of o p e ra t io n a l  r e s e a r c h  and a re  t h e r e f o r e  idea lly  
su i ted  fo r  tack ling  the m a in  te c h n ic a l  p ro b le m s  which a r i s e  in ra d io lo g ic a l  
p ro tec t io n .  When we a r e  co n c e rn ed  with l e s s  te c h n ic a l  a s p e c ts  and m o r e  with 
p sy c h o -so c io lo g ic a l  and s o c ia l -e c o n o m ic  a s p e c t s ,  new m e thods  of a n a ly s is  
b e c o m e  n e c e s s a r y ,  and a fundam en ta l  cho ice  then  has  to  be  m a d e  be tw een  the 
c o s t -b e n e f i t  type of an a ly s i s  o r  the u t i l iz a t io n  of w ha tever  s o c ia l  s c ie n c e s  
and techn iques  s e e m  m o s t  a p p ro p r ia te .  In our p a p e r  we wished, to  s t r e s s  the 
m a n y  d if f icu lt ies  and hy p o th e ses  involved in c o s t -b e n e f i t  a n a ly s is  in  o r d e r  
to  e n s u re  tha t  th is  techn ique  is  not r e g a r d e d  by n o n - s p e c ia l i s t s  a s  a kind of 
g im m ic k  with which they  can  so lve  a l l  p ro b le m s .
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Abstract

MEASUREMENTS OF RADON UNDER VARIOUS WORKING CONDITIONS IN THE EXPLORATIVE MINING 
OF URANIUM.

In the northwestern part of Yugoslavia lies a uranium ore deposit. To determine the dimensions of 
the strata and explore the geological structure of the ore deposit, mining and drilling operation were initiated. 
About 30 miners are working in this operation. The paper gives the results of the radiological survey of the 
quality of the air in the mine and the cumulative annual inhalation doses of workers. The influence of the 
mine and mill waste waters on the environment and on the radiological status of the affected waters is given.

INTRODUCTION

G eolog ica l  p ro sp e c t in g  fo r  u ra n iu m  ind ica ted  som e u ra n iu m  o re  in  the 
n o r th w e s te r n  p a r t  of Y ugoslav ia  n e a r  the  town of Skofja Loka.  G eolog ica l  
s tu d ie s  have shown tha t  the  o re  depos it  of Z i ro v s k i  Vrh l ie s  in  Middle P e r m ia n  
s e d im e n ts ,  in  one of the s h e e ts  of the im b r ic a te d  s t r u c t u r e  of an  o v e r 
th r u s t ,  o v e r ly in g  T r i a s s i c  au tochthonic  r o c k s .  To d e te rm in e  the  q u an t i t ie s  
and d im e n s io n s  of the  o re  d ep o s i ts ,  in tens ive  m ining and d r i l l in g  o p e r a 
t io n s  s t a r t e d  a s  e a r ly  as  1960. At p r e s e n t  the  to ta l  length  of the tunne ls  is 
about 15 km . Up to  2000 tons  of U3O 8 o r e  d ep o s i ts  have been  d e te rm in e d  
and up to  8000 tons  have b een  e s t im a te d  geo log ica lly .  The qual i ty  of the o re  
is  o v e r  0 . 1 % of u ra n iu m .

F r o m  the v e r y  beginning the  geo lo g is ts  have been  v e r y  co n c e rn ed  about 
the w ork ing  cond it ions  in  the  m ine and in i t ia ted  m e a s u r e m e n t  of the 222Rn 
co n c e n t ra t io n  in  the m ine a tm o s p h e re .  F o r  th e se  d e te rm in a t io n s  the  d i r e c t  
a lp h a - s c in t i l l a t io n  m ethod  u s in g  s c in t i l la t io n  c e l ls  w as em ployed  [ 1, 2 ]. The 
inha la t ion  dose  of the  m in e r s  w as e s t im a te d  by m e a s u r in g  the  c o n c e n t ra 
t io n  of r a d o n  d ecay  p ro d u c ts  in  the a i r  by the K usne tz .f ie ld  m ethod  [ 3 ] and 
the Tsivog lou  m ethod [ 4 ] .  We c o n s id e re d  the r a d o n  c o n c e n t ra t io n  m e a s u r e 
m e n ts  to  be m o re  p r e c i s e  and r e l i a b le  and so they b e c a m e  the b a s i s  of 
ra d io lo g ic a l  h a z a r d  e s t im a t io n s  in  the  m ine .  M e a s u r e m e n ts  of r a d o n  daugh
t e r s  a r e  p e r f o rm e d  p e r io d ic a l ly .

QUALITY OF MINE AIR

The tu n n e ls  of the m ine ru n  in  4 m a in  le v e ls ,  w ith  e lev a t io n s  at 430,
480, 530 and 580. The le v e ls  a r e  connected  by the m a in  sha f t .  The mine
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FIG. 1. Plan of the mine.
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e n t ra n c e  is  a t 430, which is  a l so  w h e re  the a i r  flows into the m ine .  The a i r  
is  exhaus ted  at e leva t ion  580 at a r a t e  of 660 m 3/ m i n .  S ep a ra te  fans and 
ducts  exhaus t  a i r  f ro m  ac tu a l  w ork ing  p la ce s  in  the c r o s s c u t s  and f rom  
s to p e s  to  the m a in  s t r e a m  of the a i r  in the shaft .  The r a t e  of th is  v e n t i la 
t ion  is  about 120 m 3/ m i n  (F ig .  1).

D uring  n o r m a l  ven t i la t ion ,  the  a v e ra g e  co n c e n t ra t io n  of radon  in the 
exhaus ted  a i r  at point P I  w as 206 p C i / l i t r e  fo r  the y e a r  1973. The d i s 
c h a rg ed  a i r  has  0. 75 WL (w ork ing  level)  d a u g h te r s  on a v e r a g e .  The to ta l  
quantity  of d is c h a rg e d  r a d o n  is  0 .2  C i /d .  Since th is  d i s c h a rg e  point is  very, 
r e m o te  and in the f o re s t ,  we have not co n s id e re d  it d a n g e r o u s . In the intake 
a i r  at point P10 we m e a s u r e d  a rad o n  c o n c e n t ra t io n  of 10 p C i / l i t r e .  In the 
tunne ls  at points  H- 6 and H -4  at the a i r  in le ts  to the  h o r izo n s  480 and 5 30 
the a v e ra g e  c o n c e n t ra t io n  of r a d o n  w as 40 and 60 p C i / l i t r e ,  r e s p e c t iv e ly .
At the  ac tu a l  w ork ing  p la c e s  in  h o r izo n s  H -4  and H-6 the  c o n c e n t ra t io n  of 
ra d o n  in c r e a s e d  f ro m  v a lu e s  of 90 p C i / l i t r e s  in  the  tu n n e ls  up  to  800 p C i / l i t r e s  
at the s to p e s  with bad ven t i la t io n .  Values of 0 .2  up to 3 .2  WL fo r  rad o n  
d a u g h te rs  w e re  m e a s u r e d .  The h ighes t  v a lu es  w e re  o b s e rv e d  on the c r o s s 
cuts  on leve l  530.

In the  m ine two ty p e s  of d r i l l in g  m a ch in e s  w e re  used ,  the Y ugoslav ian  
type RGVN fo r  pneum atic  depth d r i l l in g  up to 50 m, and the L o n g y ea r  e l e c 
t r i c a l  d r i l l in g  m ach ine  fo r  bo r ing  up to  150 m in  length. A c o m p a r is o n  of 
r a d o n  c o n c e n t ra t io n s  in a i r  fo r  both th e se  d r i l l in g  o p e ra t io n s  and fo r  the 
mining o p e ra t io n s  in the tunne ls  and on the s to p e s  is  shown in T able  I. One 
can  se e  f ro m  th is  ta b le  tha t  the h ighes t  co n c e n t ra t io n  of r a d o n  a p p e a r s  during  
'L o n g y e a r '  d r i l l in g ,  b ec a u s e  the o r e - b e a r in g  beds a r e  s m a l l  in  s ize  and 
in  the shape of le n se s ,  d is t r ib u te d  at r an d o m . So the long d r i l l in g  cu ts  m o re  
u ra n iu m  o re  bodies  and l ib e r a te s  a p p re c ia b le  am ounts  of rad o n .

The d if fe ren ce  in  c o n c e n t ra t io n  of ra d o n  and r a d o n  decay  p ro d u c ts  in 
the  a i r  u n d e r  d if fe ren t  w ork ing  o p e ra t io n s  is  a l so  r e f le c te d  in  the c u m u la 
tive  inha la t ion  dose  of m ine  w o r k e r s .  F o r  the y e a r  197 3 th e re  w e re ,  am ong . 
o th e r  w o rk e r s ,  11 m in e r s ,  7 d r i l l in g  w o r k e r s  and 5 s u p e r v i s o r s  m on ito red  
and th e i r  in ha la t ion  d o se s  w e re  ca lc u la ted  as  shown in T ab le  II.

C ons tan ts  e f fo r t s  have been  made to im p ro v e  the c l im a t ic  and r a d io 
lo g ic a l  conditions of mining, such  as  m aking  new a i r  locks  fo r  abandoned

T A B LE I. CONCENTRATION OF 222Rn IN AIR AT THE WORK FA C E S

Work performed

Drilling
RGVN

Drilling
Longyear Mining

(pCi/litre) (pCi/litre) (pCi/litre)

Minimum 30 60 30

Maximum 780 1050 450

Average 264 366 66

Number of 
measurements 48 34 54



TA BLE II. ANNUAL INHALATION DOSES OF WORKERS IN WLM
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Miners Dose
(WLMa)

Drilling
workers

Dose
(WLM)

Supervisors Dose
(WLM)

1. B. A. 1.5 K.M. 4. 7 Z. A. 1. 1

2. M. A. 2.7 с .  M. 4. 1 S. A. 0. 8

3. D. S. 1.9 G.B. 5.0 K.F. 1.5

4. M. J. 1. 7 P. D. 5. 1 L. L. 2.1

5. B. V. 1.5 P. V. 5.8 P.J. 1.9

6. T. A. 1.4 M. I. 2.7

7. R. P. 2. 9 K.C. 5.8

8. P. V. 4.4

9. B. A. 3.4

10. F. M. 1.8

11. S. S. 1.2

Average 2.2 4. 7 1.5

' WLM = Working level month.

TA B LE III. ACCUMULATION OF 222Rn IN A NON-VENTILATED MINE

Time after ventilation ceased
(h)

Sampling
points

2 8 16 24 32 40

Concentration of radon in air (pCi/litre)

P-10 30 30 60 60 30 30

H-6 30 60 ' 60 60 210 210

P-l ■ 90 150 150 150 210 210

H-61 30 150 390 480 690 720

H-63 60 330 510 690 1050 1100

d r i f t s  and c r o s s c u t s ,  and in s ta l l in g  new lengthened a i r  p ipes  fo r  the  v e n t i 
la t ion  of r e m o te  s to p e s .  To ob ta in  da ta  on the ra d o n  e m an a t io n  r a te  f ro m  
the  w a l l s ,  we m e a s u r e d  the r a te  of r a d o n  co n c e n t ra t io n  in c r e a s e  at som e 
ch eck  po in ts  in  the m ine du r ing  a 4 0 -h b re a k  in  m ine ven t i la t io n .  Owing to 
the  n a tu ra l  d raugh t  in  the m a in  shaft,  the co n c e n t ra t io n  of r a d o n  did not 
i n c r e a s e  th e re  o v e r  a va lue  of 200 p C i / l i t r e ,  but the  co n c e n t ra t io n  of ra d o n  
in  the  c r o s s c u t s  H-61 and H-63 at leve l  480 in c r e a s e d  in  40 h o u rs  f rom  
30 to  720 p C i / l i t r e  and f ro m  60 to  1100 p C i / l i t r e ,  r e sp e c t iv e ly ,  se e  T ab le  III.
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The only r a d io lo g ic a l  im p a c t  of the m ine on the en v i ro n m en t  i s  d i s 
ch a rg ed  w a te r s .  The m ine is  v e r y  wet, the w a te r  flowing out of n u m e ro u s  
geo log ica l  f i s s u r e s  and out of b o re h o le s .  The r a d o n  conten t of th e se  w a te r  
s o u r c e s  w as  m e a s u r e d  and can  r e a c h  up to 4 n C i / l i t r e .  The w a te r  is  
co l lec te d  in  an open t r e n c h  a long the  d r iv e s  and le av e s  the  m ine at the  m a in  
e n t ra n c e  at the  r a t e  of about 1 .3  m 3/ m i n .  T h is  w a te r  b e a r s  up to 5 0 0 p C i / l i t r e  
of radon , up to  2 36 ng  u r a n iu m  p e r  l i t r e  and up to 2 .5  p C i / l i t r e  of 226Ra. 
A f te r  a s h o r t  s u p e r f i c ia l  c o u r s e  th is  w a te r  flows into the  c l e a r ,  fas t  
B reb o v n ica  brook , w hich  has  an a v e ra g e  flow of 0. 74 m3/ s .  About 3 km f ro m  
the m ine  the  B reb o v n ica  flows into the R iv e r  Sora ,  which has  an  av e rag e  
flow of 15 m 3/ s .  A ll th e se  s u r fa c e  w a te r s  w e re  r e g u la r ly  s a m p le d  and the 
c o n c e n t ra t io n s  of radon ,  u ra n iu m  and rad iu m  d e te rm in e d .  The c l e a r  w a te r  
of the B re b o v n ic a  has  an  a v e ra g e  of 0.1 p C i226R a / l i t r e  and 1 /ug U / l i t r e  
above the  inflow. A f te r  the  w a te r s  f ro m  the m ine have bec o m e  evenly  d i s 
tr ib u te d  in  the s t r e a m ,  i . e .  about 500 m below the inflow, the B rebovn ica  
w a te r  has  the following a v e ra g e  co n c e n t ra t io n s  : 20 ,ug /H tre  of u ra n iu m ,
0. 3 p C i / l i t r e  of r a d iu m  and 12 p C i / l i t r e  of radon .  It is  in te r e s t i n g  to  note 
the s te ad y  in c r e a s e  of u ra n iu m  co n c e n t ra t io n  in  the w a te r .  In 1968 it was 
only 0. 4 M g/l i tre ,  but m a x im u m  va lu es  of 24 /ug / l i t re  w e re  o b s e rv e d  in 
19 73. The R iv e r  S o ra  has  on a v e ra g e  le s s  th a n  0. 1 pC i/  l i t r e  of r a d iu m  and 
l e s s  th a n  0. 5 M g/l i tre  of u r a n iu m .  No influence, of the  B re b o v n ic a  w a te r s  
on the  qua l i ty  of the S o ra  has  been  m e a s u r e d .

A p ilo t plant fo r  u ra n iu m  e x t r a c t io n  was built n e a r  the  m ine e n t ra n c e  
and has  been  o p e ra te d  p e r io d ic a l ly .  L a s t  y e a r  (1973) s e v e r a l  tons  of u ra n iu m  
o re  w e re  w orked .  The w as te  w a te r s  f ro m  th is  p lant a r e  co l lec ted ,  n e u t r a l 
ized, f i l t e re d  and p e r io d ic a l ly  pumped into the B reb o v n ica  at a r a t e  not 
g r e a t e r  than  5% of the  a c tu a l  flow of the b rook .  T h e se  w as te  w a te r s  w e re  
an a ly t ica l ly  co n tro l led  and contained  up to 5 m g / l i t r e  of u ra n iu m  and up 
to 740 p C i / l i t r e  of ra d iu m .  A f te r  se d im e n ta t io n  and f i l t r a t io n  th rough  a 
b a r y te s  bed, th e se  w a te r s  contained  about 200 p C i / l i t r e  r a d iu m  and 1 m g / l i t r e  
of u ra n iu m .

T h e se  r e s u l t s  on the  qual i ty  of w a te r  f ro m  the p ilot plant m ade us aw are  
of the g r e a t  c a r e  needed in  p lanning the t r e a tm e n t  and r e l e a s e  of the w as te  
w a te r s  f ro m  the  p ro p o sed  u ra n iu m  m i l l  into th is  en v i ro n m e n t .  A fte r  
s tudying the r a d io lo g ic a l  im p a c t  of the  m il l  on the en v i ro n m en t  [5, 6], we 
co n s id e re d  r a d iu m  to be the c r i t i c a l  nuclide fo r  w a te r  pollu tion .  B e ca u se  
the w a te r s  of the B reb o v n ica  and S o ra  a r e  not u se d  r e g u la r l y  fo r  ca t t le  
w a te r in g  and i r r i g a t io n ,  the only p o ss ib le  h a z a r d  to  the  popula tion  living 
in th is  a r e a  is  the  con su m p tio n  of f ish  ta k en  f ro m  th e s e  w a te r s .  The concen
t r a t i o n  f a c to r  fo r  r a d iu m  in  f ish  can  be about 250 fo r  som e kinds of f ish  [ 7] 
and it is  e s t im a te d  tha t  no p e r s o n  could consum e annually  m o re  than  10 kg 
of f i sh  caught in  th e s e  w a te r s .  T ak ing  th is  fac t  into account and a s su m in g  
a m ax im um  p e r m i s s ib l e  annual in take  of r a d iu m  by in g e s t io n  of 9. 6X 10"3 pCi 
fo r  the m e m b e r s  of the  public , the M PC fo r  226Ra in  r i v e r s  w ith  f ish  could 
be e s t im a te d  to  be 4 p C i / l i t r e ,  which is  a l so  the  l im i t  u n d e r  the  Y ugoslav ian  
r e g u la t io n s .  We th ink  and hope tha t  th is  view is  r a t h e r  c o n s e rv a t iv e ,  but 
n e v e r th e le s s  we should  not t o le r a te  a g r e a t e r  c o n c e n t ra t io n  of r a d iu m  in 
o u r  w a te r s .  To ev a lu a te  th is  p o ss ib le  h a z a rd  m o re  p r e c is e ly ,  we have 
s t a r t e d  the a n a ly s is  of f ish , a lgae  and r i v e r  b io ta  fo r  r a d u im ,  u ra n iu m  
and g r o s s  a lpha  and b e ta  con tam ina t ion .

QUALITY OF MINE AND RIVER WATER
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T his  p a p e r  is  p a r t l y  b a s e d  on w o rk  financed  th rough  the B o r i s  K idr ic
F oundation .
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A C K N O W L E D G E M E N T

D I S C U S S I O N

P . SLIZEW ICZ: W ere  any 7 - i r r a d ia t io n  m e a s u r e m e n t s  c a r r i e d  out and, 
if so ,  what d o se s  w e re  r e c e iv e d  by the  m in e  p e r so n n e l?

J. KRISTAN: All the  m in e r s  w e a r  f i lm  badges .  The a v e ra g e  annual 
d o se  is  0.5 r e m ,  i . e .  10% of M PD. The lo c a l  gam m a dose  r a t e  at w ork ing  
po in ts  is  up to 0.1 m r e m / h .  In con tac t  with o re  bod ie s  the g a m m a  dose  r a t e  
can  be  5 m r e m / h .

J .  MARTINEZ PACHECO: Could you give a few m o r e  d e ta i l s  on the 
m e th o d s  u se d  to m e a s u r e  r a d o n  and r a d iu m  co n c en t ra t io n s  in the  m in e  a i r  
and w a te r ?

J. KRISTAN: F o r  rad o n  d e te rm in a t io n  we u sed  sc in t i l la t io n  c e l l s ,  as 
shown in the f igu re .  The c e l ls  w ere  as  des igned  by L u ca s ,  but we u se d  a 
m odif ied  v e r s io n ,  d e s c r ib e d  in H ealth  P h y s .  24 (1973). The c e l ls  a r e  
in te rn a l ly  coa ted  with ZnS (ac t iva ted  with Ag) and th e i r  vo lum e is  about
2 50 m l .  The c e l l s  a r e  c a l ib r a te d  with known am ounts  of 222Rn in a i r .  On 
a v e r a g e  we count 0.8 cpm  p e r  pCi of r a d o n / l i t r e  a i r .

F o r  r a d iu m  we use  the e m an a t io n  m e thod .  The w a te r  sa m p le  is  t igh tly  
s e a le d  in the em ana t ion  f la sk ,  and a f te r  a c e r t a in  t im e  the accu m u la ted  r ad o n  
is  expe lled  by bubbling p u re  N2 gas  th rough  the  sa m p le .  The radon  is 
c a p tu re d  in a cold t r a p  and t r a n s f e r r e d  to  the  sc in t i l la t io n  ce ll .

F o r  low backg round  c o n c e n t ra t io n s  of r a d iu m  in w a te r  we u s e  2 0 - l i t r e  
s a m p le s .  The ra d iu m  is  e x t r a c te d  by a m odif ied  ion-exchange  co lum n  and, 
a f te r  the  w ait ing  t im e ,  the rad o n  evolved is  expe lled  into the  sc in t i l la t io n  
c e l l  and counted.

G. BOERI: I did not quite u n d e r s ta n d  the  f ig u re s  g iven in y o u r  p ap e r  
fo r  w a te r  co n c e n t ra t io n s  in d i s c h a r g e s ,  e . g .  200 pCi R / l i t r e .  Could you 
p le a s e  exp la in  th e se  v a lu e s?

J. KRISTAN: Only a few cubic m e t r e s  of w as te  w a te r  f ro m  the p ilot 
p lan t  contained  ra d iu m  co n c e n t ra t io n s  of 200 p C i / l i t r e .  The a v e ra g e  con
c e n t r a t io n  in th is  w as te  w as 60 p C i / l i t r e .  The w as te  was r e l e a s e d  only when 
the  le v e l  of the  r i v e r  w as high.
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N. T. M IT C H E L L  (C hairm an):  I am inc l ined  to  a g r e e  with  y o u r  v iew  
th a t  the  co n c e n t ra t io n  f a c to r  a s s u m e d  fo r  226Ra in f ish  is  a r a t h e r  c o n s e r v a 
t ive  va lue .  Have you ob ta ined  any f u r th e r  in fo rm a tio n  f ro m  the d i r e c t  
m o n i to r in g  to  which you r e f e r r e d  in y o u r  p r e s e n ta t io n ?

J. KRISTAN:" We have no r e s u l t s  of o u r  own y e t  fo r  r a d iu m  concen 
t r a t io n  in  f ish .  In Ref. [7] of m y  p a p e r  De B o r to l i  e t  a l .  d e s c r ib e  th e i r  
m e a s u r e m e n t s  of r à d iu m  in f ish  f ro m  the w a te r s  n e a r  I s p r a ,  and they  r e p o r t  
a m a x im u m  c o n c e n t ra t io n  f a c to r  of 220. R adium  is  p r e f e r e n t i a l l y  concen 
t r a t e d  in f ish  b o n es ,  so  the to ta l  r a d iu m  con ten t  of the  f ish  does not a l l  go 
into m a n 's  d iet.
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Abstract

POPULATION DOSES RESULTING FROM RADIONUCLIDES OF WORLDWIDE DISTRIBUTION.
A sim p le  m ethodo logy  for c a lc u la tin g  c o l le c t iv e  dose com m itm en ts  is p resen ted , to g e th e r with 

es tim ates  o f  the  c o l le c t iv e  dose re su lting  from the w orldw ide d istribu tion  o f  rad ionuclides  produced in the 
fuel cy c le  o f n u c lea r pow er g en e ra tio n . I t appears th a t th e  con tribu tion  o f  th is g lo b a l d istribu tion  to  the  
c o l le c t iv e  dose co m m itm en t is in  th e  o rder o f  a few tenths o f a  m an  * rem  per MW • a . An ex a m p le  is 
p resen ted  on the use o f  the c o l le c t iv e  dose co m m itm e n t co n c ep t to  assess the  c u m u la tiv e  e ffe c t in  the 
future o f th e  grow ing n u c lea r pow er g en e ra tio n .

INTRODUCTION

In the fuel cyc le  of the n u c l e a r  p o w er  in d u s t ry ,  and to  a m in o r  ex ten t  
in  the use  of s u b - p ro d u c ts  of n u c le a r  a c t iv i t ie s ,  r a d io a c t iv e  w a s te s  a r e  
p ro d u ced .  A lm o s t  a l l  the a c t iv i ty  of th e s e  w a s te s  is  p r e s e n t  in s to re d  
spen t  fuel e l e m e n ts  and in  w e l l -c o n ta in e d  f ra c t io n s  s e p a r a te d  in the f i r s t  
cyc le  of r e p r o c e s s in g  in s ta l l a t io n s .  M inor  am ounts  of ra d io a c t iv e  
m a t e r i a l s  a r e  r e l e a s e d  to  the en v i ro n m e n t ,  com ply ing  with the  r e le v a n t  
r e q u i r e m e n ts  in ra d ia t io n  sa fe ty .

A s s e s s m e n t  of d o se s  r e su l t in g  f ro m  th e s e  e n v i ro n m e n ta l  r e l e a s e s  
a r e  l ik e ly  to r e q u i r e  s u b s ta n t ia l  c o n s id e ra t io n  of lo c a l  s i tu a t io n s ,  b ecause  
they m a y  be l im i t in g  and a l so  b e c a u s e  they  can r e p r e s e n t  a m a jo r  f ra c t io n  
of the co l lec t iv e  d o se  to  the popula tion .  M ost of the n u c l id es  r e le á s e d  to 
the en v i ro n m en t  f ro m  the fuel cyc le  a r e  of lo c a l  co n c e rn  b ec a u s e  t h e i r  
h a l f - l iv e s  a r e  s h o r t  c o m p a re d  with the t im e  involved in t h e i r  d i s p e r s io n .
A few n u c l id e s ,  on the o th e r  hand , com bine a s u b s ta n t ia l  h a l f - l i f e  with 
c h a r a c t e r i s t i c s  lead ing  to a r e la t iv e ly  s h o r t  d i s p e r s io n  t im e  and they  
can  th e r e f o r e  becom e d is t r ib u te d  w orldw ide when r e l e a s e d  to  the 
en v i ro n m en t .

In th is  c a te g o ry  of nuc l ides  of p o te n t ia l  g loba l  d is t r ib u t io n ,  k r y p to n - 85 
and t r i t i u m  a r e  of p a r t i c u l a r  i n t e r e s t  b ec a u s e  v i r tu a l ly  a l l  the ac t iv i ty  
p ro d u ce d  d u r in g  p o w er  g e n e ra t io n  i s  a t  p r e s e n t  r e l e a s e d  to  the e n v i ro n 
m e n t  when the fuel i s  r e p r o c e s s e d .  Iod ine-129 ,  due to i t s  v e r y  long 
h a l f - l i f e ,  is  a l so  of i n t e r e s t ,  a l though  the  f ra c t io n  of the am oun t  g e n e ra te d  
th a t  w il l  be r e l e a s e d  depends  s t ro n g ly  on the w as te  m a n a g e m e n t  of the 
r e p r o c e s s in g  in s ta l l a t io n s .

P o p u la t io n  d o se s  r e s u l t in g  f ro m  the w orldwide d i s t r ib u t io n  of the 
th r e e  nuc l ides  m en tioned  a r e  c o n s id e re d  in  th is  p a p e r ,  although 129I is  
only t r e a te d  m a rg in a l ly .  The concep t of dose  com m itm en t ,  p e r  unit
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p r a c t i c e  ( i .e .  p e r  MW(e) - a) is  used  in  the p a p e r  b ec au se  it  is  independent 
of p re d ic t io n s  r e la t in g  to the s iz e  of expanding n u c le a r  pow er  in d u s t ry  
and a l so  b ec au se  it  is  d ee m e d  to be p a r t i c u l a r l y  r e le v a n t  fo r  r a d ia t io n  
p ro te c t io n  c o n s id e ra t io n s .

THE C O LLECTIVE DOSE COMMITMENT CONCEPT

The d o se s  r e s u l t in g  f ro m  the ra d io n u c l id e s  u n d e r  c o n s id e ra t io n  a r e  
p r e s e n te d  a s  'c o l le c t iv e  d o s e s '  , defined as

S = } DiNi

w h e re  D t is  the dose  r e c e iv e d  by ind iv iduals  in  the g roup  i and Ni i s  the 
n u m b e r  of ind iv iduals  in the group . The co l lec t iv e  dose  can  be a s s e s s e d  
fo r  a g ro u p ,  fo r  a su b -p o p u la t io n  o r  fo r  the popula tion  as  a whole. The 
l a t t e r  a s s e s s m e n t  is  r e q u i r e d  fo r  the p u rp o se  of th is  p a p e r .  The unit of 
'c o l l e c t iv e  d o s e s 1 i s  the  p ro d u c t  of a dose  un it  (rad  o r  rem )  and a unit 
of ind iv iduals  in a g roup  (man); the r e s u l t in g  un its  a r e  m an  • r a d  and 
m a n  • r e m .

Extend ing  the u se  of dose  c o m m itm e n t  as  defined by UNSCEAR to 
co l le c t iv e  d o s e s ,  the 'c o l l e c t iv e  dose c o m m itm e n t '  of any spec if ied  
p r a c t i c e  o r  o p e ra t io n  is  the infinite t im e  in te g r a l  of the a v e ra g e  dose  r a te  
ca u se d  by tha t  p r a c t i c e  o r  o p e ra t io n  in  a  g iven popula tion  m u lt ip l ie d  by 
the  s iz e  of th a t  population:

Sc = J  H(t)P(t)d t (1)

0

w h e re  S c is  the co l lec t ive  dose  co m m itm e n t ,

H(t) is  the a v e ra g e  d ose  ra^e a t  t im e  t a f t e r  the p r a c t i c e  o r  o p e ra t io n  
P(t)  is  the s iz e  of the popula tion  a t  t im e  t

F o r  k ryp ton -85  and t r i t i u m  the t im e  sc a le  involved a llow s r e a so n a b le  
p re d ic t io n s  of the popula tion  s iz e  evolution  P (t) .  It is  a s s u m e d  in th is  p a p e r  
th a t  P (t)  in a s h o r t  t im e  ra n g e  w ill  be exponen tia l ,  with a g row th  of about
2 X 10"2 p e r  y e a r .

B e c a u se  of the v e r y  long h a l f - l i f e  of iod ine -129 ,  m o s t  of the dose 
c o m m itm e n t  would be d e l iv e re d  o v er  a p e r io d  of m any  tens  of m il l io n s  of 
y e a r s ,  u n le s s  the d i s p e r s e d  rad ionuc l ide  becom e unava ilab le  to e x p o su re  
pa thw ays  by som e u n sp ec if ied  p r o c e s s .  The dose  c o m m itm e n t  concept ,  
t h e r e f o r e ,  does  not a p p e a r  too  m ean ingfu l fo r  th is  nucl ide ,  and only 
annua l d o se s  a f t e r  g loba l  d i s p e r s io n  w ill  be c o n s id e re d .
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K ryp ton -85  is  a  b e ta  e m i t t e r  with a m ax im u m  e n e rg y  of 670 keV;
0.4% of the d i s in te g r a t io n s  e m i t  a g a m m a  photon of 514 keV. By e x t e r n a l  
i r r a d i a t i o n  the g a m m a  r a d ia t io n  c a u s e s  w hole-body  e x p o s u re s ,  while  the 
b e ta  r a d ia t io n  is  r e s p o n s ib le  fo r  sk in  d o se s  only ¡1, 2]. I n te r n a l  i r r a d i a 
t ion  due to inha la t ion  is  c o m p a ra t iv e ly  neg l ig ib le .  The w ho le-body  dose  
r a t e  f ro m  a hom ogeneous  a i r  co n c e n t ra t io n  can  be r e a d i ly  a s s e s s e d  by 
the im m e r s io n  m o d e l  (1.7 X 104 r a d / a  p e r  C i / m 3 , equ iva len t  to  2X 10 7 r a d / a  
p e r  C i /g ) .

A s s e s s m e n t s  of d o se s  to  the w orld  popula tion  f ro m  a g iven  d is c h a rg e  
of 85K r  have been  pub lished .  In one a s s e s s m e n t  [3] a tw o -s ta g e  d is p e r s io n  
m o d e l  i s  a s s u m e d  with an  in i t ia l  d is t r ib u t io n  in the in jec t io n  la t i tude  band 
(35-60°N) up to a he igh t of 3 km  la s t in g  f o r  about 100 d a y s ,  followed by 
an even  d is t r ib u t io n  o v e r  the  t r o p o s p h e r e  (up to  10  km) of the whole 
n o r th e r n  h e m is p h e re .  R educt ion  in  the co n c e n t ra t io n  th e re  is  a s su m e d  
to be ca u se d  only by d e c a y  b ec au se  of slow t r a n s p o r t  to the s o u th e rn  
h e m is p h e re .

In the m o s t  r e c e n t  UNSCEAR r e p o r t  [4] the d is t r ib u t io n  of 85K r  is 
taken  to  be a lm o s t  hom ogeneous  o v e r  the s u r fa c e  of the globe and th ro u g h 
out the t r o p o s p h e r e .  T h is  a s su m p t io n  is  su b s ta n t ia te d  by r e s u l t s  of 
m e a s u r e m e n t s  of S5K r  in ground  a i r  a t  d i f fe re n t  la t i tu d e s  [5].

E qua t ion  (1) can  be u sed  to e s t im a te  the co l lec t ive  d o se  co m m itm e n t  
p e r  Ci of 85K r  d is c h a r g e d  to  the a tm o s p h e re .  It w il l  be a s s u m e d ,  a s  in 
the UNSCEAR r e p o r t ,  tha t  the d is t r ib u t io n  i s  th roughou t the t ro p o sp h e re  
( i .e .  4 X 10 21 g of a i r ) .  A f te r  d i s p e r s io n ,  1 Ci of 85K r  w ill  th e r e f o r e  cause  
a  dose  r a te  of 5 X 10 ' 15 r e m / a .  The c o l lec t iv e  dose  c o m m itm e n t  (Sc), 
ca lc u la ted  f ro m  E q .( l )  is :

K R Y P T O N -8 5

w h e re  R 0 i s  5 X 10"15 r e m / a
P 0 i s  the w orld  popu la tion  a t  t im e  of r e l e a s e  (m o re  e x a c t ly  a t  t im e  

of u n ifo rm  mixing)
X is  the d ec ay  co n s tan t  of S5K r
a is  the annua l f r a c t io n a l  g row th  of the popula tion .

With the a s su m p t io n s  m en tioned  above ,  the co l lec t iv e  dose  c o m m i t 
m e n t  is  about 4 X 10 ' 4 m a n  • r e m /  Ci. T h is  value to g e th e r  with p roduc t ion  
f ig u re s  fo r  S5K r  can  be u se d  to a s s e s s  the co l lec t ive  dose  c o m m itm e n t  
p e r  MW(e) - a .  A ssu m in g  a t h e r m a l  e f f ic iency  of 30%, the p ro d u c t io n  r a te s  
a r e  510 and 270 Ci/M W (e) - a  fo r  t h e r m a l  f i s s io n  of 235U and f a s t  f i s s io n  
of 239p-u, r e s p e c t iv e ly .  The co r re sp o n d in g  co l lec t ive  dose  c o m m itm e n ts ,  
a s s u m in g  tha t  a l l  85K r  i s  r e l e a s e d  to the e n v i ro n m e n t  when the  fuel is  
r e p r o c e s s e d ,  a r e  0.2 m a n  • rem /M W (e)  • a fo r  t h e r m a l  r e a c t o r s  and about 
0.1 m a n  • r e m /M W (e )  • a  fo r  f a s t  r e a c t o r s .

As m o s t  of the w orld  popula tion  is  in  the n o r th e r n  h e m is p h e r e ,  w here  
the d i s c h a r g e s  o c c u r ,  any  d e lay  in  the t r a n s p o r t  of 85K r  f ro m  the n o r th e r n  
to  the so u th e rn  t r o p o s p h e r e  w il l  tend to in c r e a s e  the co l lec t iv e  dose 
c o m m itm e n ts ,  by a f a c to r  not exceed ing  two. The th e r m a l  e f f ic ien c ie s  
a r e  l ik e ly  to  im p ro v e ,  changing"sligh tly  the p roduc t ion  r a t e s .  The p r o 
p o r t io n  of p a r t i c ip a t io n  of f a s t  r e a c t o r s  in t ro d u c e s  a f u r th e r  u n c e r ta in ty
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when the  v a lu es  a r e  u se d  to a s s e s s  the s i tu a t io n  in the  fu tu re .  H ow ever ,  
tak ing  a l l  f a c to r s  in to  accoun t  one m a y  be confident tha t  the co l lec tive  
dose  c o m m itm e n t  w il l  not exceed  a few te n th s  of a m a n  • rem /M W (e)  • a.

TRITIUM.

T r i t iu m ,  in  the fo rm  of t r i t i a t e d  w a te r ,  is  w idely  d i s p e r s e d  in the 
c i rc u la t in g  w a te r s ,  which can a l so  inc lude the w a te r  in body f lu ids .  It 
can  be shown th a t  a c o n c e n t ra t io n  of 1 C i /g  in  body f lu ids  would d e l iv e r  
a dose  r a t e  to the whole body of about 108 r a d / a  [4]. Using th is  cons tan t  
and so m e  a s su m p tio n s  on the d is p e r s io n  of r e le a s e d  t r i t i a t e d  w a te r ,  the ' 
co l lec t iv e  dose  c o m m itm e n t  p e r  Ci r e l e a s e d  can  be e s t im a te d .

The m o d e l  pub lished  in Ref. [3] a s s u m e s  tha t  a l l  s ign i f ican t  d i s c h a r g e s  
in  the n e a r  fu tu re  w il l  o c c u r  in the n o r th e r n  h e m is p h e re  and th a t  the 
t r i t i a t e d  w a te r  w il l  be d i s p e r s e d  in the c i rc u la t in g  w a te r s  of th a t  h e m i 
s p h e re  (about 1022 g). It a l so  p o s tu la te s  th a t  the  t im e  of exchange of 
s u r fa c e  w a te r s  with the so u th e rn  h e m is p h e re  and with  w a te r s  below the 
t h e rm o c l in e  is  s u b s ta n t ia l ly  lo n g e r  than  the h a l f - l i f e  of t r i t i u m .

Using th e se  a s s u m p t io n s ,  the co l lec t iv e  dose  c o m m itm e n t  p e r  Ci 
r e l e a s e d  can  be r e a d i ly  ca lc u la ted  by an  e x p r e s s io n  s i m i l a r  to Eq.(2),  
r e s u l t in g  in a value of 10 "3 m a n - r e m / Ci. T h is  value w ill  tend to  be an 
o v e r e s t im a te  if  the r e d u c t io n  on the t r i t i u m  le v e ls  is  not due only to 
ra d io a c t iv e  decay .

UNSCEAR e s t im a te s  dose  c o m m itm e n ts  fo r  3H d i s c h a r g e s  by m e a n s  
of the r e la t io n  of the w a te r  le v e ls  of n a tu r a l  t r i t i u m  and the r a te  of i ts  
p ro d u c t io n  [4]. L eve ls  of t r i t i u m  in w a te r  befo re  n u c le a r  ex p los ions  w ere  
r e p o r te d  to be in the ra n g e  of 6-24 X 10"i5 C i /g  [6 , 7], while the r a te  of 
p ro d u c t io n  p e r  h e m is p h e r e  u sed  by UNSCEAR is 0.8 M C i/a .

Using th e se  v a lu e s ,  the d o s im e t r i c  p a r a m e t e r  and an e x p r e s s io n  
s i m i l a r  to Eq.(2) ,  the co l lec t iv e  dose c o m m itm e n t  is  in  the ran g e  of 
0.4 - 1.7 X 10-2 m a n - r a d / C i .  Values  in th is  range  a r e  h ig h e r  than  the 
value d e r iv e d  above us ing  the d i s p e r s io n  m ode l of Ref. [3]. T h is  m a y  be 
due to u n c e r ta in t ie s  in the a s s e s s m e n t  of a v e ra g e  c o n c en tra t io n  f ro m  
e n v i ro n m e n ta l  m e a s u r e m e n t s  and in the e s t im a t io n  of n a tu r a l  p roduction  
r a t e s ,  which to g e th e r  m a y  am oun t to  an o r d e r  of m agn itude  [3]. T h e r e 
f o re ,  the value of 10 "3 m a n  - r e m / C i  is  u se d  in th is  p a p e r .

T r i t iu m  is  p roduced  in  n u c l e a r  r e a c t o r s  by t e r n a r y  f i s s io n  and by 
ac t iv a t io n  r e a c t io n s  on d e u te r iu m  (m ain ly  in  heavy  w a te r  r e a c to r s )  and 
on ad d i t iv e s  used  fo r  r e a c t iv i ty  con tro l .  P ro d u c t io n  r a t e s  due to f is s io n  
a r e  21 and 40 Ci/MW(e) - a fo r  t h e r m a l  r e a c t o r s  and f a s t  r e a c t o r s ,  
r e s p e c t iv e ly ,  aga in  a s su m in g  a t h e r m a l  e f f ic iency  of 30%. A ctivation  
r e a c t io n s  co n tr ib u te  to  p ro d u c t io n  an e x t r e m e ly  v a r ia b le  am ount,  depending 
on, am ong o th e r  f a c to r s ,  r e a c t o r  type and add i t ives  used .  The c o n t r ib u 
t ion  m a y  ra n g e  f ro m  le s s  than  1% to about the s a m e  am ount a s  the f i s s io n  
p roduction .

C o n s id er in g  only the t e r n a r y  f is s io n  p roduc t ion ,  the co l lec t ive  dose  
c o m m itm e n ts  r e s u l t  in 2 X 10 ' 2 and 4 X 1 O' 2 m an  • rem /M W (e)  - a  fo r  th e r m a l  
r e a c t o r s  and f a s t  r e a c t o r s ,  r e s p e c t iv e ly .  The add i t iona l  con tr ibu t ion  of 
a c t iv a t io n  r e a c t io n s  and v a r ia t io n s  in  the p ro je c t io n s  of the p a r t i c ip a t io n  
of f a s t  r e a c t o r s  in fu tu re  p o w er  g e n e ra t io n  "cause co n s id e ra b le  u n c e r ta in ty  
in  the v a lu es  th a t  should p r o p e r ly  be u se d .  H ow ever ,  a l l  being ta k en  into
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ac coun t ,  the  co l lec t iv e  dose  c o m m itm e n t  w il l  p ro b ab ly  not ex ceed  a few 
h u n d red th s  of a m an  • rem /M W (e)  • a ,  and th e re fo r e  w il l  not add a p p re c ia b ly  
to the c o m m itm e n t  due to  85K r.

IODINE-129

The sp ec if ic  a c t iv i ty  m ethod  has  been  u sed  to  a s s e s s  th y ro id  d o ses  
a r i s in g  f ro m  d i s c h a r g e s  of 129I [3]. A sp ec if ic  ac t iv i ty  of 1 p C i /g  in 
thy ro id  t i s s u e  d e l iv e r s  a dose  r a t e  of 2 X 10' 7 r a d / a .  At the  le v e ls  un d er  
co n s id e ra t io n  the m a s s  of 129I can  be neg lec ted  in r e la t io n  to  the s tab le  
iodine .  The thy ro id  ex p o s u re  of the popula tion  w as e s t im a te d  a s su m in g  
th a t  1291 d is c h a rg e d  in  liquid  eff luen ts  is  d i s p e r s e d  in  the  c i rc u la t in g  
w a te r s  of the n o r th e r n  h e m is p h e re  (about 1 0 22 g) and co n s id e r in g  tha t  
s e a w a te r  has  an a v e ra g e  iodine co n c en t ra t io n  of 6 X 10"8 w eight by  weight.  
An u p p e r  l im i t  of the dose  r a t e  can be ca lc u la ted  a s s u m in g  th a t  a l l  iodine • 
s o u r c e s  b ecom e co n tam in a te d  a t  the  s a m e  le v e l  a s  s e a w a te r .  With th is  
a s s u m p t io n ,  the  dose  r a t e  in  thy ro id  a r i s in g  f ro m  the co m p le te  d is p e r s io n  
of 1 Ci of 129I is  about 3.3 X 10"10 r e m / a  and the r e a l  value  w il l  c e r ta in ly  
be s m a l l e r .  The u p p e r  l im i t  of the co l lec t iv e  dose  r a te  in thy ro id  w il l  be 
in  the o r d e r  of 1 m a n  • r e m / a  p e r  Ci d i s c h a rg e d .

P ro d u c t io n  r a t e s  of iod ine-129  a r e  10"3 Ci/MW (e) - a  ( th e rm a l)  and 
3.4 X 10 "3 Ci/MW (e) - a (fis s ion) .  A ssu m in g  a com ple te  r e l e a s e  in  liquid 
e f f lu en ts ,  1 MW(e) • a w il l  give r i s e  to  annual co l lec t ive  d o s e s  to  thy ro id  
of the o r d e r  of 10 ‘ 3 m a n  - r e m .  A p o w er  p r o g r a m m e  in w hich fa s t  
r e a c t o r s  p a r t i c ip a te  w il l  tend to  re d u c e  the cooling t im e s  and th e re fo r e  
im p o r ta n t  p r o b le m s  w il l  a r i s e  in con tro l l in g  the r i s k  of 131I du r ing  
r e p r o c e s s in g .  S u b s ta n t ia l  d ec o n ta m in a t io n  f a c to r s  w il l  have to  be i n s t r u 
m e n ted  and th e se  w il l  a u to m a t ic a l ly  red u c e  the dose  r a t e  r e s u l t in g  f ro m
1 M ff(e) - a,  p ro b a b ly  by  s e v e r a l  o r d e r s  of m agn itude  [3].

LIMITATION OF C O L L E C T IV E  DOSE COMMITMENTS

C ollec tive  d o se s  a r e  u se d  in  the ap p l ica t io n  of the ra d ia t io n  p ro te c t io n  
r e q u i r e m e n t  tha t  e x p o s u re s  should  be kep t a s  low as  r e a s o n a b ly  ach ievab le ,  
tak ing  into accoun t s o c ia l  and ec o n o m ic a l  c o n s id e ra t io n s  [8 ]. Collec tive  
dose  c o m m itm e n ts  p e r  unit  p r a c t i c e  can  a l s o  be u sed  a s  a m ethod  of 
c o n tro l l in g  the fu tu re  a v e ra g e  population  do se .  T h is  is  the m a th e m a t ic a l  
c o nsequence  of the  fac t  th a t  the annua l dose  Da in  a fu tu re  e q u i l ib r iu m  
s i tu a t io n ,  p ro v id ed  th a t  the popula tion  s iz e  r e m a in s  r e l a t iv e ly  con s tan t ,  
w il l  be:

i

w h e re  S cj is  the co l lec t iv e  dose  c o m m itm e n t  p e r  y e a r  of p r a c t i c e  involving 
the ex is te n c e  of s o u r c e  j 

P  i s  the popula tion  s iz e .
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In the c a s e  of n u c l e a r  p o w er  generation, the su m  X/ ■ Sc]- can  be
i

r e p r e s e n t e d  by S CP  • W, w h ere  W is  the in s ta l le d  ca p ac i ty  p e r  p e r s o n  in 
the w o r ld .  The above equa t ion ,  t h e r e f o r e ,  r e d u c e s  to  D a = S CW and S c has  
to  be l im ite d  ac c o rd in g  to  the value dee m e d  ac ce p ta b le  fo r  Da . As an 
e x e r c i s e  le t  us p o s tu la te  th a t  the nom ina l  r i s k  r a t e  of 1 0 '4 r e m "1 app l ies  
and th a t  a  r i s k  of the o r d e r  of 10 "6 p e r  y e a r  ( low er than  the r i s k  of public 
t r a n s p o r t )  is  a c ce p ta b le  fo r  m e m b e r s  of the population . T h ese  a s s u m p 
tions  im p ly  th a t  a value of 10 ' 2 r e m / a  would be ac ce p ta b le  fo r  Da .

The o p t im is t ic  f o r e c a s t s  fo r  w orld  n u c l e a r  p r o g r a m m e s ,  to g e th e r  
w ith  popula tion  s iz e  p r o je c t io n s ,  show tha t  the w orld  a v e ra g e  p e r  ca p i ta  
in s ta l l e d  n u c le a r  pow er  m a y  be in the o r d e r  of 1 k W /m a n  in  the f i r s t  
d ecade  of the nex t c e n tu ry .  F o r  the t im e  being, th e r e f o r e ,  the co l lec t ive  
dose  c o m m itm e n t  p e r  unit  p r a c t i c e  in  the p ro p o sed  e x e r c i s e  should be 
l im i te d  to a  value of 10  m a n  - rem /M W (e)  • a.

T h is  value c o v e r s  a l l  co l lec t ive  dose  co n tr ib u t io n s .  H ow ever ,  even  
tak ing  into accoun t e s t im a te s  of the o th e r  con tr ib u t io n s  [3], the r e s u l t s  
p r e s e n te d  above fo r  85K r  and 3H a r e  m inu te  co m p ared  to  the l im i t .  It 
s e e m s  th e re  r e a so n a b le  to  a s s u m e  th a t  the o th e r  r e q u i r e m e n ts ,  n am ely  
to  com ply  with ind iv idual  dose  l im i t s  and with the concep t of " a s  low 
a s  r e a s o n a b ly  ach ie v ab le "  w il l  be the m a in  r a d ia t io n  p ro te c t io n  c o n s id e r a 
t io n s  in  the deve lopm en t of n u c l e a r  pow er .
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D I S C U S S I O N

P .  SLIZEW ICZ: Do you not think it n e c e s s a r y  to pu r ify  the g aseo u s  
eff luen ts  and e l im in a te  85K r?

D. BENINSON: F r o m  the in fo rm a t io n  ava i lab le  it a p p e a r s  tha t  85K r  
would not have to be  re m o v e d  fo r  g loba l co l lec t ive  d ose  r e a s o n s ,  a t  l e a s t  in 
the n e a r  fu tu re .  L o ca l  c o n s id e ra t io n s  m a y  m a k e  it n e c e s s a r y  in som e c a s e s .

P .  SLIZEW ICZ: Would you a g r e e  th a t  although one can to le r a te  the 
g loba l  d i s p e r s io n  of S5K r,  the s i tu a t io n  m a y  be r a t h e r  d if fe ren t  fo r  129I?
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D. BENINSON: Y es ,  I would. The a s su m p tio n  of d i s p e r s io n  w as m ade  
to  get a  v e r y  c o n s e rv a t iv e  a s s e s s m e n t  of the  co l le c t iv e  dose  f ro m  a w o r ld 
wide d is t r ib u t io n .  Reduced  d i s p e r s io n  — o r  lo c a l ize d  r e te n t io n  — would 
c a u se  h ig h e r  lo c a l  d o s e s ,  but th is  was not w ith in  the  scope  of the p a p e r .

F .  D. SOWBY: Y our p a p e r  in d ic a te s  tha t n u c le a r  p o w er  m a y  con tr ibu te  
a co l lec t iv e  dose  of a few ten ths  of a man- r e m  p e r  MW • a f ro m  ra d io a c t iv e  
r e l e a s e s .  To th is  m u s t  be  added a few m an- r e m s  p e r  MW- a fo r  occupa t iona l 
ex p o su re  at r e a c t o r  s i t e s  and fue l  r e p r o c e s s in g  p lan ts .  The to ta l  co l lec t ive  
dose  f ro m  n u c le a r  p o w er  should  thus  be  only a few man- r e m s  p e r  MW- a in 
the f o re s e e a b le  fu tu re ,  and it is  t h e r e f o r e  p e rh a p s  in a p p ro p r ia te  to c o n s id e r  
a l im i t  as  high as  10 man- r e m s  p e r  MW' a in th is  c a se .

D. BENINSON: You a r e  quite  r ig h t .  If an o p e ra t io n a l ,  au th o r ized  , 
l im i t  is  c o n s id e re d ,  it should  b e  of the o r d e r  of a few m an- r e m s  p e r  MW- a. 
The ca lc u la t io n  in the p a p e r  a im s  at showing th a t  in  the n e a r  fu tu re  the 
addi t ion  of s o u r c e s  is  not l ike ly  to  r e s u l t  in a v e r a g e  d o se s  co r r e sp o n d in g  
to  r i s k  le v e ls .  The va lue  obta ined  is  an u p p e r  l im it ;  'o p t im iza t io n '  w ill 
lo w e r  th is  'a u th o r iz e d '  l im i t .

P .  RECHT: To what ex ten t  can  the concep t of popu la tion  d o se  influence 
n a t io n a l  d e c is io n s  r e l a t in g  to p a r t i c u l a r  s i t e s  and r e s u l t  in re d u c e d  co n c e rn  
fo r  the p re v e n t io n  of r e l e a s e s  of 85K r ,  3H and 12Ч? I th ink a p r e c i s e  exp la 
n a t io n  is  r e q u i r e d  of how the concept can be applied  and what i t  can  be 
applied  to.

D. BENINSON: P opu la t ion  dose  c o n s id e ra t io n s  do not obvia te  the need  
fo r  c o n s id e r in g  ind iv idua l and c r i t i c a l  g roup  l im i ts .  The lo c a l  s i tu a t io n  w ill 
be  l im i t in g  in m a n y  c a s e s  and w ill  be  m o s t  im p o r ta n t  in in f luencing  d e c is io n s .  
On the o th e r  hand, co l lec t iv e  d o se s  w ill  be u se d  fo r  applying the ju s t i f ica t io n  
and op t im iza t io n  co n cep ts .  In the  n e a r  fu tu re ,  h ow ever ,  the  addition  of 
c o l lec t iv e  dose  c o m m itm e n ts  w ill  not be l im i t in g  fo r  any r e a s o n a b le  a c c e p t 
ab le  le v e l  of r i s k .
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Abstract

POPULATION DOSE CONSIDERATIONS FOR THE RELEASE OF TRITIUM , NOBLE GASES AND m I IN A SPECIAL 
REGION.

R adiation  exposure and risk  to  th e  pop u la tio n  of th e  U pper Rhine riv e r basin  re su lting  from  the  o pera tion  of 
n uclear f a c i l i t ie s  a re  analysed  in  th is pape r. T h e  s tudy -yea r is chosen  as 1985, by w hich  tim e  an  agg rega te  
nu c lea r g en e ra tin g  c a p ac ity  of 40 000 MW (e) is p lanned  to  be in s ta lled  in  th is  reg io n . T r itiu m , nob le  gases 
and io d in e -131, be ing  the  m a in  con tribu to rs to  the  ra d io lo g ic a l burden , a re  considered  as the  c r i t ic a l  isotopes. 
Both a tm ospheric  and hydrospheric  transport paths of the  nuclides  a re  investig a ted  in  th e  study. Isopleths of 
w hole body, lung , gonad , skin and thyroid doses a re  shown. P opu la tion  dose and th e  re su lting  risk  for ce rta in  
rad ia tio n  induced  d iseases a re  e s tim a ted  and com pared  w ith  n a tu ra l in c id en ce  o f the d iseases.

.1. INTRODUCTION

The Upper Rhine r ive r  basin constitutes a special region in the nuclear map of the 
middle Europe owing to its selection as a site for locating several nuclear power 
stations. An aggregate nuclear generating capacity of about 40, 000 MWe is planned 
to be installed in this region by the year 1985 and this power output will be derived 
mainly through light water reactor  systems. The power stations a re  to be located 
along the Rhine r iver  and its tr ibutaries. In addition, a  reprocessing plant for t r e a 
ting 40 tonnes of spent fuel per annum is already in operation in the middle of this 
region. For the time span up to 1985, the sites of the nuclear power plants are  
known definitely. Beyond this date, a further increase in nuclear installations is 
visualised in view of the forecasted energy demand and the assumption that a major 
par t  of this demand will be met by nuclear plants.

The recommendations of the "Advisory Committee on the Biological Effects of 
Ionising Radiation" £  1 _7, in regard  to the effects on population, fit in aptly to 
this situation of multiple sources within a limited region. The Committee recom 
mends that every effort should be made to estimate and predict the radiation do
sage from existing and planned sources ; further, studies should be improved and 
strengthened to answer among other things the following questions : how much, 
where and what type of radioactivity is released ? How are  these materia ls  t r a n s 
ported through the environment and what is their  effect when they contact man ? 
Lindell / "2  J  also emphasises the need for such an assessment,  the main objec
tive of which is to check that the detriment from the given sources is not 
unjustifiable and the future situation will continue to be acceptable even if the num
ber  of sources increases.

* On Fellow ship from  Bhabha A tom ic  R esearch C en tre , Bom bay, Ind ia .
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Table I : Sites of Nuclear P lants

No Site /  Plant River Country Type Year of 
Commies.

No. Site /  Plant River Country Type Year of 
Commise.

1 Bibile 1 Oberrhein D PWR 1200 MWe 1974 13 Obrlghelm 1 Neckar D PWR 300 MWe 1989
Blblis 2 PWR 1300 MWe 1978
Biblis 3 PWR 1300 MWe 14 Neckarwesthelm 1 Neckar D PWR 800 MWe 1976

Neckarwesthelm 2 PWR 1300 MWe
2 Ludwig ehafen 1 Oberrhein D PWR 600 MWe 1980

BASF 2 PWR 6 00 MWe 15 Kalserauget Hochrheln CH BWR 900 MWe 1979

3 Phillppeburg 1 Oberrhein D BWR 900 MWe 1975 16 Schwüretadt 1 D 1200 MWe
Phlllppsburg 2 BWR 900 MWe 1977 Schwtirstadt 2 1200 MWe
Philippeburg 3 BWR 900 MWe Schwttretadt 3 1200 MWe

4 Karlsruhe Oberrhein D RR-FR2-40 MWt 1961 17 Lelbstadt Hochrheln CH BWR 950 MWe 1979
Nucí. Research PHWR 60 MWe 1966
Centre Repr. Plant-WAK 18 Beznau 1 Aare CH PWR 350 MWe 1969

40 t/a 1971 Beznau 2 PWR 350MWe 1971
LMR 20 MWe 1973

19 Gëegen-Dâniken 1 Aare CH PWR 920 MWe 1978
5 Neupotz Oberrhein D 1000 MWe

Neupotz 2 1000MWe 20 Graben \ Aare CH BWR 1100 MWe 1980
Graben 2 BWR 1100 MWe 1983

в Gambshelm 1 Oberrhein F 1200 MWe
21 MUhleberg 1 Aare / CH BWR 310MWe 1972

7 Whyl 1 Oberrhein D PWR 1300 MWe 1979 Saane
Whyl 2 PWR 1300 MWe

22 Inwil 1 Reuse CH 1000MWe
8 Fessenheim 1 Oberrhein F PWR 900 MWe 1975 Inwil 2 1000 MWe

Feseenhelm 2 PWR 900 MWe 1978
Feseenhelm 3 PWR 12 00 MWe 1981 23 RUthl V order- CH PWR 900 MWe 1979

rhein
9 Kahl 1 Main D BWR 15 MWe 1961

24 Gundremmlngen l  Donau D BWR 250 MWe 1967
10 Hürsteln 1 Main D BWR 1200 MWe 1979 Gundremmingen 2 BWR 1200 MWe 1979

Gundremmingen 3 BWR 1200 MWe 1980
11 Grafenrhelnfeld 1 Main D PWR 1200 MWe 1979

Grafenrhelnfeld 2 PWR 1200 MWe

12 Bamberg Main D 1000 MWe

+ )
= not shown in the map -  is situated about 60km east of site No. 11

Remarks : Oberrhein « Rhein between Basel and Mainz
Hoc hr he In °  Rhein between Konstanz Basel
Vorderrhetn -  Rhein upstream fTom Konstanz

D •  Germany 
F e  France 
CH “  Switzerland
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F I G . l .  Study reg io n : U pper R hine Basin w ith  n u c lea r p la n t s ite s.
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Table I C 3 J  lis ts  the nuclear plants already in operation together with those 
under construction and planning. The sites of the various facilities are indica
ted in Fig. 1.

Using the projected power plant sites and the strength of radionuclide releases  
associated with normal operation of the facilities, the present study investigates, 

through the year 1985, the potential radiation exposures to the population of the 
Upper Rhine basin and the consequent risk. Tritium, noble gases and iodine-131 
are considered as the critical isotopes, being the main contributors to the radio
logical hazard. Amongst the noble gas nuclides, ^ A r , ®^Kr, ®®Kr, 131 m^g , 

and ^^5Хе are considered for this evaluation.

2. EXPOSURE LIMITS

The radiation protection guidelines, applicable to the Federal Republic of Germany, 
stipulate a genetically significant dose of not more than 2 rem in 30 years from the 
nuclear industry 4 J . For long term planning purposes this dosage has been alloca
ted equally between the radionuclides released with gaseous effluents and those with 
liquid effluents. Thus, the recommended exposure lim its for licensing the operation 
of nuclear power plants are :

via gaseous discharges -  30 m rem /yr
Individual dose rate . . . . .  , ,via liquid discharges -  30 m rem /yr

The lim it for liquid effluents has been further subdivided equally between the three 
major exposure modes, namely, drinking of water, ingestion of food and external 
irradiation. For individual members of the public, this corresponds to an average 
exposure of 10  m rem /yr for each of these exposure modes.

In the case of radioiodines, a dose rate of 90 m rem /yr for the thyroid of children has 
been laid down as a guiding lim it for the grass-cow-m ilk exposure pathway. For 
tritium, a maximum concentration of not more than 3000 pCi/1 in the receiving 
water body, based on medium water flow has been adopted as the guiding value.

3. CONCENTRATION, DOSE AND RISK RELATIONS

For a source of atmospheric activity release at location "r ,̂ the concentration in air 
at position r is

С ( r ,  ? y ) = J (7, "?>,). Ay <f ( r , ~rv , vd, T i / 2  ) ( 1 )

where Ay ( C i/sec ) = activity release rate

J ("r", r^ ) ( sec/m ^ ) = atmospheric dispersion factor

С (~r, ^  ) (C i/m ^) = concentration

f ( r ,  Гу, Vj, 1 \ / 2  ) = correction factor for deposition
and radiological decay
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In the case of hydrospheric activity release at position Гу of the river, the con
centration in the river, downstream at ~r is 

Ay
c  ( r > r v) = * d (r , r v W ( r ,  ty . vd, T l / 2  ) ( 2 )

where F (r ) (m ^ /s e c )  = flow rate

fo  if T <  ry 
d (r , r y ) =1 v

l l  if r » r u

When there are several sources of release, the resulting concentration due to the 
superposition of the different sources is

С (? )  = 2 C (r , ) ( 3 )

For an individual at position r, the resulting dose rate is

D (? )  = g.C (7 )  ( 4 )

where , rem*m^ , . .g ( — ------ ) = dose factor
6  v Ci* sec

, rem ,D ( r ) ( ------ ) = dose ratesec

The dose factor g is characteristic of the organ of reference and depends on the 
path the isotope takes to reach the organ, e .g . inhalation and /  or ingestion etc.
In the case of ingestion Eq. ( 4 ) is  valid only for individuals who are self-suppliers ; 
for those supplied by a central supply system, the concentration needs to be averaged 
over the area of produce Ap.

IС ( r > = 7 -  J  C ( r ) á A  ( 5 )
Ap Ap

Average gamma dose to a ground level receptor from the radioactive cloud, arising 
from continuous release, is  estimated using Eq. ( 6 ). The integration is carried 
out over the cloud volume V, using the approximation cited in reference £ b  J .

- fV r > = J  V S -  Ey )'C (r )d V  ( 6 )
V

where Iy (§ , Ey ) = к- й B ( M?)

Ey ( MeV ) = energy of gamma photon

g  ( m ) = distance from elemental volume dV

p. ( m - 1  ) = linear attenuation coefficient

, rem*m2 , ,к ( ------—— ) = conversion factor' sec»Ci

B ( n ÿ )  = dose build-up factor
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The whole body, skin, lung and gonad dose rates due to beta and gamma radiation 
are calculated for immersion in noble gases dispersed in the atmosphere. Exter
nal dose from the cloud and internal dose from the gas dissolved in body tissues and the 
gas in lung are considered . The amount of noble gas activity in the human body 
due to absorption of the inhaled gas in the blood and its subsequent diffusion into 
the tissues is estimated using the experimentally measured partition coefficients 
for krypton and xenon /" 6 J .  For argon the partition coefficient is derived, assu
ming it to behave like krypton.

The gamma doses from the gas in tissues and in lung are evaluated using the method 
developed by the Medical Internal Radiation Dose ( MIRD) Committee £  7, 8 J . The 
lung is  assumed to have the same concentration of noble gas, as in the atmosphere.
A lung mass of 1000 gms and an effective volume of 3. 5 litres are used. External 
cloud beta dose estimate is  based on an infinite cloud model because of the short range 
of betas in air. Beta depth dose is  evaluated using the empirical equation of Loewinger 
et al. £  9 J .

The risk  rate, defined as the probability per year that an individual receiving a cer
tain dose will suffer a radiation induced disease, is obtained by multiplying the total 
dose rate by the risk  factor r, by assuming a linear dose-risk relationship.

H (7 )  = r»D ("r ) ( 7 )

where „  . remD ( r  ) ( ------ ) = dose rateyr

cases , . , „ .r ( -------------) = risk factormawrem

„ , cases , . ,R ( r ) ( -----------  ) = risk rateman«yr

Sometimes a risk  factor r ( t ) is  defined as the yearly probability per rem during 
the latent period L ( e .g . ,  L<»20 years in the case of thyroid carcinoma ). Then the 
risk  rate is

R ( 7 )  = r ( t ) . L « D ( t )  ( 8 )

where cases , „r ( t ) ( ------------------ ) = risk  factor' man»rem»yr

L ( yr ) = latent period

In both cases, for children with age T  le s s  than the latent period L, a correction 
factor К has to be applied to the risk rate R ( r )

К = y " (K < 1) ( 9 )

For a given population distribution P (? ) ,  integration over the individual dose rates 
gives the population dose rate
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where „  , man , .P ( r ) ( -^ g -  ) = population density

_ , man-rem , . , ,D? ( ----- —----- ) = population dose rate

Similarly the population risk  rate is obtained by integration over the individual 
risk  rates.

RP = J  P ( r ) 'R (T )  dA ( 1 1 )

where „ , cases , ,R ( -------- ) = population risk ratep yr

Calculational models for this study are explained in detail in reference ZTlO 3

4. SITE AND RADIOLOGICAL PARAMETERS

4.1  Meteorological Data

For most of the reactor sites, the mean wind velocity, percentage frequency of its 
distribution and direction, as determined from measurements, are available for 12 
compass sectors. As for the frequency of occurence of the different Pasquill 
weathers categories A to F, the values reported by Nester /" 11J  for the Karlsruhe 
site are considered as representative for the entire study area. These frequencies 
are listed in Table П. Mixing heights for the weather categories are also indicated.

Table П : Frequencies and Mixing Heights of Weather Categories

Category 
( Pasquill s )

Frequency
(%)

Mixing Height 
(m)

A 2 . 00 1500

В 7.27 1500

С 13. 93 100 0

D 41.36 500

E 21.17 2 0 0

F 14.27 2 0 0



Table III : Activity Release Rates from Nuclear Power Plants

Nuclear Plants /  Type

Gaseous Release ( C i/yr )
Liquid Release 

( C i/y r )

3H 41AAr 85Kr
88

Kr
131mXe 133Xe 135Xe 131

I
3
H 1311

Karlsruhe -  RR FR-2 a) 800 150, 000

Karlsruhe -  PHWR a) 1200 600 1 0 0 0

Karlsruhe -  Repr. Plant WAK ^ 1000 250, 000 0.5 3000

Kahl -  1 C) -  BWR 150 2700 0. 003 0. 025

c)Obrigheim - 1 -  PWR 45 5 4000 400 0. 035 300 0.3

Gundremmingen - 1 -  BWR 450 9000 0 . 2 20 0 . 2  .

PWR d) -  1000 MWe 10 1300 75 75 3200 250 0 . 06 950 0 . 2

BWR d) -  1000 MWe 10 12 0 0 4 180 2400 120 0. 3 130 0.5

XWR 6) -  1000 MWe 10 1250 40 130 2800 190 0 . 2 550 0. 35

a) Derived from reference
b) Estimated by the authors at design throughput of the Reprocessing Plant; Tritium wastes will be stored mostly in dried-up 

oil wells
c) Derived from references /”13, 14, 15, 16J7
d) Derived from references С 14, 15, 16J7
e) The type ( P W R  or B W R )  is not known; for release rates average values are taken

242 
BAYER 

e
ta

l.



IA EA -SM -1 8 4 /1 243

4.2  Release Rates

Release rates of the nuclides, considered in this study, for the various plants are 
shown in Table III. In the case of plants under operation, the values are based on 
measured release rates ; for those under construction or being planned, the em is
sion rates are derived on the basis of plant design features.

4 .3  Dose Factors

The inhalation and ingestion dose factors for the whole body due to tritium -intake and 
for the thyroid due to iodine-131-intake /7 Ю, 17 J  are shown in Table IV.

Table IV : Dose Factors for and 131 j

Exposure
mode

Tritium Iodine -131 
( whole body ) ( thyroid )

3 / ~- rem-m /  Ci-sec

Inhalation

Ingestion

5 ( -2 ) a) 1200 a)

4 ( -6  ) b) 90, 000 a) 
(drinking water) (air-grass-cow - 

milk pathway)

e .g . ,  5 ( -2 ) = 5 . 0 - 1(T2

a) related to concentration in air
b) related to concentration in water

The ingestion dose factors for tritium and iodine are with regard to water and milk 
consumption respectively. Iodine figures in Table IV apply to infants who are con
sidered as the critical group of the population in respect of iodine intake.

4. 4 Partition Coefficients for Noble Gases

Tissue /  air partition coefficients for the average tissue for krypton, xenon and 
argon are listed below for normal body types:

Krypton - 0.2 /" 8 _7

Xenon - 0 . 6  ¿ 8  J
Argon -  0.07 (approximate)

4. 5 Risk Factors

Risk studies, in general, assume conservatively that the consequences of radiation 
exposure are linear with dose and that threshold or rate effects and repair after 
radiation damage are absent. In fact, these effects do exist and lower the actual
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risk. The risk factors summarized in Table V therefore provide upper lim its for 
the various risks considered. Risk factors are defined in two ways, as can be seen 
from Table V.

Table V : Risk Factors

Risk from r ( t , ^

cases cases 
man* rem»yr т а ш т е т

Leukemia children 2 -  3 ( -6  ) 

adults 1 -  2 ( -6  )
2 0  ( -6  )

Thyroid cancer children 2 -  10 ( -6  ) children 30 ( - 6  )

adults 10  ( - 6  )

Skin cancer
lower than for thyroid -
no sufficient data

Lung cancer 1 ( -6  ) 10  ( -6  )

Genetic risk Z~19_7 
(Deformation at birth)

„ , . . cases 
Г = i - 2 * ' 4 * birth

/  1 rem  
( 30 yrs

5. R E S U L T S  A N D  DISCUSSION

5.1 Exposure Rates from Atmospheric Release

In the calculation of immersion dose from a noble gas cloud, ICRP /~20_7 makes 
no distinction relative to external gamma and beta ( Emax £.0.1 MeV) dose to the 
whole body ; the beta dose that is actually delivered to the surface of the body has 
been treated as dose received by the whole body as a conservative measure, e .g . 
at a depth of 2 mm in tissue, beta dose from 85Kr falls by about 6 orders of magni
tude from the body surface dose С 21 J . Our calculations consider the external 
beta dose contribution for skin and gonad doses only and exclude it for whole bo
dy dose. Irradiation by the noble gas dissolved in the body tissues and by the gas in 
the lung has been accounted for in the dose estim ates for ‘all organs.

The various contributing factors to the total dose to different organs are indicated 
below :

Whole body dose = A + D + E + H

Skin dose = A + B + D + E + H

Gonad dose = A + C + D + E + H

Lung dose = A + D + F + H

Thyroid dose = G
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where
A = external gamma dose from the noble gas cloud

В = external beta dose from the noble gas cloud to the surface
of the body

С = external beta dose from the noble gas cloud to tissue at 2 mm depth

D = beta and gamma dose to the whole body from dissolved gas in the
body tissues

E = gamma dose to the whole body from the noble gas in the lung

F = beta and gamma dose to the lung from the noble gas in the lung
131G = inhalation and ingestion dose to the thyroid from I

3
H = inhalation and ingestion dose to the whole body from H

131Thyroid dose rate (G ) from I intake is indicated separately as it applies to chil
dren below 5 years of age ; further, the German Radiation Protection Ordinance 
(R. P.O. ) recommends a separate dose lim it for the thyroid from iodine intake. Total 
dose rate to the thyroid of children will be slightly le s s  than the sum of G and whole 
body dose rate.

The male gonads are taken to be at a depth of 2 mm, though the genetically sensi
tive region is  normally at a depth of 10 -  20 mm. The female gonads are at suffi
cient depth and the beta exposure is negligible compared to exposure from pene
trating gamma radiation.

Isopleths of total dose rates to the whole body, skin and thyroid are shown in figures 
2, 3, and 4 respectively for continuous release to atmosphere. It has been observed 
from the present study that the dose from inhaled noble gases is insignificant compa
red to the dose arising from external radiation due to immersion. Consequently, the 
total dose rate to the gonad and lung are almost the same as that received by the whole 
body. J. T. Whitton О 22 _7 also showed the contribution from dissolved ®5Kr in the 
body tissues as 1 % of the dose from external penetrating radiation.

The regional pattern of the dose distribution shows that the atmospheric release from 
the nuclear facilities of the Karlsruhe Research Centre will contribute most to the 
dose even after the commissioning of other nuclear installations. The areas adjoining 
the Karlsruhe site record the maximum dose rates which lie  above the average values 
by a factor of 10  to 1 0 0 .

Release of argon-41 from the research reactor FR-2 ( 150, 000 C i/yr ) continues to be 
the dominant factor in spite of the large krypton-85 release from the neighbouring r e 
processing plant ( 250, 000 C i/yr ) WAK. This can be established from the ratio of 
skin to whole body dose ; near the Karlsruhe site, this ratio is  1. 44 , which lies very 
near the ratio, due only to 41Ar, whereas for ®5Kr skin to whole body dose ratio 
works out to be about 2 0 0 . +)

+' The argon-41 releases of the Nuclear Research Centre WUrenlingen /Switzerland 
(near the Beznau-site) could not be considered due to the lack of published data.
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F IG .2 . R eg ional p a tte rn  of w hole-body  dose ra te  (m re m /a ) .



IA E A -SM -184/1 247

F IG .3 . R egional p a tte rn  of skin dose ra te  (m re m /a ) .
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F IG .4 . R egional p a tte rn  of thyroid  dose ra te  (m re m /a ) .
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The computational methods used here assume the receptor to be in open plains and 
the shielding offered by structures and buildings have been ignored : The exposure ra 
tes are thus conservative to a certain extent. Dose reduction due to shielding effects 
can be as high as 50 % in the case of buildings with about 2 0  cm thick brick walls and 
roof and will not be significant for wooden structures.
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5. 2 Radiation Exposure from Liquid Discharges

Discharge of radioactive effluents into the Rhine and its tributaries, results in addi
tional radiological burden in humans through drinking water and food products. It is 
foreseen that in the coming years about 10  to 20  percent of the drinking water re 
quirements in Germany will be met through purification of river water £"23_7.

Figures 5 and 6 show the computed concentrations of tritium and iodine-131 in the Rhine 
for all downstream locations within the study region from Konstanz. The dose rates 
indicated alongside in these figures are based on a gross assumption that drinking water 
needs of the study area is  met solely by the Rhine river. With this assumption, tritium 
contamination results in a maximum whole body dose of 0 . 08 m rem /yr ; for iodine, the 
maximum thyroid dose to children is slightly higher than 2 m rem /yr. These values 
should be scaled down appropriately, depending on the extent of the use of Rhine water.

Estimation of the concentrations in food products and the consequent hazards are 
under investigation. Accuracy of these studies will however be limited owing to 
lack of information on the behaviour of radionuclides in so ils, plants and animals; 
further agricultural practices and dietary habits cannot be exactly modelled.

5. 3 Effects of Global Sources

Besides the regional sources, there exist other extraneous sources of global nature. 
These sources are :

( i ) natural production of radionuclides

( ii ) production by detonation of nuclear weapons

and ( iii ) production and release of activity by the world-wide distributed
nuclear facilities

Among the radionuclides considered in this paper, only tritium and krypton-85 
assume importance. The concentrations that would be attained in the coming deca
des have been computed as far as the development of the nuclear industry can be fore
seen 0 14, 16, 24 J . In the case of tritium, the concentrations in water shown in 
Fig. 7, are mainly governed by the nuclear weapon tests. All tests up to the year 1962, 
after which such studies have become much le ss  intense, have been accounted for in 
this evaluation. The tritium concentration levels indicated in Fig. 7 are valid for sur
face water. Measurements on drinking water pumped from deep layers in the study 
region lie partially below a concentration of 0.1 /iCi/m^ /~ 12 J . In the case of ®5 Kr, 
release from the world-wide nuclear industry has already overwhelmed all other sour
ces. Fig. 8 shows ®^Kr levels in air in the next few decades with and without isolation 
of the noble gas from the off-gas stream from the nuclear plants. For 1985, the year 
of consideration for this study, the concentrations of and ^ K r and the resulting do
ses are shown in Table VI.

5 .4  Population Dose

A region comprising the areas within 50 km east and west of the Rhine river is con
sidered for population dose studies. The estimated total population in this study area 
is  12. 7 million.
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1970 1980 1990 2000

FÍG .7. Tritium  concentration in water due to nuclear weapon tests, natural production and releases from 
nuclear facilities.

1970 1980 1990 2000

FIG. 8. Krypton-85 concentrations in air due to releases from nuclear facilities (natural and weapons krypton 
are negligible).
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Table VI : Global Tritium and Krypton-85 Concentrations and Dose
Rates in the Year 1985

Nuclide Concentration Dose Rate

3H 6 ( -  2 ) juCi/m3 i. i i. j  с , n , mremwhole body 8 ( -3 ) --------
yr

85Kr 100 pCi/m 3 
(with decontamination)

400 pCi/m 3 
(without decontamination)

whole body 1. 7 ( -3 ) mr^m

skin 1.7 ( -1  ) Ш—Ш
yr

whole body 6 . 8  ( - 3  ) ^rem

7 • „ « , * v mremskm 7. 0 ( -1 ) --------
yr

10

ü? 10

10

10

10

■ ■ Thyroid

— — Skin

— —— Whole Body /  Lung /  Gonad

Dose

10

10

10

10

10

10'" 10'' 1 10 10'

FIG. 9 . D istribu tion  o f dose ra tes  rece iv ed  by p o pu la tion  from  atm ospheric  re le a se , by organ.



Table УП : Individual and Population Dose Rates

Organ

Regional Sources

Atmospheric Releases

AIDR PDR 
m rem /yr man*rem/yr

Hydrospheric R eleases

AIDR PDR 
m rem /yr marurem/yr

Total

AIDR
m rem /yr

PDR
man»rem/yr

Whole Body 0.13 1713 0. 005 64 0.14 1777

Gonads 0.13 1715 0. 005 64 0.14 1779

Lung 0.13 1716 0. 005 64 0.14 1780

Skin 0.19 2462 0.005 64 0 . 2 0 2526
131Thyroid from I 0 -  5yr 0.53 673 0 . 1 0 127 0.63 800

5 -  15 yr 0.15 354 0. 03 67 0.18 421
Adults 0 . 02 209 0.004 40 0.03 249

1236 234 1470

Global Sources (without decontamination)

Organ AIDR
m rem /yr

PDR
man*rem/yr

Whole
Body 0.015 190

Gonads 0. 015 190

Lung 0. 030 380

Skin 0.71 9000

AIDR = Average Individual Dose Rate 

PDR = Population Dose Rate
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Table VIII : Individual and Population Risk Rates

Disease

Regional Sources

AIRR PRR 
cases cases

Global Sources

AIRR PRR 
cases cases

Total

AIRR PRR 
cases cases

Individual
Natural Incidence / ”26 J  

cases
man-yr yr man-yr yr man-yr yr man-yr

Leukemia 3. 0 ( -9) 36 ( -3 ) 0.3 ( - 9 ) 3.6 ( -3 ) 3. 3 ( -9) 4 0 ( - 3 ) 1 ( -5 ) ICD-Pos. 
200-209

Lung cancer 1 . 5 ( - 9 ) 18(-3 ) 0.3 ( - 9 ) 3.6 ( -3 ) 1.8 ( -9 ) 2 2 ( -3 ) 6 ( -4 )  ICD-Pos. 
160-163

Thyroid cancer 0 - 5  
5 - 1 5  
adult

yr
y r

25 ( - 9 )  
10 ( -9 )  

2 ( - 9 )

30 ( -3) 
25 ( -3) 
16 ( -3)

0.45 ( -9) 
0.45 ( -9) 
0. 15 ( -9)

0.54 ( -3)
1.1 ( -3 )
1.2 ( - 3 )

25 ( - 9 )  
10 ( - 9 )  

2 ( - 9 )

31 ( -3 )  
2 6 ( - 3 )  
1 7 ( - 3 )

0 -  30 y r  ca. 2 ( -6  ) ICD-Pos.
193

adult ca. 2 ( -5 )
71 ( -3 ) 3 ( -3 ) 74 ( -3 )

Genetic r isk  
(Deformation at birth) 

case /  birth
0 .6  ( -6 ) 0 06 ( - 6 ) 0. 7 ( -6 ) 1 ( -2 ) Z " 1 9 J

AIRR - Average Individual R isk Rate 

PRR - Population Risk Rate
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Figure 9 shows the percentage of population as -well as the number of people rece i
ving a certain dose rate from atmospheric release to specific organs -  whole body 
( or lung or gonads ), skin and thyroid. The curve for thyroid in Fig. 9 applies to 
children of age up to 5 years, who constitute about 10% of the population. The number 
of children receiving a certain dose rate to the thyroid is l / 10th of the values ob
tained from Fig. 9 ( scale on the right).

The population dose rate and the average individual dose rate for specific organs are 
given in Table VII. Age dependency with regard to thyroid dose is  also indicated.

A realistic analysis of the population exposure from liquid discharges is  not fea
sible due to the existance of different sources of drinking water in the study area. 
Considering that 10% of the drinking water needs is met by river water, a rough 
estimate of the average annual dose to the whole body and the thyroid yields
0. 005 m rem/yr and 0.1 m rem /yr respectively.

5.5 Risk Estimation

Risk evaluations in general are fraught with uncertainties and this is particularly 
true in the region of very low doses. Harmful effects, if any, due to exposures in 
the neighbourhood of natural background levels have come to be accepted as tolerab
le  and the risk presented is relatively small and is offset mostly by the benefits.

The absence of a threshold and the linearity of dose and effect have to be regarded 
as working hypotheses and not as proven facts £~25 J . Risk analysis is  carried out 
in the present study with the presumption that the results will not be regarded as 
precise but represent only the magnitudes involved.

In Table VIII population and average individual risk rates are presented for certain 
radiation induced disorders. For cancer incidence in thyroid, total dose from all 
sources ( iodine, tritium and noble gases ) has been considered. Risk rates from 
natural incidence are also indicated for purposes of comparison.

6 . CONCLUSION

An investigation of the radiological impact due to the growing nuclear industry 
in the Upper Rhine basin by the year 1985, is carried out. Exposure to the indi
vidual members of the public is well within the lim its recommended by the Radia
tion Protection Ordinance and the accompanying risk is also far below that arising 
from natural incidence. The study reveals that with existing methods of effluent 
treatment and control, exposure levels can be maintained at a small fraction of 
the natural background radiation level and there is scope for reducing it further 
with improved effluent handling technology.

ACKNOWLEDGEMENT

The authors are indebted to Mrs. R. Kalckbrenner for evaluating the risk  due to 
natural incidence and for preparing many of the figures in this paper.



г и

С 2J 

C * J

Г4 7

Г 5 7

Г б 7

Г? 7  

С  87

П  9 7

Г ю 7

O i 7

/Д 2 7

REFERENCES

ADVISORY COMMITTEE ON THE BIOLOGICAL EFFECTS OF IONIZING 
RADIATION , The Effects on Population of Exposure to Low Levels of 
Ionizing Radiation, BEIR-Report, Washington (1972)

LINDELL, B . , Assessm ent of Population Exposures, Symp. , Environmen
tal Behaviour of Radionuclides Released in the Nuclear Industry ( A ix-en- 
Provence 1973), Proc. IAEA Vienna (1973)

Neue Kernkraftwerke in Europa, Atomwirtschaft 18_ (1973), 127, 179 
(Main reference)

SCHWIBACH, J . , Radiation Protection Guides and Technical Limits for the 
Discharge of Radionuclides in Effluents as Currently Applied in Licensing 
of Nuclear Power Plants in the Federal Republic of Germany, II. Interna
tional Summer School on Radiation Protection (Herceg Novi -  1973)

SLADE, D. H ., (Ed.). Meteorology and Atomic Energy, Report TID 24190, 
(1968), p. 350

LASSEN, N. A. , Assessm ent of Tissue Radiation Dose in Clinical Use of 
Radioactive Inert Gases, with Examples of Absorbed Doses from 3h2,
85¡Cr and 133xe, Minerva Nucleare 8_ (1964), 211

BROWNELL, G. L. ,  ELLETT, W. H ., REDDY, A. R ., Absorbed Fractions 
for Photon Dosimetry, Journal of Nuclear Medicine, MIRD, Supplement No. 1, 
Pamphlet No. 3 (1968)

SNYDER, W. S ., FORD, M. R. , WARNER, G. G ., FISHER, H. L. ,  Estimates 
of Absorbed Fractions for Monoenergetic Photon Sources Uniformely D istri
buted in Various Organs of a Heterogeneous Phantom, Journal of Nuclear 
Medicine, MIRD, Supplement No. 3, Pamphlet No. 5 (1969)

HIÑE, G. J . , BROWNELL. G.L.  (Eds.), Radiation Dosimetry, Academic 
P re ss , (1956), p. 694

BAYER, A. , KALCKBRENNER, R ., KRISHNAMURTHI, T. N ., SCHÜCKLER, 
M ., Radiologische Belastung durch kerntechnische Anlagen bei Normalbe- 
trieb, KFK-Report, to be published

NESTER, K. Statistische Auswertungen der Windmessungen im Kernfor- 
schungszentrum Karlsruhe aus den Jahren 1968/69, Report KFK-1606,
(1972)

KIEFER, H ., KOELZER, W. , (Eds.),
ASS-Jahresbericht 1970, Report KFK 1365 (1971)
ASS-Jahresbericht 1971, Report KFK 1565 (1972)
ASS-Jahresbericht 1972, Report KFK 1818 (1973)

BAYER e t a l.



Г137

£ Н 7  

¿"15 7  

ZT16J

£17  7

¿ 1 8 J

ZT197

¿"207

Г 2Х 7  

¿ 2 2  7  

£ 2 3 7  

£ 2 4 j

£"25 7

IAEA- S M -1 8 4 /1  257

ABE-AusschuB des Deutschen Atomforums 
Jahresbericht 1970, Atom und Strom 17_ (1971), 97
Jahresbericht 1971, Atom und Strom (1972), 73
Jahresbericht 1972, Atom und Strom 19 (1973), 45

GRATHWOHL, G ., Erzeugung und Freisetzung von Tritium durch Reaktoren
und Wiederaufarbeitungsanlagen und die voraussichtliche radiologische Be- 
lastung bis zum Jahr 2000, Report KFK-Ext 4 /  73 -36, (1973)

PORZ, F. Erzeugung und Freisetzung von Jodisotopen durch Reaktoren und 
Wiederaufarbeitungsanlagen und die voraussichtliche radiologische Belastung 
bis zum Jahr 2000, Report KFK-1912, (1974)

HILBERT, F . , Erzeugung und Freisetzung von Krypton- und Xenonisotopen 
durch Reaktoren und Wiederaufarbeitungsanlagen und die voraussichtliche 
radiologische Belastung bis zum Jahr 2000, KFK-Report, to be published

131BAYER, A . , Dose and Risk Considerations for the Release of I at 
Special Sites, Symp. Principles and Standards of Reactor Safety (Jfflich 
1973), Proc. IAEA Vienna (1973)

DOLPHIN, G. W ., MARLEY, W. G ., Risk Evaluation to the Protection of 
the Public in the Event of Accidents at Nuclear Installations, Report AHSB 
(RP) R 93, (1969)

ALDER, F . , Sicherheit und Risiko von Kernkraftwerken, Neue Technik 12 , 
(1970), 201

ICRP, Report of Committee П on Permissable Dose for Internal Radiation, 
ICRP Publication 2, (1960)

85 ,HENDRICKSON, M. M ., The Dose from Kr Released to the Earth’s Atmos
phere, Report BNWL-SA 3233A, (1970)

WHITTON, J. T . , Calculations of Whole Body Dose from Absorption of an In
haled Noble Gas, Health Physics 23, (1972), 573

CLODIUS, S . , Wasserversorgung im Jahre 2000, Kommunalwirtschaft 40, 
(1970), 216

BAYER, A ., KALCKBRENNER, R ., KRISHNAMURTHI, T. N ., Die zukiinf- 
tige Tritium-Belastung des Oberrheins, Reaktortagung Berlin 1974, ZAED 
Karlsruhe, (1974)

JAMMET, H. Aims and Needs for Environmental Programs Related to the 
Nuclear Industry-Panel Discussion, Symp. Environmental Behaviour of 
Radionuclides Released in the Nuclear Industry (Aix-en-Provence, 1973) 
Proc. IAEA Vienna, (1973)

£26  7  Statistisches Landesamt Hamburg, Hamburger Krebsdokumentation 
1956 -  1971, Hamburg, (1973)



258 BAYER e t a l.

D I S C U S S I O N

R. LE QUINTO: You say  tha t the b u rd e n  due to gaseous  e ff luen ts  is m uch  
g r e a t e r  than  tha t  due to l iqu ids .  Why, then ,  do you spec ify  the s a m e  value 
of 30 m r e m / a  fo r  both  liquid and g aseo u s  e f f luen ts?

A. BAYER: 30 m r e m / a  v ia  gaseous  r e l e a s e s  and 30 m r e m / a  v ia  liquid 
d i s c h a r g e s  a r e  guide l im i t s  fo r  the n o r m a l  o p e ra t io n  of n u c le a r  r e a c t o r s  in 
G erm a n y .  The m ax im u m  dose  in the neighbourhood  of a  m o d e rn  l ig h t -w a te r  
p ow er  r e a c t o r  v ia  g aseo u s  r e l e a s e s  l ie s  in the re g io n  of 1 m r e m / a  (see 
Ref. [16] of the p ap e r) .  The ra d io lo g ic a l  im p a c t  v ia  liquid d is c h a rg e  is  
a c tu a l ly  s m a l l e r ,  but bo th  d o se s  a r e  v e r y  s m a l l  c o m p a re d  with the guide 
l im i t s .  P e r h a p s  th e se  guide l im i ts  look r a t h e r  a r b i t r a r y  but at the p r e s e n t  
t im e  they a r e  v e r y  u se fu l .

O. ILARI: In th is  s a m e  connect ion  I should  like  to say  tha t I am  not 
convinced  th a t  g aseo u s  r e l e a s e s  a r e  m o r e  im p o r ta n t  than  liquid d i s c h a r g e s  
in t e r m s  of ra d io lo g ic a l  r i s k ;  in  fac t ,  with p r e s e n t  w a s t e - t r e a t m e n t  te c h 
nology, and with  the in troduc t ion  of z e r o  r e l e a s e  s y s t e m s  fo r  r a d io a c t iv e  
g a s e s ,  I th ink th a t  popu la tion  d o se s  r e c e iv e  a h ig h e r  co n tr ibu t ion  f ro m  liquid 
than  f ro m  g aseo u s  eff luen ts .

R. LE QUINIO: What is  y o u r  p e r s o n a l  opinion r e g a rd in g  the  n u m b e r  
of m r e m / a  that could be a t t r ib u te d  to  g aseo u s  r e l e a s e s  r e s u l t in g  f ro m  
a c c id e n ts  ?

A. BAYER: I am  not c e r t a in  tha t  I u n d e r s ta n d  y o u r  q ues t ion  but p e rh a p s  
I can  a n s w e r  tha t  the c a s e  of ac c id e n ta l  r e l e a s e s  of r a d io n u c l id e s  is  dea lt  
with in pub lica t ions  by Schw ibach and Pohl.

O. ILARI: In m y  opinion dose  l im i t s  a r e  in tended only fo r  n o r m a l  
condit ions  and should not be apportioned  be tw een  n o r m a l  s i tu a t io n s  and 
a c c id e n ta l  s i tu a t io n s .  The ac c iden t  s i tu a t io n  r a i s e s  d if fe ren t  eva lua tion  
p r o b le m s  and cannot b e  t r e a t e d  in the  s a m e  t e r m s  a s  the n o r m a l  s itua tion .

T u rn in g  to  T able  VII of the p a p e r ,  I th ink the co l lec t iv e  d o se s  fo r  hyd ro -  
s p h e r ic  r e l e a s e s  p r e s e n te d  th e re in  a r e  m is le a d in g ,  b ec a u s e  they take  into 
accoun t only d r ink ing  w a te r  and not the o th e r ,  p robab ly  m o r e  im p o r ta n t ,  
ex p o s u re  pathways connected  with liqu id  r e l e a s e s .

A. BAYER: To p re v e n t  any m is u n d e r s ta n d in g  I would r e p e a t  tha t  the 
guiding l im i t s  in our  p a p e r  r e f e r  only to n o r m a l  opera tion .

The consum ption  of Rhine f ish  is  not v e r y  g r e a t ,  and a rough  e s t im a te  
h as  shown tha t th is  con tr ibu t ion  is  not s ign if ican t .

S. O. W. BERGSTRÓM: Y our popula tion  d o se s  a r e  ev idently  only in te 
g r a te d  o v er  a popula tion  of 13 m il l io n  people. Have you m a d e  any e s t im a te  
how th e se  co l lec t iv e  d o se s  c o m p a re  w ith  w orld  popula tion  to ta l s ?

A. BAYER: We ca lc u la ted  the popu la tion  dose  r a t e s  only fo r  the  people 
l iv ing  in the U pper  Rhine reg ion .  F o r  the  w orld  population  a dose  r a t e  
e s t im a te  can ea s i ly  be p e r f o rm e d  with the da ta  of Table VI. Taking the 
1985 data  fo r  85K r  w ithout deco n ta m in a t io n  and a s su m in g  a w orld  popula tion  
of 5000 m il l io n  at tha t t im e ,  the c o r re sp o n d in g  popula tion  dose  r a t e s  would 
be  about 34 000 man- r e m / a  fo r  the whole body and about 3 500 000 man- r e m / a  
fo r  the skin. Owing to  its  m o r e  c o m p lic a te d  g eophys ica l  p a th s ,  a c o r r e s 
ponding e s t im a te  fo r  t r i t i u m  would r e q u i r e  m o r e  ex ten s iv e  inv e s t ig a t io n s .

K . - J. VOGT: Could you give us so m e  in fo rm a tio n  on the r e g io n a l  and 
g loba l  m o d e ls  you have u se d  in c a lc u la t in g  the  85K r  c o n c e n t ra t io n s?

A. BAYER: In the  r e g io n a l  c a s e ,  a t  d i s t a n c e s  c lo se  to  a fa c i l i ty  in  the  
z - d i r e c t io n  (height) we u se d  the  G au ss ian  fo rm u la .  F o r  g r e a t e r  d is ta n c e s
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we u se d  a hom ogeneous  m ix tu re  w ith in  the  m ix ing  l a y e r  g iven in  T ab le  II. 
M ore  d e ta i l s  can  be  obta ined f ro m  Ref. [10] .

In the c a s e  of g loba l  s o u r c e s  a hom ogeneous  m ix tu re  within the t r o p o 
sp h e re  (height ~  10 km) was taken  as  being  the m o s t  r e a l i s t i c  m ode l .  The 
d if fe ren t  m o d e ls  a r e  d i s c u s s e d  in Ref. [16] .
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Abstract

CANADIAN EXPERIENCE IN ASSESSING POPULATION EXPOSURES FROM CANDU REACTORS.
T he D epartm en t o f N a tio n a l H ealth  and W elfare has ca rried  o u t a p rogram m e o f e n v iro n m en ta l ra d io 

a c tiv ity  su rv e illan ce  around nu c lea r reac to rs s in ce  1961 to  assess the  e ffec t o f low levels  o f  rad io ac tiv ity  
re leases on pub lic  h e a lth . This has been  in  co -o p e ra tio n  w ith  th e  d ep a rtm en t o f h ea lth  o f  th e  p rov ince in  
w hich the  reac to rs are lo c a ted  and inc ludes th e  resea rch  reac to rs on th e  O ttaw a River and the  W innipeg River, 
the  N uclear Power D em onstra tion  s ta tio n  on th e  O ttaw a River, the  p ro to type  g en e ra tin g  stations at Douglas 
P oin t, O ntario  and G en tilly , Q uebec and th e  4 -u n it ,  2000 MW(e) s ta tio n  at  P ickering , O n tario . These 
reac to rs a re  o f  th e  C anada D eu te rium  U ranium  (CANDU) ty p e , using n a tu ra l u ran ium  d iox ide  as fu e l, heavy 
w ater as m ode ra to r and pressure tubes in th e  h e a t transport sy stem . T he featu res o f  this type  o f re a c to r  w hich 
m in im iz e  p o te n tia l re leases o f  ra d io a c tiv ity  to th e  env ironm en t are b rie fly  d iscussed. T he su rv e illan ce  
p rog ram m e includes m e asu rem en t o f  ex te rn a l rad ia tio n  from  gaseous e ffluen ts , t r i t ia te d  a tm ospheric  w ater 
vapour, rad io ac tiv ity  on a irborne p a r t ic u la te  m a tte r , and in  m ilk , w ater and b io ta  from  re ac to r environs.
T he curren t levels  o f these  are  p resen ted . Estim ates are  m ade o f th e  rad ia tio n  dose bein g  rece iv ed  by a 
h y p o th e tic a l in d iv id u a l a t th e  s ta tio n  boundary and is com pared  w ith  th e  con tribu tion  from  rad io a c tiv e  f a l l-o u t 
and na tu ra l background. It is shown th a t th e  CANDU reac to rs  are  ca p ab le  o f be ing  o p e ra ted  re lia b ly  such tha t 
th e  resu lting  rad ia tio n  dose to th e  pop u la tio n  liv ing  in  th e  v ic in ity  is a few per ce n t o f  th e  n a tu ra l rad ia tio n  
background.

INTRODUCTION

The place of nuclear power stations in meeting Canada's energy require
ments has been firmly established in the relatively short period since the 
20 MW(e) Nuclear Power Demonstration reactor at Rolphton on the Ottawa River 
first went critical in April, 1962. Anticipating the successful demonstration 
of the Canada Deuterium Uranium (CANDU) concept, the design and construction 
of a medium size (208 MW(e)) prototype plant on the shores of Lake Huron, at 
Douglas Point, was started in 1959. The experience and the knowledge gener
ated by these encouraged the Hydro-Electric Power Commission of Ontario 
(Ontario Hydro) to have its first large scale nuclear generating station 
built at Pickering, only 32 kilometers from the centre of Toronto. The 
station consists of 4 units each capable of producing 508 MW(e) net. This 
makes it the largest known nuclear electric station presently operating in 
the world.

A further complex for producing 3000 MW(e) (4 units of 750 MW(e) each) 
is under construction at the Bruce Generating Station near Douglas Point. A 
second provincial utility, Hydro-Quebec, is operating a 250 MW(e) unit using 
boiling light water for heat transport at Gentilly, Quebec. Plans for the
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immediate future are for doubling the generating capacity at both the Pickering 
and Bruce sites and building an additional 600 MW(e) unit of the Pickering type 
at Gentilly.

THE CANDU SYSTEM

The Canadian power reactor design is based on the use of natural uranium 
fuel. Uranium dioxide in the forra of compacted and sintered clylinders is 
sheathed and sealed in zirconium alloy tubes. Several of these are put 
together between end plates to form fuel bundles which are placed end to end 
in fuel channels running inside horizontal tubes of a calandria. The calandria, 
which contains heavy water as the.moderator and reflector, is housed in a 
concrete reactor vault. High pressure and temperature generated as a result of 
fission is confined to the fuel channel coolant tubes and the calandria is not 
subjected to these stresses. The heat is carried by a flow of pressurized 
heavy water and eventually transferred to natural water in heat exchangers for 
the production of steam to run the turbines.

Typically, boosters and control rod absorbers are used to regulate 
reactivity but other control mechanisms are also provided. Apart from such 
process systems designed for the normal operation of the reactor and associated 
turbines, a functionally independent protective system is included to limit the 
adverse consequences of any failure of the process system. The protective 
system, has, among other features, capabilities for emergency reactor shut down, 
emergency core cooling, and containment. The newer reactors have two emergency 
shut down systems which are engineered to be independent of each other and of 
the process regulatory system. The design philosophy for containment is to 
provide pressure relief and adequate space to contain safely the expanded air 
and steam that may arise from the worst accident situation postulated. For 
multiple unit stations, this is achieved by building reinforced concrete housings 
around individual units and connecting them to a single vacuum reservoir equipped 
with water dousing.

From the environmental safety point of view the CANDU system provides 
several barriers to the movement of fission products from the fuel elements 
to the outside. These are:

(a) the low rate of diffusion from the ceramic pellets of fuel
(b) the sheathing of the fuel
(c) the confinement of heat and pressure to the fuel channels, and,
Cd) the structural containment.

REGULATORY CONTROL OF NUCLEAR ENERGY

In Canada, all dealings in atomic energy are subject to the federal 
Atomic Energy Control Act which is administered by the Atomic Energy Control 
Board. Proposals for constructing and operating nuclear reactors received by 
the Board are referred to its Reactor Safety Advisory Committee. This Committee 
is composed of Board staff and experts drawn from various agencies having 
interests in safety and other aspects. The federal department of health is 
represented along with a representative from the health department of the 
province in which the generating station is to be located.

Following exploratory discussions of potential sites, the applicant 
provides sufficient details of the selected site, the reactor and its associated 
equipment to support a favourable independent safety analysis by the Board staff 
and this Committee. On the recommendations of this Committee, the Board issues 
a Construction Licence. An Operating Licence is granted after the reactor and 
auxiliary systems have been satisfactorily tested and commissioned, including all
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aspects of the operating procedure. These licencing requirements have been 
adequately described elsewhere[l,2] and will not be discussed further here.

Great emphasis is placed on component quality and the reliability of 
performance of each system separately and independently. This principle of 
"defence-in-depth" reduces the probability of any accidents of serious conse
quence to the public. From a health point of view, therefore, the main 
interest is in the long-term effects of normal effluents.

The regulatory levels for exposure of the population at risk are based 
on the current recommendations of the International Commission on Radiological 
Protection. For an individual member of the public at the exclusion boundary 
these are:

0.5 rem/year for the whole body and 
3 rem/year to the thyroid.

In addition, a maximum population dose for each reactor site has been set at 
10 man.rem/year.

ENVIRONMENTAL SURVEILLANCE

As technology improves and the need for energy increases, power reactors 
tend to become larger in size. Further, because it is economically attractive, 
the arguments for building them close to population centres become stronger.
The need for systematic environmental surveillance, therefore, assumes great 
importance. Such functions in Canada are undertaken by a number of groups 
according to its interests, including the operator of an installation and 
public authorities such as health and environment departments.

For developing a monitoring program the ICRP recommends[3] that the 
critical group concept be followed. A critical group is a homogenous group 
of people whose location, age, eating habits, life style and personal habits 
may cause them to receive a relatively higher dose than the average received 
by others. In a built up site like Pickering where the dietary habits are 
typical of most urban areas in Canada, the influence of local produce is not 
very substantial. Nevertheless, as the radiation dose that can be received 
by the population is mainly from air- a n d  water-borne activities and their 
associated pathways, it is appropriate to consider a hypothetical group which 
lives close to the exclusion area arid which uses locally produced vegetables, 
fruits, milk, meat and fish.

The Department of National Health and Welfare conducts a nation-wide 
program of radiological surveillance to determine the extent and nature of 
radioactive pollution of the environment. The Department also carries out 
radioactivity surveillance in the environs of nuclear reactors in cooperation 
with the Ontario Ministries of Health and Environment. Similar arrangements 
exist with other provinces. The data obtained permit estimation of radiation 
exposure to the population due to reactor operations. The radiation exposure 
to a population is from inhalation, ingestion and external exposure. These 
factors are monitored as follows:

Air

Air-borne particulate matter is collected on filters at both the cross

country sampling sites (Fig. 1) and the reactor sampling sites. Filters are 
changed every seven days and analyzed for gross 0 and gamma activity.
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FIG. 1, C an ad ian  a ir and p re c ip ita tio n  sam p ling  s ta tions.

F IG .2 . Air w ate r vapour sam p ling  locations in  th e  v ic in ity  o f th e  P ickering  gen e ra tio n  s ta tio n .
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The tritium concentration of air water vapour in the vicinity of the 
generating stations is also measured since tritium is a major component of 
releases from Canadian reactors. Continuous monthly samples are collected 
by means of molecular sieve traps [4] set up in populated areas near the 
reactor sites. At Pickering, for example, five sampling sites are located 
outside the boundary of the generating station (Fig. 2); one is located 13 km 
northwest of the station and a control site is located 34 km southwest from 
the station.

External Exposure

External radiation dose from air-borne activity and ground deposits is 
measured by manganese-activated calcium fluoride thermoluminescent dosimeters 
with a minimum detectable level of 0.5 mR. Dosimeters in replicate are 
placed at most of the cross-country sampling sites and at the tritium sampling 
sites in reactor areas. They are changed monthly.

Milk

Samples of fresh milk are obtained weekly from sixteen Canadian cities 
and from dairy farms located in the vicinity of generating stations. In 
reactor areas, the atmosphere-*-pasture-4:ow-*niilk-nnan pathway is an important 
food chain leading to population exposure. Samples from reactor areas are 
analyzed weekly for 3H, l31I and 137Cs. Samples from the fallout network are 
analyzed monthly for J37Cs and quarterly for 90Sr.

Water and Precipitation

Rain and snow samples are collected at twenty-four sampling sites. Pre
cipitation is accumulated in special collecting pots for one month and then 
analyzed for gross-B radioactivity.

Samples of unfiltered water are collected daily from municipal filtration 
plants near all reactor sites. Monthly composites are analyzed for gross a, 
gross S, 3H, 60Co, 89Sr, 90Sr and 137Cs levels. In addition, grab samples 
from surrounding waters are taken periodically for gross a, gross 3 and 3H 
analysis. Since raw water is used in aT7 anaïyses for greater sensitivity, 
the activity measured represents concentrations in the lakes and rivers rather 
than lower levels reaching the population after water treatment. Where applic
able, well waters are also analyzed.

Biota

Biota taken from the environs of nuclear reactors may be consumed by 
members of the public. Dominant fish species are, therefore, collected each 
spring and autumn from the vicinity of the power stations and analyzed for 90Sr 
levels in the bone and i37Cs in the flesh. Rabbits are collected and 
analyzed to indicate the levels found in a land animal which may be used as 
food. Levels of 90Sr and 137Cs in a filamentous alga are determined as a measure 
of their concentrations in water. This grows attached to submerged rocks in 
the vicinity of the Pickering Generating Station.

A summary of the Federal-Provincial monitoring program in Ontario is 
given in Table I.

The operator of a nuclear generating station has the responsibility of 
demonstrating compliance with the release limits specified in the Operating 
Licence through on-site measurements of the gaseous and liquid effluents.



TABLE I. FEDERAL-PROVINCIAL MONITORING PROGRAM IN ONTARIO

Sample Location Frequency Analyses By

Air

Water vapour Outside station boundary 
and reference location

Continuous monthly 3H F

TLD As for water vapour Dosimeters changed 
monthly

Integrated monthly 
gamma dose

F

Particulates Outside station boundary Filters changed 
every 7 days

gross B, Y P

Milk Farms near station Weekly 1̂31I, 137Cs, y . 3H F-P

Water

Drinking water Municipal pumphouses Monthly composite . 89Sr, 90Sr, 137Cs F

Weekly composite gross a, gross 
3H, y

P

Surface water Lake and river Lake - annual grab gross a, gross B, 3H P

River - monthly grab gross a, gross B, 3H P

Well water Vicinity of station Annual grab gross a, gross 0, 3H P



TABLE I. (cont.)

Sample Location Frequency Analyses By

Biota

Fish Ottawa River - above and below 
reactor

twi ce/yr 9 °Sr, 137Cs F

Lakes - near reactor areas twice/yr 90Sr, 137Cs, 

Y, 3H

F-P

Rabbit Reactor environs - Chalk River twi ce/yr 90Sr, 13 7Cs F

Algae Lake - near reactor area twi ce/yr 90Sr, 137Cs F

Misc. (fish, 
crayfish, hare, 
clams, seagulls, 
snails, etc.)

Reactor environs twi ce/yr gross a, gross f> P

Urine Local Hospital bi-weekly 3H, у F

F - Federal 

P - Provincial



TABLE II. ONTARIO HYDRO MONITORING PROGRAM [5]

Sample Location Frequency Analyses

Air

Water vapour At station boundary and 
reference location

Continuous monthly 3H

TLD At air water vapour sites Dosimeters changed 
quarterly

Integrated quarterly 
gamma dose

Integrating dose At one suitable TLD site per Quarterly Integrated quarterly
rate meter station gamma dose

Precipitation As for air water vapour Quarterly

Quarterly composite 
of site buckets

3H

Gross В

Milk Composite from farms within 
10 km of station

Monthly in Summer 
(April - October)

зН) 131j

Water

Surface water Cooling water effluent Weekly composite Gross e

Quarterly composite 3H, specific nuclides

Drinking water Municipal pumphouse Quarterly composite 3H, Gross 6 (specific 
radionuclides if >10“' 
yCi/ml gross B)

Fish Near station outfall Semi-annual ly Gamma spectrometric 
analysis
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In addition, it is in his interests to verify independently the absence of 
any unsuspected releases of radioactivity and to verify dispersion para
meters through an environmental monitoring program. The studies which are 
being carried out by Ontario Hydro at its largest nuclear station at
Pickering are summarized in Table II [5].

CURRENT RADIOACTIVITY LEVELS AND POPULATION DOSE

Any attempt to measure the contribution of nuclear power reactors to 
environmental radioactivity and any estimate of the resulting radiation dose 
to the general population must take into account the presence of residual 
fission products in the environment from nuclear weapons tests. The national 
fallout measurement program of the Radiation Protection Bureau provides 
convenient reference data for the evaluation of radioactivity from nuclear 
power reactors.

The levels of radioactivity in the various media sampled near the 
Pickering Generating Station during 1973 are given in Table III and compared 
with values observed for control stations and for fallout measurements.
(Since the values are subject to seasonal fluctuations, the standard devia
tions are high.) Of all the specific radionuclides measured, tritium, in the 
absence of thermonuclear weapons tests, can be clearly associated with the 
release of activated heavy water. The average concentration during 1973 is 
estimated to have been 150 pCi/m3 of air at ground level at stations about 
1 km from the station.

The levels of radionuclides found in milk sampled from farms in the 
vicinity of nuclear power stations were uniformly low. 131I arising from 
defective fuel elements was not detected and the tritium concentration was

TABLE III. ENVIRONMENTAL RADIOACTIVITY LEVELS, PICKERING 
GENERATING STATION, 1973

Sample Radionuclide
Average Concentration

Control Station Reactor Environs

Air (pCi/m3) 3H < 1 150 ± 259

Milk (pCi/л) 3H <1000 <1000
1 3 1 j < 10 < 10

137Cs 6.7 ± 3.5 7.1 ± 3.3

Water (pCi/£) 3H <1700 <1700

60Co < 10 < 10

e9Sr 0.04 ± 0.04 0.05 ± 0.06

90Sr 0.95 ± 0.09 . 0.87 ± 0.07

Fish (pCi/g
137Csfresh wt) 0.048 ± 0.044 0.044 ± 0.011

The high standard deviations are mainly due to seasonal fluctuations
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generally less than the routine detection limit of 1000 pCi/ii. Low Levels 
of 137Cs continue to be found in milk. It is, however, clear from the 
measurements of milk taken from several large milksheds distant from the 
reactor area that the levels being observed can be attributable to previous 
nuclear weapons testing and the continued testing in the atmosphere on a 
reduced scale. The average value for Southern Ontario milk was 6.2 pCi/5, 
during 1973.

Water supplies for communities drawing from the same body of water 
providing station cooling water were analyzed for 3H, e9Sr, 9°Sr and 137Cs 
and were scanned for gamma radioactivity. Comparisons with values observed 
for control stations show no differences due to operational releases from 
generating stations.

The use of fish caught in these waters by sports fisherman or for 
commercial purposes contribute to the intake of radioactivity. Because of 
the potential for concentration of radionuclides,along the food-chain, it is 
important to estimate the contribution from this source. For purposes of 
calculation of radiation dose to the hypothetical individual, a consumption 
rate of 15 grams/day/person is assumed.

ESTIMATES OF POPULATION DOSE

One of the primary objectives of the various measurements which have 
been described is to assess the radiation dose which the hypothetical 
individual may receive from the operation of a nuclear generating station 
and to estimate the integrated dose to the critical group. Health author
ities may attempt to do this through representative sampling techniques at 
the station/population interface and sensitive analytical methods.

TABLE IV. DOSE TO STANDARD MAN AT THE BOUNDARY OF PICKERING 
GENERATING STATION, 1973

Source Radionuclide
Dose Gnrem/yr)

Control Station Reactor Environs

Air 3H 0 0.33

Milk* 137Cs 0.03 0.03

Water 90Sr 0.25 0.23

137Cs 0.002 0.003

Г- • L . * *Fish 137Cs 0.016 0.015

adult consumption rate of 0.2 Л/day 

** adult consumption rate of 15 g/day
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The estimates of radiation dose are summarized in Table IV. The 
measurement of tritiated water vapour concentrations in the atmosphere 
collected at off-station sampling points has enabled an estimate of the 
radiation dose due to inhaled tritium to be made. It is apparent that this 
is the major source of population dose. For Standard Man at the station 
boundary, this dose is calculated to be 0.33 mrem/yr.

The operators of the station may estimate radiation doses to the 
population from their knowledge of the specific radionuclides released, 
their quantities and their pathway to man. For such calculations, several 
factors have to be considered and various assumptions made. Experimental 
verification of such assumptions is not always possible when release levels 
are very low. In the case of tritium, however, the levels are measurable.
Using values of the amount of tritium released from the stack each month[6] 
and the monthly measurement of tritium in air concentrations made as described, 
it is possible to calculate the dilution factor. The annual average value of 
this factor, Ka, ranged from 0.6 x 10~7 to 5 x 10"7 sec/m3 for sites 1 to 5 
shown in Fig. 2. The average Ka value for the 4 sites approximately 1 km 
from the station was 2 x 10'7 sec/m3 over a 2 year period.

This direct measurement of the dilution factor may be compared with the 
value of 1 x 10-7 sec/m3 for distances between 1.6 and 9.6 km obtained by 
Barry[7] from a survey of experimental measurements. For meteorological 
conditions in the Pickering area, the weighted mean dilution factors presented 
by Bryant[8] are considered to be applicable. For an effective release height 
of 20 m, a value of 9 x 10-7 sec/m3 is estimated for Ka at 1 km.

Assuming that deposition losses and wash-out do not significantly affect 
the value of Ka derived from tritium oxide, the same factor could be applied 
to the radioactive isotopes of argon, krypton and xenon. From the known 
releases of radioactive noble gases, the external radiation dose at the station 
boundary is expected to be approximately 3 mrem/yr above background. Such small 
increases are not detectable by the TLD monitors due to normal fluctuations in 
background.

Thus, the total radiation dose that may be received by the hypothetical 
individual is less than 4 mrem/yr. The current estimate of dose to the same 
individual due to fallout is approximately 2.3 mrem/yr[9].

CONCLUSION

The construction of nuclear power reactors in Canada and in the United 
States of America is proceeding at a rapid pace. The recent indications of 
shortage of sources of energy can be expected to accelerate the trend further. 
Conservative estimates of installed nuclear capacity in the province of 
Ontario alone suggest approximately 6000 MW(e) by 1980 and more than 
20000 MW(e) by 1990 [10].

A special consideration is that many of the installations are likely 
to be along the shores of the Great Lakes. Where many reactors discharge 
into a common watershed and each reactor releases radioactivity at a rate 
permitted by the ICRP recommendations for maximum permissible doses to the 
individual in the population, the levels of contamination in and around 
the lakes would eventually approach the maximum permissible level. This 
would,not be desirable for the large population living around the Great 
Lakes.

Quantitative assessments of health effects of radiation at very low 
levels are subject to many uncertainties. Recently, the National Academy
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of Sciences (U.S.A.) published a report entitled "The Effects on Populations 
of Exposure to Low Levels of Ionizing Radiation" [11]. This report cites 
evidence that lethal cancers as well as leukemia are important long-term 
consequences of low levels of radiation. Many of its findings support the 
contention that any exposure carries with it some risk of somatic or genetic 
damage. In view of this, it seems essential to follow ICRP's more general 
recommendation that radiation doses should "be kept as low as is readily 
achievable, economic and social considerations being taken into account" [12].

The average annual whole body dose to an individual of the population 
in the immediate vicinity of the Pickering reactor site shows that it is 
possible to operate a large nuclear generating station with only a few 
mrem/yr exposure to the population. It can be concluded that the average 
dose to over two million persons living in the adjoining cities is within' 
the range of normal fluctuations in natural background.

It is suggested that the average population exposure from power reactors 
should not be more than a small fraction of natural background radiation and 
should preferably be within the normal range of its fluctuations. Canadian 
reactors intend to operate to a target not exceeding 1% of the regulatory 
limit. The results of the surveillance programs as outlined in this paper 
confirm that this intention is reasonably achievable. There seems no reason 
to require a poorer standard in the future.
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D I S C U S S I O N

R. B IT T E L : In one of y o u r  ta b le s  the 3H con ten ts  of m ilk  and w a te r  a r e  
shown as  l e s s  than  1000 p C i / l i t r e .  Could you spec ify  th e se  va lues  m o r e  
ex a c t ly ?  A re  th e re  any s ig n if ic an t  d i f fe re n c e s  be tw een  the c o n t ro l  zones and 
the  exposed  zones n e a r  to  n u c l e a r  in s ta l l a t io n s ?

A .K . DAS GUPTA: F o r  ro u t in e  m e a s u r e m e n t s  we u s e  the 1000 p C i / l i t r e  
level;  ho w ev e r ,  we do have  the p o s s ib i l i ty  of t r i t i u m  e n r ic h m e n t  fo r  
e s t im a t in g  le v e ls  m o r e  a c c u ra te ly .  The c o n c e n t ra t io n s  of t r i t i u m  in a i r  at 
s ta t io n s  c lo se  to the b oundary  a r e  s ig n if ican t ly  d if fe ren t  f ro m  those  at the 
c o n t ro l  s ta t io n s  lo ca ted  s e v e r a l  m i l e s  away.

P .  SLIZEW ICZ: Is  any kind of c o - o p e ra t io n  p rov ided  fo r  be tw een  the 
v a r io u s  o p e r a to r s  loca ted  on Lake O n ta r io ,  e s p e c ia l ly  the United S ta tes  
o p e r a to r s  ?

A. K. DAS GUPTA: All p r o g r a m m e s  in C anada  a r e  c o - o r d in a te d  by 
F e d e r a l  a u th o r i t i e s  in Ottawa u n d e r  the  A tom ic E n e rg y  C o n t ro l  Act. As 
r e g a r d s  co n tam in a t io n  le v e ls  in the G re a t  L a k e s ,  ta lk s  a r e  c u r r e n t ly  in 
p r o g r e s s  be tw een  United S ta tes  and C anad ian  a u th o r i t ie s  fo r  the p u rp o se  of 
se t t in g  s ta n d a r d s .

D. BENINSON: I would ju s t  l ike  to m e n t io n  tha t  the l im i t  of
1 0 4 m an- r e m / a  quoted in y o u r  p a p e r  is  c o n s is te n t  with m y  te n ta t iv e  f ig u re  of 
10 man- rem /M W - a fo r  r e a c t o r s  of the o r d e r  of 1000 MW(e) capac i ty .
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Abstract- Аннотация

CURRENT PROBLEMS AND NEW CONCEPTS IN STANDARDS FOR THE EXPOSURE TO  RADIATION OF 
WORKERS AND WHOLE POPULATIONS.

T h e  a v a ila b i lity  o f in fo rm atio n  on th e  o cc u rre n ce  o f so m a to -s to ch as tic  e ffec ts  in  persons exposed to 
rad ia tio n  has c rea ted  a need  for new approaches in  es tab lish ing  a sound basis for th e  standards for perm issib le  
exposure. T h e  authors m a k e  a c r i t ic a l  analysis o f  th e  co n cep t o f a c c e p ta b le  risk and in tro d u ce  for consider
a tio n  th e  con cep t o f  th e  im p e rm iss ib ility  o f  a c tu a l risk . This con cep t is, e ssen tia lly , th a t p e rm issib le  risk 
should be in te rp re te d  as such  risk  o f  inc reased  m o rta li ty  from  m a lig n a n t neoplasm s as can n o t a c tu a lly  be 
d e te c te d  in a g iven  group o f  p eo p le  th roughout one  g en e ra tio n . A doption  o f the  num ber o f dea ths from  m a lig n a n t 
neoplasm s as th e  c r ite r io n  for perm issib le  risk requ ires p a r t ia l  reap p ra isa l o f th e  p resen t c la ss if ic a tio n  o f  the  
c r i t ic a l  organs. I t is proposed th a t th e  d iv ision  o f th e  c r i t ic a l  organs in to  groups should be governed by the  
d am ag e  caused  by exposure o f th e  o rgan  to  ra d ia tio n  as m an ifes ted  by th e  dev e lo p m en t o f neop lasm s. I t 
follows from  the  d a ta  on th e  d o s e /e f fe c t re la tio n sh ip  g iven  in th e  paper th a t,  d epend ing  on th e  tum our y ie ld  
per un it dose, th e  organs can  be d iv ided  in to  th re e  groups: G roup I: red  bone m arrow , s to m a ch , lungs and 
uterus; G roup 11: m a m m a ry  g lands, o varies , k idneys, b la d d er, liv e r , in te s tin e , panc reas , c e n tra l nervous 
sy stem , and any o ther organs e x c ep t those co n ta in ed  in  Groups I and III; Group III: bone, thyro id  and sk in .
T he m e an  p erm issib le  yea rly  dose (m e an  dose rece iv ed  by each  m em b er o f  a group or popula tion) and yearly  
dose l im it a re  estab lished  for workers and w hole popu la tions as a function  o f th e  num bers invo lv ed . T he 
y ea rly  dose l im it  m akes a llo w an ce  for p robab le  non -u n ifo rm ity  o f  exposure. T he authors quo te m a th e m a tic a l 
expressions for d e te rm in in g  th e  perm issib le  risk and dose, and also g iv e  n u m e rica l values for p e rm issib le  
doses to  th e  w hole body and c r i t ic a l  organs, both  for o c c u p a tio n a lly  exposed groups o f  d iffe ren t s ize  and for 
th e  pop u la tio n  as a w hole.

С О В Р Е М Е Н Н Ы Е  П Р О Б Л Е М Ы  И Н Е К О Т О Р Ы Е  Н О В Ы Е  К О Н Ц Е П Ц И И  В  О Б Л А С Т И  Н О Р М И 
Р О В А Н И Я  О Б Л У Ч Е Н И Я  П Р О Ф Е С С И О Н А Л Ь Н Ы Х  Р А Б О Т Н И К О В  И Н А С Е Л Е Н И Я .

В  с в я з и  с  п о я в л е н и е м  и н ф о р м а ц и и  о в о з н и к н о в е н и и  с о м а т и к о с т о х а с т и ч е с к и х  э ф ф е к т о в  
пол  в л и я н и е м  о б л у ч е н и я  п о я в и л а с ь  н е о б х о д и м о с т ь  в  и з ы с к а н и и  н о в ы х  п о д х о д о в  к о б о с н о в а 
нию н о р м а т и в о в  д о п у с т и м о г о  о б л у ч е н и я  л к д е й  .В  д о к л а д е  к р и т и ч е с к и  а н а л и з и р у е т с я  к о н ц е п ц и я  
п р и е м л е м о г о  р и с к а  и в ы н о с и т с я  на о б с у ж д е н и е  к о н ц е п ц и я  н е д о п у с т и м о с т и  р е а л ь н о г о  р и с к а .
С у т ь  э т о й  к о н ц е п ц и и  с в о д и т с я  к  т о м у ,  ч т о  д о п у с т и м ы м  с л е д у е т  с ч и т а т ь  т а к о й  р и с к  у в е л и ч е -  
ч е н и я  с м е р т н о с т и  о т  з л о к а ч е с т в е н н ы х  н о в о о б р а з о в а н и й , к о т о р ы й  н е  м о ж е т  б ы т ь  р е а л ь н о  
о б н а р у ж е н  на д а н н о м  к о н т и н г е н т е  л в д е й  в  т е ч е н и е  в с е й  ж и зн и  п о к о л е н и я . П р и н я т и е  в  к а ч е 
с т в е  к р и т е р и я  д о п у с т и м о г о  р и с к а  ч и с л а  с м е р т е й  о т  з л о к а ч е с т в е н н ы х  н о в о о б р а з о в а н и й  
т р е б у е т  ч а с т и ч н о г о  п е р е с м о т р а  д е й с т в у ю щ е й  к л а с с и ф и к а ц и и  к р и т и ч е с к и х  о р г а н о в .  Р а с 
п р е д е л е н и е  к р и т и ч е с к и х  о р г а н о в  по г р у п п а м  п р е д л а г а е т с я  п о с т а в и т ь  в з а в и с и м о с т ь  о т  т о г о  
у щ е р б а , к о т о р ы й  п р и н о с и т  о б л у ч е н и е  о р г а н о в  с  т о ч к и  з р е н и я  р а з в и т и я  н о в о о б р а з о в а н и й . И з 
д а н н ы х  о з а в и с и м о с т и  " д о з а - э ф ф е к т " ,  п р е д с т а в л е н н ы х  в  д о к л а д е ,  с л е д у е т ,  ч т о  в з а в и с и 
м о с т и  о т  в ы х о д а  о п у х о л е й  на ед и н и ц у  д о з ы  о р г а н ы  р а с п р е д е л я ю т с я  на 3 г р у п п ы . I гр у п п а : 
к р а с н ы й  к о с т н ы й  м о з г ,  ж е л у д о к , л е г к и е ,  м а т к а .  II гр у п п а : м о л о ч н ы е  ж е л е з ы ,  я и ч н и к и , 
п о ч к и , м о ч е в о й  п у з ы р ь ,  п е ч е н ь ,  к и ш е ч н и к , п о д ж е л у д о ч н а я  ж е л е з а ,  ц е н т р а л ь н а я  н е р в н а я  
с и с т е м а  и д р у г и е  о р г а н ы ,  к р о м е  в х о д я щ и х  в I и I I I  г р у п п ы . III  гр у п п а : к о с т ь ,  щ и т о в и д н а я  
ж е л е з а ,  к о ж а .  Д л я  п р о ф е с с и о н а л ь н ы х  р а б о т н и к о в  и н а с е л е н и я  в  з а в и с и м о с т и  о т  ч и с л е н н о 
с т и  у с т а н а в л и в а е т с я  с р е д н я я  д о п у с т и м а я  г о д о в а я  д о з а  (с р е д н я я  д о з а ,  п о л у ч а е м а я  к а ж д ы м
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ч л е н о м  к о л л е к т и в а ,  п о п у л я ц и и ) и п р е д е л  г о д о в о й  д о з ы .  П о с л е д н и й  у ч и т ы в а е т  в е р о я т н у ю  н е 
р а в н о м е р н о с т ь  о б л у ч е н и я  л ю д е й . В  д о к л а д е  п р и в е д е н ы  м а т е м а т и ч е с к и е  в ы р а ж е н и я  д л я  о п р е 
д е л е н и я  д о п у с т и м о г о  р и с к а  и д о п у с т и м ы х  д о з  и  ч и с л о в ы е  з н а ч е н и я  д о п у с т и м ы х  д о з  о б л у ч е 
н и я  в с е г о  т е л а  и к р и т и ч е с к и х  о р г а н о в  к а к  д л я  р а з л и ч н ы х  по ч и с л е н н о с т и  п р о ф е с с и о н а л ь н ы х  
г р у п п , т а к  и д л я  н а с е л е н и я .

М атериалы последних лет ,  относящиеся к проблеме отдаленных с о 
м атических последствий воздействия малых доз ионизирующего и зл у ч е
ния, указывают на то ,  что выход злокачественны х опухолей в р е з у л ь т а т е  
облучения носит фактически беспороговый харак тер ,  т . е .  при достаточно 
большой популяции облучение в самы х м алых до зах  м ож ет  индуцировать 
дополнительные случаи р а к а .  В частности ,  весьм а  обстоятельны е а р г у 
м енты в пользу беспорогового  характера  бластомогенных эф ф ектов  рад и 
ации были представлены от имени 50 ведущих ученых США на III М ежду
народном конгрессе  по радиационной защите (Вашингтон, 9-15 сентября 
1 9 7 3 г . )  в докладах К ом ара , Клоу и Аптона. Концепция беспорогового 
характера  бластом огенны х эф ф ектов  облучения поддерживается также 
публикациями М КРЗ № 9 [1] и № 14 [2] , м атериалы  которых позволяют 
дать  удовлетворительную по своей точности количественную оценку з а 
висимости " д о за -э ф ф е к т "  для индуцирования опухолей, если и не во всем  
диапазоне д оз ,  то во всяком случае в практически важной области п р о ф ес
сиональных уровней облучения.

Таким  образом , в св ете  современных представлений следует  к он стати 
р о в а ть ,  что концепция беспорогового риска увеличения см ертности  от 
злокачественны х заболеваний с научной точки зрения я в л яе тс я  наиболее . 
обоснованной платформой для нормирования радиационных воздействий .
Это положение пред ставляется  справедливым как для профессиональных 
работников, так и для населения, поскольку риск увеличения см ертности  
от рака примерно равен или даж е больше риска,  обусловленного ген е ти 
ческими повреждениями (материалы Национальной Академии Наук США 
и М К РЗ).

Из указанных положений в ы т ек ае т ,  что существующие теоретические 
основы нормирования нуждаются в принципиальном п ересм отре ,  посколь
ку принятая ныне М КРЗ и большинством стран си стем а б ази р у ется ,  как 
и звестн о ,  на концепции порога действия радиации. Существующие пре
делы доз для профессиональных работников установлены ниже предпола
гавш егося  порога повреждающего действия радиации. Тем  самы м  принято 
сч и тать ,  что существующие нормативы гарантируют полную безопасность  
и не сопряжены с риском проявления каких-либо эф ф ектов  облучения. 
Нормативы для отдельных лиц из населения установлены на аналогичной 
основе с введением дополнительного коэффициента безопасности .

Принятие концепции беспороговости  неизбежно озн ачает  о тк аз  от 
привычного представления о полной безвредности  облучения в пределах 
установленных норм. Возникает новая для практики нормирования и 
сложная проблема -  обоснование допустимой степени ущерба (риска).

При решении данной проблемы логично исходить из универсального 
принципа "в р е д -п о л ь за " ,  нашедшего применение в практике нормирова
ния дозовы х нагрузок  на пациентов при радиоизотопных п роцедурах[3 ] .

Однако пока возможно оценить с той или иной степенью точности 
лишь отрицательные последствия облучения. Вы разить  в сравнимых 
с вредом п ок азателях  пользу от применения ядерной энергии в народном
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хозяй стве  пока затруднительно. Использование излучений в медицин
ских целях пред ставляет  собой в этом отношении исключение, поскольку 
риск облучения и польза  диагностических процедур в конце концов м о 
гут быть выражены в одинаковых п о к азател ях  общественного здоровья .  
Например, риск учащения см ертности  от рака легких за  сч ет  доз^ полу
ченных при профилактической флю орограф ии,м ож ет  быть соотнесен  с 
пользой, выражающейся в своевременном  выявлении туб ерк улеза ,  а 
такж е случаев "спонтанного" рака легких .  Изложенное выше позволяет 
нам р е к о м е н д о в а т ь ,ч т о б ы  нормативы облучения за  сч ет  медицинских 
процедур устанавливались  особо, в соответствии  с медицинскими пока
за тел ям и ,  возрастом  и полом пациента на основании соотношения ожи
даемой пользы и возм ожного риска от процедуры.

К сожалению, как было отм ечено, в отношении профессиональных 
работников и населения применить прин ц и п "п ольза-вред"  и з - з а  о т с у т с т 
вия соответствую щ ихкритериев пока не п ред ставляется  возможным . В этих 
условиях появились предложения нормировать облучение на основании 
концепции " приемлемого риска" [4 ,5 ] .  Согласно этим предложениям, 
риск от облучения м ож ет  быть принят на уровне риска от д р у ги х 'ф а к т о 
ров, действующих в бы ту, на производстве,  на транспорте ,  с которым 
общество примирилось и сч и тает  его  прием лем ы м . Например, для про
фессионалов п ред лагается  принять риск облучения, соответствующий 
риску ум ереть  от несчастного  случая в различных других отраслях  чело 
веческой деятельности ,  считающихся "благополучными" . Поскольку 
риск это т  существенно колеблется  (от 1 - 1 0  случаев на 1 м лн. человек в 
год в обувной, текстильной промышленности и до 10 0 0 -1 0  000 случаев 
в авиации, рыболовецком флоте), выбор "благополучного" уровня пред
ст ав л я е тс я  достаточно произвольным.

Не м ож ет  не вы зват ь  возражения такж е и то, что по концепции 
приемлемого риска облучение как бы н а в я зы в а е т с я .  Для профессиональных 
работников это о зн а ч а ет ,  что уровень риска,  который для них д о п у с к ает 
ся ,  не зависит от их действий , соблюдения ими инструкций. В то время 
как несчастные случаи на производстве,  хотя в известной степени и з а 
кономерны для данного рода д е ятельн ости ,  не являются ч е м -т о  заранее  
заданным и в значительной м ере  за в и ся т  от действий конкретных лиц, 
состояния техники безопасности  и т . д .

Подобный подход к определению допустим ого риска не приемлем и 
для населения, ибо, хотя бы товы е-несчастны е случаи, аварии на тран 
спорте и др . пока еще неизбежны, тем  не м енее  общество ведет  с ними по
стоянную борьб у , а индивидуум им еет  возм ож ность  вы бора. По концеп
ции же приемлемого риска общество должно сознательно  идти на люд
ские потери, а отдельный индивидуум — на риск, причем в значительной 
части  это к а с а е т с я  людей, деятельн ость  которых не и м еет  никакого о т 
ношения к источникам облучения, и, следовательно ,  риск облучения 
в этом  случае непосредственно не компенсируется .

Эти о б с то ят ел ь ств а  делают концепцию приемлемого риска непривле
кательной, что такж е не м ож ет  не учи ты ваться  при разр аб о тк е  новых 
теоретических  основ нормирования радиационных ф акторов . Возникает 
необходимость изыскания иных концепций и путей обоснования допустимого 
риска облучения.

Одна из них выносится для обсуждения на данном семинаре М А ГАТЭ. 
Суть этой концепции сводится к том у, что за  допустимый принимается 
такой риск увеличения см ертности  от злокачественны х новообразований,
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который не может быть реально обнаружен на данном контингенте людей 
в течение всей жизни поколения. Иначе говоря, риск облучения сч итается  
допустим ы м ; если он ук лады вается  в пределы статистической  ошибки 
показателя  смертности  от спонтанных новообразований. В этом  случае 
риск облучения становится по сущ еству теоретической величиной, не 
поддающейся достоверном у обнаружению. В этой концепции сохраняет 
свою силу и звестное  положение, лежащее в основе нормативов для поро
говых аген тов ,  согласно которому для населения, а в СС СР — и для 
профессиональных работников, допустимыми считаются лишь уровни 
воздействия ,  полностью безопасны е для организм а человека .

Р азн и ц а  заключается лишь в том , что в предлагаемой нами концеп
ции, в соответствии  со стохастическим  характером  вы зы ваем ы х  облу
чением эф ф ектов ,  возм ож ность  повреждения р ас см ат р и вае тс я  на попу
ляционном уровне, а не на уровне индивидуума.

Для определения конкретных величин допустимого риска можно и с 
пользовать  простейшее м ате м а ти ч еск о е  выражение, по которому в д е 
м ографической статистике  принято оценивать ошибку показателя  с м е р т 
ности (m):

. /  Р  • Оm = ± /  ------ -*■
V n • М

-  стати сти ч еская  ошибка п оказателя  см ертности  (допустимый 
риск облучения);

— величина п ок азателя  см ертности  от "спонтанных" новообразований 
(число умерших в р ас ч е те  на 10 — 10 7 человек в 1 год в за в и си 
м ости от численности облучаемых контингентов);

— конкретная численность облучаемых контингентов;
-  средняя продолжительность жизни. Для профессиональных 

работников с учетом  их поступления на работу с 18-20 лет  
средняя продолжительность предстоящей жизни принимается 
равной 50 годам , для населения — 70 годам .

П редлагаемый способ оценки риска облучения учиты вает численность 
облучаемых контингентов, что ве сь м а  важно, так как общий ущерб, обу
словленный повышенной смертностью от злокачественны х н овообразова
ний, определяется не только уровнем дозы облучения, но и числом облу
чаем ы х людей. Не безразлично, подвергается  ли риску облучения часть  
людей или, например, все население. При небольших численностях риск 
дополнительного возникновения опухолей будет м енее  1 ,0 , т . е .  ст ан о 
вится величиной теоретически нереальной.

В действительной жизни радиационному воздействию м огут  подвер
га т ь с я  лишь определенные контингенты профессиональных работников 
и населения. Численность профессиональных работников в разных 
странах  в ближайшее десятилетие  по примерным подсчетам  м ож ет в а 
рьировать  в пределах 10 3 -  10 6 человек,  а численность населения, к о 
торое подвергнется воздействию повышенных уровней радиационного 
воздействия — 104 - 10т человек .  Для этих контингентов и ц ел е со о б р аз 
но вводить нормативы.

По найденной величине допустимого риска ,  на основе зависим ости 
" д о з а - э ф ф е к т " ,  определяется  уровень средней допустимой годовой 
дозы  (СДД). У станавливается  также предельно допустимое значение 
годовой дозы  (ПДД). ПДД учиты вает  вероятную неравномерность

где m  

Р

n
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облучения людей в реальных условиях . Если СДД м ен яе тся  в за ви си м о 
сти от численности облучаемого  контингента ,  то ПДД сохраняется  во 
всех случаях не более: для профессиональных работников -  6 б э р /г о д ,  
для населения — 0,5 б э р / г о д .  При этом получается,  что для континген
тов малой численности р азры в  между СДД и ПДД невелик, для контин
гентов  большой численности — значителен (порядок и более) .

При р асч ете  СДД и спользуется  следующее выражение:

где  N -  число случаев  см ерти  от злокачественны х новообразований за 
1 год при облучении данной численности профессиональных р а 
ботников или населения в до зе  1 б э р /г о д .

Величина N м ож ет  быть получена из соотношения "д о за -э ф ф е к т "  
для злокачественны х новообразований. Суммирование накопленной по 
этом у  вопросу информации позволяет определить дозовую зависим ость  
для наиболее распространенны х новообразований. При современных 
естественны х уровнях см ертности  облучение в до зе  1 бэр обусловливает 
следующее число см ертей  от различных новообразований ( т а б л . 1 ).

ТАБЛИЦА I . ЧИСЛО С М Е Р Т Е Й  ОТ РАЗЛИЧНЫХ НОВООБРАЗОВАНИЙ ПРИ 
ОБЛУЧЕНИИ В ДОЗЕ 1 Б Э Р

Н а и м е н о в а н и е
н о в о о б р а з о в а н и я

Е с т е с т в е н н ы й  у р о в е н ь  
с м е р т н о с т и ,  
ч и с л о  с л у ч а е в  
н а  106ч е л .  в  го д

Ч и с л о  с м е р т е й  
п ри  о б л у ч е н и и  
в  д о з е  1 б э р  
на 106 ч е л . в  го д

Л е й к о з ы  и д р у г и е  
л и м ф о -  и г е м о б л а с т о э ы

50 0 ,7  - 3 , 0

З л о к а ч е с т в е н н ы е  о п у х о л и  
ж е л у д к а

500 0 ,5  -  2 ,0

З л о к а ч е с т в е н н ы е  о п у х о л и  
к о с т е й

10 0 ,0 4

З л о к а ч е с т в е н н ы е  о п у х о л и  
п о д ж е л у д о ч н о й  ж е л е з ы

4 0 0 ,3

З л о к а ч е с т в е н н ы е  о п у х о л и  
л е г к и х

3 0 0 1 ,8  - 3 , 0

З л о к а ч е с т в е н н ы е  о п у х о л и  
м а т к и

200 1 ,4  -  1 ,6

З л о к а ч е с т в е н н ы е  о п у х о л и  
г р у д н о й  ж е л е з ы

30 0 ,3

З л о к а ч е с т в е н н ы е  о п у х о л и  
о р г а н о в  м о ч е в о й  с и с т е м ы

40 0 ,5

З л о к а ч е с т в е н н ы е  о п у х о л и  
щ и то в и д н о й  ж е л е з ы

5 0 ,0 5

О п у х о л и  ц е н т р а л ь н о й  
н е р в н о й  с и с т е м ы

15 0 ,5

О п у х о л и  к о ж и 10 0 ,0 5

П р о ч и е  н о в о о б р а з о в а н и я - 3 0 0 1

В с е  н о в о о б р а з о в а н и я - 1 5 0 0 7 - 1 2
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Наиболее значителен выход на единицу дозы  новорбразований кро- 
вотворной систем ы , опухолей желудка, легких и м атк и .  В то же время , 
например, злокачественны е опухоли щитовидной железы,возникающие 
со сравнительно высокой частотой ( 1% ) , в связи  с низким естественны м  
уровнем см ертности  дают всего  0,05 случая в год на 10б человек .

Общее число см ертей  от злокачественны х новообразований при облу
чении всего  тела в д о зе  1 бэр с учетом современных уровней смертности  
от "спонтанных" новообразований, равных 1500-2000 случаев смерти 
на 10 6 человек в год, можно принять равным в среднем 10 случаям на 
106человек в год . При переходе от этой величины к значению N ,  оп р е 
деляем ом у  для различных по численности контингентов проф ессиональ
ных работников и населения, необходимо счи таться  с те м ,  что облучение 
профессиональных работников начинается с 18-20 -летнего  в о зр а с т а .
С учетом  латентного  периода (при действии м алы х доз в среднем 20 лет) 
появление опухолей можно ожидать с 40 л е т .  Облучение же после 50 лет  
уже не д а с т  ощутимого прироста злокачественны х новообразований, так 
как подавляющая часть  людей дож ивает только до 70-75 л е т , и  канцеро
генный эф ф ект  в полной м ере  не успеет  проявиться .  Согласно расчетам  
при этих условиях облучение всего  тела в до зе  1 б э р /го д  м ож ет  дать  
около 50 случаев см ерти на 106человек  в год . Для населения же с 
учетом  облучения с периода новорожденное™  и до 70 лет  (средняя про
долж ительность  жизни) это  д а ст  150 случаев  смерти на 106человек  в 
год .

ТАБЛИЦА II . ЧИСЛО СЛУЧАЕВ С М ЕР Т И  ОТ ЗЛ О К АЧ ЕСТВЕН 
НЫХ НОВООБРАЗОВАНИЙ В ГОД ПРИ ОБЛУЧЕНИИ ВС ЕГО  
ТЕЛА В ДОЗЕ 1 Б Э Р /Г О Д

Ч и с л е н н о с т ь
к о н т и н г е н т а

П р о ф е с с и о н а л ь н ы е
р а б о т н и к и

Н а с е л е н и е

103 0 ,0 5 -

ю4 0 ,5 1,5

105 5 15

106 50 150

ю7 - 1500

ТАБЛИЦА III. ЧИСЛО СЛУЧАЕВ СМ ЕРТИ  ОТ ЗЛО К АЧЕ
СТВЕННЫХ НОВООБРАЗОВАНИЙ НА 10в ЧЕЛОВЕК В ГОД 
ПРИ ОБЛУЧЕНИИ В ДОЗЕ 1 Б Э Р /Г О Д

Г р у п п а
к р и т и ч е с к и х
о р г а н о в

П р о ф е с с и о н а л ь н ы е
р а б о т н и к и

Н а с е л е н и е

I 10 30

ÏI 3 10

III 0 ,3 1



ТАБЛИЦА IV. РАССЧИТАННЫЕ УРОВНИ СДД ОБЛУЧЕНИЯ ВСЕГО ТЕЛА И КРИТИЧЕСКИХ ОРГАНОВ ДЛЯ 
ПРОФЕССИОНАЛЬНЫХ РАБОТНИКОВ И НАСЕЛЕНИЯ (Б Э Р/Г О Д )

Ч и с л е н н о с т ь  
п р о ф е с с и о н а л ь н ы х  
р а б о т н и к о в  
и  н а с е л е н и я

С Д Д  о б л у ч е н и я  
в с е г о  т е л а  •

С Д Д  о б л у ч е н и я  к р и т и ч е с к и х о р г а н о в

П р о ф е с с и о н а л ь н ы е
р а б о т н и к и

Н а с е 
л е н и е

I г р у п п а II г р у п п а III  гр у п п а

П р о ф е с с и о н а л ь н ы е
р а б о т н и к и

H a c e ”
л е н и е

П р о ф е с с и о н а л ь н ы е
р а б о т н и к и

Н а с е 
л е н и е

П р о ф е с с и о н а л ь н ы е
р а б о т н и к и

Н а с е 
л е н и е

< 1 .  103 3 - 15 - 30 - 30 -

1 .1 0 4 1 0 ,3 5 1,5 15 3 3 0 3

1 . 1 0 5 0 ,3 0 ,1 1 ,5 0 ,5 5 1 ,5 30 3

1 . 10е 0 ,1 0 ,0 3 0 ,5 0 ,1 5 1 ,5 0 ,5 15 3

>  1 . 107 - 0 ,0 1 - 0 ,0 5 - 0 ,1 5 - 1 ,5

П р и м е ч а н и е :  В е р х н я я  г р а н и ц а  С Д Д  о б л у ч е н и я  к р и т и ч е с к и х  о р г а н о в  п р и н я т а  р а в н о й  д л я  п р о ф е с с и о н а л ь н ы х  р а б о т н и к о в  30  б э р / г о д , д л я  н а с е л е н и я  -  
3  б э р / г о д .
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Исходя из этих соотношений, величина N с о о т в ет ст в у ет  величинам, 
приведенным в т а б л .I I  .

Аналогичным образом определяется  величина N для случая облуче
ния отдельных органов .  В зависим ости от выхода опухолей на единицу 
дозы  все органы можно распределить на три -группы. В первую группу 
входит костный м о з г ,  желудок, легкие ,  м атк а ;  в третью группу — щито
видная ж е л еза ,  кости , кожа; во вторую группу -  все остальны е органы .
При соврем енных уровнях см ертности  средний выход опухолей в р а с ч е 
те на 1 бэр облучения со с та в л я ет  для I , II и III групп критических о р 
ганов соответственно  2; 0,5 и 0,05 случая на Ю6 человек  в год .  При п ер е 
р ас ч е те  на величину N, т . е .  при облучении в дозе  1 б э р /го д  это дает  
для профессиональных работников и населения  следующие величины 
(табл .III ).

Пока еще трудно оценить риск облучения гонад . Проводимые оп
ределения возможного ущерба, обусловленного развитием  генетических 
последствий, условны. По-видимому, при определении допустимого 
уровня облучения гонад целесообразно сохранить те требования, к о то 
рые заложены в действующих норм ативах . Допустимая доза  облучения 
гонад должна быть не выше допустимой дозы  облучения всего  т е л а .

По рассчитанным величинам допустимого риска и значениям N 
определяются СДД для профессиональных работников и населения (табл . IV ) .

Р еком ендуем ы й способ определения допустимого риска и доз облучения 
со з д а ет  возможности для разработки  как единых международных норма- . 
тивов, так и национальных норм, учитывающих состояние и перспективы 
национального ядерного р азви ти я ,  а такж е региональные особенности 
распространения злокачественны х новообразований.

Исходя из указанных положений и прежде всего  из численности 
облучаемы х контингентов профессиональных работников и населения, 
нормы радиационной безопасности  для большинства стран , р ассч и тан 
ные на основе предлагаемой концепции недопустимости реального  р и с 
ка ,  очевидно, улож атся в следующие значения (бэр/год):

СДД ■ ПДД

1. П рофессиональные работники 0 , 3 - 1 , 0  5,0
2. Население 0 , 0 1 - 0 , 1  0,5

П редлагаем ая  концепция недопустимости реального  риска построе
на на определенной объективной основе и психологически пред ставляет  - 
ся более привлекательной, чем концепция приемлемого риска .  П р ед л ага 
емый в докладе подход к нормированию, с одной стороны, гарантирует 
общество от любого реально ощутимого ущерба, с другой — не со зд а ет  
препятствий для развития  ядерной энергетики и использования атомной 
энергии в мирных целях.
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D I S C U S S I O N

F .D .  SOWBY: F o r  a n u m b e r  of y e a r s  the ICRP has  c l e a r ly  s ta te d  tha t 
i t s  r e c o m m e n d a t io n s  a r e  b a s e d  on the c o n s e rv a t iv e  a s su m p t io n  of a l in e a r  
d o s e -e f f e c t  r e la t io n s h ip ,  w ithout a th re sh o ld .  In the fu tu re  th e r e  w ill  be an 
in c re a s in g  tendency  to b a s e  dose  l im i t s  on th is  concep t ,  u s in g  a co m p a r iso n  
with  o th e r  s o c ie t a l  r i s k s  to a s s e s s  an a c ce p ta b le  u p p e r  le v e l  of r i s k .

M. M. SAUROV: In th is  p a p e r  we su p p o r t  the  v iew s of the IC R P  r e g a rd in g  
the  l i n e a r ,  n o - th re s h o ld  d o s e -e f f e c t  r e la t io n sh ip .

F .D .  SOWBY: It is  d iff icu lt  to se e  how dose  l im i t s  could be s e le c te d  
so  tha t  the e f fec ts  could not be d e tec ted  in addi t ion  to  the 'n o r m a l '  inc idence.  
T h e r e  is  in fac t  no 'n o r m a l '  le v e l  of c a n c e r  inc idence  — it  can  v a r y  e n o r 
m o u s ly  fo r  p a r t i c u l a r  types  of c a n c e r  in v a r io u s  c o u n t r i e s .  T h is  would im ply  
tha t  dose  l im i t s  would have to be  t a i lo r e d  to ind iv idual  c o u n t r i e s ,  taking 
account of the  inc idence  ex is t in g  in those  c o u n t r i e s .  E ven  suppos ing  tha t th is  
w e re  p r a c t i c a b le ,  it would s t i l l  r a i s e  the ques tion  of the  p r o p r ie ty  of p e r 
m it t in g  i l l  hea l th  p ro v id ed  it cannot be  de tec ted .1

M.'M. SAUROV: We thought it n e c e s s a r y  to in tro d u ce  two concep ts .
The a v e ra g e  p e r m i s s ib l e  annua l dose  (APAD) and the m a x im u m  p e r m is s ib le  
annual dose  (MPAD).

The M PAD concep t s e r v e s  to  s a fe g u a rd  the  ind iv idual  m e m b e r s  of a 
p a r t i c u l a r  occupa t iona l  g roup  o r  population: it is  a l im i t in g  dose  and depends 
on the app l icab le  s t a n d a r d s  (5 r e m / a  fo r  w o rk e rs  and 0.5 r e m / a  fo r  the 
population).

The APAD is d e te r m in e d  by c a lc u la t io n  and fo r  th is  it is  n e c e s s a r y  to 
know the n u m b e r  of p e r s o n s  expec ted  to  be  i r r a d i a t e d  and the le v e l  of 
m o r ta l i ty  f ro m  'sp o n ta n e o u s '  tu m o u r s .  The va lue  of the  APAD is d e te rm in e d  
m a in ly  by the n u m b e r  of p e r s o n s  i r r a d i a t e d ,  not by the m o r ta l i ty  f ro m  
'sp o n tan e o u s '  tu m o u rs .  U sing  th is  a p p ro a c h  it is  p o s s ib le  to  d e te rm in e  
com m on  s ta n d a rd s  fo r  a l l  c o u n t r i e s ,  and ( te m p o ra ry  o r  p e rm a n e n t)  na t ional  
n o r m s  can be spec if ied  if and when n e c e s s a r y .

E . KUNZ: How do you d e t e r m in e  the  s iz e  of the i r r a d i a t e d  g ro u p s?
M .M . SAUROV: We take the  n u m b e rs  expected  in the  d i f fe re n t  c o u n t r ie s  

d u r in g  the nex t few d ec ad e s .
E .  KUNZ: What r i s k  co e f f ic ien ts  did you u se  to a l lo t  the o rg a n s  to  the 

v a r io u s  g roups  you m e n tio n e d ?
M .M .  SAUROV: We u se d  w o r ld -w id e  da ta  on the  d o s e -e f f e c t  r e l a t io n  for  

m a lig n a n t  tu m o u r s .  T h e se  r e la t io n s  a r e  known fo r  a l l  the m a in  types  of 
tu m o u r .  On th is  b a s i s  it was p o ss ib le  to s e le c t  the th r e e  g roups  of c r i t i c a l  
o rg an s .

E . KUNZ: Do you not think th a t  the  a c c e p ta b le  le v e l  of popula tion  
ex p o s u re  w ill  be a ffec ted  by the spon taneous  f re q u en c y  of m a l ig n a n t  tu m o u rs  
in the n o n - i r r a d i a t e d  g ro u p s?  T h is  n u m b e r  m a y  d if fe r  g r e a t ly  depending  on 
the  o rg an  involved.

М. M. SAUROV: As I think I a l r e a d y  m en tioned ,  in th is  m e thod  of 
d e te rm in in g  the a c c e p ta b le  r i s k  the m a in  f a c to r  is  the n u m b e r  of i r r a d ia te d  
peop le ,  not the  le v e l  of m o r ta l i ty  f ro m  spon taneous  tu m o u rs .
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Abstract

MONITORING PROGRAMMES FOR THE DETERMINATION OF POPULATION DOSES.
A review is presented of the principal problems of environm ental monitoring aimed at the assessment of 

the population exposure, jointly with a discussion of their possible practical solutions. The two fundamental 
types of dose assessment (source-related and people-related) are recalled , also with reference to the cases of 
w ell-defined and of ill-defined sources of irradiation of the population. The problem of the cut-o ff point in 
the integration process of the individual doses to obtain the population dose is briefly discussed. The various 
approaches to the monitoring for the  assessment of population exposure (direct approach, indirect approach, 
concentration factor method and systems analysis method) are illustrated, with reference to possible applications 
to actual situations.

1. D E F IN IT IO N  AND O B J E C T IV E S  O F  M ONITORING

1 . 1 .  D e f in i t io n  of m o n i to r in g

A c o r r e c t  p r i n c i p l e  in  m o d e r n  s o c i e t y  i s  t h a t  a n y  c o u r s e  of a c t i o n  
c a p a b le  of p r o d u c i n g  a  r i s k  to  th e  p u b l i c  h a s  to  b e  co u p le d  w i th  a  m o n i to r in g  
s y s t e m  a b le  to  c h e c k  th e  c o r r e c t  p e r f o r m a n c e  of th e  o p e r a t i o n s  a n d  to  a s s e s s  
th e  r e l e v a n t  r i s k s  f o r  th e  p u b l ic .  In  th e  n u c l e a r  f i e ld  t h i s  m o n i to r in g ,  
c o m m o n ly  c a l l e d  e n v i r o n m e n t a l  m o n i to r in g ,  m a y  be  d e f in e d  a s  a l l  the  s u r v e y s ,  
m e a s u r e m e n t s ,  i n v e s t i g a t i o n s  a n d  a s s e s s m e n t s  c a r r i e d  ou t  on m a n  a n d  h is  
e n v i r o n m e n t  an d  c a p a b l e  of s a t i s f y i n g  the  g e n e r a l  p r i n c i p l e  m e n t io n e d  a b o v e .

R a d ia t io n  p r o t e c t i o n  s p e c i a l i s t s  h av e  w id e ly  d i s c u s s e d  e n v i r o n m e n t a l  
m o n i to r in g ,  i t s  m e a n i n g  a n d  i t s  o b j e c t iv e s  in  r e c e n t  y e a r s .  T h e  IC R P  h a s  
ta k e n  up an  o f f i c ia l  p o s i t i o n  on t h i s  p r o b l e m ,  the  m a j o r  r a d i a t i o n  p r o t e c t i o n  
e x p e r t s  h a v e  e x p r e s s e d  t h e i r  v ie w s  in  r e c e n t  c o n g r e s s  a n d  p u b l i c a t i o n s  w ith  
a  w id e  c o n v e r g e n c e  of o p in io n s ,  a n d  the  m a t t e r  a p p e a r s  a t  l a s t  to  be s u f f i 
c i e n t ly  s e t t l e d  to  a l lo w  a  s y n t h e s i s  t o  b e  a t t e m p t e d .

1. 2. O b je c t i v e s  of a  m o n i to r in g  p r o g r a m m e

1 . 2 . 1 .  P r i n c i p a l  o b j e c t i v e s

T h e  s t a r t i n g  p o in t  f o r  a  d e f in i t io n  o f  the  o b je c t iv e s  of a n  e n v i r o n m e n t a l  
m o n i t o r i n g  p r o g r a m m e  i s  r e p r e s e n t e d  by  th e  fo l lo w in g  s t a t e m e n t  f r o m  
P a r a g r a p h  2 of IC R P  P u b l i c a t i o n  7 [ 1 ] :

" T h e  p r i n c i p a l  o b j e c t iv e s  of an  e n v i r o n m e n t a l  m o n i t o r i n g  p r o g r a m  can  
be  s u m m a r i z e d  a s  fo l lo w s :
(a) a s s e s s m e n t  of th e  a c t u a l  o r  p o te n t i a l  e x p o s u r e  of m a n  to r a d i o a c t i v e  

m a t e r i a l s  o r  r a d i a t i o n  p r e s e n t  in  h i s  e n v i r o n m e n t  o r  the  e s t i m a t i o n  
of th e  p r o b a b l e  u p p e r  l i m i t s  o f  s u c h  e x p o s u r e ;
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(b) s c i e n t i f i c  i n v e s t i g a t i o n ,  s o m e t i m e s  r e l a t e d  to  th e  a s s e s s m e n t  of 
e x p o s u r e s ,  s o m e t i m e s  to  o t h e r  o b je c t iv e s ;

(c) i m p r o v e d  p u b l ic  r e l a t i o n s .  "
O n  t h e s e  b r o a d  o b je c t iv e s  a l l  a u t h o r s  a r e  in  c o m p l e t e  a g r e e m e n t ,  b u t  

o t h e r  o b je c t i v e s  h a v e  b e e n  s u g g e s t e d  b y  s e v e r a l  a u t h o r s ,  a n d  d i f f e r e n t  
e m p h a s e s  a n d  p r i o r i t i e s  f o r  th e  v a r i o u s  o b j e c t i v e s ,  r e f l e c t i n g  the  d i f f e r e n t  
p o in t s  of v ie w  a n d  p r o f e s s i o n a l  i n t e r e s t s  of s u c h  a u t h o r s  a c c o r d i n g  to  
w h e t h e r  th e y  a r e  n u c l e a r  o p e r a t o r s ,  r e p r e s e n t a t i v e s  of the  r e g u l a t o r y  o r  
p u b l i c  h e a l th  a u t h o r i t i e s ,  s c i e n t i s t s ,  e tc .

1 . 2 . 2 .  T h e  r o l e  of n u c l e a r  o p e r a t o r s

F o r  e x a m p le ,  p a r t i c u l a r  e m p h a s i s  i s  g iven  by  th e  n u c l e a r  o p e r a t o r s  to  
th e  r o l e  of e n v i r o n m e n t a l  m o n i t o r i n g  a s  a  m e a n s  o f  v e r i f y in g  th e  c o m p l ia n c e  
w i th  n o r m s  a n d  r e g u l a t i o n s  in  the  m a t t e r  of r a d i o a c t i v e  d i s c h a r g e s  an d  of 
r a d i a t i o n  p r o t e c t i o n  of th e  p u b l i c  [ 2 - 5 ] .  T h i s  i m p l i e s  e f f lu e n t  m o n i to r in g ,  
to  c h e c k  th e  c o m p l ia n c e  w ith  s t a t u t o r y  d i s c h a r g e  l i m i t s ,  a n d  e n v i r o n m e n t a l  
m o n i to r in g ,  to  v e r i f y  t h a t  th e  l e v e l s  of r a d i o a c t i v i t y  in  th e  e n v i r o n m e n t  
in d u c e d  b y  th e  o p e r a t io n  of the  g iven  i n s t a l l a t i o n  a r e  in  c o n f o r m i t y  w i th  the  
a p p r o p r i a t e  e n v i r o n m e n t a l  r a d i a t i o n  p r o t e c t i o n  s t a n d a r d s  (M P C , D W L, 
r e f e r e n c e  l e v e l s ,  e t c . )  [ 3 ] .  M o r e  g e n e r a l l y ,  s u c h  a  m o n i t o r i n g  p r o g r a m m e  
i s  in t e n d e d  to  p r o v i d e  i n f o r m a t i o n  on the  a d e q u a c y  an d  e f f e c t i v e n e s s  of w a s te  
t r e a t m e n t  a n d  c o n t r o l  p r a c t i c e s  an d  to  r e a s s u r e  th e  o p e r a t o r  on h i s  a b i l i t y  
to  c o m p l y  w i th  n o r m s  a n d  r e g u l a t i o n s .

S e v e r a l  h e a l th  p h y s i c i s t s  a l s o  c o n s i d e r  e n v i r o n m e n t a l  m o n i to r in g  a s  a  
u s e f u l  to o l  to  f a c i l i t a t e  the  d e te c t io n  of u n f o r e s e e n  o r  a c c i d e n t a l  r e l e a s e s  
due  to  l e a k s ,  f a i l u r e s  o r  m a l f u n c t io n s  of th e  i n s t a l l a t i o n s ,  o r  to  p ic k  ou t 
i n c o r r e c t  w a s t e  m a n a g e m e n t  p r a c t i c e s  [ 5 - 7 ] .  T h o u g h  th i s  o b je c t iv e  i s  
m a i n l y  fu l f i l l e d  by  c a r e f u l  e f f lu e n t  m o n i to r in g ,  u n in t e n t io n a l  r e l e a s e s  c a n  
b e  d i s c o v e r e d  b y  e n v i r o n m e n t  m o n i to r in g  o r i e n t e d  on i n d i c a t o r  m a t e r i a l s  
c a p a b l e  of s e n s i t i v e  an d  t i m e l y  d e t e c t i o n  of a b n o r m a l  t r e n d s  in  th e  e n v i r o n 
m e n t a l  s i t u a t io n  [ 7 ].

A n o t h e r  r e a s o n  t h a t  j u s t i f i e s  the  c a r r y i n g  o u t  of a n  e n v i r o n m e n t a l  
m o n i t o r i n g  p r o g r a m m e  b y  a  n u c l e a r  o p e r a t o r  i s  the  n e e d  to  s i n g le  o u t  and  
u n e q u iv o c a l ly  d i s t i n g u i s h  th e  r e a l  c o n t r i b u t io n  f r o m  h i s  i n s t a l l a t i o n  to  the  
r a d i o a c t i v e  p o l lu t io n  of th e  e n v i r o n m e n t  f r o m  th e  c o n t r ib u t io n s  f r o m  o th e r  
s o u r c e s  t h a t  do n o t  c o m e  w ith in  h i s  r e s p o n s i b i l i t y  [ 4 ] ,  o r  of m a i n t a i n in g  a 
co n t in u in g  r e c o r d  of th e  e n v i r o n m e n t a l  s t a t u s  a s  a  v a l i d  b a s i s  to  f a c e  a n y  
l e g a l  a c t i o n  to  r e c o v e r  d a m a g e s  c l a i m e d  b y  m e m b e r s  of th e  p u b l ic  [ 5 ] .

1 . 2 . 3 .  T h e  r o l e  of p u b l ic  a u t h o r i t i e s

T h i s  l a s t  p r o b l e m  g r e a t l y  c o n c e r n s  a l s o  th e  r e g u l a t o r y  a u t h o r i t i e s  who, 
th r o u g h  th e  v e r y  c h a r a c t e r  of t h e i r  v ig i l a n c e ,  m u s t  be  a b le  to  id e n t i f y  
s e l e c t i v e l y  the  d i f f e r e n t  s o u r c e s  of c o n ta m in a t io n  of a  g iven  e n v i r o n m e n t ,  
in  o r d e r  to  a l l o c a t e  r e s p o n s i b i l i t i e s  c o r r e c t l y  a n d  to  i n t e r v e n e  a d e q u a t e ly  
w i th  th o s e  r e q u i r i n g  c o r r e c t i v e  o r  e n f o r c e m e n t  a c t io n .

T h e  r e g u l a t o r y  a u t h o r i t i e s  a r e  d e e p ly  i n t e r e s t e d  in  the  p r o b l e m s  of 
e n v i r o n m e n t a l  m o n i t o r i n g  f o r  a t  l e a s t  tw o  o th e r  r e a s o n s .  T h e  f i r s t  i s  t h a t  
a n  e n v i r o n m e n t a l  m o n i t o r i n g  p r o g r a m m e ,  c o r r e c t l y  p e r f o r m e d  b y  the  
o p e r a t o r  a n d  in d e p e n d e n t ly  a s s e s s e d  a n d  c o n t r o l l e d  b y  the  r e g u l a t o r y  
a u th o r i t y ,  r e p r e s e n t s  o n e  of th e  i n s t r u m e n t s  t h a t  th e  a u t h o r i t y  c a n  u t i l i z e
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to  b e  s a t i s f i e d  th a t  th e  p u b l ic  i s  a d e q u a t e ly  p r o t e c t e d  a g a i n s t  th e  e n v i r o n 
m e n t a l  r i s k s  a s s o c i a t e d  w i th  n u c l e a r  a c t i v i t i e s .  T h e  s e c o n d  r e a s o n  i s  th a t  
in  m a n y  c a s e s  the  c o n ta m in a t io n  of a  g iv e n  e n v i r o n m e n t  m a y  be  d ue  to  the  
s u m  of c o n t r ib u t io n s  c a u s e d  b y  s e v e r a l  s m a l l  o r  i l l - d e f i n e d  s o u r c e s .  In  
t h i s  c a s e  e n v i r o n m e n t a l  m o n i to r in g  p r o g r a m m e s  c a r r i e d  ou t  by  s p e c i f i c  
o p e r a t o r s  c a n n o t  b e  e n v i s a g e d ,  b u t  the  p u b l ic  a u t h o r i t i e s  h a v e  to  a s s u m e  
d i r e c t l y  th e  r e s p o n s i b i l i t y  o f  c a r r y i n g  out,  o r  c o - o r d in a t in g ,  e n v i r o n m e n t a l  
m o n i to r in g  p r o g r a m m e s  of a  g e n e r a l  n a t u r e  n o t  r e f e r r e d  to  s p e c i f i c  s o u r c e s  
of r a d i o a c t i v e  p o l lu t io n ,  bu t  r a t h e r  a p p l i e d  to  s u r v e y  th e  e n v i r o n m e n t a l  
s i t u a t io n  a s  s u c h  [2 , 4 ] .

1 . 2 . 4 .  T h e  r o l e  of s c i e n t i f i c  r e s e a r c h

S c ie n t i f i c  r e s e a r c h  in to  th e  b e h a v io u r  of r a d i o n u c l i d e s  in  th e  e n v i r o n m e n t  
i s  q u o ted  a s  one  of th e  p r i n c i p a l  o b j e c t iv e s  of e n v i r o n m e n t a l  m o n i to r in g .  T h e  
p r e s e n c e  of r a d i o a c t i v i t y  in  th e  e n v i r o n m e n t  h a s  p r o v i d e d  e n v i r o n m e n t a l  
s c i e n t i s t s  w i th  a  p o w e r f u l  to o l  f o r  a  b e t t e r  k n o w led g e  of the  e n v i r o n m e n t  an d  
the  e c o c y c l e ,  th r o u g h  a  s t u d y  of th e  p h e n o m e n a  of d i s p e r s i o n  of r a d i o n u c l i d e s  
in  the  p h y s i c a l  e n v i r o n m e n t  a n d  of t h e i r  t r a n s f e r  th r o u g h  th e  d i f f e r e n t  l i n k s  
in  the  e n v i r o n m e n t a l  c h a in s  [ 7 ] .

In  a d d i t io n ,  o p e r a t o r s  a n d  r e g u l a t o r y  b o d ie s  a t t a c h  i m p o r t a n c e  to  the  
r e s e a r c h  a s p e c t s  of e n v i r o n m e n t a l  m o n i to r in g ,  th ou gh  f o r  m o r e  p r a c t i c a l  
a i m s ,  b e c a u s e  a n  a d e q u a t e  p r o g r a m m e  of s t u d i e s  of th e  p h y s i c a l  an d  • 
e c o lo g i c a l  b e h a v i o u r  of r a d i o a c t i v e  s u b s t a n c e s  in  th e  e n v i r o n m e n t  m a y  p la y  
a n  in v a lu a b le  r o l e  in  m a k in g  p o s s i b l e  b e t t e r  an d  m o r e  r e l i a b l e  e s t i m a t e s  of 
th e  e n v i r o n m e n t a l  c a p a c i t y  a n d  in  v e r i f y i n g  th e  p h y s i c a l  a n d  m a t h e m a t i c a l  
m o d e l s  u s e d  in  m a k i n g  p r e o p e r a t i o n a l  e s t i m a t e s  of th e  e n v i r o n m e n t a l  i m p a c t  
of r a d i o a c t i v e  d i s c h a r g e s  o r  r e l e a s e s  [ 7 ] .

1 . 2 . 5 .  T h e  p u b l i c  i n f o r m a t i o n  a s p e c t

T h e  p u b l ic  i n f o r m a t i o n  a s p e c t  of e n v i r o n m e n t a l  m o n i t o r i n g  p r o g r a m m e s  
i s  l a r g e l y  a g r e e d  to  be  a n o t h e r  s i g n i f i c a n t  o b je c t iv e  of s u c h  p r o g r a m m e s ,  
b u t  a  c o n s i d e r a b l e  b r e a d t h  of o p in io n  e x i s t s  on th e  d e g r e e  of r e l a t i v e  
e m p h a s i s  t h a t  t h i s  a s p e c t  sh o u ld  be  g iv en  in  the  o r g a n i z a t i o n  of m o n i to r in g  
p r o g r a m m e .  S o m e  p e o p le  b e l i e v e  th a t  e x te n s iv e  a n d  r i g o r o u s  s u r v e i l l a n c e  
ca n  r e a s s u r e  th e  a n x i e t y  of a  s e n s i t i v e  and  s o m e t i m e s  d i s t r u s t f u l  p u b l ic  
o p in ion ,  r e a s s u r i n g  i t  a b o u t  th e  s a f e t y  of th e  n u c l e a r  a c t i v i t i e s .  O t h e r s ,  on 
th e  c o n t r a r y ,  b e l i e v e  t h a t  th e  s t r i c t n e s s  of s u r v e i l l a n c e  m ig h t  be a u t o m a t i 
c a l l y  a s s o c i a t e d  in  th e  m i n d s  of l a y m e n  w ith  th e  s e r i o u s n e s s  of th e  r i s k s ,  
w i th  th e  s o l e  r e s u l t  of u n d u ly  a l e r t i n g  p u b l ic  op in ion .

P r o b a b l y  th e  m o s t  c o r r e c t  c h o ic e  i s  th a t  the  e n v i r o n m e n t a l  m o n i t o r i n g  
p r o g r a m m e  sh o u ld  be p r i m a r i l y  s e t  up to  s a t i s f y  i t s  t e c h n i c a l  a n d  s t a t u t o r y  
o b j e c t i v e s ,  a n d  th a t  on th i s  t e c h n i c a l l y  u n q u e s t io n a b le  b a s i s  an  a d e q u a t e  
p r o g r a m m e  of p u b l i c  i n f o r m a t io n  be c a r r i e d  ou t on the  m e a n i n g  of the  
s u r v e i l l a n c e  a n d  i t s  r e s u l t s ;  t h i s  i n f o r m a t io n  sh o u ld  b e  s u c h  a s  to  i n s t i l  t r u s t  
t h a t  a l l  t h a t  i s  n e e d e d  to  g u a r a n t e e  th e  s a f e t y  of the  p u b l i c  i s  a c t u a l l y  b e in g  
c a r r i e d  ou t [2,  4, 7 ] .  N e v e r t h e l e s s ,  m a n y  p e o p le  a g r e e  t h a t  w h e r e  a  
m o n i t o r i n g  p r o g r a m m e  i s  no t  t e c h n i c a l l y  n e e d e d  o r  o n ly  a  v e r y  l i m i t e d  
p r o g r a m m e  i s  r e q u i r e d ,  i t  m a y  be  w o r th  e s t a b l i s h i n g  a n  a d d i t io n a l  m o d e s t  
p r o g r a m m e  of m o n i t o r i n g  to  p r o v i d e  th e  p u b l i c  w i th  u n e q u iv o c a l ,  e v id e n c e  of 
the  s a f e t y  of d i s c h a r g e s  [ 7 ] .



290 ILARI and POLVANI

1 . 2 . 6 .  E c o n o m ic  a s p e c t s

S o m e  a u t h o r s  h a v e  a l s o '  a t t e m p t e d  to  a t t r i b u t e  a n  e c o n o m ic  r o l e  to  
e n v i r o n m e n t a l  s u r v e i l l a n c e .  In  f a c t ,  t h e y  b e l i e v e  th a t  one  m ig h t  b a l a n c e  the  
c o s t  of e x p a n d in g  a n  e n v i r o n m e n t a l  m o n i t o r i n g  p r o g r a m m e  a g a i n s t  th e  s a v in g s  
t h a t  t h i s  e x p a n s io n  c o u ld  p r o d u c e ,  a v o id in g  th e  i n s t a l l a t i o n  o f  a d d i t io n a l  w a s te  
t r e a t m e n t  a n d  c o n ta i n m e n t  f a c i l i t i e s  t h a t  w o u ld  l o w e r  th e  d i s c h a r g e  of r a d i o 
a c t i v e  e f f lu e n t s  to  l e v e l s  th a t  m a k e  e n v i r o n m e n t a l  s u r v e i l l a n c e  u n n e c e s s a r y  
[ 4 , 5 ] .

T h i s  a p p r o a c h  d o e s  n o t  f u l ly  a g r e e  w i th  the  p r i n c i p l e  t h a t  the  e x p o s u r e  
of p o p u la t io n ,  a n d  t h e r e f o r e  th e  d i s c h a r g e  of r a d i o a c t i v e  e f f lu e n t s ,  sh o u ld  be 
a s  low  a s  r e a d i l y  a c h ie v a b le .  In  fac t ,  i t  i s  h ig h ly  p r o b a b l e  th a t  a  p u r e l y  
e c o n o m i c  b a la n c e  w ould  m a k e  i t  g e n e r a l l y  m o r e  c o n v e n ie n t  to  e x p a n d  the  
e n v i r o n m e n t a l  s u r v e i l l a n c e  r a t h e r  th a n  the  w a s t e  t r e a t m e n t  s y s t e m s  [ 4 ] .

1. 3. S cop e  of th e  p a p e r

A s  w e h av e  s e e n ,  e n v i r o n m e n t a l  m o n i t o r i n g  c a n  be  c o n s i d e r e d  a p p r o p r i a t e  
a n d  n e c e s s a r y  f o r  s e v e r a l  r e a s o n s ,  a n d  i t s  o b j e c t i v e s  c an  be  n u m e r o u s  an d  
q u i t e  v a r i e d .  N e v e r t h e l e s s ,  t h e r e  i s  g e n e r a l  a g r e e m e n t  th a t  a  f u n d a m e n ta l  
o b je c t iv e  i s  th e  a s s e s s m e n t  of the  d o s e  to  the  p o p u la t io n  f o r  r a d i a t i o n  
p r o t e c t i o n  p u r p o s e s .  In  fa c t ,  th e  m a in  p a r a m e t e r  f o r  the  e v a lu a t io n  of the  
b io l o g i c a l  r i s k  f r o m  r a d i a t i o n s  i s  the  d o s e ,  an d  t h e r e f o r e  o n ly  a  kn o w le d g e  
of the  d o s e  r e c e i v e d  b y  the  p o p u la t io n  a l l o w s  a  m e a n in g f u l  e s t i m a t e  of the  
i m p a c t  of the  n u c l e a r  o p e r a t i o n s  on the  h u m a n  e n v i r o n m e n t ,  in  t e r m s  of h e a l th  
r i s k s ,  to  be m a d e .

In  th e  e a r l y  d a y s  of a t o m i c  e n e r g y  i t  w a s  n o t  p o s s i b l e  to  r e l a t e  th e  
m o n i t o r i n g  d a t a  to  a  p a r a m e t e r  th a t  cou ld  be u s e d  to  e x p r e s s  th e  a c tu a l  
p o p u la t io n  r i s k .  A t  t h a t  t i m e  e n v i r o n m e n t a l  m o n i t o r i n g  w a s  s i m p l y  a b le  to  
c h e c k  th e  r a d i o a c t i v i t y  c o n c e n t r a t i o n  l e v e l s  in  v a r i o u s  p a r t s  of th e  e n v i r o n 
m e n t  in  t e r m s  of c o m p l i a n c e  w ith  c e r t a i n  D W L s ,  s u c h  a s  th e  M a x im u m  
P e r m i s s i b l e  C o n c e n t r a t io n .  T o d a y ,  th e  d e v e lo p m e n t  of t e c h n iq u e s  and  
m e t h o d o lo g i e s  a n d  a  b e t t e r  u n d e r s t a n d in g  of th e  e n v i r o n m e n t a l  an d  b io lo g ic a l  
b e h a v io u r  of r a d i o a c t i v e  s u b s t a n c e s  sh o u ld  m a k e  i t  p o s s ib l e  to  r e l a t e  r a d i o 
a c t i v i t y  in  th e  e n v i r o n m e n t  to  r a d i a t i o n  e x p o s u r e  of p e o p le ,  a n d  th u s  to 
e v a lu a t e  the  p o s s ib l e  c o n s e q u e n c e s  of t h i s  r a d i o a c t i v i t y  b e t t e r  [ 7 ] .

I t  i s  o b v io u s  t h a t  in  p r i n c i p l e  the  m o s t  c o r r e c t  w a y  of a s s e s s i n g  the  
d o s e  to  th e  p o p u la t io n  s h o u ld  b e  t h a t  of m e a s u r i n g  the  d o s e  a b s o r b e d  b y  the  
in d iv id u a l  m e m b e r s  of th e  p u b l i c .  Such  in d iv id u a l  m o n i to r in g  i s  g e n e r a l l y  
i n f e a s i b l e  f o r  s e v e r a l  p r a c t i c a l  r e a s o n s :  the  l a r g e  n u m b e r s  of p e o p le  to  be 
i n d i v id u a l ly  m o n i to r e d ;  th e  in s u f f i c i e n t  s e n s i t i v i t y  of m e t h o d s  an d  of 
m e a s u r i n g  i n s t r u m e n t s  f o r  d o s e s  g e n e r a l l y  i n s ig n i f i c a n t ;  the  i m p o s s i b i l i t y  
o f  m e a s u r i n g  d i r e c t l y  th e  d o s e s  f r o m  i n t e r n a l  i r r a d i a t i o n ,  e t c .  T h e r e f o r e ,  
o n ly  e x c e p t io n a l l y  g ro u p s  of p e o p le  a r e  d i r e c t l y  m o n i to r e d  b y  m e a s u r e m e n t  
o n  the  p e r s o n ,  w h i le  t h e r e  h a s  b e e n  c o n s i d e r a b l e  d e v e lo p m e n t  of m e t h o d s  of 
i n d i r e c t  a s s e s s m e n t  of th e  e x p o s u r e  of m a n  b a s e d  on m e a s u r e m e n t  of th e  
r a d i a t i o n  an d  r a d i o a c t i v i t y  l e v e l s  w ith in  h i s  e n v i r o n m e n t .

T h e  p u r p o s e  of the  p r e s e n t  p a p e r  i s  to  r e v i e w  s o m e  p r o b l e m s  of 
e n v i r o n m e n t a l  m o n i to r in g  a i m e d  a t  th e  a s s e s s m e n t  of th e  p o p u la t io n  e x p o s u r e ,  
a n d  to  d i s c u s s  t h e i r  p o s s i b l e  p r a c t i c a l  s o lu t io n s .



2. T H E  R E L A T IO N  B E T W E E N  M O NITO R ING  P R O G R A M M E S  AND DOSE
A S S ESSM E N T S

2. 1. D e f in i t i o n s  of p e o p l e - r e l a t e d  and  s o u r c e - r e l a t e d  a s s e s s m e n t s

T h e  a s s e s s m e n t  of th e  p o p u la t io n  e x p o s u r e  h a s  th e  t a s k  of v e r i f y in g  
w h e t h e r  the  p u b l i c  i s  e x p o s e d  to  r a d i o l o g i c a l  r i s k s  t h a t  a r e  a c c e p t a b l e .  
N e c e s s a r y  e l e m e n t s  f o r  t h i s  c h e c k  a r e  a  k n o w led g e  of the  m a x i m u m  in d iv id u a l  
r i s k  to  w h ic h  p e r s o n s  of the  p o p u la t io n  a r e  s u b j e c t  a n d  of th e  to t a l  d e t r i m e n t  
w i th in  th e  p o p u la t io n .  T h e  f i r s t  c o n c e p t  i s  c o n n e c t e d  w i th  th e  in d iv id u a l  d o se  
to  th e  m o s t  h ig h ly  e x p o s e d  p e r s o n  in  th e  p o p u la t io n ,  w h i le  th e  d e t r i m e n t  i s  
p r o p o r t i o n a l  to  th e  s u m  of in d iv id u a l  d o s e s  in  th e  p o p u la t io n ,  e x p r e s s e d  in  
m a n  • r a d s  o r  m a n  • r e m s ,  d e f in e d  a s  c o l l e c t i v e  d o s e .

I f  one  l i m i t s  o n é s e l f  to  a n  e v a lu a t io n  of the  in d iv id u a l  a n d  c o l l e c t iv e  
d o s e s  in  a  g iv e n  p o p u la t io n ,  .w i th o u t  s p e c i f i c  r e f e r e n c e  to  th e  s o u r c e s  of s u c h  
i r r a d i a t i o n ,  i .  e .  i f  o ne  p e r f o r m s  w h a t  i s  c a l l e d  a  p e o p l e - r e l a t e d  a s s e s s m e n t  
(o r  p o p u l a t i o n - r e l a t e d  a s s e s s m e n t ,  a s  q u o te d  b y  L in d e l l  [ 8 ] ) ,  one  i s  o n ly  
a b l e  to  v e r i f y  th e  fo l lo w in g  o b je c t iv e s :

(a) No in d iv id u a l  in  th e  g iv en  p o p u la t io n  i s  s u b j e c t  to  a  r i s k  t h a t  i s  no t 
a c c e p t a b l e

(b) T h e  to t a l  d e t r i m e n t  w i th in  th e  g iven  p o p u la t io n  d o e s  no t  e x c e e d  
a c c e p t a b l e  l e v e l s  [ 8Í*.

N e v e r t h e l e s s ,  i t  i s  n o t  s u f f i c i e n t  to  c h e c k  the  a b s o l u t e  a c c e p t a b i l i t y  of a  g iven  
r i s k  o r  d e t r i m e n t ,  but,  a s  s t a t e d  in  the  I C R P  r e c o m m e n d a t i o n s  [9 ,  10 ] ,  i t  i s  
a l s o  n e c e s s a r y  to  v e r i f y  th a t  a n y  u n n e c e s s a r y  e x p o s u r e  i s  a v o id e d ,  th a t  
s o u r c e s  a r e  no t  a c c e p t e d  u n l e s s  i t  h a s  b e e n  e n s u r e d  th a t  th e  e x p e c t e d  d o s e s  
a r e  j u s t i f i e d  in  t e r m s  of b e n e f i t s  t h a t  w ou ld  no t  o th e r w i s e  h a v e  b e e n  r e c e i v e d ,  
an d  t h a t  a l l  d o s e s  a r e  k e p t  a s  low  a s  i s  r e a d i l y  a c h ie v a b le ,  e c o n o m ic  an d  
s o c i a l  c o n s i d e r a t i o n s  b e in g  ta k e n  in to  a c c o u n t  [ 8, 1 1 ] .  A s  L in d e l l  c l e a r l y  
r e c a l l s  [8 ,  1 1 ] ,  th e  a v o id a n c e  of u n n e c e s s a r y  e x p o s u r e s  r e q u i r e s  r i s k - b e n e f i t  
e v a lu a t io n s ,  w h ile  th e  a t t a i n m e n t  of d o s e s  a s  low  a s  r e a d i l y  a c h i e v a b le ,  th a t  
i s  th e  a v o id a n c e  of un du e  e x p o s u r e s ,  in v o lv e s  c o s t - b e n e f i t ,  o r ,  m o r e  
c o r r e c t l y ,  c o s t - e f f e c t i v e n e s s  e v a lu a t io n s  of f u r t h e r  d o s e  r e d u c t i o n s .

O b v io u s l y  a  c o s t - e f f e c t i v e n e s s  e v a lu a t io n  i s  m e a n in g fu l  o n ly  i f  i t  r e f e r s  
to  a  c e r t a i n  s o u r c e  of p o p u la t io n  e x p o s u r e .  On the  o t h e r  h an d ,  a  p e o p l e - 
r e l a t e d  a s s e s s m e n t  i s  n o t  s u i t a b l e  f o r  t h i s  p u r p o s e ,  an d  a t  the  s a m e  t i m e  i t  
d o e s  no t  a l lo w  a n y  r i s k  o r  d e t r i m e n t  e s t i m a t e d  p r o j e c t e d  in to  the  f u t u r e ,  a s  
r e q u i r e d  in  m a n y  d e c i s i o n s  of r a d i a t i o n  p r o t e c t i o n  p o l i c y .  T h e r e f o r e ,
L in d e l l  [8]  i n t r o d u c e d  th e  c o n c e p t  of s o u r c e - r e l a t e d  a s s e s s m e n t ,  w h o se  
o b je c t iv e s  w e r e  to  v e r i f y  tha t :

(a) T h e  d e t r i m e n t  a s s o c i a t e d  to  a  g iv en  s o u r c e ,  bo th  in  t e r m s  of 
in d iv id u a l  r i s k  a n d  of to t a l  d e t r i m e n t  w i th in  th e  p o p u la t io n  e x p o s e d ,  
i s  n o t  u n ju s t i f i a b l e

(b) T h e  f u t u r e  s i t u a t i o n  w i l l  c o n t in u e  to  be a c c e p t a b l e ,  e v e n  if  th e  s o u r c e  
c o n t in u e s  to  be in  o p e r a t io n  o r  i f  the  n u m b e r  of s o u r c e s  i n c r e a s e s .

I t  i s  i n t e r e s t i n g  to  n o te  th e  d i f f e r e n t  m e a n i n g  of c o l l e c t i v e  d o s e  in  t h e s e  two 
d i f f e r e n t  ty p e s  of e x p o s u r e  an d  d e t r i m e n t  a s s e s s m e n t .  In  th e  c a s e  of a  
p e o p l e - r e l a t e d  a s s e s s m e n t  the  c o l l e c t i v e  d o s e  i s  the  s u m  of a l l  th e  in d iv id u a l  
d o s e s  in  th e  g iven  p o p u la t io n  f r o m  m u l t i p le  s o u r c e s  a n d  i r r e s p e c t i v e  of th e m .  
In  th i s  c a s e  th e  c o l l e c t i v e  d o s e  m a y  be d e f in e d  a s  c o m m u n i t y  d o s e  a n d  i s  
p r o p o r t i o n a l  to  th e  t o t a l  d e t r i m e n t ,  w i th in  th e  g iv e n  p o p u la t io n  g ro u p ,  due  to  
r a d i a t i o n  i r r e s p e c t i v e  of s o u r c e .  In  th e  c a s e  of a  s o u r c e - r e l a t e d  a s s e s s m e n t
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we a r e  i n t e r e s t e d  in  k n ow in g  the  g lo b a l  d e t r i m e n t  a s s o c i a t e d  w i th  th e  s o u r c e  
c o n s i d e r e d ,  w h ich  i s  p r o p o r t i o n a l  to  th e  c o l l e c t i v e  d o s e  c a l c u l a t e d  o v e r  the 
w o r ld  p o p u la t io n .  In th i s  c a s e  th e  c o l l e c t i v e  d o s e  i s  m o r e  c o m m o n ly  r e f e r r e d  
to  a s  p o p u la t io n  d o s e . T h e  c o r r e s p o n d i n g  d o s e - r a t e  i s  th e  p o p u la t io n  d o s e  
r a t e ,  e x p r e s s e d  in  m a n  • r a d / a  o r  m a n  ■ r e m / a .

T h e  d e t r i m e n t  a s s o c i a t e d  w i th  a  g iven  p r a c t i c e  o r  c o u r s e  of a c t io n ,  to  
b e  c o m p l e t e l y  m e a n in g fu l ,  h a s  to  be  a s s e s s e d  on th e  b a s i s  no t  o n ly  o f  th e  
p r e s e n t  s i tu a t io n ,  bu t  a l s o  of th e  f u t u r e  e x p e c t e d  e x p o s u r e s  due  to  th a t  
o p e r a t io n .  In  f a c t  a  g iv e n  a n n u a l  d o s e  r e p r e s e n t s  d i f f e r e n t  d e t r i m e n t s  
a c c o r d i n g  to  w h e th e r  i t  i s  due  to  s h o r t  h a l f - l i f e  n u c l id e s  o r  to  lo n g  h a l f - l i f e  
n u c l i d e s  r e m a i n i n g  in  th e  e n v i r o n m e n t  f o r  a  lo n g  t i m e  [8 , 1 1 ] .  T o  t a k e  in to  
a c c o u n t  th i s  e x ig e n c y ,  th e  c o n c e p t  of d o s e  c o m m i t m e n t  w as  in t r o d u c e d ,  a s  
d e f in e d  in  R ef .  [ 8 ] .

F o r  the  a s s e s s m e n t  of g lo b a l  d e t r i m e n t  the  a n a lo g o u s  c o n c e p t  of 
p o p u la t io n  d o s e  c o m m i t m e n t  m a y  be in t r o d u c e d ,  a s  th e  p r o d u c t  of th e  d o s e  
c o m m i t m e n t  by  the  n u m b e r  of i n d iv id u a l s  in  th e  p o p u la t io n .

T h e s e  c o n c e p t s  h a v e  b e e n  m e n t io n e d  b e c a u s e  of t h e i r  im p l i c a t i o n s  f o r  
p r o b l e m s  of th e  e n v i r o n m e n t a l  m o n i to r in g .  A  m o r e  e x h a u s t iv e  d i s c u s s i o n  
c a n  be found in  th e  p a p e r s  p r e s e n t e d  b y  L in d e l l  a t  the  IAEA S y m p o s iu m s  
a t  A i x - e n - P r o v e n c e  [8 ]  a n d  W a r s a w  [1 1 ]  in  1973.

2 . 2 .  S o u r c e - r e l a t e d  m o n i t o r i n g  a n d  a s s e s s m e n t

T h e  d e f in i t io n  of a  m o n i t o r i n g  p r o g r a m  f o r  the  a s s e s s m e n t  of p o p u la t io n  
e x p o s u r e  d e p e n d s  on th e  ty p e  of d o s e  a s s e s s m e n t  c h o s e n  (p e o p le -  o r  s o u r c e -  
r e l a t e d ) .  T h i s  c h o ic e ,  in  t u r n ,  i s  in f lu e n c e d  b y  the  p u r p o s e  of th e  a s s e s s m e n t  
a n d  b y  the  p r a c t i c a l  p o s s i b i l i t i e s .

A n yo ne  c o n t r o l l i n g  a  g iv e n  s o u r c e ,  in t e n d e d  a s  a  s in g le  i n s t a l l a t i o n  o r  a  
s i n g le  a c t i v i t y  (as ,  f o r  e x a m p l e ,  th e  p r o d u c t io n  of e l e c t r i c a l  e n e r g y  b y  a  
n u c l e a r  r e a c t o r ,  th e  m e d i c a l  u s e  of r a d i a t i o n ,  o r  the  s a l e  of r a d i o l u m i n e s c e n t  
t i m e p i e c e s ) ,  i s  i n t e r e s t e d  in  th e  a s s e s s m e n t  of the  r i s k  and  d e t r i m e n t  
a s s o c i a t e d  w i th  t h a t  s o u r c e  o r  a c t iv i t y ,  in  o r d e r  to  c a r r y  ou t the  r i s k - b e n e f i t  
a n d  c o s t - e f f e c t i v e n e s s  e v a lu a t io n s  n e c e s s a r y  to ta k e  a p p r o p r i a t e  d e c i s i o n s  of 
a  h e a l th ,  t e c h n i c a l  o r  e c o n o m i c  n a t u r e .  T h i s  i s  a  ty p i c a l  s o u r c e - r e l a t e d  
a s s e s s m e n t ,  a n d  the  r e l a t e d  m o n i t o r i n g  p r o g r a m m e  m u s t  a l lo w  a n  e s t i m a t e  
to  b e  m a d e  of th e  d o s e  to  th e  m o s t  h ig h l y  e x p o s e d  in d iv id u a l s  a n d  of the  
g lo b a l  d e t r i m e n t  a s s o c i a t e d  w ith  the  g iven  s o u r c e ,  in  t e r m s  of p o p u la t io n  
d o s e  an d  of d o s e  c o m m i t m e n t .

T h i s  type  of m o n i to r in g  a n d  a s s e s s m e n t  i s  the  o n ly  one th a t  c o n c e r n s  
a n  o p e r a t o r  up to  th e  p o in t  w h e r e  he i s  a b le  to  k e e p  u n d e r  h i s  c o n t r o l  an  
i n s t a l l a t i o n  w i th  i t s  e f f lu e n t s  o r  a n y  a c t i v i t y  in v o lv in g  r i s k s  f o r  th e  p u b l ic .  
P e r t i n e n t  e x a m p l e s  of t h i s  c a s e  a r e  the  e n v i r o n m e n t a l  s u r v e i l l a n c e  n e tw o r k s  
a r o u n d  n u c l e a r  i n s t a l l a t i o n s  a n d  th e  r e l a t e d  a s s e s s m e n t s  of th e  e x p o s u r e  of 
c r i t i c a l  g ro u p s  of p o p u la t io n ,  the  m o n i to r in g  a n d  a s s e s s m e n t  of th e  to t a l  
e x p o s u r e  of th e  p a t i e n t s  a n d  th e  p u b l ic  f r o m  the  m e d i c a l  p r a c t i c e  in  a  g iven  
h o s p i t a l ,  e tc .

T h e  n a t io n a l  p u b l ic  a u t h o r i t i e s  a r e  g r e a t l y  i n t e r e s t e d  in  s o u r c e - r e l a t e d  
a s s e s s m e n t s  a s  th e  s t a r t i n g  p o in t  f o r  r i s k - b e n e f i t  and  c o s t - e f f e c t i v e n e s s  
b a l a n c e s ,  on th e  b a s i s  of w h ich  t h e y  m a y  ta k e  th e  a p p r o p r i a t e  d e c i s i o n s  in  
t e r m s  of a c c e p t a n c e  a n d  l i c e n s i n g  of a  g iv en  s o u r c e  a n d  of o p e r a t i o n a l  l i m i t s  
to  i m p o s e  upon  the o p e r a t o r s .  T y p ic a l  c a s e s  of th i s  k ind  a r e :  the  a s s e s s m e n t  
of the  to t a l  d e t r i m e n t  a s s o c i a t e d  w i th  th e  p r o d u c t io n  of e l e c t r i c a l  e n e r g y  in  a
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g iv e n  c o u n t r y ,  b a s e d  on the  r e s u l t s  of l o c a l  m o n i t o r i n g  p r o g r a m m e s  an d  of 
m a t h e m a t i c a l  m o d e l s ;  th e  n a t i o n - w id e  a s s e s s m e n t  of th e  g e n e t i c a l l y  s i g n i f i c a n t  
d o s e  f r o m  th e  m e d i c a l  u s e  of X - r a y s ,  b a s e d  on c a m p a i g n s  of d o s i m e t r i c  
m e a s u r e m e n t  a n d  on s u r v e y s  o f  th e  f r e q u e n c y  of d i f f e r e n t  t y p e s  of r a d i o l o g i c a l  
e x a m i n a t i o n s  a n d  of the  s e x  a n d  a g e  d i s t r i b u t i o n  of the  p o p u la t io n ;  th e  n a t i o n a l  
n e tw o r k s  f o r  th e  s u r v e i l l a n c e  of f a l l - o u t  f r o m  n u c l e a r  e x p lo s io n s  in  the  
a t m o s p h e r e  a n d  the  r e l a t e d  a s s e s s m e n t s  o f  p o p u la t io n  d o s e  c o m m i t m e n t ;  
d o s i m e t r i c  s u r v e y s  an d  a s s e s s m e n t s  of th e  p o p u la t io n  e x p o s u r e  f r o m  the  
n a t u r a l  r a d i a t i o n  a n d  r a d i o a c t i v i t y .

T h e  i n t e r n a t i o n a l  o r g a n i s m s  a l s o  m a k e  u s e  of s o u r c e - r e l a t e d  a s s e s s m e n t s  
f o r  r i s k  a n d  d e t r i m e n t  e v a lu a t io n s  on a  g lo b a l  s c a l e  a n d  f o r  th e  c o n s e q u e n t  
r a d i a t i o n  p r o t e c t i o n  r e c o m m e n d a t i o n s .  A  ty p i c a l  e x a m p l e  of s o u r c e - r e l a t e d  
a s s e s s m e n t  of i n t e r n a t i o n a l  i n t e r e s t  i s  th e  e v a lu a t io n  of the  d o s e  c o m m i t m e n t  
due  to  th e  w o r ld - w i d e  d i s t r i b u t i o n  of 85K r  a n d 3 H f r o m  th e  n u c l e a r  in d u s t r y ;  
th i s  a s s e s s m e n t  i s  b a s e d  on m e a s u r e m e n t  a n d  e s t i m a t e s  of th e  d i s c h a r g e s  of 
t h e s e  n u c l i d e s  to  th e  a t m o s p h e r e ,  on th e  m e a s u r e m e n t  of c o n c e n t r a t i o n s  in  
a i r  in  v a r i o u s  p a r t s  of th e  w o r ld ,  a n d  on m a t h e m a t i c a l  m o d e l s  f o r  th e  t r a n s 
p o r t  a n d  d if fu s io n  of p o l l u t a n t s  i n t o  th e  a t m o s p h e r e  [ 1 2 ] .  A  s i m i l a r  
i n t e r n a t i o n a l  c o n c e r n  h a s  b e e n  a d d r e s s e d  in  the  l a s t  few  y e a r s ,  p a r t i c u l a r l y  
d u r i n g  the  p e r i o d s  of n u c l e a r  w e a p o n s  t e s t s  in  th e  a t m o s p h e r e ,  to  the  a s s e s s 
m e n t  of th e  d o s e  c o m m i t m e n t  to  th e  w o r ld  p o p u la t io n  f r o m  f a l l - o u t  of n u c l e a r  
d e b r i s ,  on th e  b a s i s  of th e  r e s u l t s  of m o n i to r in g  p r o g r a m m e s  c a r r i e d  ou t  in  
s e v e r a l  c o u n t r i e s  [ 1 2 ] .

In  a  m o d e r n  v ie w  of the  p r o b l e m  of d e t r i m e n t  a s s e s s m e n t s  i t  sh o u ld  be 
d e e m e d  th a t  th e  e s t i m a t e  of th e  g lo b a l  d e t r i m e n t  a s s o c i a t e d  w ith  a  g iven  
s o u r c e  i s  e x h a u s t iv e  o n ly  i f  i t  t a k e s  in to  a c c o u n t  th e  c o n t r ib u t io n  to  th e  
p o p u la t io n  d o s e  due  to  th e  c o l l e c t i v e  d o s e  a b s o r b e d  by  th e  w o r k e r s  e n g a g e d  
in  th e  o p e r a t io n  of t h a t  s o u r c e .  S uch  w o r k e r s ,  in  f a c t ,  a r e  a t  th e  s a m e  t i m e  
m e m b e r s  of th e  p o p u la t io n  an d  t h e r e f o r e  t h e i r  e x p o s u r e  c o n t r i b u t e s  to  the  
to t a l  g e n e t i c  a n d  s o m a t i c  b u r d e n  of the  p o p u la t io n .  In  s o m e  c a s e s  t h i s  
c o n t r ib u t io n  i s  found  to  b e  a  s i g n i f i c a n t ,  o r  e v e n  p r e d o m in a n t ,  f r a c t i o n  of the  
p o p u la t io n  d o s e .  A  t y p i c a l  c a s e  i s  th e  p r o d u c t io n  of e l e c t r i c a l  e n e r g y  by  
n u c l e a r  r e a c t o r s ,  w h e r e  th e  .a n n u a l  c o l l e c t i v e  d o s e  to  th e  w o r k e r s  a t  the  
n u c l e a r  p o w e r  s t a t i o n s  i s  s o m e t i m e s  of th e  s a m e  o r d e r  of m a g n i tu d e  o r  ev en  
h i g h e r  th a n  th e  c o l l e c t i v e  d o s e  to  th e  p u b l ic .  F o r  e x a m p l e ,  r e c e n t  e s t i m a t e s  
c o n c e r n i n g  a  c e r t a i n  n u c l e a r  p o w e r  r e a c t o r  in  I t a l y  sh o w  a  t o t a l - b o d y  
c o l l e c t i v e  d o s e  to  th e  w o r k e r s  of th e  o r d e r  o f  100 -  200 m a n  ■ r e m / a  [ 1 3 ] ,  
w h i le  th e  c o l l e c t i v e  d o s e  to  the  s u r r o u n d i n g  p o p u la t io n  — a s s e s s e d  up to  a  
d i s t a n c e  of a b o u t  50 k m ,  b ey o n d  w h ic h  the  in d iv id u a l  d o s e s  a r e  i n s ig n i f i c a n t  — 
i s  of th e  s a m e  o r d e r  of m a g n i tu d e .  A  s i tu a t io n  s t i l l  m o r e  r e m a r k a b l e  in  th i s  
r e s p e c t  i s  p r o b a b l y  t h a t  of m i n e  w o r k e r s .  T h e r e f o r e ,  i t  sh o u ld  b e  n e c e s s a r y  
f o r  a n y  s o u r c e - r e l a t e d  e n v i r o n m e n t a l  m o n i to r in g  p r o g r a m m e  to  be  c o m p l e te d  
w i th  th e  a s s e s s m e n t  of th e  c o l l e c t i v e  d o s e  to  the  w o r k e r s  in v o lv e d .

2. 3. P e o p l e - r e l a t e d  m o n i to r in g  a n d  a s s e s s m e n t

A s  s a i d  b e f o r e ,  th e  g lo b a l  d e t r i m e n t  a s s o c i a t e d  w ith  a n y  s o u r c e  o r  c o u r s e  
of  a c t io n  in v o lv in g  r a d i a t i o n  a n d  r a d i o a c t i v i t y  c a n  be  d e t e r m i n e d  on the  b a s i s  
o f  a p p r o p r i a t e  s o u r c e - o r i e n t e d  m o n i to r in g  p r o g r a m m e s  a n d  b y  m e a n s  of a  
s o u r c e - r e l a t e d  a s s e s s m e n t  of th e  p o p u la t io n  d o s e  a n d  th e  d o s e  c o m m i t m e n t .  
N e v e r t h e l e s s ,  w h en  th e  i r r a d i a t i o n  o f  a  c e r t a i n  g ro u p  of p o p u la t io n  i s  due  to  
th e  c o n t r ib u t io n  of s e v e r a l  s o u r c e s ,  the  p u b l i c  a u t h o r i t y  n e e d s  to  know  the
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o v e r a l l  d e t r i m e n t  w i th in  t h a t  s p e c i f i c  g ro u p  of p o p u la t io n  d ue  to  r a d i a t i o n  
f r o m  a l l  s o u r c e s ,  j u s t  to  v e r i f y  w h e th e r  th i s  d e t r i m e n t  e x c e e d s  a n y  l e v e l  
c o n s i d e r e d  a c c e p t a b l e .  In  o t h e r  w o r d s ,  th e  p u b l ic  a u t h o r i t y  h a s  to  c h ec k ,  
b y  m e a n s  of p e o p l e - r e l a t e d  m o n i to r in g  a n d  a s s e s s m e n t ,  w h e t h e r  th e  c o m m u n i t y  
d o s e  (a s  p r e v i o u s l y  de f in ed )  of th a t  p o p u la t io n  g ro u p  f r o m  a l l  s o u r c e s  r e m a i n s  
b e lo w  a  v a lu e  s t i p u l a t e d  a s  a c c e p t a b l e  f o r  th a t  p o p u la t io n  g ro u p .  O n th e s e  
p r e m i s e s ,  i t  i s  o b v io u s  t h a t  p e o p l e - r e l a t e d  m o n i to r in g  an d  a s s e s s m e n t  i s  no t 
of i n t e r e s t  to  in d iv id u a l  o p e r a t o r s  of n u c l e a r  i n s t a l l a t i o n s  o r  of r a d i a t i o n  
s o u r c e s ,  an d  i s  a l s o  b ey o n d  t h e i r  p r a c t i c a l  p o s s ib i l i t y ,  b u t  c o n c e r n s  a l m o s t  
e x c l u s i v e l y  p u b l ic  h e a l th  a u t h o r i t i e s .

A  p e o p l e - r e l a t e d  a s s e s s m e n t  i s  n e e d e d  n o t  on ly  to  e v a lu a te  the  o v e r a l l  
d e t r i m e n t  w i th in  a  g iven  p o p u la t io n  due to  r a d i a t i o n ,  b u t  a l s o  to  id e n t i f y  
w h e t h e r  a n y  c a s e s  of in d iv id u a l  r i s k s  m i g h t  be  found  in  th e  s a m e  c o m m u n i t y  
t h a t  a r e  too  h igh ,  due  to  a n o m a lo u s  c o n c e n t r a t i o n s  of c o n t r ib u t io n s  of i r r a d i a 
t io n  f r o m  d i f f e r e n t  s o u r c e s .  In  th i s  c a s e  p e o p l e - r e l a t e d  m o n i to r in g  h a s  the  
t a s k  of d e t e c t i n g  th e  e x i s t e n c e  of in d iv id u a l s  o r  g ro u p s  w ho  a r e  ' c r i t i c a l '  f r o m  
th i s  p o in t  of v iew .  S uch  c r i t i c a l  g ro u p s  o r  i n d iv id u a l s  ( p e o p l e - r e l a t e d )  a r e  
s o m e t i m e s  d i f f e r e n t  f r o m  th o s e  ( s o u r c e - r e l a t e d )  a s s o c i a t e d  w ith  the  s in g le  
s o u r c e s  an d  d i s c u s s e d  in  I C R P  P u b l i c a t i o n  7 [ 1 ,  1 5 ] .  A  c a s e  of p e o p le -  
r e l a t e d  a s s e s s m e n t  i s  th e  s t u d y  p u b l i s h e d  b y  the  US E n v i r o n m e n t a l  P r o t e c t i o n  
A g e n c y  in  1972, c o n c e r n i n g  the  to ta l  r a d i a t i o n  e x p o s u r e  of the  US p o p u la t io n  
f r o m  1960 to  th e  y e a r  2000 f r o m  a l l  r a d i a t i o n  s o u r c e s  e x i s t i n g  in  the  c o u n t r y  
[ 1 4 ] .  T h i s  a s s e s s m e n t  i s  b a s e d  on the  r e s u l t s  of v a r i o u s  m o n i to r in g  
p r o g r a m m e s  o r  c a m p a ig n s  s p e c i f i c a l l y  c o n c e r n i n g  the  d i f f e r e n t  s o u r c e s ,  a n d  
on  a  s e r i e s  of s o u r c e - r e l a t e d  a s s e s s m e n t s  f o r  s u c h  d i f f e r e n t  s o u r c e s  of 
i r r a d i a t i o n .  T h e  c o n c lu s iv e  r e s u l t  of t h i s  s tu d y ,  t h a t  i s  th e  c o l l e c t i v e  d o s e  
to  th e  US p o p u la t io n  f r o m  now  to  the  y e a r  2000, i s  a  t y p i c a l  c o m m u n i t y  d o s e ,  
a s  p r e v i o u s l y  d e f in ed .

2. 4 . T h e  e v o lu t io n  of th e  a s s e s s m e n t  of p o p u la t io n  e x p o s u r e

In th e  e a r l y  p e r i o d  of th e  p e a c e f u l  a p p l i c a t i o n s  of a t o m i c  e n e r g y  the  
s o u r c e s  of p o p u la t io n  i r r a d i a t i o n  w e r e  r e l a t i v e l y  few  in  n u m b e r  a n d  c o n c e n 
t r a t e d  in  w e l l - d e f i n e d  s i t e s .  U n d e r  . th ese  c o n d i t io n s  i t  w a s  f a i r l y  e a s y  to  
c o r r e l a t e  the  e n v i r o n m e n t a l  p o l lu t io n  a n d  the  i r r a d i a t i o n  of p o p u la t io n  g r o u p s  
w i th  th e  p e r t i n e n t  s o u r c e s ,  a n d  i t  w a s  q u i t e  u n c o m m o n  th a t  a n  o v e r l a p p in g  of 
c o n ta m in a t io n  due to  d i f f e r e n t  s o u r c e s  to o k  p l a c e  in  a n y  g iven  a r e a  a n d  th a t  
g ro u p s  of p e o p le  s u b j e c t  to  i r r a d i a t i o n  f r o m  m u l t i p l e  s o u r c e s  w e r e  found .
T h e  o n ly  e x c e p t io n s  w e r e  r e p r e s e n t e d  b y - n a t u r a l  r a d i o a c t i v i t y ,  f a l l - o u t  f r o m  
n u c l e a r  e x p lo s io n s  a n d  b y  m e d i c a l  u s e s  of X - r a y s ;  bu t  t h i s  w a s  no t  a p r o b l e m  
b e c a u s e  th e y  w e r e  g lo b a l  s o u r c e s  r e l a t i v e l y  h o m o g e n e o u s  o v e r  l a r g e  a r e a s ,  
a n d  t h e i r  c o n t r ib u t io n  i s  q u i te  e a s i l y  d i s t i n g u i s h a b l e  f r o m  th o s e  f r o m  o t h e r  
s o u r c e s .  T h e r e f o r e ,  th e  m o s t  n a t u r a l  a p p r o a c h  to  th e  e v a lu a t io n  of the 
r a d i o l o g i c a l  r i s k s  to  th e  p u b l i c  w a s  th e  s o u r c e - r e l a t e d  a s s e s s m e n t ,  a n d  the  
e n v i r o n m e n t a l  m o n i to r in g  p r o g r a m m e s  w e r e  a l s o  s o u r c e - r e l a t e d .  In  fa c t ,  
th e  f i r s t  e n v i r o n m e n t a l  s u r v e i l l a n c e  p r o g r a m m e s ,  in  the  1950s a n d  60s ,  w e r e  
the  l o c a l  n e tw o r k s  a r o u n d  the  n u c l e a r  r e a c t o r s  a n d  th e  n a t i o n a l  f a l l - o u t  n e t 
w o r k s ,  w h ic h  a r e  t y p i c a l  s o u r c e - r e l a t e d  m o n i t o r i n g  p r o g r a m m e s .

H o w e v e r ,  in  r e c e n t  y e a r s ,  w ith  th e  r a p i d  e x p a n s io n  of th e  n u c l e a r  
i n d u s t r y  a n d  of the  u s e  of r a d i a t i o n  in  m e d i c in e ,  i n d u s t r y  a n d  r e s e a r c h ,  we 
a r e  w i t n e s s in g  a  m u l t i p l i c a t i o n  a n d  d i v e r s i f i c a t i o n  of the  s o u r c e s  of i r r a d i a 
t io n  of th e  p u b l ic .  A s  a  c o n s e q u e n c e ,  a n  i n c r e a s e  in  a n d  d i v e r s i f i c a t i o n  of
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th e  e x p o s u r e  p a th w a y s  a n d  a  m o r e  an d  m o r e  f r e q u e n t  o v e r l a p p in g  of 
c o n t r i b u t io n s  of i r r a d i a t i o n  f r o m  d i f f e r e n t  s o u r c e s  to  th e  s a m e  p o p u la t io n  
g ro u p s  a r e  b e in g  e x p e r i e n c e d .  F o r  th i s  r e a s o n  i n c r e a s i n g  e m p h a s i s  i s  b e in g  
g iv en  to  th e  c o n c e p t  of p e o p l e - r e l a t e d  a s s e s s m e n t .  In  fa c t ,  o n ly  on th i s  
b a s i s  m a y  th e  p u b l i c  a u t h o r i t i e s  be  a b le  to  e v a lu a te  th e  i m p a c t  of th e  d i f f e r e n t  
a c t i v i t i e s  in v o lv in g  th e  u s e  of r a d i a t i o n  a n d  to  t a k e  d e c i s i o n s  l i k e  the  fo l low ing :

W h a t  r e s i d u a l  a c c e p t a b l e  d e t r i m e n t  f r o m  r a d i a t i o n ,  w i th in  a  g iv en  a r e a  
o r  p o p u la t io n ,  c a n  be  s t i p u l a t e d  in  a d d i t io n  to  e x i s t i n g  s o u r c e s ;

W h a t  i s  th e  m o s t  a p p r o p r i a t e  a p p o r t i o n m e n t  of d i f f e r e n t  s o u r c e s  of 
r a d i a t i o n  t h a t  c a n  b e  p la n n e d  to  s a t i s f y  th e  n e e d s  of a  g iv en  p o p u la t io n ;

W h a t  i s  the  m o s t  a p p r o p r i a t e  t e r r i t o r i a l  p la n n in g  f o r  th e  s i t i n g  of l a r g e  
n u c l e a r  p l a n t s  f r o m  the  v ie w p o in t  of 'o p t i m i z a t i o n '  of p o p u la t io n  e x p o s u r e .

2. 5. W e l l - d e f in e d  s o u r c e s  and  p e o p l e - r e l a t e d  m o n i to r in g

In s o m e  c a s e s  th e  s o u r c e s  c o n t r i b u t in g  to  th e  i r r a d i a t i o n  of a  c e r t a i n  
g ro u p  of p o p u la t io n  a r e  few a n d  w e l l  d e f in ed .  In  s u c h  a  c a s e  th e  d o s e  to  t h a t  
p o p u la t io n  g ro u p ,  due  to  e a c h  in d iv id u a l  s o u r c e ,  m a y  be e s t i m a t e d  b y  m e a n s  
o f  th e  a p p r o p r i a t e  s o u r c e - r e l a t e d  m o n i t o r i n g  an d  a s s e s s m e n t .  A f t e r w a r d s ,  
th e  c o m m u n i t y  d o s e  to  t h a t  g ro u p  of p o p u la t io n  ( p e o p l e - r e l a t e d  a s s e s s m e n t )  
m a y  be  o b ta in e d  s i m p l y  b y  th e  s u m  of th e  c o l l e c t i v e  d o s e s  due  to  th e  in d iv id u a l  
s o u r c e s .  S i m i l a r l y ,  e v a lu a t in g  a n d  c o n v e n ie n t ly  c o m b in in g  th e  d i s t r i b u t i o n s  
o f  in d iv id u a l  d o s e s ,  d u e  to  the  d i f f e r e n t  s o u r c e s  t h r o u g h o u t  th e  p o p u la t io n  
g ro u p  u n d e r  e x a m i n a t i o n ,  i t  i s  p o s s i b l e  to  id e n t i f y  a  p o s s i b l e  o v e r a l l  c r i t i c a l  
g ro u p  f o r  s u c h  c o m b in a t io n  of s o u r c e s  a n d  to  c a l c u l a t e  th e  a v e r a g e  d o s e  to  
i t s  in d iv id u a l s .

W h en  th e  e x p o s u r e  of th i s  new  o v e r a l l  c r i t i c a l  g ro u p  i s  e s t i m a t e d ,  a  
p e o p l e - r e l a t e d  m o n i t o r i n g  p r o g r a m m e ,  in  a d d i t io n  to  the  s o u r c e - r e l a t e d  
p r o g r a m m e s  p e r t a i n i n g  to  the  s i n g le  s o u r c e s ,  m a y  be n e e d e d  to  k e e p  u n d e r  
c o n t r o l  th e  e n v i r o n m e n t a l  c o n ta m in a t io n  a n d  the  r a d i a t i o n  e x p o s u r e  of th e  
p a r t i c u l a r  p o p u la t io n  g ro u p  th u s  id e n t i f i e d .  T h i s  a d d i t io n a l  m o n i to r in g  
p r o g r a m m e  c o u ld  be  the  r e s u l t  of a  c o - o r d i n a t e d  e f f o r t  j o i n t l y  e f f e c te d  by  
th e  o p e r a t o r s  of th e  s i n g le  s o u r c e s ,  o r  i t  co u ld  be th e  r e s p o n s i b i l i t y  of th e  
p u b l i c  a u t h o r i t i e s .

A  q u i te  t y p i c a l  e x a m p l e  of s u c h  a  s i t u a t io n  i s  t h a t  of th e  g a s e o u s  
d i s c h a r g e s  of s e v e r a l  n u c l e a r  r e a c t o r s  lo c a t e d  in  th e  s a m e  a r e a  a t  d i s t a n c e s  
o f  s o m e  k i l o m e t r e s .  F o r  e a c h  r e a c t o r  a  c r i t i c a l  g r o u p  f o r  e x t e r n a l  i r r a d i a 
t ion  b y  th e  p lu m e  of r a d i o a c t i v e  g a s e s  d o e s  e x i s t ,  g e n e r a l l y  p l a c e d  a t  a  s h o r t  
d i s t a n c e  f r o m  th e  s t a c k  ( f r o m  s o m e  h u n d r e d s  of m e t r e s  to  s o m e  k i l o m e t r e s ) .  
B u t  i t  c a n  h a p p e n  th a t  th e  i s o d o s e  c u r v e s  f o r  the  e f f lu e n t s  of th e  v a r i o u s  
r e a c t o r s  w i l l  c o m b in e  in  s u c h  a  w a y  a s  to  g ive  r i s e  to  a n  e x p o s u r e  of 
a n o t h e r  g ro u p  of p o p u la t io n ,  d i f f e r e n t  f r o m  s u c h  c r i t i c a l  g ro u p s ,  t h a t  i s  
h i g h e r  th a n  th o s e  of th e  in d iv id u a l  c r i t i c a l  g ro u p s .  U n d e r  t h e s e  c o n d i t io n s  
i t  i s  e v id e n t  t h a t  th e  s o u r c e - r e l a t e d  e n v i r o n m e n t a l  r a d i a t i o n  m o n i to r in g  
n e tw o r k s  a r o u n d  th e  s in g le  r e a c t o r s  sh o u ld  b e  s u p p l e m e n t e d  b y  p e o p l e - 
r e l a t e d  m o n i t o r i n g  of th e  r a d i a t i o n  l e v e l s  in  the  a r e a  of m a x i m u m  o v e r l a p p in g  
o f  th e  i s o d o s e  c u r v e s .

A m o r e  c o m p l e x  c a s e  c o u ld  b e  t h a t  of a  c e r t a i n  s m a l l  to w n  r e c e i v i n g  i t s  
d r i n k in g  w a t e r  s u p p ly  f r o m  a  r i v e r  w h e r e ,  s e v e r a l  k i l o m e t r e s  u p s t r e a m ,  a 
n u c l e a r  p l a n t  A  d i s c h a r g e s  i t s  e f f lu e n t s ,  an d ,  a t  th e  s a m e  t i m e ,  c o n s u m in g
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p r e f e r e n t i a l l y  s o m e  fo o d s tu f f s  c o m i n g  f r o m  a  r u r a l  a r e a ,  a l s o  v e r y  f a r  f r o m  
th e  town, a f f e c te d  by  the  a i r b o r n e  d i s c h a r g e s  f r o m  a n o t h e r  n u c l e a r  p la n t  B.
F  o r  e a c h  of th e  tw o p l a n t s  a  p r e o p e r a t i o n a l  m o n i to r in g  p r o g r a m m e  m a y  hav e  
id e n t i f i e d  a  l o c a l  c r i t i c a l  g ro u p ;  i t  m a y  h av e  a l s o  e s t i m a t e d  the  e x p o s u r e  of 
the  p o p u la t io n  of o u r  tow n due  to  the  c o n s u m p t io n  of d r i n k in g  w a t e r  o r ,  
r e s p e c t i v e l y ,  of a g r i c u l t u r a l  p r o d u c t s  c o m in g  f r o m  th e  a b o v e - m e n t i o n e d  
a r e a ;  and ,  i f  the  w a s t e  t r e a t m e n t  s y s t e m s  of th e  tw o p l a n t s  a r e  w e l l  d e s ig n e d  
f r o m  the  r a d i a t i o n  p r o t e c t i o n  v iew p o in t ,  e a c h  of th o s e  two s t u d i e s  w i l l  h av e  
c o n c lu d e d  th a t  the  e x p o s u r e  of o u r  p o p u la t io n  g ro up ,  s o  r e m o t e  f r o m  the  two 
p l a n t s  in  q u e s t io n ,  i s  w e l l  w i th in  a c c e p t a b l e  l i m i t s  an d  in  a n y  c a s e  l o w e r  th a n  
the  e x p o s u r e  of th e  r e s p e c t i v e  c r i t i c a l  g r o u p s .  On th e  b a s i s  of t h e s e  
c o n c lu s io n s  th e  e n v i r o n m e n t a l  m o n i to r in g  p r o g r a m m e s  r o u t i n e l y  c a r r i e d  out 
b y  the  tw o p l a n t s  w ou ld  h a v e  p r o b a b l y  n e g le c te d  the  s m a l l  tow n  h e r e  e x a m in e d ,  
b e in g  s p e c i f i c a l l y  o r i e n t e d  to  the  lo c a l  c r i t i c a l  g r o u p s .  B u t  if , on th e  
c o n t r a r y ,  th e  tw o  p r e o p e r a t i o n a l  m o n i to r in g  p r o g r a m m e s  w e r e  c a r r i e d  ou t  in  
a  c o - o r d i n a t e d  m a n n e r ,  th e y  c o u ld  r e v e a l  th a t  the  to t a l  e x p o s u r e  of the  
p o p u la t io n  of o u r  tow n  due to  b o th  the  a b o v e - m e n t i o n e d  p a th w a y s  i s  n o t  n e g l i 
g ib le ,  bu t  r e q u i r e s  c a r e f u l  c o n s i d e r a t i o n  an d  m o n i to r in g .

In t h i s  c a s e  a n  a d  h oc  m o n i to r in g  p r o g r a m m e  m a y  b e  n e e d e d  to  p e r m i t  
a n  a s s e s s m e n t  to  be  m a d e  of the  to t a l  e x p o s u r e  of th e  p o p u la t io n  of o u r  s m a l l  
tow n. Such  a  p r o g r a m m e  sh o u ld  c o n s i s t  of;

M e a s u r e m e n t  of r a d i o a c t i v i t y  c o n c e n t r a t i o n s  in  d r i n k in g  w a t e r  a t  the  
i n t a k e  of th e  tow n w a t e r  s u p p ly  s y s t e m ;

M e a s u r e m e n t  of r a d i o a c t i v i t y  c o n c e n t r a t i o n s  in  fo o d s tu f f s  c o m in g  f r o m  
th e  a r e a  a f f e c t e d  by  the  d i s c h a r g e s  of the  n u c l e a r  p la n t  B, t o g e t h e r  w ith  
an  e s t i m a t e  of th e  d i lu t io n  f a c t o r  of t h e s e  fo o d s tu f f s  on th e  m a r k e t ,  o r ,  
a l t e r n a t i v e l y ,  m e a s u r e m e n t  of r a d i o a c t i v i t y  c o n c e n t r a t i o n s  c a r r i e d  ou t 
d i r e c t l y  on s a m p l e s  of th e  ty p i c a l  d ie t  of th e  p o p u la t io n  in v o lv ed .

M a n y  o t h e r  e x a m p l e s  of th i s  ty p e  c o u ld  be  e n v i s a g e d .  A t p r e s e n t  th e y  
a p p e a r  to  be  v e r y  u n c o m m o n  an d  r a t h e r  t h e o r e t i c a l ,  b u t  c a s e s  of t h i s  k ind  
a r e  l i k e ly  to  h a p p e n  n o t  in f r e q u e n t ly  in  th e  f u t u r e .

2. 6. I l l - d e f i n e d  s o u r c e s  a n d  p e o p l e - r e l a t e d  m o n i to r in g

If  the  s o u r c e s  c o n t r i b u t in g  to  th e  c o n ta m in a t io n  of a  g iven  a r e a  o r  to  the  
i r r a d i a t i o n  of a  g iven  p o p u la t io n  a r e  no t  s u f f i c i e n t l y  d e f in e d ,  o r  i f  t h e i r  
s p e c i f i c  c o n t r i b u t io n s  c a n n o t  b e  c l e a r l y  d i s c r i m i n a t e d  b y  m e a n s  of a p p r o p r i a t e  
s o u r c e - r e l a t e d  m o n i to r in g  p r o g r a m m e s ,  the  s o l e  b a s i s  f o r  the  e v a lu a t io n  of 
th e  e x p o s u r e  of t h a t  p o p u la t io n  a n d  of th e  r e l e v a n t  c o m m u n i t y  d o s e  i s  a  
p e o p l e - r e l a t e d  m o n i t o r i n g  p r o g r a m m e  c a r r i e d  ou t  w i th o u t  c o n s i d e r a t i o n  of 
s o u r c e s .  T h i s  m e a n s  t h a t  the  m o n i to r in g  p r o g r a m m e  h a s  to  be  a d d r e s s e d  
d i r e c t l y  to  th e  p o p u la t io n  g ro u p  u n d e r  e x a m i n a t i o n  an d  to  th e  a r e a  w h e r e  th e y  
l iv e .

F o r  e x a m p le ,  we m ig h t  n e e d  to know  the  to ta l  e x p o s u r e  of a  c e r t a i n  
g ro u p  of p o p u la t io n  b y  e x t e r n a l  i r r a d i a t i o n .  T h i s  p o p u la t io n  i s  e x p o s e d  to  
e x t e r n a l  r a d i a t i o n  f r o m  X - r a y s  f o r  m e d i c a l  p u r p o s e s ,  b u i ld in g  m a t e r i a l s ,  
m i s c e l l a n e o u s  p r o d u c t s  of c o m m o n  u s e  c o n ta in in g  r a d i o a c t i v i t y ,  f a l l - o u t  
f r o m  n u c l e a r  e x p lo s io n s  an d  n a t u r a l  r a d i o a c t i v i t y ;  a t  th e  s a m e  t i m e  th i s  
p a r t i c u l a r  p o p u la t io n  g ro u p  co u ld  l iv e  in  th e  v i c i n i t y  of a  n u c l e a r  i n s t a l l a t i o n  
d i s c h a r g i n g  r a d i o a c t i v e  e f f lu e n t s ,  th e y  c o u ld  p o s s e s s  c o l o u r  t e l e v i s io n
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r e c e i v e r s  a n d  co o k  t h e i r  m e a l s  b y  m e a n s  of n a t u r a l  g a s  o b ta in e d  b y  s t i m u l a 
t io n  w ith  n u c l e a r  e x p lo s iv e s ,  a n d  f i n a l ly  s e v e r a l  m e m b e r s  of th i s  p o p u la t io n  
c o u ld  f r e q u e n t l y  t r a v e l  b y  a i r !  In s u c h  a  s i t u a t io n  i t  m ig h t  be  i m p r a c t i c a l ,  i f  
n o t  im p o s s i b l e ,  to  c a r r y  o u t  s o u r c e - r e l a t e d  a s s e s s m e n t s  of th e  in d iv id u a l  
c o n t r ib u t io n s  to  th e  p o p u la t io n  e x p o s u r e .  It  i s  t h e r e f o r e  n e c e s s a r y  to  c a r r y  
ou t m e a s u r e s  of t o t a l  e x p o s u r e ,  i r r e s p e c t i v e  of s o u r c e ,  d i r e c t l y  on th e  
m e m b e r s  of t h i s  g ro u p  of p o p u la t io n  o r ,  m o r e  f r e q u e n t l y ,  on  t h e i r  
e n v i r o n m e n t .

A n a lo g o u s ly ,  the  p o p u la t io n  of a  g iv en  a r e a  m ig h t  be e x p o s e d  to  i n t e r n a l  
i r r a d i a t i o n  b o th  b y  i n h a l a t i o n  of c o n ta m in a t e d  a i r  a n d  b y  in g e s t i o n  of c o n t a m i 
n a t e d  food s ;  t h e s e  l a t t e r  c o m i n g  f r o m  the  s a m e  a r e a  o r  f r o m  o t h e r  r e g i o n s .
In  th i s  c a s e  i t  w o u ld  b e  e x t r e m e l y  d i f f ic u l t  to  d i s c r i m i n a t e  th e  c o n t r ib u t io n s  
to  the  in t a k e  of r a d i o a c t i v i t y  f r o m  th e  d i f f e r e n t  s o u r c e s ,  b o th  b e c a u s e  th e  
c o n ta m in a t io n  of a i r  an d  fo o ds  m a y  b e  due to  th e  s a m e  r a d i o n u c l i d e s  and  
b e c a u s e  h o m e  c o n s u m p t i o n  r e p r e s e n t s  an  i n c r e a s i n g l y  s m a l l e r  f r a c t i o n  of 
th e  h u m a n  d ie t ;  t h i s  l a s t  o c c u r r e n c e  r e n d e r s  i t  e v e r  m o r e  d i f f ic u l t  to  id e n t i f y  
th e  p l a c e  of o r i g in  of e a c h  fo o ds tu ff ,  d u e  to  th e  i n c r e a s i n g  c o m p l e x i t y  of 
c o m m e r c i a l  d i s t r i b u t i o n .  U n d e r  t h e s e  c o n d i t io n s  the  e x p o s u r e  of s u c h  a 
p o p u la t io n  b y  i n t e r n a l  i r r a d i a t i o n  ca n  be  e s t i m a t e d  o n ly  on the  b a s i s  of t h e i r  
to t a l  i n t a k e  of r a d i o a c t i v i t y ,  i r r e s p e c t i v e  of s o u r c e .  T h i s  in t a k e  can  o n ly  be 
d e t e r m i n e d  b y  m e a n s  of d i r e c t  m e a s u r e m e n t ,  on e a c h  in d iv id u a l ,  of the  
bo d y  b u r d e n  of th e  v a r i o u s  r a d i o n u c l i d e s ,  o r ,  m o r e  f r e q u e n t l y ,  b y  the  
m e a s u r e m e n t  of r a d i o a c t i v i t y  c o n te n t  of a i r ,  w a t e r  an d  d ie t  t h a t  th e y  
i n c o r p o r a t e .

3. T H E  P R O B L E M  O F  T H E  C U T - O F F

If we r e m e m b e r  th e  d e f in i t io n  of p o p u la t io n  d o s e  ( s e e  s e c t i o n  2. 1), we 
h a v e  to  a s s u m e  th a t  in  p r i n c i p l e  the  i n t e g r a t i o n  of th e  d o s e  o v e r  th e  n u m b e r  
of p e r s o n s  sh o u ld  be  e x te n d e d  up to  th e  p o in t  w h e r e  th e  e f f e c t  of th e  s o u r c e  
i s  s t i l l  d i f f e r e n t  f r o m  z e r o .  T h i s  m e a n s  th a t  in d iv id u a l  d o s e s  sh o u ld  be 
a d d e d  up e v e n  i f  t h e y  a r e  a s s e s s e d  to  b e  v e r y  low , b e c a u s e  e v e n  v e r y  s m a l l  
d o s e s  to  a  l a r g e  n u m b e r  of in d iv id u a l s  m a y  s t i l l  c o n t r ib u t e  to  the  g lo b a l  
p o p u la t io n  d o s e  [ 8 ] .  B u t  in  p r a c t i c e  i t  i s  n e c e s s a r y  to  a s s u m e  a n  a p p r o p r i a t e  
c u t - o f f  p o in t  in  th e  i n t e g r a t i o n  p r o c e s s  of th e  i n d iv id u a l  d o s e s .

N o s p e c i f i c  r e c o m m e n d a t i o n s  h a v e  y e t  b e e n  m a d e  a s  to  th e  l e v e l  a t  w h ich  
t h i s  c u t - o f f  sh o u ld  be  s e t ,  a n d  t h e r e f o r e  w e m a y  o n ly  r e c a l l  th e  fo l lo w in g  
g e n e r a l  p r i n c i p l e  s t a t e d  in  p a r a g r a p h  17 o f  I C R P  P u b l i c a t i o n  22 [ 10]:

" . . .  a t  l e v e l s  of in d iv id u a l  d o s e  th a t  a r e  s m a l l  f r a c t i o n s  of th e  r e l e v a n t  
d o s e  l i m i t ,  t h e r e  w i l l  b e  no  n e e d  to  p u r s u e  th e  s u m m a t io n  b ey o n d  th e  
p o in t  w h e r e  i t  b e c o m e s  c l e a r  t h a t  the f u r t h e r  c o n t r ib u t io n  to  th e  s u m  w il l  
n o t  c h a n g e  th e  e s t i m a t e  of p o p u la t io n  d o s e  b y  m o r e  th a n  a  f a c t o r  of a b o u t  
2 o r  3, o r ,  a l t e r n a t i v e l y ,  b e y o n d  the  p o in t  w h e r e  i t  b e c o m e s  c l e a r  t h a t  
th e  r e m a i n i n g  d e t r i m e n t  i s  in s ig n i f i c a n t  in  c o m p a r i s o n  w i th  th e  b e n e f i t s  
e x p e c t e d  f r o m  th e  s o u r c e " .

S o m e  p r a c t i c a l  p r o p o s a l s  h a v e  b e e n  r a i s e d  to  s o lv e  th i s  p r o b l e m .  A 
p o s s i b l e  s o l u t i o n  i s  t h a t  a s s u m e d  in  th e  U n i te d  S t a t e s  of A m e r i c a  to  l i m i t  
the  d e t r i m e n t  a s s o c i a t e d  w i th  th e  d i s c h a r g e  of r a d i o a c t i v e  e f f lu e n t s  f r o m  
l i g h t  w a t e r  p o w e r  r e a c t o r s ;  in  th a t  c o u n t r y ,  in  fa c t ,  th e  d i s t a n c e  f r o m  the
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p la n t s  w i th in  w h ic h  th e  c o l l e c t i v e  d o s e  i s  a s s e s s e d  i s  g e n e r a l l y  l i m i t e d  to  
50 m i l e s ,  on th e  a s s u m p t i o n  th a t  the  in d iv id u a l  d o s e s  b eyo nd  th a t  d i s t a n c e  
w o u ld  no t  a d d  s u b s t a n t i a l l y  to  the  i n t e g r a l  d e f in in g  the  p o p u la t io n  d o s e  [ 1 6 ] .  
A c c o r d in g  to  o t h e r  p r o p o s a l s ,  th e  in d iv id u a l  d o s e s  m ig h t  be  e x c lu d e d  f r o m  
th e  in t e g r a t i o n  w h en  th e y  f a l l  to  a  v e r y  s m a l l  f r a c t io n ,  of the  d o s e  due  to  the  
n a t u r a l  b a c k g r o u n d .  A  p r a c t i c a l  p r o p o s a l ,  no t  too  f a r  f r o m  th e  a b o v e -  
m e n t io n e d  p r i n c i p l e s ,  c o u ld  b e  to  s e t  th e  c u t - o f f  p o in t  a t  a  v a lu e  of th e  
in d iv id u a l  d o s e  r a t e  b e tw e e n  0.1 an d  1 m r e m / a .  A s  i s  e v id e n t ,  a s s e s s m e n t  
o f  the  c o l l e c t i v e  d o s e  c o n s e q u e n t  to  a  c u t - o f f  o p e r a t i o n  g iv e s  r i s e  n o t  to  the  
g lo b a l  p o p u la t io n  d o s e ,  b u t  to  a  f r a c t i o n  of i t ,  w h ic h  c o u ld  b e  c a l l e d  th e  
p a r t i a l  (o r  a r e a )  p o p u la t io n  d o se .

S i m i l a r  c o n c e p t s  h av e  to  b e  a p p l i e d  to  th e  f o r m u l a t i o n  o f  a n  e n v i r o n m e n t a l  
m o n i t o r i n g  p r o g r a m m e .  In f a c t ,  the  e f f o r t  a n d  e x p e n d i t u r e  d e v o te d  to  e n v i r o n 
m e n t a l  m o n i to r in g  sh o u ld  be  p r o p o r t i o n a l  to  th e  v a lu e  of the  i n f o r m a t io n  
d ra w n  f r o m  it ,  t a k in g  in to  a c c o u n t  th e  s p e c i f i c  o b j e c t i v e s  of the  m o n i to r in g  
p r o g r a m m e  i t s e l f .  In  o t h e r  w o r d s ,  th e  a m p l i t u d e  an d  d ep th  of a  m o n i to r in g  
p r o g r a m m e  sh o u ld  be  l i m i t e d  a t  a  l e v e l  b e y o n d  w h ich  the  f u r t h e r  i m p r o v e m e n t  
o f  the  i n f o r m a t io n  o b ta in a b le  w o u ld  no t  c o u n t e r b a l a n c e  th e  c o s t  a n d  e f f o r t  
n e e d e d  to  a c h ie v e  i t .

I t  i s  a p p r o p r i a t e  to  r e c a l l  a n o t h e r  o r d e r  of c o n s i d e r a t i o n s  in f lu e n c in g  the  
s i z e  of a  m o n i to r in g  p r o g r a m m e .  In  f a c t ,  th e  o r g a n i z a t i o n a l  an d  e c o n o m ic  
c o m m i t m e n t  to  b e 'd e v o te d  to  a  m o n i to r in g  p r o g r a m m e  sh o u ld  be  e s t a b l i s h e d  
on th e  b a s i s  of a  w e l l - b a l a n c e d  a p p r a i s a l  of th e  r i s k s  a c t u a l l y  i n c u r r e d  by  the 
p u b l ic  [ 1 7 ] .  I f  the  a c t u a l  r i s k s  an d  d e t r i m e n t ,  i . e .  th e  in d iv id u a l  an d  
c o l l e c t i v e  d o s e s ,  a r e  s m a l l ,  the  e x e c u t io n  of d e t a i l e d  e c o lo g i c a l  i n v e s t i g a t i o n s  
an d  of e x t e n s iv e  a n d  s o p h i s t i c a t e d  m e a s u r e m e n t s  m a y  be u n n e c e s s a r y  and  
u n d u ly  e x p e n s iv e ,  an d  l a r g e  r e s o r t  m a y  b e  m a d e  to  m a t h e m a t i c a l  m o d e l s  of 
the  e n v i r o n m e n t ,  s u p p o r t e d  b y  l i m i t e d  p r o g r a m m e s  of e n v i r o n m e n t a l  m e a s u r e 
m e n t  an d  i n v e s t i g a t i o n s .  If , on the  o t h e r  h and ,  the  e s t i m a t e d  d o s e s  to  the  
p u b l ic  e x c e e d  s o m e  p r e - e s t a b l i s h e d  v a lu e s ,  th e  a s s e s s m e n t  of th e  p o p u la t io n  
e x p o s u r e  h a s  to  be  b a s e d  to  a  m u c h  g r e a t e r  e x te n t  on the  r e s u l t s  of a c t u a l  
s t u d i e s  a n d  m e a s u r e m e n t  in  th e  f i e ld .  T h e s e  p r e - e s t a b l i s h e d  v a lu e s  co u ld  
b e  s e t  a t  s u c h  a  l e v e l  t h a t  the  r e l e v a n t  m o n i to r in g  p r o g r a m m e  g u a r a n t e e s  a  
d o s e  a s s e s s m e n t  a f f e c te d  b y  a n  u n c e r t a i n t y  th a t  i s  c o m p a t ib l e  w ith  th e  c u t - o f f  
c r i t e r i a  p r e v i o u s l y  m e n t io n e d .

In c o n c lu s io n ,  th e  a m p l i t u d e  an d  d e g r e e  of s o p h i s t i c a t i o n  of a  m o n i to r in g  
p r o g r a m m e  sh o u ld  be  e s t a b l i s h e d  on th e  b a s i s  of a  c o s t - e f f e c t i v e n e s s  a n a l y s i s ,  
j o i n t l y  w i th  th e  c o n s i d e r a t i o n  of th e  e s t i m a t e d  l e v e l  of r i s k  a n d  d e t r i m e n t  
w i th in  the  p o p u la t io n .

4. VARIOUS A P P R O A C H E S  TO E N V IR O N M E N T A L  M O NITO R ING

T h e  q u a n t i ty  m o s t  d i r e c t l y  a s s o c i a t e d  w ith  p o s s i b l e  d a m a g e  to  m a n  f r o m  
th e  p r e s e n c e  of r a d i a t i o n  a n d  r a d i o a c t i v i t y  in  th e  e n v i r o n m e n t  i s  th e  r e s u l t a n t  
r a d i a t i o n  d o se .  F o r  t h i s  r e a s o n  th e  i d e a l  a p p r o a c h  f o r  a  m o n i to r in g  
p r o g r a m m e  in t e n d e d  to  e v a lu a t e  the  p o p u la t io n  e x p o s u r e  w ou ld  be  th e  d i r e c t  
m e a s u r e m e n t  of the  in d iv id u a l  e x t e r n a l  e x p o s u r e ,  b y  m e a n s  of p e r s o n a l  d o s i 
m e t e r s  w o rn  b y  th e  p e o p le  in v o lv e d ,  a n d  the  d i r e c t  m e a s u r e m e n t  of t h e i r  
r a d i o a c t i v e  bod y  b u r d e n s  b y  m e a n s  of w h o le - b o d y  co u n t in g  o r  o t h e r  t e c h n iq u e s .  
In  th i s  w a y  th e  e x t e r n a l  d o s e  to  in d i v id u a l s  i s  d i r e c t l y  o b ta in e d  a n d  th e  
i n t e r n a l  d o s e  c a n  b e  e a s i l y  c a l c u l a t e d  u s i n g  the  a v a i l a b l e  d o s i m e t r i c  m o d e l s .
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W h en  th e  in d iv id u a l  d o s e s  a r e  o b ta in e d ,  th e  c o l l e c t i v e  d o se  c a n  be  i m m e d i a t e l y  
e v a lu a t e d  by  th e  s u m  of s u c h  in d iv id u a l  d o s e s  w i th in  th e  p o p u la t io n  in v o lv e d .  
F r o m  the  d i s t r i b u t i o n  of the  in d iv id u a l  d o s e s  the  a v e r a g e  in d iv id u a l  d o se ,  
w h ich  i s  u s e f u l  f o r  s u b s e q u e n t  e l a b o r a t i o n s  (g e n e t ic  d o s e ,  d o s e  c o m m i t m e n t ) ,  
c a n  a l s o  b e  c a l c u l a t e d .  It  i s  c l e a r  t h a t  th i s  a p p r o a c h  i s  e q u a l l y  a p p l i c a b l e  
to  b o th  s o u r c e - r e l a t e d  a n d  p e o p l e - r e l a t e d  a s s e s s m e n t s ,  a s  p r e v i o u s l y  de f in e d .

T h i s  a p p r o a c h ,  w h ic h  w e m a y  c a l l  the d i r e c t  a p p r o a c h ,  c a n  b e  a p p l ie d  
o n ly  r a r e l y  f o r  s e v e r a l  p r a c t i c a l  r e a s o n s ,  a n d  in  a n y  c a s e  o n ly  f o r  s m a l l  
g ro u p s  of p e o p le .  I t  i s  t h e r e f o r e  n e c e s s a r y  to  h a v e  r e c o u r s e  to  l e s s  d i r e c t  
m e t h o d s  of m o n i t o r i n g  a n d  a s s e s s m e n t .  W ith  r e g a r d  to  i n d i r e c t  m e th o d s  
v a r i o u s  a p p r o a c h e s  h a v e  b e e n  e n v i s a g e d ,  w h ich  a r e  m o r e  o r  l e s s  i n d i r e c t ,  
d e p e n d in g  on th e  ty p e  a n d  d e g r e e  of i n f o r m a t io n  a v a i l a b l e ,  the  c o m p l e x i t y  of 
the  e x p o s u r e  p a th w a y s  in v o lv ed ,  a n d  on the  m e a s u r e m e n t s  t h a t  a r e  f e a s ib l e .  
T h e s e  a p p r o a c h e s  c a n  be  c h a r a c t e r i z e d  b y  th e  v a r y i n g  'd i s t a n c e '  of the 
e n v i r o n m e n t a l  l i n k s  s u b j e c t  to  m e a s u r e m e n t  f r o m  the  f in a l  l i n k s  of the  b io 
l o g i c a l  c h a in s ,  t h a t  i s  f r o m  th e  t a r g e t  of th e  d o s e  a s s e s s m e n t ,  i .  e . m an .

T h e  l e s s  i n d i r e c t  a p p r o a c h  i s  c e r t a i n l y  th a t  c o n s i s t i n g  of th e  m e a s u r e 
m e n t  of r a d i a t i o n  l e v e l s  in  the  e n v i r o n m e n t  a n d  of r a d i o a c t i v i t y  c o n c e n t r a t i o n s  
in  the  l a s t  l i n k s  of th e  b io l o g ic a l  c h a in s ,  t h a t  i s  th o s e  h a v in g  im m e d i a t e  c o n ta c t  
w i th  m a n  ( in h a led  a i r ,  d r i n k i n g  w a t e r ,  fo o d s tu f f s ) .  T h i s  e x p e r i m e n t a l  
i n f o r m a t io n ,  w h ic h  c a n  f r e q u e n t l y  be  s u p p l ie d  b y  a n  a c c u r a t e l y  c o n c e iv e d  
m o n i t o r i n g  p r o g r a m m e ,  h a s  to  b e  p r o c e s s e d  in  th e  l i g h t  of the  r e s u l t s  of a  
s o c i o - e c o n o m i c  e n q u i r y  c o n c e r n i n g  the  l iv in g  a n d  d i e t a r y  h a b i t s  of the  
p o p u la t io n  in v o lv e d .  T h i s  p r o c e s s  l e a d s  to  th e  a s s e s s m e n t  of the  e x t e r n a l  
d o s e s ,  w h i le ,  f o r  the  i n t e r n a l  c o n ta m in a t io n ,  i t  i s  o n ly  a b le  to  s u p p ly  d a ta  
on  the  in ta k e  of r a d i o a c t i v i t y ;  the  l a t t e r  d a ta ,  i n t r o d u c e d  in to  a p p r o p r i a t e  
m e t a b o l i c  m o d e l s ,  a l lo w  a n  a s s e s s m e n t  of th e  b o d y  b u r d e n s  and ,  c o n s e q u e n t ly ,  
of  the  i n t e r n a l  d o s e s  to  be m a d e .  A s  m a y  e a s i l y  be  u n d e r s to o d ,  th i s  a p p r o a c h ,  
w h ic h  m a y  be  c a l l e d  th e  i n d i r e c t  a p p r o a c h , i s  a l s o  a p p l i c a b le  to  b o th  s o u r c e - 
r e l a t e d  a n d  p e o p l e - r e l a t e d  a s s e s s m e n t s .

S t i l l  m o r e  i n d i r e c t  i s  th e  a p p r o a c h  c a l l e d  th e  ' c o n c e n t r a t i o n  f a c t o r  m e th o d '  
(C F M ). T h e  p h y s i c a l  m e a s u r e m e n t s  a r e  u s u a l l y  l i m i t e d  to  th e  f i r s t  l i n k s  of 
the  b io l o g ic a l  c h a in s ,  t h a t  i s  to  th e  f i r s t  s t a g e  of th e  e x p o s u r e  p a th w a y s .  F o r  
s o u r c e s  r e l e a s i n g  r a d i o a c t i v i t y  in to  the  e n v i r o n m e n t  t h e s e  f i r s t  l i n k s  a r e  
a l m o s t  i n v a r i a b l y  th e  e f f lu e n t  r e c i p i e n t  m e d ia ,  t h a t  i s  th e  a i r  a n d  the  w a te r ,  
r a r e l y  th e  s o i l .  O n  th e  a s s u m p t i o n  th a t  a n  e q u i l i b r i u m  e x i s t s  b e tw e e n  the  
r a t e  of d i s c h a r g e  a n d  th e  s t e a d y - s t a t e  c o n c e n t r a t i o n s  of r a d i o a c t i v i t y  in  the  
e n v i r o n m e n t ,  th e  c o n c e n t r a t i o n s  of r a d i o a c t i v i t y  a c t u a l l y  m e a s u r e d  in  t h e s e  
m e d i a  a r e  now c o m b in e d  w ith  th e  c o n c e n t r a t i o n  f a c t o r s  f o r  r a d i o n u c l i d e s  
b e tw e e n  th e  l a s t  l i n k s  of th e  b io l o g i c a l  c h a in s  -  f o r  i n s t a n c e ,  fo o d s tu f f s  -  
a n d  the  a i r  o r  w a t e r ,  to  a s s e s s  th e  e q u i l i b r i u m  c o n c e n t r a t i o n s  in  th e  l a s t  
s t a g e s  of th e  e x p o s u r e  p a th w a y s .  P r o c e s s e s  of d e p o s i t i o n  o r  s e d i m e n t a t i o n  
in  th e  e n v i r o n m e n t  f r o m  the  p r i m a r y  m e d i u m  a r e  a n a lo g o u s ly  c o n s i d e r e d  a s  
r e l e v a n t  a s p e c t s  f o r  th e  a s s e s s m e n t  of e x t e r n a l  i r r a d i a t i o n .  W hen  the  
c o n c e n t r a t i o n s  of r a d i o a c t i v i t y  in  th e  l a s t  l i n k s  of the  b io lo g ic a l  c h a in s  o r  
th e  r a d i a t i o n  e x p o s u r e  r a t e s  in  th e  e n v i r o n m e n t  a r e  e v a lu a te d ,  th e  n e x t  s t e p s  
of the  p r o c e d u r e  f o r  the  a s s e s s m e n t  of in d iv id u a l  an d  c o l l e c t i v e  d o s e s  a r e  the  
s a m e  a s  in  th e  i n d i r e c t  a p p r o a c h .

T h e  C F M  i s  t y p i c a l l y  a p p l i c a b l e  to  s o u r c e - r e l a t e d  a s s e s s m e n t s ,  w h ile  
i t s  a p p l i c a b i l i t y  to  a  p e o p l e - r e l a t e d  a s s e s s m e n t  s e e m s  to  b e  l e s s  f r e q u e n t .
I t  i s  a d e q u a t e  f o r  m o s t  s i t u a t io n ?  in v o lv in g  r o u t in e  r e l e a s e s  s a t i s f y in g  the  
fo l lo w in g  c o n d i t io n s ;
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T h e  r e l e a s e  of a c t i v i t y  s h o u ld  be  i n t e n s e  en ou gh  to  g ive  r i s e  to  l e v e l s  
of r a d i o a c t i v i t y  in  th e  r e c i p i e n t  m e d i u m  th a t  a r e  m e a s u r a b l e  w ith  
s u f f i c i e n t  a c c u r a c y ;

T h e  r e l e a s e  r a t e  sh o u ld  be  r e a s o n a b l y  u n i f o r m  d u r i n g  the  p e r i o d  in  
o r d e r  to  a l lo w  th e  e s t a b l i s h m e n t  of e q u i l i b r i u m  c o n d i t io n s  b e tw e e n  th e  
d i s c h a r g e  r a t e  a n d  the  r a d i o a c t i v i t y  c o n c e n t r a t i o n s  th r o u g h  th e  b io l o g ic a l  
c h a in s ;

T h e  s p e c i f i c  c o n c e n t r a t i o n  f a c t o r s  f o r  e q u i l i b r i u m  c o n d i t io n s  m u s t  be 
known;

T h e  s i t u a t io n  to  be  m o n i t o r e d  s h o u ld  b e  s u f f i c i e n t l y  s i m p l e  in  t e r m s  of 
n u c l i d e s  d i s c h a r g e d  a n d  of p o s s ib le ,  e x p o s u r e  p a th w a y s .

W h en  t h e s e  c o n d i t io n s  a r e  n o t  s a t i s f i e d  o r  the  s o u r c e s  a r e  d i f fu se d ,  
a  m o r e  c o m p r e h e n s i v e  an d  m o r e  i n d i r e c t  m e th o d  m a y  be r e q u i r e d .  T h i s  
i s  th e  ' s y s t e m s  a n a l y s i s  m e th o d '  (SAM), w h ic h  c o n s i s t s  of a n  o v e r a l l  
s i m u l a t i o n  of th e  d y n a m ic  b e h a v io u r  of r a d i o n u c l i d e s  in  th e  e n v i r o n m e n t  b y

[ISANLb

Detr. ^ H C D I

EM environmental model ' PM -
SC - concentration at the source MM-
CF - concentration factors DM -
FLC- concentration in the first links PD -
LLC- concentration in the last links ID -
ER environmental radiation ED -
1 intake TID -
BB - body burden CD -

population model 
metabolic model 
dosimetric model 
population distribution 
internal dose 
externaI dose 
total individual dose 
collective dose

FIG. 1. Logical scheme of the four approaches to environm ental monitoring.
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T A B L E  I. M O N ITO R IN G  A P P R O A C H E S
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m e a n s  of an  e n v i r o n m e n t a l  m o d e l  b a s e d  or 
w h ic h  the  t r a n s f e r  of r a d i o n u c l i d e s  m a y  b e

d; PR = people-re la ted .

. a  s y s t e m  of c o m p a r t m e n t s  t h r o u g h  
e v a lu a t e d  w ith  m a t h e m a t i c a l

e q u a t io n s .  In  th e  a p p l i c a t i o n  o f  th i s  a p p r o a c h  th e  m e a s u r e m e n t  c o m p o n e n t
r e d u c e d  to  the  m e a s u r e m e n t  of the 
i t o r i n g  a l l o w s  a n  e v a lu a t io n  to  be

o f  th e  m o n i t o r i n g  p r o g r a m m e  i s  g e n e r a l l y  
e f f lu e n t  d i s c h a r g e  r a t e .  T h i s  e f f lu e n t  m o r  i 
m a d e  of th e  s o u r c e  t e r m  to  be i n t r o d u c e d  a s  an  in p u t  fu n c t io n  in to  the 
s y s t e m s  a n a l y s i s  m o d e l .  W hen  th e  s o u r c e  t e r m  a n d  th e  e n v i r o n m e n t a l  m o d e l  
h a v e  b e e n  e s t a b l i s h e d ,  the  n e x t  s t e p s  of th e  c a l c u l a t i o n  p r o c e d u r e  up to  the 
d o s e  a s s e s s m e n t  fo l low  the  s a m e  lo g ic  a l r e a d y  d i s c u s s e d  f o r  the  i n d i r e c t  
a p p r o a c h .  T h e  SAM i s  a p p l i c a b le  o n ly  to  s o u r c e - r e l a t e d  a s s e s s m e n t s .  I t  
i s  w o r t h  n o t in g  th a t  th e  SAM a n d  C F M  a p p r o a c h e s  a r e  no t  s u b s t a n t i a l l y  
d i f f e r e n t  in  p r i n c i p l e ,  b u t  th e y  do d i f f e r  e s s e n t i a l l y  in  c o m p l e x i t y  and  
f l e x ib i l i t y  of a p p l i c a t i o n .  In  f a c t ,  t h e y  a c t u a l l y  o v e r l a p  w hen  s i m p l e  s i t u a t io n s  
a t  e q u i l i b r i u m  a r e  d e a l t  w ith .

A g e n e r a l  o u t l in e  of th e  p r o c e d u r e s  fo l lo w e d  in  th e  f o u r  a p p r o a c h e s  
a l r e a d y  d i s c u s s e d  i s  s u m m a r i z e d  in  F ig .  1, w h i le  T a b le  I g iv e s  a  s u m m a r y  of 
th e  m e a s u r e m e n t  a n d  a s s e s s m e n t  c o m p o n e n t s  r e q u i r e d  in  e a c h  a p p r o a c h ,  an d  
of t h e i r  f i e ld  of a p p l i c a t i o n .

In  g e n e r a l  n o t  a l l  th e  e x p o s u r e  p a th w a y s  a r e  e q u a l l y  i m p o r t a n t ,  b u t  i t  i s  
f r e q u e n t l y  p o s s i b l e  to  i d e n t i f y  one  o r  m o r e  s o u r c e s  o r  e x p o s u r e  p a th w a y s  
th a t  a r e  p r e d o m i n a n t  o v e r  th e  o t h e r s  in  t e r m s  of p o p u la t io n  e x p o s u r e ,  j u s t  a s  
i t  i s  p o s s i b l e  to  i d e n t i f y  one  o r  m o r e  g ro u p s  of p e o p le  w h o se  e x p o s u r e  i s  
p r e d o m i n a n t  in  th e  t o t a l  e x p o s u r e  of th e  p o p u la t io n  in v o lv e d .  In  t h e s e  c a s e s  
th e  e n v i r o n m e n t a l  m o n i to r in g  m a y  be  g r e a t l y  s i m p l i f i e d  b y  th e  a p p l i c a t i o n  
of th e  ' c r i t i c a l  p a th  a p p r o a c h ' ,  w h ich  w a s  i n t r o d u c e d  b y  I C R P  in  i t s  P u b l i c a 
t io n  7 [1 ]  a n d  d i s c u s s e d  in  d e t a i l  by  s e v e r a l  a u t h o r s  [ 6, 7, 1 8 - 2 0 ] .  I t  i s  
w o r th w h i l e  to  r e m a r k  th a t  t h i s  a p p r o a c h  i s  c o m p a t ib l e  w i th  a n y  o n e  of the  
g e n e r a l  a p p r o a c h e s  p r e v i o u s l y  d e s c r i b e d  a n d  m a y  be  a p p l i e d  to  r o u t in e  
e n v i r o n m e n t a l  m o n i t o r i n g  a s  a  s i m p l i f i c a t i o n  of a n y  of th o s e  a p p r o a c h e s .

5. C O N C LU SIO N S )

A v e r y  i m p o r t a n t  o b je c t iv é  of an  e n v i r o n m e n t a l  m o n i t o r i n g  p r o g r a m m e  
i s  th e  a s s e s s m e n t  of p o p u la t io n  e x p o s u r e .  S e v e r a l  o t h e r  r e a s o n s  c an  j u s t i f y  
o r  r e q u i r e  th e  s e t  up of a  m o n i to r in g  p r o g r a m m e ;  t h e s e  v a r i o u s  r e a s o n s  w e r e  
e x a m i n e d  in  s e c t i o n  1. A n y o n e  w ho i s  r e s p o n s i b l e  f o r  a n  e n v i r o n m e n t a l



302 ILARI and POLVANI

m o n i t o r i n g  p r o g r a m m e  h a s  to  d e f in e  c l e a r l y  in  a d v a n c e  the  p a r t i c u l a r  
o b j e c t iv e s  of h is  s p e c i f i c  m o n i t o r i n g  p r o g r a m m e .

In a n y  c a s e  one  m u s t  e s t a b l i s h  i f  a n d  up to  w h a t  d e g r e e  the a s s e s s m e n t  
of the  d o s e  to  th e  p u b l i c  i s  r e a l l y  i m p o r t a n t  a n d  n e c e s s a r y .  If the  a s s e s s m e n t  
of p o p u la t io n  e x p o s u r e  i s  d e e m e d  n e c e s s a r y ,  the  d e f in i t io n  of th e  f e a t u r e s  of 
th e  m o n i to r in g  p r o g r a m m e  i s  a f f e c t e d  b y  the  ty pe  of d o s e  a s s e s s m e n t  t h a t  i s  
r e q u i r e d .  In  p a r t i c u l a r ,  i t  i s  n e c e s s a r y  to  id e n t i f y  in  due  t i m e  th e  k ind  of 
d o s e  ( in d iv id u a l  d o s e ,  c o l l e c t i v e  d o se ,  d o s e  c o m m i t m e n t )  to  b e  a s s e s s e d  and  
the  typ e  of d o s e  a s s e s s m e n t  ( s o u r c e - r e l a t e d  o r  p e o p l e - r e l a t e d )  to  be m a d e ,  
a c c o r d i n g  to  th e  s i t u a t i o n s  a n d  th e  p r i n c i p l e s  h ig h l ig h te d  in  S e c t io n  2.

W hen  t h e s e  p o in t s  a r e  e s t a b l i s h e d ,  a n d  t a k in g  in to  a c c o u n t  the  p e c u l i a r  
p r o b l e m s  r a i s e d  b y  th e  p a r t i c u l a r  s o u r c e s  a n d  e n v i r o n m e n t  c o n c e r n e d ,  i t  i s  
p o s s i b l e  to  s e l e c t  the  m o s t  a p p r o p r i a t e  a p p r o a c h  f o r  the  m o n i t o r i n g  p r o g r a m m e  
f r o m  a m o n g  th o s e  d i s c u s s e d  in  s e c t io n  4. O n  th i s  b a s i s  th e  a n a l y t i c a l  m e th o d s ,  
th e  te c h n i q u e s  a n d  the  i n s t r u m e n t a t i o n  n e e d e d  to  c a r r y  ou t  the  e n v i r o n m e n t a l  
p r o g r a m m e  m a y  be s e l e c t e d .

B e c a u s e  e n v i r o n m e n t a l  m o n i t o r i n g  i s  e a s i l y  s u s c e p t i b l e  to  i n c o r r e c t  
d e f in i t io n  t h a t  g iv e s  r i s e  to  w a s t e  of e f f o r t  o r  m e a n i n g l e s s  i n f o r m a t io n ,  g r e a t  
c a r e  h a s  to  b e  g iv en  to  u s e  c o r r e c t  p r o f e s s i o n a l  ju d g e m e n t ,  b a la n c in g  the  
c o s t  of  th e  m o n i to r in g  w i th  i t s  a b i l i t y  to  fu l f i l  th e  d e s i r e d  o b j e c t iv e s .
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D I S C U S S I O N

R. F .  B A R K E R : Y ou  m e n t io n e d  th e  two u s e s  o f . th e  t e r m  " c o l l e c t i v e  
d o s e " .  It d e s c r i b e s  th e  s u m  of d o s e s  to  a s p e c i f i c  p o p u la t io n  g r o u p  f r o m  a l l  
s o u r c e s  an d  a l s o  th e  d o s e  to  a  p o p u la t io n  g r o u p  f r o m  a s i n g le  s o u r c e .  In 
th e  USA, we h a v e  u s e d  th e  t e r m  " c u m u la t i v e  d o s e "  to  d e s c r i b e  th e  s u m  of 
d o s e s  to  in v id id u a l s  in  v a r i o u s  p o p u la t io n  g r o u p s  f r o m  a s i n g le  s o u r c e .

O. IL A R I:  W e u s e  th e  t e r m  " c o l l e c t i v e  d o s e "  on ly  in  a  g e n e r a l  s e n s e ,
a s  a  s u m  of i n d iv id u a l  d o s e s ,  w i th o u t  r e f e r e n c e  to  th e  v a r i o u s  s i t u a t i o n s .
T o  a v o id  th e  c o n fu s io n  w h ic h  i s  f r e q u e n t l y  found  in  th e  l i t e r a t u r e ,  w e p r e f e r  
to  u s e  th e  t e r m  " c o m m u n i ty  d o s e "  f o r  the c o l l e c t i v e  d o s e  to  a  s p e c i f i c  p o p u 
l a t i o n  g r o u p  f r o m  m u l t i p l e  s o u r c e s ,  and  th e  t e r m  " p o p u la t io n  d o s e  f o r  the  
c o l l e c t i v e  d o s e  to  th e  e n t i r e  w o r ld  p o p u la t io n  due  to  a s i n g le  s o u r c e .  We 
h a v e  n o t  e x p l i c i t l y  m e n t io n e d  th e  c a s e  you r e f e r r e d  to ,  n a m e l y  th e  c o l l e c t i v e  
d o s e  to  a  s p e c i f i c  p o p u la t io n ,  o t h e r  th a n  th e  w o r ld  p o p u la t io n ,  f r o m  a  s in g le  
s o u r c e ;  I th in k  t h a t  y o u r  " c u m u l a t i v e  d o se "  w o u ld  b e  p e r f e c t l y  c o m p a t ib l e  
w i th  th e  tw o t e r m s  we h a v e  i n t r o d u c e d  and w ou ld  c o m p l e t e  th e  t e r m i n o l o g y  
in  t h i s  f ie ld .

R . F .  B A R K E R : In the  p a p e r  i t  i s  s u g g e s t e d  th a t  d o s e s  f r o m  s in g le  
s o u r c e s  to  in d iv id u a l s  no t  e x c e e d i n g  0.1 to 1 m r e m / a  m a y  b e  n e g l e c t e d  in 
a s s e s s i n g  " c o l l e c t i v e  d o s e s " .  D o e s  t h i s  no t  d e p e n d  on th e  n u m b e r  of p e r s o n s  
e x p o s e d  to  t h e s e  low  d o s e s ?  F o r  e x a m p l e ,  in d iv id u a l  d o s e s  f r o m  w r i s t  
w a tc h e s  w i th  l u m in o u s  d i a l s  m a y  b e  m u c h  l e s s  th a n  1 m r e m / a  p e r  in d iv id u a l ,  
b u t  w i th  a m i l l i o n  p e r s o n s  e x p o s e d  th e  " c u m u la t iv e "  o r  " c o l l e c t i v e "  d o s e  f r o m  
t h a t  s o u r c e  i s  n o t  n e g l ig ib l e .

O. IL A R I:  I th in k  y o u  a r e  r i g h t .  In  f a c t ,  in  p r o p o s in g  c u t - o f f  v a lu e s  
r a n g i n g  f r o m  0.1 to  1 m r e m / a ,  we. r e a l i z e d  th a t  th i s  c u t - o f f  h a s  to  b e  u s e d  
w i th  g r e a t  c a r e ,  a t t e n t i o n  b e in g  p a id  n o t  only to  th e  n u m b e r  of p e r s o n s  
e x p o s e d  b u t  a l s o ,  and  p a r t i c u l a r l y ,  to  th e  m a x i m u m  v a lu e  th a t  th e  in d iv id u a l  
d o s e  f r o m  a  g iv e n  s o u r c e  c a n  a t t a in .  F o r  e x a m p l e ,  if  th e  m a x i m u m  in d iv i 
d u a l  d o s e  e s t i m a t e d  f o r  a c e r t a i n  s o u r c e  is  a l r e a d y  lo w e r  th a n  th e  c u t - o f f  
l e v e l  th a t  we h a v e  i n d i c a t e d ,  we th in k  th a t  a n o t h e r  a p p r o p r i a t e l y  l o w e r  c u t 
off i s  r e q u i r e d  — to  a v o id  th e  q u e s t io n a b le  r e s u l t  th a t  th e  c o l l e c t i v e  d o se
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due to  t h a t  s o u r c e  w ou ld  b e  z e r o .  T h i s  c o u ld  b e  th e  c a s e ,  f o r  i n s t a n c e ,  w ith  
th e  l u m i n o u s - d i a l  w a tc h e s  you  m e n t io n e d .

A. B A Y E R : In o u r  U p p e r  R h in e  s tu d y  (p a p e r  IA E A - S M - 1 8 4 /1 )  we 
c o m p a r e d  th e  r a d i o l o g i c a l  i m p a c t  on c r i t i c a l  g r o u p s  in  th e  n e ig h b o u r h o o d  of 
n u c l e a r  f a c i l i t i e s  w i th  th e  r a d i o l o g i c a l  im p a c t  on th e  ' a v e r a g e '  in d iv id u a l  
l i v in g  in  t h i s  d i s t r i c t ,  w h ic h  h a s  an  a r e a  of 150 k m  X 300 k m .  T h e  b u r d e n  
to  th e  c r i t i c a l  g r o u p  is  h i g h e r  by  a  f a c t o r  of a b o u t  100 th a n  the  b u r d e n  to  the  
a v e r a g e  in d iv id u a l .

C a n  y ou  g iv e  any  t e n t a t i v e  f i g u r e s  r e l a t i n g  to  th e  s c h e m e  sh o w n  in  F ig .  1 
of th e  p a p e r ?  W h a t  e x p e n s e  is  j u s t i f i e d  a t  th e  m o m e n t?

O. IL A R I:  In  th e  D i r e c t  A p p r o a c h  th e  a c tu a l  m e a s u r e m e n t  c o r r e s p o n d s  
to  E D  and  B; th e  v a lu e  of ID i s  o b ta in e d  f r o m  В b y  c a lc u la t i o n .

In  th e  I n d i r e c t  A p p ro a c h  th e  p h y s i c a l  m e a s u r e m e n t  i s  p e r f o r m e d  on E R  
an d  L L c  ( m e a s u r e m e n t  of r a d i a t i o n  e x p o s u r e  r a t e s  in  th e  e n v i r o n m e n t  and 
of r a d i o a c t i v i t y  c o n c e n t r a t i o n s  in  th e  d ie t ,  in  d r i n k in g  w a t e r ,  o r  in  in h a l e d  
a i r ) ;  an  e x p e r i m e n t a l  c o m p o n e n t  i s  r e p r e s e n t e d  by  th e  s o c i a l - e c o n o m i c  
in v e s t i g a t i o n  of p o p u la t io n  h a b i t s  (P M ). T h e  r e m a i n i n g  p r o c e d u r e s  a r e  d e a l t  
w i th  p a r t l y  by  c a l c u l a t i o n  an d  p a r t l y  by  e s t i m a t i o n .

In  th e  C F M  A p p r o a c h  p h y s i c a l  m e a s u r e m e n t  i s  c a r r i e d  ou t on ly  on F L c ,  
th a t  i s  on th e  r a d i o a c t i v i t y  c o n c e n t r a t i o n s  in  th e  m e d i u m  d i r e c t l y  r e c e i v i n g  
th e  e f f lu e n t s ,  g e n e r a l l y  a i r  a n d  w a t e r ,  a f t e r  d i lu t io n ;  th e  c o n c e n t r a t i o n  
f a c t o r s  (C F) m a y  b e  th e  r e s u l t  of e x p e r i m e n t a l  i n v e s t i g a t i o n s ,  w h i le  s o m e 
t i m e s  th e y  a r e  th e  r e s u l t  of a p p r o p r i a t e  a s s u m p t i o n s  b a s e d  on c u r r e n t  
l i t e r a t u r e .  In  t h i s  a p p r o a c h ,  of c o u r s e ,  th e  p o p u la t io n  h a b i t s  and  d ie t  r e s u l t  
f r o m  f i e ld  in v e s t i g a t i o n s  o r  s o m e t i m e s  f r o m  c o n s e r v a t i v e  a s s u m p t i o n s .  T h e  
r e m a i n i n g  p a r t  of th e  p r o c e s s  i s  c a lc u la t i o n .

F in a l ly ,  in  th e  SAM A p p r o a c h ,  th e  on ly  r a d i o a c t i v i t y  m e a s u r e m e n t s  a r e  
m a d e  a t  th e  s o u r c e  ( c o n c e n t r a t i o n s  o f  r a d i o a c t i v i t y  in  th e  e f f lu e n t s  b e f o r e  
r e l e a s e ,  t o t a l  a c t i v i t y  r e l e a s e d  in  a  g iv e n  t im e ) ,  w h ile  f o r  th e  r e m a i n i n g  
p a r t  of th e  p r o c e s s  th e  s a m e  c o n s i d e r a t i o n s  a s  ab o v e  c a n  b e  a p p l ie d .  As f a r  
a s  th e  e x p e n s e  and  i t s  j u s t i f i c a t i o n  a r e  c o n c e r n e d ,  s o m e  g e n e r a l  c o n s i d e r a 
t i o n s  a r e  r e p o r t e d  in  s e c t i o n  4 of th e  p a p e r .

D. BENINSON: P e r h a p s  I m a y  c o m m e n t  h e r e  t h a t  " c o l l e c t i v e  d o s e "  i s  a  
q u a n t i ty  w h o se  d im e n s i o n s  a r e  d o s e  x p e r s o n s  and  w h o se  u n i t  i s  th e  m a n - r e m .  
o r  m a n - r a d .  C o l l e c t iv e  d o s e  c o u ld  a p p ly  to  g r o u p s ,  s u b - p o p u la t i o n s ,  o r  to  
th e  w o r ld  p o p u la t io n .  It c o u ld  b e  c o n t r i b u t e d  by  o ne  o r  b y  m a n y  s o u r c e s .
A ll  t h e s e  f a c t o r s  sh o u ld  b e  i n d i c a te d  w hen  g iv in g  a c o l l e c t i v e  d o s e .

O. IL A R I: I qu i te  a g r e e ,  b u t  I th in k  th a t  an  a c c e p t a b l e  w ay  of i n d i c a t in g  
th e  f a c t o r s  th a t  y o u  r e q u i r e  f o r  th e  d i f f e r e n t  s i t u a t i o n s  w ou ld  b e  to  u s e  th e  
t e r m s  " c o m m u n i ty  d o s e " ,  " p o p u la t io n  d o s e "  and  " c u m u la t i v e  d o s e "  w i th  th e  
s p e c i f i c  m e a n i n g s  p r e v i o u s l y  m e n t io n e d .
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Abstract

RESULTS OF MEASUREMENTS RELATING TO THE POPULATION DOSE.
The Health Physics Division of the Karlsruhe Nuclear Research Center carries out a variety of radiation 

protection measurements for research purposes and as a routine procedure. The paper deals with the results 
obtained from such measurements that allow information to be generated about the exposure of members of 
the public.

A monitoring program for control of the environment of the Karlsruhe Nuclear Research Center with 
respect to radioactivity includes measurements and analyses, which by far exceed normal radiation protection 
requirements. The results provide a good survey of the radiation dose in the environment and, hence, of the 
external radiation exposure of the population in the environm ent. The external radiation exposure of all the 
persons working at the Center is monitored by the distribution of personnel dosimeters. In addition to persons 
occupationally exposed to radiation, a ll persons not exposed to radiation as a result of theii work have also 
been equipped with dosimeters as a voluntary measure. Over the past ten years the average number of persons 
monitored was about 3000. For areas not involving significant occupational radiation exposure this resulted 
in values between 60 and 80 m rem /a , including natural radiation background.

In m id-1973 a comprehensive measuring program was started to determ ine the radiation dose in private 
homes. Results of measurements conducted in more than 2500 private homes in Southern Germany are avai
lable. An influence of building m ateria l upon radiation exposure can be detected.

1. Radiation Burden in the Environment of the Karlsruhe Nuclear
Research Center

The environment of the Karlsruhe Nuclear Research Center is monitored 
for radioactivity under a broad program whose measurements and analyses by 
far exceed standard radiation protection requirements and the conditions 
imposed by licensing authorities, both in type and in number. In this way 
it is possible to generate detailed information about any radiation dose 
to which the public may be exposed in addition to the natural radiation 
background.

Firstly, the monitoring program is carried out to determine potential 
incorporation hazards to man by determining the radioactivity content of 
various media directly or indirectly incorporated by man. Secondly, radia
tion is measured directly by means of counter tube stations and the accu
mulated radiation dose is determined by solid state dosimeters distributed 
throughout the environment. The results especially of these measurements 
carried out over the past few years provide a good survey of the radiation 
dose in the environment of the Center and thus of the external radiation 
burden of the population living around the Center.

The solid state dosimeters used to assess the accumulated radiation 
dose in the environment of the Karlsruhe Nuclear Research Center are in
stalled in concentric rings of 1 km, 2 km and 3 km radius around the bor
der of the site (Fig. 1) [1].
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FIG. 1. Environment of the Karlsruhe Nuclear Research Center; points indicating solid-state dosimeter.

These are types of dosimeter used:

- Phosphate glass dosimeters in spherical capsules; within + 8% energy 
independent measurement of the у-exposure for energies > 40 keV.

- LiF-dosimeters, within + 40% energy independent measurement of yexposure 
for energies > 15 keV and of B-radiation.

The dosimeters are sealed in plastic bags to protect them from influence of 
the weather. A lightproof packing of the LiF-dosimeters is ensured by sea
ling them in an additional black plastic foil. The dosimeters are installed 
on trees or aluminum poles some 3 m above ground level [2,3].

97 measuring points are arranged at distances of 50 m along the 5 km 
long borderline of the site of the Nuclear Research Center, another 6 are 
arranged along the fence of the WAK Reprocessing Plant. The concentric 
circles around the Nuclear Research Center hold 18 measuring points (1 km 
radius), 36 (2 km radius) and 54 (radius 3 km). Each measuring point is 
equipped with two phosphate glass dosimeters, the measuring points along 
the borderline of the site and those installed on the ring of a radius of
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TABLE I ..  AVERAGE ANNUAL DOSE OUTSIDE AND ALONG THE FENCE OF THE 

KARLSRUHE NUCLEAR RESEARCH CENTER

a v erage annu al dose in mR

Time of
Ph o s p h a t e G1 a s s - D o s 1 m e t e r s L i F - D o s 1 m e t e r s

e xposure
fence 1 km- 2 km- 3 km- fence 3 km-
of KFZK ci rcle ci rcle ci rcle of KFZK ci rcle

1966/67 74 61 67 52 - -

1967/68 102 93 93 86 - -

1968/69 51 38 38 42 - -

1969/70 58 34 36 47 76 -

1970/71 67 48 52 55 81 72

1971/72 74 64 56 57 69 7o

1972/73 66 57 62 67 87 72

mean value . 70 56 58 58 78 71

* from  May to  May

'3 km in addition hold two LiF-dosimeters each. Moreover, there are seven 
measuring points installed at the counter tube stations in the villages 
around the Nuclear Research Center which are also equipped with two phospha
te glass and LiF-dosimeters each.

This adds up to a total of 218 measuring points with 768 dosimeters 
available to determine the accumulated radiation dose in the environment. 
Since some of these measurements have been performed for many years already 
and especially the measuring points located on the ring with 3 km radius 
include inhabitated areas in the network of measurements, pertinent infor
mation is obtained about the radiation dose in the environment of the Karls
ruhe Nuclear Research Center and the external radiation exposure of the 
population of this area. Table I shows values of the average annual dose 
outside of and along the fence of the Karlsruhe Nuclear Research Center.

It is seen from Table I that the annual dose found for the ring zones 
between 1 km and 3 km distance in the radial direction is practically the 
same for all zones, i.e., approximately 60 mR, which may be regarded as the 
external radiation background. The dose values indicated by the dosimeters 
arranged on one ring show no distinct peak values for certain directions 
which might be correlated with the two main wind directions encountered on 
the site of the Nuclear Research Center.

Such correlation, perhaps as a result of the discharge of radioactive 
effluents into the atmosphere, is not expected after all. Calculations of 
the maximum expected radiation dose in the environment caused by the acti
vities discharged with effluent air, e.g. for 1973 indicate'the annual 
doses for the villages in the environment as shown in Table II (for the lo
cations of these villages, see Fig. 1) [1].
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TABL E II, C A L C U L A T E D  LOC A L  DOS E S  OWING 

TO R A D I O A C T I V E  EMISSION OF 

THE K A R L SRUHE NUCLEAR RESEARCH 

CENTER IN 1973

p lace

d o s e-values 

y - dose

in mrad 

g - dose

F riedrichstal 2.7 0.5

Blankenloch 0 .6 0.2

K arlsruhe, center 0.5 0.3

E ggenstein 4.4 1.3

L e o p o l d s h a f en 2.5 1.1

L ink enheim 1.4 о. 4

It is evident from the data on Tables I and II that the radiation dose 
in the environment of the Karlsruhe Nuclear Research Center is not increased 
above the natural background radiation dose as a consequence of the opera
tion of nuclear facilities and the scientific institutes. Merely along the 
fence of the Center there is a slight increase of some 10 mR/a.

2. External Radiation Burden of Occupationally Non-Exposed Staff of the
Karlsruhe Nuclear Research Center

The external dose burden of all the staff of the Karlsruhe Nuclear Re
search Center is controlled by means of personnel dosimeters. The Radiation 
Protection Ordinance valid in Germany, which corresponds to the Basic Eu
ratom Standards, includes a legal requirement for the control of all per
sons occupationally exposed to radiation. In the area of the Nuclear Re
search Center, these would be persons working in restricted areas because 
of their handling radiation sources or unsealed radioactive materials. The 
dosimeters used for this group of personnel are provided and evaluated by 
an official measuring agency which also determines the type of dosimeters 
used. In many cases film badges are still employed for the time being.

In addition, the whole staff of the Center are equipped with phosphate 
glass dosimeters. A valuable contribution to the measuring scene was made 
by the decision to equip also those persons with dosimeters voluntarily 
whose place of work is more on the periphery or who will be in restricted 
areas only occasionally without actually handling radioactive substances. 
These groups include persons doing theoretical work, maintenance crews, 
guards and administrative staff, and also visitors of the Center.
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The choice of phosphate glasses for monitoring purposes offers a number 
of advantages:

- The dosimetry system functions with a generally recognized degree of re
liability.

- The dosimeter elements are sufficiently sturdy.

- The broad range of measurement allows doses to be detected in the range 
of natural background radiation as well as accident doses.

- In their function as long time dosimeters these glasses can be assigned 
to a person over a monitoring period of several years with a possibility 
of obtaining as many interim readings as desired.

Dosimeters were distributed voluntarily to all persons working at the 
Center for the following reasons:

- Experience was to be collected in routine monitoring and evaluation of a 
large number of persons monitored.

- Comparable readings were to be obtained from various groups of personnel, 
especially those not occupationally exposed to radiation.

- Unknown potential radiation exposures which might exist in some work pla
ces were to be detected.

- A broadly distributed number of significant local dose readings were to 
be collected for incident situations.

Under the present method of measurement monthly evaluations will be made 
only for a limited group of persons. For the others a monitoring period of 
six months is required so that the limit of detection ascertained to be 
40 + lOmremis exceeded by a clearly measurable level also as a result of 
natural background radiation. Statistically better founded information is 
obtained over longer periods of observation. The glass dosimeter assigned 
to a person should not be erased before a period of approximately five years 
and will actually furnish an integral reading for this period not encumbered 
with the errors produced by the addition of single results. Moreover, the 
annual values obtained may be regarded as mean values for a specific group 
and can be investigated for any significant deviations.

It is known from practical experience that personnel dosimeters outside 
the restricted area are often locked away at the place of work and not worn 
by a person all the time; this does not impede the purpose of the control 
procedure if the reading is explained as the local dose at the work place. 
Wearing dosimeters all the time, i.e. taking them home, is not feasible or 
even meaningful with respect to information about the local radiation burden

Table III is a survey of the evaluations made within this procedure in
cluding special measurements and the number of persons monitored.

The dose readings obtained as the sum total of natural radiation back
ground and the dose due to handling ionizing radiation were investigated 
statistically. In order to pinpoint statistical peculiarities, only those 
persons were admitted for evaluation who had not changed their type of 
work, division and work place within the period under consideration. With 
personnel fluctuation taken into account this leaves some 2 000 persons 
per annum.

The frequency distribution of all the doses measured in the years under 
review 1963 to 1973, for example, see the distribution for 1973 in Fig. 2, 
shows a clear peak at about 60 - 80 mrem/a with a distribution around a'
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TAB L E  III P H O S P H A T E - G L A S S - D O S I M E T R Y /  1963 - 1973 
KARLS R U H E  N UCLEAR R E S E A R C H  CENTER

year number of 
measurements

number of 
surveyed persons

1963 1,56o 91

1964 2,244 137

1965 5,5oo 415

1966 9,94o 726

1967 12,741 3,114

1968 15,o93 3 ,36o

1969 13,loo 3,244

197o 14,loo 3,o54

1971 16,75o 3,572

1972 15,9o4 3,loo

1973 17,57o 3 ,2oo

1963 - 1973 124,5o2 -

FIG.2. Dose-distribution, Karlsruhe Nuclear Research Center, 1973.
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TABLE IV MEAN ANNUAL DOSE IN DIFFERENT INSTITUTES OF THE 

KARLSRUHE NUCLEAR RESEARCH CENTER

% of all surveyed 
persons

mean

1968

annual dose per person 
in mrem 

69 7o 71 72

mean value 
mrem

Decontamination 3.5 559 693 465 753 1.144 723

Radiation Protection 2.0 4o8 217 328 31o 5ol 353

Accelerator 1.8 266 37o 370 424 273 341

Reactors 8.2 365 3o2 367 271 376 336

Chemical Institutes 7.0 145 2o7 250 244 256 22o

Supply Facilities 9.0 19o 19o

Physical Institutes 14.2 lo5 85 87 81 95 93

Bi olog,/med.Insti tutes 2.0 75 74 71 78 81 76

Others 52.3 82 7o 79 83 89 81

mean value due to uncertainties in the measurements and statistical scatter, 
which slightly flattens towards the top as a result of some single values 
caused by occupational exposure. The values of 60 - 80 mrem/a largely cor
respond to the natural external background radiation dose (see Section 1). 
Hence, compared with this natural background dose, the doses of most of the 
staff are increased either not at all or only slightly so.

Also a breakdown by personnel groups into various areas of activity, as 
shown in Table IV, clearly shows the significantly lower radiation burden, 
almost corresponding to the natural radiation dose, of those persons who 
did not work in restricted areas.

If, in addition, the groups of personnel not occupationally exposed to 
radiation are broken down by the type of building in which they have their 
places of work, a clear tendency becomes apparent which indicates a slight 
shift in the annual dose depending upon Whether the work is performed in a 
wooden house (40 mrem/a), the library (48 mrem/a), or a concrete building 
(64 mrem/a) (data measured in 1968/69). The higher values in the concrete 
building are, due to the natural radiation of the material, which is partly 
shielded by bookshelves in the library.

For reasons outlined above the monitoring program is continued and is 
expected to provide statistically increasingly better founded data as the 
years go on.

3. Measuring Dose Rates in Private Homes

Since mid-1973 comprehensive statistical measurements have been carried 
out under the environmental protection program in the Federal Republic of 
Germany. This project serves the purpose of producing representative infor
mation about the radiation burden caused by natural background radiation 
and radioactive substances contained in building materials in private homes 
of the German people. Within the framework of these measurements extending 
throughout Germany, the Health Physics Division of the Karlsruhe Nuclear
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FIG.3. Dose ra te  inside and outside buildings, Schwaben, Gov. District, FRG.

Research Center so far has conducted dose rate measurements in Southern 
Germany, especially in the Regierungsbezirke Schwaben und Mittelfranken 
(districts of Suebia and Middle Franconia).

In the months of July and August 1973 dose rate measurements were carried 
out in a total of 1 054 private homes and in the open air in the 14 cities 
and rural districts of the Regierungsbezirk Schwaben. The results are shown 
in Fig. 3. 352 out of the 1 054 measurements conducted in private homes were 
performed in homes built before the year 1900 (old buildings), 327 measure
ments were conducted in houses built between 1901 and 1948 (medium old buil
dings), and 375 measurements were conducted in houses built after 1948 (new 
buildings).

Table V shows the differences in dose rates within and outside of buil
dings .

In the months of October, November and December 1973 the corresponding 
measurements were performed in 1 487 private homes in 12 cities and rural 
districts of the Regierungsbezirk Mittelfranken. The results are shown in 
Fig. 4. 364 of these measurements were performed in old buildings, 522 in 
medium old buildings, and 601 measurements in new buildings.

Table VI shows the relation of the mean values of dose rate measured in 
the houses and those measured in the open air.

Fig. 5 and 6 show the respective frequency distributions of dose rate 
values for solid buildings of different ages and of framework houses, woo
den houses and prefabricated houses.

The mean dose rate in private homes is some 20% higher than in the open 
air, according to these measurements. In some instances, much higher values
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TABLE V. MEAN VALUE OF DOSE RATE; GOVERNMENTAL DISTRICT SCHWABEN, 
FED, REP. OF GERMANY

mean value yR/h number of

county
inside 

of bui

6H

outside 
1 d i n g s

bF
bF

measurements

Kaufbeuren Stadt 7.4 7.3 l.ol 75
Lindau Land 7.3 7.1 1. o3 68
Kempten Stadt 7.3 6.9 1.06 79
Giinzburg Land 7.8 7.2 1.08 77
Memmingen Stadt 7.9 7.2 1. o9 75
Dillingen Land 8.1 7.3 1.11 76
Donauworth Land 8.2 7.2 1.14 75
Oberallgau Land 8.0 6.8 1.18 75
Ostallgau Land 7.9 6.5 1.21 77
Friedberg-Aichach 8.3 6.9 1 . 2o 77
Neu-Ulm Land 8.4 6.9 1.23 75
Mindelheim Land 8.4 6.4 1.31 75
Augsburg Stadt 9.1 6.9 1.32 86
Augsburg Land 9.0 6.2 1.45 64

governmental district 
Schwaben 8.1 6.9 1.17 lo54

700

600

—  inside 
---- outside

500

400

300

200

100

0 - t - J r
0 10

D in |jR j  h

15

FIG .4. Dose rate inside and outside buildings, M ittelfranken, Gov. District, FRG.
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TABLE VI. MEAN VALUE OF DOSE RATE; GOVERNMENTAL DISTRICT MITTEL- 
FRANKEN, FED. REP. OF GERMANY

mean value yR/h number of

inside 
of bui

outside 
1 d i n g s

ÏÏF °F

measurements

Landkr.WeiBenburg lo.l 8.4 1 . 2o H o
Landkr. Roth lo .6 8.6 1.23 llo
Stadt Schwabach lo.9 8.9 1.22 75
Stadt Nürnberg 11.0 8.6 1.27 186
Stadt Fürth 11 .1. 9.0 1.23 152
Stadt Erlangen lo.9 8.3 1.31 154
Stadt Ansbach lo.4 9.1 1.14 12o
Landkr.Erlangen lo.9 9. о 1.21 99
Landkr.F U r t h 11.6 9.6 1 . 2o 75
Landkr.Ansbach l o .6 9.3 1.13 18o
Landkr.Neustadt 
an der Aisch 11.6 9.9 „ 1.17 13o
Landkr.Lauf 10.7 9.1 1.17 96

governmental district
1 . 2o 1487Mitte1fran ken lo.9 9. о

FIG. 5. Dose rate inside different types of buildings, Schwaben, Gov. D istrict, FRG.
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100-

brick buildings 
till 1900 
D ■ 11.35 pR/ h frame work buildings 

D - 11.5 |1R / h

D in ;jR f h D in yR/h

FIG. 6. Dose ra te  inside different types of buildings, M ittelfranken, Gov. District, FRG.

were found, especially in brick buildings, the maximum being 35.7 yiR/h. The 
lowest dose rate value was measured to be 4.2 yR/h in a prefabricated house. 
The data measured in various rooms of a house differ only slightly, except 
for tiled rooms.

In the light of all the measured data the average external radiation 
burden for the population in the areas investigated is 10 yR/h in private 
homes, which corresponds to 86 mR/a. This value is 20% higher than the dose 
rate determined in the open air, which was an average of 8.4 yR/h, correspon
ding to 73 mR/a.

The dose rates were measured with a scintillation dose rate counter. This 
unit indicates not only terrestrial radiation but also some fraction of cos
mic radiation. This first statistical evaluation of the results measured was 
made without any correction for the fraction of cosmic radiation.

A comprehensive evaluation of all the data measured in private homes by 
various agencies throughout the Federal Republic of Germany will be made by 
the Federal Health Office after termination of the measurements.

The authors are indebted to Mr. Piesch performing the measurements.
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D I S C U S S I O N

P .  S L IZ E W IC Z : F r o m  T a b le  I i t  a p p e a r s  th a t  the  m e a s u r e m e n t s  
o b ta in e d  a t  th e  f e n c e  of a n u c l e a r  i n s t a l l a t i o n  a r e  h i g h e r  th a n  th o s e  a t  g r e a t e r  
d i s t a n c e s .  A r e  t h e s e  d i f f e r e n c e s  s i g n i f i c a n t ?

G. S T Â B L E IN  : Y e s ,  th e  d i f f e r e n c e  i s  s i g n i f i c a n t .  T h e  d i f f e r e n c e  of
a b o u t  10 m r e m / a  b e tw e e n  th e  v a l u e s  a t  th e  f e n c e  and  a t  a  d i s t a n c e  of 1 k m  
a r e  d u e  to  th e  n u c l e a r  i n s t a l l a t i o n s  n e a r  th e  f e n c e .

W. J .  BAIR (C h a i r m a n ) :  Do y ou  h a v e  a  s i m i l a r  c o m p r e h e n s i v e  p r o g r a m m e  
a t  th e  K a r l s r u h e  N u c l e a r  R e s e a r c h  C e n t r e  to  a s s e s s  th e  e x p o s u r e  of the  
l o c a l  p o p u la t io n  to  r a d i o n u c l i d e s  t h a t  m i g h t  b e  r e l e a s e d  f r o m  th e  C e n t r e ?

W. K O E L Z E R :  No, a t  p r e s e n t  we h a v e  on ly  th e  p r o g r a m m e  d e s c r i b e d .
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Abstract
___J

ASSESSMENT OF ENVIRONMENTAL RADIATION DOSE FROM AIRBORNE EFFLUENTS USING REAL TIME 
METEOROLOGICAL DATA.

Airborne radioactive effluents from nuclear plants should be lim ited  such that the to ta l environmental 
dose to individual members of the public does not exceed the lim it set by the ICRP or a fraction of it 
apportioned to dose via air. The dose can either be evaluated from real tim e m eteorological data or be 
measured d irectly  by continuous recorders. In India we find the first approach has the advantages thati,
(i) the entire environm ental dose field can be com puted in contrast to only few, localized  measurements 
that could be made using radiation recorders; (ii) the low level of external dose rates (;irem /b or less) 
makes continuous radiation monitoring difficult; (iii) with the recent trend of reducing the perm issib le,- 
environm ental dose levels increasing reliance has to be kept on indirect estim ates; and (iv) in the 'case of 
multiple installation sites monitoring stations w ill not be able to give contributions from individual plants.
This information might sometimes be useful in the assessment and lim iting  of release rates of any individual 
installation.

In the paper the measured environm ental doses from release of 41Ar from the CIRUS reactor are 
satisfactory compared with the estim ates obtained from m eteorological data and the site characteristics.

1. IN T R O D U C T IO N

G a s e o u s  r a d i o a c t i v e  e f f lu e n t s  f r o m  n u c l e a r  p l a n t s  and  fu e l  p r o c e s s i n g  
p l a n t s  a r e  o f ten  a  m a j o r  s o u r c e  of e n v i r o n m e n t a l  r a d i a t i o n  e x p o s u r e .  T h e  
I C R P  h a s  l a id  a  l i m i t  of 500 m r e m / a  f o r  th e  d o s e  a n  in d iv id u a l  m e m b e r  
of th e  p u b l ic  c a n  r e c e i v e  f r o m  a l l  th e  n u c l e a r  o p e r a t i o n s  a t  a  s i t e .  In  In d ia  
th e  abo ve  l i m i t  i s  u s e d  f o r  e v o lv in g  th e  e n v i r o n m e n t a l  s a f e t y  p o l i c y .  T h e  
r a d i a t i o n  e x p o s u r e  to  a  m e m b e r  of th e  p u b l ic  w ou ld  a r i s e  f r o m  th e  g a s e o u s  
and  l iq u id  e f f lu e n t  r e l e a s e s .  In  c e r t a i n  c a s e s  a  c o n t r i b u t a r y  d o s e  m a y  
a l s o  a r i s e  f r o m  la n d  o p e r a t i o n s ,  e . g. w a s t e  b u r i a l  l a n d  t r a n s p o r t  of i r r a d i a t e d  
f u e l  o r  r a d i a t i o n  s o u r c e s .  T o  k e e p  th e  to t a l  d o s e  a r o u n d  a p o w e r  s t a t i o n  
s i t e  w i th in  th e  p r e s c r i b e d  l i m i t ,  i t  i s  n e c e s s a r y  [1]:

(a) T o  a p p o r t i o n  d o s e  l i m i t s  t o  e a c h  of th e  r o u t e s ,  v iz .  a i r ,  w a t e r  
and  la n d .  T h e  t o t a l  sh o u ld  no t e x c e e d  500 m r e m / a ;

(b) T o  a p p o r t io n  f u r t h e r ,  f r a c t i o n s  of t h e s e  a p p o r t i o n e d  l i m i t s ,  to  
e a c h  p la n t  t a k i n g  in to  a c c o u n t  th e  n a t u r e  of th e  e f f lu e n t s  f r o m  e a c h ;

(c) T o  d e r i v e  e f f lu e n t  d i s c h a r g e  l i m i t s  f o r  e a c h  p l a n t  b a s e d  u p o n  th e  
l i m i t s  in  (b).

If  we c o n f in e  o u r s e l v e s  to  g a s e o u s  e f f lu e n t s  ( though  th e  a p p r o a c h  in  
th e  c a s e  of l iq u id  e f f lu e n t s  i s  s i m i l a r ) ,  it  i s  n e c e s s a r y  to  e v a lu a t e  th e

317



FIG. 1. BARC and enviions.

SITARAM
AN 

et 
al.



IAEA-SM-184/4 319

p o s s i b l e  a n n u a l  o f f - s i t e  d o s e s  a t  th e  d e s i g n  s t a g e  i t s e l f  f r o m  th e  d e s i g n  
e s t i m a t e  of th e  e f f lu e n t  r e l e a s e  r a t e s  and th e  l o c a l  m e t e o r o l o g i c a l  d a ta .
D u r i n g  th e  o p e r a t i o n a l  p h a s e  i t  i s  f u r t h e r  n e c e s s a r y  to  a s c e r t a i n  t h a t  th e  
p l a n t s  a c tu a l ly  c o m p ly  w i th  th e  o f f - s i t e  d o se  l i m i t .  T h i s  w ou ld  in v o lv e  
o p e r a t i o n  of c o n t in u o u s  r a d i a t i o n  m o n i t o r s  a t  s u i t a b l e  l o c a t io n s  n e a r  th e  
s i t e  b o u n d a r y  w h e r e  th e  d o s e  r a t e s  w ou ld  g e n e r a l l y  b e  of th e  o r d e r  of a 
few  ц r e m / h .  W h ile  i t  i s  f e a s i b l e  to  m e a s u r e  su c h  low  l e v e l s  of a c t i v i t y  
w i th  the  c u r r e n t l y  a v a i l a b l e  r a d i a t i o n  r e c o r d e r s ,  th e  m a i n t e n a n c e  of su ch  
e q u ip m e n t  o v e r  p r o l o n g e d  p e r i o d s  p o s e s  o p e r a t i o n a l  d i f f i c u l t i e s .  In  
a d d i t io n ,  a t  s u c h  low  l e v e l s  of a c t i v i t y  i t  w i l l  b e  d i f f i c u l t  to  d i s t i n g u i s h  
t h e m  f r o m  th e  b a c k g r o u n d  le v e l .  T h e  l a t t e r  d i f f ic u l ty  i s  one  of th e  p r i n c i p a l  
p r o b l e m s  in  th e  u s e  of t h e r m o l u m i n e s c e n t  d o s i m e t e r s  f o r  e s t i m a t i n g  th e  
o f f - s i t e  d o s e s  f r o m  p la n t  o p e r a t i o n s .  W h e r e  t h e r e  a r e  m u l t i p l e  n u c l e a r  
i n s t a l l a t i o n s  in  a  s i t e ,  c o n t r i b u t i o n s  f r o m  in d iv id u a l  p l a n t s  c a n n o t  b e  a s s e s s e d  
b y  in t e g r a t i n g - t y p e  r a d i a t i o n  m o n i t o r s .

A s  a n  a l t e r n a t i v e ,  in  t h i s  p a p e r  we c o n s i d e r  th e  u s e  of th e  r e a l  t im e  
m e t e o r o l o g i c a l  d a t a  a v a i l a b l e  a t  a  s i t e  to  o b ta in  an  i n d i r e c t  e s t i m a t e  of 
th e  e n v i r o n m e n t a l  r a d i a t i o n  f i e ld .  A n  o b v io u s  a d v a n ta g e  w i th  t h i s  m e th o d  
i s  t h a t  th e  m o n i t o r i n g  of th e  a c t i v i t y  d i s c h a r g e  r a t e  a t  s t a c k  l e v e l  c a n  be 
d o n e  w ith  b e t t e r  a c c u r a c y  th a n  o f f - s i t e  r a d i a t i o n  m e a s u r e m e n t s .  T h o u g h  
th e  e s t i m a t e s  a r e  i n d i r e c t  and  in v o lv e  a t m o s p h e r i c  d i f fu s io n  m o d e l s  th a t  
a r e  b e in g  p r o g r e s s i v e l y  i m p r o v e d  u p o n ,  th e  c u r r e n t l y  a c c e p t e d  m o d e l s  of 
P a s q u i l l  [2] a s  m o d i f i e d  b y  G i f f o rd  [3] and  o t h e r s  a r e  k n ow n  to  g iv e  r e l i a b l e  
e s t i m a t e s  of th e  c o n c e n t r a t i o n  of e f f lu e n t s  in  f i e ld  c o n d i t io n s .  In  the  e a r l y  
s t a g e s  of o u r  e n v i r o n m e n t a l  s a f e t y  w o r k  a t  T r o m b a y  w e m a d e  a  c o m p a r i s o n  
of th e  o f f - s i t e  d o s e s  due  to  41A r  r e l e a s e d  f r o m  th e  C IR U S  r e a c t o r  a t  
T r o m b a y  ( e s t i m a t e d  a t  640 C i / d  [4]) a s  c o m p u te d  f r o m  th e  s i t e  m e t e o r o l o g i c a l  
d a t a  w ith  t h a t  m e a s u r e d  a t  a  f ix e d  m o n i t o r i n g  s t a t i o n  u s i n g  c o n t in u o u s  
r e c o r d e r s .  T h e  p a p e r  d e s c r i b e s  th e  abo ve  w o r k  and  i t s  e x t r a p o l a t i o n  to  
s i m i l a r  c o m p u t a t i o n s  a t  p o w e r  r e a c t o r  s i t e s .

2. SITE C O N D ITIO N S AND L O C A T IO N S  O F T H E  M O N ITO R IN G  STATIO NS

T h e  t h e o r e t i c a l  m o d e l s  a v a i l a b l e  f o r  a t m o s p h e r i c  d i f fu s io n  [2, 5] a r e  
v a l id  f o r  l e v e l  u n i f o r m  t e r r a i n  and  g e n e r a l l y  r e q u i r e  m o d i f i c a t i o n  to  ta k e  
in to  a c c o u n t  l o c a l  s i t e  c h a r a c t e r i s t i c s .  S om e id e a  of th e  p r o b l e m  c a n  b e  
h a d  f r o m  th e  s i t e  m a p  in  F i g .  1, w h ich  sh o w s  th e  s i t e  c h a r a c t e r i s t i c s  of 
th e  T r o m b a y  e n v i r o n m e n t .  T h e  t e r r a i n  i s  'u nev en ,  w i th  th e  T r o m b a y  r i d g e  
s t r e t c h i n g  f r o m  n o r t h  of th e  r e a c t o r  s t a c k  th r o u g h  w e s t  to  th e  s o u th w e s t  
of it .  I t s  m a x i m u m  e l e v a t io n  i s  a b o u t  300 m  to  th e  n o r t h w e s t  of th e  s t a c k .
A t  th e  s o u t h w e s t  en d  th e  r i d g e  s p l i t s  in to  tw o  b r a n c h e s .

T h r e e  m o n i t o r i n g  s t a t i o n s  w e r e  o p e r a t e d  f o r  p e r i o d s  of f r o m  2 to  4 y e a r s .  
T w o  of t h e s e  w e r e  v e r y  n e a r  th e  w e s t e r n  s i t e  b o u n d a r y  a b o u t  one  k m  s o u t h 
w e s t  of th e  r e a c t o r ,  on  th e  s o u t h - w e s t e r n  l e g  of t h e  r i d g e .  T h e s e  a r e  
m a r k e d  A p s a r a  an d  S andow  C a s t l e  in  F i g .  1,. T h e  A p s a r a  s t a t i o n  a l s o  had  
a  w ind  r e c o r d e r ,  d a t a  f r o m  w h ic h  w a s  u s e d  in  d o s e  c o m p u ta t i o n .  T h e  th i r d  
s t a t i o n  w a s  l o c a t e d  4. 5 k m  w e s t  of th e  r e a c t o r  m i d w a y  b e tw e e n  th e  T r o m b a y  
E s t a b l i s h m e n t  and  B o m b a y  c i ty .  T h e  t e r r a i n  a t  t h i s  s t a t i o n  i s  le v e l .
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W in d  s p e e d  and  d i r e c t i o n  r e c o r d e d  a t  th e  m o n i t o r i n g  s t a t i o n  f o r  a 
p e r i o d  of t h r e e  y e a r s  a r e  sh o w n  in  th e  f o r m  of th e  w ind  r o s e  in  F i g .  2.
T a b l e  I p r e s e n t s  th e  m i c r o m e t e o r o l o g i c a l  and  d i f fu s io n  p a r a m e t e r s  u s e d  
in  th e  c o m p u t a t i o n s .  T h e s e  a r e  b a s e d  on  S u t to n 's  a t m o s p h e r i c  d i f fu s io n  
m o d e l  [6]. V a lu e s  of S u t to n 's  v e r t i c a l  v i r t u a l  d i f fu s io n  p a r a m e t e r  Cz 
w e r e  o b ta in e d  a f t e r  a  n u m b e r  of s m o k e  p h o to g r a p h y  s t u d ie s  c a r r i e d  out 
a t  v a r i o u s  t i m e s  of th e  d a y  and  n igh t .  V a l u e s  of Cy, th e  c r o s s - w i n d  
d i f fu s io n  p a r a m e t e r ,  w e r e  o b ta in e d  f r o m  w ind  d i r e c t i o n  f l u c tu a t io n  m e a s u r e 
m e n t s .  T h e  s t a b i l i t y  c l a s s e s  w e r e  d e f in e d  f o r  c e r t a i n  t y p i c a l  s e a s o n s  and  
t i m e  of day .  V a lu e s  of s t a b i l i t y  in d ex  'n '  f o r  th e  a p p r o p r i a t e  c l a s s e s  of 
d i f fu s io n  w e r e  t a k e n  f r o m  p u b l i s h e d  d a ta .

G a m m a  d o s e s  w e r e  c a l c u l a t e d  u s i n g  H o l l a n d ' s  n o m o g r a m s  [7]. T h e  
g a m m a  d o s e  in  a n y  s e c t o r  o v e r  a y e a r  i s  th e  s u m  of th e  d o s e  d u r i n g  th e  
p e r i o d  w h e n  th e  p lu m e  i s  in  t h a t  s e c t o r  p lu s  th e  c o n t r i b u t io n s  to  th e  d o s e  
w h e n  th e  p lu m e  i s  in  o t h e r  s e c t o r s .  A s  s u g g e s t e d  b y  H o l la n d ,  th e  l a t t e r  
d o s e s  w e r e  c o m p u te d  u s i n g  th e  e f f e c t i v e  s t a c k  h e ig h t  e q u a l  to  (h2 + y 2)2, 
w h e r e  h  i s  th e  e f f e c t iv e  h e ig h t  of th e  s t a c k  f o r  th e  p lu m e  w ith  r e s p e c t  to  
g r o u n d  a n d  y  i s  th e  c r o s s - w i n d  d i s t a n c e  b e tw e e n  th e  p lu m e  s e c t o r  an d  the  
s e c t o r  in  w h ic h  th e  d o s e  i s  b e in g  c o m p u te d .  T h e  s t a c k  h e ig h t  i s  120 m .
T h e  p lu m e  r i s e  i s  p r i m a r i l y  due  to  e f f lux  v e lo c i ty  and  i s  c a l c u l a t e d  to  be 

' o n ly  a b o u t  10 m .  F r o m  F i g .  1 i t  m a y  b e  n o te d  th a t  on th e  w e s t e r n  h a l f  
c i r c l e  of th e  s t a c k  th e  r i d g e  i s  h i g h e r  t h a n  th e  s t a c k  h e ig h t  and  t h e r e f o r e  
w h e n  c r o s s i n g  th e  r i d g e  th e  p lu m e  w i l l  t r a v e l  n e a r l y  a t  th e  s u r f a c e .  T h e  
e f f e c t i v e  s t a c k  h e ig h t  in  t h e s e  s e c t o r s  w a s  t h e r e f o r e  a s s u m e d  to  b e  z e r o  
f o r  th e  d i s t a n c e s  of i n t e r e s t .  T h i s  w a s  a l s o  s u p p o r t e d  b y  th e  o b s e r v a t i o n  
o f  a c t i v i t y  a t  A p s a r a  s t a t i o n  w h e r e  th e  o b s e r v e d  c o n c e n t r a t i o n s  c a n  b e  
e x p la i n e d  o n ly  if th e  e f f e c t iv e  s t a c k  h e ig h t  i s  a  f e w  m e t r e s .  F o r  o t h e r  
s e c t o r s ,  h o w e v e r ,  t h i s  a s s u m p t i o n  w a s  no t m a d e .  T h e  r a d i o a c t i v e  d e c a y  
c o r r e c t i o n  f a c t o r  in  th e  ab o v e  c o m p u t a t i o n s  w a s  found  to  b e  s m a l l .  E v e n  
f o r  th e  M a h u l  s t a t i o n  th e  c o r r e c t i o n  f a c t o r  i s  0. 8 w h en  th e  w in d  s p e e d  i s  
lo w  a s  2 m / s .  A n n u a l  i s o d o s e  c u r v e s  w e r e  p lo t t e d  b a s e d  on  t h e s e  c a l c u 
l a t i o n s ,  a s  sh o w n  in  F i g s  3 and  4, o n  tw o  d i f f e r e n t  s c a l e s .

3. DOSE C O M P U T A T IO N S

4. M E A S U R E D  D O SES

C o n t in u o u s  m e a s u r e m e n t  of y  and  /3, y d o s e  r a t e s  w e r e  m a d e  a t  the  
t h r e e  m o n i t o r i n g  s t a t i o n s .  A p s a r a  and  M a h u l  m o n i t o r i n g  s t a t i o n s  w e r e  
o p e r a t e d  f o r  f o u r  y e a r s ,  1 9 6 4 -6 7 ,  and  th e  Sandow  C a s t l e  s t a t i o n  o p e r a t e d  
f o r  tw o  y e a r s ,  1 96 4 -6 5 .  E a c h  s t a t i o n  h a d  on i t s  r o o f  a p a i r  of t h i n - w a l l e d  
G - M  c o u n t e r s ,  one of w h ic h  w a s  s h i e ld e d  by  a  c lo s e  f i t t in g  s h i e ld  of 
2 .3  m m  th i c k  b r a s s  to  c u t  off (3 - r a d ia t io n  [8] and  r e g i s t e r  o n ly  y - r a d i a t i o n .  
T h e  c o u n t e r s  w e r e  c a l i b r a t e d  w i th  r e s p e c t  to  a  60C o s o u r c e ,  w h ic h  h a s  a 
у - e n e r g y  v e r y  c lo s e  to  th a t  of 41A r .  A t y p i c a l  c o u n te r  g a v e  300 c o u n t s / m i n  
f o r  a d o s e  r a t e  of 0.1 m r e m / h .  T h e  cou n t  r a t e  w a s  r e c o r d e d  on a  c o n t in u o u s  
s t r i p  c h a r t  r e c o r d e r .  F i g u r e  5 sh o w s  a t r a c e  of y  and  /3,y r a d i a t i o n .  P e a k s  
in  th e  c o u n t  r a t e  o c c u r r e d  in  th e  e a r l y  m o r n i n g  h o u r s  d u r i n g  th e  r e g i m e  of 
e a s t e r l y  la n d  b r e e z e  and  w e r e  d e f i n i t e ly  a t t r i b u t a b l e  to  41A r  f r o m  CIRUS.
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SCALE

FIG.2. Annual wind rose, Apsara, Trombay.
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FIG. 3. Annual isodose curves from 41Ar.

F r o m  th e  t r a c e  i t  c ou ld  b e  s e e n  th a t  th e  b a c k g r o u n d  7 - l e v e l  w a s  of th e  o r d e r  
of 1 0 -2 0  u r e m / h .  T h e  m e a n  h o u r l y  d o s e  r a t e s  w e r e  .co m p u ted  f r o m  th e  
c h a r t s  and  th e  a v e r a g e  m o n t h ly  v a lu e s  a r e  t a b u l a t e d  in  T a b l e  II . T h e  
c o m p u te d  a n n u a l  d o s e  i s  a l s o  g iv e n  in  th e  l a s t  r o w  of T a b le  II.

5. C O M P A R IS O N  AND DISCUSSION

T h e  a g r e e m e n t  b e tw e e n  th e  e s t i m a t e d  and  m e a s u r e d  v a lu e s  i s  s a t i s 
f a c t o r y ,  d e s p i t e  th e  a s s u m p t i o n s  m a d e  in  th e  c o m p u t a t i o n s  to  t a k e  in to  
a c c o u n t  th e  u n e v e n  n a t u r e  of th e  t e r r a i n .  T h i s  h a s  e n c o u r a g e d  u s  to  u s e  
th e  m e t e o r o l o g i c a l  d a t a  f o r  r o u t in e  a s s e s s m e n t  of o f f - s i t e  d o s e s  a t  p o w e r  
r e a c t o r  s i t e s .  I t  m u s t  be  n o ted  th a t  th e  w o r k  d e s c r i b e d  e a r l i e r  w a s  c a r r i e d
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FIG. 4. Annual isodose curves from 41Ar for a larger area than that covered in Fig.3.

o u t  p r i m a r i l y  b y  h an d  c o m p u ta t i o n  u s i n g  H o l l a n d ' s  n o m o g r a m s  a t  a  t im e  
w h e n  th e  c o m p u t e r  w a s  no t  a v a i l a b le .  A t p r e s e n t  we h a v e  u s e d  th e  m e t e o r o 
lo g i c a l  d a t a  f o r  e s t i m a t i n g  o f f - s i t e  d o s e s  a t  T a r a p u r .  T h e s e  e s t i m a t e s  
h a v e  b e e n  b a s e d  on P a s q u i l l ' s  m o d e l  and  th e  i n t e g r a t i o n  of th e  d o s e s  f r o m  
th e  p lu m e  h a s  b e e n  do ne  u s i n g  a  C D C -3 6 0 0  c o m p u t e r .  T h e  p r o c e d u r e  
f o l lo w e d  a t  p r e s e n t  i s  to  o b t a i n  s t a b i l i t y  c l a s s i f i c a t i o n  t h r o u g h  s t a t i s t i c s  of 
cre ( r o o t  m e a n  s q u a r e  d e v ia t i o n  of w in d  d i r e c t i o n  f lu c tu a t io n )  a s  r e c o m m e n d e d  
b y  S lad e  [9]. I t  w a s  foun d ,  h o w e v e r ,  a t  T a r a p u r  th a t  th e  n u m e r i c a l  v a lu e s  
of Og r a n g e s  s u g g e s t e d  b y  S lade  f o r  v a r i o u s  s t a b i l i t y  c l a s s e s  c o u ld  no t  be  
a p p l ie d .  E x p e r i m e n t s  u s i n g  th e  s m o k e  p h o to g r a p h y  m e th o d  w e r e  m a d e  to  
r e c l a s s i f y  v a lu e s  w i th  r e s p e c t  to  s t a b i l i t y  a t  T a r a p u r .  D o s e s  th u s  c o m p u te d  
a r e  now  b e in g  i n c o r p o r a t e d  in  e v o lv in g  th e  e n v i r o n m e n t a l  s a f e ty  p o l i c y  at 
T a r a p u r ,  in c lu d in g  e s t a b l i s h i n g  d i s c h a r g e  l i m i t s  f o r  g a s e o u s  r a d i o a c t i v e  
e f f lu e n t s  f o r  o t h e r  p l a n t s  a t  th e  s i te .  U n f o r t u n a te l y ,  s y s t e m a t i c  m e a s u r e -
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FIG. 5. A typical trace of B,y and y activity  from 41Ar from the Apsara monitoring station. Full-scale 
deflection corresponds to 600 counts/m in (0.2 m rem /h). The two traces are mapped on a single chart for 
comparison.

m e n t s  of th e  e n v i r o n m e n t a l  d o s e  a r e  no t  a v a i l a b l e  a t  T a r a p u r  and  h e n c e  a 
d i r e c t  c o m p a r i s o n  w ith  c o m p u te d  d a t a  c ou ld  no t  b e  m a d e .  H o w e v e r ,  th e  
v a l u e s  c a l c u l a t e d  b y  u s  a g r e e  w e l l  w i th  th o s e  e s t i m a t e d  w ith  th e  m e t h o d  
g iv e n  b y  M a y  an d  S t u a r t  [10] ,  w h ic h  w a s  c h e c k e d  a g a in s t  d a t a  f r o m  B r o o k 
h a v e n  N a t io n a l  L a b o r a t o r y .

6. C O N C LU SIO N S

F r o m  o u r  e x p e r i e n c e  w e now f e e l  t h a t  in  f u t u r e  c o n t in u e d  r e l i a n c e  
w i l l  h a v e  to  be  p l a c e d  in  th e  e s t i m a t e s  of e x t e r n a l  r a d i a t i o n  d o s e  m a d e  
u s i n g  r e a l  t i m e  m e t e o r o l o g i c a l  d a t a ,  w h ic h  h a v e  th e  fo l lo w in g  a d v a n ta g e s :

(1) F r o m  m e a s u r e m e n t s  a t  a  s i n g le  s t a t i o n  c o m b in e d  w i th  th e  m o n i t o r i n g  
of a c t i v i t y  a t  th e  s t a c k  i t s e l f  th e  e n t i r e  e n v i r o n m e n t a l  d o s e  f i e ld  c a n  b e  
c o m p u te d ,  in  c o n t r a s t  to  o n ly  a  few  l o c a l i z e d  m e a s u r e m e n t s  t h a t  co u ld  
b e  m a d e  u s i n g  r a d i a t i o n  r e c o r d e r s .

(2) T h e  e x t e r n a l  d o s e  r a t e s  in  th e  e n v i r o n m e n t  a ro u n d  a n u c l e a r  p la n t  a r e  
u s u a l l y  low , i. e .  of th e  o r d e r  of a few  / u r e m / h  o r  l e s s .  T h i s  m a k e s  
c o n t in u o u s  r a d i a t i o n  m o n i t o r i n g  d i f f ic u l t  and  th e  d o w n t im e  of s u c h  
e q u ip m e n t  i s  h ig h  c o m p a r e d  to  t h a t  of m e t e o r o l o g i c a l  e q u ip m e n t .

(3) W ith  th e  r e c e n t  t r e n d  o f  r e d u c i n g  th e  p e r m i s s i b l e  e n v i r o n m e n t a l  d o s e  
l e v e l s  to  v a l u e s  of th e  o r d e r  of a  few  m r e m / a ,  i n c r e a s i n g  r e l i a n c e
h a s  to  b e  k e p t  on  s u c h  i n d i r e c t  e s t i m a t e s  r a t h e r  t h a n  o n  d i r e c t  e s t i m a t e s .

(4) In  th e  c a s e  of m u l t i p l e  i n s t a l l a t i o n  s i t e s  m o n i t o r i n g  s t a t i o n s  w i l l  no t 
b e  a b le  to  a s s i g n  c o n t r i b u t io n s  to  in d iv id u a l  p l a n t s .  T h i s  i n f o r m a t io n  
m i g h t  s o m e t i m e s  b e  u s e f u l  in  th e  a s s e s s m e n t  and  l i m i t i n g  of r e l e a s e  
r a t e s  f r o m  a n  in d iv id u a l  i n s t a l l a t i o n .



T A B L E  II. C O M P A R IS O N  O F  M E A S U R E D  V A L U E S  O F  G A M M A  D O S A G E S ( m r e m )  W IT H  T H E  C O M P U T E D  
D O SA G E S  A T T H E  T H R E E  M O N IT O R IN G  STA TIO N S

Station Apsara Sandow Castle Mahul

Y ear 1964 1965 1966 1967 1964 1965 1964 1965 1966 1967

Jan. 1 .84 3. 85 6. 73 1. 53 M 4. 10 0.11 0.15 1,28 0. 08

Feb. 1.21 3. 06 3. 07 5.25 M 2.40 0.29 0.08 0. 57 1. 03

March 0. 82 2. 53 1. 97 6 .14 0 .74 1.28 0. 50 0 .44 0. 04 0. 79

Apr. 0.46 1.45 0. 58 1 .28 0 .48 1.23 0.17 0.26 0 .05 0.37

May 0 .41 0 .0 4 0.39 0 .71 0.27 • 0 .24 M 0. 06 M M

June 0.36 0.48 M 0.32 M 0.12 M M 0.12 M

July 0.40 0. 54 0.45 0.32 M M M M M M

Aug. M 3.48 0. 68 0 .95 0. 13 M M M 0.17 M

Sep. 3 .8 4 2.07 1.62 0.77 M M M 0. 03 1.03 0. 17

Oct. 2 .4 4 2 .6 5 4 .4 6 3.46 M M M 0. 81 1.63 0. 58

Nov. 5. 67 7.19 5.13 6.21 1.19 3 .4 6  - M 0. 78 0.46 0.98

Dec. 10.15 9.30 7. 78 СЛ CO 6 .18 0. 05 M 0.13 0. 82 0. 71

Total 27. 6 36 .64 32. 86 31.42 8 .99 12. 88 1.07 2. 74 6. 17 4. 71

Computed value 41.2 8. 5 4. 5

Note: ’M ’ indicates missing data. During the period May to September the plum e direction is usually away from the three monitoring stations.
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In  a d d i t io n  to  t h e s e  a d v a n ta g e s  we m u s t  a l s o  r e c o r d  c e r t a i n  l i m i t a t i o n s  
of th e  s y s t e m .  A s  a l r e a d y  m e n t io n e d ,  th e  c u r r e n t  k n o w le d g e  on a t m o s p h e r i c  
d i f fu s io n  in  n o n - u n i f o r m  t e r r a i n  i s  l i m i t e d  and  th e  m o d i f i c a t i o n s  of the  
b a s i c  d i f fu s io n  e x p r e s s i o n s  v a l id  in  u n i f o r m  t e r r a i n  c o n d i t io n s  c a n  b e  s u b 
je c t i v e .  A n o th e r  a s p e c t ,  a s  n o te d  e a r l i e r ,  i s  th a t  th e  u s e  of r e a l  t i m e  
m e t e o r o l o g i c a l  d a t a  r e q u i r e s  c l a s s i f i c a t i o n  of th e  d a t a  in to  s t a b i l i t y  c a t e 
g o r i e s  b a s e d  on s o m e  g o v e r n in g  p a r a m e t e r s  (e. g. w ind  d i r e c t i o n  f lu c tu a t io n ,  
t e m p e r a t u r e  p r o f i l e ) .  I t  h a s  b e e n  o u r  e x p e r i e n c e ,  w h ic h  i s  f u r t h e r  c o r r o 
b o r a t e d  b y  o t h e r s  (e. g. S k ib in  [11]), t h a t  th e  c l a s s i f i c a t i o n ,  s u c h  a s  th a t  
g iv e n  b y  S lad e ,  in  t e r m s  of ct0 a r e  no t  u n i v e r s a l l y  a p p l i c a b l e  a t  a l l  s i t e s .  
N e v e r t h e l e s s ,  t h e r e  i s  no d ou b t  t h a t  th e  a p p r o a c h  s u g g e s t e d  b y  S lade  i s  a 
v e r y  p r a g m a t i c  one.

A C K N O W L E D G E M E N T S

T h a n k s  a r e  d ue  to  S h r i  S .D .  S o m a n  f o r  e n c o u r a g e m e n t  and  u s e f u l  
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Abstract

THE DERIVATION OF WORKING LIMITS FOR THE CONTROLLED DISCHARGE OF RADIOACTIVE WASTES 
FROM NUCLEAR INSTALLATIONS.

The paper outlines the policy and methodology adopted in India for the routine control of liquid and 
gaseous radioactive wastes and describes the factors and considerations used in applying ICRP recommended 
dose lim its to the establishm ent o f derived working lim its for the controlled releases o f radioactive effluents 
to the environm ent. Specific exam ples o f the methods used in obtaining derived working lim its are given. 
The im pact of such controlled releases on the radiation dose to the population is discussed.

1.  IN T R O D U C T IO N

In  In d ia  th e  t a s k  of l a y in g  down l i m i t s  fo r  th e  d i s c h a r g e  of r a d i o a c t i v e  
l iq u id  an d  g a s e o u s  e f f lu e n t s  to  th e  e n v i r o n m e n t  i s  th e  r e s p o n s i b i l i t y  o f  the  
H e a l th  P h y s i c s  D iv i s io n  of th e  B h a b h a  A to m ic  R e s e a r c h  C e n t r e .  T h i s  p a p e r  
o u t l i n e s  th e  p o l i c y  an d  m e th o d o lo g y  f o r  c o n t r o l  o f  r o u t in e  d i s c h a r g e s  to  the  
e n v i r o n m e n t  a n d  th e  c o n s i d e r a t i o n s  u n d e r  w h ic h  l i m i t s  f o r  s u c h  d i s c h a r g e s  
a r e  a r r i v e d  a t .  T h e s e  l i m i t s  a r e  s u b j e c t  to  r e v i s i o n ,  p e n d in g  w o r k  
c o n n e c te d  w i th  th e  id e n t i f i c a t i o n  o f  c r i t i c a l  p a th w a y s  a n d  th e  c r i t i c a l  g ro u p  
o f  th e  p o p u la t io n .  S in c e  su c h  e n v i r o n m e n t a l  s u r v e y  p r o g r a m m e s  in v o lv e  
c o n s i d e r a b l e  e f f o r t  in  v ie w  of th e  w id e ly  v a r y i n g  l i v in g  a n d  fo od  h a b i t s  of 
th e  p e o p le  o f  In d ia ,  a n  a t t e m p t  h a s  b e e n  m a d e  to  c a l c u l a t e  t h e s e  w o rk in g  
l i m i t s  f r o m  e x p e r i e n c e  e l s e w h e r e  a n d  the  e x p e c t e d  c o n d i t io n s  o b ta in a b le  
in  In d ia  b a s e d  o n  th e  d a t a  c o l l e c t e d  so  f a r .

2 .  P O L I C Y  R E G A R D IN G  C O N T R O L L E D  D ISC H A RG ES O F  R A D IO A C T IV E  
E F F L U E N T S

T h e  c r i t e r i a  a d o p te d  in  In d ia  g o v e rn in g  th e  e x p o s u r e  to  io n iz in g  
r a d i a t i o n s  o f  b o th  o c c u p a t io n a l  w o r k e r s  a n d  m e m b e r s  of th e  p u b l ic  a r e  b a s e d  
o n  th e  s t a n d a r d s  o f  r a d i a t i o n  p r o t e c t i o n  r e c o m m e n d e d  b y  th e  I n t e r n a t i o n a l  
C o m m i s s i o n  on R a d io l o g ic a l  P r o t e c t i o n  (IC R P ) [ 1 ] .  T h e  r o u t in e  d i s c h a r g e s  
o f  r a d i o a c t i v e  e f f lu e n t s  to  th e  e n v i r o n m e n t  c a u s e  e x p o s u r e  to  m e m b e r s  of 
the  p u b l ic  t h r o u g h  th e  a i r ,  l a n d  a n d  w a te r  r o u t e s  a n d  t h r o u g h  in t a k e  o f  food
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l i k e ly  to  b e  c o n ta m in a t e d .  P e n d in g  th e  e s t a b l i s h m e n t  of th e  c r i t i c a l  p a th 
w a y s  f o r  e a c h  m a j o r  i n s t a l l a t i o n ,  th e  d o s e  l i m i t s ,  w h ic h  in c lu d e  b o th  
i n t e r n a l  a s  w e l l  a s  e x t e r n a l  e x p o s u r e ,  a r e  a r b i t r a r i l y  a p p o r t io n e d  to  e i t h e r  
a i r  a n d  w a t e r  o r  to  a i r ,  w a t e r  an d  l a n d ,  e q u a l ly ,  d e p e n d in g  on th e  s i t e  and  
i t s  f e a t u r e s .  F o r  i n s t a n c e ,  a t  s i t e s  w h e r e  a l l  t h r e e  r o u t e s  a r e  e x p e c t e d  to  
c o n t r i b u t e  to  p o p u la t io n  e x p o s u r e  th e  a p p o r t i o n m e n t  i s  1 /3  o f  th e  c o r r e s 
p o n d in g  d o s e  l i m i t s ,  w i th  a  s m a l l  m a r g i n  f o r  f u tu r e  e x p a n s io n  i f  n e c e s s a r y .

It  i s  th e  p r a c t i c e  in  In d ia  to  g ro u p  s e v e r a l  l a r g e  i n s t a l l a t i o n s  in  a 
s i n g le  s i t e  f o r  e c o n o m ic  g r o u n d s .  F o r  p u r p o s e s  o f  t h e  t a s k  of s e t t i n g  
d e r i v e d  w o r k in g  l i m i t s  (DWL) s u c h  m u l t i p l e  i n s t a l l a t i o n  s i t e s  a r e  t r e a t e d  
a s  a  s i n g l e  u n i t  an d  t h e  la n d ,  w a t e r  o r  a i r - r o u t e  d o s e - l i m i t  a p p o r t io n m e n t s  
a r e  f u r t h e r  a p p o r t io n e d  to  in d iv id u a l  u n i t s ,  b a s e d  on  th e  n o r m a l  q u a n t i t i e s  
o f  r a d i o n u c l i d e s  e x p e c t e d  to  a p p e a r  a t  th e  d i s c h a r g e  p o in t s .

3 . T H E  D ER IV A T IO N  O F W ORKING L IM ITS

3 . 1 .  G e n e r a l  c o n s i d e r a t i o n s

T h e  D W L v a lu e s  p r e s e n t e d  h e r e  a r e  th e  r e s u l t  of an  a t t e m p t  to  
t r a n s l a t e  th e  IC R P  d o s e  l i m i t s  a n d  t h e i r  a p p o r t io n m e n t  in to  p e r m i s s i b l e  
t o t a l  r e l e a s e s  f r o m  a  n u c l e a r  i n s t a l l a t i o n  u n d e r  n o r m a l  c o n d i t io n s  of 
o p e r a t i o n  a n d  f o r  s h o r t - t e r m  h ig h  r e l e a s e s ,  b o th  f o r  s a f e ty  d e s ig n  c r i t e r i a  
an d  p r e l i m i n a r y  o p e r a t i o n  o f  th e  i n s t a l l a t i o n .

T h e  m e t h o d  o f  c a l c u l a t i o n  i s  id e n t i c a l  to  th a t  u s e d  in  th e  r e p o r t  o f  th e  
I C R P  C o m m i t t e e  II on  p e r m i s s i b l e  d o s e  f o r  i n t e r n a l  r a d i a t i o n  [ 2 ] ,  e x c e p t  
t h a t  t h e  v a lu e s  o f  th e  p a r a m e t e r s ^  u s e d  a r e  t h o s e  a p p r o p r i a t e  to  th e  a s s u m e d  
c r i t i c a l  s e c t io n  of th e  p o p u la t io n .  V e n k a t a r a m a n  e t  a l .  [3 ]  h a v e  s h o w n 1 
th a t  c o n s i d e r a b l e  v a r i a t i o n  e x i s t s  in  th e  s t a n d a r d  m a n  d a ta  fo r  In d ia n  
c o n d i t io n s  a s  c o m p a r e d  w ith  I C R P  S t a n d a r d  M an d a ta .  T h u s ,  In d ian  
S t a n d a r d  M an  d a ta  hav e  b e e n  u s e d  th r o u g h o u t .

3 . 2 .  D i s c h a r g e s  to  th e  a t m o s p h e r e

3 . 2 . 1 .  A t m o s p h e r i c  d i f fu s io n  c h a r a c t e r i s t i c s

F o r  p u r p o s e s  of c o m p u t in g  th e  a n n u a l  a v e r a g e  i n t e g r a t e d  g r o u n d  le v e l  
c o n c e n t r a t i o n  o f  a  r a d i o n u c l i d e  f r o m  a  c o n t in u o u s  po in t  s o u r c e ,  t h e  s i t e  is  
d iv id e d  e q u a l ly  in to  s i x t e e n  22}°  s e c t o r s .  T h e  t i m e - i n t e g r a t e d  c o n c e n t r a t i o n  
a t  any  g iv en  s e c t o r  i s  g iv e n  b y  [ 4] :

x = ( l 1  
TIC W  azïï(f)x

w h e r e
XTIC i s  th e  t i m e - i n t e g r a t e d  c o n c e n t r a t i o n  a t  g ro u n d  l e v e l  ( C i / m 3)
Q i s  th e  r a t e  of d i s c h a r g e  o f  m a t e r i a l  f r o m  a  c o n t in u o u s  p o in t  s o u r c e  

( C i / s )
crz i s  th e  s t a n d a r d  d e v ia t io n  w id th  o f  th e  d i s t r i b u t i o n  of th e  m a t e r i a l  in  

a  p lu m e  in  th e  z d i r e c t i o n  m  
ÏÏ i s  th e  m e a n - w i n d  v e lo c i t y  in  th e  X  d i r e c t i o n  ( m / s )
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h  i s  th e  p h y s i c a l  s t a c k  h e ig h t  (m)
f¡ i s  th e  f r e q u e n c y  of w in d  in  th e  s e c t o r
x  i s  th e  d i s t a n c e  d ow nw in d  f r o m  th e  s t a c k  (m ).

T h e  v a lu e  of x  i s  h e ld  to  b e  th e  e x c lu s io n  d i s t a n c e  f r o m  th e  i n s t a l l a t i o n ,  
t a k e n  to  b e  1000 m .  No c r e d i t  i s  g iv en  f o r  th e  p lu m e  r i s e .  In c a s e s  w h e re  
d o w n w ash  e f f e c t s  a r e  e x p e c t e d  to  be p r e s e n t  a p p r o p r i a t e  r e d u c t i o n s  in  the  
v a lu e  o f  h  to  be u s e d  a r e  m a d e .  T h e  v a l u e s  o f  f ¡ , ïï  a n d  ctz f o r  d i f f e r e n t  
s t a b i l i t y  c o n d i t io n s  a r e  c o m p u te d  f r o m  a  3 - y e a r  a v e r a g e  of th e  m e t e o r o 
l o g i c a l  o b s e r v a t i o n s  m a d e  a t  th e  s i t e ,  b a s e d  on w h ic h  th e  w o r s t  s e c t o r  and  
i t s  v a l u e s  o f  fj a r e  e s t a b l i s h e d .

3 . 2 . 2 .  D e r i v e d  a i r  c o n c e n t r a t i o n s

D e r i v e d  a i r  c o n c e n t r a t i o n  v a lu e s  (DAC) h a v e  b e e n  c a l c u l a t e d  fo r  b o th  
th e  in h a l a t i o n  and  m i lk  r o u t e s  fo r  131I, 137C s ,  90S r  an d  89S r .  T h e  o r g a n  
m a s s e s ,  t r a n s f e r  c o e f f i c i e n t s  and  o t h e r  r e l e v a n t  p a r a m e t e r s  u s e d  a r e  
s u m m a r i z e d  in  T a b le  I. O n ly  th e  a s s u m p t i o n s  u s e d  a n d  th e  c o n s i d e r a t i o n s  
in v o lv e d  i n  o b ta in in g  th e  DAC v a l u e s  f o r  th e  m i lk  r o u t e  a r e  p r e s e n t e d  h e r e .  
DAC ( in h a la t io n  r o u t e )  f o r  th e  r a d i o n u c l i d e s  l i s t e d  a b o v e  h a v e  b e e n  o b ta in e d  
in  a  m a n n e r  id e n t i c a l  to  t h a t  o f  t h e  I C R P  [ 2 ] ,  u s i n g  p a r a m e t e r s  a p p l i c a b le  
to  In d ia n  c o n d i t io n s .  V a lu e s  o f  DAC f o r  t h e  r a d i o n u c l i d e s  1311, 137C s ,  90S r  
a n d 89S r  a r e  l i s t e d  in  T a b le  II .

I o d i n e - 131

A c c o r d in g  to  K a m a th  e t  a l .  [ 5 ] ,  th e  a v e r a g e  m i lk  c o n s u m p t i o n  b y  an  
In d ia n  ch i ld  i s  0 .2  l i t r e / d .  U s in g  th e  d a t a  p r e s e n t e d  in  T a b le  I, th e  DWL 
(m i lk )  f o r  1311 c a l c u l a t e s  to  788 p C i / l i t r e ,  w h ic h  h a s  b e e n  r o u n d e d  off to  
750 p C i / l i t r e .

T A B L E  I .  P A R A M E T E R S  U S E D  I N  C A L C U L A T I O N  O F  D E R I V E D  A I R  

C O N C E N T R A T IO N S  F O R  131I, 137C s ,  90S r  AND 89S r

Parameter Iodine-131 C aesium -137 Strontium-90 Strontium-89

Critical group 6-m onth-old
child

Adult 6-m onth-old
child

6 -m onth-old 
child

Organ mass (g) Thyroid 
1.09 [3 ]

Whole body 
4 .6  X l(f g

Bone 370 g Bone 370 g

Effective energy (MeV) 0.18  [7] 0.59 [7 ]

fw 0.35 [7 ] 1 .0

‘eff<d> 6 .0  [7 ] 140 [7 ] 50.4

DWL (milk) (pC i/litre) 750 5 X 10* 1500 4 .6  X 10*

DWL (grass) (pC i/m 2) 4500 1. 0 X 105 - -

Transfer coefficient 
pasture to food

0.17 pC i/litre  
per pC i/m 2

0. 5 pC i/litre  
per pC i/m 2 
[8 ]

50 pC i/d  
per m C i/km 2 
per month [8 ]

8. 3 pC i/d  
per m C i/km z 
per month [8]
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Pathway
131j

(C i/m 3)
i37Cs

(C i/m 3)
90Sr

(C i/m 3)
“9Sr

(C i/m 3)
3H

(C i/m 3)
“5Kr

(C i/m 3)

Milk route 3. 01 X 10"13 3. 82 X 10"12 1.42  X 1 0 '12 2.12  X 1 0 '9 - -

Inhalation 3. 06 X 10"11 2 .23  X IQ*9 2.63  X 1 0 '“ 3. 97 X 10”9 4 .75  X 1 0 '“ -

Immersion 3.61 X 1 0 '6

U s in g  th e  d a ta  p r o v i d e d  b y  G a r n e r  f o r  UK c o n d i t io n s  [ 6 ] ,  th e  t r a n s f e r  
c o e f f i c i e n t  f r o m  p a s t u r e  to  m i lk  fo r  I n d ia n  c o n d i t io n s  i s  c a l c u l a t e d  to  b e
0 .1 7  p C i / l i t r e  p e r  p C i / m 2. A s s u m i n g  a d e p o s i t i o n  v e lo c i ty  of 2 X 10"2 m / s  
an d  an  e f f e c t iv e  m e a n  l i f e  in  g r a s s  o f  6 d a y s  [ 7 ] ,  th e  DAC (m ilk  r o u te )  i s  
o b t a i n e d  a s  3 . 01 X 10"1 3 C i / m 3.

S t r o n t i u m - 9 0

F o r  90S r  t h e  m a x i m u m  p e r m i s s i b l e  c o n t in u o u s  r a t e  of i n t a k e  i s  s o  s e t  
th a t  th e  m a x i m u m  p e r m i s s i b l e  body  b u r d e n  (M P B B )  w o u ld  b e  r e a c h e d  on ly  
a f t e r  10 y e a r s  f o r  a  m e m b e r  o f  t h e  p u b l i c  e x p o s e d  f r o m  b i r t h .  T h e  d o se  
r a t e  to  b o n e  d u r in g  t h e  f i r s t  few  y e a r s  of s u c h  e x p o s u r e  i s  v e r y  m u c h  l e s s  
th a n  th e  d o s e  l i m i t  a n d  th e  s m a l l e r  s k e l e t a l  w e ig h t  of th e  c h i ld  d o e s  not 
m a k e  i t  n e c e s s a r y  to l o w e r  th e  r a t e  of in t a k e  d u r in g  th e  e a r l y  y e a r s  [ 8] .
T h u s  th e  M P B B  a n d  DAC a r e  a s s u m e d  to  b e  in d e p e n d e n t  o f  a g e  an d  a r e  t a k e n  
t o  b e  1 / 1 0  th e  I C R P  v a l u e s  m o d i f i e d  to  In d ia n  c o n d i t io n s .  S in c e  th e  IC R P17 O
M P C W f o r  m e m b e r s  o f  th e  p u b l ic  i s  4 X 10 ц C i / c m  , th e  m a x i m u m  
p e r m i s s i b l e  d a i ly  in t a k e  fo r  I n d ia n  c o n d i t io n s  c a l c u l a t e s  to

M P D I (Ind ian )  = 4 X 1 0 ' 7 X 2 .2  X 103 X = 5 . 4 9  X 1 0 '4 ,u C i /d

w h ic h  h a s  b e e n  r o u n d e d  off to 550 p C i / d .  A s s u m in g  th a t  th e  d a i ly  in ta k e  i s  
o b t a i n e d  t h r o u g h  m i lk  o n ly ,  th e  D W L  (m i lk )  c a l c u l a t e s  to  1500 p C i / l i t r e .  
U s in g  th e  t r a n s f e r  c o e f f ic i e n t  of 50 p C i / d  p e r  m C i / k m 2 p e r  m o n th  [8 ]  and  
Vj, a s  3 X 10"3 m / s ,  th e  DAC (m i lk  r o u t e )  c a l c u l a t e s  to  1 . 42 X 10~12 C i / m 3.

5

S t r o n t i u m - 8 9

In  th e  c a s e  of 89S r  t h e  body  r e a c h e s  e q u i l i b r i u m  d u r i n g  th e  f i r s t  y e a r  
o f  e x p o s u r e  i f  th e  in t a k e  i s  at th e  r a t e  o f  1 /1 0  I C R P  M P C W fo r  c o n t in u o u s  
o c c u p a t io n a l  e x p o s u r e .  B e c a u s e  of t h i s ,  th e  I C R P  M PB B  i s  s c a l e d  down 
to  In d ia n  c o n d i t io n s  a s

4 X 470
q (In d ian  ch i ld )  = -7q00  = 0 .2 1 6  ¡uCi

w h e r e  370 r e p r e s e n t s  t h e  s k e l e t a l  w e ig h t  o f  an  In d ian  c h i ld  an d  7000 th a t  o f  
a n  I C R P  a d u l t .  U s in g  th e  s a m e  p a r a m e t e r s  a s  a p p l i c a b le  to  90S r  y i e l d s  th e  
DW L (m ilk )  of 4 .6  X 104 p C i / l i t r e  a n d  DAC (m ilk  r o u t e )  o f  2 . 1 2  X 10~9 C i / m 3.
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F o r  131C s  th e  a d u l t  i s  fou nd  to  b e  th e  l i m i t i n g  c a s e .  U s in g  a  b o d y  w e igh t  
o f  4 . 6  X 104 g [3 ]  an d  a n  e f f e c t i v e  e n e r g y  of 0 . 5 9  MeV [ 7 ] ,  th e  M P B B  fo r  
a n  In d ia n  ad u lt  i s  2 .1 8  ;uCi. F o r  an  e f f e c t i v e  h a l f - l i f e  of 140 d a y s  [ 7] th e  
D W L  (m ilk )  c a l c u l a t e s  to  5 . 4  X 104 p C i / l i t r e ,  w h ic h  h a s  b e e n  r o u n d e d  off  
to  50 000 p C i / l i t r e  p e r  p C i / m 2 [ 8 ] ,  th e  DWL ( g r a s s )  i s  o b t a i n e d  a s
1 X 1 0 5 p C i / m 2. Vg i s  t a k e n  to  b e  3 X 10"3 m / s  an d  f o r  a  h a l f - l i f e  in  g r a s s  
o f  70 d a y s  t h e  DAC (m ilk  r o u t e )  i s  c a l c u l a t e d  a s  3 .8 2  X 1 0 ' 12 C i / m 3.

DAC f o r  3H

B e c a u s e  o f  th e  l a c k  of d a ta ,  i t  i s  a s s u m e d  t h a t  th e  b o d y - f lu id  w e ig h t  of 
a n  In d ian  c h i ld  i s  in  th e  s a m e  p r o p o r t i o n  a s  t h a t  of th e  b o d y - f lu id  to  body 
w e ig h t  of an  In d ian  a d u l t .  T h i s  v a lu e  i s  o b ta in e d  a s  3 .5 3  k g .  U s in g  th i s  
an d  th e  e f f e c t i v e  e n e r g y  of t r i t i u m  a s  0. 0059 M eV , th e  M P B B  o f  a n  In d ian  
c h i ld  c a l c u l a t e s  to  1 6 . 7 5  n C i ,  g iv in g  a  u n i f o r m  c o n c e n t r a t i o n  in  th e  body 
f lu id  o f  4 . 7 5  X 1 0 '3 /u C i /g .  A s s u m i n g  t r i t i u m  c o n c e n t r a t i o n  in  th e  
a t m o s p h e r e ,  t h e  DAC c a n  b e  o b ta in e d ,  in f lu e n c e d  a s  i t  w e r e  b y  t h e  h u m i d i t y  
o f  th e  a t m o s p h e r e .  I f  th e  a v e r a g e  h u m id i ty  i s  t a k e n  to  b e  10 g / m 3 o f  a i r ,  
th e  DAC c a l c u l a t e s  to  4 .  75 X 1 0 '8 C i / m 3.

C a e s i u m - 1 3 7

DAC f o r  n o b le  g a s e s

U n d e r  n o r m a l  o p e r a t i n g  c o n d i t io n s  of th e  r e a c t o r s  in  In d ia  th e  s t a c k  
e f f lu e n t s  c o n ta in  41 A r  b e s i d e s  3H in  s m a l l  q u a n t i t i e s .  W h e r e  fue l  l e a k s  a r e  
p r e s e n t  f i s s i o n  p r o d u c t  n o b le  g a s e s  a l s o  a p p e a r  in  th e  s t a c k .  H o w e v e r ,  f o r  
p u r p o s e s  of d e s i g n  a n d  c o n t r o l  i t  i s  c o n s e r v a t i v e l y  a s s u m e d  th a t  th e  n ob le  
g a s e s  f r o m  r e a c t o r  s t a c k s  c o n s i s t  o n ly  of 41A r .

E f f l u e n t s  f r o m  fu e l  r e p r o c e s s i n g  f a c i l i t i e s  c o n ta in  p r e d o m i n a n t l y  85K r .
In  th e  c a s e  of 41A r  th e  D W L  ( s ta c k )  a r e  b a s e d  on tw o  c o n s i d e r a t i o n s :

(1) th e  i m m e r s i o n  d o s e  due to  th e  p lu m e  r e a c h i n g  th e  g r o u n d  l e v e l ;  an d
(2) t h e  g a m m a  d o s e  due  to  th e  p a s s a g e  o f  th e  p lu m e .  T h e  i m m e r s i o n  d o se
h a s  b e e n  e v a lu a te d  f r o m  th e  t i m e - i n t e g r a t e d  g r o u n d  l e v e l  c o n c e n t r a t i o n  at 
th e  s e c t o r  u n d e r  s tu d y .  T h e  g a m m a  d o s e  due to  p lu m e  p a s s a g e  i n c l u d e s  in  
a d d i t io n  to  t h e  p lu m e  d o s e  in  th e  r e l e v a n t  s e c t o r ,  th e  d o s e  c o n t r i b u t io n s  due 
to  th e  p lu m e  b e in g  in  th e  a d j a c e n t  tw o  s e c t o r s  o n  e i t h e r  s i d e .  T h e  to t a l  
d o s e  i s  th u s  th e  s u m  of  th e  i m m e r s i o n  d o s e  a n d  th e  g a m m a  d o s e  o f  p lu m e  in
the  r e l e v a n t  s e c t o r  a n d  t h o s e  a d ja c e n t  to  i t .

In  th e  c a s e  of 85K r  i t  h a s  b e e n  sh o w n  th a t  [ 10]  1 p C i / c m 3 o f  85K r  in  a i r  
a t  15°C a n d  760 m m  g iv e s

2 . 08 r a d / a  to  sk in
1. 73 X 10"2 r a d / a  to  s h a l lo w  t i s s u e s  an d  g o n a d s
1 .4 1  X 1 0 ’2 r a d / a  to  th e  w ho le  bo dy .

It i s  r e a d i l y  s e e n  th a t  s k in  i s  th e  l i m i t i n g  c a s e .  T h u s  th e  DAC 
( i m m e r s i o n )  f o r  s k in  c a l c u l a t e s  to  3 . 6 1  X 1 0 '6 y uC i/cm 3. T a b le  II p r e s e n t s  
th e  DAC v a l u e s .
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D W L (s ta c k )  v a lu e s

S in c e  th e  DAC v a l u e s  o f  T a b le  II a r e  e q u a te d  to  th e  fu l l  q u o ta  of th e  
c o r r e s p o n d i n g  d o s e  l i m i t ,  i t  w o u ld  b e  n e c e s s a r y  to  o b ta in  th e  s t a c k  d i s c h a r g e  
l i m i t s ,  i . e .  D W L ( s ta c k )  f o r  s p e c i f i c  i n s t a l l a t i o n s  b a s e d  on th e  a p p o r t i o n e d  
d o s e  l i m i t s .  T h i s  i s  i l l u s t r a t e d  b y  a  t y p i c a l  e x a m p l e .

F o r  th e  M A P P  r e a c t o r s  t h e  c o m m o n  s t a c k  o f  100 m  g iv e s  a  T IC  v a lu e  
o f  6 . 5  X 10"8 s / m 3 at  th e  w o r s t  s e c t o r .  T h e  DAC (m ilk  r o u t e )  f o r  131I i s
3 . 0 1  X 10"13C i / m 3. O u t o f  th e  t o t a l  d o se  l i m i t  o f  1500 m r e m  p e r  y e a r  to  a
c h i ld  o n e - h a l f ,  o r  750 m r e m / a ,  i s  a s s i g n e d  to  th e  t w i n - r e a c t o r  M A P P  
s t a t i o n .  T h u s  th e  D W L ( s ta c k )  f o r  M A P P  i s

3 . 0 1  X 1 0 '13 X 8 . 64 X 104 „  400 _ „ , „„ , ,
----------------------------- я------------  x  0 .1 0 6  C i / d

6.  5 X 1 0 ' 8 1 5 °0

S i m i l a r  c o n s i d e r a t i o n s  h av e  b e e n  a p p l i e d  to  o t h e r  r a d i o n u c l i d e s  and  
o t h e r  i n s t a l l a t i o n s .

3 . 2 . 3 .  A p p l ic a b i l i ty  of D W L  ( s ta c k )  v a l u e s

T h e  d e r i v e d  w o r k in g  l i m i t s  so  c a l c u l a t e d  r e p r e s e n t  th e  a v e r a g e  r e l e a s e  
r a t e s  o n  a  c o n t in u o u s  b a s i s  - th e  a c tu a l  r e l e a s e s  m a y  f l u c tu a t e  o v e r  a  
l i m i t e d  r a n g e .  T o  p r o v i d e  f l e x ib i l i ty  in  o p e r a t i o n  an d  m a i n t e n a n c e ,  h ig h e r  
d i s c h a r g e  r a t e s  m a y  b e  p e r m i t t e d  f o r  s h o r t e r  p e r i o d s ,  p r o v i d e d  th e  a v e r a g e  
r e l e a s e  r a t e s  do not e x c e e d  t h e  D W L  ( s ta c k )  v a l u e s .  It  i s ,  h o w e v e r ,  
n e c e s s a r y  to  s e t  a n  u p p e r  l i m i t  f o r  s u c h  s h o r t - t e r m  h ig h  r e l e a s e s .  T h e  
p h i lo s o p h y  a d o p te d  i s  to  p e r m i t  10% of th e  DWL ( s ta c k )  v a l u e s  to  p ea k  
d i s c h a r g e s ,  p r o v id e d  s u c h  h ig h  r e l e a s e s  do no t o c c u r  f o r  m o r e  th a n  2-| h o u r s  
in  a n y  c a l e n d a r  f o r tn ig h t .  T h e  n o r m a l  r e l e a s e  r a t e s  a r e  c o r r e s p o n d i n g l y  
r e d u c e d  b y  a  p r o p o r t i o n a t e  f a c t o r .

W h e r e  s e v e r a l  r a d i o n u c l i d e s  a r e  d i s c h a r g e d  a t  th e  s a m e  t i m e ,  th e  r u l e  
o f  m i x t u r e s  a s  s u g g e s t e d  b y  th e  I C R P  [ 2] i s  a p p l i e d .  T h u s  if  C j,  C2, C 3 . . . . 
a r e  th e  c o n c e n t r a t i o n s  of r a d i o n u c l i d e s  1, 2, 3 .......... th e n

С, С С
1 + — -— + + ........... s i

DWLj DWL2 DWL3

3 . 3 .  D i s c h a r g e s  to  a q u a t i c  e n v i r o n m e n t

G a n g u ly  a n d  P i l l a i  [ 11 ]  h a v e  c a l c u l a t e d  th e  M P C W v a l u e s  f o r  s e v e r a l  
r a d i o n u c l i d e s  a p p l i c a b le  to  a  f r e s h w a t e r  e n v i r o n m e n t  on th e  b a s i s  of 
c o n c e n t r a t i o n  f a c t o r s  m e a s u r e d  in  l o c a l  s a m p l e s  o f  food i t e m s .  T h e  s a m e  
an a lo g y  h a s  b e e n  e x te n d e d  to  o b ta in  th e  M P C W o f  s e v e r a l  r a d i o n u c l i d e s  fo r  
In d ia n  s t a n d a r d s .  F o r  e x a m p l e ,  t h e  I C R P  M P C W fo r  u n id e n t i f ie d  r a d i o 
n u c l i d e s  f o r  c o n t in u o u s  o c c u p a t io n a l  e x p o s u r e  i s  10"6 ju C i / c m 3, p r o v i d e d  th a t  
226R a  o r  228R a  i s  a b s e n t  [ 2] . O n e - t e n t h  o f  t h i s  v a lu e  i s  a p p l i e d  to  m e m b e r s  
o f  th e  p u b l i c .  R a g h u n a th  a n d  S o m a n  [ 12] h a v e  e s t a b l i s h e d  th a t  an  In d ian  
S t a n d a r d  M an  c o n s u m e d  4 .1  l i t r e s  o f  w a t e r  p e r  day  a s  a g a in s t  th e  IC R P  
v a lu e  o f  2 . 2  l i t r e s / d .  U se  of t h i s  d a ta  r e s u l t s  in  t h e  s c a l e d - d o w n  v a lu e  of 
M PCU W of 4 X 10"8 /u C i /c m 3 f o r  In d i a n  c o n d i t io n s .  If o n e - h a l f  th e  d o s e  l i m i t  
i s  a s s i g n e d  to  e x p o s u r e  t h r o u g h  th e  w a t e r  r o u t e ,  th e  M P C U W f o r  a  f r e s h 
w a t e r  e n v i r o n m e n t  i s  2 X 10"8 M C i/c m 3.
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D i s c h a r g e s  to  th e  m a r i n e  e n v i r o n m e n t  a r e  b a s e d  on  th e  c o n s i d e r a t i o n  
t h a t  e x p o s u r e  o f  t h e  p u b l ic  r e s u l t s  t h r o u g h  c o n s u m p t i o n  o f  h a r v e s t  f r o m  the  
s e a  o r  th e  c o n ta m in a t io n  o f  n e a r - s h o r e  w a t e r s  a s  th e  c a s e  m a y  b e .  No 
c r e d i t  i s  t a k e n  f o r  d i lu t io n  in  th e  e n v i r o n m e n t  a f t e r  t h e  d i s c h a r g e .  M o r e 
o v e r ,  th e  d i s c h a r g e d  w a s t e s  sh o u ld  c o n ta in  no p a r t i c u l a t e  m a t e r i a l .

S in c e  th e  s e p a r a t i o n  o f  t r i t i u m  f r o m  r a d i o a c t i v e  l i q u id  w a s t e s  f r o m  
n u c l e a r  p r o c e s s e s  p o s e s  a  d i f f icu l t  p r o b l e m ,  it  h a s  b e e n  a s s i g n e d  a  s p e c i a l  
l i m i t ,  p a r t i c u l a r l y  f o r  t h e  f r e s h w a t e r  e n v i r o n m e n t .  T h e  IC R P  M P C W f o r  
t h i s  i s o to p e  f o r  m e m b e r s  o f  t h e  p u b l ic  i s  5 X 1 O'3 ,u C i / c m 3, a s s u m i n g  an  
e f f e c t i v e  e n e r g y  o f  0. 0059 M eV . O ne  t h i r d  o f  t h i s  v a lu e  i s  th e  g e n e t i c  d o se  
l i m i t .  It h a s  b e e n  p r o p o s e d  th a t  1% of the  g e n e t i c  d o s e  l i m i t  m a y  be 
a s s i g n e d  to  t r i t i u m  in  th e  e n v i r o n m e n t  due to  d i s c h a r g e s  b y  th e  n u c l e a r  
i n d u s t r y .  On th e  b a s i s  t h a t  bod y  f lu id  i s  m o r e  l i m i t i n g  t h a n  w ho le  body  fo r  
t r i t i u m  a n d  s i n c e  a n  In d ia n  S ta n d a r d  M an  h a s  2 8 .4  k g  of b o d y  f lu id  [ 9 ] ,  th e  
p e r m i s s i b l e  t r i t i u m  c o n c e n t r a t i o n  c a l c u l a t e s  to  6000 p C i / l i t r e .  I f  50% of  
th e  d o s e  l i m i t  i s  a s s i g n e d  to  th e  w a t e r  r o u t e ,  th e n  th e  p e r m i s s i b l e  t r i t i u m  
c o n c e n t r a t i o n  f o r  a  f r e s h w a t e r  e n v i r o n m e n t  i s  3000 p C i / l i t r e .

4 .  IM P A C T  O F  R A D IO A C T IV E  R E L E A S E S  ON T H E  P O P U L A T IO N  DOSE

It w i l l  b e  s e e n  th a t  th e  D W L f o r  s t a c k  d i s c h a r g e s  a n d  r e l e a s e s  in to  th e  
a q u a t i c  e n v i r o n m e n t  h a v e  b e e n  s o  s e t  th a t  it i s  e x t r e m e l y  u n l ik e ly  t h a t  any  
in d iv id u a l  o f f - s i t e  w i l l  i n c u r  a n  e x p o s u r e  e x c e e d in g  th e  d o s e  l i m i t s  p r e s c r i b e d  
b y  th e  I C R P  e i t h e r  t h r o u g h  th e  a i r  r o u t e  o r  th e  w a t e r  r o u t e  o r  a  c o m b in a t io n  
o f  b o th .  A s s u m i n g  th a t  th e  n u c l e a r  i n s t a l l a t i o n s  a r e  o p e r a t i n g  v e r y  c lo s e  
to  th e  s e t  DWL v a l u e s ,  i t  h a s  b e e n  e s t i m a t e d  th a t  a  p e r s o n  l iv in g  at 3 k m  
f r o m  any  i n s t a l l a t i o n  w i l l  no t  r e c e i v e  m o r e  t h a n  30 to  40 m r e m  p e r  y e a r  
th r o u g h  g a m m a - e m i t t i n g  i s o t o p e s .  In  a c tu a l  p r a c t i c e ,  th e  r e l e a s e s  f r o m  th e  
p la n t s  a r e  b e tw e e n  1 / 1 2  to 1 / 5 0  lo w e r  th a n  t h e  v a lu e s  p e r m i t t e d .  A ro u g h  
e s t i m a t e  of th e  t h e o r e t i c a l  a n n u a l  a v e r a g e  d o se  to  th e  p o p u la t io n  l i v in g  in  th e  
n e ig h b o u r h o o d  o f  n u c l e a r  i n s t a l l a t i o n s ,  b a s e d  on  th e  p o p u la t io n  d i s t r i b u t i o n  
sh o w s  th a t  t h e  a v e r a g e  p o p u la t io n  d o s e  i s  no t l ik e ly  to  e x c e e d  a  few  m i c r o -  
r e m s  p e r  y e a r .
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Abstract

POPULATION EXPOSURE EVALUATION BY ENVIRONMENTAL MEASUREMENT AND WHOLE-BODY COUNTING 
IN THE ENVIRONMENT OF NUCLEAR INSTALLATIONS.

Measurements of the extent of environm ental radioactive pollution from the operation of nuclear 
installations in India are carried out at the installation sites. The paper describes in detail environm ental 
measurements and evaluation of annual dose to individual members of the public, m ainly in the environment 
of Tarapur Atomic Power Station due to the radioactive waste releases from the plant.

Samples of all kinds of food materials are collected  at regular frequency and analysed for radioactivity. 
Demographic survey of the microenvironm ent of the nuclear site has given the spectrum of local diet and per 
capita  consumption of food item s. From these environm ental data the per capita daily intake of critical 
radionuclides and the resultant internal radiation exposure to individual members of the general population 
are evaluated. The external population exposure due to stack discharges from nuclear installations is measured 
by therm olum inescent dosimeters. The increase in dose observed during operation over the natural background 
and its variation as seen during the pre-operational period is evaluated as the direct exposure. Whole-body 
counting of the general population has been carried out to evaluate internal contam ination of individuals. 
Representative members of each  village are counted about 3 times a year and the average annual body burden 
is evaluated. The annual dose due to the body burden is estim ated for the im portant radionuclides found in 
the villagers. The population dose com m itm ent due to nuclear operation in the country is assessed on the 
basis of present observation for the environment of the nuclear installations.

IN T R O D U C T IO N

L o w - l e v e l  r a d i o a c t i v e  w a s t e  f r o m  th e  m a j o r  n u c l e a r  i n s t a l l a t i o n s  in  
th e  c o u n t r y  i s  d i s p e r s e d  to  th e  e n v i r o n m e n t  u n d e r  c o n t r o l l e d  c o n d i t io n s  
a f t e r  th e  r e q u i r e d  d i lu t io n .  C e r t a i n  food p r o d u c t s  g r o w n  in  th e  e n v i r o n m e n t  
c o n c e n t r a t e  th e  r e l e a s e d  r a d i o n u c l i d e s  an d  so  c o n t r i b u t e  to  th e  r a d i a t i o n  
e x p o s u r e  o f  g e n e r a l  p o p u la t io n .  T h e  r a d i o a c t i v e  g a s e o u s  w a s t e s  r e l e a s e d  
t h r o u g h  h ig h  s t a c k s  c a u s e  d i r e c t  r a d i a t i o n  e x p o s u r e  to  th e  s u r r o u n d in g  
p o p u la t io n  w i th  an  i n t e n s i t y  t h a t  v a r i e s  w i th  th e  w e a t h e r  c o n d i t i o n s .  .T he  
l o c a t io n  o f  m a j o r  n u c l e a r  i n s t a l l a t i o n s  l ik e  n u c l e a r  p o w e r  r e a c t o r s  and  
p o w e r  r e a c t o r  fu e l  p r o d u c t io n  an d  r e p r o c e s s i n g  p l a n t s  in  In d ia  a r e  s p r e a d  
ou t o v e r  th e  c o u n t r y .  T h e  e v a lu a t io n  o f  p o p u la t io n  e x p o s u r e  f r o m  th e  o p e r 
a t io n  o f  n u c l e a r  p l a n t s  i s  th e  m a j o r  t a s k  o f  th e  E n v i r o n m e n t a l  S u rv e y  
L a b o r a t o r i e s  (ESL) o f  th e  H e a l th  P h y s i c s  D iv i s io n  o f  th e  A to m ic  E n e r g y  
D e p a r t m e n t .  T h e  p a p e r  d e s c r i b e s  th e  p o p u la t io n  e x p o s u r e  e v a lu a t io n
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T A B L E  I. A N N UA L A V E R A G E  A C T IV IT Y  IN SEA FO O D  F R O M  T A P S  
E N V IR O N M E N T

Year
131j

Edible soft tissue
(pCi/kg)

134 + 137Cs 6°Co

1970 84.98 ± 9 .5 39.0 ± 7.1 Below detection

1971 508.6 ± 242.2 512.1 ± 129.5 4 .86  ± 2 .9

1972 58.1 ± 6.2 533.7 ± 85.5 71.86 ± 12 .4

1973 48.2  ± 4 .4 454.2 ± 25.6 89.5 ± 15.6

T A B L E  II . D A IL Y  IN T A K E  O F  S E A F O O D  BY TH E 
P O P U L A T IO N

T A R A P U R

Population groups
Per capita daily 

intake of seafood

(g)

1. Fishermen 180.0

2. Farmers 43.5

3. Others 67.0

T A B L E  III. D A IL Y  IN T A K E  O F  R A D IO N U C L ID E S  B Y  T H E  T A R A P U R
P O P U L A T IO N  DURING 1 9 7 0 - 1 9 7 3

Population
group

Year
131j

Per capita daily intake 
(pCi)

134 + 137Cs 60Co

1. Fishermen 1970 11.47 ± 1 .3 5 .3  ± 1 .0 Below detection

1971 68.67 ± 3. 6 69.13 ± 17.4 0 .66  ± 0.38

1972 6. 88 ± 0. 83 72.05 ± 11.54 9.70 ± 1.67

1973 6 .50 ± 0.59 61.32 ± 3.45 12.68 ± 2 .1

2. Farmers 1970 2.71  ± 0.32 1.27 ± 0.23 Below detection

1971 16.59 ± 7.90 16.71 ± 4.23 0.16  ± 0.09

1972 1. 89 ± 0.2 17.41 ± 2.79 2 .3 4  ± 0.40

1973 1.57 ± 0.14 14.82 ± 0 .8 3 2 .92  ± 0.51

3. Others 1970 4.27 ± 0.47 1.96  ± 0.35 Below detection

1971 25.56 ± 12.1 25.73 ± 6 .5 0 .24  ± 0 .14

1972 '2 .9 2  ± 0.31 26.81 ± 4.29 3.61 ± 0. 62

1973 2.42  ± 0.22 22.82 ± 1.29 4 .50 ± 0.78
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e x p e r i e n c e  a t  th e  T a r a p u r  A to m ic  P o w e r  S ta t io n  (T A P S ),  w h ic h  h a s  b e e n  
u n d e r  c o m m e r c i a l  o p e r a t i o n  f r o m  1970 w i th  a n  a n n u a l  r e l e a s e  o f  a b o u t  
400 c u r i e s  o f  l i q u id  r a d w a s t e  to  th e  s e a  a n d  a b o u t  50 m C i / s e c  g a s e o u s  
w a s t e  to  th e  a t m o s p h e r e  t h r o u g h  i t s  1 1 0 - m e t r e  h ig h  s t a c k .

I

R A D IO A C T IV IT Y  IN FO O D  S A M P L E S  A T  T A R A P U R

S eafood ,  c e r e a l s  a n d  p u l s e s ,  v e g e t a b l e s ,  m i lk ,  m e a t  an d  c o n d im e n ts  
p r o d u c e d  in  th e  T A P S  e n v i r o n m e n t  h a v e  b e e n  t e s t e d  f o r  r a d i o a c t i v i t y  w i th  
a  f r e q u e n c y  o f  o n c e  a  m o n th .  T h e  r a d i o n u c l i d e s  o f  s i g n f i c a n c e  in  T A P S  
l iq u id  r e l e a s e s  a r e  131I, 134C s ,  137C s  an d  60C o .  C o m p a r i n g  th e  l e v e l s  o f  
r a d i o n u c l i d e s  in  t h e s e  food p r o d u c t s  d u r in g  the  p r e - o p e r a t i o n a l  [ 1] and  
o p e r a t i o n a l  p e r i o d s  [ 2 -4 ]  i t  h a s  b e e n  o b s e r v e d  t h a t  o n ly  s e a f o o d  i s  c o n t r i 
b u t in g  to  the  in ta k e  o f  r a d i o n u c l i d e s  r e l e a s e d  f r o m  th e  p o w e r  s t a t i o n .  No 
o t h e r  food m a t e r i a l  sh o w s  an y  d e t e c t a b l e  a m o u n t  o f  r e a c t o r - r e l e a s e d  a c t i v i t y .  
T h e  a n n u a l  a v e r a g e  r a d i o n u c l i d e  c o n te n t  o f  s e a fo o d  f r o m  1970 to  1973 i s  
g iv e n  in  T a b le  I.

D E M O G R A P H IC  STUDY

T o  e v a lu a te  th e  c r i t i c a l  p o p u la t io n  g ro u p  f o r  r a d i a t i o n  e x p o s u r e  f r o m  
p o w e r  p l a n t  r e l e a s e  a  d e m o g r a p h i c  s u r v e y  w a s  c o n d u c te d  in  th e  e n v i r o n 
m e n t  [ 1 , 4 ] .  T h i s  p r o v i d e d  in f o r m a t i o n  o n  th e  p r o f e s s i o n a l  and  d i e t a r y  
h a b i t s  o f  th e  p o p u la t io n  and  d a t a  on  th e  p e r  c a p i t a  c o n s u m p t i o n  o f  food 
c o m p o n e n t s .  T h e s e  a r e  e s s e n t i a l  to  an  e v a lu a t io n  o f  th e  r a d i a t i o n  e x p o s u r e  
and  a r e  n o t  a v a i l a b le  f o r  th e  s m a l l  l o c a l  r e g i o n  o f  th e  p o w e r  r e a c t o r  
e n v i r o n m e n t  f r o m  n a t i o n a l  c e n s u s  d a ta .

T h e  p o p u la t io n  in  th e  T A P S  e n v i r o n m e n t  h a s  b e e n  c l a s s i f i e d  in to  t h r e e  
o c c u p a t io n a l  g r o u p s :  f i s h e r m e n ,  f a r m e r s ,  and  o t h e r s  ( c o n s i s t in g  o f  p e o p le  
f r o m  s k i l l e d  p r o f e s s i o n s ) .  S ince  s e a fo o d  i s  th e  s i g n i f i c a n t  d ie t  c o m p o n e n t  
f o r  e x p o s u r e  e v a lu a t io n ,  th e  d a i l y  in ta k e  o f  s e a fo o d  by  th e  in d iv id u a l  in  the  
t h r e e  p o p u la t io n  g r o u p s  i s  g iv e n  in  T a b le  II.

D A IL Y  IN T A K E  O F  R A D IO N U C L ID E S AND R E S U L T A N T  A N N U A L  
R AD IA TION  E X P O S U R E  O F  INDIVIDUALS

F r o m  th e  a n n u a l  a v e r a g e  s e a f o o d  r a d i o a c t i v i t y  d a t a  an d  p e r  c a p i t a  
d a i ly  in ta k e  o f  s e a f o o d  th e  d a i ly  in t a k e  of r a d i o n u c l i d e s  o f  p o w e r  s t a t i o n  
o r i g i n  c a n  be  e v a lu a t e d .  I t  h a s  b e e n  o b s e r v e d  th a t  on  a v e r a g e  o n ly  75% 
b y  w e ig h t  o f  th e  f i s h  i s  u s e d  w h en  p r e p a r i n g  food and  25% i s  d i s c a r d e d  a s  
n o n - e d i b l e .  T h e  a c t i v i t y  in  th e  e d ib l e  p o r t i o n  o n ly  sh o u ld  be  c o n s i d e r e d  
f o r  d a i ly  in ta k e  e v a lu a t io n .  T h e  d a t a  o n  d a i ly  in ta k e  o f  r a d i o n u c l i d e s  f o r  
in d iv id u a l  m e m b e r s  o f  t h r e e  p o p u la t io n  g r o u p s  a r e  g iv e n  in  T a b le  III f o r  
1970 to  1973.

T h e  r a d i a t i o n  d o s e  f r o m  th e  e s t i m a t e d  d a i ly  d i e t a r y  in ta k e  c a n  be 
c a l c u l a t e d  f r o m  d o s e  f a c t o r s  e v a lu a t e d  f r o m  IC R P  d a t a  a s  in  th e  m e th o d  
u s e d  a t  H a n fo rd  [5 ,  6 ] .  T h e  d o s e  f a c t o r s  u s e d  f o r  th e  n u c l i d e s  c o n s i d e r e d  
a r e  g iv e n  in  T a b le  IV. T h e s e  a r e  e v a lu a t e d  f r o m  th e  I C R P ' s  v a lu e  f o r  
M P C W and  th e  s t a n d a r d  m a n ' s  w a t e r  i n t a k e  d a t a  an d  m a x i m u m  p e r m i s s i b l e
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Nuclide C ritical organ
Dose factor 

m rem /^C i intake

131j Thyroid 1860

134 Cs Whole body 69.0

137Cs Whole body 31.2

“ Co Whole body 6.23

G-I tract 37 .4

T A B L E  V . A N N UA L DOSE F R O M  S E A F O O D  IN T A K E  TO  INDIVIDUALS 
O F  T A R A P U R  P O P U L A T IO N  C A L C U L A T E D  ON I C R P ' s  MAXIM UM  
P E R M IS S IB L E  IN T A K E  V A L U E S

Population
group

Year
131j

Thyroid

Dose to the critical organ 
(m rem /a)

134 Cs I3,Cs 
Whole body Whole body

from

“ Co 
Whole body

6 Q ~Co 
G-I tract

Fishermen 1970 7. 80 0. 052 0.037 - -

1971 46.7 0.683 0.778 0.0015 0.009

1972 4.67 0.716 0.498 0.024 0.132

1973 4.41 0.607 0.424 0.0274 0.765

Farmers 1970 1.84 0.0125 0.0087 - -

1971 4.48 0.1664 10.115 0.0004 0. 002

1972 1.28 0-1739 0.119 0.0053 0. 032

1973 1.06 0.1465 0.1031 0.0066 0. 039

Others 1970 2 .90 0.19 0.0135 -

1971 17.35 0.257 0.176 0.0005 0.0033

1972 1.98 0.264 0.186 0.008 0.0493

1973 1 .64 0.226 0.157 0.0102 0.0614

i n t a k e  (M PI) v a l u e s .  T h e  I C R P ' s  p e r m i s s i b l e  d o s e  v a l u e s  t a k e n  a r e  0. 5 r e m /  
f o r  th e  w h o le  b ody ,  1. 5 r e m / a  f o r  th e  G - I  t r a c t  and  3 r e m / a  f o r  th e  t h y r o id .  
T a b le  V g iv e s  th e  e v a lu a te d  d o s e s .

DOSE E V A L U A T IO N  B Y  W H O L E -B O D Y  COU N TIN G

W h o le - b o d y  c o u n t in g  o f  th e  g e n e r a l  p u b l i c  g iv e s  a n  e x a c t  m e a s u r e m e n t  
o f  th e  b o d y  b u r d e n  o f  a l l  g a m m a - e m i t t i n g  r a d i o n u c l i d e s .  S ince  e x p o s u r e  
o f  th e  g e n e r a l  p u b l ic  t h r o u g h  d i e t a r y  in ta k e  i s  g r a d u a l  an d  c o n t in u o u s ,  body 
c o u n t in g  o n c e  in  3 m o n t h s  w o u ld  be s u f f i c i e n t  to  g ive  th e  a n n u a l  a v e r a g e
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T A B L E  V I. A N N UA L R A D IA TIO N  DOSE TO IN D IVID U AL V IL L A G E R S  
E V A L U A T E D  F R O M  B O D Y -B U R D E N  M E A S U R E M E N T S

Village and distance 
from reactor site 

and direction

(Population.)

Average individual 
body burden a 

(nCi)

Radiocaesium Cobalt 

1972 1973 1972

60

1973

Annual radiation dose from these 
body burdens a 

(mrem)

Radiocaesium C obalt-60 

1972 1973 1972 1973

1. Ghivali (1, 6 km N.) 
(2100)

11.88 13.83 18.44 32.4 3 .54 4.12 10.56 18.5

2. Tarapur (5 km N.) 
(4800)

12.94 21.78 21.01 22.5 3.85 6.45 12.03 12.9

3, Chinchani (6 km N.) 
(2850)

8.76 14. 88 10.49 16.2 2. 61 4 .4 6.0 9.25

4. Varor (10 km N.) 
(2850)

4 .3 6 .5  ' 4 .6 7.5 1.28 1.93 2 .63 4 .3

5. Kudan (2. 5 km N .E .) 
(1050)

14.25 15.7 13.6 24 .5 4.25 4 .68 7.77 14.05

6. Uchali (4. 8 km S.) 
(1200)

5.43 6.50 8.37 9.00 1. 62 1.94 4.79 5.14

7. Navapur (5. 5 km S.)
(2150)

7.90 14.80 9.48 26 .8 2.35 4 .4 5.43 15 .4

8. Betagaon (15 km S.E .) 
(2552)

8 .14 12.76 7.07 12.3 2.42 3 .78 4.05 7.02

9. Umroli (12 km S.E .) 
(2605)

8.5 9 .2 8.2 10.1 2 .53 2 .74 4. 68 5. 8

10. Nandgaon (12 km S.) 
(1525)

8.1 9 .8 6.78 15.1 2.59 3.12 3.88 8 .68

Average for the area 8 .8 13.9 11.5 17.4 2.72 4.12 6.56 9.95

a The body burden and dose values have 2 5 standard error.

b o d y  b u r d e n .  A t  T a r a p u r  a b o u t  0 .1 %  o f  th e  v i l l a g e  p o p u la t io n  (aged  12 y e a r s  
and  ab o ve)  a r e  c o u n te d  i n  t h e  f ix e d  s h a d o w - s h i e l d  w h o le - b o d y  c o u n t e r  a t  
th e  E S L .  T h i s  s h o w s  th e  c o n ta m in a t io n  f r o m  134C s  + 1ЭТС в ,  60Co and  58C o . 
T h e  l e v e l  o f  131I in  th e  t h y r o id  o f  t h e s e  p e o p le  w a s  b e lo w  th e  d e t e c t i o n  l i m i t  
o f  th e  co u n t in g  s y s t e m .  S l ig h t  d i f f e r e n c e s  in  th e  body  b u r d e n s  h a v e  b e e n  
n o te d  w i th  a g e  g r o u p s  a n d  a l s o  o n  th e  b a s i s  o f  p r o f e s s i o n .  F i s h e r m e n  h ad  
th e  h ig h e s t  bo dy  a c t i v i t i e s .

F r o m  th e  a n n u a l  a v e r a g e  body  b u r d e n ,  th e  a v e r a g e  b o d y  w e ig h t  an d  the  
e f f e c t i v e  e n e r g y  £ E ( R B E ) n  th e  r a d i a t i o n  d o s e  to  th e  i n d iv id u a l  o f  th e  g e n e r a l  
p u b l i c  c a n  b e  c a l c u l a t e d .  T h e  v a l u e s  f o r  1972 and  1973 f o r  s o m e  o f  th e  
v i l l a g e s  i n  th e  T a r a p u r  e n v i r o n m e n t  a r e  g iv e n  in  T a b le  VI f o r  r a d i o c a e s i u m  
and  r a d i o c o b a l t .  R a d io io d in e  h a s  n o t  b e e n  d e t e c t e d  in  t h y r o id  co u n tin g  
o f  th e  v i l l a g e r s .
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T A B L E  V II.  D IR E C T  R A D IA TIO N  D OSE M E A S U R E D  W IT H  T L D s  IN T H E  
T A P S  E N V IR O N M E N T

Village and 
distance from 

TAPS site 1968 1969

Dose
(m rem /a)

1970 1971 1972 1973

1. Ghivali
(1 .8  km north)

58.50 57.8 59.5 64.75 65.0 68.5

2. Akkarpatti 
(1. 8 km south)

62.20 59.6 61.2 68.0 70.0 82.0

3. Panchamarg 
(2 .5  km east)

58.00 61.0 60.00 59.0 58.0 60.5 ■

4, Kudan
(2. 5 km N .E .)

57, 00 56.0 57.0 58.00 60. 0 60.0,

5. Pamtembhi 
(5 km S.E .)

56.00 58.0 57.0 58.00 59.0 57.0

T A B L E  VIII. T O T A L  O C C U P A T IO N A L  E X P O S U R E  (ANNUAL) A T  T A P S

Year
Total No. of 

persons exposed
Total exposure dose 

(rem)

1969 399 43.312

1970 550 153.411

1971 622 444.684

1972 1503 2455.037

1973 1883 2732.477

T h e  bod y  b u r d e n s  a v e r a g e d  f o r  th e  a r e a  w e ig h te d  to  th e  p o p u la t io n  o f  
th e  v i l l a g e s  an d  th e  a v e r a g e  in d iv id u a l  a n n u a l  d o s e  f o r  th e  a f f e c te d  e n v i r o n 
m e n t  a r e  g iv e n  a t  th e  end  o f  T a b le  VI.

D IR E C T  R AD IA TION  E X P O S U R E

T h e  d i r e c t  e x p o s u r e  o f  th e  g e n e r a l  p u b l i c  a ro u n d  th e  p o w e r  s t a t i o n  
f r o m  s t a c k  g a s  r e l e a s e s  i s  m e a s u r e d  by  u s in g  t h e r m o l u m i n e s c e n t  d o s i m e t e r s  
(T L D s)  in  th e  v i l l a g e  p o p u la t io n  c e n t r e s .  T h e s e  d o s i m e t e r s ,  k e p t  in  d u p l i 
c a t e ,  a r e  r e a d  o n c e  e v e r y  t h r e e  m o n t h s .  T h e  o b s e r v e d  a n n u a l  d o s e  a s  
m e a s u r e d  w i th  T L D s  f o r  th e  T a r a p u r  e n v i r o n m e n t  i s  g iv e n  fo r  th e  n e a r b y  
v i l l a g e s  i n  T a b le  VII.

T h u s  o n ly  th e  tw o n e a r b y  v i l l a g e s  w i th in  2 k m  of  th e  s i t e  h ad  a d o se  
a b o u t  5 to  10 m r e m / a  a b o v e  th e  n a t u r a l  b a c k g r o u n d  r a d i a t i o n  l e v e l s  o b s e r v e d  
up to  1969 . T h e r e  w a s  no d e t e c t a b l e  d i r e c t  e x p o s u r e  d o s e  f o r  p e o p le  l iv in g  
b e y o n d  2 k m  f r o m  th e  s i t e .
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T A B L E  IX. DOSE TO W H O L E  P O P U L A T IO N  (166 500) G R O U P  W ITH IN  
32 k m  F R O M  T A P S  SITE

Total dose to Total dose to

Year
Total occupational 

exposure 
(rem)

affected 
public 

from dietary

external 
exposure 

above natural
Total dose 

(rem)

Average dose for 
population 

within 32 km .
contam ination

(rem)
background

(rem)
(mrem)

1972 2455.0 825.0 ■ 30.5 3310.5 19.9

1973 2732.5 1255.0 61.8 4049.3 24.3

O C C U P A T IO N A L  E X P O S U R E  C O N T R IB U T IO N  O F  P O P U L A T IO N  E X P O S U R E

T h e  e x p o s u r e  o f  o c c u p a t io n a l  w o r k e r s  in  th e  p o w e r  p l a n t  h a s  b e e n  
m e a s u r e d  r e g u l a r l y  r i g h t  f r o m  th e  c o m m i s s i o n i n g  s t a g e .  T h e  to t a l  a n n u a l  
o c c u p a t io n a l  e x p o s u r e  r e c o r d e d  [7 ]  f r o m  1969 to  1973 i s  g iv e n  in  T a b le  VIII,  
and  t h i s  h a s  to  be  c o n s i d e r e d  in  th e  e v a lu a t io n  o f  th e  a v e r a g e  p o p u la t io n  d o s e .

E X P O S U R E  O F  T H E  .G E N E R A L  P O P U L A T IO N

T h e  i n t e r n a l  c o n ta m in a t io n  o f  p e o p le  f r o m  d i e t a r y  i n t a k e  h a s  b e e n  
o b s e r v e d  i n  th e  T A P S  e n v i r o n m e n t  up to  a  d i s t a n c e  o f  16 k m  t i l l  th e  end 
o f  1973. T h e  to t a l  p o p u la t io n  in  t h i s  r e g i o n  i s  a b o u t  89 500. T h e  a v e r a g e  
a n n u a l  w h o le -b o d y  e x p o s u r e  to  th e  in d iv id u a l  f r o m  134+137C s  and  60Co w a s  
o b s e r v e d  to  be 9. 2 m r e m  in  1972 and  14 m r e m  in  1973. T h e  t o t a l  n o n -  
o c c u p a t io n a l  d o s e  and  o c c u p a t io n a l  d o s e  a r e  ad d e d  t o g e t h e r  to  o b ta in  th e  
t o t a l  p o p u la t io n  e x p o s u r e .  T h e  d i r e c t  e x p o s u r e ,  w h e r e v e r  s ig n i f i c a n t ,  
i s  a l s o  a d d e d .

G e n e t ic  m ix in g  in  th e  c o u n t r y  i s  v e r y  p o o r  e v e n  a t  th e  s t a t e  l e v e l .
I t  w ou ld  b e  s u f f i c i e n t  to  c o n s i d e r  p o p u la t i o n  w i th in  32 k m  o f  th e  s i t e  to  
e v a lu a te  th e  p o p u la t io n  d o s e  due  to  th e  o p e r a t i o n  o f  th e  n u c l e a r  i n s t a l l a t i o n  
r a t h e r  t h a n  to  c o n s i d e r  th e  s t a t e  p o p u la t io n  o r  c o u n t r y ' s  p o p u la t io n  a s  
w h o le .  T he  d o s e s  to  th e  p o p u la t io n  in  th e  T A P S  e n v i r o n m e n t  d u r i n g  1972 
an d  1973 a r e  sh o w n  i n  T a b le  IX.

DISCUSSION

T h e r e  i s  a  s i g n i f i c a n t  d i f f e r e n c e  b e tw e e n  th e  d o s e  e s t i m a t e d  f r o m  
th e  d i e t a r y  in ta k e  o f  r a d i o n u c l i d e s  and  th a t  e s t i m a t e d  f r o m  w h o le -b o d y  
c o u n t in g  (cf. T a b l e s  V an d  VI). T h e  d i f f e r e n c e  c a n n o t  b e  a t t r i b u t e d  to  
in t a k e s  t h r o u g h  p a th w a y s  o t h e r  th a n  s e a fo o d  s i n c e  n e i t h e r  o t h e r  d i e t a r y  
c o m p o n e n t s  n o r  a i r  f i l t e r  s a m p l e s  h a v e  sh o w n  d e t e c t a b l e  a m o u n t s  o f  
r a d i o n u c l i d e s  r e l e a s e d  f r o m  th e  p o w e r  s t a t i o n .

T h e  d i f f e r e n c e  in  d o s e  m a y  b e  m a i n l y  due  to  th e  u n c e r t a i n t y  in  th e  
h u m a n  m e t a b o l i c  u p ta k e  o f  n u c l i d e s  i n c o r p o r a t e d  in  d i f f e r e n t  d i e t a r y  
c o m p o n e n t s .  T h e  d o s e  e v a lu a t io n  f r o m  q u a r t e r l y  w h o le - b o d y  co u n t in g  
c a n  be  c o n s i d e r e d  to  be  m o r e  a c c u r a t e  th a n  th a t  f r o m  d a i ly  d i e t a r y  in t a k e .
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T h e  r a d i a t i o n  e x p o s u r e  l e v e l  o b s e r v e d  a t  th e  T A P S  s i t e  i s  u n fo r tu n a te ly  
due  to  a b n o r m a l  o p e r a t i o n  and  m a i n t e n a n c e  c o n d i t io n s  and  m a y  n o t  p e r s i s t  
c o n t in u o u s ly .  T h e  e x p a n d in g  n u c l e a r  p o w e r  p r o g r a m m e  o f  th e  c o u n t r y  i s  
b a s e d  on  h e a v y  w a t e r  n a t u r a l - u r a n i u m  (CANDU) r e a c t o r s  an d  .not on  th e  BWR 
ty p e  a t  T a r a p u r .  F u t u r e  e v a lu a t io n  o f  e x p o s u r e  a t  K o ta ,  R a ja s t h a n ,  w h e r e  
I n d i a ' s  s e c o n d  n u c l e a r  p o w e r  s t a t i o n  h a s  s t a r t e d  o p e r a t in g ,  w i l l  h e lp  
in  a s s e s s i n g  d o s e  c o m m i t m e n t s  f r o m  th e  c o u n t r y ’s n u c l e a r  p o w e r  p r o g r a m m e .
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DISCUSSION

ON P A P E R S  I A E A - S M - 1 8 4 /4 ,  5 AND 6

F . D .  SOWBY: T h e  r e s u l t s  g iv e n  in  T a b le  IX o f  p a p e r  S M - 1 8 4 /6  show 
o n c e  a g a in  t h a t  o c c u p a t io n a l  e x p o s u r e  m a k e s  the  m a j o r  c o n t r ib u t io n  to  the  
c o l l e c t iv e  d o s e .  I t  w o u ld  be  i n t e r e s t i n g  to  know th e  e l e c t r i c a l  o u tp u t  of 
th e  s t a t i o n  in  th e  r e l e v a n t  y e a r s ,  so t h a t  we c o u ld  e s t i m a t e  th e  m a n  • r e m s  
p e r  m e g a w a t t - y e a r .

I .  S. B H A T 1 : I th in k  t h a t  e x p r e s s i n g  e x p o s u r e  a s  m a n  - r e m s  p e r  
m e g a w a t t - y e a r  i s  m i s l e a d i n g  s i n c e  e x p o s u r e  i s  o f ten  m o r e  s i g n i f i c a n t  d u r in g  
o u ta g e s  th a n  w h en  th e  r e a c t o r s  a r e  o p e r a t i n g .  H o w e v e r ,  th e  e l e c t r i c a l  
o u tp u t s  w e r e  a s  fo l lo w s :

1972 8 7 0 4 1 1  MW • h ( to ta l)

1973 20 068 810 M W - h ( to ta l)

S . O .  B E R G S T R Ô M : I sh ou ld  l ik e  to  add  in  t h i s  c o n n e c t io n  th a t  I do 
n o t  th in k  i t  m e a n in g f u l  to  c a l c u l a t e  o c c u p a t io n a l  m a n  ■ r a d  d o s e  p e r  MW(e) 
f o r  s t a t i o n s  t h a t  h a v e  n o t  b e e n  ru n n in g  f o r  a  r e a s o n a b l y  lon g  t i m e .  In the  
e a r l y  y e a r s  m a n  • r a d  d o s e  p e r  M W (e) m i g h t  o f ten  be  i n v e r s e l y  p r o p o r t i o n a l  
to  p o w e r  p ro d u c t io n .

I a l s o  h av e  a  q u e s t i o n .  W h a t  i s  th e  b a s i s  f o r  a s s u m i n g  th a t  th e  m a i n  
p a r t  o f  th e  t o t a l  p o p u la t io n  d o s e  to  th e  p u b l i c  i s  d e l i v e r e d  w i th in  a d i s t a n c e  
of  3 2 k m ?

I. S. BHAT:. T h e  e x p o s u r e  p a th w a y  i s  v ia  th e  i n g e s t i o n  o f  f i s h  f r o m  
c o a s t a l  w a t e r s .  O u r  s tu d y  o f  l o c a l  d e m o g r a p h y  h a s  sh o w n  th a t  o n ly  p e o p le  
w i th in  32 k m  a r e  o f  i n t e r e s t  in  th e  d o s e  e v a lu a t io n .  S o m e  o y s t e r s  and  
l o b s t e r s  f r o m  th i s  r e g i o n  a r e  e x p o r t e d  to B o m b a y  b u t  o n ly  in  s m a l l  q u a n t i t i e s .  
T h e  32 k m  b o u n d a r y  i s  o f  p r a c t i c a l  s i g n i f i c a n c e .  T h e  v a l u e s  o b ta in e d  a r e  
in d i c a t i v e  of th e  k in d  o f  e x p o s u r e  e x p e c t e d  and  a r e  n o t  n e c e s s a r i l y  e x a c t .

P .  SL 1ZE W IC Z : T a k in g  a c c o u n t  o f  th e  d a te  th e  r e l e a s e s  s t a r t e d ,  c a n  
you  a s s u m e  th a t  th e  c a e s i u m - 137 c o n te n t  o f  th e  f i s h  f l e s h  f o r  th e  y e a r  1970 
i s  due  s o l e ly  to  f a l l - o u t  c a e s i u m ?

I. S. B H A T : N o . T h e  l e v e l  o f  f a l l - o u t  c a e s i u m - 1 3 7  in  f i s h  f l e s h  d u r in g  
1970 w a s  ab ou t  10 to  20 p C i / k g .  T h e  r e l e a s e s  f r o m  th e  T a r a p u r  p l a n t  h ad  
s t a r t e d  in  1969 d u r i n g  th e  c o m m i s s i o n i n g  p e r i o d .

W . J .  BAIR: Do y ou  th in k  t h a t  th e  d i f f e r e n c e s  b e tw e e n  th e  d o s e s  
e s t i m a t e d  f r o m  th e  d i e t a r y  in ta k e  o f  r a d i o n u c l i d e s  and  th o s e  e s t i m a t e d  by 
w h o le -b o d y  c o u n t in g  c o u ld  be  r e s o l v e d  u s in g  a n o t h e r  m e t a b o l i c  m o d e l ,  
p e r h a p s  o ne  w h ic h  i s  m o r e  a p p r o p r i a t e  to  the  p o p u la t io n  s tu d ie d ?

I. S. B H A T : W e  h a v e  n o t  y e t  a t t e m p t e d  t h i s .  T h e r e  a r e  d i f f i c u l t i e s  
due  to  p a u c i t y  o f  o b s e r v a t i o n a l  d a ta .  W e c a n n o t  w o r k  w i th  know n m o d e l s  
b e c a u s e  th e  d a i ly  c o n s u m p t i o n  i s  n o t  r e g u l a r .  I th in k  i t  sh o u ld  be  p o s s i b l e  
to  r e s o l v e  t h i s  d i f f e r e n c e  w h e n  m o r e  m e t a b o l i c  d a t a  b e c o m e  a v a i l a b le ,  
and  we w i l l  k e e p  t h i s  in  v ie w  f o r  f u r t h e r  s t u d i e s .

G . B O E R I:  H av e  yo u  c a l c u l a t e d  c o n c e n t r a t i o n  f a c t o r s  f o r  131I in  the  
w a t e r  to  s e a f o o d  p a th w a y ,  and  c o u ld  y o u  c o r r e l a t e  io d in e  d i s c h a r g e s  w ith

1 Answer submitted by Mr. Bhat, who was not present at the Seminar. 345
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m e a s u r e d  c o n c e n t r a t i o n s ?  C a n  you  g iv e  a n y  io d in e  d i s c h a r g e  d a ta  f o r  th e  
y e a r s  1 9 7 0 -7 1 - 7 2 ?

I. S. B H A T : W e r e p o r t e d  th e  c o n c e n t r a t i o n  f a c t o r  f o r  lcilI f r o m  s e a w a t e r  
to  f i s h  in  s e v e r a l  e a r l i e r  p a p e r s .  O n ly  th e  f r e s h  c a tc h  f r o m  the  c o a s t a l  
r e g i o n  w i l l  h av e  io d in e  r a d i o a c t i v i t y ;  th e  bu lk  o f  th e  m a r k e t e d  f i s h  c o m e s  
f r o m  the  o f f - s h o r e  r e g i o n  a n d  h a s  no 131I.

T h e  to t a l  a c t i v i t y  d i s c h a r g e d  d u r in g  1 9 7 2 -7 3 .w a s  a b o u t  41 .55  c u r i e s ,  
n o r m a l i z e d  a s  p e r  10 C F R  20, and  t h i s  i s  w e l l  b e lo w  th e  a u th o r i z e d  l i m i t .  
A b o u t  14% o f  t h e  t o t a l  a c t i v i t y  w a s  r a d i o io d i n e .  T h e  v a l u e s  c ou ld  be  l e s s  
f o r  o t h e r  y e a r s .  C o n s i d e r i n g  i t s  s h o r t  l i f e  c o m p a r e d  w i th  137C s  an d  60Co 
a n d  th e  f a c t  t h a t  i t  i s  r e l e a s e d  on ly  u n d e r  d e fe c t iv e  fu e l  c o n d i t io n s ,  131I i s  
no t  a  c o n t in u o u s  h a z a r d .
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Abstract-Résumé

PROGRAMME FOR MONITORING THE MARINE ENVIRONMENT AROUND THE LA HAGUE CENTRE.
The La Hague Centre, the m ain function of which is the reprocessing of irradiated fuel, is located by 

the sea a t a site which is particularly favourable as regards the safety of the loca l population. Before the 
reprocessing plant went into operation, extensive studies were carried out in order to determ ine how the 
effluent from it would disperse and by what major pathways it could reach the local population. The 
results of these studies have led to the form ulation of a monitoring programme covering 12 zones and various 
elem ents of the m arine environm ent: seawater, sediments, a lgae, fauna which is not involved in the food 
chain, fauna of im portance in the food chain. Only after 1968 did the findings reveal certain  effects 
a ttributable to the centre, the extent of the effects depending on the type of sample and the zone. Algae 
proved to be the best indicators: the measured activities correlated fairly well with the amounts of effluent 
discharged and the concentration factors were in agreem ent with the basic hypotheses. As regards the fauna, 
the activity  levels are generally too low for a correlation with the effluent discharges to be established.

PROGRAMME DE SURVEILLANCE DE L'ENVIRONNEMENT MARIN DU CENTRE DE LA HAGUE.
Le Centre de La Hague, dont la  vocation essentielle est le retraitem ent des combustibles irradiés, est 

im planté sur un site m arin particulièrem ent favorable du point de vue de la  sécurité des populations. La 
mise en œuvre de 1 * usine a été précédée d ' un im portant programme d ’ études visant a déterm iner les conditions 
de dispersion des effluents e t les principales voies d ’a tte in te  de la  population. Ces études ont conduit à la 
définition d ’un programme de surveillance portant sur douze zones différentes e t divers é lém ents du m ilieu 
m arin: eau de m er, sédim ents, algues, faune fixée, faune intéressant la  chaîne a lim entaire . Les résultats 
obtenus n 'o n t mis en évidence une certaine influence du Centre qu’après 1968, influence plus ou moins 
marquée selon les types d ’échantillons e t selon les zones. Les algues se sont révélées être les m eilleurs 
indicateurs: les activités mesurées sont en assez bon accord avec les rejets effectués e t les facteurs de 
concentration obtenus sont conformes aux hypothèses de base. Pour ce qui est de la  faune, les niveaux sont 
généralem ent trop faibles pour qu’ il soit possible d 'é ta b lir  une corrélation avec les rejets.

IN T R O D U C T IO N

L a  v o c a t io n  e s s e n t i e l l e  du C e n t r e  de L a  H ag ue  e s t  le  r e t r a i t e m e n t  d e s  
c o m b u s t i b l e s  i r r a d i é s .  Son a c t i v i t é  l ' i n c l u t  donc  d a n s  le  c y c le  du c o m b u s t ib le  
d e s  g é n é r a t e u r s  n u c l é a i r e s  d ' é l e c t r i c i t é  qu i c o n n a i s s e n t  le  d é v e lo p p e m e n t  
que  l ' o n  s a i t .
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FIG. 1. S itu a tio n  des couran ts m arins en  p ériode  de  re je t.

Etudié  e t  r é a l i s é  dans le  sc h é m a  de l a  f i l i è r e  graphite--gaz, une r é c e n te  
adap ta t ion  techn ique  aux r é a c t e u r s  de la  f i l i è r e  â  eau o r d in a i r e  en fa i t  un 
outil  im p o r ta n t  de l ' e f f o r t  n u c lé a i re  eu ropéen .

Situé en F r a n c e ,  á l ' e x t r é m i t é  n o r d -o u e s t  du Cotentin, le  Cap de L a  
Hague, le  C e n t re  e s t  im p lan té  s u r  un s i t e  m a r i n  excep t ionnel au po in t de vue 
de l a  s û r e té .  L e s  r é s id u s  i n d u s t r i e l s  gazeux ou l iqu ides  du p ro c é d é  sont 
a s s u r é s  d 'un  s tockage  ou p o u r  ceux de t r è s  fa ib le  ac t iv i té  d 'une é l im in a t io n  
en toute s é c u r i t é  dans le s  m il ieux  a tm o sp h é r iq u e  e t  m a r i n  p a r  d i sp e rs io n .

L a  sé p a ra t io n  et la  p u r if ica t io n  de l 'u r a n iu m  e t  du p lu ton ium  â p a r t i r  
des  c o m b u s t ib le s  i r r a d i é s  a c tu e l le m e n t  dans  le s  r é a c t e u r s  â u ra n iu m  n a tu re l  
de l 'E l e c t r i c i t é  de F r a n c e  s 'e f fe c tu e n t  p a r  voie l iqu ide  e s s e n t i e l l e m e n t .
L e s  o p é ra t io n s  ch im iques ,  ou tre  la  s é p a r a t io n  e t  le  s tockage  des  p ro d u i ts  
de f is s io n ,  p ro d u ise n t  des  e ff luen ts  de faib le et moyenne a c t iv i té .  C es 
so lu t ions  son t a c h e m in é e s  v e r s  la  S tation  de t r a i t e m e n t  des e ff luen ts .  Des 
te chn iques  t r è s  é tud iées ,  sp é c if iq u e s  e t  en a m é l io ra t io n  p e rm a n e n te ,  f a i s a n t  
appe l  â des  t r a i t e m e n ts  p a r  c o p ré c ip i ta t io n ,  c h im iso rp t io n ,  échange d ' io n s  
m in é ra u x  en solution, échange d ' io n s  s u r  r é s in e  o rgan ique  e t  f i l t r a t io n  
p e r m e t te n t  une é p u ra t io n  r a d io a c t iv e  t r è s  s a t i s f a i s a n te .  L e s  eaux r é s i d u a i r e s  
ob tenues â la  su ite  de ce s  o p é ra t io n s  peuven t a lo r s  ê t r e  é l im in é e s  en m e r .



IA E A -SM -184/28 349

C e s  r e j e t s  son t e f fec tués  p a r  l ' i n t e r m é d i a i r e  d 'une  conduite  t e r r e s t r e  
e t  m a r in e  dont l ' e x t r é m i t é  p lace  le  po in t d 'é m is s io n  â 2000  m  de la  côte, au 
su d -o u es t  du Nez de Jobourg ,  au s e in  d 'une zone de tu rb u le n ce  excep tionnel le  
due aux f o r t s  c o u ra n ts  de m a r é e  (environ 10 noeuds) dans le  Raz B lan c h a rd  
(fig. 1 ).

L e s  r e j e t s  font l 'o b je t  d 'un  c o n t rô le  t r è s  s t r i c t .  T ou t  d 'a b o r d  de l a  p a r t  
des  A u to r i té s  g o u v e rn e m e n ta le s  qui donnent au C e n tre  de L a  Hague, chaque 
année,  une a u to r i s a t io n  p r é f e c to ra le ,  a p r è s  exa m e n  du d o s s i e r  p e rm a n e n t  
p a r  le s  S e rv ic e s  s p é c i a l i s é s  du M in is tè re  de la  Santé publique. E nsu ite ,  
avan t chaque r e j e t  en m e r ,  une a u to r i s a t io n  e s t  d é l iv ré e  a p r è s  échanti l lonnage  
e t  an a ly se  des  eaux  r é s id u a i r e s ,  i s o l é e s  dans  une cuve, p a r  le  S e rv ic e  de 
co n t rô le  r a d io a c t i f  du C e n tre .  Ce S e rv ice  s ' a s s u r e  en p e rm a n e n c e ,  au nom 
du D i r e c te u r  du C e n tre ,  que l e s  a c t iv i té s  é l im in é e s  e t  l e s  p r o c é d u r e s  de r e j e t  
(heure ,  débit) son t b ien  c o n fo rm e s  â  la  rég le m en ta t io n .  Il a s s u r e  ég a le m en t  
la  com ptab i l i té  d é ta i l lée  des  r e j e t s  qui e s t  en su i te  t r a n s m i s e  aux S e rv ic e s  
c e n tra u x  du C o m m is s a r i a t  â l ' é n e r g i e  a tom ique  et aux o r g a n i s m e s  g o u v e rn e 
m en taux  de co n trô le .  N éanm oins ,  le  r e s p e c t  des  condit ions  de r e j e t  
n 'e x e m p te  p a s  le  C e n tre  de L a  Hague, com m e tout in d u s t r ie l ,  de s ' a s s u r e r  
du d e v e n ir  dans l 'e n v i ro n n e m e n t  m a r i n  des  é l é m e n ts  r a d io a c t i f s  r e j e t é s  dans 
le  m il ieu .

C e tte  s u r v e i l la n c e  a débuté s u r  le C e n tre  il  y a p lu s i e u r s  années ,  avan t 
le s  p r e m i e r s  r e j e t s  a c t i f s ,  p o u r  é t a b l i r  un «point z é r o »  e t  d é f in i r  l ' o r g a n i s a 
tion d 'une  s u r v e i l la n c e  de l 'e n v i ro n n e m e n t  e f f icace .

L a  s u r v e i l la n c e  des  r e j e t s  e t  de l 'e n v i ro n n e m e n t  m a r in  a  p e r m i s  de 
s u iv re  avec  s o u p le s s e  l ’in fluence de l ' é m i s s io n  des  eaux  r é s i d u a i r e s  s u r  la  
r a d io a c t iv i té  de la  f lo re  et de la  faune v o is in e s  du C e n tre .

ETUDES PRELIM INAIRES -  POINT ZERO

L 'é tu d e  de s û r e té  du s i te  m a r in  de La Hague a m is  en jeu  des  m oyens  
e x t r ê m e m e n t  im p o r ta n t s .  L 'e n s e m b le  des  é tu d es  th é o r iq u e s  e t  app l iquées  
qui ont fa i t  appe l  â  des  o r g a n i s m e s  t r è s  d iv e rs  ont abouti en 1964, a p r è s  
la  m is e  en p lace  de l ’é m i s s a i r e ,  â une s im u la t io n  en v r a ie  g ra n d e u r  des 
r e j e t s  á l 'a i d e  de R hodam ine .  Une s é r i e  de t r e n t e  r e j e t s  (deux p a r  v ing t-  
q u a t re  heu re s )  a é té  e ffec tuée  â p a r t i r  du 30 o c to b re  1964. L a  d is p e r s io n  
de l a  R hodam ine  au l a r g e  e t  le  long des  cô tes  a pu ê t r e  é tud iée  g r â c e  au 
co n c o u rs  de la  M a rin e  na t iona le .  L e s  r é s u l t a t s  de ce s  é tudes ,  pu b l ié es  
en  l e u r  te m p s ,  ont p e r m i s  de d é t e r m in e r  l e s  c h e m in e m e n ts  des  eaux  
r e je té e s ,  le s  po in ts  de r e to u r  év en tu e ls  â la  côte, le s  po in ts  de s tagnat ion ,  
e tc .

P a r a l l è l e m e n t ,  le  D é p a r te m e n t  de p ro te c t io n  du C o m m is s a r i a t  a e ffec tué  
une enquête éco log ique e t  s a n i t a i r e  qui a  p e r m i s  de d é t e r m in e r  la  capac i té  
th é o r iq u e  de ré c e p t io n  du m il ieu  en fonction  de l ’in c idence  des a c t iv i té s  
r e j e t é e s  s u r  l 'h o m m e  â t r a v e r s  la  cha îne a l im e n ta i r e  e t  l e s  a c t iv i té s  de 
pêche ou de to u r i s m e .

Enfin, l e s  m e s u r e s  d 'a c t iv i té  de la  f lo re  et de la  faune m a r i n e s  d é b u tè re n t  
s u r  le C e n tre  en 1964. E l le s  p r e n a ie n t  la  su i te ,  en ce qui c o n c e r n a i t  le 
C o m m is s a r i a t  â l ' é n e r g i e  a tom ique ,  des  d é te rm in a t io n s  e f fec tu ée s  dès  1961 
dans ce t te  ré g io n  p a r  le  G ro u p e -d 'é tu d es  a to m iq u e s  de la  M arine  na t ionale .

L 'e n s e m b le  des  r é s u l t a t s  obtenus e t  l e u r  évolution  ju s q u 'e n  1967 
c o n s t i tu a  le  point z é r o  du s i te  et de l 'e n v i ro n n e m e n t .  C es  m e s u r e s
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s ' é t e n d i r e n t  â de n om breux  c o n s t i tu a n ts  de la  faune e t  de la  f lo re  m a r in e s ,  
aux sa b le s  e t  s é d im e n ts ,  e t  é v id e m m e n t  á l ' e a u  de m e r  à la  su ite  de p r é l è v e 
m e n ts  e ffec tués  en de n o m b reu x  po in ts  de la  côte.

L 'e n s e m b le  de ce s  é tudes  e t  de c e s  d é te rm in a t io n s  p e r m i t  de d é f in i r  
l 'o r g a n i s a t io n  d 'une su rv e i l la n c e  s a t i s f a i s a n t  â p lu s i e u r s  ex igences .

TABLEAU I. RADIOACTIVITE DES ELEM EN TS SURVEILLES 
(pC i/kg  -  Q u a t r iè m e  t r i m e s t r e  1973)

E chan tillo n Ru-Rh-106 C e-P r-1 4 4 C s-B a-137 Z r-N b -9 5
Autres

rad io é lém en ts

Eau d e  m er 
poin ts  p roches (2 , 5 , 6) 
poin ts  é lo ignés  (11)

2 ,3
0 ,9

NS
NS

2 ,8
0 ,8

NS
NS

S b-125 : 0, 9 
C s -1 3 4 : 0 ,1 2

Sables 
points p roches (3 , 5) 390 NS NS NS

Sédim ents 
po in ts  p roches (2 , 5, 6) 500 NS NS NS

Chondrus crispus 
poin ts  proches (2 , 5 , 6) 
points é lo ig n és  (11)

6400 
430 *

NS
NS

120
85

NS
NS

C o ra llin a  o ffic in a lis  
points p roches (2 , 5 , 6) 
poin ts  é lo ignés  (11)

3500
690

NS
NS

170
NS

NS
NS

Fucus serratus 
points proches (2 , 5 , 6) 

' points é lo ignés  (11)
2150

240
NS
NS

90
NS

100
NS

L am in a ria  fle x icau lis  
points proches (2 , 5 , 6) 1330 NS 90 NS

L am ina ria  d ig ita ta  
poin ts  é lo ignés (11) 180 NS 40 NS

Porphyra lin ea r is  
points p roches (5) 8020 NS 100 NS

Balanus balano ides NS NS NS NS

P a te lla  v u lga ta  
poin ts  p roches (2 , 5 , 6) 
poin ts  é lo ignés (8)

760
200

150
NS

NS
20

NS A g - 1 1 0 :105

C ancer pagurus 
poin ts  p roches (6) 1130 NS 100 NS A g -1 1 0 : 75

G ryphea an gu la ta NS NS NS NS

M ytilus edu lis NS (380+1) NS NS NS

Poisson NS NS 100-700 NS
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L a  s u r v e i l la n c e  du s i te  m a r i n  de L a  Hague p r é s e n te  p lu s i e u r s  f ina l i té s :

-  s u iv r e  en p e r m a n e n c e  l 'év o lu t io n  de la  r a d io a c t iv i té  d ' in d ic a te u r s  v ivan ts  
ou in e r t e s  bien  c h o is is  p o u r  l e u r s  f a c te u r s  de co n c e n t ra t io n  é le v é s  et 
1ё\дг fa ib le  te m p s  de ré p o n se  â une pollution; ce su iv i  p e r m e t t r a  
d 'a p p o r t e r  toute c o r r e c t io n  aux conditions d 'é p u ra t io n  ou de re je t ;

-  f o u rn i r  aux S e rv ic e s  s p é c ia l i s é s  du C o m m is s a r i a t  l e s  é lé m e n ts  n é c e s s a i 
r e s  â  l a  v é r i f ic a t io n  des  c o n c lu s io n s  de l 'é tu d e  de s û r e t é  p r é l i m in a i r e  et 
l 'é v a lu a t io n  des  ex p o s i t io n s  p o s s ib le s  des  h o m m e s  v ivan t dans le  m il ieu  
env ironnan t;

-  f o u rn i r  aux o r g a n i s m e s  de co n t rô le  ou m ê m e  au public  des  in fo rm a tio n s  
qu an t i ta t iv e s  s u r  le  n iveau  r a d io a c t i f  des  é lé m e n ts  v e c t e u r s  de la  r a d io 
ac t iv i té  v e r s  l 'h o m m e .

C e s  bu ts  é ta n t  défin is ,  il é t a i t  a u s s i  n é c e s s a i r e  de t e n i r  com pte  des 
r é a l i t é s .  En l 'o c c u r r e n c e ,  p a r  exe m p le  p o u r  a s s u r e r  un c o n s ta t  continu, 
dont une des  q u a l i té s  m a je u r e s  doit ê t r e  l ' i n t e r c o m p a r a i s o n  dans  l ' e s p a c e  - 
e t  dans le  te m p s ,  i l  e s t  n é c e s s a i r e  de s ' a d r e s s e r  â un é lé m e n t  de la  f lo re  
ou de la  faune p r é s e n ta n t  une abondance e t  une p e rm a n e n c e  s a t i s f a i s a n te s  en 
chaque po in t ou zone de p r é lè v e m e n t  cho is i .  D 'a u t r e  p a r t ,  ce t  é lé m e n t  doit 
a s s u r e r  â  l ' a n a ly s te  un f a c te u r  de c o n c en tra t io n  su f f isan t  p o u r  o b te n ir  des 
m e s u r e s  s ig n if ic a t iv es .  Un c o m p ro m is  p e r m a n e n t  a donc dû ê t r e  consenti  
e n t r e  ces  d iv e r s e s  q u a l i té s ,  to u te s  n é c e s s a i r e s .  Il a abouti â un plan  e t  un 
p r o g r a m m e  de su rv e i l la n c e  qui ont é té  adop tés  d u ra n t  le s  huit an n é es  
d 'ex p lo i ta t io n  du C e n tr e .

a) E lé m e n ts  s u r v e i l l é s

A p rè s  l 'é tu d e  s u r  le  t e r r a i n  d 'une qu inzaine d 'a lg u e s ,  de cinq é lé m e n ts  
de la  faune f ixée , de p lu s i e u r s  é lé m e n ts  de la  faune i n t é r e s s a n t  la  cha îne 
a l im e n ta i r e ,  des  s é d im e n ts  e t  des  s a b le s  et enfin  év id e m m e n t  de l 'e a u  de 
m e r ,  l e s  é c h an t i l lo n s  ind iqués s u r  le  tab leau  I ont é té  sé le c t io n n é s .

O R G A N ISA T IO N  D E  L A  S U R V E I L L A N C E

b) Z o n es  de s u r v e i l la n c e  e t  f ré q u en c e

L e s  zones de s u r v e i l la n c e  du l i t to ra l ,  l e s  p lus  im p o r ta n te s  p o u r  des 
p r é lè v e m e n ts  r e p r o d u c t ib le s ,  son t  au  n o m b re  de douze. L e s  zones  le s  
p lu s  p r o c h e s  du C e n tre ,  donc de l ' é m i s s a i r e ,  son t  r e s s e r r é e s  e t  de r e l a t i v e 
m e n t  p e t i te s  d im e n s io n s .  L e u r  étendue e t  l e u r  e s p a c e m e n t  c r o i s s e n t  a p p r o 
x im a t iv e m e n t  avec  l e u r  é lo ignem en t .  E l le s  son t  p o r té e s  s u r  la  c a r t e  sous  
le  t i t r e  «zones  de p r é lè v e m e n t»  (fig. 2). Ce son t  c e l le s  de:

B a r n e v i l l e - C a r t e r e t n° 1 A nse  S t-M a r t in n” 7
Siouville n° 2 U rv i l le n” 8
A nse de Vauvil le n° 3 C h e rb o u rg n° 9
H erquem ou lin n 0 4 Cap L évy n° 10
E c a lg r a in n° 5 S t-V a a s t - la -H o u g u e n° 1 1
G oury n° 6 G ran v il le n" 12

O u tre  c e s  zones  c ô t i è r e s ,  des  zo n e s  «p le ine  m e r »  ont é té  r e te n u e s  pou r  
des  c o n t rô le s  p a r t i c u l i e r s  ( séd im en ts ,  pêche) .
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F IG .2 . Z ones d e  p ré lèv em e n t.
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L e s  f ré q u e n c e s  des p r é lè v e m e n ts  sy s té m a t iq u e s  son t  t r i m e s t r i e l l e s  ou 
s e m e s t r i e l l e s .  M ais  de n o m b reu x  p r é lè v e m e n ts  de con f irm a tio n ,  d 'évo lu t ion ,  
de r e c h e r c h e ,  d 'o r ig in e ,  d 'éva lua t ion ,  de c o m p a ra is o n  son t  e ffec tués  h o rs  
p r o g r a m m e .

c) T echn iques

L a c o n n a is sa n c e  p e rm a n e n te  de la  com posit ion  des  r e j e t s  p e r m e t  
d 'o r i e n t e r  la  r e c h e r c h e  e t  la  m e s u r e  des  r a d io é lé m e n ts  d ans  l e s  échan t i l lons  
m a r i n s .  L e s  é l é m e n ts  p r in c ip a u x  r e j e t é s  sont les:

r u th é n i u m - r h o d iu m - 103 et 106 
cé s iu m -1 3 4  e t  137 
z i rc o n iu m -9 5  
n iob ium -95
c é r i u m - p r a s é o d y m e - 144

en m o in d re  quan t i té  l ' a n t im o in e - 1 25 et le s  s t ro n t iu m -8 9  e t  90,

e t  â t r è s  faib le  te n eu r ,  on t rouve  les:

coba l t -60
m e r c u r e - 2 0 3
iode-131
an t im o in e -1 2 4
a r g e n t - 1 1 0 - 1 1 0 m
zinc-65 .

L a  c o l lec te  des  a lg u es  e t  an im aux  f ixés  s 'e f fe c tu e  év id e m m e n t  m a n u e l l e 
m e n t  e t  avec  beaucoup de so in s .  C es échan t i l lons  son t  la v é s  â  l ' e a u  de m e r  
au  po in t de p ré lè v e m e n t ;  au  L a b o r a to i r e  i l s  son t égou t tés ,  décoqu il lé s  
év en tue l lem en t ,  e t  s é c h é s  â  l 'é tu v e  a p r è s  é l im in a t io n  de tous c o rp s  é t r a n g e r s .  
A p rè s  séchage ,  un b ro y ag e  r é d u i t  l e s  échan t i l lons  en poudre  fine conditionnée 
en boîte  de p la s t iq u e  p o u r  la  m e s u r e  p a r  s p e c t r o m é t r i e  gam m a.

L e s  p o is s o n s  so n t  p r é p a r é s  de la  m ê m e  façon a p r è s  s é p a r a t io n  de la  
c h a i r  e t  des  v i s c è r e s .

L ’ac t iv i té  des  s a b le s  e t  s é d im e n ts  e s t  m e s u r é e  a p r è s  séch a g e .
Enfin l ' e a u  de m e r ,  sous fo rm e  d 'éc h an t i l lo n  de 400 l i t r e s ,  e s t  t r a i t é e  

p a r  p a s s a g e  s u r  colonne de f e r r o c y a n u r e  de cobalt  e t  p o ta s s iu m ,  c h im is o r p -  
tion s u r  le  dioxyde de m a n g a n è se  p r é p a r é  dans le  m il ieu  e t  év e n tu e l le m en t  
c o p ré c ip i ta t io n  av e c  du su l fu re  de cobalt .

L a  m e s u r e  d 'a c t iv i té  s 'e f fe c tu e  sy s té m a t iq u e m e n t  p a r  s p e c t r o m é t r i e  
gam m a.

RESULTATS

L e s  r é s u l t a t s  de la  su rv e i l la n c e  n 'o n t  m is  en év idence  l ' in f lu e n c e  du 
C e n tre  q u 'â  p a r t i r  de 1968. L 'é v o lu t io n  de l 'a c t iv i t é  des  é l é m e n ts  s u r v e i l l é s  
a  é té  en re la t io n  d i r e c te  et en bon a c c o r d  av e c  l ' im p o r ta n c e  des r e j e t s  d 'eaux  
r é s id u a i r e s .  L 'e x a m e n  des  r é s u l t a t s  m o n tre  é g a le m e n t  une ne t te  in f luence 
de la  p r o x im i té  du C e n tre ,  m a lg r é  une d ilu tion  im m é d ia te  des  eff luen ts  au 
v o is inage  de l ' é m i s s a i r e  a t te ig n an t  1 0 ®, iden tique  à c e l le  t ro u v ée  lo r s  des
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e x p é r ie n c e s  de r e j e t  de c o lo ra n ts .  T ou te s  l e s  v a l e u r s  t ro u v é e s  son t fa ib les  
m a is  p e r m e t te n t  cependant,  com pte  tenu des  techn iques  em p loyées ,  
l 'a c q u is i t io n  de r é s u l t a t s  s ign i f ica t i fs .

a) Evolu tion  de l 'a c t iv i t é  dans le  te m p s

Nous avons r e te n u  p o u r  m e t t r e  en év idence ce tte  évolution un point 
d 'éc h an t i l lo n n ag e  p ro ch e  du C e n tre .  Il s 'a g i t  de la  zone n° 5, l ' a n s e  
d 'E c a lg ra in ,  s i tu é e  au  sud du point de r e je t .  L e s  échan t i l lons  é tu d iés  et 
l e s  r a d io é lé m e n ts  m e s u r é s  son t r e s p e c t iv e m e n t

E au  de m e r  
S éd im e n ts  im m e r g é s  
Sable de plage

F lo re :

C hondrus  c r i s p u s  
C o ra l l in a  o ff ic ina lis  
F u c u s  s e r r a t u s  
L a m in a r ia  f lex icau l is

P o r p h y r a  l in e a r i s  

F a u n e  fixée: 

B alanus  ba lano ides

cé s iu m -1 3 7  — ru th é n iu m -rh o d iu m -1 0 6  
r u th é n i u m - r h o d iu m - 106 
ru th é n iu m -rh o d iu m -1 0 6

ru th é n iu m -rh o d iu m -1 0 6
cé s iu m -1 3 7  -  c é r iu m - p ra s é o d y m e - 1 4 4
z i rc o n iu m -n i  ob ium -95

ru th é n iu m -rh o d iu m -1 0 6  
c é s iu m -1 3 7  -  z i rc o n iu m -n io b iu m -9 5

ru th é n iu m -rh o d iu m -1 0 6  
cé s iu m -1 3 7  -  z i rc o n iu m -n io b iu m -9 5

P a te l l a  vu lga ta
ru th é n iu m -rh o d iu m -1 0 6  
c é s iu m -1 3 7  — c é r iu m - p ra s é o d y m e - 1 4 4  
a r g e n t - 1 1 0 - 1 1 0 m.

S u r  le s  g ra p h iq u e s 1 son t  p o r té s  le s  qu an t i té s  de chaque r a d io é lé m e n t  
r e j e t é  p a r  t r i m e s t r e  a in s i  que le n iveau  de ra d io a c t iv i té  dû â ce ra d io é lé m e n t  
d ans  chaque échan ti l lon .  L 'e x a m e n  de ce s  g raph iques  m o n tre  des  évolu tions  
de la  ra d io a c t iv i té  des  in d ic a te u r s  r e te n u s  en a s s e z  bon a c c o r d  avec 
l ' im p o r ta n c e  des  r e j e t s .  P o u r  l 'e a u  de m e r ,  la  conco rdance  e s t  bonne 
p o u r  le  cé s iu m -1 3 7  m a lg r é  une r e p r é s e n ta t iv i t é  d iscu tab le  d 'un  é c h a n 
ti l lonnage in s tan ta n é  e t  ponctuel.

L e s  s é d im e n ts  i m m e r g é s  n 'on t  pas  p e r m i s  de m e t t r e  en év idence  e t  
év id em m en t  d 'o b s e r v e r  une évolution  s ign if ica t ive  de r a d io a c t iv i té  a r t i f i c i e l l e  
avan t  1972. La r e la t io n  avec  l ' im p o r ta n c e  des  r e j e t s  ne peu t ê t r e  re te n u e .  
Seu ls  un phénom ène de t r è s  len te  ac cu m u la t io n  e t  a u s s i ,  il fau t  le  d ire ,  le 
p r o g r è s  des  techn iques  ont p e r m i s  c e t te  détec tion .

En ce qui c o n c e rn e  la  f lo re ,  le s  r é s u l t a t s  sont d iv e rs  m a is  en g é n é ra l  
m o n tre n t  une c o r r é la t io n  s a t i s f a i s a n te  av e c  le s  r e j e t s .  L 'é v o lu t io n  p a r a l l è l e  
des  r e j e t s  de ru thén ium , c é s iu m ,  c é r iu m  e t  z i rc o n iu m  e t  ce l le  de la  r a d i o 
ac t iv i té  de C hondrus  c r i s p u s  due â ce s  r a d io é lé m e n ts  e s t  r e m a rq u a b le ,  m oins  
bonne p o u r  C o ra l l in a  o f f ic in a l is . P o u r  F u c u s  s e r r a t u s  e t  L a m in a r ia  f le x i 
c a u l i s , l e s  r é s u l t a t s  son t  déc ev a n ts  en ce qui c o n c e rn e  le  c é r iu m .

1 Voir annexe.
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P o u r  la  faune r e p r é s e n té e  p a r  B a lanus  b a lano ides  e t  P a te l l a  v u lg a ta , la  
c o m p a ra is o n  e s t  s a t i s f a i s a n te ,  m a is  av e c  une évolution  de l 'a c t iv i t é  c é r iu m  
e t  z i rc o n iu m -n io b iu m  peu  exp l icab le  en 1972 et 1973.

P o u r  P a te l l a  v u lg a ta , l a  dé tec tion  d 'a r g e n t - 1 1 0 - 1 1 0 m  n ' e s t  in te rv e n u e  
qu 'en  1972. C ette  dé tec t ion  a donné l ieu  à d e s  s é p a r a t io n s  dans l e s  eaux 
r é s i d u a i r e s  r e j e t é e s  qui ont fa i t  a p p a r a î t r e  que l 'a c t iv i t é  r e je t é e  due â ces  
r a d io é lé m e n ts  e s t  de l ' o r d r e  de m o ins  de 10"3 de l 'a c t iv i t é  to ta le .  Un 
f a c te u r  de co n c e n t ra t io n  de l ' o r d r e  de 1 0 4 e s t  r e s p o n s a b le  d ’une te n e u r  
m e s u ra b le ,  b ien  que t r è s  faib le ,  dans P a te l l a  v u lg a ta .

b) S ituation  a c tu e l le

L e s  d e r n i e r s  r é s u l t a t s  d isp o n s ib le s  sont r a s s e m b lé s  dans  le  ta b lea u  I.
L es  a c t iv i té s  sp é c if iq u e s  le s  p lus  é le v é e s  se t ro u v en t  dans le s  a lgues  

e t  concernen t ,  com m e il  f a l l a i t  s ' y  a t te n d re ,  le r u th é n iu m -rh o d iu m -1 0 6 .
L a  cha îne  a l im e n ta i r e  se  c a r a c t é r i s e  p a r  une v a le u r ,  t r è s  r e la t iv e m e n t ,  

é levée ,  t ro u v ée  p o u r  C a n c e r  p a g u ru s  av e c  1, 3 pCi p a r  g ra m m e  en r u th é -  
n ium -106 ,  o r d r e  de g ra n d e u r  de l 'a c t iv i t é  n a tu re l le  (1,7 pCi p a r  g r a m m e  en 
p o ta s s iu m -4 0 ) .

L e s  p a te l le s ,  peu co n s o m m é e s ,  a t te ig n en t  une v a l e u r  de 0, 76 pCi p a r  
g ra m m e  e t  p r é s e n te n t  co m m e C a n c e r  p a g u ru s  une t e n e u r  c a r a c t é r i s t i q u e  en 
a r g e n t - 1 10- 110m de l ' o r d r e  de 0, 1 pCi p a r  g ra m m e .

P a r  co n tre ,  l e s  h u î t r e s  e t  m o u le s ,  c o l le c té e s  â S t -V a a s t - la -H o u g u e  
(n° 11) p ou r  le s  p r e m i è r e s ,  e t  â S t -V a a s t  et G ran v i l le  pour  l e s  se condes ,  
p o in ts  d 'é le v ag e  l e s  p lu s  p ro c h e s ,  ne p r é s e n te n t  p a s  d 'a c t iv i té  a r t i f ic ie l le  
m e s u ra b le  â p a r t  un taux de r u th é n iu m -rh o d iu m -1 0 6  de 0, 4 pCi p a r  g ra m m e  
p o u r  des  m ou les  de G ra n v il le .

CONCLUSION

L e bilan  é tab l i  a p r è s  p lu s i e u r s  an nées  de fo n c t ionnem en t  du p r o g r a m m e  
de su rv e i l la n c e  du s i te  m a r in  du C e n tre  de L a  Hague se  r é v è le  posit if .

Le choix des  zones  de p ré lè v e m e n t ,  com m e ce lu i  des  types  d 'é c h a n t i l lo n s  
s u r v e i l l é s ,  a é té  fondé s u r  le s  é tu d es  p r é a la b le s  r e l a t iv e s  â  la  d i s p e r s io n  des 
eff luen ts  e t  aux m o d a l i té s  d 'a t t e in te  de la  population: ce choix p e r m e t  de 
rép o n d re  aux o b je c t i fs  a s s ig n é s  à ce p r o g r a m m e .

Si, d 'une  façon g é n é ra le ,  l ' in f lu e n c e  des  r e j e t s  a pu ê t r e  m is e  en é v i 
dence p o u r  l e s  p r in c ip a u x  v e c te u r s ,  l e s  n iveaux o b s e rv é s  son t  d e m e u r é s  
fa ib le s ,  souvent à la  l im i te  de la  s e n s ib i l i té  des  a p p a r e i l s  de m e s u r e .

Il a  été v é r i f ié  que le s  a lg u es  de d i f fé re n te s  e s p è c e s  co n s t i tu e n t  le s  
m e i l l e u r s  in d ic a te u r s  de po llu tion .  L e s  f a c te u r s  de co n c e n t ra t io n  o b s e rv é s  
son t  de l ' o r d r e  de 103 p o u r  le  ru th é n iu m  e t  de 1 0 2 p o u r  le  c é s iu m : ces  
v a l e u r s  son t  en a s s e z  bon a c c o r d  avec le s  r é s u l t a t s  de l a b o r a to i r e  e t  l e s  
hy p o th è ses  de ca lc u l  u t i l i s é e s .  ■

L e u r  p r é s e n c e  g é n é r a l i s é e  s u r  le  s i te  co n c e rn é  e t  l a  fa c i l i té  de l e u r  
r é c o l te  ont conduit â le s  in c lu r e  l a r g e m e n t  dans le p r o g r a m m e  de su rv e i l la n c e .

En conséquence ,  l e s  m e s u r e s  e f fec tu ée s  s u r  le s  a lg u es  peuven t ê t r e  
c o n s id é r é e s  com m e un bon m oyen d 'e s t im a t io n  d e s ' r i s q u e s 'd 'e x p o s i t io n  du 
public ,  q u ' i l  s ' a g i s s e  des  p ê c h e u r s ,  des  c o n s o m m a te u r s  de p ro d u i ts  m a r in s  
ou des  to u r i s te s .
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O r ,  l 'é tu d e  des  r é s u l t a t s  obtenus, jo in te  aux in fo rm a t io n s  p o r ta n t  s u r  
le s  d i f fé re n ts  v e c te u r s  in te rv e n a n t  dans l e s  vo ie s  de t r a n s f e r t  p o u r  l 'h o m m e ,  
p e r m e t  d ' a s s u r e r  que l e s  hypo thèses  in i t i a l e s  u t i l i s é e s  p o u r  l ' e s t im a t io n  des 
c o n séq u e n ces  s a n i t a i r e s  des  r e j e t s  du C e n tre  de L a  Hague son t  convenab les  
e t  q u 'aucun  r i s q u e  ne peu t  ê t r e  en cou ru  du f a i t  de c e s  r e j e t s .

ANNEXE

QUANTITES DE RADIOELEMENTS 
R E JE T E E S  PAR TRIM ESTRE 

ET  NIVEAU DE RADIOACTIVITE 
DANS LES. ECHANTILLONS

BAIE D' ECALGRAIN 
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BAIE D' ECALGRAIN

Sable de p lage S éd im en ts  im m e r g é s
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BAIE D 'EC ALG R A IN  
Chondrus c r i s p u s
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BAIE D 'EC A LG R A IN  
C o ra l l in a  o ff ic ina lis
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BAIE D' ECALGRAIN 
F ucus  s e r r a t u s
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BAIE D 'EC ALG RA IN  
B a lanus  balanoides
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BAIE D 'EC A LG RA IN  
P a te l l a  vu lga ta  (cha ir)
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D I S C U S S I O N

D. MECHALI: I should  like to add so m e add i t iona l  in fo rm a t io n  r e g a rd in g  
the e s t im a t io n  of popula tion  e x p o s u re  r e s u l t in g  f ro m  m a r i n e  d is p o s a ls  at the 
la  Hague C e n tre .  The c r i t i c a l  g roup  is  a  s m a l l  g roup  of f i s h e r m e n  us ing  
s m a l l  boa ts  a long the c o a s t  in the  a r e a  a ffec ted  by d i s c h a r g e s .  T h ese  
f i s h e r m e n  n a tu ra l ly  consum e the seafood  which they  c a tc h  and, in  addition ,  
they  a r e  su b je c ted  to e x t e r n a l  i r r a d i a t i o n  by  con tam ina t ion  of t h e i r  ta ck le .  
Since th e s e  c o a s ta l  f ish ing  ca tc h es  a r e  d is t r ib u te d  th roughou t the  reg io n ,  a 
study has  a l so  b ee n  m a d e  of two o th e r  popula tion  g roups :  the  r u r a l  popula tion  
in the h in te r la n d  and the popula tion  of the  town of C h e rb o u rg .  In the l a t t e r  
c a s e ,  in v e s t ig a t io n s  have shown tha t c o a s ta l  f ish ing  m a k e s  only a s m a l l  
co n tr ib u t io n  to  the to ta l  supply  of seafood; the  m a in  co n tr ib u t io n  c o m e s  f ro m  
the t r a w l e r s  which f ish  f u r th e r  away f ro m  the C otentin  c o a s t .  The c o n su m p 
tion  of v a r io u s  sea foods  by th e s e  th r e e  popula tion  g ro u p s  w as d e te r m in e d  in a 
s u rv e y  c o v e r in g  a p e r io d  of a y e a r .



366 SCHEIDHAUER e t a l .

A m a r i n e  rad ioeco logy  la b o ra to r y  has  been  e s ta b l ish e d  at l a  Hague 
and has  d e te rm in e d  the co n c en t ra t io n  f a c to r s  fo r  v a r io u s  sp e c ie s  in r e s p e c t  
of the  m o s t  im p o r ta n t  ra d io i s o to p e s ,  so  tha t  it has  been  p o ss ib le  to check 
the v a lu es  found in the l i t e r a tu r e .

It is  difficult  to c o m p a re  the r e s u l t s  of the m o n ito r in g  p r o g r a m m e  with 
the m o d e l  u sed  to p r e d ic t  popula tion  e x p o s u re ,  s ince  the d i s c h a r g e s  and 
sa m p l in g  a r e  not continuous and it is  t h e r e f o r e  n e c e s s a r y  to take accoun t of 
the k in e t ic s  of the phenom ena. A study  u s in g  a l l  the ava i lab le  d a ta  w il l  be 
p e r f o rm e d  in th is  connection.  Until  the r e s u l t s  of th is  study a r e  ava i la b le ,  
we can  only say  tha t  m e a s u r e m e n t s  a p p e a r  to co n f irm  the m o d e l  adopted.

The ex p o su re  of the  c r i t i c a l  g roup ,  which is  of v e r y  s m a l l  s i z e ,  can  
at p r e s e n t  be  e s t im a te d  at l e s s  then 1 % of the  dose l im it .

M. J .  A. D E LP L A : I have a q u es t io n  fo r  M r .  A usse t .  What is the m e an  
dai ly  am ount of f ish  consum ed  by the  N o rm a n  f i s h e r m e n ?  It would be 
i n te r e s t i n g  to co m p a re  th is  f ig u re  with tha t  fo r  the  Indian f i s h e r m e n  r e f e r r e d  
to  in the p re c e d in g  p ape r .

R. AUSSET: P e r h a p s  M r.  P la n e t ,  one of m y  c o - a u th o r s ,  would c a r e  to 
a n s w e r  th is  question .

J.  PLA N E T : T he  dai ly  quan t i t ie s  of seafood consum ed  by s e a  f i s h e r m e n  
in the neighbourhood  of Cap de la  Hague a r e  of the  o r d e r  of 75 g of f ish ,
12 g of m o l lu s c s  and 5 g of c r u s ta c e a n s .

The consum ption  of c r u s ta c e a n s  is  v e r y  low b e c a u s e  the  f i s h e r m e n  do 
not consum e th e i r  own ca tc h e s  of l o b s t e r s  and c ra y f i s h ,  but s e l l  them  to 
n e ighbouring  r e s t a u r a n t s .
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Abstract

POPULATION DOSES FROM MEDICAL EXPOSURES.
D uring the past tw enty yea rs  g rea t effo rt has been  devo ted  to  the  d e te rm in a tio n  of g e n e tic a lly  sign ifican t 

doses caused by m e d ic a l ra d io lo g ic a l procedures w h ile  few  corresponding surveys h ave  been  m ade to d e te rm in e  
the appropria te  p o pu la tion  doses to  such tissues and organs as the  a c tiv e  bone m arrow , thyro id , b reast, lungs e t c . , 
th a t m ig h t be o f in te re s t in  v iew  of th e  p resen t in fo rm atio n  on ra d ia tio n -in d u ced  neoplasm s. T h e  a v a ilab le  
d a ta  on GSDs and so m atic  doses a re  discussed and th e  need for m ore in fo rm atio n  on so m atic  doses is dem onstra ted .

INTRODUCTION

D u rin g  the l a s t  30 y e a r s  g r e a t  e f fo r t  has  been expended  on d e te rm in in g  
population  d o se s  f r o m  m e d ic a l  e x p o su re .  E x te n s iv e  e p id em io lo g ic a l  s tu d ie s  
have r e s u l t e d  in e s t im a te s  of the m agn itude  of r i s k  due to  i r r a d i a t i o n  fo r  
l o n g - t e r m  s o m a t ic  m a l ig n a n c ie s ,  e s p e c ia l ly  c a n c e r ,  and fo r  genetic  dam age . 
T h e se  e s t im a te s  of gene tic  r i s k s  a r e  not b a s e d  on hum an da ta  but a r e  d e r iv e d  
f r o m  in fo rm a t io n  ob ta ined  f r o m  a n im a ls .  The in fo rm a t io n  on r a d ia t io n -  
induced  c a n c e r  o r ig in a te s  m a in ly  f ro m  the s u r v iv o r s  of the a to m ic  bom bing 
of H i r o s h im a  and  N agasak i  but th e se  r e s u l t s  a r e  co m p lem en te d  by s tu d ie s  
on groups  of p a t ien ts  who have undergone  r a d io th e r a p y  o r  X - r a y  d iagnos is .

F o r  m a n y  y e a r s  the i n t e r e s t  in popula tion  d o se s  a r i s i n g  f ro m  m e d ica l  
ra d io lo g ic a l  p r o c e d u re s  w as fo c u s se d  on the d e te rm in a t io n  of gene tic  d o se s .  
In 1962, when the second  c o m p re h e n s iv e  r e p o r t  of the UNSCEAR w as 
pub lished  [ 1 ], the na t iona l and r e g io n a l  s tu d ie s  on gene tic  r a d ia t io n  d o se s  
c o v e re d  abou t 6-7% of the popula tion  of the whole w orld .  In 1972, when the 
l a t e s t  r e p o r t  of the UNSCEAR was published , the s u r v e y s  on gene tic  d o ses  
c o v e re d  a lm o s t  20% of the w orld  population.

A m ong the v a r io u s  types  of r a d ia t io n - in d u c e d  m a l ig n a n c ie s  le u k a e m ia  
i s  the the b e s t  know. H ow ever ,  only th r e e  m a jo r  s u r v e y s  of r a d ia t io n  d o ses  
to  ac t iv e  bone m a r r o w  had been pub lished  by 1972.

G ENETICA LLY  SIGNIFICANT DOSE ,

T he  g en e t ic a l ly  s ig n if ic an t  dose  (GSD) i s  defined a s  " the  d ose  which, if  
r e c e iv e d  by e v e r y  m e m b e r  of the population , would be ex p e c ted  to produce  
the s a m e  to ta l gene tic  in ju r y  to the popula tion  a s  do the a c tu a l  d o se s  r e c e iv e d  
by  the v a r io u s  in d iv idua ls " .

369
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T he GSD is  e x p r e s s e d  in the following way

w h ere  D is  the g en e t ic a l ly  s ign if ican t  dose
Njk i s  the n u m b e r  of ind iv idua ls  of age group k, su b je c t  to c l a s s  j

ex p o su re
Nk i s  the to ta l  n u m b e r  of ind iv iduals  of age group к
W jk  i s  the fu tu re  n u m b e r  of c h i ld re n  expec ted  by an ind iv idual of age

group к su b se q u en t  to an e x p o su re  of c l a s s  j 
Wk i s  the fu tu re  n u m b e r  of ch i ld re n  expected  by an a v e ra g e  ind iv idual 

of age group к
djk is  the a v e ra g e  gonad dose p e r  c l a s s  j ex p o su re  of ind iv iduals  of 

age  group к
(F) and  (M) denote f e m a le  and m a le ,  r e sp e c t iv e ly .

T he GSD is  not a p e r  cap ita  dose  but can be r e g a rd e d  a s  the a v e r a g e  dose  to 
th o se  g a m e te s  tha t w ill be e ffec tive  fo r  child  p roduction .  The d en o m in a to r  is  
equal to  the to ta l  n u m b e r  of effec tive  g a m e te s  in the population.

M ost na t ional  and r e g io n a l  s u r v e y s  of the GSD f ro m  X - r a y  d iagnos is  
h ave  been  co l lec te d  in  the UNSCEAR R e p o r t s .  The 26 s u r v e y s  m en tioned  
r e p o r t  SSDs ran g in g  be tw een  5 and 58 m r a d  fo r  the y e a r  of inves t iga t ion .
The annua l n u m b e rs  of X - r a y  ex a m in a t io n s  p e r  1000 of to ta l  popula tion  v a r y  
c o n s id e ra b ly  be tw een  the c o u n t r i e s  and reg ion ,  f ro m  39 to  m o r e  than 1000.

T he  h ig h e s t  co n tr ibu t ion  to  the GSD c o m e s  f ro m  six  to seven  types  of 
exam ina t ion  ( lu m b o sa c ra l  sp ine ,  pe lv is ,  hip and u p p e r  fem u r ,  u rog raphy ,  
colon (b ar iu m  enema) and o b s te t r ic  exam ina t ions) .  In gen e ra l ,  they  a r e  
r e s p o n s ib le  fo r  80 - 90% of the GSD, but cons t i tu te  to g e th e r  only 10 - 15% 
of the to ta l  n u m b e r  of exa m in a t io n s .  E x am in a t io n s  of the c h e s t ,  inc luding 
m a s s  su rv e y s ,  co n tr ib u te  l e s s  than about two p e r  cen t  of the to ta l  GSD.

B e ca u se  of d i f fe re n c e s  in the s u r v e y  technique and d i f fe re n c e s  between 
c o u n t r i e s  in the d i s t r ib u t io n  of the v a r io u s  types  of exam ina tion  and 
p e r f o rm a n c e  p ro c e d u re ,  i t  is  difficult  to  d raw  conc lu s ions  f ro m  c o m p a r is o n s  
of the r e s u l t s .  T h e r e  have been a t te m p ts  to i n t e r p r e t  the r e s u l t s  f ro m  l a t e r  
in v e s t ig a t io n s  a s  a tendency  to w ard s  lo w e r  GSD in sp i te  of the in c re a s in g  
annua l n u m b e rs  of d iagnos tic  ex am in a t io n s .

T A B LE I. DISTRIBUTION O F GSDs IN SURVEYS MADE IN THE F IF T IE S  
AND SIXTIES

Period
of

survey

D istribu tion  of surveys on ran g e  of dose 

(m rad )

0-20 2 1 -40 4 1 -6 0

1950-59

1960-69

6

6

5

5

2

2
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H alf  the n u m b e r  of the 26 s u rv e y s  m en tioned  w e re  p e r f o rm e d  d u r in g  the 
1950s, while  the o th e r  13 s u r v e y s  o r ig in a te  f ro m  the 1960s. In T ab le  I the 
d i s t r ib u t io n  of the GSDs obtained in the e a r l i e r  s u r v e y s  a r e  c o m p a re d  with 
the ones f r o m  the l a t e r  s u r v e y s .  In g e n e ra l  th e re  is  no su p p o r t  fo r  an 
o p t im is t ic  hope tha t  the GSDs have d e c r e a s e d .

J a p a n  m a y  be an exception .  The f i r s t  s u r v e y  was m ade  in  1958 - 1960 
and the second  one in 1969. The f re q u e n c y  of e x a m in a t io n s  had in c re a s e d  
f r o m  730 to 1429 p e r  1000 ind iv iduals ,  but the GSD had d e c r e a s e d  f ro m
39 to 2 7 m ra d .  An a n a ly s i s  of the in c r e a s e d  f re q u en c y  of ex a m in a t io n s  
s e e m s  to ind ica te  tha t  the i n c r e m e n t  depends on a m uch  h ig h e r  f re q u en c y  of 
c h e s t  ex am in a t io n s ,  which does  not c o n s id e ra b ly  i n c r e a s e  the GSD. In fact, 
the f re q u en c y  of c h e s t  e x a m in a t io n s  has  in c r e a s e d  by 724 p e r  1000 ind iv iduals ,  
which r e a l ly  m e an s  a d e c r e a s e  by 25 in  the f re q u en c y  of o th e r  types  of 
exam ina tion .

T he  r e s u l t s  of the na t io n a l  s u r v e y s  a r e  in  g e n e ra l  p r e s e n te d  in such  a 
way th a t  the f re q u e n c y  of each  type of exam ina t ion  i s  given p e r  1000 ind iv i
duals .  F o r  s e v e r a l  c o u n t r i e s  the f re q u e n c y  f ig u re s  fo r  o b s te t r i c  ex a m in a t io n s  
a r e  1 - 3 .  T h ese  low f ig u re s  given p e r  1000 ind iv iduals  un fo r tu n a te ly  lead  us 
to a fa ls e  conc lus ion  th a t  the o b s te t r i c  e x a m in a t io n s  a r e  v e r y  few. However, 
i f  the co m p a r iso n  i s  m ade  with the  to ta l  n u m b e r  of p re g n a n c ie s  o r  l ive  b i r th s  
i t  can be d e m o n s t r a te d  th a t  up to about 20% of p re g n a n t  w om en undergo  an 
o b s te t r i c  X - r a y  exam ina t ion .

In Sweden we have r e c e n t ly  m e a s u r e d  ind iv idual gonad d o se s  on p a t ien ts  
undergo ing  X - r a y  ex a m in a t io n s  of the  types  tha t  co n tr ib u te  m o s t  to the GSD. 
U nfortunate ly ,  the r e s u l t s  f ro m  the m a jo r i ty  of these  ex a m in a t io n s  do not 
show s ig n if ican t ly  lo w er  d o ses  to the gonads than the r e s u l t s  of the Swedish 
s u r v e y  in 1955 - 1957. Since th a t  p e r io d  a lm o s t  20 y e a r s  ago  the annual 
n u m b e r  of X - r a y  ex a m in a t io n s  has  doubled. T h is  in d ic a te s  the need  fo r  a 
new a s s e s s m e n t  of the GSD in Sweden.

S u rveys  of the d iagnos t ic  use  of r a d io n u c l id e s  have given GSDs tha t  a r e  
f a r  below one m i l l i r a d .  The f re q u e n c ie s  of e x a m in a t io n s  with rad io n u c l id e s  
a r e  between 2 and 10 p e r  1000 ind iv iduals .  H ow ever,  if ex a m in a t io n s  with 
ra d io n u c l id e s  w e re  a s  f re q u e n t  a s  X - r a y  exa m in a t io n s ,  the GSDs fo r  the two 
types  of exa m in a t io n  would be of the s a m e  m agnitude .  It is  hoped th a t  the 
i n c r e a s e  in the use  of rad io n u c l id e s  fo r  m o rp h o lo g ic a l  and functional  s tu d ie s  
w ill  be co u n te rb a la n ce d  by a c o r re s p o n d in g  d e c r e a s e  in the n u m b e r  of X - r a y  
exa m in a t io n s .

R ad ia tion  t r e a tm e n t  with e x te rn a l  s o u r c e s  i s  r e p o r te d  to ca u se  GSDs 
of a few up to abou t ten  m i l l i r a d s .  The t r e a tm e n t s  of n o n -n e o p la s t ic  
d i s e a s e s  co n tr ib u te  abou t two th i rd s  of the to ta l  GSD f ro m  ra d io th e ra p y .
The th e ra p e u t ic  u se  of r a d io - p h a r m a c e u t ic a l s  g ives a  GSD of a few m i l l i r a d .

SOMATIC DOSES

T he ac tive  bone m a r r o w  is  r e g a r d e d  a s  the t i s su e  of i n t e r e s t  fo r  
r a d ia t io n - in d u c e d  le u k ae m ia .  About tw en ty  y e a r s  ago the con c ep t  of m ean  
m a r r o w  dose w as in tro d u c ed .  It is  e x p r e s s e d  a s  the r a d ia t io n  dose  to  the 
i r r a d i a t e d  p a r t  of the ac t iv e  m a r r o w  m u lt ip l ie d  by tha t  f r a c t io n  of the to ta l  
ac t iv e  m a r r o w  tha t  w as i r r a d ia te d .  The m ean  m a r r o w  dose  can  then  be 
a v e ra g e d  o v e r  the popula tion  of i n t e r e s t  and  i s  then ca l le d  the  p e r  cap ita  
m e a n  m a r r o w  dose  (CMD).
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A s m entioned  e a r l i e r ,  th e re  have been  th r e e  c o m p re h e n s iv e  s u rv e y s  
on the CMD c a u se d  by  X - r a y  exam ina tion .  T h e y  w e r e  m ade in Japan ,  the 
d i s t r i c t  of L e iden  in the N e th e r lan d s  and  in  the Ünited Kindgom. In addition, 
so m e  in fo rm a tio n  i s  ava i lab le  f ro m  C zechos lovak ia .

M ost of the da ta  a r e  b a s e d  on phan tom  m e a s u r e m e n ts .  T hus ,  f a c to r s  
have  been  ob ta ined  fo r  the  t r a n s f o r m a t io n  of sk in  d o se s  to  bone m a r r o w  
d o se s  fo r  v a r io u s  types of exam ina tion .  The data  on the d is t r ib u t io n  of 
the ac t ive  bone m a r r o w  o r ig in a te  (except fo r  the J a p a n e se  data) f ro m  the 
f ig u re s  pub lished  by  M echanik  in 1926 and b ased  on 13 c a d a v e r s .  F o r  
v a r io u s  r e a s o n s  the M echanik  da ta  a r e  u n ce r ta in .  M ore  r e l i a b le  data  a r e  
needed .

T A B L E  II. P E R  CAPITA MEAN MARROW DOSE FR O M  X-RAY 
DIAGNOSIS

(m rad  )

Japan 189

Leiden (N etherlands) 30

U nited K ingdom 32

C zechoslovak ia 6 8 -  184 a

a P re lim ina ry  e s tim a te .

T he r e s u l t s  of the  s u r v e y s  on the  p e r  cap ita  m ean  m a r r o w  dose  a r e  
s u m m a r iz e d  in T ab le  II. The h ig h e s t  con tr ib u t io n s  com e f ro m  ex a m in a t io n s  
of the c h e s t  and the t runk .  In the United  K ingdom  m a s s  m in ia tu re  e x a m in a 
tions  of the c h e s t  co n tr ib u te  25% and in Ja p an  the s to m ac h  s u r v e y s  55%.
It should  be o b se rv e d  tha t  th e se  types of exam ina t ion  co n t r ib u te  only  a m in o r  
p a r t  to  the g en e t ic a l ly  s ig n if ic an t  dose and th e re fo r e  do not co n s t i tu te  a 
p r o b le m  f ro m  tha t  po in t of view. H ow ever,  th e se  and s im i l a r  types  of 
exam ina t ion  ca u se  the m a jo r  con tr ibu tion  to  the  p e r  cap ita  m ean  m a r r o w  
dose .  In fo rm a tion  i s  a l s o  av a i la b le  on the m e an  m a r r o w  d o se s  c a u se d  by 
r a d ia t io n  t r e a tm e n t .  The d o se s  ran g e  f ro m  below  100 r a d s  up to about 
400 r a d s ,  with the h ig h e s t  dose  f ig u re s  f o r  the  a l im e n ta r y  t r a c t  and the 
r e s p i r a t o r y  sy s te m .

R e c e n t  in fo rm a tio n  on the inc idence  of rad ia t io n - in d u c e d  c a n c e r  is  
co l lec te d  in the UNSCEAR 1972 R e p o r t  [ 2] .  T h e se  inc idence  da ta  a r e  
p r e s e n te d  in T ab le  III, As can be seen ,  the r i s k s  f o r  lung and thy ro id  c a n c e r  
a r e  about the s a m e  a s  fo r  le u k ae m ia ,  while  the r i s k  f o r  b r e a s t  c a n c e r  gives 
ha l f  th a t  f ig u re .  I t  i s  r e m a r k a b le  th a t  th e re  a r e  a lm o s t  no c o m p re h e n s iv e  
s tu d ie s  on p e r  ca p i ta  m ean  d o se s  to the b r e a s t ,  lungs and th y ro id s  a r i s i n g  
f ro m  m e d ic a l  ra d io lo g ic a l  p ro c e d u re s .

In the J a p a n e s e  s u r v e y  on p e r  ca p i ta  m e an  m a r r o w  dose  a t te m p ts  w ere  
m ade  to  a s s e s s  a le u k a e m ia -s ig n i f i c a n t  d ose  in o r d e r  to accoun t fo r  the shape 
of the t im e - in c id e n c e  cu rv e  of r a d ia t io n - in d u c e d  le u k a e m ia  and su rv iv a l  t im e 
a f t e r  i r r a d ia t io n .  T h is  weighting  p r o c e d u re  s e e m s  to be of im p o r ta n c e  when 
the p e r io d s  of o b se rv a t io n  in the ep id em io lo g ica l  s tu d ie s  on v a r io u s  c a n c e r s  
a m o u n ts  to 25 y e a r s .



IA EA -SM -184/104 373

T A B LE III. E X P E C T E D  NUMBERS O F RADIATION-INDUCED CANCER 
A F T E R  IRRADIATION O F 106 INDIVIDUALS WITH ONE RAD

L eukaem ia 15-40

Lung 10-40

Thyroid 40

Breast 6 -20

Others 40

Period of observation ; 25 y ea rs .

At p r e s e n t  r i s k - b e n e f i t  ju d g e m en ts  on v a r io u s  types  of d iagnos t ic  and 
th e ra p e u t i c  ra d io lo g ic a l  p r o c e d u r e s  a r e  b a s e d  on r a d ia t io n - in d u c e d  le u k ae m ia  
and on the m agn itude  of the gene tic  s ig n i f ic an t  dose .  To e s ta b l i s h  'a  full 
p i c tu r e '  of the  h a s a r d s  fo r  neo p la sm ,  i t  i s  e s s e n t i a l  th a t  the r e le v a n t  t i s s u e  
d o se s  a r é  d e te rm in e d .  At p r e s e n t  o u r  knowledge abou t the r e le v a n t  d o se s  is  
not suffic ien t.

R E F E R E N C E S

[1 ]  UNSCEAR, 1962 Report to  th e  UN G en era l A ssem bly, G enera l Records: Г71*1 Session, Suppl. N o. 16
(A /5216 ).

[2 ]  UNSCEAR, Ion iz in g  R ad ia tion  : Levels and E ffec ts , I I :  Levels, UN, New Y ork (1972).

T h e  o r ig in a l papers on w hich  th is rev iew  is based (m o re  th a n  50) are  found in these  tw o reports.

D I S C U S S I O N

E. KUNZ: I should  like to add so m e  in fo rm a tio n  on the  e s t im a te  of p e r  
ca p i ta  m e a n  b o n e - m a r r o w  d o se  in C z ec h o s lo v a k ia ,  which was m en tio n e d  in 
y o u r  p a p e r .  D uring  a gonad dose  su rv e y ,  the  ex p o su re  of the sk in  in the 
c e n t r e  of the i r r a d i a t e d  f ie ld  was m e a s u r e d  in  the c o u r s e  of m o r e  than  
5000 ex a m in a t io n s .  In fo rm a tio n  ob ta ined  in G re a t  B r i ta in  ( r e p o r t s  of 
L o rd  A d r ia n 's  C o m m ittee )  was u se d  in two d if fe ren t  ways to  ca lc u la te  m e a n  
m a r r o w  dose: we took e i th e r  the s a m e  m e a n  m a r r o w  dose  p e r  f i lm  as  in the 
B r i t i s h  d a ta ,  o r  the s a m e  r a t i o  of sk in  dose  to  m e a n  m a r r o w  dose .  T h ese  
a l te rn a t iv e  a p p ro a c h e s  gave us  a p ro b a b le  r a n g e  of v a lu e s  of p e r  c a p i ta  m e a n  
m a r r o w  dose  (68-184 m r a d  in 1966). A n u m b e r  of a s su m p t io n s  had of c o u r s e  
to b e  m a d e ,  the m o s t  im p o r ta n t  of them  c o n c e rn in g  the in f luence  of g e o m e t r i 
c a l  f a c to r s ,  e. g. the a s su m p t io n  tha t  th e r e  a r e  no s ign if ican t  d i f fe r e n c e s  — 
as  r e g a r d s  the  c u r r e n t  p r a c t i c e s  in v a r io u s  c o u n t r i e s  — in the  f req u en cy  
d is t r ib u t io n  of dev ia t ions  f ro m  'good s t a n d a r d  p r a c t i c e ' .  T h is  a s su m p tio n  
is  su p p o r ted  in  the l i t e r a tu r e .  About a th i r d  of a l l  ou r  ex a m in a t io n s  w e re  
r e la te d  to m a s s  c h e s t  r a d io g ra p h y ,  w hich  accoun ted  fo r  m o r e  than  40% of 
th e  p e r  ca p i ta  bone m a r r o w  dose.

Since a n u m b e r  of c o u n t r i e s  in tend to  p e r f o r m  popula tion  s tu d ie s  on the 
d o se s  to  v a r io u s  t i s s u e s  r e s u l t in g  f ro m  X - r a y  d ia g n o s is ,  in fo rm a tio n  on
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a p p r o p r ia te  m e thods  fo r  p e r f o rm in g  such  s tu d ie s  would be of g r e a t  value .  
P e r h a p s  ICRP and WHO could a s s i s t  in th is  work.

F .  D. SOWBY: E m p h a s is  on ind ices  such  as  g en e t ic a l ly  s ign if ican t  dose 
o r  on p e r  ca p i ta  m e a n  m a r r o w  dose  alone m ay  hide the  t r u e  im p a c t  of m e d ic a l  
ra d io g ra p h ic  p ro c e d u re s .  The GSD f ro m  c h e s t  e x a m in a t io n s ,  fo r  ex am ple ,  is 
v e r y  low, but such  an exa m in a t io n  involves i r r a d ia t io n  of som e of the  m o s t  
r a d io s e n s i t iv e  t i s s u e s  (lung, b r e a s t ,  m a r r o w  and p o ss ib ly  th y ro id ) ,  so  tha t  
the to ta l  im p a c t  of a c h e s t  exam ina t ion  m a y  be m uch  g r e a t e r  than  tha t  ind ica ted  
by the value  of the GSD. F o r  th is  r e a s o n  it would be u se fu l  to c o n s id e r  m ak ing  
a s s e s s m e n t s  of the to ta l  im p a c t  of v a r io u s  ex a m in a t io n s ,  r a t h e r  than  
continu ing  to p e r f o r m  GSD and CMD s u rv e y s .

J .  C. VILLFOR TH: I a l so  b e l iev e  tha t  we should  look at o th e r  d o ses  as 
w ell  as  the gonad dose and the  r e s u l t a n t  GSD. We m u s t  get on with  the ta sk  
of re d u c in g  the u n n e c e s s a r y  com ponent of m e d ic a l  i r r a d ia t io n .  Too m u c h  
a t ten t io n  has  b e e n  paid  to GSD a s  the end p ro d u c t  of our s tu d ie s .  In I s r a e l  
r e c e n t  s tu d ie s  on i r r a d ia t io n s  to t r e a t  r in g w o rm  of the s c a lp  p e r f o rm e d  d u r in g  
the  1940s and 1950s su g g e s t  tha t th e re  is  a f ive-fo ld  in c r e a s e  in thy ro id  
a b n o r m a l i t i e s  as  a r e s u l t  of a dose of about 6.5 r a d s  to the th y ro id  f ro m  such  
i r r a d i a t i o n s .  T hy ro id  sc an n in g  with 131I can  co n tr ib u te  doses  to the thy ro id  
of up to  100  r a d s ;  h e a r t  c a th e te r iz a t io n  p r o c e d u re s  in c h i ld re n  can  a lso  
p ro d u ce  high d o se s  to the thy ro id  as w e ll  as e x c e s s iv e  b o n e -m a rro w  do se s .  
T h e s e  s p e c ia l  p r o c e d u re s  m u s t  be ex a m in e d  and ac tion  p r o g r a m m e s  developed 
to  re d u c e  th e i r  u n n e c e s s a r y  com ponen ts .  O th er  types  of ex a m in a t io n s  should  
b e  looked at in a s i m i l a r  way.

K. J .  KOREN: If you w e re  able to  r e d u c e  m e d ic a l  d o ses  su b s ta n t ia l ly ,  
would you be w illing to  allow h ig h e r  d o s e s  to  the popula tion  f ro m  n u c le a r  
en e rg y ?

L . - E .  LARSSON: Your ques tion  g ives  m e  an opportun ity  to say  tha t I 
s t ro n g ly  oppose the tendency  of r a d ia t io n  p r o d u c e r s  to t r y  to  excuse  th e m 
s e lv e s  by  pointing  the f in g e r  at o th e rs  who c a u se  h ig h e r  c o n tr ib u t io n s  to the 
popula tion  dose .  T h e re  a r e  c a s e s ;  fo r  ex a m p le ,  of n u c le a r  p o w er  people 
a t tack ing  m e d ic a l  rad io logy .  In m y  opinion ea ch  rad ia t io n  p r o d u c e r  should 
c lean  up h is  own a r e a .  As fo r  the p o s s ib i l i ty  of donating d o s e -s a v in g s  in 
m e d ic a l  w ork  to n u c le a r  e n e rg y ,  I th ink tha t  th is  is  a p o l i t ic a l  m a t t e r .

O. ILARI: I a g re e  tha t  a lot can s t i l l  be done in the m e d ic a l  u se  of 
ra d ia t io n s  in t e r m s  of dose  reduc t ion .  H ow ever,  I would like to e m p h a s iz e  
what you b r ie f ly  m e n tioned ,  n am e ly  th a t  th e s e  red u c t io n s  can  be ob ta ined  not 
only by te c h n ic a l  m e a n s  but a lso ,  and in p a r t i c u l a r ,  by p r o p e r ly  t r a in in g  the 
m e d ic a l  people in the c o r r e c t  u se  of r a d ia t io n  s o u r c e s .

I should  a l so  l ike  to  co m m en t  on T ab le  III of -your p a p e r ,  and to  point 
out the v a ry in g  s ig n if icance ,  f ro m  an o v e r a l l  r a d ia t io n  p ro te c t io n  point of 
v iew , of the r i s k  f a c to rs  fo r  c a n c e r  induction g iven th e re in .  The m o r ta l i ty  
r i s k  a s s o c ia te d  with v a r io u s  fo rm s  of c a n c e r  a r e  not iden tica l .  F o r  exam ple ,  
the r i s k  of dea th  f ro m  le u k a e m ia  is 1 0 0 %, while  the  r i s k  a s s o c ia te d  with 
thy ro id  c a n c e r  is  g e n e ra l ly  a s su m e d  to be  10%. F o r ty  c a s e s  of le u k a e m ia  
and 40 c a s e s  of thyro id  c a n c e r  fo r  106 man- r e m s  would thus c o r r e s p o n d  to
40 and to  4 dea th s  r e s p e c t iv e ly .  T h e r e  is a b ig  d i f fe ren ce  h e re  as  f a r  as 
c o n c e rn s  r a d ia t io n  p ro te c t io n  and public  h e a l th  eva lua tions  ex tending  o v er  
e n t i r e  popula tions.

L . - E .  LARSSON: I a g r e e  with what you say  about T ab le  III. C a n ce r  
is  not n e c e s s a r i l y  f a ta l  and the  p o s s ib i l i ty  of a  c u re  fo r  thy ro id  and b r e a s t  
c a n c e r  is  m uch  g r e a t e r  than  in the c a s e  of lung c a n c e r  and leukaem ia .
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E. SHALMON: I fully  su p p o r t  y o u r  e m p h a s is  on the im p o r ta n c e  of 
re d u c in g  d o se s  f ro m  m e d ic a l  e x p o s u re s  and e n s u r in g  tha t  th e r e  e x p o s u re s  
a r e  p r o p e r ly  w a r ra n te d .  A f i r s t  s tep  in a s s e s s in g  the bene f i ts  of m e d ic a l  
ra d ia t io n  p r a c t i c e s  should  be to  follow up the r e s u l t s ,  ev a lu a te  t h e i r  u s e 
fu ln ess  and c o m p a r e  them  with n o n - ra d ia t io n  a l te r n a t iv e s .  Could you say  
so m e th in g  m o r e  about what has  been  a c co m p lish e d  in v a r io u s  c o u n t r i e s  in 
th is  a r e a ?

L . - E .  LARSSON: R ad io log ica l  p r o c e d u r e s  should  of c o u r s e  be b e n e 
f ic i a l  to the pa t ien t .  I would r e f e r  you to the IC R P  P u b lica t io n  16, on the 
p ro te c t io n  of p a t ien ts  in X - r a y  d ia g n o s is ,  w h e re  the  p ro b le m  is  dea lt  with.
It is  c e r t a in  tha t  so m e  ra d io lo g ic a l  p r o c e d u re s  a r e  c a r r i e d  out without 
adequate  ju s t i f ica t io n .  One should  r e a l i z e  tha t  p a t ien ts  a r e  r e f e r r e d  to 
r a d io lo g ic a l  d e p a r tm e n t s  by n o n - ra d io lo g is t s  and I th ink tha t  the  r e f e r r i n g  
p h y s ic ia n s  should  be  m o r e  adequate ly  in fo rm ed  on ra d ia t io n  m a t t e r s  than  is 
a t  p r e s e n t  the ca se .

M. J .  A. D E L P L A : P e r h a p s  I can  once m o r e  d raw  a t ten t io n  to a p e r 
s i s t e n t  confusion. T ra in in g  d o c to rs  to  th ink in t e r m s  of a c e r t a in  r i s k  value 
fo r  1 r a d  (for a g iven o rgan)  is  l iab le  to f r ig h ten  them  and m ake  them  d i s 
p en se  with r a d ia t io n  d iagnos is  o r  t r e a tm e n t ,  even though th is  would be  in 
the p a t ie n t 's  i n te r e s t .  In o th e r  w o rd s ,  I think it is  dan g e ro u s  to ta lk  about 
a th e o re t i c a l  r i s k  (for 1 r a d ) ,  and p a r t i c u la r l y  so  in connect ion  with m e d ic a l  
rad io logy  as  opposed to in d u s t r i a l  n u c le a r  en e rg y .

L . - E .  LARSSON: I should l ike  to point out tha t  o u r  p r e s e n t  in fo rm ation  
on r a d ia t io n - in d u c e d  m a l ig n a n c ie s  is  b a s e d  p a r t ly  on e p id em io lo g ic a l  s tud ies  
p e r f o rm e d  on g ro u p s  of p a t ien ts  who have undergone  ra d io lo g ic a l  p r o c e d u re s  
fo r  d iagnos t ic  o r  th e ra p e u t i c  p u rp o s e s .  Since c a s e s  of r a d ia t io n - in d u c e d  
m a l ig n a n c ie s  have b ee n  found in th e se  s tu d ie s ,  it is  obvious tha t  they w ill  be 
found a l so  as  a conseq u e n ce  of d a y - to - d a y  m e d ic a l  p r a c t ic e .  In th e  m e d ic a l  
f ie ld  the p e r  ca p i ta  d ose  of 1 r a d  does  not m e a n  tha t ev e ry  ind iv idual has  
r e c e iv e d  the s a m e  dose .  It m igh t  m e a n  tha t  99 ind iv iduals  r e c e iv e  no dose  
and one r e c e iv e s  100  r a d s .

W. D. ROWE: In the  United S ta te s  X - r a y  e x a m in a t io n s  a r e  often p e r 
fo rm e d  fo r  the  benef i t  not of the p a t ien t  but of h is  p h y s ic ia n  o r  so m e  o th e r  
o rg an iz a t io n  o r  in s t i tu t ion .  E x a m p le s  of th is  a r e  X - r a y  pho tog raphs  taken  
to  o ffse t a p o te n t ia l  m a lp r a c t i c e  su i t ,  o r  the  p r e - a p p o in tm e n t  s c a n s  of job 
ap p l ica n ts .  It would s e e m  p ru d en t  to m in im iz e  o r  e l im in a te  th e se  d o ses  
i r r e s p e c t iv e  of the exac t  n a tu re  of the d o s e -e f f e c t  r e la t io n sh ip .

L . - E .  LARSSON: E x a m in a t io n s  involving r a d ia t io n  whic.h is  not b e n e 
f ic i a l  to the i r r a d i a t e d  ind iv idual  but is  p e r f o rm e d  p u re ly  fo r  a d m in is t ra t iv e  
o r  le g a l  p u r p o s e s  should  of c o u r s e  be avoided  r e g a r d l e s s  of the m agn itude  
of the r a d ia t io n  dose .





IA EA -SM -1 8 4 /3

GENETICALLY SIGNIFICANT DOSE FROM 
THE USE OF RADIOPHARMACEUTICALS

H.D. ROEDLER, A. KAUL»
Klinikum Steglitz der Freien Universitât Berlin

G. HINZ, W. PIETZSCH, F. E. STIEVE 
Bundesgesundheitsamt Berlin,
Federal Republic o f Germany

Abstract

GENETICALLY SIGNIFICANT DOSE FROM THE USE OF RADIOPHARMACEUTICALS.
To e s tim a te  th e  g en e tic a lly  s ig n ifican t dose (GSD) from the  use of rad io p h a rm ac eu tica ls , a survey 

o f th e  app lica tions  o f rad ionuclides  in  n u c lea r m e d ic in e  in  Berlin (W est) was perfo rm éd  for th e  years 
1953 - 1970. In add itio n , th e  values o f gonad doses w ere re c a lc u la te d  on th e  basis o f th e  u n ita iily  
d em onstrated  b io k in e tic  d a ta  and th e  rece n tly  ex tended  dose co n c ep t o f absorbed frac tions . T he re c a lc u la 
tions proved to be  necessary  since an ex ten siv e  c o m p ila tio n  o f  published  absorbed doses had y ie ld ed  v a r ia 
tions o f up to  a facto r of 100. This is due to  th e  incom ple teness  and u n ce rta in ty  o f  b io k in e tic  d a ta  and the  
ch o ice  o f d iffe ren t b io k in e tic  m odels and m a th e m a tic a l m ethods for absorbed dose c a lc u la tio n .

T he GSD from  th e  use of rad io p h a rm ac eu tica ls  proved to  b e  0. 2 m rad for 1970. I t  does n o t change 
sig n ifican tly  if  con v en tio n a l rad ionuc lides  are  rep laced  by sh o rt-liv ed  rad ionuclides  or pure g am m a  em itte rs  
aim ed  a t c r i t ic a l o rgan  dose red u c tio n . Even i f  th e  p resent 20°]o y ea rly  in c rease  in  th e  num ber o f  app lica tions  
of rad io p h arm aceu tica ls  is supposed to  rem a in  constan t in  the fu tu re , th e  con tribu tion  o f d iagnostic  nu c lea r 
m e d ic in e  to the  to ta l  GSD w ill be  sm a ll com pared  to  th a t from  th e  d iagnostic  use o f  X -rays.

INTRODUCTION

T he in t ro d u c t io n  of ra d io a c t iv e  su b s ta n c e s  in m e d ic a l  e x a m in a t io n  
and t r e a tm e n t  m e thods  h a s  g iven m e d ic a l  sc ien c e  the oppo r tu n i ty  both to 
d iagnose  and lo c a l iz e  o rg a n ic  d e fe c ts  m o re  a c c u r a t e ly  and to gain  q u a n t i ta 
t ive  in fo rm a t io n  about m e ta b o l i s m  and o rg an  functions .  Since it  is  to  be 
expec ted  th a t  th e se  m e thods  w ill  be used  to  an  even  g r e a t e r  ex ten t  within 
c l in ic a l  rou t ine  and th a t  f u r th e r  deve lopm ent of new m e thods  w ill  p r o g r e s s  
s te a d i ly ,  a f u r th e r  expans ion  in  the n u m b e r  of e x a m in a t io n s  p e r  y e a r  
w ill  c e r t a in ly  be fo r thcom ing .

H ow ever ,  the p r o g r e s s  r e su l t in g  f ro m  the em p loym en t  of rad io a c t iv e  
s u b s ta n c e s  in m e d ic in e  has  to be c a re fu l ly  c o n s id e re d  a g a in s t  the gene tic  
and so m a t ic  r a d ia t io n  r i s k  to  both the ind iv idual p a t ien t  and to  the e n t i re  
popula tion .  E x a c t  knowledge of r a d ia t io n  b u rden  caused  by  v a r io u s  n u c le a r  
m e d ic a l  m e thods  i s ,  th e r e f o r e ,  a p r e r e q u i s i t e .

1. DISCUSSION OF PUBLISHED DOSE VALUES AND 
BIOKINETIC DATA

1.1. D ose va lues

To be able a t  l e a s t  to eva lua te  the d im e n s io n  of the n u c l e a r - m e d ic a l ly  
ca u se d  r a d ia t io n  b u rd en ,  a n u m b e r  of a u th o rs  have com piled  pub lished
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TABLE I. FLUCTUATION OF PUBLISHED GONAD DOSES

3 7 8  ROEDLER e t a l.

R adionuclide R ad iopharm aceu tica l
«

Lowest va lue

Gonad dose 
(m rad/V C i)

H ighest value

131 [ Iodide 0. 056 8. 5

131 j o-io d o h ip p u ra te 0. 016 0 .3 2

198 Au C ollo id 0. 25 1 .4

" m T c P erte ch n e ta te 0. 006 0 .3

9 9 m T c Sulphur co llo id 0. 01 0 .2

57 Co V itam in  B12 0. 06 140

58Co V itam in  В 12 2. 6 150

131 j HSA 1 .7 9

131 j MAA 0. 074 2

m H g BMHP 0. 05^ 0 .4

75Se L -se lenom eth ion ine 1 15

133Xe ' 0 .0002 0 .0 4

51 Cr N a-ch ro m a te 0. 03 3

51 Cr ■ EDTA 0. 01 0. 013

85Sr n itra te , ch lo rid e 2 .9 40

59 F e ch lo rid e , c itra te 6 . 350

203H g C hlorm erodrine 0. 02 1 .5

dose va lues  [ 1 - 3 ] .  In continuat ion  of th e se  p a p e r s  we have s if ted  the 
u p - to -d a te  ava ilab le  l i t e r a t u r e  on the m e d ic a l  app l ica t ion  of rad io a c t iv e  
s u b s ta n c e s  fo r  an ex ten s iv e  study  with  the goal of not only tabu la t ing  the 
dose  va lues  fo r  s ing le  o rg a n s  but a l so  r e p o r t in g  exam ina t ion  m e th o d s ,  
inc luding s p e c ia l  exa m in a t io n  conditions and the ac t iv i t ie s  applied  [4].
T h is  com pila t ion  r e c o g n iz e s  a su b s ta n t ia l  f luctuation  in pub lished  dose 
v a lu e s .  To d e m o n s t r a te  th is  f luc tua tion  we e x t ra c te d  and tabu la ted  the 
h ig h e s t  and low es t  gonad d o ses  of a l l  r a d io p h a rm a c e u t ic a l s  applied  in 
B e r l in  (West) during  1970 (Table I). As the tab le  show s, the dose  values  
r e p o r te d  by ind iv idual a u th o rs  m a y  d if fe r  by up to a f a c to r  of 100. The 
r e a s o n  fo r  th is  l ie s  in the la rg e  b io log ica lly  and e x p e r im e n ta l ly  caused  
in a c c u ra c y  of those  b iok ine tic  data  th a t  a r e  ava ilab le  fo r  the ca lcu la t io n  
of r a d ia t io n  bu rden  (d is tr ib u t io n  and length  of p e r s i s t e n c e  of ra d io a c t iv e  
su b s ta n c e s  w ithin the o rg a n ism )  and a l so  in the app l ica t ion  of d i f fe ren t ia t ing  
m a th e m a t i c a l  p a t te r n s  fo r  dose  ca lc u la t io n s .

1.2. B iok ine t ic  data

The in s e c u r i ty  of b iok ine tic  da ta  has  been  shown by a n o th e r  study  we 
conducted  and which w as a im ed  to w a rd s  the com pila tion  of a l l  ava ilab le  
da ta  on the k in e t ic s  of r a d io p h a rm a c e u t i c a l s  fo r  the p u rp o se  of ab so rb e d
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dose  r e c a lc u la t io n s  [5]. F o r  the m o s t  im p o r ta n t  r a d io p h a rm a c e u t ic a l s  
u sed  in  n u c l e a r  m ed ic ine  those  b iok ine tic  data  w ere  com piled  tha t  had 
been  gained f ro m  hu m a n  a n d / o r  a n im a l  te s t s  and tha t s e e m e d  m o s t  
app l icab le  fo r  dose  c a lc u la t io n s .

2. DOSE RECALCULATION

2.1. The expanded dose concept

The dose  ca lc u la t io n s  w e re  conducted  acco rd in g  to o u r  expanded 
concep t of a b s o rb e d  f ra c t io n s  [6 - 8 ]. This is  b ased  on the ca lcu la t ion  
sc h e m e  of the M edica l  In te rn a l  R ad ia tion  Dose C o m m ittee  [9, 10] and 
p e r m i t s ,  a s  w ell  as  the c a lc u la t io n  of e n e rg y  d o se s  fo r  g iven s o u r c e -  
t a r g e t  p a i r s ,  the c o n s id e ra t io n  of r e s id u a l  body a c t iv i ty  in f luence .  The 
output r e su l t in g  f ro m  the expa n d ed -d o se  concept fo r  the f o rm a l ly  exac t  
t a r g e t  dose  rea d s :

D’ ■ STÊ2 Z г.Ч.ЛЧ. J, *■*(-.».. +
o, v i

Qgk, u^gk, v  /  F0 Q 0i„T0>l,

л  I m G K  , \  mo
M . m R K  ¿  m R K  </>(r < - o ) , i

w h ere  Ao 1 i s  the a d m in is t e r e d  ac t iv i ty  (/jCi)
m D, m T, m GK , m RK a r e  the m a s s e s  of s o u r c e  (a), t a rg e t

o r g a n  ( t ) ,  t o t a l  b o d y  (GK) a n d  r e s i d u a l  
b o d y  (R K );  m  i s  in  g r a m s  

FQ i s  t h e  d i s t r i b u t i o n  f a c t o r  o f  a  s o u r c e
o rg an  a

Qo,v,  Q GK, и a r e  the quotas  of the v ttl r e te n t io n
function com ponent e x t ra p o la te d  to 
app l ica t ion  t im e  of a s o u rc e  o rg a n  a 
o r  to ta l  body GK 

T 0>„,  T GK_„ a r e  the v th com ponen ts  of e ffec tive
h a l f - l i f e  fo r  a s o u rc e  o rg a n  a and the 
to ta l  body GK; T is  in h o u r s  

Ai i s  the m e a n  e n e rg y  p e r  d is in te g ra t io n
of i - t i e th  rad ia t io n  com ponent; Д ; is 
in g • rad//uCi ■ h

0(T<-o),i» ^(t«~gk) i * $(r«-RK),i a r e  f ra c t io n s  to m e an  e n e rg y  of
ra d ia t io n  type i em it te d  f ro m  so u rc e  

'o rgan  a, to ta l  body GK and r e s id u a l  
body RK, ab so rb e d  by a t a r g e t  o rg an  т.

The ca lcu la t io n  of fo rm a l ly  e x a c t  t a r g e t  d o se s  ac c o rd in g  to the 
expa n d ed -d o se  concep t is  e s p e c ia l ly  dem and ing . T h e r e f o r e ,  a co m p u te r
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FIG. 1. Absorbed dose calcu lation , com puter output.
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T A B L E  II. C O M P A R IS O N  O F  G O N A D  DO SES

R adionuclide Radiopharm  a c e u tic a l

W olf [14 ]

G onad dose 
(m rad//J Ci)

IC R P [3 ] R ecalcu la tion

131 j Iod ide 0 .2 2 .0 0 .2

131 j o - io d o h ip p u ra te 0 .16 0 .023 0. 007

198 Au C ollo id 0 .6 0. 18 0 .2 5

99ГПТС P e rte ch n e ta te 0 .016 0. 015 0. 02

" m T c S ulphur co llo id 0. 02 - 0. 007

57 Co V itam in  B12 150 1 .4 0. 11

58Co V ita m in  B12 150 5. 5 0. 55

131 I HSA 2 . 1 .7 2 .0

131 j MAA 0. 15 0. 29 0 .3

197 Hg BMHP 0 .13 0 .0 1 9 0 .3

75Se L -se len o m eth io n in e 10 10 10

51 Cr N a-ch ro rn a \e 0. 5 0 .2 2 0. 3

51 Cr EDTA 0. 013 (0. 22) 0. 06

85Sr n itra te , ch lo ride 20 2 .9 3

87mSr n it r a te , ch lo ride 0. 0067 0. 02 0. 02

113ГП[П C ollo id 0. 016 (0. 006) 0. 003

ш т щ EDTA ( 0. 55) (0 .0 0 6 ) 0 .0 1 5

59Fe c h lo rid e , c itra te 20 22 25

203 Hg BMHP (2 .7 ) (0. 01) 6

DOX 
■ C hlorm erodrine 1 .35 0 .01 2 .4

Values in  paren theses w ere not g iven  by W olf [1 4 ]  or th e  ICRP [ 3 ] ,  but w ere assum ed by 
H inz and W eil [2 1 ]  for c a lc u la tin g  th e  GSD.

p r o g r a m  w as e s ta b l i s h e d  co n s id e r in g  a l l  r a d ia t io n  types  (g am m a,  ron tgen ,  
f lu o re s c e n t  and be ta  ra d ia t io n ,  A uger  and co n v e rs io n  e l e c t ro n s )  and 
inc luding a l l  s o u r c e - t a r g e t  p a i r s  fo r  which the a b s o rb e d  f ra c t io n s  w ere  
pub lished  by the M ed ica l  In te rn a l  R ad ia tion  Dose C om m ittee  [10].
N e c e s s a r y  input data:

T h e  d ecay  d a ta  of a rad io n u c l id e  (e.g. Refs [11 - 13])
The a d m in i s t e r e d  a c t iv i ty
The b iok ine tic  d a ta  of the r a d io p h a rm a c e u t ic a l .

The c o m p u te r  output ( F ig . l )  con ta ins  b a s ic a l ly  the following in fo rm ation :  
T a r g e t  o rg a n  dose  u n d e r  the a s su m p t io n  of hom ogeneous  d is t r ib u t io n  
of the r a d io p h a rm a c e u t ic a l  in the e n t i r e  body
T a r g e t  o rg a n  dose  f ro m  the a c t iv i ty  in the s ing le  s o u r c e  o rg a n  a s  w e l l  as  in
the r e s id u a l  body
T o ta l  dose  in t a r g e t  o rgan .
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TA BLE III. GONAD DOSES FROM  ADMINISTRATION OF 131I IODIDE 
CALCULATED ACCORDING TO D IF F E R E N T  BIOKINETIC DATA 
TAKEN FROM HUMANS

B iokinetic  da ta  
from

N orm als

G onad dose in 
(m rad //iC i)

H ypothyroidism H yperthyroidism

C olard e t a l. [15 ] 0. 095 - ' 0 .2 0  .

Pope [ 16] 0. 24 0. 23 0 .31

O berhausen and M uth [1 7 ] 0. 18 - 0. 18

All d ose  va lues  a r e  s e p a r a te ly  l i s te d  ac c o rd in g  to  rad ia t io n  type. In 
add it ion ,  they  a r e  tabu la ted  as  a p e rc e n ta g e  of the r e s p e c t iv e  to ta l  dose .

2.2. R e su l ts  of dose  r e c a lc u la t io n s

As a n e c e s s a r y  r e q u i r e m e n t  to sp e c ify  the rad ia t io n  ex p o s u re  of the 
ind iv idual  p a t ien t  a s  w ell  as  of the e n t i r e  population  f ro m  d ia g n o s t ic  and 
th e ra p e u t i c  app l ica tion  of r e a d i ly  av a i la b le  rad io a c t iv e  su b s ta n c e s  in 
n u c l e a r  m e d ic in e ,  r e c a lc u la t io n s  of the gonad dose on the b a s is  of the 
expanded  dose concept w e re  conducted  fo r  those  r a d io p h a rm a c e u t ic a l s  
u t i l iz e d  in B e r l in  (West) du r ing  the y e a r  1970. The b iok ine tic  da ta  r e q u i r e d  
fo r  th is  p u rp o se  w e re  gained f ro m  the ab o v e -m en tio n ed  com pila t ion  [5].
The r e s u l t s  of dose  ca lc u la t io n s  a r e  s u m m a r iz e d  in Table  II and c o m 
p a re d  with e a r l i e r  r e s u l t s  by Wolf [14] and the ICRP [3]. The co m p a r iso n  
of th e se  va lues  in d ic a te s  tha t  the gonad d o se s  r e p o r te d  by the ind iv idual 
au th o rs  m a y  v a ry  by a f a c to r  of m o r e  than  1 0 0 .

S ince a t  the p r e s e n t  t im e  131I is  the r a d io p h a rm a c e u t ic a l  m o s t  used ,  
it  w as dee m e d  e s p e c ia l ly  im p o r ta n t ,  c o n s id e r in g :the f a c to r  of 10 between 
the gonad d o se s  by Wolf and the IC R P , to  conduct dose r e c a lc u la t io n s  on 
the b a s is  of b iok ine tic  d a ta  r e p o r te d  by v a r io u s  a u th o rs .  The r e s u l t s  a r e  
g iven in  Table  III. The c o m p a r is o n  show s only m in o r  d i f fe re n c e s  in 
s ing le  va lues  -  even fo r  v a r io u s  func t iona l  conditions of the thy ro id  -  
and d e m o n s t r a te s  th a t  the a v e ra g e  gonad dose  is  about 0.2 mrad//LiCi.
T h is  leads  to the a s su m p tio n  th a t  the gonad dose value a s  r e p o r te d  by the 
IC R P  [3] and Myant [18], w ithout ind ica t ion  of b iok ine tic  d a ta ,  had been 
s e t  too high.

E x ce p t  fo r  131I iodide it  w as only p o ss ib le  to conduct dose  c a lc u la 
t io n s ,  b ased  upon s e v e r a l  s e t s  of a p p a re n t ly  dependable  b iok ine tic  da ta ,  
fo r  collo id  198Au, 99m Tc p e r te c h n e ta te  and 75Se se len o m eth io n in e .  The 
d ev ia tions  of the s ing le  v a lu es  ob ta ined  f ro m  e a r l i e r  r e p o r te d  gonad 
d o se s  a r e  ins ign if ican t  when c o m p a re d  with  such, d i s c re p a n c ie s  a s  o cc u r  
f o r  131I o - io d oh ippu ra te ,  57Co and 58Co v i ta m in  B 12, 197Hg and 203Hg 
BM HP, 51C r  EDTA and 203Hg c h l o r m e r o d r i n e .
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3 .  G E N E T I C A L L Y  S I G N IF IC A N T  DO SE (GSD)

3.1. C a lcu la tion  foundation

The r a d ia t io n  b u rd e n  fo r  the e n t i r e  population  f ro m  m e d ic a l  a p p l ic a 
t ion  of ioniz ing r a d ia t io n  to ind iv iduals  is d e s c r ib e d  by the 'g e n e t ic a l ly  
s ig n if ic an t  do se '  (GSD). The c a lc u la t io n  of GSD goes back  to  O sbo rn  
and S m ith  [19] and ta k e s  into c o n s id e ra t io n  the b i r th  p ro b a b i l i t i e s  within 
the  v a r io u s  popula tion  age g ro u p s .  Those  gonad d o se s  r e c e iv e d  by each  
age g roup  a r e  m ult ip l ied  by the f a c to r s  of child ex p e c tan c y  of the 
r e s p e c t iv e  age g roups  and divided by the to ta l  n u m b e r  of c h i ld re n  tha t 
m ay  be b o rn  to c u r r e n t ly  living m en  and wom en. T h is  def in i t ion  of the 
concept of a g en e t ic a l ly  s ign if ican t  dose  is  ju s t i f ied  by the fac t  tha t  fo r  
the gene t ic  popula tion  b u rden  only those  r a d ia t io n  d o se s  a r e  taken  into 
accoun t tha t  a r e  r e c e iv e d  at a r e g e n e r a t i v e  age co n s id e r in g  the s t i l l  
ex is t ing  child ex p ec tan cy  of each  age group.

The f o rm a l  e x p r e s s io n  fo r  the GSD is:

к

w h e re  D is  the y e a r ly  g en e t ic a l ly  s ign if ican t  dose  (m rad)
Njj, is  the y e a r ly  n u m b e r  of ind iv iduals  in age g roup  к exposed  to

rad ionuc l ide  ap p l ica t ion  of type j 
wk is  the child  ex p ec tan cy  of an ag e -g ro u p  к ind iv idual
dj is  the gonad dose r e c e iv e d  by an  ind iv idual exposed  to r a d io -  .

nuclide a p p l ica t io n  j 
N k is the n u m b e r  of ind iv iduals  in age g roup  к 
m  and f a r e  m a le  and fe m a le .

3.2. S ta t i s t ic s  fo r  the deve lopm en t  of n u c le a r  m e d ic a l  ap p l ica t io n  of 
r a d io a c t iv e  su b s ta n c e s  in  B e r l in  (West)

To gain  a q uan t i ta t ive  and qual i ta t ive  s u r v e y  of rad ionuc l ide  a p p l ic a 
tion  fo r  the e n t i r e  m e d ic a l  f ield  du r ing  the t im e p e r io d  1953-1968, 
n e c e s s a r y  to the popu la tion  GSD ca lc u la t io n ,  the F e d e r a l  D e p a r tm e n t  
of H ea lth  conducted  s u r v e y s  in B e r l in  (West) in  1969 [20]. The county 
of B e r l in ,  with 2.18 m il l io n  inhab itan ts  and a 1 5 -y e a r  h i s t o r y  of adequate  
n u c l e a r  m e d ic a l  c a r e ,  o f fe r s  an  advan tageous  p o ss ib i l i ty ,  a l so  in fluenced  
by i t s  g e o g ra p h ic a l  s i tu a t io n ,  fo r  the p u rp o se  of a s t a t i s t i c a l  eva lua tion  
of a defined popula tion  group .  B e ca u se  of the fo rm a t io n  of s e v e r a l  key 
h o s p i t a l s ,  exa m in a t io n  and t r e a tm e n t  m ethods  with  ra d io a c t iv e  su b s ta n c e s  
can  be applied  to a l a r g e r  ex ten t  than  in  o th e r  p a r t s  of the F e d e r a l  
R epublic .  It m a y  be a s s u m e d ,  th e r e f o r e ,  tha t  the popula tion  r a d ia t io n  
b u rd e n  f ro m  th is  is  h ig h e r  in  the  county  of B e r l in  than in la rg e  p a r t s  of 
the F e d e r a l  R epublic  of G e rm a n y  w h e re  p r a c t i s in g  p h y s ic ia n s  g e n e ra l ly  
have l e s s  opportun ity  to conduct n u c le a r  m e d ic a l  ex a m in a t io n s  of th e i r  
p a t ie n ts .



ROEDLER e t  al.

FIG. 2 . N um ber o f m e d ic a l app lica tio n s  o f  read ily  av a ila b le  rad ionuclides 1953-1970 (B erlin /W est).

The s t a t i s t i c s  include a l l  u s e r s  of r e a d i ly  ava ilab le  rad io a c t iv e  
su b s ta n c e s  in  the m e d ic a l  f ie ld ,  which m e a n s  sev en  h o sp i ta ls  and fou r  
g e n e r a l  p r a c t i c e s  fo r  the y e a r  1969. B e ca u se  of the la rg e  am ount of 
ap p l ica t io n s  w ith in  the to ta l  p e r io d  f ro m  1953 to 1968 i t  w as im p o s s ib le  
to  include a l l  a p p l ica t io n s .  T h e r e f o r e ,  u s ing  p a t ie n ts '  r e c o r d s ,  those  
with  f i r s t  l e t t e r  n a m e s  A - D w e re  eva lua ted  a s  a r e p r e s e n ta t iv e  f ra c t io n ,  
cons t i tu t ing  14.7% of the to ta l  pa t ien t  bulk.

T h e  c o n t r o l  s h e e ts  u t i l iz e d  c o l l e c t e d  su ch  in fo r m a t io n  a s :

Y e a r  of b i r th  
Sex
Y e a r  of t r e a tm e n t
D iagnos tic  o r  th e ra p e u t i c  app l ica t ion
R e p e a t  e x a m i n a t i o n s
O u t p a t i e n t  o r  h o s p i t a l i z e d  t r e a t m e n t
F u n c t i o n  o r  l o c a l i z a t i o n  t e s t s
O rg a n  exam ined
R a d i o n u c l i d e
C h e m ic a l  fo rm
A d m in is te re d  ac t iv i ty .

A to ta l  n u m b e r  of 98 000 p a t ien ts  had been  co l lec ted  fo r  the pe r iod  
1953 - 1968. With the in c lu s io n  of r e p e a t  ex a m in a t io n s  the to ta l  n u m b e r  
of a p p l ica t io n s  i s  131 0 0 0 . The f i r s t  l e t t e r s  A - D  (14.7%) c o r r e s p o n d  to 
14 415 m a in  and f i r s t  ex a m in a t io n s  and to  4850 r e p e a t  e x a m in a t io n s .  Of 
th e se  19 262 app l ica t ions  18 821 w e re  t r a n s f e r r e d  to  key  punch c a r d s  and 
ev a lu a ted  by an IBM 1130 d a t a - p r o c e s s in g  s y s t e m .  The d i f fe ren ce  of 
441 ap p l ica t io n s  could not be eva lua ted  due to  incom ple te  in fo rm ation .
398 ap p l ica t io n s  of r a r e  s h o r t - l iv e d  rad io n u c l id e s  w ere  conducted  in 
connect ion  with  the sc ie n t i f ic  q u e s t io n n a i r e s  and w e re  not co n s id e re d
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fo r  the ca lcu la t io n  of GSD. T h e r e f o r e ,  a fac tu a l  eva lua t ion  of 18 429 
a p p l ica t io n s  took p lace .  The s t a t i s t i c a l  Y ea rbook  of 1968 w as  u se d  to 
a s c e r t a i n  the popula tion  s t r u c t u r e .  The eva lua t ion  r e s u l t s  showed tha t 
an  a v e ra g e  of each  100th c i t iz e n  of B e r l in  (West) re c e iv e d  a n u c le a r  
m e d ic a l  app l ica tion .

The r e m a r k a b le  i n c r e a s e  in  the ap p l ica t ion  of r e a d i ly  ava i lab le  
r a d io a c t iv e  su b s ta n c e s  in  m e d ic ine  w as  the  ca u se  fo r  a co m p a ra t iv e  
second  s t a t i s t i c a l  c o n t ro l  as  to  the n u m b e r  of ex a m in a t io n s  and g en e t ic a l ly  
s ig n if ic an t  dose .  The c o n t ro l  was conducted  in  1971 and co v e re d  the 
f i r s t  q u a r t e r  of the y e a r  1970. F o r  th is  p a r t i c u l a r  q u a r t e r  a l l  a p p l i c a 
t ions  w e r e  r e g i s t e r e d  and eva lua ted  in  the 13 h o sp i ta ls  and 6 g e n e r a l  
p r a c t i c e s  ap p l ica b le .  T h e re  ap p e a re d  to  be an in c r e a s e  of about 40% fo r  
the p e r io d  of 1968-1970, which am oun ts  to a y e a r ly  r a te  of i n c r e a s e  of 
about 20%. The to ta l  a p p l ica t io n  n u m b e r  in  1970 w as 30 312, i .e .  an 
a v e ra g e  of each  70th c i t iz e n  of B e r l in  (West) re c e iv e d  a n u c l e a r  m e d ic a l  
ap p l ica t io n  in 1970.. The da ta  eva lu a t io n  w as  p r o c e s s e d  in the s a m e  
m a n n e r  a s  in  1969. With r e g a r d  to  popu la tion  s t r u c t u r e ,  the in fo rm a t io n  
s o u r c e s  of the 1970 S ta te  S ta t i s t ic  R e c o rd s  Office B e r l in  w e re  u t i l ized  
fo r  the second  s t a t i s t i c a l  con tro l .

F ig u r e  2 d e m o n s t r a te s  the r ap id  i n c r e a s e  in  app l ica tion  in th o se  ten  
y e a r s ,  while  F ig .3  show s the i n c r e a s e  in  the n u m b e r  of a p p l ica t io n s  of 
s e v e r a l  e s s e n t i a l  r a d io n u c l id e s .  The ap p l ica t ion  f re q u en c y  of 131I iodide 
and 131I o - io d o h ip p u ra te  has  i n c re a s e d  s te a d i ly  and the s a m e  a p p l ie s ,  to 
a l e s s e r  d e g r e e ,  to 1S8Au and 57C o / 58Co. As a s h o r t - l iv e d  g e n e r a to r  
p ro d u c t ,  99m Tc shows the l a r g e s t  i n c r e a s e  r a t e .

Table  IV d e m o n s t r a te s  the ap p l ica t io n  f re q u en c y  of ind iv idual  r a d io 
n u c l id es  fo r  the y e a r  1968 as  c o m p a re d  to  1970. It is  ev iden t tha t ,  on
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TABLE IV. NUMBER OF DIAGNOSTIC APPLICATIONS OF OPEN 
RADIOACTIVE SUBSTANCES IN BERLIN (WEST) FOR THE 
YEARS 1968 AND 1970

R adionuclide R ad iopharm aceu tica l
N um ber o f app lica tions 

1968 1970

131 j Iodide 11300 12 980

131 j o-io d o h ip p u ra te 4200 6 636

158 Au C ollo id 2100 3 396

99m T c P erte ch n e ta te • 430 2720

О о гГ о V itam in  B12 770 1 2 8 4

HSA, MAA 550 884

197Hg C hlo rm erod rine , BMHP 210 492

8TmSr n itra te , ch loride - 340

75Se L -se lenom eth ion ine 50 292

ш Хе * 15 176

113In C o llo id - 168

51Cr N a-ch ro m a te 95 112

85St n itra te , ch lo ride 10 84

59 Fe ch lo rid e , c itra te 100 76

203Hg C hlo rm erod rine , BMHP 80 32

132 j Iodide 760 -

20 670 29672

the one hand , s h o r t - l iv e d  s u b s ta n c e s ,  such  as  99mT c ,  87mS r  and 113m In, 
a r e  of g r e a t e r  im p o r ta n c e  but,  on the o th e r ,  i t  i s  equa lly  ev iden t tha t 
the  ap p l ica t io n  of two ra d io n u c l id e s  with a r e la t iv e ly  high  r a d ia t io n  bu rden  
to the p a t ien t ,  such  a s  86S r  and 75Se, has  i n c re a s e d  f u r th e r .  Z03Hg has  
been  p r o g r e s s iv e ly  su p e rc e d e d  by 197Hg com pounds.  *

3.3. C a lcu la tions  of g e n e t ic a l ly  s ign if ican t  dose  ■

On the b a s is  of th e se  s t a t i s t i c a l  e n q u i r i e s  into the n u c le a r  m e d ic a l  
ap p l ica t io n  of ra d io a c t iv e  su b s ta n c e s  in  B e r l in  (West), as  w e ll  as  those  
s ing le  va lues  of gonad d o se s  r e p o r te d  by Wolf [14] and IC R P  [3], to g e th e r  
with o u r  re c a lc u la te d  s ing le  va lues  of gonad dose ,  the e n t i r e  GSD fo r  
the y e a r s  1968 and 1970 w as d e te rm in e d .  T h e s e ,  as w ell  a s  the p e rc e n ta g e  
GSD p o r t io n  of the m o s t  im p o r ta n t  r a d io p h a rm a c e u t ic a l s  fo r  the r e s p e c t iv e  
v a lu e s  of to ta l  GSD, have been  com piled  in  T able  V. While a l l  d iagnos tic  
ap p l ica t io n s  w e re  inc luded  in the GSD c a lc u la t io n s  of a l l  th e ra p e u t ic  
m e a s u r e s ,  only the 131I th e ra p y  w as co n s id e re d  s ince  fo r  o th e r  th e ra p e u t ic  
p r o c e s s e s  em ploying  ra d io n u c l id e s  a  g en e t ic  b u rden  could not be applied 
b ec a u s e  of ind ica t ion  o r  age of p a t ien ts .
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T A B L E  V. (GSD)j F R O M  IN D IV ID U A L N U C L E A R -M E D IC A L L Y  
A P P L I E D  R A D IO P H A R M A C E U T IC A L S  AS A P E R C E N T A G E  O F  T H E  
R E S P E C T I V E  T O T A L  GSD
C a lcu la ted  ac c o rd in g  to the s u rv e y  fo r  the y e a r s  1968 and 1970 in 
B e r l in  (West), b ased  on d i f fe re n t  gonad dose  va lues

R adionuclide R ad iopharm aceu tica l

W olf

(GSD)j/GSD07o)

for 1968 for 1970 
based upon gonad doses from 

ICRP re c a lc u l. W olf ICRP re c a lc u l.

1311 Iodide
d iagnostic  appl. 29. 8 6 8 .5 3 0 .7 1 1 .2 4 7 .3 13. 8
th e rap eu t. appl. 8. 63 1 9 .9 8 .9 6 .9 2 9 .3 8. 52

131 j o -io d o h ip p u ra te 2 .5 2 0. 08 0 . 11 7 .2 0 .4 4 0 .4

198 Au C ollo id 1 4 .7 0 . 10 6 .2 9 1 3 .3 1 .70 6 .1

99ГТ1^С P erte c h n e ta te 3 .4 4 0. 74 4 .4 4 13. 8 5. 5 21. 25

99mXc Sulphur co llo id 0. 63 0 .27 0..06

57 Co V itam in  B12 0 .6 3 <0. 01 <0. 01 0. 97 <0 .01 <0 .01

50 Co V itam in  B12 5. 99 0. 05 <0. 01 7 .7 0. 12 0, 4

131 J . MAA 8 .9 8 3 .9 9 18 .6 0 .3 5 1 .7 0. 87

13i j HSA 0 .6 3 0 .1 5 0 .6 5 0. 03 0 .0 1 0 .0 4

197 Hg BMHP 2. 83 0 .1  ' 7 2 .1 0. 13 6 .1 5

l97Hg C h lorm erodrine 0. 17 < 0 .01 0 .2 1

87mSr n itra te , ch lo rid e 0 .22 0 .3 0. 81

75Se S elen o m eth io n in e 1 9 .6 4 .5 1 2 0 .2 29. 8 12 .6 36. 7

п з т щ Colloid 0 .31 0. 05 0. 07

51 Cr N a-c h ro m a te 0. 19 0 .0 4 0. 14

51 Cr EDTA 0. 07 0 .2 6 0 .3 3 0 .2 5 0. 04 0. 03

85Sr n itra te , ch lo rid e 0 .47 <0. 01 <0. 01 4 .4 0 .27 0 .8 1

59 Fe ch lo rid e , c i tra te 2. 00 0 .4 9 2. 51 0 .6 0. 03 0. 94

2 0 3 H g BMHP <0. 01 <0. 01 <0. 01

2 0 3 H g C hlorm erodrine 0. 02 <0. 01 0. 04 <0 .01 <0. 01 <0. 01

T o ta l GSD (m rad) 0 .1 1 0 .47 0. 11 0. 25 0 .6 0 0 .2 0

If a  c o m p a r is o n  is  m ade  between  the va lues  of to ta l  GSD fo r  the y e a r  
1968, i t  b ec o m e s  ev iden t th a t  the value ca lc u la ted  by Wolf does  not d if fe r  
f ro m  the one r e c a lc u la te d  by the a u th o rs .  T h is  a g r e e m e n t  is  caused  by 
the fac t  tha t  fo r  r a d io p h a rm a c e u t i c a l s  with  h ig h e s t  gonad d o s e s ,  o r  those  
m o s t  often  em ployed ,  the s ing le  gonad dose va lues  show only  s l igh t 
v a r ia t io n .  The to ta l  GSD value c a lc u la ted  ac c o rd in g  to the IC R P  data  
as  a  f a c to r  of 4 h ig h e r  r e s u l t e d  e s s e n t i a l l y  f ro m  the gonad dose  of 131I 
iodide value of 2 m r a d / p C i ,  a s s u m e d  f ro m  l i t e r a t u r e ,  as  c o m p a re d  with 
0.2 m rad / juC i a c co rd in g  to  Wolf and o u r  own r e c a lc u la t io n s .  The above
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TA B LE VI. DOSE REDUCTION FOR  EXAMINED OR CRITICAL ORGAN 
AND GONADS BY SELECTIO N  OF SUITABLE RADIOPHARMACEUTICALS

R ad iopharm aceu tica ls  and m ean
adm in iste red  ac tiv itie s  D iagnostic  m ethod  Dose reduction  co e ff ic ie n t for

(M Ci)
Exam ined or

C onven tional Replaced by c r i t ic a l  organ Gonads

131 j " m T c Thyroid Thyroid

io d id e  (43) p ertechn . (1000) scanning
0. 013 2 .6

132 j Function Thyroid
iod ide  (25) te st (30%)

198 Au » m Tc Liver Liver 0. 063 0. 13
co llo id  (240) S -c o ll .  (1500) scanning

58 Co 57 Co S ch illing  test Liver 0 .1 2 0 .1 1
■vitamin B 12 (0 . 9) v itam in  B 12 (0 . 5)

131 j " m T c Lung scanning Lungs
MAA (220) MAA (3000) (66%) • 1 .1 0 .0 7 1

133Xe Lung scanning Lungs
(15 000) (34%)

1311 " m T c Blood T o ta l body 0, 088 0. 1
HSA (10+) HSA (100) vo lum e

131 j 99 m
T c P lac en ta l • T o ta l body 0. 44 0 .5

HSA (10+) HSA (500) lo c a liz a tio n

131 j " m Tc M yelography T o ta l body 0 .1 3 0 .1 5
HSA (100+) HSA (1500)

‘" H g " m T c Spleen Spleen 0 .1 5 0. 069
BMHP (360) S -c o ll . (1500) scanning

85Sr " m T c Bone S kele ton 0 .1 1 0 .2
-n itra te  (330) po lyphosphate scanning

(10 000)

203Hg э э т Т с K idney Kidneys 0. 0009 0. 0096
BMHP (400) DTPA (3000) scanning

203Hg " m Tc K idney Kidneys 0. 017 0. 053
C hlorm erodrine DTPA (3000) scanning
(180)

r e f le c t io n s  a r e  equa lly  va l id  fo r  the in te r p r e ta t io n  of the to ta l  GSD for  
1970 a s  fo r  the v a r io u s  p a r t s  of the GSD fo r  ea ch  s ing le  r a d io p h a r m a 
c e u t ic a l  of the a p p ro p r ia te  to ta l  GSD.

C om paring  the r e s p e c t iv e  va lues  of the to ta l  GSD f o r  the y e a r s  1968 
and 1970, i t  is  ev iden t th a t  the GSD fo r  the y e a r  1970 based  on r e c a l c u l a 
t ion  h a s  doubled i t s e l f .  The s l igh t  gain  in the to ta l  GSD ca lcu la ted  
a c c o rd in g  to ICRP r e s u l t e d  e s s e n t i a l l y  f ro m  the gonad dose ,  which was 
fixed too  high fo r  131I iod ide .  The s l ig h t ly  s t r o n g e r  gain  of Wolf1 s ca lcu la ted  
to ta l  GSD in c o m p a r iso n  with the re c a lc u la t io n  is  caused  by the c o m p a r a 
t ive ly  high gonad dose of 1311 o - io d o h ip p u ra te ,  58Co v itam in  B 12 and 
S5S r  n i t r a t e ,  a s  w ell  as  the p a r t i a l ly  above a v e ra g e  gain  of the ex a m in a t io n  
f re q u e n c y  of th e se  p h a r m a c e u t ic a l s .



IA E A -SM -184/3 389

4 .1 . D isc u s s io n  of the p o s s ib i l i t i e s  of dose  red u c t io n

> As can  be deduced f ro m  the equa tion  fo r  the ca lcu la t io n  of f o rm a l ly  
e x a c t  t a r g e t  d o s e s ,  the e n e rg y  a b s o rb e d  by a t a r g e t  depends on the 
following p h y s ic a l  and b io log ica l  q uan t i t ie s :

A d m in is te r e d  ac t iv i ty
P h y s ic a l  h a l f - l i f e  of a rad ionuc l ide
Mean em it te d  e n e r g y  p e r  d is in te g ra t io n
The f ra c t io n  of e m i t te d  e n e rg y  p e r  d i s in te g r a t io n  a b s o rb e d  in a ta rg e t  
D is t r ib u t io n  f a c to r s  o r  a c t iv i ty  co n c e n t ra t io n  of a r a d io p h a rm a c e u t ic a l  
in the o rg an s  and in the r e s id u a l  body
B io log ica l  h a l f - l iv e s  of a r a d io p h a rm a c e u t ic a l  in  to ta l  body and in 
the o rg an s .

By r ed u c t io n  of a d m in i s t e r e d  a c t iv i ty  (e.g. by ap p l ica t ion  of the 
w ho le -body  co u n te r  fo r  the p u rp o se  of functiona l e x a m in a t io n s ,  such  as  
a rad io iod ine  t e s t  fo r  c h i ld re n  o r  ex a m in a t io n s  of k idney function  with 
51 C r  EDTA and 169Yb EDTA) a n d / o r  by s e le c t io n  of rad io n u c l id e s  with 
s h o r t  p h y s ic a l  h a l f - l i f e ,  i t  i s  b a s ic a l ly  p o s s ib le  to r e d u c e  the p a t i e n t ' s  
r a d ia t io n  bu rden .  The u se  of ra d io n u c l id e s  with m in o r  m e a n  em it te d  
e n e rg y  p e r  d is in te g ra t io n  (g • rad//LiCi-h) (e.g. 2.171 fo r  58Co, 0.3071 fo r  
57 Co; 1.2176 fo r  131I, 0.1324 fo r  125I) in  conjunction  with the s m a l le s t  
p o ss ib le  p o r t io n  of n o n -p e n e t ra t in g  r a d ia t io n  com ponen ts  a l s o  f a c i l i ta te s  
a red u c t io n  in  r a d ia t io n  bu rd en .  The c r i t e r io n  of a v e r y  d im in ish e d  
p o r t io n  of the n o n -p e n e tra t in g  ra d ia t io n  is  g ran te d  by the i s o m e r s  
(e.g. " mT c ,  n 3mIn, 87mS r  and 109m Ag). S e lec t ion  p o s s ib i l i t i e s ,  how ever,  
a r e  n a r ro w e d  by the e n e rg y  ran g e  of g a m m a  ra d ia t io n  a p p r o p r ia te  fo r  s c in t i 
g ra p h y  of be tw een  about 50 and m a x im u m  500 keV, as  w e l l  a s  by te ch n ic a l  
(e.g. av a i la b i l i ty  of a c y c lo t ro n  o r  r e a c to r ) ,  r a d io c h e m ic a l  (length of 
p ro d u c t io n  of a r a d io p h a rm a c e u t ic a l  in  r e la t io n  to  p h y s ic a l  h a l f - l i f e )  and 
f in an c ia l  c o n s id e ra t io n s .

F u r t h e r  p o s s ib i l i t i e s  fo r  the red u c t io n  of rad ia t io n  b u rd e n  e x i s t  in 
the a l t e r a t io n  of the d is t r ib u t io n  p a t t e r n  and k ine tic s  of the r a d io p h a r m a 
c e u t ic a l .  E x a m p le s  a r e  the blocking of c r i t i c a l  o rg an s  (e.g . of thy ro id  
w ith  iodine in o r d e r  to  avoid in take of 131I iodide a s  a s p l in te r  p o r t io n  of 
a  13̂ - l a b e l l e d  p h a r m a c e u t ic a l ,  o r  of k idney  with inac tive  c h lo rm e r o d r in e  
in  the a p p l ica t io n  of ra d io a c t iv e  c h lo rm e r o d r in e  in  b r a in  sc in t ig rap h y )  
and e x c re t io n  in te n s i f ic a t io n  a f t e r  te rm in a t io n  of exam ina t ion .

4 .2 .  C a lcu la tion  of dose  reduc t ion

A ccord ing  to  r e p o r t s  by P fa n n e n s t i e l  [22], conven tiona lly  applied  
r a d io p h a rm a c e u t ic a l s  w e re  su b s t i tu te d  with those  th a t  c o r r e l a t e  to the 
a b o v e - d is c u s s e d  c r i t e r i a  fo r  the s e le c t io n  of r ad io n u c l id e s  and r a d i o 
p h a r m a c e u t ic a l s  fo r  dose  red u c t io n .  D ose c a lc u la t io n s  w e r e  conducted  
fo r  the r e s p e c t iv e  c r i t i c a l  o r  ex am ined  o rg a n s  as  w ell  a s  fo r  the gonads ,  
w h e re b y  the m e an  a d m in i s t e r e d  a c t iv i t i e s  of the conven tiona l  r a d io 
p h a r m a c e u t ic a l s  w e re  e x t r a c te d  f ro m  the B e r l in  f indings of 1970. R e su l ts  
of the ca lc u la t io n s  have been  com piled  in  T able  VI. A cco rd ing ly ,  the

4 .  D O SE  R E D U C T IO N
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T A B L E  VII. C O M P A R IS O N  O F  GSD (B E R L IN /W E S T )  F O R  1970 F O R  
C O N V E N T IO N A L L Y  A P P L I E D  AND A S S U M E D LY  S U B S T IT U T E D  
R A D IO N U C L ID E S AND R A D IO P H A R M A C E U T IC A L S

R adionuclide R ad iopharm aceu tica l D iagnostic
m ethod

M ean adm in  
ac tiv ity

(MCi)

Dj (m rad) for

conven t. substit. 
rad ionucl. /ra d io p h a rm .

1 3 1 J Iodide Thyr. funct. /s c a n 43 2. 84 E-2

99ГПТ с
132 J

P erte ch n e ta te
Iodide

T hyr. scan.
T hyr. funct. (30%)

1 000 
25

6. 65 E-2

198 Au Colloid
Liver scan

240 1. 41 E-2

» m T c S -co llo id 1500 1. 59 E-3

58 Co V itam in  B]2
S ch illing  test

0 .9 3 .0 0  E-6

57 Co V itam in  В12 0. 5 3 .7 0  E -4

131 J MAA Lung scan 220 1 .8 0  E-3

" m T c MAA Lung scan (66°jo) 3 000
133Xe L. f u n c t ./s c a n  (34%) 15 000 2 .6 0  E -4

131 j HSA
Blood vo lum e

■ 10 a

99 rnT c HSA 100

131 j HSA
P lac en ta l lo c a l.

10 a
7 .1 6 E - 5 5. 00 E-6

99 m Tc HSA 500

HSA
M yelography

•100 a

99 m T c HSA 1 500 J

191 Hg BMHP
S pleen  scan

360 1. 27 E-2

99 m T c S -co llo id 1500 8 .1 0  E -4

85 Sr n itra te
Bone scan

330 1 .6 8  E-3

95m T c P olyphosphate 10 000 1. 06 E-2

203 H g BMHP
K idney scan

400 1. 75 E-5

99 m Tc DTPA 3 000 1. 60 E-7

203 H g C hlorm erodrine
K idney scan

180 7 .4 8  E-6

99 m T c DTPA 3000 4. 00 E-7

T otal: 0. 059 0 .0 8 0
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T A B L E  VII. (con t .)

R adionuclide R ad iopharm aceu tica l D iagnostic  v 
m ethod

M ean adm in, 
ac tiv ity

См c i)

Dj (m rad) for

conven t. substit. 
rad io n u c l. /ra d io p h a rm .

1311 o -io d o h ip p u ra te Kidney function 73 7. 99 E -4

99mT c P erte ch n e ta te T hyroid scan 
Brain scan 
Salivary  g land scan 
S tom ach  scan

4500 4 .3 9  E-2

" m T c S -co llo id Liver scan 
S p leen  scan

980 1 .1 3  E -4

87mSr ch lo ride , 
‘ n itra te

Bone scan 1600 1 .6 8  E-3

75Se S eleno m eth io n in e Pancreas scan 310 7 .5 8  E-2

II3mIn Colloid L iver scan 1100 1 .4 9  E -4

51Cr EDTA Kidney function 80 6. 59 E -5

59 Fe ch lo ride Iron m etabo lism 23 1. 95 E-3

T o ta l: 0 .1 2 4

T o ta l GSD: 0. 183 0 .2 0 4

(%) portion  o f the  to ta l num ber o f resp ec tiv e  exam in a tio n s . 

a M ean values from published d a t a [ 4 ] .

su b s t i tu t io n  of rad io n u c l id e s  and r a d io p h a rm a c e u t ic a l s  le a d s  to  a r e d u c 
tion in  e n e rg y  dose in  the c r i t i c a l  o r  exam ined  o rg a n  of up to a f a c to r  of 
1000. T h e re b y  the dose  red u c t io n  is  e x p r e s s e d  by a  dose  red u c t io n  
coeff ic ien t  d as  a p ro p o r t io n  of dose  v a lu es  fo r  the su b s t i tu te d  and the 
conven tiona l  r a d io n u c l id e s  and r a d io p h a rm a c e u t ic a l s .  The m a x im u m  
d ose  reduc t ion  coe ff ic ien t  fo r  gonad d o se s  r e s u l t e d  in 0 .0 1 ; by s u b s t i tu 
t ion  of 131I iodide with  99mTc p e r te c h n e ta te  and 132I iodide; h o w ev e r ,  
dose  red u c t io n  in the th y ro id  of about 1% is  connected  with  a  gonad dose 
i n c r e a s e  of m o r e  than  tw ice  the am ount.  F o r  th is  r e a s o n ,  and b ec au se  
of the r e la t iv e ly  l a rg e  n u m b e r  of thy ro id  ex am in a t io n s  in  the  to ta l  
n u m b e r  of n u c l e a r  m e d ic a l  e x a m in a t io n s ,  the GSD r e m a in s  p r a c t i c a l ly  
unchanged  ( in c re a s e  about 10%; se e  T able  VII).

SUMMARY AND DISCUSSION

A ccord ing  to  the f indings in  B e r l in  (West) on the app l ica t ion  f req u en cy  
of r e a d i ly  ava i lab le  r a d io a c t iv e  s u b s ta n c e s  in  n u c l e a r  m e d ic in e ,  a  y e a r ly  
i n c r e a s e  r a te  of about 20% in e x a m in a t io n s  can be expec ted .  T h e re b y  
the GSD has  ju s t  about doubled w ith in  the p e r io d  1968 to 1970.
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E ven  with the a s su m p tio n  that by 1970 conventiona l r ad io n u c l id e s  and 
ra d io p h a rm a c e u t i c a l s  could have been  su b s t i tu te d  f ro m  the viewpoint of 
dose  r e d u c t io n ,  the value of GSD fo r  1970 would have re m a in e d  p r a c t i c a l ly  
unchanged . Acknowledging a cons tan t  exam ina t ion  in c r e a s e  r a t e ,  i t  is  to be 
ex p e c ted  tha t  the po r t io n  of n u c le a r -m e d ic a l ly  dependent GSD, now 
a p p ro x im a te ly  0.2  m r a d / a ,  r e su l t in g  f ro m  the m e d ic a l  app l ica t ion  of 
ion iz ing  r a d ia t io n  of the p r e s e n t  to ta l  GSD of about 30 to 50 m r a d / a  w ill  
r e m a in  ins ign if ican t  in the fu tu re .  N e v e r th e le s s ,  it m u s t  r e m a in  the goal 
of e n d e av o u rs  to red u c e  s u b s ta n t ia l ly  the rad ia t io n  b u rden  of the ind iv idual 
pa t ien t .  C a lcu la tions  of e n e rg y  dose fo r  c r i t i c a l  o r  exam ined  o rg a n s  have 
d e m o n s t r a te d  the s iz e  of p o s s ib le  dose  red u c t io n s  by the su i tab le  s e le c t io n  
of rad io n u c l id e s  o r  r a d io p h a rm a c e u t ic a l s .  This  dose  r e d u c t io n  can 
def in i te ly  a s s u m e  a value of 1000 and should be co n s id e re d  m o r e  than  
e v e r  by s e le c t io n  of r a d io p h a rm a c e u t ic a l s .
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Abstract

GENETICALLY SIGNIFICANT DOSE TO  THE POPULATION IN INDIA FROM X-RAY DIAGNOSTIC PROCEDURES.
T he g en e tic a lly  s ig n ifican t dose from  X -ra y  d iagnostic  procedures has been  m easured  in  m any coun tries. 

In  th e  n a tio n a l p rog ram m e for e v a lu a tio n  o f  th e  g e n e tic a lly  s ig n ifican t dose to  the  pop u la tio n  o f Ind ia  i t  was 
dec id ed  to e s tim a te  th e  sam e  for th e  pop u la tio n  o f  Eastern and N orthern Regions o f  Ind ia and o f  M aharashtra 
and T a m il Nadu S ta tes , rep resen ting  W estern and Southern Regions. From  these  regions a t le as t one  m ajo r 
c i ty , two urban c itie s  and four to five  d is tr ic t hospita ls  w ere s e le c te d  for d a ta  c o lle c tio n  so th a t th e  various 
types o f  m e d ic a l fac ili tie s  and rad io g rap h ic  techn iques are  rep resen ted . Age and sex d istribu tion  o f patien ts  
undergoing  various d iagnostic  exam inations  was co lle c te d  from  five sam p le  d istric ts  o f  T a m il Nadu S ta te , 
n ine  sam p le  d istricts  o f  M aharash tra , e ig h t sam p le  d istric ts  o f  N orthern Region and e lev en  sam p le  d istricts 
o f Eastern Region. So far th e  age and sex d is trib u tio n 'fo r m ore than  120 000 patien ts  has b ee n  co lle c te d .
Gonad dose m easurem ents w ere ca rried  out in  m a jo r rad iod iagnostic  centres in  these  s e le c te d  p laces . Gonad 
dose m easurem ents h ave  been  ca rried  o u t on as m any as 15 000 p a tien ts . T h e  c h i ld -e x p e c ta n c y  factors w ere 
e s tim a te d  from  the  d a ta  o f  Ind ian  Census results on fe r tili ty  ra tes  and m o rta li ty  ra te s . E va luation  o f  the  
annual g e n e tic a lly  s ig n ifican t dose from  th e  d a ta  y ie ld ed  a m uch low er v a lu e  com pared  to  o th e r coun tries.
T h e  annual g e n e tic a lly  s ig n if ican t doses and gonad doses in a  few exam in a tio n s  for In d ia  a re  com pared  w ith 
those from  o ther coun tries .

INTRODUCTION

The g en e t ic a l ly  s ig n if ic an t  dose  a r i s in g  f ro m  d ia g n o s t ic  rad io logy  
p r o c e d u r e s  has  been  m e a s u r e d  in  m any  c o u n t r i e s  [ 1 -  24] . No a t tem p t  
has  h i th e r to  b ee n  m a d e  to m e a s u r e  th is  dose  in  India. A study of the 
d iagnos t ic  te ch n iq u e s  c u r r e n t l y  in  vogue in  India, coupled w ith  the  non
av a i la b i l i ty  of s o p h is t ic a te d  rad io d iag n o s t ic  equ ipm en t  such  a s  im age  
in te n s i f ie r s ,  su g g e s t  th a t  the  g en e t ic a l ly  s ign if ican t  dose  could .be  m uch  
h ighe r  in th is  c o u n try .  On the o th e r  hand, the  fac t  th a t  a m u c h  s m a l l e r  
p e r c e n ta g e  of  the  popu la tion  u n d e rg o e s  d iagnos tic  X - r a y  ex a m in a t io n s  would 
tend  to lo w e r  the annua l g e n e t ic a l ly  s ign if ican t dose .  F o r  eva lua ting  the 
g en e t ic a l ly  s ig n if ic an t  dose  to the popula tion  of India it  w as  dec ided  to a s s e s s  
the  s a m e  fo r  the popu la tion  in a few ran d o m ly  se le c te d  s t a t e s .  Two s ta te s ,  
v iz .  M a h a r a s h t r a  and T a m i l  Nadu, and the N o r th e r n  and E a s t e r n  R eg ions  
w e r e  chosen  fo r  th e s e  s tu d ie s .  The r e s u l t s  fo r  th e s e  s t a t e s  and r e g io n s  
a r e  p r e s e n te d  below.

The annual g en e t ic a l ly  s ign if ican t  dose to  the popu la tion  is  defined as  
the a v e ra g e  of the  ind iv idual  gonad do se s ,  ea ch  w eighted  fo r  the expected

395
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n u m b e r  of c h i ld re n  conceived  su b se q u en t  to the  e x p o su re ,  
m a t ic a l ly  e x p r e s s e d  as

T h is  i s  m a th e -

G = ■
D . .N . .P (M) + D.. N.. P.(F)

_ 1J 1J 1 U 1J 1

s .
(M ) (F )"

N. P. + N . P .
1 J i j

w h e re ,  Dy i s  the  a v e ra g e  gonad dose r e c e iv e d  by the p a t ie n ts  in  the ith age 
g roup  a s  a r e s u l t  of undergoing  the  jth type of exam ina t ion ,  N¡ is  the to ta l  
n u m b e r  of p e r s o n s  in  the  i th age group ,  P¡ is  the  a v e ra g e  ch i ld  ex p ec tancy  
f a c to r  fo r  the p e r s o n s  in the  ith age g roup  and Nÿ is  the  n u m b e r  of p e r s o n s  
in  the  i th age g roup  undergoing  the  j th type of ex a m in a t io n  p e r  y e a r .  (M) and 
(F) denote m a le  and fe m a le ,  r e s p e c t iv e ly .  As fo r  fo e tu se s ,  ha lf  a r e  a s s u m e d  
to be m a le s  and o th e r  ha lf  f e m a le s  and the annual g en e t ic a l ly  s ign if ican t  dose 
i s  ev a lu a ted  s e p a r a te ly  taking the f req u en cy  of ex a m in a t io n  of p re g n a n t  
m o th e r s  into account .

MAHARASHTRA
1 BOMBAY (GREATER)
2 POONA DISTRICT
3 N ASIK  DISTRICT
i  SHOLAPUR DISTRICT
5 SA N C L I DISTRICT
6 NAGPUR DISTRICT
7 RATNACIRI DISTRICT
8 CHANOA DISTRICT
9 BU LO HANA DISTRICT

10 NANDED DISTRICT

TAMIL NADU
11 M A D R A S  CITY
12 COIMBATORE DISTRICT
13 M AO U RA I DISTRICT 

U  THANJAVUR DISTRICT
15 KANYA KUMARI DISTRICT

NORTHERN REGION
16 DELH I CITY

17 P A T IA LA  DISTRICT 

IB C H AN D IG AR H  CITY

19 AM R ITSAR  OISTRICT

20 S IM LA  DISTRICT

NORTHERN REGION
21 JU L IU NDU R  DISTRICT

22 H O SH IA RP U R  OISTRICT
23 H ISSA R  O ISTRICT

EASTERN REGION

PATNA

R A N C H I
P U R N E A
SA H A R SA
SH A H A B A O

CUTTACK

G AN JA M

SA M B A L P U R

CALCUTTA

Щ  —  BOTH Nij ANO Dij

FIG. 1. Map o f India showing various districts selected for collection of data on dose to pa tien ts  and number 
of patients undergoing various types of exam inations.
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The m e a s u r e m e n t s  of gonad d o se s  w ere  c a r r i e d  out in  the following 
m a n n e r .  F o r  the S tate of M a h a r a s h t r a  in v e s t ig a t io n s  w e re  confined to 
th r e e  h o sp i ta ls  f ro m  the  ca p i ta l  c i ty  of B om bay, two h o sp i t a ls  each  f ro m  
P oona  and N agpur  d i s t r i c t s  and one m a jo r  h o sp i ta l  f ro m  ea c h  of the 
re m a in in g  th r e e  sa m p le  d i s t r i c t s  (Fig. 1). In the S tate o f  T a m i l  Nadu w ork  
w as done in  fou r  h o sp i t a ls  f ro m  the  ca p i ta l  c i ty  of M a d ra s  and in one hosp i ta l  
ea ch  f ro m  fo u r  sa m p le  d i s t r i c t s .  In the N o r th e r n  R egion  fou r  h o sp i ta ls  
f ro m  Delhi,  one h o sp i ta l  ea ch  f ro m  fou r  sa m p le  d i s t r i c t s ,  and f ro m  the 
E a s t e r n  R egion th r e e  h o sp i t a ls  in  C a lc u t ta  and one h o sp i ta l  ea ch  f ro m  th r e e  
sa m p le  d i s t r i c t s  w e re  s e le c te d  fo r  th e s e  m e a s u r e m e n t s .  A ll of th e se  w ere  
g e n e r a l  h o sp i ta ls  excep t  for  one in  B om bay, w hich w as  a c h i ld r e n ' s  hosp ita l .  
It w as  a s s u m e d  th a t  the  ra d io g ra p h ic  te chn iques  followed in ea ch  of th e se  
h o sp i ta ls  w e re  m o r e  o r  l e s s  r e p r e s e n ta t iv e  of the tech n iq u e s  followed in 
o th e r  h o sp i ta ls  in  the  s a m e  d i s t r i c t .  F o r  r a d io g ra p h ic  ex am in a t io n s  the 
m e a s u r e m e n t s  w e re  m ad e ,  a s  f a r  a s  p o s s ib le ,  w ith  p a t ie n t s  dur ing  ac tua l  
r a d io g ra p h y .  In l ine  w ith  p r o c e d u r e s  adopted by e a r l i e r  w o r k e r s  fo r  field 
m e a s u r e m e n t s  [ 8, 12, 25] ,  io n iz a t io n -c h a m b e r  type X - r a y  d o s im e te r s  
developed in  the  D iv is ion  of R ad io lo g ica l  P r o te c t io n  w e re  used  fo r  gonad 
d ose  m e a s u r e m e n t s .  W h en ev e r  the gonads w e re  in the  d i r e c t  beam , 
p e r s o n n e l  m o n ito r in g  f i lm s  w e re  used  in p la ce  of the ion iza t ion  c h a m b e r  
in  o r d e r  to avoid the  shadow of the c h a m b e r  on the r a d io g ra p h .  In the c a se  
of m a le s  the c h a m b e r  w as  p la ce d  d i r e c t ly  in con tac t  w ith  the  s c ro tu m .
In the c a se  of f e m a le s ,  how ever,  the  c h a m b e r  w as  p la c e d  d i r e c t ly  on the 
sk in  above the o v a r ie s  and the sk in  dose  m e a s u r e d .  The p o s i t io n  of the 
o v a r ie s  w as  a s s u m e d  to be 5 c e n t im e t r e s  to the  s ide  of the  nave l  and 
5 c e n t im e t r e s  below it  a t  a depth of th r e e  f ifths of the th ic k n e s s  of the  body 
in th a t  sec t ion .  The o v a ry  d o se s  w e re  obta ined  by m u lt ip ly ing  the  v a lu e s  
of the  sk in  d o s e s  by a p p r o p r ia te  o v a r y - to - s u r f a c e  dose  c o n v e r s io n  f a c to r s .  
F o u r  hom ogeneous  t i s s u e - e q u iv a le n t  M ix-D  p h an to m s  r e p r e s e n t in g  four 
age g ro u p s  (viz. 0-4 , 5 -9 ,  10-14 y e a r s  and adult) w e re  c o n s t ru c te d  and 
used  fo r  obta in ing the co n v e r s io n  f a c to r s  under  v a r io u s  o p e ra t in g  condit ions  
and fo r  d i f fe re n t  e x a m in a t io n s .  D uring  the f ield  m e a s u r e m e n t s  an  a t tem p t  
w as  m a d e  to  co l le c t  da ta  fo r  a t  l e a s t  10  e x a m in a t io n s  of ea ch  type so th a t  
a f a i r ly  r e p r e s e n ta t i v e  a v e ra g e  va lue  could be ob ta ined  fo r  the  va lue  of the 
ex p o su re  involved in ea ch  type of exam ina t ion .  The r e s u l t s  of the  m e a s u r e 
m e n ts  and the n u m b e r  of c a s e s  fo r  which th e s e  m e a s u r e m e n t s  w e r e  c a r r i e d  
out a r e  p r e s e n te d  fo r  a  few types  of ex a m in a t io n s  in  T ab le  I. W heneve r  
gonad dose da ta  could not be ob ta ined  d i r e c t ly  on p a t ie n ts  b e c a u s e  a p a r 
t i c u l a r  type of ex a m in a t io n  w as  not being done dur ing  the p e r io d  of m e a s u r e 
m e n ts ,  they  w e re  d e te rm in e d  by m e a s u r e m e n t s  on p h an to m s .  Ion iza tion  
c h a m b e rs  could not be used  d i r e c t ly  on p a t ien ts  undergoing  f lu o ro sco p ic  
e x a m in a t io n  b e c a u s e  continuous  m o v e m en t  of the  p a t ie n t  c a u se d  s e r io u s  
f luc tua tions  in  the  d o s im e te r  r e a d in g s .  Hence the  m e a s u r e m e n t s  w e re  
m ade  on p h an tom s un d er  id e n t ic a l  cond it ions .  A s  in  e a r l i e r  w o rk  [3, 26, 27] ,  
the foe ta l  dose  w as  a s s u m e d  to be the  sa m e  a s  the o v a ry  dose  of the  m o th e r .

VITAL STATISTICS

The age and sex  d is t r ib u t io n  of p a t ie n ts  undergoing  v a r io u s  types  of 
ex am in a t io n  w as  d e t e r m in e d  by co l lec t ing  da ta  on the e n t i r e  r a d io lo g ic a l

G O N A D  D O SE  M E A S U R E M E N T S



TABLE I. GONAD DOSE (m rem ) RECEIVED BY ADULTS IN VARIOUS TYPES OF EXAMINATIONS

T ype o f 
ex a m in a tio n Sex

Bombay C ity  only M adras C ity  only D e lh i C ity  only C a lc u tta  C ity  on ly

A verage
dose

N o. o f 
pa tien ts

A verage
dose

N o. of 
p a tien ts

A verage
dose

N o. of 
pa tien ts

A verage
dose

Ño. o f 
p a tien ts

Lum bar sp ine  AP M 39 9 .0 76 2 4 .3 9 1 0 9 .7 10 30 1

F 2 9 2 .0 16 1 1 9 .0 9 6 7 .1 9 92. 8 5

Lum bar sp ine  Lat. M 170 .0 41' 8 4 7 .0 25 1 0 .5 11 3 0 .5 4

F 38 9 .0 23 3 7 8 .0 24 1 5 8 .1 10 3 5 9 .8 5

Pelvis M 1210 .0 14 539. 0 34 4 3 2 .3 16 9 5 3 .9 8

F 191 .0 12 55. 8 ' 18 2 6 .2 6 9 5 .8 7 ■

A bdom en M 179 .0 90 6 9 .4 35 3 0 .5 39 7 0 .6 33

F 2 4 9 .0 59 9 2 .4 15 3 8 .4 39 9 8 .1 27

C hest PA M 0 .2 8 125 0 .2 1 83 0 .3 6 42 0 .3 9 244

F 3 .1 3 46 4 .5 2 63 8 .1 33 ' 5 .9 134
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T A B L E  I .  (con t . )

T ype o f  
e x a m in a tio n

Sex

M aharashtra  
(ex c lu d in g  Bombay)

T a m il Nadu 
(ex c lu d in g  M adras)

N orthern Region 
(ex c lu d in g  D elhi)

E astern  Region 
(ex c lu d in g  C a lcu tta)

A verage
dose

No. of 
patien ts

A verage
dose

No. o f 
p a tien ts

A verage
dose

No. o f 
p a tien ts

A verage
dose

No. of 
pa tien ts

Lum bar sp in e  AP M 3 7 .5 21 7 5 .6 17 7 8 .1 9 5 1 .3 11

F 8 9 .4 15 6 4 .6 4 8 0 .7 5 1 5 8 .8 6

Lum bar s p in e  L at. M 2 6 7 .0 31 2 3 .8 16 6 2 .9 9 7 7 .0 12

F 19 5 .0 18 2 4 8 .0 4 3 3 3 .5 8 65 4 .9 7

Pelvis M 73 2 .0 21 3 3 5 .0 8 5 8 1 .9 26 1 6 5 4 .2 26

F 7 3 .8 15 4 7 .0 4 9 6 .2 16 1 5 5 .3 22

A bdom en M 7 9 .6 85 56. 8 36 43. 6 176 5 9 .7 70

F 1 0 2 0 .0 33 2 4 4 .0 39 9 6 .2 151 2 0 4 .2 36

C hest PA M 0 .4 9 171 0 .3 9 279 1 .4 1 389 0 .2 0 148

F 1 .6 2 97 8 .9 6 162 4 .0 281 5 .6 7 75
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TA B LE II. GONAD DOSE MEASUREMENTS CARRIED OUT IN VARIOUS 
DISTRICTS OF MAHARASHTRA AND TAMIL NADU AND IN THE NORTHERN 
AND EASTERN REGIONS

SI.
No.

D istrict

T o ta l No. of X -ray 
institutions 

con tac ted  for 
Njj data

T o ta l No. of X -ray 
institutions 
supplying 
N y data

T o ta l No. of patients 
for whom Njj data was 

obtained

Obtained
Supplied by { io m o ta l
institutions . .

enquiries

T o tal

T o ta l No. of 
patients on whom 

gonad dose m easurem ents 
were carried out

MAHARASHTRA

1. Bombay 215 83 9990 8173 18163 2207

2, Poona 53 33 4502 1056 5558 701

3. Nagpur 22 19 4970 207 5177 913

4. Nasik 22 15 1435 358 1793 225

5. Sangli 21 11 . 660 325 985 286

6. Sholapur 14 10 535 534 1069 141

7. Nanded 5 2 231 232 463 -

8. Buldhana 5 2 121 73 194 -

9. Ratnagiri 9 7 515 . 72 587 -

TOTAL 366 182 22 959 11030 33 989 4473

TAMIL NADU

1. Madras 56 39 2892 2171 5063 1035

2. C oim batore 45 34 3119 385 3504 592

3. M adurai 56 43 4378 541 4919 1330

4. Thanjavur 24 20 3365 196 3561 517

5. K anyakum ari 15 15 1445 - 1445 227

TOTAL 196 151 15199 3293 18492 3701

NORTHERN REGION

1. Delhi 76 45 14799 3888 18 687 1016

2. Amritsar 17 12 2492 99 2591 659

3. P atiala 18 11 3171 . 596 3767 800

4. Chandigarh 5 4 6493 51 6544 1091

5. H im achal Pradesh 10 8 1301 52 1353 450

6. Hissar 8 8 786 - 786 -

7. Hoshiarpur 4 3 270 - 270 -

8. Jullundar 13 8 2387 96 2483 -

TOTAL 151 99 31699 4782 36 481 4016

EASTERN REGION

1. C uttack 9 9 2108 - 2108 603

2. Patna 19 13 4328 497 4825 894

3. Ranchi 16 15 2937 3012 382

4. C alcu tta 139 99 16 382 2364 18746 1406

5. Saharsha 5 2 123 - 123 -

6. Shahabad 8 3 791 - 791 -

7. G anjam 6 2 374 . - 374 -

8. Sam balpur 7 4 742 - 742 -

TOTAL 209 147 27 785 2936 30 721 3285
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w o rk  of the sa m p le  d i s t r i c t s  fo r  th r e e  ran d o m ly  ch o sen  w eeks .  A q u e s t io n 
n a i r e  d es ig n ed  to g ive in fo rm a t io n  on the  age, sex , type of e x a m in a t io n  
and n u m b e r  of r a d io g r a p h s  ta k en  fo r  ea ch  p a t ie n t  w as  s e n t  to a l l  the  h o sp i ta ls  
in the  sa m p le  d i s t r i c t s  (F ig .  1). The n u m b e r  of h o sp i ta ls  f ro m  v a r io u s  
d i s t r i c t s  to  which the f o r m s  w e re  sen t  and th a t  r e tu r n e d  th e m  a f te r  c o m 
p le t io n  i s  p r e s e n te d  in  T ab le  II. T h e se  h o sp i ta ls  gave in fo rm a t io n  on 
22 595 c a s e s  in  M a h a r a s h t r a  S tate , 15 199 c a s e s  in  T a m i l  Nadu, 31 699 c a s e s  
f ro m  the  N o r th e rn  R egion  and 27 7 85 c a s e s  f ro m  the  E a s t e r n  Region. An 
a u x i l ia ry  su rv e y  w as  conduc ted  subsequen t ly  to co l le c t  the  in fo rm a t io n  f ro m  
th o se  h o sp i ta ls  th a t  did not r e t u r n  the f o rm s .  The e a r l i e r  d a ta  w e re  su p p le 
m e n te d  by the  da ta  su bsequen t ly  co l lec te d  dur ing  p e r s o n a l  in te rv ie w s .  It 
w as  found th a t  th e s e  n o n - re s p o n s e  d a ta  a r e  about 18% of the to ta l  N¡j data.
A d i f fe re n t ia l  d is t r ib u t io n  of age , sex  and type of ex am in a t io n  w as  c a lc u 
la te d  f ro m  the c o m p le ted  data ,  w hich  in  tu r n  y ie lded  the  d i s t r ib u t io n s  fo r  
the  e n t i r e  y e a r .  The f ina l  d is t r ib u t io n  fo r  two of the  im p o r ta n t  ex a m in a t io n s  
a r e  shown in F ig s  2 -5 .  T h e se  f ig u re s  ind ica te  th a t  the  age and sex  d i s t r i 
bu tions fo r  th e s e  ex am in a t io n s  a r e  n e a r ly  id e n t ic a l  in the four  r e g io n s .

Not a l l  h o sp i ta ls  supplied  da ta  on the  p reg n a n cy  of  the  fem a le  p a t ie n ts .
To eva lua te  the n u m b e r  of fo e tu se s  co r re sp o n d in g  to ea ch  type of e x a m i
nation ,  the r e c o r d s  fo r  one y e a r  f ro m  a l a r g e  h o sp i ta l  in  M a h a r a s h t r a  tha t

CHEST ( Male ) 

CHEST ( Female)
TAMILNADU

F IG .2. D istribu tion  by age  o f p a tien ts  undergo ing  chest X -ray  e x a m in a tio n  in  M aharash tra and T a m il N adu.
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AGE (YEA RS)

F IG .3 . D istribu tion  by age  o f  pa tien ts  undergo ing  lum bar sp ine X -ray  ex a m in a tio n  in  M aharash tra  and 
T a m il N adu.

F IG .4 . D istribu tion  by age o f pa tien ts  undergoing  chest X -ray  ex a m in a tio n  in th e  N orthern and Eastern Regions.
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AGE (YEARS)

FIG. 5. D istribution  by age  o f  p a tien ts  undergoing  lum bar sp ine X -ray  e x a m in a tio n  in  the  N orthern and 
Eastern Regions.

m a in ta in ed  th is  in fo rm a t io n  w e r e  scanned  and the r a t i o  of the  to ta l  n u m b e r  
of p re g n a n t  p a t ie n ts  to  the  to ta l  n u m b e r  of f em a le  p a t ie n t s  w as  found for 
each  type of X - r a y  ex am ina t ion .  T h e se  r a t i o s  w e re  a s s u m e d  to  be the 
s a m e  fo r  the h o sp i t a ls  in  M a h a r a s h t r a  and w e r e  used to ev a lua te  the  n u m b e r  
of p re g n a n c ie s  p r e s e n t  in  the  f e m a le s  undergoing  v a r io u s  types  of e x a m i
n a t io n s .  A pparen t ly  th is  in fo rm a t io n  w as  not kep t in any of the h o sp i ta ls  
f ro m  T a m i l  Nadu and two o th e r  r e g io n s .  It w as  not c o n s id e re d  c o r r e c t  to 
a s s u m e  tha t  th is  r a t i o  would be  the  s a m e  fo r  M a h a r a s h t r a  S tate and the 
o th e r  r e g io n s  a s  the  ch i ld  expec tancy  f a c to r s  fo r  f e m a le s  in  th e s e  re g io n s  
d if fe r  ap p re c ia b ly .  The r a t i o s  fo r  the o th e r  r e g io n s  w e r e  t h e r e f o r e  obta ined  
in  the following fash ion .  The f e r t i l i ty  f a c to r  a s  g iven  in the c e n s u s  r e s u l t s  
gave  the  f ra c t io n  of p re g n a n t  f e m a le s  in  a p a r t i c u l a r  age g roup  p e r  y e a r .  
T h is  f a c to r  w as m u l t ip l ie d  by 0.77 ( ra t io  of  p e r io d  of  p re g n a n c y  to p e r io d  
of one y e a r )  to give the  r a t i o  of p re g n a n t  w om en  at any t im e  to the to ta l  
n u m b e r  of w om en  in th a t  age g roup .  A su m m atio n  of th e se  r a t i o s  w as  
c a r r i e d  out o v e r  a l l  age g ro u p s ,  weighting the  f a c to r  by the n u m b e r  of 
fem a le  p a t ien ts  in v a r io u s  age g ro u p s ,  d iv ided by the to ta l  f em a le  p a t ien ts  
of the  reg io n .  T h is  eva lu a t io n  g iv e s  a va lue  of 8.0 p re g n a n t  p a t ie n t s  out 
of e v e ry  100 p a t ie n t s  fo r  T a m il  Nadu, 9 fo r  the  E a s t e r n  R egion  and 10 for  
the N o r th e rn  Region, w hich c o m p a r e s  w ell w ith  the va lue  of 9.1 (220 out 
of 2414) fo r  M a h a r a s h t r a .



T A B L E  Ш . NUM BER O F  M A LES AND FEM A LES IN VARIOUS AGE GROUPS (N J  AND T H EIR  CHILD 
E X P E C T A N C Y  FA C T O R S  (P¡ )

M aharash tra T a m il Nadu N^ M aharash tra  P¿ T a m il Nadu
A ge group

M ale F em a le
(thousands)

M ale F em a le
(thousands)

M ale F em a le M ale F em a le

0 - 4 2994 2943 2623 2510 4. 577 4 .1 1 6 3 .2 7 8 5 3 .3 9 3 7

5 -  9 2890 2845 2622 2624 4. 836 4 .3 6 8 4 .0 8 3 7 4 .1 8 4 4

10 - 14 2328 2084 2212 2126 4 .9 5 8 4 .4 8 6 4 .2 9 6 7 4 .3 1 3 0

15 -  19 1679 1533 1589 1538 4 .9 2 6 4 .2 1 4 4 .4 5 3 9 4. 0507

20 -  24 1718 1781 1589 1710 4 .7 4 5 3 .3 9 6 4 .1 7 9 7 3 .1 3 4 9

25 - 29 1774 1690 1576 1652 3 . 815 2. 651 3 .2 5 4 8 1 .9 8 7 2

30 -  34 1511 1332 1329 1313 2 . 625 1. 660 2 .0 4 8 7 1 .0 3 2 5

35 -  39 1298 1097 1260 1222 1. 613 0 .9 0 1 6 1 .3 5 1 0 .3 8 0 5

40 -  44 1067 931 1055 1009 0 .8 7 4 0. 0874 0 .3 7 4 4 0 .0 6 3 9

45 -  49 897 764 888 802 0 .3 4 2 0 .0 5 9 4 0 .0 6 2 7 0 .0 0 2 9

50 -  54 744 649 740 674 0 .0 5 7 9 0 .0 0 8 2 0 .0 0 2 8 0 .0 0 1 1

55 - 59 505 415 411 411 0 .0 0 7 5 0 .0 0 0 .0 0 1 1 0 .0 0 0 0

60 and over 1023 1061 918 878 0 .0 0 0. 000 0 .0 0 0 0 .0 0 0
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T A B L E  III. ( con t . )

Age group
N orthern  Region Eastern R egion N¿ N orthern  Region Pj E astern  Region P^

M ale F em a le
(thousands)

M ale F em a le
(thousands)

M ale F em a le M ale F em a le

0 - 4 3506 3161 9311 9166 4 .9 6 4 .8 2 5 4 .2 4 6 5 4 .1 0 2 6

5 -  9 3729 3280 10 582 10218 5 .3 1 6 5 .3 6 2 4 .9 2 7 4 4 .8 8 6 8

10 -  14 2949 2561 7460 6392 5 .3 7 6 5 .4 1 7 5 .0 1 1 8 4 .9 9 3 5

15 -  19 2071 1694 4934 4644 5 .4 1 7 5 .3 9 0 5 .0 6 5 3 4 .8 5 3 5

20 -  24 1930 1686 5016 5239 5 .3 8 4 4 .7 9 5 4 .9 1 2 7 4 .1 1 5 6

25 -  29 1840 1555 5482 4969 4 .7 7 7 3 .5 0 4 .1 3 9 1 2 .9 2 3 6

30 -  34 1522 1236 4688 4094 3 .4 8 2 2 .1 3 4 2 .9 1 5 5 1 .7 8 4 4

35 -  39 1217 1009 3928 3341 2 .1 1 6 1 .0 5 6 1 .7 6 3 0 0. 8990

40 -  44 1130 926 3220 2973 1 .0 4 8 0 .3 6 8 0. 8801 0 .3 5 9 3

4 5 - 4 9 866 655 2608 2224 0 .3 6 5 0 .0 6 2 0 .3517 0 .0913

50 -  54 873 591 2225 1917 0 .0 6 2 0 .0 0 .0 9 0 3 0 .0

55 -  59 436 286 1323 1133 0 .0 0 .0 0 .0 0 .0

60 and over 1377 914 2702 2940 0 .0 0 .0 0 .0 0 .0
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The d is t r ib u t io n s  giving the to ta l  n u m b e r  of m a le s  and f e m a le s  in  v a r io u s  
age g ro u p s  of the  g e n e r a l  popu la tion  w e re  obta ined  f ro m  the d a ta  supplied  by 
the C o m m is s io n e r ,  N ational  C e n su s  Survey, M a h a r a s h t r a  S tate [ 28] . F o r  
o th e r  R eg ions  th e s e  da ta  w e re  obta ined f ro m  c e n su s  r e s u l t s  of India [ 29 - 31] . 
T h e se  a r e  p r e s e n te d  in  T able  III.

The v a lu e s  of su b se q u en t  child  expec tancy  f a c to r s  fo r  m a le s  and f e m a le s  
fo r  v a r io u s  age g ro u p s  w e r e  c a lc u la ted  f ro m  the da ta  ava ilab le  in  a  N ational  
Sam ple Survey fo r  M a h a r a s h t r a  State [ 32] . F o r  eva lua ting  th e se  v a lu e s  fo r  
o th e r  R egions use w as  m ade  of fe r t i l i ty  f a c to r s  pub lished  by the  N ational  
C e n su s .  T hese  v a lu e s  a r e  a l so  tabu la ted  in T ab le  III.

DISCUSSION

, It is  o b se rv e d  th a t  th e r e  a r e  la rg e  v a r ia t io n s  in  the d o se s  r e s u l t in g  
f ro m  any one p a r t i c u l a r  type of  exam ina t ion .  T h ese  v a r i a t io n s  in  gonad 
dose  f ro m  c a se  to c a se  in any p a r t i c u l a r  type of exa m in a t io n  could r e s u l t  
f ro m  v a r ia t io n s  in  te ch n iq u e s  such  a s  kV, f i l t r a t io n  used, b e a m  angulation ,  
sh ie ld ing  p rov ided  and o th e r  o p e ra t in g  cond it ions .

F r o m  the da ta  p r e s e n te d  in  T able  I it is  se e n  th a t  fo r  m o s t  of the e x a m i
na t io n s  the  a v e ra g e  v a lu e s  fo r  Bom bay  a r e  s ign if ican t ly  h ig h e r  than  those  
fo r  o th e r  c i t ie s .  The m e a s u r e m e n t s  in  B om bay C ity  [33] w e r e  m a d e  a few 
y e a r s  p r i o r  to those  in o th e r  c i t i e s  [34]  and the s ign if ican t r e d u c t io n  in  
the a v e ra g e  gonad dose v a lu e s  in  o th e r  c i t ie s  can  be a t t r ib u te d  to a c o u n t ry 
w ide r a d ia t io n  sa fe ty  p r o g r a m m e  du r ing  the in te rven ing  p e r io d ,  w hich  
em p h a s iz e d  the im p o r ta n c e  of reduc ing  the  dose  both to the p a t ien t  and to 
the  d o c to rs  and te c h n ic ia n s .  The e f f e c t iv e n e s s  of the r a d ia t io n  safe ty  
p r o g r a m m e  has  m a n ife s te d  i t s e l f  in a s iz e a b le  red u c t io n  in  the a v e ra g e  
gonad dose r e su l t in g  f ro m  ea c h  type of exam ina t ion .

T ab le  IV shows the con tr ibu t ion  to the annual g en e t ic a l ly  s ign if ican t  
dose  f ro m  m a le s  and f e m a le s  fo r  ra d io g ra p h ic  and f lu o ro sco p ic  e x a m in a t io n s  
in  v a r io u s  d i s t r i c t s  f ro m  the  two s ta te s  and two re g io n s .  In g e n e ra l ,  the 
dose  c o n tr ib u t io n  f ro m  ex am in a t io n s  is  lo w er  fo r  the  fem a le  popula tion  than 
fo r  the m a le  popula tion  in the  c a se  of r a d io g ra p h y .  T h is  i s  p a r t l y  due to 
the fac t  tha t  the m a le  gonad d o s e s  fo r  m o s t  of the ra d io g ra p h ic  e x a m in a t io n s  
a r e  l a r g e r  than  the co r r e sp o n d in g  o v a ry  d o se s .  In addition ,  u n d e r  Indian  
conditions fem a le  p a t ie n t s  do not undergo X - r a y  ex a m in a t io n  a s  often  as  
m a le s  do. The c o n tr ib u t io n  f ro m  f lu o ro sco p ic  e x a m in a t io n s ,  how ever,  
shows a r e v e r s e  p ic tu r e .  T h is  i s  b ec a u s e  the  fem a le  gonads  a r e  always 
in  the d i r e c t  beam  dur ing  f luo roscopy  in  s p e c ia l  p r o c e d u r e s  l ike  b a r iu m  
m e a l  and b a r iu m  e n e m a  and th e s e  sp e c ia l  p r o c e d u r e s  co n tr ib u te  m o r e  than  
90% of the dose  due to  f luo roscopy .  It can  a l so  be o b se rv e d  f ro m  th is  ta b le  
th a t  d i s t r i c t s  l ike M a d ra s ,  Bom bay, N agpur,  Sholapur, Delhi,  S imla , 
C h a n d ig a rh  and C a lc u t ta  co n tr ib u te  l a r g e r  annual g en e t ic a l ly  s ign if ican t  
d o s e s .  T h is  i s  b e c a u s e  of the g r e a t e r  f re q u en c y  of rad io g ra p h ic  e x a m i
n a t ions  r e s u l t in g  f ro m  the  l a r g e r  n u m b e r  of ra d io lo g ic a l  f a c i l i t i e s  av a i lab le  
in  th e s e  u rb an  d i s t r i c t s .  In fac t,  a  s ign if ican t  p ro p o r t io n  of ra d io lo g ic a l  
ex a m in a t io n s  conduc ted  in  th e se  u rban  c e n t r e s  c o n s is t  of the exa m in a t io n  
of a  s iz e a b le  n u m b e r  of p a t ie n t s  f ro m  the adjoin ing s m a l l e r  d i s t r i c t s .
The annual g en e t ic a l ly  s ig n if ic an t  dose  fo r  v a r io u s  d i s t r i c t s  w as  w eighted  
ac co rd in g  to the  popu la tion  and f ro m  th e s e  d a ta  the  annual g en e t ic a l ly  
s ign if ican t  dose  fo r  each  of the two s ta t e s  and the two re g io n s  w as e s t im a te d .
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T A B L E  IV. CONTRIBUTION TO THE ANNUAL G ENETICA LLY  SIGNIFICANT 
DOSE IN MILLIREMS DUE TO DIAGNOSTIC RADIOLOGY

Annual D istrict contribution
Radio- F luoro- R adio- F luoro- Foetal g en e tic a lly  to  s ta te s 'a n n u a l
graphy scopy graphy scopy dose significant g en e tic a lly  sign ificant

dose dose

TAMIL NADU

Madras 4 .1469 0.0048 1.4391 0.1646 0.2605 6.0159 0.3098

M adurai 0.3064 ,0 .0 0 0 3 0.4502 0.0418 0.0865 0.8852 0.0845

C oim batore 0.6209 0.0005 0.2171 0.0714 0 .0475 0.9574 0.1010

Thanjavur 0 .1403 0.0004 0 .0534 0.0022 0.0074 0.2037 0.0196

Kanyakum ari 

T am il Nadu S tate

0 .1137 0.0023 0.1215 0.2185 0.0780

MAHARASHTRA

0.5340

0.7664

0.0158

Bombay 6.059 0.447 1.308 2.592 0 .240 10.646 1.118

Poona 0.725 0 .043 0.158 0.743 0 .201 1.870 0.117

Nagpur 1.875 0 .001 1.259 0.482 0 .435 4. 052 0.155

Nasik 0.822 0.006 0.083 0.009 0 .037 0.957 0.152

Sangli , 0 .281 0 .0 0 4 0.157 0.041 0 .007 0.490 0.015

Nanded 0.212 0 .0 1 4 0.032 0.081 0 .023 0.362 0.043

Ratnagiri 0 .023 0 .013 0.018 0.081 0 .0 0 6 0.141 0.016

Buldhana 0 .0 1 4 0 .003 0.001 0.001 0 .002 0.021 0.003

Sholapur

M aharashtra S ta te

0.110 0.147 0.036 2.619  0 .0 1 4

NORTHERN REGION

2.926

1.894

0.138

Delhi 1 .9751 0.0153 1.0166 0.1785 0.2590 3.4445 0.3257

Am ritsar 0 .7500 0.0031 0.2000 0.0037 0.0417 0.9985 0.0426

P atiala 1 .0474 0.0156 0.5999 1.0706 0.3271 3.0606 0.0868

Chandigarh 7 .1332 0.7060 3 .0894 8.5605 3.5231 23.0122 . 0 .1377

H im achal
Pradesh

0 .6457 0.0017 0.2240 0.0114 0.0359 . 0 .9187 0.0739

Hissar 0 .0533 0.0008 0.0426 0.0004 0.0077 0.1048 0.0052

Hoshiarpur 0 .0064 0.0009 0.0003 0.0018 0.0003 0.0097 0.0002

Jullundar 

Northern Region

0.4307 0.0224 0.1337 0.0017 0 .0273

EASTERN REGION

0.6158 

0 .8772

0.0208

C alcu tta 5 .4412 0.0089 3 .4016 0.6293 0 .1908 9.6718 0.2478

C uttack 1 .2770 0.0080 0.5430 0.1184 0 .0098 1.9562 0,0611

Patna 0 .7365 0.0161 0.4203 0.0298 0 .0257 1.2284 0,0356

Ranchi 0 .2963 0.0038 0.0785 0.0018 0.0065 0.3869 0.0082

Shahabad 0 .0254 0.0078 0.0101 0.0454 neg "0.0887 0.0028

C anjam 0.7832 0.0008 0.1531 neg neg 0.9371 0.0175

Sam balpur 1 .2204 0 .0004 0.4168 0.0012 neg 1.6388 0.0246

Saharsha 

Eastern Region

0 .0006 neg 0.0103 neg neg 0.0109

0.9337

0.0002
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TABLE V. ANNUAL G ENETICA LLY  SIGNIFICANT DOSE FROM 
DIAGNOSTIC RADIOLOGY IN VARIOUS COUNTRIES

C ountry Year

A nnual num ber o f 
X -ra y  exam inations  

per person o f th e  
p op u la tio n  (exclud ing  

d en ta l and fluoroscopy)

T o ta l annual 
g en e tic a lly  
s ig n ifican t 

dose 
(m rem )

A nnual 
g e n e tic a lly  
s ig n ifican t 

dose for one 
ex a m in a tio n  

per person

A rgen tina (Buenos Aires) 1950-59 0 .2 7 0 3 7 .0 13 7 .0

D enm ark 1956-58 0 .260 2 7 .5 10 5 .8

Egypt
A lexandria 1 956-60 0 .0 3 6 7 .0 1 9 4 .4
C airo 1955-61 0. 040 7 .0 17 5 .0

Fed. Rep. G erm any (H am burg) 1957-58 0 .560 1 7 .7 3 1 .6

F rance  • 1957-58 0 .1 5 0 5 8 .2 38 8 .0

Ita ly  (Rome) 1957 0 .5 0 0 4 3 .4 8 6 .8

Japan 1958-60 0 .4 1 0 3 9 .0 9 5 .1

Japan 1969 0 .610 2 5 .7 4 2 .1

N etherlands (Leiden) 1959-60 0 .3 5 0 6 .8 1 9 .4

N etherlands 1967 0. 810 2 0 .0 2 4 .7

New Z ea lan d 1969 0 .4 0 0 1 3 .7 3 4 .3

Norway 1958 0 .3 9 0 10. 0 2 5 .6

Sw eden 1955-57 0 .290 3 7 .8 130 .3

T ha ilan d 1970 0. 039 5 .2 - 1 .3 1 3 3 .3 -3 3 .3

U nited  K ingdom 1957-58 0 .2 8 0 1 4 .1 5 0 .4

U nited  K ingdom  (Sheffield) 1964 0 .3 1 0 8 .6 2 7 ,7

USA (N ational) 1964 0 .4 7 5 5 5 .0 1 1 5 .8

USSR 1964 0 .1 7 1 2 7 .0 157 .9

Y ugoslavia (S lovenia) 1960-63 0 .5 9 4 '  9 .1 1 5 .3

Ind ia 1967-72 0 .0 3 5 1 .1 1 3 1 .7
M aharashtra 1967-68 0 .0 1 4 1 .89 1 3 5 .0
T a m il Nadu 1969-70 0 .025 0 .7 7 30. 8
N orthern Region 1970-71 0 .0 2 4 0. 88 3 6 .7
Eastern Region 1971-72 0 .0 5 1 0 .9 3 1 8 .2

T h e se  v a lu e s  a r e  1.89, 0.77, 0.88 and 0.93 m r e m / a  p e r  p e r s o n  fo r  the 
S ta te s  of M a h a r a s h t r a  [ 35] ,  T a m i l  Nadu [ 34] and the N o r th e r n  and E a s t e r n  
Reg ions ,  r e s p e c t iv e ly .  The h ig h e r  va lue  fo r  M a h a r a s h t r a  S tate is  due to 
(1) the  h ig h e r  v a lu e s  of gonad d o ses  fo r  th i s  s ta te ,  and (2) the h ig h e r  p e r 
cen tage  of f lu o ro sco p ic  e x a m in a t io n s  fo r  M a h a r a s h t r a  due to  a  s e v e r e  
s h o r ta g e  of ra d io g ra p h ic  f i lm s  dur ing  the  p e r io d  of inves t iga t ion .  The annual
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ge n e t ic a l ly  s ig n if ic an t  dose  va lue  fo r  the  s ta te  a s  a  whole is  c lo se  to the 
v a lu e s  ob ta ined  fo r  the  s m a l l e r  d i s t r i c t s ,  which show the p re d o m in a n c e  
of o v e r a l l  condit ions  a p p ro x im a tin g  th o se  ty p ic a l  of a r u r a l  popula tion .

T ab le  V c o m p a r e s  the v a lu e s  of annual g e n e t ic a l ly  s ign if ican t  d o se s  
in  v a r io u s  c o u n t r i e s .  The v a lu e s  fo r  the  two s ta te s  and two re g io n s  of 
India a r e  quite  s m a l l  c o m p a re d  with those  of o th e r  c o u n t r i e s .  T h is  is  
p ro b ab ly  due to the r e la t iv e ly  lo w er  f req u en cy  of ra d io lo g ic a l  ex a m in a t io n s  
un d er ta k en  in  India.
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D I S C U S S I O N

L .-E . LARSSON: In the  f in a l co lum n of y o u r T ab le  V you have i l lu s 
t r a te d  ju s t  -what I  w arn ed  a g a in s t in  m y own p a p e r . W hen you e x tra p o la te  
the r e s u l t s  from j n a tio n a l o r  re g io n a l su rv e y s  to  an ex am in a tio n  fre q u en c y  of 
one ex am in a tio n  |p e r  in d iv id u al, you a n tic ip a te  an unchanged  d is tr ib u tio n  of 
type of ex am in a tio n . T h a t m e an s  th a t a co u n try  w ith  a low freq u en cy  of 
ex a m in a tio n s , and th e se  m a in ly  ch es t ex a m in a tio n s , w ill get a b e t te r  f ig u re  
fo r  th e ir  e x tra p o la te d  GSD than , say , an o th e r  co u n try  w hich a lso  has a low 
to ta l  fre q u en c y  bu t a high co n trib u tio n  f ro m  u ro g ra p h y . Such c o m p a riso n s  
have no meaning). U n fo rtu n a te ly  the la te s t  r e p o r t  of UNSCEAR p re se n te d  
the  sa m e  type of| c o m p ariso n .



IA E A -SM -184/33 411

S. J . SU PE: A c tu a lly , th e  ta b le  h as  b een  taken  la rg e ly  fro m  UNSCEAR 
re p o r ts  and the  v a lu e s  fo r  Ind ia  have been  added . I would like  to  po in t out, 
h o w ev er, th a t fo r  c o u n tr ie s  w h ere  the  fre q u en c y  of ra d io lo g ic a l ex a m in a tio n s  
is  low b e c a u s e  of s c a r c e  f a c i l i t i e s ,  the in c re a s e  in  f re q u en c y  w ith m o re  
e x ten s iv e  fa c i l i t ie s  is  ex p ec ted  to  have th e  sa m e  p ro p o rtio n a te  d is tr ib u tio n  
o v er the v a r io u s  e x a m in a tio n s . I th ink  th is  d is t r ib u tio n  m ay  be d iffe re n t 
when the  fre q u en c y  r e a c h e s  the va lue  of one ex am in a tio n  p e r  p e rso n  p e r  y e a r .

F . D. SOWBY: C an  you ex p la in  the  v e ry  h igh  co n trib u tio n  m ade  by 
flu o ro sc o p ic  e x a m in a tio n s  of fe m a le s  in  C h an d ig a rh ?

S. J . SUPE: The GSD is  h igh  fo r  C h an d ig a rh  as a w hole co m p ared  w ith 
o th e r  Ind ian  c i t ie s .  T h is  could  be due to m any  f a c to rs .  T he in s titu tio n  in  
w hich the w ork  in  q u es tio n  w as done is  v e ry  w ell known and a t t r a c t s  p a tien ts  
fro m  a l l  o v er the reg io n ; th is  would m ake  the fre q u en c y  of ex a m in a tio n s  
m u ch  l a r g e r  than  one w ould ex p ect fo r  the popu la tion  of C h an d ig a rh  alone.
In th e  c a s e  of flu o ro sc o p ic  e x a m in a tio n s  we a lso  found th a t the fem a le  gonad 
d o se s  a re  qu ite  la rg e  co m p ared  w ith  th o se  fo r  o th e r  c i t ie s ;  th is  m ay  be 
due to  lo n g e r  flu o ro sco p y  tim e s  d u rin g  s p e c ia l  p ro c e d u re s  su ch  as b a riu m  
m e a ls  and b a r iu m  e n e m a s . T he o p e ra tin g  cond itions of the X -ra y  tubes m ay 
a ls o  have ca u se d  th is  h ig h e r  dose .
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Abstract

A PRACTICAL METHOD OF ASSESSING RADIATION DOSES TO THE POPULATION: THE USE OF 
REFERENCE LEVELS AND SOME RESULTS OF THEIR APPLICATION TO ITALIAN SITES.

The authors present some results on the use of derived reference levels, as adapted to evaluate 
environmental surveillance data collected around Italian nuclear installations. A comparison is made 
between theoretically derived reference levels and actually measured environmental concentrations of 
radioactivity in order to assess radiation doses to the population and to investigate the environmental 
behaviour of radioactive effluents.

A m ong the p u rp o se s  of e n v iro n m e n ta l su rv e il la n c e  IC R P  P u b lica tio n  
N o.7 in c lu d es  the c o lle c tio n  of d a ta  to  ev a lu a te  ra d ia tio n  d o se s  to  the 
in d iv id u a ls  of the popu la tion  liv ing  in  the v ic in ity  of n u c le a r  f a c il i t ie s .

In a re c e n t p a p e r  [1] we d is c u s se d  the u se  of re fe re n c e  le v e ls  fo r  
co n tam in a ted  foodstu ffs and e n v iro n m e n ta l sa m p le s  a s  a  fe a s ib le  m ean s 
of c o n tro llin g  the e n v iro n m e n ta l co n tam in a tio n  a round  n u c le a r  in s ta l l a 
tio n s  and ev a lu a tin g  ra d ia tio n  d o se s  to  the popu la tion . H e re  we sh a ll 
p r e s e n t  som e o b se rv a tio n s  r e s u lt in g  fro m  the ap p lica tio n  of th e se  
r e fe re n c e  le v e ls  to  an a c tu a l c a se  in  Ita ly .

R e fe re n c e  le v e ls  can  be defined  a s  the c o n c e n tra tio n  of ra d io a c tiv ity  
in  e n v iro n m e n ta l sa m p le s  d e liv e r in g  a c e r ta in  dose  to  the popu la tion . T hey 
can  be d e riv e d  fo r  each  p lan t on the b a s is  of a com pu ta tion  m odel 
d e s c r ib in g  the b e h a v io u r of ra d io a c tiv ity  in  the e n v iro n m en t and m aking  
u s e ,  w h en ev er p o s s ib le , of a c tu a l e n v iro n m e n ta l p a r a m e te r s  and so c io 
eco n o m ic  da ta .

In o u r op in ion , re fe re n c e  le v e ls  can  be looked a t f ro m  two d if fe re n t 
p o in ts  of view: one m o re  s t r ic t ly  connected  to  e n v iro n m e n ta l p r o c e s s e s  
and to  the  am ount of d is c h a rg e d  a c tiv ity  and the o th e r  to  the  u til iz a tio n  
of the en v iro n m en t and to  dose  a s s e s s m e n ts .  T h is  is  show n in F ig . l .

To d e r iv e  r e fe re n c e  le v e ls  fo r  a g iven  nuclide  a t a g iven  s i te ,  in fo rm a 
tio n  is  needed  on i ts  b eh a v io u r in  the e n v iro n m e n t '(p ro c e s s e s  of d ilu tion , 
d is p e rs io n ,  a c c u m u la tio n , e tc .)  and on the u se s  m an m a k es  of th a t 
e n v iro n m en t (w orking and liv ing  h a b its ) . A ll th e se  d a ta  a r e  fitte d  to  a 
m o d e l th a t g ives a c o n c e n tra tio n  in  an  en v iro n m e n ta l sa m p le  c o rre sp o n d in g  
to  a c e r ta in  dose  to  m e m b e rs  of the popu la tion  and to  the r e le a s e  of a 
c e r ta in  am ount of ra d io a c tiv ity .
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FIG. 1. Evaluation of surveillance data.

W hen, in  an a c tu a l in s ta n c e , r a d io a c tiv ity  is  r e le a s e d  f ro m  an in s ta l l a 
tio n , the co n c e n tra tio n  d a ta  ob ta ined  fro m  the ra d io lo g ic a l s u rv e il la n c e  
ne tw o rk  m ay  o r  m ay n o t, depending  on i ts  ad eq u acy , a g re e  w ith  the 
v a lu es  p re d ic te d  in  the com puting  m odel. Anyhow, if  the ra d io a c tiv e  
c o n c e n tra tio n s  a r e  su ffic ie n tly  high to  be d e te c te d , by co m p arin g  th e se  
c o n c e n tra tio n s  w ith the c o rre sp o n d in g  r e fe re n c e  le v e ls  it is  p o ss ib le  to 
o b ta in  a qu ick , though rough , ev a lu a tio n  of the dose  to  the popu la tion .
The r e fe re n c e  le v e ls  th e m se lv e s  should  be c a re fu lly  checked  on the b a s is  
of the e x p e r im e n ta l d a ta , so  th a t they  c o rre sp o n d  as  c lo se ly  a s  p o ss ib le  
to  'the a c tu a l s itu a tio n .

U ntil a l l  the m ain  e n v iro n m e n ta l p ro c e s s e s  a r e  known to  a good ex ten t, 
i t  m ay  be u se fu l to  have two d if fe re n t k inds of re fe re n c e  le v e ls  in  o r d e r  
to  follow  the  e ff lu en ts  b eh a v io u r (E n v iro n m en ta l C om pliance C o n c e n tra 
tio n  (ECC)) and to  a s s e s s  d o se s  to  the pub lic  (E n v iro n m en t L im it C o n c e n tra 
tio n  (ELC )) [1].

T he ECC c o r re sp o n d s  to  the c o n c e n tra tio n  of a g iven  nuclide  ex p ected  
in  an e n v iro n m e n ta l se g m en t if the a u th o riz e d  d is c h a rg e  is  re le a s e d ; th is  
s e rv e s  the p u rp o se  of d ir e c t ly  v e rify in g  the p la n t 's  co m p lian ce  w ith  the 
a u th o riz e d  l im its .  The second  le v e l, E L C , r e p r e s e n ts  the co n c e n tra tio n  
of a g iv en  nuclide  ex p ec ted  in  a se g m en t c o rre sp o n d in g  to  the lim itin g  
ra d io lo g ic a l cap ac ity ; th is  a llo w s a p ro m p t ev a lu a tio n  of the e x p o su re  of 
the p u b lic  to  be m ade . The re fe re n c e  le v e l fo r  d is c h a rg e s  (ECC) is  
p a r t ic u la r ly  su ita b le  fo r  check ing  the a s su m p tio n s  about e n v iro n m e n ta l 
p r o c e s s e s ,  b ecau se  it  does  not depend upon the d a ta  on the so c io -e c o n o m ic  
u til iz a tio n  of the e n v iro n m e n t, and if th e re  a r e  m o re  ex p o su re  pa thw ays, 
i ts  n u m e r ic a l  value does not depend upon th e i r  m u tu a l in te r r e la t io n s .

The re fe re n c e  le v e l fo r  dose  a s s e s s m e n ts  (ELC) a llow s f i r s t  a p p ro x i
m a tio n  d o se s  to  the popu la tion  to  be e v a lu a te d . S ince each  E L C  is  r e f e r r e d  
to  one n u c lid e , to  have a m o re  e la b o ra te  and p re c is e  a s s e s s m e n t  of the 
co n seq u e n ces  of a ra d io a c tiv e  d is c h a rg e ,  i t  is  e s s e n t ia l  to  have d e ta iled  
d a ta  on the co m p o sitio n  of the d is c h a rg e  i ts e lf .

We sh a ll  now d e a l w ith  so m e a p p lica tio n s  of re fe re n c e  le v e ls  to  the 
in te rp re ta t io n  of s u rv e il la n c e  d a ta  and p r e s e n t  som e o b se rv a tio n s  on 
th e i r  u se  in  the c a se  of a PW R p o w er p la n t d isc h a rg in g  i ts  e fflu en ts
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(I, C s , Mn, Co and S r) in to  a r iv e r .  F o r  a s h o r t  p e r io d  the r e a c to r  had 
to  d is c h a rg e  a c tiv ity  in  the liqu id  e fflu en ts  a t a r a te  above the n o rm a l 
ra n g e . At the sa m e  tim e  the en v iro n m en t w as co n tro lle d  w ith  an  'ad  hoc ' 
ra d io lo g ic a l su rv e il la n c e  cam p aig n  th a t w as su p e rim p o se d  on the u su a l 
s u rv e il la n c e  n e tw o rk . The l ic e n s e e  had to  tak e  s a m p le s  of w a te r ,  f ish  
and s e d im e n ts  in the r i v e r ,  b e s id e s  keep ing  a  s t r i c t  r e c o rd  of i t s  flow 
ra te  d u rin g  th is  p e rio d .

The s ite  had a lre a d y  b een  s tu d ied  in  ra d ió e c o lo g ic a l and so c io 
econom ic  su rv e y s  and p o te n tia lly  c r i t ic a l  pathw ays and popu la tion  g roups 
had  been  in d ic a ted  in  peop le  liv ing  in the a r e a  i r r ig a te d  w ith the r iv e r  
w a te r  and consum ing  lo c a l f ish .

On the b a s is  of the r e s u l t s  of th e se  s tu d ie s  and m aking  u se  of a 
com p u ta tio n  m ode l [2] we ca lc u la te d  the r e fe re n c e  le v e ls  (E L C s and ECC s) 
fo r  the m ain  ra d io n u c lid e s  d isc h a rg e d  by the r e a c to r  (see  T ab le  I). T h ese  
m e a s u re m e n ts  w e re  c a r r ie d  out o v e r  a p e rio d  of s ix  m onths u n til the 
e n v iro n m e n ta l ra d io a c tiv ity  had d ropped  to  u n d e tec tab le  le v e ls  and p lan t 
d is c h a rg e s  had long re su m e d  th e ir  n o rm a l c o u rse .

C om p arin g  the m e a su re m e n t r e s u l t s  w ith the E C C s, we have tr ie d  
to  follow  the e n v iro n m e n ta l b eh a v io u r of I, C s, Co and Mn and the 
c o rre sp o n d in g  p ro c e s s e s  of c o n c e n tra tio n  in  the food ch a in .

The v a lu es  th a t can  be d raw n  fro m  e x p e r im e n ta l r e s u l t s  canno t be 
ta k en  a s  p ro p e r  c o n c e n tra tio n  f a c to rs  b ecau se  they  do not c o r re sp o n d  to 
the e q u ilib r iu m  con d itio n s th a t a r e  g e n e ra lly  a s su m e d  as  a b a s is  fo r  the 
d e te rm in a tio n  of c o n c e n tra tio n  f a c to rs ;  they  a re  n o n e th e le ss  v e ry  u se fu l 
b e c au se  they  give a c l e a r  p ic tu re  of the a c tu a l 'e n v iro n m e n ta l b eh av io u r 
of d isc h a rg e d  a c tiv ity  th a t is  a c tu a lly  re le a s e d  by the r e a c to r  in  a d i s 
con tinuous w ay and th ey  a r e  m o re  c lo se ly  r e la te d  to  the o p e ra tio n a l life  
of the in s ta lla tio n . T h e re fo re  we c a ll  them  'o p e ra tiv e  t r a n s f e r  a n d /o r  
c o n c e n tra tio n  f a c to r s ' .

The dose  re s u lt in g  f ro m  the m e a su re d  e n v iro n m e n ta l co n tam in a tio n  
can  be ev a lu a ted  m ak ing  u se  of the re fe re n c e  le v e ls  (ELC) in  the follow ing 
way:

A m o re  p r e c is e  a s s e s s m e n t  of dose  w as a lso  c a r r ie d  out d ire c tly  
f ro m  the e x p o su re  and in tak e  le v e ls  d e r iv e d  fro m  the e x p e r im e n ta l 
c o n c e n tra tio n  v a lu es:

(DL) w eekly (i)

n

w h ere  C n

n

is  the m ean  w eek ly  c o n c en tra tio n  (pC i/kg) 
is  eq u a l to  1 /52  of the annua l dose  l im it  fo r  the 
popu la tion
in d ic a te s  a sum  m ade o v e r  the whole p e rio d  tak en  into 
c o n s id e ra tio n .

( 2 )

n

w h ere  K f is  the f ish  co nsum ption  fa c to r  (kg/w eek) 
x is  a c o n v e rs io n  fa c to r  (m re m /p C i)
Cn and 2  have the sa m e  m ean ing  as  above.



TABLE I. REFERENCE LEVELS FOR THE PO RIVER

Nuclide Environmental segment
ELC

(pCi/litre or pCi/kg)
ECC

(pCi/litre or pCi/kg)
Discharge rate 

(Ci/a)
Measurement sensitivities 

(pC i/litre ‘or pCi/kg)

131 j Water 1 .4  X 102 1. 2 1. 6
Fish a 1 .4  X 103 1 .2  x 10 2

5 x 10
35

Milk 1 .5  X 10 3 1 .2  x 102 1. 0
Vegetables 1 .5  X 103 1. 2 x 102 3. 0

137 Cs Water 2 .1  x 102 1 .2  x 102 0. 30
Milk 1 x 10 3 5. 5 x 10 2

5 x 10
1. 0

Fish 3 .1  x 105 1. 8 x 104 10
Sediment 2 .3  x 106 1. 3 x 105 0. 50

60Co W ater 1. 7 x 10 3 2 .4X  102
i

0. 10
Fish 1.7 x 105 2. 4 X 104 1 x 102 100
Sediment 2.3  x 106 3 X 10s 0. 50

54Mn Water 1.2 x 10 3 2. 4 X 10 0. 07
Fish 50 X 105 1. 0 X 104 1 x 102 50
Sediment 1.3 X 107 3. 0 X 105 0. 50

a This value was included only during the surveillance campaign, because fish samples had not previously been taken in the surveillance network. As a 
result of the measurements all the ELCs values had to be modified.
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T h is  e s t im a te  can  p ro v id e  a c o m p a riso n  fo r  the a s su m p tio n s  taken  
fo r  the r e fe re n c e  le v e ls .

We should  like  to  m en tio n  th a t the n u m e ric a l  v a lu es d e r iv e d  fro m  
th is  su rv e y  can  be taken  only a s  an in d ic a tio n  of the o r d e r  of m agn itude 
fo r  the p a r a m e te r s  involved  in  a r e a l i s t i c  a s s e s s m e n t  of the dose  b ec au se  
the d a ta  w ere  not a lw ays a v a ila b le  in  su ffic ie n t n u m b e rs  and som e 
m e a s u re m e n ts  w e re  below  the d e tec tio n  l im its .

T he le v e ls  of 131I d is c h a rg e s  have allow ed  o p e ra tiv e  w a te r - f is h  
c o n c e n tra tio n  f a c to rs  to  be d e te rm in e d . T h is  w as not p o ss ib le  fo r  the 
w a te r -v e g e ta b le s  and w a te r -m ilk  pathw ays b e c au se  m o s t of the ac tiv ity  
w as d isc h a rg e d  in to  the r i v e r  d u rin g  a se a so n  when th e re  w as no i r r i g a 
tion ; on the c o n tra ry ,  d u rin g  the p e rio d  of i r r ig a t io n  1311 d is c h a rg e s  
w e re  v e ry  low and co n seq u en tly  the c o n c e n tra tio n  in  v e g e ta b le s  and m ilk  
w as below  the d e te c ta b le  ra n g e . The c u rv e s  of F ig s  2-12 s u m m a riz e  
the r e s u l t s  of the su rv e il la n c e  cam p aig n .

F ig u re s  2, 3 and 4 show the e s tim a te d  m onth ly  m ean  v a lu es  fo r  the 
131I co n c e n tra tio n  in  w a te r  and w eek ly  m e a su re d  v a lu e s , to g e th e r  w ith  
the 131I co n c e n tra tio n  in  f ish . The c u rv e s  show the in te r r e la t io n  betw een  
d is c h a rg e  and c o n c e n tra tio n  in  f ish . E x p e r im e n ta l d a ta  in d ic a ted  th a t the 
a c tu a l c o n c e n tra tio n  in  f ish  w as five tim e s  (m ean  value) g r e a te r  than  
e x p e c ted . We th e re fo re  a s su m e d  an 'o p e ra tiv e ' c o n c e n tra tio n  fa c to r  of 50, 
d is c a rd in g  the value  of 10 u sed  in  the p re l im in a ry  e s t im a te s .

The value of 10, a s su m e d  b e fo re , co m p ared  w ith  the c o n c e n tra tio n s  
f a c to rs  fo r  v e g e ta b le s  and m ilk , r e n d e re d  the f ish  ex p o su re  pathw ay a 
m in o r  one; fo r  th is  re a s o n  f ish  sa m p lin g  had not been  p re v io u s ly  included  
in  the ro u tin e  su rv e il la n c e  n e tw o rk .

A pplying E q .( l)  to  o u r  e x p e r im e n ta l r e s u l t s ,  we ob ta ined  a dose  (D^) 
to  the th y ro id  of in d iv id u a l m e m b e rs  of the population:

D j = 40 m re m

If we ev a lu a te  the dose  to  the th y ro id  due only to  the in tak e  th rough  
co n sum ption  of f ish , on the b a s is  of the m e a s u re d  v a lu es  we have:

D2 = 2.8 m re m

It should  be m en tio n ed  th a t the value  of 40 m re m  in c lu d es  the c o n tr ib u 
tio n  f ro m  in g e s tio n  of m ilk  and v e g e ta b le s  in  c o rre sp o n d e n c e  w ith co n 
c e n tra tio n s  in  th e se  s a m p le s  h ig h e r  th an  th o se  a c tu a lly  m e a s u re d . In 
fa c t w hen we d e r iv e d  the re fe re n c e  le v e ls  we a s su m e d  th a t a g iven  
c o n c e n tra tio n  in  f ish  would im p ly  a c o n c e n tra tio n  in  v e g e ta b le s  and m ilk  
of the sa m e  o r d e r  (see  T ab le  I, co lum n 4). On the o th e r  hand , th e se  
c o n c e n tra tio n s  would d e l iv e r  a m uch  h ig h e r  dose  (about 35 out of 40 m rem ) 
than  f ish  in  re la t io n  to  the  d if fe re n t r a t io s  of the co nsum ption  r a te s .

M odifying the r e fe re n c e  le v e ls  by tak in g  in to  c o n s id e ra tio n  e x p e r i 
m e n ta l ev id en ce , we o b ta in  an E L C  fo r  f ish  about 4 tim e s  la r g e r ;  the 
co rre sp o n d in g  dose  (Dj )  is  red u c ed  to  10 m re m . T h is f ig u re  is  now co m 
p a ra b le  w ith D 2, c o n s id e r in g  th a t the p o ss ib le  v eg e tab le  and m ilk  
co n trib u tio n , if  th e re  w as i r r ig a t io n ,  would be about 7 m re m .

In a s im i la r  w ay, we have follow ed 137Cs c o n c e n tra tio n s  in  w a te r ,  
s e d im e n ts  and f ish  (F ig s  5 - 8 ) .  C om parison , of the e s tim a te d  v a lu es  with 
the  m e a s u re m e n ts  show s fa ir ly  good a g re e m e n t, r e m e m b e r in g  th a t the 
e s tim a te d  c o n c e n tra tio n  is  a m onth ly  m e an  va lue .
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FIG. 2. 1311 water concentration, calculated monthly mean.
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FIG.3. 1311 fish concentration.
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FIG. 4. 1311 water concentration, measured.
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FIG. 5. 137Cs water concentration, calculated monthly mean.
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FIG. 6. 137Cs w ate r co n c en tra tio n , m easured .
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FIG. 7. 137 Cs fish co n cen tra tio n .
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FIG. 8. 137Cs sediment concentration.

FIG. 9. 54Mn water concentration, calculated monthly mean.

F IG .IO . 54Mn w ater co n c en tra tio n , m easured .
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FIG. 11. 54 Mn fish concentration.

FIG. 12. 54 Mn sediment concentration.

We have no ticed  th a t the 137Cs peak  in  f ish  s e e m s  to  a p p e a r  about 
30-45 days a f te r  the d is c h a rg e . The o p e ra tiv e  w a te r - f is h  c o n c e n tra tio n  
f a c to r  can  be taken  to  be about 1 0 0 0 , w hich , in c id e n ta lly , c o r re sp o n d s  
to  the fig u re  a s su m e d  in  the p re lim in a ry  e v a lu a tio n s . 137Cs a c c u m u la 
tio n  in  se d im e n ts  can  be e a s i ly  follow ed on i ts  r e la t iv e  c u rv e . The 
c o rre sp o n d in g  c o n c e n tra tio n  fa c to r  is  n e a r  104 . S ince in  th is  c a se  th e re  
is  good a g re e m e n t be tw een  the ex p ected  and the m e a s u re d  c o n c e n tra 
t io n s , the a s s e s s m e n t  of dose  th ro u g h  the re fe re n c e  le v e l m ethod  and 
d i r e c t  c a lc u la tio n  p ro d u c e s  v e ry  s im i la r  r e s u l t s .

F o r  54Mn (F ig s 9 - 12) we a lso  found good a g re e m e n t be tw een  the 
d o se s  a s s e s s e d  w ith the u se  of r e fe re n c e  le v e ls  and the v a lu es  ca lc u la te d  
d ir e c t ly  f ro m  e n v iro n m e n ta l d a ta . In th is  c a se  the o p e ra tiv e  c o n c e n tra 
tio n  fa c to r  fo r  f ish  can  be a s su m e d  to  be 1 0 3 and 10 4 fo r  s e d im e n ts .
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. The d a ta  co llec te d  in  the su rv e y  have been  v e ry  h e lp fu l fo r  te s tin g  
the  fe a s ib il i ty  of r e fe re n c e  le v e ls  and th e i r  ap p lica tio n  to  the p re d ic tio n  
of d o se s .

The d is c u s s io n  h as  shown the im p o rta n c e  of checking  r e fe re n c e  
le v e ls ,  d e r iv e d  fo r  a g iven  in s ta lla tio n , on the b a s is  of e x p e r im e n ta l 
r e s u l t s .  In fa c t, in c o r r e c t  a s su m p tio n s  about ac cu m u la tio n  o r  t r a n s f e r  
f a c to rs  m igh t lead  to  one u n d e re s tim a te  the ro le  of one e x p o su re  pathw ay, 
pay ing  undue re la t iv e  im p o rta n c e  to o th e rs ,  w hich m ay  u ltim a te ly  p ro d u ce  
a  w rong  a s s e s s m e n t  of the  d o se s .

We r e c a l l  h e re  the c a se  of 131I: too low  a value fo r  the c o n c e n tra 
tio n  fa c to r  in  f ish  r e s u lte d  in  th is  im p o r ta n t and d ir e c t  e x p o su re  pathw ay 
being  o m itted  fro m  the ro u tin e  su rv e il la n c e  n e tw o rk . T h e re fo re  if  the 
ra d io a c tiv ity  le v e ls  in  v e g e ta b le s  and m ilk  a re  below  d e te c ta b le  lim its  
and co n seq u en tly  the e v a lu a tio n  of d o se s  w ith  the u se  of the E L C  re la te d  
to  th e se  pathw ays would give no s ig n ific an t va lue , d o se s  to the popu la tion  
com ing  fro m  fish  in g e s tio n  could not be accoun ted  fo r.

It can  be concluded th a t r e fe re n c e  le v e ls  "Can be u se fu lly  em ployed  fo r  
in te rp re t in g  e n v iro n m e n ta l s u rv e il la n c e  m e a s u re m e n ts  and a lso  fo r  m aking  
dose  e s t im a te s ,  p ro v id ed  th a t the a s su m p tio n s  upon w hich they  have been  
d e r iv e d  a re  v e r if ie d  w ith the h e lp  of fie ld  r e s u l t s .
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Abstract

THE PROBLEM O F  THE ASSESSMENT OF THE RADIOLOGICAL IMPACT ON POPULATIONS FROM RADIOACTIVE 
DISCHARGES: SOME CONSIDERATIONS ON THE CONCEPT OF GLOBAL RISK.

The authors discuss some particular aspects of the problem of evaluating the radiological impact on the 
population from radioactive effluent discharges. Generally, when this evaluation is made it is customary to 
consider dose commitments to the critical organs, neglecting doses to other organs. Since radioactive effluents 
from nuclear installations generally consist of many radionuclides with different critical organs and since even 
for a single radionuclide it is sometimes difficult to define a single predominant critical organ, the authors 
suggest considering in some cases a global risk factor that takes account of all the contributions to doses to the 
affected organs.

C u r re n t p ra c tic e  in r e s t r ic t in g  to  ac c e p ta b le  le v e ls  the r is k s  connected  
w ith io n iz in g  ra d ia tio n  i s  d e r iv e d  f ro m  in te rn a tio n a l gu ides and re c o m m e n d a 
tio n s , w hich a r e  b a se d  m a in ly  on the co m p lian ce  w ith the dose  l im its  
p ro p o se d  by IC R P . T h e se  v a lu e s , w hich have been  ob ta ined  a f te r  long  s tudy  
of the e ffec ts  of ra d ia tio n s , have been  m odified  and u p -d a te d  m any  tim e s  to 
e n s u re  th a t ra d ia tio n  r is k s  be kep t to  such  a low  le v e l th a t th ey  do not r e s u l t  
in  a s ta t i s t i c a l ly  s ig n if ic a n t in c re a s e  in  h a rm fu l co n seq u en ces  to  the exposed  
p o p u la tio n s [ 1 - 3 ] .  -

S c ie n tif ic  in te r e s t  in  the e ffe c ts  on m an of ra d ia tio n  e x p o su re  a t  low 
d o se s  is  a lw ays a liv e  [4, 5 ]; r e c e n tly  the a tten tio n  of r e s e a r c h  in to  the 
v a r io u s  p ro b le m s  of h ea lth  p ro te c tio n  has c e n tre d  on ev a lu a tin g  the  p r o 
b a b ility  of h a rm fu l e ffe c ts  r a th e r  than  only  on dose  c a lc u la tio n s . In the 
fo llow ing  we sh a ll  t r e a t  e s s e n tia l ly  the p ro b le m  of the ev a lu a tio n  of th e  r i s k  
to  the popu la tion  f ro m  ra d io a c tiv e  d is c h a rg e s  f ro m  n u c le a r  p la n ts ; the 
ap p ro a ch  th a t we sh a ll  p r e s e n t  can  be a lso  ap p lied  to  the o th e r  p ro b le m s  of 
pub lic  h ea lth  and  ra d ia tio n  r i s k  a s s e s s m e n t .

D isc h a rg e  l im its  fo r  ra d io a c tiv e  e fflu en ts  c u s to m a r ily  take in to  
ac co u n t a l l  the p ro c e s s e s  of d iffu sion  and co n c e n tra tio n  in  the e n v iro n m en t 
and in the food chain  so  th a t i t  would»be h igh ly  im p ro b a b le  th a t even  ch ild re n  
in  the c r i t i c a l  g roup  of popu la tion  w ould re c e iv e  d o se s  g r e a te r  than  the IC R P  
dose  l im its .  F ro m  an o p e ra tiv e  po in t of .view, d is c h a rg e  l im its  m ay  in 
so m e in s ta n c e s  be e x p re s s e d  by  an  equa tion  e s ta b lish in g  th a t the su m  of the 
r a t io s  betw een  the d is c h a rg e d  a c tiv i ty  of each  ra d io n u c lid e  and i t s  re la t iv e  
d is c h a rg e  l im it  does not exceed  u n ity  o r  a  s tip u la te d  f ra c tio n  of i t  (d isch a rg e  
fo rm u la ) .

423
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D isc h a rg e  l im its  a r e  n o rm a lly  b ased  on the concep t of the lim itin g  
ra d io lo g ic a l c a p a c ity  of the en v iro n m en t, w hich is  r e f e r r e d  fo r  each  nuclide  
to  the popu la tion  dose  l im its  fo r  the c r i t ic a l  o rg an . C o n s id e rin g  a l l  the 
ra d io n u c lid e s  com posing  th e  d is c h a rg e  m ix tu re  of a n u c le a r  p lan t, in  m any  
c a s e s  the c r i t i c a l  o rg an  is  not a s in g le  one and, b ec au se  of the v a r io u s  
ex p o su re  pa thw ays, i t  i s  no t a lw ays e a s ily  id e n tif iab le .

We should  lik e  to  m ake so m e c r i t ic is m  of the  ap p ro a ch  g e n e ra lly  
fo llow ed. F i r s t ,  we o b se rv e  th a t the su m  of the te rm s  in  the d isc h a rg e  
fo rm u la  is  eq u iv a len t to a su m  of d o se s  to d if fe re n t c r i t i c a l  o rg a n s ; th is  
h as  a ra d io lo g ic a lly  w eak m ean ing  and  i t  does no t even  e n s u re  th a t dose  
l im its  fo r  each  o rg an  a r e  not exceeded .

Secondly , in  m o st c a s e s  no ac co u n t is  m ade of the d if fe re n t p h y s ic o 
ch e m ic a l fo rm s  of rad io n u c lid e s  in  the e fflu en ts  and along  the food cha in .

F u r th e rm o re ,  fo llow ing  th is  m ethod, we cannot v e r ify , in a c c o rd a n c e  
w ith  the  s ta te m e n t con tained  in  IC R P  P u b lic a tio n  6 , that:

"W hen the ra d io a c tiv e  iso to p e s  in  a  m ix tu re  a r e  taken  up by s e v e ra l  
o rg a n s  and  the r e s u l ta n t  t is s u e  d o se s  in  such  o rg a n s  a r e  of c o m p arab le  
m agn itude , the com bined  ex p o su re  is  c o n s id e re d  e s s e n t ia l ly  w ho le-body  
e x p o su re . A cc o rd in g ly  the p e rm is s ib le  le v e ls  of e x p o su re  w ill be th o se  
a p p lica b le  to the gonads and the b lo o d -fo rm in g  o rg a n s" .

A m o re  c o m p arab le  m ethod  of c a lc u la tio n  th a t a llow s fo r  a l l  IC R P  
re c o m m e n d a tio n s  would be r a th e r  co m p lic a te d  and would r e s u l t  in  a s e t  of 
d is c h a rg e  l im its  each  r e la te d  to  a  d if fe re n t c r i t ic a l  o rg an . In any  c a se , 
d is c h a rg e  fo rm u la s , so  ev a lu a ted , could  not enab le  us to  e x p re s s  d ir e c tly  
a  r e a l  e s tim a tio n  of the r is k  to  the popu la tion  d e r iv in g  f ro m  a given 
d is c h a rg e , although  the IC R P , when e s ta b lish in g  dose  l im its ,  had u n d e r 
taken  a g re a t  d ea l of e f fo r t  in  acco u n tin g  fo r  s e v e r a l  f a c to rs  th a t co n trib u te  
to  the r e a l  r i s k  d e riv in g  f ro m  an i r ra d ia t io n  and a  co n tam ination .

C o m p lian ce  w ith  the IC R P  dose l im its  m ay  be c o n s id e re d  a v a lid  w ay 
of keep ing  th e  r i s k  w ith in  a c c e p ta b le  l im its ,  but pub lic  a u th o r i t ie s  so m e tim e s  
need  to  have m o re  d ir e c t  d a ta  fo r  a s s e s s in g  the r i s k  to  population . 
A cc o rd in g ly  i t  s e e m s  m o re  u se fu l to  d e r iv e  d isc h a rg e  fo rm u la s  on the b a s is  
of the ev a lu a tio n  of the r i s k  th a t, a s  ou tlined  by o th e r  a u th o rs  [ 7 ] ,  cou ld  be 
e x p re s s e d  by  the sum  of the p ro b a b il it ie s  of h a rm fu l e ffec ts  d e riv in g  f ro m  a 
g iven  e x p o su re  o r  co n tam in a tio n  ( 'g lo b a l r i s k ' concep t).

T h is  g lobal r i s k  ap p ro a ch  could  be developed  along  the fo llow ing m ain  
lin es :

(1) A s s e s s  the e x te rn a l  ex p o su re  and the  in ta k e  of the v a r io u s  r a d io 
n u c lid es  in  the d isc h a rg e  m ix tu re

(2) E v a lu a te  the e x te rn a l and in te rn a l  dose  to each  o rg a n  and the 
c o r re sp o n d in g  p ro b a b il it ie s  of h a rm fu l e ffec ts

(3) M ake the su m  of p ro b a b il it ie s  of h a rm fu l e ffec ts
(4) C hoose a  given le v e l of g lobal r i s k  a s  'r e f e re n c e  r i s k '
(5) V e rify  th a t the g lobal r i s k  f ro m  the a llow ab le  ra d io a c tiv e  d isc h a rg e  

does not exceed  the 'r e f e re n c e  r i s k '.

O p e ra tiv e ly  the fo llow ing  s im p lif ie d  m ethod  could be em ployed . F o r  a 
given nuclide  the r e fe re n c e  in take  c o rre sp o n d in g  to  the re fe re n c e  r i s k  can 
be given by  the equation:
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w h ere  I¡R is  the in ta k e  th a t d e l iv e rs  a p ro b a b il ity  equa l to  the r e fe re n c e  r is k  
to  the i th o rgan .

In the sa m e  way, when we c o n s id e r  the e x te rn a l  e x p o su re  f ro m  th a t 
nuc lide  i t  is  p o ss ib le  to  ev a lu a te  the cloud dosage o r  the tim e  in te g ra l  of 
su r fa c e  a c tiv i ty  g iving the r e fe re n c e  r is k .  On th is  b a s is  the lim itin g  r a d io 
lo g ic a l c a p a c ity  (Ащ ) fo r  a ra d io n u c lid e  can  be c a lc u la ted .

F in a lly  d is c h a rg e  l im its  fo r  a ra d io a c tiv e  m ix tu re  m ay  be e x p re s s e d  in 
the fo llow ing  fo rm u la :

A ri Ащ ' ' ' A ta

w h ere  A n and A ^  r e p r e s e n t  r e s p e c t iv e ly  the a c tiv i ty  of the n th nuclide  and 
the r e fe re n c e  (o r lim itin g ) a c tiv i ty  of th a t nuclide , w hich invo lves the 
a t ta in m e n t of the r e fe re n c e  r i s k  fo r  exposed  in d iv id u a ls  of the c r i t i c a l  group 
of the population .

F u r th e rm o re ,  if we ev a lu a te  the r e la t iv e  r is k  fo r  a l l  the population  
g roups exposed  to ra d ia tio n  in  consequence  of a d isc h a rg e , i t  is  p o ss ib le  
to  ob ta in  an a s s e s s m e n t  of the g lobal r i s k  fo r  the popu la tion  a s  a w hole.
In th is  w ay i t  is  a ls o  p o ss ib le  to  v e r ify  w h e th e r the p ro p o sed  d is c h a rg e  l im its  
m igh t be c o n s id e re d  a c c e p ta b le  in  re la tio n  to  a chosen  le v e l of the g lobal r i s k  
to  the popu la tion .

We m u s t note th a t u n fo rtu n a te ly  a t the m om en t som e d ifficu lty  s ta n d s  in  
the way of the  im m e d ia te  a p p lica tio n  of such m ethod; In the f i r s t  p lace , 
th e re  a r e  s t i l l  s e v e re  p ro b le m s  in  the c o r re la t io n  betw een  r i s k  and  dose , 
both re g a rd in g  the o rg a n s  u n d e r c o n s id e ra tio n  and the pub lic  h ea lth  
im p lic a tio n s .

In fa c t m o s t s ta t i s t ic s  a r e  b a se d  on o b se rv a tio n s  on a n im a ls  and 
m ade a t  r a th e r  high d o se s . We should  b e a r  in  m ind h e re  the d ifficu lty  
m e t in  e x tra p o la tin g  d o s e -e ffe c t c u rv e s  to z e ro . T h e ir  b eh a v io u r a t low 
d o se s  and the e x is te n c e  of a th re sh o ld  value , below  w hich i r r a d ia t io n s  
w ould ev e n tu a lly  r e s u l t  in  no e ffe c ts , a r e  s t i l l  u n c e r ta in .

A cc o rd in g  to  Vol. II of the UNSCEAR R e p o rt [ 4 ], only  in  the c a se  of 
le u k a e m ia  and b r e a s t  c a n c e r  does the la ck  of any  th re sh o ld  and a re la t iv e  
l in e a r i ty  of the e ffe c t cu rv e  a t  low d o se s  s e e m  p o ss ib le .

O th e r  u n c e r ta in t ie s  and d if f ic u lt ie s  d e r iv e  f ro m  the re sp o n se  of d o se -  
e ffec t c u rv e s  w ith the ir ra d ia t io n  r a te  and f ro m  a c o r r e c t  in te rp re ta t io n  
of the d if fe re n c e  in  e ffe c ts  o b se rv e d  betw een  e x te rn a l ir ra d ia t io n  and 
in te rn a l  co n tam in a tio n  a t  equa l a b so rb e d  d o se s .

S im ila r  u n c e r ta in t ie s  a r i s e  in  the choice of an a p p ro p r ia te  RBE to 
ap p ly  to  ea ch  in te r n a l  e m it te r ,  in  re la tio n  to i ts  e ffec ts , tak ing  in to  acco u n t 
d if fe re n c e s  of lo c a liz a tio n , m e ta b o lism , t r a n s p o r t  of the ra d io n u c lid e  and 
the a p p lica tio n  of the r e s u l t s  to  m an. We have l i t t le  know ledge of m any 
a s p e c ts  of the m e ta b o lism  of rad io n u c lid e s , e s s e n t ia l  fo r  a c o r r e c t  
ev a lu a tio n  of d o se s  to  a l l  the o rg an s  of the body, even w ithout c o n s id e r in g  
the d e g re e  of in d iv id u a l v a r ia b i l i ty  in  the ex p o sed  p e rs o n s .  T he ev a lu a tio n  
of r i s k s  due to  e x te rn a l  e x p o su re  e n ta ils  so m e unso lved  p ro b le m s .

No s m a ll  p o in t is  the lim ite d  know ledge we have of the gen e tic  e ffec ts  
of ra d ia tio n  s in c e  o b se rv a tio n s  have been c a r r ie d  out e x c lu s iv e ly  on a n im a ls  
a s  w ell a s  the d ifficu lty  in  t r a n s la t in g  th e se  r e s u l t s  in to  te rm s  of h a z a rd  to  
hum an beings.
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W e-should  lik e  to  r e m a rk  th a t the p ro p o sed  o p e ra tiv e  m ethod  fo r  the 
a s s e s s m e n t  of the g lobal r i s k  can be ap p lied  only  if  l in e a r i ty  of the d o s e -  
e ffe c ts  c u rv e  and la c k  of th re sh o ld  a r e  p roved . O nly  then would th e re  be a 
l in e a r ,  and  th e re fo re  su m m ab le , r e sp o n se  fo r  the e ffec ts  d e r iv in g  f ro m  
each  nuclide  in each  o rgan .

If we had in s te a d  to a c c e p t the ex is te n c e  of a th re sh o ld  v a lue  fo r  a given 
e ffec t on a given o rg an  (for in s ta n c e , 100  ra d s ) , we could no t p re s u m e  tha t 
a d e l iv e re d  dose of 40 ra d s  f ro m  the one nuclide  and 80 r a d s  f ro m  a second  
would give a z e ro  effec t, even if e i th e r  dose, taken  a lone , would have no effec t.

It m a y b e  o b se rv e d , m o re o v e r, th a t the sa m e  c r i t ic is m  can  be c o n s id e re d  
in  the ev a lu a tio n  of the p ro b a b il ity  of h a rm fu l e ffe c ts  to  p o pu la tions a s  can  be 
m ade on the b a s is  of the c o llec tiv e  dose  a p p ro a c h  th a t is  m o st com m only  
u se d  in  the a s s e s s m e n t  of r i s k s  to  the popu la tion .

CONCLUSIONS

T he m ethod  of a s s e s s in g  the g lobal r i s k  connected  w ith a ra d io a c tiv e  
d is c h a rg e  to  the e n v iro n m en t can  supp ly  pub lic  a u th o r i t ie s  w ith m o re  s ig n if i
ca n t d a ta  than can  s im p le  d is c h a rg e  l im its  b a se d  on the v a lu es  of dose  l im its  
a s  su g g e s te d  by IC R P , even  though th ey  have co m p a ra b le  m ean in g s . In th is  
p a p e r  we have su g g e s ted  a g e n e ra l c r i te r io n  fo r  m aking  such  a s s e s s m e n t ,  
po in ting  out the im p o rta n c e , in  m any  in s ta n c e s , of c a lc u la tin g  d o se s  and th e ir  
r e la t iv e  r is k  to d if fe re n t o rg a n s  of the body in  add ition  to  the c r i t i c a l  o rg an .

A m ethod  fo r  ev a lu a tin g  in  p ra c t ic e  d is c h a rg e  l im its  h as  been  p ro p o sed  
th a t can  be u sed  u n d e r the  a s su m p tio n  of the l in e a r i ty  of the d o s e -e ffe c t c u rv e . 
The p ro b le m s  m e t in the a p p lica tio n  of th is  m ethod  a r e  the sa m e  a s  a r e  m e t 
in  any  o th e r  m ethod fo r  the ev a lu a tio n  of the ra d io lo g ic a l r isk .
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D I S C U S S I O N

C. B. MEINHOLD: I have ju s t a m in o r  com m en t. In the  p a p e r  you u se  
the  te rm  RBE when d isc u s s in g  d if fe re n c e s  in  lo c a liz a tio n , m e ta b o lism  and 
t r a n s p o r t  fo r  v a r io u s  n u c lid e s . I b e lie v e  th is  te rm  h as a r a th e r  r e s t r ic te d  
m ean in g , w hich does not c o v e r  th is  varie ty , of d if fe re n c e s  betw een  
ra d io n u c lid e s .

G. BOERI: We a r e  u s in g  the  te rm  RBE in a m o re  g e n e ra l  s e n se .
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Abstract

ENVIRONMENTAL CHARACTERISTICS OF THE DANUBE RIVER SYSTEM AND THE PROBLEMS OF RADIOLOGICAL 
SAFETY STANDARDS.

As m any en v iro n m en ta l p a ram ete rs  a f fe c t th e  behaviour of d iffe re n t rad io n u c lid es  in troduced  in to  the 
env ironm en t, i t  is necessary in e v a lu a tin g  the  popu la tion  dose c o m m itm e n t to  h ave  a t o n e ’s d isposal, am ong 
others,- th e  results o f ra ther co m p lex  en v iro n m en ta l studies. Such co m plex  e n v iro n m en ta l studies are esp ec ia lly  
im p o rtan t in assessing the  doses from  and defin ing  the  o pera ting  cond itions  of nu c lea r in s ta lla tio n s  located  
beside la rge  in te rn a tio n a l rive rs. By analysing  the  resu lts  o f ra d io e c o lo g ic a l studies ca rried  out on th e  River 
D anube in  Y ugoslavia and o ther r ip a rian  s ta tes , th e  prob lem s of setting  th e  m a x im u m  perm issib le  co n cen tra tions  
o f  rad ionuclides  in th is a q u a tic  system  a re  d iscussed.

INTRODUCTION

T he b a s ic  p r in c ip le s  of ra d ia tio n  p ro te c tio n  re q u ire  (1) th a t a l l  un 
n e c e s s a r y  ex p o su re  be avo ided ; (2 ) th a t an y  e x p o su re  be k ep t a s  low a s  is  
r e a d ily  ac h ie v ab le ; and  (3) th a t u n d e r  no c i rc u m s ta n c e s  shou ld  the ex p o su re  
exceed  the dose  l im its  s e t  up by the In te rn a tio n a l C o m m iss io n  on R ad io lo g ica l 
P ro te c t io n  and o th e r  n a tio n a l and in te rn a tio n a l b od ies .

W hen apply ing  th e se  b a s ic  ra d ia tio n  p ro te c tio n  p r in c ip le s  to  the l a r g e r  
popu la tion  g roups, one fa c e s  in  p ra c tic e  m any  p ro b le m s . B e ca u se  m any 
fa c to rs  a ffe c t the e v a lu a tio n  of the popu la tion  dose  c o m m itm en t and d if fe re n t 
ra d io n u c lid e s  f ro m  d if fe re n t p r a c t ic e s  co n trib u te  to  the popu la tion  dose 
co m m itm en t, i t  is  in  som e c a s e s  r a th e r  d ifficu lt to  s e t  p r a c t ic a l  ra d ia tio n  
p ro te c tio n  gu ides and te c h n ic a l l im its  to m e e t the above re q u ir e m e n ts .  A s, 
fo r  exam ple , m any  e n v iro n m e n ta l p a r a m e te r s  a ffe c t the b eh a v io u r of 
d iffe re n t ra d io n u c lid e s  in tro d u c e d  in to  the en v iro n m en t, i t  is  n e c e s s a r y  
in  se ttin g  p r a c t ic a l  ra d ia tio n  p ro te c tio n  gu ides, i. e. in  d e c is io n  m aking  fo r  
n o rm a l o p e ra tin g  co n d itio n s of n u c le a r  in s ta lla tio n s  a s  w ell a s  e m e rg e n c y  
s itu a tio n s , and in  a s s e s s in g  the  popu la tion  dose  co m m itm en t, to  have a t 
o n e 's  d isp o s a l the  r e s u l t s  of r a th e r  com plex  en v iro n m e n ta l s tu d ie s . Such 
com plex  e n v iro n m en ta l s tu d ie s  a r e  e s p e c ia lly  im p o r ta n t in  d e c is io n  m aking  
fo r  the o p e ra tin g  co n d itio n s of n u c le a r  in s ta lla tio n s  lo c a te d  b es id e  la rg e  
in te rn a tio n a l r iv e r s .  In such  s y s te m s  v e ry  often  the h y d ro lo g ic a l, b io g eo 
ch e m ic a l and o th e r  c h a r a c te r i s t i c s  of the r iv e r  flow and the su rro u n d in g  
en v iro n m en t d if fe r  v e r y  m uch in  v a r io u s  p a r t s  of the r iv e r  c o u rse , 
re s u lt in g  in  d if fe re n t b io g e o ch e m ic a l and ec o lo g ic a l p r o c e s s e s .  C o n seq u 
en tly , to  e s ta b l is h  the e x a c t c a p a c ity  of the en v iro n m en t to  re c e iv e  r a d io 
n u c lid es , i. e . to d e te rm in e  the sa fe  l im its  f o r  the d isc h a rg e  of ra d io a c tiv e
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w a s te s , to  define  the n o rm a l o p e ra tin g  cond itions of n u c le a r  in s ta lla tio n s  
and to  a s s e s s  popu la tion  d o se s , i t  is  n e c e s s a r y  to  have a t  o n e 's  d isp o sa l 
the r e s u l t s  of s tu d ie s  along  the w hole w a te r  c o u rse . The r e s u l t s  of ra d io -  
ec o lo g ic a l s tu d ie s  c a r r ie d  out on the R iv e r  D anube in  Y ugoslav ia  and o th e r  
r ip a r ia n  s ta te s  and the e x is tin g  d if fe re n c e s  in  som e p a r a m e te r s  p o in t out 
the n e c e s s i ty  of p ro m o tin g  and c o -o rd in a tin g  f u r th e r  m o re  com plex  
in v e s tig a tio n s  of the r iv e r  a q u a tic  s y s te m  and i ts  t r ib u ta r ie s ,  to  ev a lu a te  
the e n v iro n m en ta l ca p a c ity  of the D anube and to define the cond itions fo r  
the sa fe  o p e ra tio n  of n u c le a r  fa c i l i t ie s  th a t a r e  o r  sh a ll be lo c a te d  in  the 
R iv e r  D anube ca tc h m en t a r e a .

RESULTS AND DISCUSSIONS

T he ra d io e c o lo g ic a l c h a r a c te r is t i c s  of the D anube r iv e r  s y s te m  have 
b een  s tu d ied  and the r e s u l t s  p u b lish ed  by  Ruf [ 1 -4 ] ,  W achs [ 5] ,  F ra n tz  [ 6 - 8 ], 
M ayer [9] ,  S te lc z e r  [ 10] ,  M e szn e r [1 1 -1 3 ] , K elem an  [ 14] ,  T a so v a c  [1 5 -1 9 ] , 
R a d o sav ljev ic  [ 20- 25] ,  R adovanovic [ 26] ,  D ra sk o v ic  [ 27 - 29 ] ,  V u k m iro v ic  
[ 3 0 , 3 1 ] ,  P e tro v ic  [ 32, 33], F il ip  [ 34] ,  S tankova [35]  and G av rish o v a  [ 36] .

A cco rd in g  to  the p u b lish ed  r e s u l t s ,  the ty p e s  and in te n s it ie s  of ra d io -  
ec o lo g ic a l in v e s tig a tio n s  c a r r ie d  out in  the Danube r ip a r ia n  s ta te s  a r e  v e ry  
d if fe re n t, ran g in g  f ro m  the m e a su re m e n t of the to ta l b e ta  r a d io a c tiv ity  to 
the d e te rm in a tio n  of p a r t ic u la r  ra d io n u c lid e s  in sp e c if ic  com ponen ts of 
aq u a tic  m e d ia  and the d e te rm in a tio n s  of th e i r  c o n c en tra tio n  f a c to rs  in 
su sp en d ed  m a te r ia l ,  se d im e n ts  and h y d ro b io lo g ic a l m a te r ia l .  T he m a jo r i ty  
of the p u b lish ed  r e s u l t s  r e f e r  to  in v e s tig a tio n s  c a r r ie d  out in  W est G erm an y  
on the r iv e r  c o u rse  f ro m  km  2 547 to  km  2203 and in  Y ugoslav ia  on the r iv e r  
c o u rse  f ro m  km  1433 to  km  945, w hile the r e s u l t s  of ra d io e c o lo g ic a l s tu d ie s  
r e f e r r in g  to  o th e r  p a r t s  of the w a te r  c o u rse  a r e  le s s  n u m e ro u s . H ow ever, 
even  the r e s u l t s  of the s im p le  to ta l )3 -ac tiv ity  m e a su re m e n ts  c a r r ie d  out in  
the D anube r ip a r ia n  s ta te s  in  the p e r io d  1958 - 1973 show  la rg e  d if fe re n c e s . 
T he h ig h e s t to ta l (3 -a c tiv itie s  in  th is  p e rio d , e s p e c ia lly  in  the p e r io d  of 
in te n s iv e 'n u c le a r  w eapons te s tin g , i. e . f ro m  1958 to  1965, w ere  found in 
the w a te r  sa m p le s  co lle c te d  in  Y ugoslav ia . W hile the m in im u m  a c tiv i t ie s  
w ere  r e la t iv e ly  s im ila r ,  ran g in g  f ro m  1 to  7 p C i / l i t r e  in  W, G erm any ,
3 to  5 p C i / l i t r e  in  A u s tr ia ,  2 to  6 p C i / l i t r e  in  C zech o slo v ak ia , 0 to  4 p C i / l i t r e  
in  H u n g ary  and 2 to  7 p C i / l i t r e  in  Y ugoslav ia , the m ax im um  v a lu e s  v a r ie d  
w idely , re a c h in g  35 p C i / l i t r e  in  W. G erm any , 50 p C i / l i t r e  in  A u s tr ia ,
10 p C i / l i t r e  in C zech o slo v ak ia , 37 p C i / l i t r e  in  H ungary  and a s  high a s  
818 p C i / l i t r e  in  Y ugoslav ia . F o r  the sa m e  p e r io d  the a v e ra g e  v a lu e s  of 
the to ta l j3 -ac tiv ity  of the D anube in  Y ugoslav ia  w ere  2 to 7 tim e s  h ig h e r  than 
in  the o th e r  r ip a r ia n  s ta te s .  T h is  could  be p a r t ly  exp lained  by d if fe re n t 
h y d ro lo g ic a l cond itions c a u se d  by a g re a t  in c re a s e  in  the w a te r  flow  th ro u g h  
the influx  of th re e  b ig  t r ib u ta r i e s ,  the D rav a , T is s a  and Sava, w hich co v e r 
a  c a tc h m en t a r e a  of 293 956 km 2 and in  view  of the high c o r re la t io n  co e ffic ie n ts  
be tw een  fa ll -o u t a c tiv i ty  and the to ta l j3 -ac tiv ity  of the D anube (0 ,56-0 ,96) in  
the p e r io d  of in te n s iv e  e x p e r im e n ts  w ith  n u c le a r  w eapons, and would c o n t r i 
bute th e i r  c o n s id e ra b le  a c tiv i ty  to th a t of the D anube.

T he p ic tu re  b ec o m e s m o re  and m o re  co m p lic a te d  if we a n a ly se  the 
co n ten t and b eh a v io u r of p a r t ic u la r  ra d io n u c lid e s  along  the c o u rse  of the 
D anube and  i ts  t r ib u ta r ie s .  A cco rd in g  to the r e s u l t s  p u b lish ed  by Ruf fo r
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the W est G e rm a n  p a r t  of the D anube, the co n ten t of 60Co in  w a te r ,  bed  
se d im e n t, se s to n , w a te r  p la n ts  and f ish e s  ra n g e s  f ro m  0,03 to  1,3 p C i / l i t r e  
in  1969 and  0,02 to  0,29 p C i / l i t r e  in  1970. T he a v e ra g e s  fo r  the 60Co con ten t 
of s e d im e n ts  fo r  1967, 1968, 1969, 1970, 1971 and 1972 w e re  0,05, 0,10,
0,11, 0 ,07, 0,12, and 0,32 p C i/g , re sp e c tiv e ly , w ith c o n c en tra tio n  f a c to rs  
of 3300, 380, 550, 1400 and 2000. T he a v e ra g e  60C o c o n c e n tra tio n s  in  se s to n  
in  the sa m e  a r e a  fo r  th e se  y e a rs  w ere  0,10, 0 ,05, 0 ,08, 0,07 and 0,28 p C i/g . 
The c o n c e n tra tio n  f a c to r  fo r  s e s to n  re a c h e d  a value  of 20 000, fo r  f ish  f le sh  
a  v a lue  of 80, fo r  f ish  bone 310 and fo r  w a te r  p la n ts  90. In the sa m e  p e r io d  
the 60Co co n ten t of the D anube in  Y ugoslav ia  w as 4,2 to  14 p C i / l i t r e  and the 
a v e ra g e  value  w as abou t fo r ty  tim e s  h ig h e r  than  in  W est G erm an y . The 60Co 
c o n c e n tra tio n s  in  p lank ton  in  the T is s a  a t the ju n c tio n  of the T is s a  and the 
D anube a t  high w a te r  A p ril 1970, ac co rd in g  to  o u r m e a s u re m e n ts , re a c h e d  
the e n o rm o u s v a lu e  of 1500 pC i of 60Co p e r  g ra m  of p lank ton . A cco rd in g  to  
th e se  r e s u l t s ,  the c a lc u la te d  v a lu e  of the co n c e n tra tio n  f a c to r  fo r  p lankton  
w as 357 000.

T he d if fe re n c e  in  the b eh a v io u r of 60Co in the u p p e r p a r t  of the Danube 
and in i ts  m idd le  w as d e m o n s tra te d  by in v e s tig a tin g  a ls o  the c a p tu re  of 60Co 
by  su sp en d ed  p a r t ic le s  in  the D anube. O ur in v e s tig a tio n s  of the 60Co c a p tu re  
by  su sp en d ed  p a r t i c le s  w e re  c a r r ie d  ou t on sa m p le s  of w a te r  w ith  su sp en d ed  
m a te r ia l  c o lle c te d  in iso k in e tic  cond itions in  an e x p e r im e n ta l zone of 25 km  
betw een  the 1144th and 1120th k ilo m e tre s  of the w a te r  c o u rse , i. e. in  the 
u p p e r p a r t  of the new  D je rd a p  L ake , w hich had not been  fo rm e d  a t the tim e 
th e se  e x p e r im e n ts  w ere  c a r r ie d  out. A cco rd in g  to  th e se  r e s u l t s  the 60Co 
c o n c e n tra tio n  f a c to rs  fo r  su sp en d ed  m a te r ia l  ran g e d  fro m  2000 to  400 000, 
the m o s t f re q u e n t v a lu e s  b e in g  abou t 100  0 0 0 .

V e ry  h igh v a lu e s  fo r  c o n c e n tra tio n  f a c to rs  w ere  a ls o  found fo r  s ta b le  
co b a lt by d e te rm in in g  the co n ten t of th is  e le m e n t by  n o n -d e s tru c tiv e  n eu tro n  
ac tiv a tio n  a n a ly s is  of s a m p le s  of w a te r , su sp en d ed  m a te r ia l ,  bed se d im e n ts , 
p lank ton  and o th e r  b io m a te r ia l .  A cco rd in g  to  th e se  r e s u l t s  the c o n c e n tra tio n  
f a c to rs  fo r  su sp en d ed  m a te r ia l  r e a c h e d  a v a lue  of 177 000, fo r  bed se d im e n ts  
44 500 and fo r  p lank ton  38100 . In the ca se  of the Sava, one of the big 
t r ib u ta r i e s  of the D anube, the c o n c e n tra tio n  fa c to r  fo r  p lank ton  w as 360 000.
A c o m p a riso n  of th e  p u b lish ed  r e s u l t s  on the 137Cs co n ten t in  w a te r  of 
d if fe re n t p a r ts  of the D anube (W est G erm any , H ungary , Y ugoslav ia) show ed 
le s s  s ig n if ic a n t d if fe re n c e s .

T he p ic tu re , how ever, h as  b eco m e m o re  com plex  s in c e  the com ple tion  
of the D je rd a p  D am . By co m p arin g  the r e s u l t s  b e fo re  and  a f te r  the c lo s in g  
of the D je rd a p  D am  we found th a t the a v e ra g e  in c re a s e  in  137C s in  bed 
m a te r ia l  w as o v e r  one o rd e r  of m agn itude , in d ic a tin g  th a t new  h y d ro lo g ic a l 
cond itions co m p le te ly  change the b eh a v io u r of p a r t ic u la r  ra d io n u c lid e s  in 
an  a q u a tic  sy s te m . The c a lc u la te d  co n c e n tra tio n  f a c to rs  fo r  137C s in  bed 
se d im e n ts  ra n g e  up to  12  000 and the re la t iv e  in c re a s e  in  a c tiv ity  in  bed 
m a te r ia l  u n d e r  the new  h y d ro lo g ic a l cond itions w as 27.

T he ch an g es in  th e  137C s c o n c e n tra tio n s  in  su sp en d ed  and  bed m a te r ia l  
depend v e ry  m uch on the d is tr ib u tio n  of 40К  in  w a te r  and bed m a te r ia l .  The 
s a m e  tendency , i. e. the in c re a s e  in  a c tiv ity  in  bed m a te r ia l ,  w as a ls o  found 
fo r  o th e r  ra d io n u c lid e s , 106Ru, 95Z r  -  95Nb, 144Ce e tc .

A co m p a riso n  of the c a lc u la te d  p r e l im in a r y  r iv e r  s ta n d a rd s  fo r  p a r t ic u la r  
ra d io n u c lid e s  fo r  the u p p e r D anube, p u b lish ed  in  IAEA S afe ty  S e r ie s  No. 36, 
w ith  the v a lu es  c a lc u la te d  on the b a s is  of the e x p e r im e n ta l d a ta  r e f e r r in g  to 
the m idd le p a r t  of the D anube show s s ig n ific a n t d if fe re n c e s .
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It is  obvious th a t a l l  en v iro n m e n ta l c h a r a c te r is t i c s ,  w hich d if fe r  along  
the w a te r  c o u rse , in fluence the b eh a v io u r of rad io n u c lid e s  in  an  aq u a tic  
sy s te m  co n s id e ra b ly . The e x is tin g  d a ta  r e f e r r in g  to  h y d ro lo g ic a l, h y d ro - 
ec o lo g ic a l, geo ch em ica l, b io g e o ch e m ic a l and o th e r  c h a r a c te r i s t i c s  of the ■ 
r iv e r ,  to g e th e r  w ith  the d a ta  on the p re s e n t  and fu tu re  u se  of the w a te r , 
a r e  not su ffic ie n t a t  p re s e n t  to  e s ta b l is h  sa fe  l im its  fo r  the d isc h a rg e  of 
ra d io n u c lid e s  in to  the D anube. The n e c e s s i ty  of e s ta b lish in g  ra d ia tio n  
sa fe ty  n o rm s  and te c h n ic a l s ta n d a rd s  on the b a s is  of m o re  com plex  and m o re  
n u m e ro u s  d a ta  r e f e r r in g  to  the w hole w a te r  c o u rs e  of the r iv e r  b eco m es m o re  
and m o re  u rg en t, e s p e c ia lly  s in c e  a l l  r ip a r ia n  s ta te s  a r e  bu ild ing  o r  in tend  
to  b u ild  n u c le a r  p ow er s ta tio n s  b e s id e  the D anube o r  i t s  t r ib u ta r ie s .  In 
add ition , i t  is  n e c e s s a r y  to tak e  in to  acco u n t the sy n e rg e tic  e ffec ts  of o th e r  
n o n -ra d io a c tiv e  p o llu tan ts .

F o r  th e se  re a s o n s  we th ink  th a t i t  would be n e c e s s a r y  to c o -o rd in a te  a ll 
e f fo r ts  and ac tio n s  to  e s ta b l is h  in te rd is c ip l in a ry  and m u lt id is c ip lin a ry  
a p p ro a c h e s  to  the p ro b lem , m e th o d s of in v e s tig a tio n s  and the u n ifica tio n  of 
c r i t e r i a  and the in te rp re ta t io n  of r e s u l t s .  We would th e re fo re  su g g e s t th a t 
the IAEA and o th e r  sp e c ia liz e d  UN a g e n c ie s  and e x is tin g  r e s e a r c h  g roups 
w o rk ing  on the p ro b le m s  of the D anube shou ld  continue and in te n s ify  th e ir  

'  w ork  on e s ta b lish in g  en v iro n m e n ta l c r i t e r i a  fo r  the D anube.
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432 TASOVAC e t  a l .

D I S C U S S I O N

S. O. W. BERGSTROM : How have you defined  'w a te r ' w hen d e te rm in in g
w a te r  c o n c e n tra tio n s  fo r  c o n c e n tra tio n  fa c to r  c a lc u la t io n s?  U su ally  coba lt 
is  not in an  ion ic fo rm  but is  only a ttac h ed  to  su sp en d ed  m a te r ia l  of som e 
kind. W a te r  tr e a tm e n t such  as  f i l te r in g  m ig h t th e re fo re  g re a tly  a ffec t the 
c o n c e n tra tio n  fa c to r .

T. TASOVAC: The m e th o d s u se d  fo r  th e  in v e s tig a tio n  of co b a lt a r e  
d e s c r ib e d  in  o u r  p a p e r  "C a p tu re  of c o b a l t - 60 by susp en d ed  p a r t ic le s  in  the 
D anube", P ro c .  In te rn a tio n a l S ym posium  on R ad ioeco logy , C a d a ra c h e , 
S e p te m b e r 1969, Vol. I , pp. 83 -92 , a s  w ell a s  in  the  p a p e r  " C a p tu re  of 
c o b a lt-6 0  on the  bed m a te r ia l  of the D anube r iv e r " ,  R e p o rt IB IC -1012 .

S. O. W. BERGSTROM : W as the v a lue  1500 p C i/g  m e a s u re d  in  m o re  than  
one s a m p le ?

T. TASOVAC: Y es, we found th is  h igh  value  in  s e v e r a l  sa m p le s .
M. M. SAUROV (C hairm an): Have you d e te rm in e d  the q u an titie s  of 

ra d io n u c lid e s  in  the se d im e n ts  a t the b o tto m  of the D anube?
T . TASOVAC: We m e a s u re d  the  a c tiv ity  of c o b a l t- 60 in  su sp en d ed  

m a te r ia l ,  a lo t of w hich w ill have b eco m e bed m a te r ia l  as a. r e s u l t  of s e tt l in g  
c a u se d  by the c o n s tru c tio n  of a dam .

M . M .  SAUROV: Did you m e a s u re  th e  r a te  at w hich ra d io n u c lid e s  flow 
p a s t the  po in t w h ere  you m ad e  y o u r  m e a s u re m e n ts ?

T . TASOVAC: No.
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Abstract

CONSIDERATIONS IN ASSESSING THE POTENTIAL HARM TO POPULATIONS EXPOSED TO LOW LEVELS 
OF PLUTONIUM IN AIR.

Results from experimental animal studies have provided extensive knowledge of the disposition and 
biological effects of plutonium. While these laboratory studies involved levels of plutonium much higher 
than the predicted dose commitments from nuclear power plant operation, the results of these experiments 
along with the limited data from accidental human exposures can provide a basis for preliminary assessment 
of the harm to populations from plutonium that might be released to the environment. Experimental animal 
studies have identified lung and bone cancer as the most sensitive effects of plutonium exposure. Drawing 
upon the results from experiments with several animal species and several plutonium compounds the 
possibility of deriving risk estimates for plutonium-induced lung cancer on a toxicologlcal basis was explored, 
thus avoiding the need to consider the spatial distribution of absorbed radiation dose in lung, latent period 
for cancer induction, etc. Values for the risk of lung cancer resulting from inhaled plutonium average about 
2 x lo"4 per nCi/g lung * days for 239Pu, A value of 2 x 10 3 was calculated for 238Pu from the results of one 
experiment with rats.

1. INTRODUCTION

Plutonium is a component of global fallout originating from nuclear 
weapons testing and burnup reentry of a satellite that contained a plutonium 
power source. According to the 1972 report of the United Nations Scientific 
Committee on the Effects of Atomic Radiation, the total integrated level of 
plutonium in surface air from the beginning of the nuclear tests through 1970 
is of the order of 4 fCi years per [i]. Inhalation of air containing this 
concentration of plutonium as particles of 0,5 ym AMAD over this period would 
give integrated doses over 50 years of about 2, 400, 0.8, and 0.2 millirads to 
the pulmonary region of the lung, thoracic lymph nodes, liver, and bone, 
respectively [1]. Recently, estimates have been made of the dose commitment 
from plutonium entering the environment as a result of current and predicted 
worldwide proliferation of nuclear power plants including the plutonium-fueled 
breeder reactors [2]. What is the significance of these estimated dose 
commitments in terms of harm to the population? To answer this question it is 
necessary to draw upon the results of numerous laboratory studies in which 
experimental animals were exposed to air contaminated with plutonium particles 
or administered plutonium compounds by injection. While these laboratory 
studies involved levels of plutonium much higher than the dose commitment levels 
predicted, the results of these experiments along with the limited data from 
accidental human exposures can provide a basis for a preliminary assessment of

*  Based on work perfo rm ed  under US A tom ic  Energy C om m ission  C o n trac t A T  (4 S -1 )-1 8 3 0 ,
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the harm to human populations that might result from plutonium released to the 
environment. Experimental animal studies have identified pulmonary and bone 
cancer as the most sensitive effects of plutonium contamination. However, no 
specific physical injury attributed to plutonium has been identified in persons 
occupationally exposed to plutonium contamination, some exposed more than 25 
years ago.

This paper will deal with the problem of assessing the harm to a population 
exposed to levels of plutonium in air of the order predicted for nuclear 
energy electrical power generation. First, it is important to understand the- 
behavior of inhaled plutonium in the body. This has been the subject of recent 
reviews and will only be summarized here [3,4,5], Consideration also will be 
given to the biological effects observed in experimental animal studies and the 
problem of determining risk estimates for man.

2. BEHAVIOR OF INHALED PLUTONIUM

Airborne plutonium particles are similar to most other particles when they 
are inhaled in that deposition in the respiratory tract is primarily dependent 
upon the physical properties of the particles and the respiratory character
istics of the individual inhaling the particles. After deposition in the 
respiratory tract, plutonium may be retained in the lung for a long time, be 
translocated to other tissues in the body, accumulated in the lymph nodes 
associated with the respiratory tract or excreted in urine and feces. The 
actual disposition of inhaled plutonium depends largely upon the physical and 
chemical characteristics of the inhaled material.

2.1, Clearance of plutonium from lung

Within the first week after exposure, a fraction of the deposited 
plutonium 1s cleared from the respiratory tract and excreted. The magnitude of 
the fraction cleared within the first week depends upon the fraction of readily 
soluble material present and also upon the distribution of the deposited plu
tonium within the respiratory tract. Plutonium particles deposited on the 
ciliated epithelium of the upper respiratory tract are trapped in mucus, pro
pelled to the esophagus, and swallowed. Plutonium deposited in the lower 
regions of the lung, in the alveoli, is not readily available for clearance and 
may be incorporated Into the cellular structures of the lung and retained for a 
long time.

The kinetics of the clearance of plutonium from lung are complicated and 
difficult to quantitate. Since the clearance of plutonium from the lower lung 
is generally assumed to be exponential with time over a reasonably long period 
after exposure, retention half-times are estimated. Animal experiments and 
limited human data provide a range of values for the retention half-times of 
several plutonium compounds [6], Figure 1. The retention half-times for organic 
complexes of plutonium, plutonium nitrate and plutonium fluoride range from less
than 100 days to about 300 days in rats and dogs. The retention half-times for
Pu02 are substantially longer, ranging from 200 to 500 days in rats, 300 to 1000
days in dogs and 250 to 300 days in human beings, The wide range of values for
dogs is largely due to extensive experimentation with a variety of plutonium 
oxides with different particle size characteristics, For example, Pu02 calcined 
at high temperatures is cleared more slowly than air oxidized plutonium; Pu02 
comprised of large particles 3 ym AMAD) tend to be cleared more slowly than 
aerosols of small Pu0z particles (^0.1 pm AMAD)[7]; and 238Pu02 has a much 
shorter lung retention time than 239PuOz . The relatively low values for human 
beings, compared with dogs, suggest either that man clears plutonium particles 
from his lungs more rapidly than do dogs or that the materials inhaled in the 
human accident cases were more soluble than plutonium dioxide.
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ANIMAL
ISOTOPE COMPOUND SPECIES

0  2 0 0  4 0 0  6 0 0  8 0 0  100

LUNG RETENTION HALFTIME (DAYS)

FIG. 1. Retention of plutonium in pulmonary region of lung. Ranges of published values for retention 
half-times are indicated foi each animal species and plutonium compound.

2.2. Trans location

The relative distribution among body tissues of plutonium translocated from 
lung is essentially the same for all plutonium compounds, but may differ quan
titatively depending upon the chemical and physical state of the plutonium 
inhaled.

In beagle dogs within several months after inhalation of plutonium 
nitrate, the fraction remaining in lung decreased to 40% or less of the amount 
deposited in the lower respiratory tract, Figure 2 [8]. Translocation of 
plutonium from lung resulted in bone accumulating about 30% and liver, about 
10%, of the alveolar-deposited plutonium. A small percentage was found in 
spleen, lymph nodes, and other soft tissues and the remainder was excreted.

When plutonium dioxide is inhaled, the lymphatic system accounts for a 
large fraction of plutonium cleared from lung. Data from a 11-year study with 

beagle dogs shows that after 11 years the lung burden had decreased to about 
9% and the thoracic lymph nodes had accumulated 40% of the alveolar-deposited 
plutonium. Translocation of plutonium from lung resulted in levels of about 
10% in liver, 5% in bone and 7% in abdominal lymph nodes, Figure 3 [9].

The relative mean radiation doses to these tissues bear the same relation
ship as the plutonium concentrations. The mean concentration of plutonium was 
highest in the thoracic lymph nodes and next highest in the abdominal lymph 
nodes, Table I.

In experiments with dogs translocation of 238Pu from lung to other tissues 
in the body was greater than for 239Pu after inhalation of oxides with similar
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FIG. 2. Distribution of plutonium in beagle dogs after inhalation of 239Pu(N03)4 [ 8].

FIG. 3. Distribution of plutonium in beagle dogs after inhalation of 239Pu02 [9 ],

physical properties [10]. Five years after exposure only 10% of the body burden 
of the 238Pu was in lung compared with 46% for 239Pu. Accumulation in thoracic 
lymph nodes was three times greater for 239Pu (29%) than for 238Pu (10%);
however, the bone burden of 238Pu (48%) was 12 times that of 239Pu (4%). Pu02
particles composed of 238Pu with a high specific activity of 17.4 Ci/g compared
with 6.14 x 10-2 Ci/g for 239Pu appear to be unstable in aqueous media,
possibly due to radiolysis [10].
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TA B L E  I. R ELA TIV E CONCENTRATIONS OF PLUTONIUM  IN TISSUES 
OF DOGS 7-9 YEARS A F T E R  INHALATION OF 239PuO z

Tissue
Relative Concentration 

of Plutonium^3 '

Lung 1
Thoracic Lymph Nodes 1400
Abdominal Lymph Nodes 100
Liver 0.5
Spleen 0.2
Bone 0.06

Ca) Normalized to the value for lung.

Mean of five dogs calculated from Park et al., 1972 [9].

TA BLE II. R ELA TIV E CONCENTRATIONS OF PLUTONIUM  IN 
HUMAN TISSUES

Tissue

Type of Exposure 

F a l l o u t ^  Occupational^
Relative Concentration of Pu(c)

Lung 1 1
Thoracic Lymph Nodes 8 60 .
Hepatic Lymph Nodes - 0.4
Liver 3 0.1
Kidney 2 -

Bone 1 0.2

(a) Calculated from Campbell et al, 1973 [11].
(b) Calculated from Nelson et al., 1972 [12].
(c) Normalized to the values for lung.

Human contamination has occurred as a result of occupational exposures in 
the nuclear industry and as a result of exposure to fallout plutonium from 
nuclear weapons testing. Tissues obtained from a number of human autopsy cases 
have been analyzed for plutonium, Table II. The concentrations of plutonium in 
thoracic lymph nodes, liver and kidney are higher than in lung and bone. This
suggests that fallout plutonium contained a relatively soluble fraction, e.g,,
the particle size may have been quite small. The data from an occupational case
suggest the individual was exposed to a relatively insoluble plutonium compound 
because the relative tissue concentrations are similar to those in dogs exposed 
to Pu02.

2.3. Spatial distribution of plutonium within tissues

Neither soluble nor insoluble plutonium compounds are uniformly distri
buted throughout the tissues in which they are deposited. Plutonium particles 
do not remain at or near the site of deposition for the duration of their



FIG. 4. Autoradiograph of lung section from dog several months after inhalation of 239Pu02, showing 
subpleuial concentration of plutonium particles, 320X. (Provided by G.E. Dagle, Battelle Pacific Northwest 
Laboratories. )
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residence time in lung. Both soluble and insoluble plutonium compounds tend 
to become further aggregated in lung tissue as a result of phagocytosis by 
macrophages and Type I alveolar cells and are mobilized to peribronchiolar 
and subpleural areas (Figure 4). The most obvious changing distributions of 
plutonium within lung are those associated with the accumulation of plutonium 
in lymphatics and transport to thoracic lymph nodes and with the continued 
slow clearance of plutonium from lung by the mucociliary pathway.

Plutonium in thoracic or other lymph nodes is concentrated in lymphatic 
sinuses of subcapsular and medullary area and may be eventually sequestered in 
scar tissue. Plutonium translocated to liver is at first uniformly distributed 
among the hepatic cells. However, with time the plutonium becomes localized in 
the reticuloendothelial cells lining the sinusoids and in connective tissue
[13]. Occasionally, large alpha stars are seen in liver suggesting the possi
bility of intact particles being translocated from lung to liver. Plutonium 
translocated to bone is deposited nonuniformly on bone surfaces where it may 

be buried by apposition of new bone or removed by resorption. In the latter 
case plutonium aggregates are redistributed to osteoclasts on bone surfaces or 
to marrow spaces by macrophage activity.

The dynamic nature of plutonium in the principal tissues in which it is 
deposited, lung, liver, lymph nodes and bone, results in a complex distribution 
of absorbed alpha radiation energy from the radioactive decay of the plutonium. 
This causes considerable uncertainty in identifying the tissue components and 
radiation doses that are associated with resulting long term biological effects 
such as cancer. When the amount of plutonium deposited in tissue such as lung 
is relatively large, the radiation dose will be distributed throughout a large 
part of the lung, although nonuniformly. When only a few particles are depos
ited in lung, only a small fraction of the lung will be irradiated. However, 
it is unlikely the radiation dose will be completely localized unless the 
plutonium is immobilized in scar tissue. Because of all the uncertainties 
regarding the distribution of plutonium in lung, it has been customary to 
assume uniform distribution of the absorbed energy throughout the total lung 
tissue and a mean dose calculated. This has appeared to be adequate for 
quantitative descriptions of biological effects in experimental animal studies. 
However, there is some concern that averaging the dose over the total lung is 
not adequate for low level lung burdens of a few hundred or thousand small 
particles.

3. BIOLOGICAL EFFECTS

It has been shown that the distribution of plutonium and the radiation 
dose among the tissues in the body will vary depending upon the physical and 
chemical characteristics of the plutonium inhaled, The biological effects that 
occur will depend upon the radiation exposure and the relative radiation sensi
tivity of each tissue into which plutonium is transported and deposited. These 
are primarily blood, bone, liver, lung, and lymphatic system. The biological 
effects of greatest interest are those that might occur at low doses, such as 
cancer. Since no detrimental biological effects have been observed in persons 
occupationally exposed to plutonium that can be unequivocally related to 
plutonium, all our knowledge of the biological effects of plutonium have come 
from animal experiments.

3.1. Blood

Plutonium is cleared from the circulating blood within a few days after 
absorption. Therefore, the effects seen in blood cells are probably due to 
irradiation of hematopoietic tissue in which plutonium is deposited or to
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irradiation of blood circulating through plutonium-containing tissues. Although 
plutonium deposits in bone and lymphatic tissue, leukemia has not been a common 
finding in animal experiments. The most sensitive effect seen in blood is a 
reduction of the number of circulating lymphocytes. In current experiments with 
dogs this appears to be a very sensitive indicator of a biological effect 
occurring after inhalation of 239Pu02 . The possible health consequences of this 
reduced level of circulating lymphocytes are not yet known.

3.2. Bone

Radiation-induced osteogenic sarcoma is the most sensitive effect of 
plutonium deposited 1n bone. Because plutonium deposits on bone surfaces, a 
large fraction of the alpha energy 1s absorbed in sensitive cells. Although 
osteogenic sarcoma has been reported in rats that accumulated mean doses of 
less than 10 rads, Figure 5, statistically significant increases in tumor 
incidence have not occurred at doses less than 30 to 50 rads. The available 
data suggest that the dose-effect curve for dogs is different from that for 
rodents. Mays and Lloyd [14] conclude that the incidence of plutonium-induced 
osteogenic sarcoma is 0.38%/rad for beagle dogs, 0,10%/rad for mice, and
0.06%/rad for rats.

Osteogenic sarcoma has been observed in mice, rats, rabbits, and dogs 
after intravenous injection, inhalation, or intratracheal injection of several 
plutonium-239 compounds including organic complexes and plutonium nitrates. 
Osteogenic sarcoma has also been observed in rats after inhalation of 238Pu02 , 
but has not been reported in any animal species after inhalation of 239Pu02 .

3.3. Liver ,

Liver accumulates levels of plutonium similar to bone. However, liver 
tumors have not been a common finding in experimental animal studies. Bile 
duct tumors have been observed to occur in beagle dogs at doses as low as 60
rads [13]. However, not only was the incidence very low, but bile duct tumors
also occurred in control dogs.

3.4. Lung

Inhalation of relatively soluble plutonium compounds such as organic 
complexes, plutonium nitrate, and 238Pu02 has resulted in primary pulmonary 
neoplasia in rodents, rabbits, and dogs in addition to osteogenic sarcomas 
already mentioned, Figure 6. Pulmonary neoplasia has also been observed in 
beagle dogs, baboons [22] and rodents after inhalation of 239Pu02 . Tumors
were observed in animals that had lung doses of less than 10 rads. Statistically
significant increases in pulmonary neoplasia occurred at doses of about 30 rads 
and above. In a 11-year study of 239Pu02 in beagle dogs, nearly all animals 
which deposited between about 3 nCi and 50 nCi per gram of lung had lung tumors. 
The mean dose to the lungs of the dogs that developed pulmonary neoplasia ranged 
from 1200 to 4000 rads. As in the case of osteogenic sarcoma, the dose-effect 
curve for pulmonary neoplasia in dogs appears to differ from the rodent dose- 
effect curve.

3.5. Lymph nodes

It was shown that plutonium accumulates in lymph nodes following deposition 
in the respiratory tract and may attain concentrations many times the average 
concentrations 1n lung. Although dogs have been studied for 11 years after 
inhaling 239Pu02 and rodents have been studied in life-span experiments after 

inhalation of a variety of plutonium compounds, primary neoplasia of lymphatic 
tissue has not been a common observation. Métastasés of tumors from lung to
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FIG. 5. Plutonium-induced osteosarcoma in experimental animals. Mean incidence and radiation dose 
values are those reported in the literature. Binomial confidence limits were calculated from data included 
in the referenced literature, 
о 239Pu citrate, monomeric - IV - dogs [ 15] 
л Z39Pu citrate - inhaled - rats [ 16]
v 239Pu plutonylpentacarbonate - inhaled - rats [16]
0 239Pu nitrate - sub- and intracutaneous - rats [ 17]
T 239Pu citrate - oral (daily) - rats [3]
♦ 239Pu plutonyltriacetate - I. T. - rats [ 18]
1 239Pu citrate - IV - mice [ 19]
□ 239Pu citrate, monomeric - IV - mice [20]
■ 239Pu citrate, polymeric - IV - mice [20]
x 230PuO2 - inhaled - rats [29]
♦ Z39Pu nitrate - I. T. - rats [ 18]
+ 239Pu nitrate - I .T . - rabbits [21]
♦ 239Pu (pentacarbonate) - inhaled - rabbits [21]
< 239Pu citrate - inhaled - rats [21]

239Pu pentacarbonate - inhaled - rats [21]
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FIG. 6. Plutonium-induced lung cancer in experimental animals. Mean incidence and radiation dose 
values are those reported in the literature. Binomial confidence limits were calculated from data included 
in the referenced literature.

□ 239Pu02 - dogs [23] • 239 j

V- Z39Pu02 - mice [24] X 2381

Л 239Pu02 - mice [24] < 239

0 239puo 2 - mice [25] + 239

о 239Pu citrate - rats [16] ¥ 239

Pu plutonylpentacarbonate - rats [ 16]
Pu - rats [ 29]
Pu - rats - Pu(N03)4 [ 18]
Pu - rabbits - Pu(N03)4 [21]
Pu - rabbits - NH4 Pu pentacarbonate [21]

lymph nodes have occurred, but none have been the primary cause of death. 
Numerous soft tissue tumors have been reported including epithelial tumors of 
hypophysis and adrenal after Intratracheal injection of 239Pu(NO3)ц [3] and 
mesenchymal tumors of the visceral peritoneum after intraperitoneal injection 
of 239Pu02 [26].

Studies of the biological effects of inhaled plutonium indicate that 
bone and lung are the most susceptible tissues to the carcinogenic action of 
low levels of plutonium. However, the experiments have been with higher levels 
of plutonium than would be expected to occur as a result of most accident 
situations involving human exposures and many orders of magnitude higher than 
predicted for population exposures. All tissues which accumulate plutonium must 
remain suspect as possible sites of neoplasia or other effects detrimental to 
the individual or his progeny.

4. APPLICATION OF EXPERIMENTAL ANIMAL DATA TO RISK ASSESSMENT

The United Nations Scientific Comnittee on thé Effects of Atomic Radiation 
concluded that existing experimental animal data on radiation carcinogenesis are 
quantitatively inadequate for estimating cancer risks to the human population
[1]. Therefore, most estimates of risk are based on results from studies of 
patients given radiation therapy and from studies of accidental whole-body
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exposures at high dose rates. These data can be applied to many kinds of 
radiation exposure, but their application to the continuous irradiation of lung 
tissue with high LET alpha particles can be questioned.

Because there are no human data on the biological effects of plutonium, it 
is not known exactly how to extrapolate experimental animal data to man. However, 
since lung and bone have been shown to be susceptible to the carcinogenic action 
of plutonium in several animal species, the assumption that these tissues in man 
would respond in the same way to plutonium is reasonable.

From results of experiments with intravenously injected plutonium citrate 
in dogs, Mays et a l . [27] calculated that average skeletal and liver dose rates 
of 8.8 and 8.0 rad/year were associated with a 33% incidence of osteosarcoma 
and a 17% incidence of liver tumors, respectively. Applying these data to a 
50-year average dose rate of 0.014 rad/nCi to the skeleton of man and 0.057 
rad/nCi to liver, and using a non-threshold linear extrapolation, estimated 
tumor risks of 5 x 10~4 per nCi for bone and 1.2 x 10-3 per nCi for liver 
were calculated for man. Thompson et al. [28] used data from a life-span 
study of inhaled 239Pu02 in dogs to calculate a risk estimate of 2 x 10_1* per 
nCi for pulmonary neoplasia in man. This estimate was based on the finding 
that dogs which deposited more than about 3 nCi 23yPu02 per gram lung (blood 
free) would have a high probability of developing lung cancer. This method of

TA B LE III. RISK OF LUNG CANCER FRO M  INHALED PLUTONIUM  
ESTIM A TED  FR O M  E X PE R IM E N T A L  ANIMAL STUDIES

Animal
Species

Plutonium
Compound

Plutonium
Deposited
(nCi/g
lung)

Lung
Cancer

Incidence
(fraction)

Lung Cancer 
RiskU) 

(incidence/ 
nCi/g.days) 

x 10-4

Reference 
from which 

Experimental 
Data Were 
Obtained

Mouse 239Pu02 - 6. .12 0.6 [25]

Rat 238Pu (hydroxide) 7,2 .233 20. [29]

Rat

Rat

239Pu Citrate 

239Pu Penta-

2.6 .05 4. [16]

carbonate 15. .364 2. [16] '

Rat

Rat

239Pu (N03 )4

239Pu-Plutonyl

1.4 .059
»

5.

0.2(b) 

0,5 ̂

[18]

Rabbi t

tri acetate 

239Pu Penta-

333. .376 [18]

carbonate 11, .167 [21]

Rabbit 239Pu (N03 )4 43. .583 0 , 5 ^ [21]

Dog 239Pu02 3 3.5 .88 2. [4]

(a) Calculated from experimental group showing statistically significant 
increased cancer incidence and giving maximum lung cancer risk.

(b) Life-span of experimental group was significantly reduced because of high 
plutonium dose. The risk would probably have been higher at plutonium 
doses that allowed animals to survive longer.
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extrapolating the results from animal experiments to man avoids calculating 
radiation doses and making assumptions about energy absorption and critical 
tissues. It deals directly with the toxicological effects of plutonium and is 

essentially the method used to evaluate the toxicity of non-radioactive 
materials. A modification of this approach can also be applied to the experi
ments from which the lung cancer incidence data in Figure 6 were derived. By 
assuming exponential rates of loss of plutonium deposited in the alveolar 
regions of the lung and integrating over the mean life-span of the animals in 
each group, doses expressed as nCi/g lung • days can be calculated.' Using a 
non-threshold linear extrapolation of the observed cancer incidence for each 
group of animals in the plutonium experiments, risk estimates for lung cancer 
were calculated, Table III. Low risk estimates of the order of 10"6 per nCi/g • 
days were obtained using data from the experimental groups given sufficiently 
large plutonium doses to cause an appreciable shortening of life-span, probably 
because the animals did not live long enough for the full cancer potential to 
be expressed. Risk estimates calculated from experimental groups which showed 
little or no life shortening were of the order of 10~4 per nCi/g • days. Values 
ranged from only about 0.6 to 20 x 10~4 per nCi/g ■ days for several plutonium 
compounds in the mouse, rat, and dog. If this risk estimate is applied to man, 
the pulmonary deposition of the permissible occupational lung burden of 16 nCi 
would result in a risk of lung cancer of about 1 in 1000 for 239pu anc| ] -¡n 
100 for 238pU- These values may very likely be overestimates of the risks 
because of the conservative approach taken in extrapolating from the results 
of animal experiments.

While the data available for this kind of exercise are limited, the 
agreement among four animal species and several plutonium compounds is 
promising. Additional experimental data are required to develop confidence 
in estimating the risk of lung cancer from inhaled plutonium by direct 
application of toxicological data.
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D I S C U S S I O N

A. L O P E Z  BARRIOS: W hat m o n ito rin g  sy s te m s  e x is t  fo r P u?
W. J .  BAIR: Y our q u es tio n  is  v e ry  b ro a d  and could be the  su b je c t 

of a s e p a ra te  m eeting .' I a s su m e  you a r e  a sk in g  about m o n ito rin g  fo r  
p lu ton ium  in  the hum an body. To id en tify  o ccu p a tio n a l e x p o su re , n a s a l  
s m e a r s  a re  co lle c te d  and a n a ly se d  fo r  P u . A b io a s sa y  p ro g ra m m e  b a se d  
on ro u tin e  c o lle c tio n s  of u r in e  and f a e c a l s a m p le s  is  u se d  to quantify  
su sp e c te d  p lu ton ium  e x p o su re . In add ition , w hole-body  and c h e s t counting  
te ch n iq u e s  a re  em ployed . T h ese  u su a lly  involve the u se  of th in  (1 m m ) 
sod ium  iodide c r y s ta ls  in  p h o to m u ltip lie r  tu b e s  to  d e te c t the 15-keV  X -r a y s  
e m itte d  d u rin g  the decay  of P u  and the 60-keV  pho tons e m itte d  f ro m  the 
d ec ay  of a i A m , w hich is  p re s e n t  as  a co n tam in an t o f m o s t p lu ton ium .
O th er m o n ito rin g  sy s te m s  u n d e r d eve lopm en t include an in t r a g a s t r ic  p ro b e  
to  m e a s u re  the am ount of p lu ton ium  in the  th o ra c ic  lym ph nodes and p r o 
p o r tio n a l c o u n te rs  to in c re a s e  the s e n s it iv i ty  of c h e s t c o u n te rs . The 
m in im u m  am ount of p lu ton ium  w hich can  be d e tec ted  in  the hum an  lung 
by e x te rn a l  m o n ito rin g  s y s te m s  is  about 5 nC i (5 X 10 ' 9 Ci).

A. L O PE Z  BARRIOS: A re  th e re  any s p e c ia l re g u la tio n s  fo r  the 
u s e r s  of p a c e m a k e rs  co n ta in in g  P u?

W. J .  BAIR: The u se  of p lu to n iu m -238 in p a c e m a k e rs  w as ap p roved  
in  the  U nited  S ta te s  of A m e r ic a  on cond ition  th a t the 238pu w as ad eq u a te ly  
co n ta in ed  and w ould not be r e le a s e d  in  an a c c id en t s itu a tio n , e . g. au tó - 
m ob ile  co llis io n , e tc . The m a h u fa c tu re  and u se  of p a c e m a k e rs  con tain ing
ООО

P u  is  re g u la te d  to  e n s u re  th a t th e y  m e e t the co n ta in m en t re q u ir e m e n ts .
J .  SUSNIK: One of your ta b le s  show ed the r e la t iv e  c o n c e n tra tio n s  

of P u  in  d if fe re n t hum an  t i s s u e s ,  due to fa ll -o u t and due to  o cc u p a tio n a l 
ex p o su re . Could you give us som e v a lu e s  fo r  the a c tu a l P u  co n c e n tra tio n  
in  th e se  t i s s u e s  r e s u lt in g  f ro m  fa ll-o u t?

W. J .  BAIR: A n a ly ses  of au to p sy  sa m p le s  in d ic a te  th a t the  body 
b u rd en  fro m  fa ll -o u t is  about 2 pC i (2 X 10"12 Ci). The lung b u rd en  is  
about 0. 4 pC i.
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H. P . JA M M ET: The d a ta  you have given show th a t in  sp ite  of v e ry  
high P u  c o n c e n tra tio n s  in  ly m p h a tic  gang lia  i t  h as  not b een  p o ss ib le  to 
d is c e rn  any p a th o lo g ic a l ch an g es . D oes th is  m e an  th a t the ly m p h a tic  
g an g lia  a re  no t a c r i t i c a l  o rg an  fo r  P u?

W . J .  BAIR: R e s u lts  f ro m  m any  an im a l e x p e r im e n ts  in  w hich lym ph 
n o d es w ere  ex p o sed  to a  w ide ra n g e  of p lu ton ium  d o se s  do no t le a d  to the 
co n c lu sio n  th a t lym ph nodes a re  a c r i t ic a l  t is s u e  fo r  p lu ton ium  c o n ta m in a 
tion . A lthough h is to lo g ic a l ch an g es have b een  o b se rv e d  in  lym ph  nodes 
and tu m o u rs  have fo rm e d  in  the ly m p h a tic  v e s s e ls  of a n im a ls  a f te r  in h a la 
tio n  of p lu ton ium , th e se  e ffe c ts  w ere  se c o n d a ry  to  p u lm o n a ry  n eo p la sm , 
w hich w as the ca u se  of dea th . H ow ever, I b e liev e  con tinued  a tten tio n  should 
be given to  the p o s s ib ili ty  th a t lym ph nodes m igh t show c a rc in o g e n ic  
r e s p o n s e s  a t v e ry  low p lu ton ium  d o se s .
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Abstract

ASSESSMENT OF POTENTIAL HEALTH CONSEQUENCES OF TRANSURANIUM ELEMENTS.
The results are presented of a study to provide quantitative estimates, per unit of electrical power 

generated, of potential consequences to human health from inhaled or ingested transuranium elements 
released during the generation of electricity by the liquid metal fast breeder reactor (LMFBR) fuel cycle.
Soon after release direct inhalation of downward descending airborne particles is the dominant  route of 
entry of transuranic elements into man. The fraction of material entering man in this way is estimated to 
be 4 x 10"6. A comparable fraction enters man through inhalation of material resuspended into the 
atmosphere after deposition.

Estimates for the fraction of released material that enters man through ingestion processes from the 
time of release to complete decay of the activity are made for the most significant radioisotopes of plutonium, 
americium and curium. 241Am is the largest contributor to dose by this pathway. Health effects estimates 
based on current metabolic data, ICRP dose models and the report of the committee on Biological Effects of 
Ionizing Radiation of the US National Academy of Sciences, when combined with these pathway analyses, 
indicate that there are unlikely to be more than about 10"3 potential health effects for each 1000 megawatt 
electric year of power generated.

One of the major concerns regarding nuclear operations is the release 
of transuranic elements to the environment. The concern is based largely 
upon two considerations :

1. the well documented toxic effects observed in experimental 
animals exposed to sufficiently high levels of alpha- 
emitting nuclides; and

2. the exposure of many hundreds of human generations to long- 
lived transuranic radionuclides which persist and accumulate 
in the environment.

One perspective on the magnitude of this problem is provided by an 
analysis of total population exposures and potential health consequences 
which might occur to all future generations as the result of releases of 
transuranic elements.

* Much of this paper is based upon an analysis undertaken in connection with the preparation of the 
Draft Environmental Impact Statement for the US Liquid Metal Fast Breeder Program. The author wishes 
to acknowledge the contributions of numerous USAEC staff and laboratory scientists to this analysis.
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The results of such an analysis for the operation of the U.S. Liquid 
Metal Fast Breeder Reactor (LMFBR) are summarized in this paper. The 
analysis does not include consideration of the extremely important matter 
of individual exposures and the distribution of exposures amongst population 
groups since these are largely dominated by conditions specific to actual 
locations of release.

The analysis estimates were made in three categories:
1. The amount of transuranic elements expected to be released 

during operation of LMFBRs and associated fuel cycle 
facilities,

2. The fraction of that amount released to the environment 
which may find its way to man. And,

3. The possible health consequences occurring from the 
incorporation of this material into man.

Each of these estimates involves many complex items. All of the 
information necessary to make accurate predictions is not available. In 
the absence of complete information estimates were made using the best 
current knowledge. Where there were deficiencies of knowledge conservative 
assumptions were made. The assumptions make it likely that the estimates of 
population exposures and potential health consequence are well above the 
most likely values.
Source Term

The dominant source of release of transuranic elements from the LMFBR 
fuel cycle is expected to be airborne releases from fuel reprocessing plants. 
It is expected that releases from these plants will be approximately 1 
millicurie of alpha-emitting transuranic activity for each 1000 megawatt 
electrical year (MWe-year) equivalent of fuel reprocessed, and that airborne 
releases from other components of the LMFBR fuel cycle (fuel fabrication, 
reactor, waste storage) and from transportation will be smaller by a factor 
of ten or more. The probabilities for accidental releases have generally 
not been estimated. However, calculations of releases for a variety of 
hypothetical accidents indicate that accidents will make a negligible 
addition to this source term. For these reasons the source term used in 
this analysis is the release of 1 millicurie of alpha-emitting radioisotopes 
per 1000 MWe-year of energy generation. The activity is assumed to have the 
specific radiological composition of high burnup fuel shown in Table 1; it is 
further assumed to be released as small airborne particles with a size 
distribution having an activity median aerodynamic diameter (AMAD) of 
0.3 micrometer (Um).*

Pathways to Man
Figure 1 is a summary of estimates for the fraction of released activity 

which enters man. There are two paths to man —  inhalation and ingestion.
The cumulative fraction inhaled by all individuals before the airborne 
material is deposited on the ground was estimated to be 4 x 10”  ̂of the

* In such a distribution one half of the radioactivity is associated with 
particles whose settling speeds in air are less than the settling speed of 
0.3 ym, unit density spheres and half the radioactivity is associated with 
particles of larger settling speeds.
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TABLE 1. SOURCE TERM

Isotope Millicuries released per 1000 MW(e) • a 

beta alpha

238pu 0. 18

239Pu 0. 04

240 Pu 0. 05

241 Pu 5.4

24,Am 0. 01

242Cm 0. 70

244Cm 0.01

5.4 0. 99

0*

* ASSUM ED T H A T  TR A N S U R A N IC  R A D IO ISO TO P ES DO N O T  P E N E T R A T E  SO IL T O  D EPTHS 
G R E A T E R  T H A N  R O O T ZO N E O V E R  T H E IR  L IF E TIM E  IN T H E  E N V IR O N M E N T.

FIG. 1. Sum m ary o f m a jo r routes to  m an .



T A B L E  2. INHALATION OF TKANSURANIC ISO TO PES (n a n o c u rie s  f ro m  1 m C i r e le a s e )

Element Isotope Early

Resuspension

Late Total - Direct Total

Plutonium 238 0.44 0. 028 0. 47 0. 72 1. 2

239 0. 10 1. 76 1. 86 0. 16 2.0

240 0. 12 0.6 0. 72 0. 20 0. 92

241 3 (19. 6) (0. 14) (19.7) (21. 6) (35)

Subtotal (alpha only) 0. 66 2. 39 3. 05 1 . 08 4. 12

Americium 241 0. 04 0. 12 0. 17 0. 04 0. 21

Curium 242 1. 2 0. 0 1 . 2 2. 81 4. 0

244 0. 012 0. 0 0. 012 0. 04 0. 05

Total alpha 1.91 2. 51 - 4.43 3. 97 8.4

 ̂ fl-gmitter, not included in subtotal and total for o.-cmitters
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amount released for a source in the North Central United States. The 
location of the source relative to population centers and the number of 
people exposed to the airborne material influence the value of this fraction.

Material reaching the ground may be resuspended in the air and inhaled. 
The fraction of the released alpha activity which, for all future years, 
enters man in this way is estimated to be approximately equal to the amount 
inhaled before deposition. The estimate assumes deposited material has an 
initial resuspension factor** of 10“5 per meter which decays with a half-life 
of 50 days and finally reaches a minimum value of 10”9 per meter. The 
amounts of various isotopes entering man through inhalation are shown in 
Table 2.

Of the total fraction of the alpha activity released we estimate that 
man. inhales approximately 1 x 10“ ,̂ the sum of 4 x 10”  ̂ (fraction inhaled • 
directly) and 4 x 10“  ̂ (fraction inhaled after resuspension). Most of this 
(70 percent according to the model used) enters man within two years after 
release. The remainder would enter during many years afterward. Observa
tions on global fallout from nuclear weapons tests indicate that the model 
and parameters used do not underestimate the resuspendéd transuranics which 
might enter man soon after release.

Ingestion is the other pathway to man. The various ingestion pathways 
are shown in Figure 2. Our analysis indicates that the dominant ingestion 
pathway commences with plant root uptake. The fraction entering man through 
this pathway is estimated by assuming a uniform distribution of released 
material across the surface of the United States. This assumption under
estimates the fraction entering man for points of release upwind of land 
used for intensive agriculture and overestimates the fraction for points 
of release upwind of lands used predominantly for other purposes. The 
estimate also assumes that plant material achieves a concentration of 
transuranics equal to one-tenth of the concentration in the soil in which 
the plants grow, that there is no downward movement in the soil beyond the 
root zone and that there is no runoff. The amounts of various isotopes 
entering man under these assumptions are presented in Table 3. Because of 
their long half-lives, Pu-239 and Pu-240 are the principal radioisotopes 
ingested. On the other hand, because of larger uptake from the gastroin
testinal tract, Am-241 is the largest contributor to dose.

Observations on the behavior of plutonium falling out from nuclear 
weapons tests indicate that these latter assumptions probably lead to large 
overestimation of the fraction entering man through ingestion.

Calculations of doses from inhaled transuranics were based on the lung 
model developed by the International Commission on Radiological Protection 
(ICRP) applied to both class W (retained in lungs for moderate times) and 
class Y (retained in lungs for relatively long times) particles; the results 
are summarized in Table 4. Following ICRP guidance, the fraction of ingested 
radioactivity absorbed from the GI tract was taken as 3 x 10“ 5 for plutonium. 
A conservative value of 10“^ was assumed for americium and curium. For 
inhalation, the lung and bone dose equivalents delivered by most of the 
transuranics are similar when integrated over seventy years. For a particle 
distribution with an AMAD of 0.3 цт these amount to approximately one 
millirem per picocurie inhaled.

-------------------------------------  3
**The resuspension factor is the ratio of the concentration in air (Ci/m ) 
to the amount deposited per unit area (Ci/m^).
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T A B L E  3. R ELA TIO N  OF INGESTED CURIES FR O M  SOIL VIA ROOTS (C) T O  CURIES R ELEA SED  (S)

Element Isotope ”( Ci ) t i cf Ci ) С
*41000 MW(e) • a 1 (a) ~^1000 MW(e) • a 1 . s

Plutonium 238 1. 8 X 1 0 '“ 87 5 x 10"8 3 X l o ' 4

239 0 .4  x 10 -4 24400 3 x 1 0 '6 8 X  Ю '2

240 0. 5 X 10“4 6600 1 x 10"6 2 X 10‘ 2

Subtotal 4. 05 x 1 0 '6

Americium 241 2. 0 X  lO"43 433 3 x 1 0 '7 2 X  10"3

Curium 242 7. 0 X 1 0 '“ * 0.4 9 x 1 0 '10 1 x 10“ 6

244 0. 1 X 1 0 '4 18 6 x Ю "10 6 x 1 0 '5

Total alpha-emitters 4. 35 x 10-6

a 0. 19 millicuries of this amount arise as a daughter nuclide from complete decay of 241Pu, as a beta emitter.
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T A B L E  4. DOSE EQ UIV A LEN T (rem ) P E R  M ICROCURIE INHALATION AND INGESTION

Class W compounds Class Y compounds

Isotope Inhaled Ingested

Bone Liver Kidneys Gonads Bone Liver Kidneys Gonads Lung Lymph nodes

238pu 2730 1140 148 44 0. 6 0. 3 0. 03 0. 01 913 38 600
239pu ' 3250 1320 170 46 0.7 0. 3 0. 04 0. 01 863 43 700
240pu 3270 1330 172 46 0.7 0.3 0. 04 0. 01 871 44 000

241Pu 67 25 3 0. 7 0. 02 0. 01 - - 2 369

24IAm 3330 1360 176 48 25 10 1 0.4 924 45 100

“ Cm 50 26' 3 1 0.4 0.2 0. 03 0. 01 257 819

244Cm 1400 645 83 30 11 5 0. 6 0. 2 907 23 500

Particle distribution of 0.3 nm AMAD; deposition probabilities of 0.08 (N-P), 0.08 (T -В) and 0.42 (P). Doses include contributions from both parent and daughter 
isotopes for 241Pu, 242Cm and 244Cm.

458 
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TABLE 5. ALPHA EMITTING RADIOISOTOPES IN HUMANS

From
natural radioactivity

From
1000 MW(e) * a - LMFBR

Total curies in US population >0. i a <10"8

Total man • rem/a

To bone >1 x 107 a <0. 2 b

To lung л >1 X 107 a <0. 04 Ь

a Derived from: Ionizing Radiation: Levels and Effects, 1; Levels^ UN, New York (1972). 
b Approximately one half of the total man • rem doses to these organs are delivered over 70 years. 
The remainder is delivered at much lower rates over very much larger periods. The rates presented 
here are for the first 70 years.

When applied to the amounts of transuranics entering man these values 
yield total population exposures of approximately 5 lung rems, 25 bone rems, 
10 liver rems and 0.5 gonadal rems per 1000 MWe-year.

The quantities of alpha-emitting radioisotopes which might enter man 
over their entire lifetime in the environment subsequent to release from the 
LMFBR fuel cycle and the population doses they deliver are small compared to 
the quantities of naturally occurring radionuclides which normally occur in 
man. These estimates are summarized in Table 5 along with quantities and 
dose equivalents for naturally occurring alpha radioactivity found in man.

These estimates of the released material which enters man provide a 
substantial basis for believing that potential health consequences associated 
with the release, persistence and accumulation of transuranic elements which 
are expected to be released by the LMFBR fuel cycle will be small in 
comparison to many other accepted and unavoidable risks. Nevertheless, to 
provide additional perspective, numerical estimates were made of potential 
health consequences possibly attributable to the entry into man of these 
exceedingly small quantities of alpha-emitters (over the many generations 
they will exist in the environment1 Such risk estimates, it must be 
emphasized, have no experimentally established basis at the very low levels 
of exposure expected to result from transuranic elements released from the 
LMFBR fuel cycle.

Risk estimators for cancer in lung, bone and liver and genetic risks 
were derived from the BEIR report and are summarized in Table 6 which also 
shows total estimated potential risks per 1000 MWe-year of electrical energy 
generated by LMFBRs. These estimates of potential risk are subject to great 
uncertainty for a number of reasons. There are no observations in man or in 
animals which are directly relevant to estimating potential health effects 
at the exceedingly low doses and dose rates being considered here. The 
estimates assume that health consequences are directly proportional to the 
quantity and residence time of alpha-emitters in the organs of man, and most 
probably lead to great overstatement of the maximum potential health conse
quences. The estimates are presented solely to provide some perspective on 
the long term health consequences to large populations which might arise as 
the result of the persistence and accumulation of transuranic elements 
released by the LMFBR fuel cycle. The method, results and conclusions are 
not generally applicable or appropriate to other specific questions



460 BARR

TA BLE 6 . SUMMARY OF RISK ESTIM ATORS AND TO TA L PO TEN TIA L 
H EA LTH  CONSEQUENCES

Organ system

Risk estimators

Cancer death probability 
per man* rem

Minimum Maximum (range)

Pulmonary 0 * 40 (15-110) X 10"6

Skeletal 0 6 (2-17) X 10"6

Liver 0 2 (1-5) X 10'6

Genetic defects per man * rem
(at genetic equilibrium)

Reproductive

Specific genetic defects: 30 X io"6 ■ 300 x 10'6

Defects of complex origin: 6 x 10“6 600 X io ' 6

Lung cancer •

Total risks 

0

/

Cancer death probability 
per 1000 MW(e) * a

200 (75-550) X 10'6

Bone cancer 0 160 (52-180) X 10~6

Liver cancer 0 20 (11-55) X 10'6

Total 0 ■ 380 (138-785) X Ю"6

Genetic risks

Specific defects: 12 X 10"6 120 X 10'“

Complex conditions: 2 X 10~6 240 X 10 'S

Total 14 X 10'S 360 X Ю"6

TA B LE 7 . GONADAL PO PU LA TIO N  EXPOSURES

Curies released Gonadal man* rems Gonadal man • rems
1000 MW(e) • a curie 1000 MW(e) • a

Transuranics 10~3 4 x 102 0.4

Krypton 5 X 105 2 x 10~4 100

Tritium 2 x 104 2 x 10'4 4

Radium 10"1 103 100
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involving exposure to alpha-emitting transuranic radioisotopes. These 
estimates indicate that there may be from near zero to less than 10“3 
potential cancer and genetic defects of all types produced as a result of 
environmental releases of transuranics for each 1000 MWe-year of electrical 
power generated by the LMFBR fuel cycle. These estimates were made for the 
entire period of decay of the released transuranics.

Looking ahead to the turn of the century, when perhaps as much as 
400,000 MWe of LMFBR capacity may be installed in the U.S. (about equal to 
total installed electric capacity in the U.S. at present), the foregoing 
estimate translates to less than 0.4 cancer deaths over all future years 
attributable to transuranium effluents from the operation of all of these 
plants and associated facilities for one year. Similarly, we would expect 
less than 2.2 cancer deaths over all future years due to one year's operation 
of 2,200,000 MWe of LMFBR capacity in the year 2020. Using the same kind 
of conservative estimates, up to several thousand potential cancer deaths 
per year in the United States would be attributable to natural background 
radiation.

For comparison, gonadal population dose equivalents for several radio
nuclides released in generating electrical power using nuclear fuel and coal 
are presented in Table 7. It is assumed that all krypton-85 and tritium 
produced in nuclear reactors and 10% of the fly ash produced in coal-fired 
stations is released. With the release term and models used in this study 
a population dose equivalent of approximately 0.5 gonadal man rem per 1000 
MWe-year of electrical power generated is obtained. The bulk of this 
population dose equivalent arises from radioactivity incorporated into man 
promptly after release. Most of the exposure is to the population within a 
few hundred miles of the point of release.

For krypton-85, a model which assumes complete mixing in the atmosphere 
prior to decay, leads to a population exposure of 100 gonadal man rems per 
1000 MWe-year. Using a dispersion model similar to that used for the airborne 
transuranics, but without a deposition term, it can be shown for specific 
locations that only a few percent of the population exposure are delivered 
locally. The largest portion is delivered more or less uniformly to the 
entire population in the hemisphere in which the release occurs, and at a 
rate which decreases with a half-life of ten years.

Tritium is similar except that under certain conditions of release 
local exposures can add significantly to the total population exposure.
For radium, only the exposure due to external radiation is calculated 
assuming that once the radium in fly ash is deposited it does not penetrate 
into the soil.

D I S C U S S I O N

P . SLIZEW ICZ: W hat i s  the e x p e r im e n ta l b a s is  o f your e s t im a te d  
r e le a s e  o f 0. 1 m C i p er  1000 MW (e) p er  y ea r  fro m  p lan ts  r e p r o c e s s in g  
so d iu m -c o o le d  r e a c to r  fu e l?

М. B . BILES: On the b a s is  o f e x p e r ie n c e  it  w as a ssu m e d  that 10"9 of 
th e  239P u  throughput w ould be r e le a s e d ,  w hich  c o r r e sp o n d s  to 80 m C i/a  
fo r  a 5 tonne p er  day  r e p r o c e s s in g  p lan t. T h is  i s  p rob ab ly  h ig h er  than  
w ill  a c tu a lly  be the c a s e ,  b eca u se  at p r e se n t  w e a re  r e le a s in g  o n ly  3 m C i/a  
fro m  our Savannah R iv e r  p lan t, w hich  i s  not b a se d  on c u rren t tech n o lo g y .
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P . SLIZEW ICZ: How do you m e a s u re  the 3 m C i/ а  r e le a s e  a t Savannah 
R iv e r , and how do you d is tin g u ish  it  f ro m  the 2 m C i/ а  bom b fa ll-o u t?

М. B. BILES: I am  no t s u re  how th e se  m e a s u re m e n ts  a re  p e r fo rm e d .
O. ILARI: In connection  w ith the q u es tio n  ju s t  a sk ed  by M r. S lizew icz ,

I b e liev e  the value  of 3 m C i/ а  quoted by M r. B ile s  fo r  th e  S avannah R iv e r  
r e le a s e  is  e s tim a te d  a t the so u rc e  and not in  the en v iro n m en t. The p ro b le m  
of iden tify ing  it th e re fo re  does not e x is t.

R . B IT T E L : L iv ing  p la n ts  b eco m e co n tam in a ted  v ia  both the ro o t and 
the a e r ia l  p a r ts .  Can one e s t im a te  the r e la t iv e  im p o rta n c e  of th e se  two 
p a thw ays fo r  p lu ton ium  and the  tra n sp lu to n ia n s?

М. B. BILES: The fo liage  of p la n ts  w ill indeed  becom e co n tam in a ted  
by  both  p r im a ry  fa ll -o u t and re su sp e n d e d  m a te r ia l .  The a n a ly s ts  have 
a s su m e d  th a t the e s tim a te  of ro o t up take is  su ffic ie n tly  l ib e r a l  to  include 
fo liag e  co n tam ination .

R . B IT T E L : P lu to n iu m  in c o rp o ra te d  in  an im a l and hum an food is  in 
th e  fo rm  of o rg a n ic  and m in e ra l  co m p lex e s . Can one a s s e s s  the in te s t in a l  
a b so rp tio n  of th e se  com plexed  fo rm s?

М. B. BILES: P e rh a p s  M r. B a ir  could  a n sw e r  th is  ques tion .
W. J .  BAIR: E x p e r im e n ts  a re  now in  p r o g re s s  a im ed  a t p ro v id in g  

a n s w e rs  to q u es tio n s  such  a s  th is .  E a r ly  d a ta  on th e  a b so rp tio n  of p lu 
ton ium  fro m  the g a s tro - in te s t in a l  t r a c t  w ere  o b ta in ed  m a in ly  in  e x p e r im e n ts  
w h ere  a n im a ls  w ere  given r a th e r  la rg e  q u a n titie s  of r e la t iv e ly  p u re  p lu ton ium  
com pounds. It is  not known w hether th e se  d a ta  app ly  to  p lu ton ium  in c o r 
p o ra te d  in  p la n t m a te r ia ls ,  s in c e  th e re  i s  a p o s s ib ili ty  th a t the P u  m igh t 
be p re s e n t  a s  so lub le  co m p lex es . M o reo v e r, e a r l i e r  s tu d ie s  of p lu tonium  
uptake by p la n ts  did no t tak e  in to  c o n s id e ra tio n  the  p o ss ib le  lo n g - te rm  
ac tio n  of b a c te r ia  and o th e r  b io lo g ic a l e n t i t ie s  on p lu ton ium  d ep o s ited  in 
so il ,  w hich m ig h t m ake p lu ton ium  m o re  av a ila b le  fo r  in c o rp o ra tio n  in 
p la n ts .  T h is  is  e s p e c ia lly  im p o r ta n t in  re la t io n  to  the  p o ss ib le  lo n g - te rm  
re s id e n c e  tim e  of long h a lf - lif e  P u  iso to p e s  in  so ils .  F u r th e r ,  few  e x p e r i
m e n ts  have looked a t the fo lia r  d ep o s itio n  and ab so rp tio n  of p lu ton ium , 
p r im a r i ly  b ec au se  of te c h n ic a l p ro b le m s  a s so c ia te d  w ith exposing  grow ing  
p la n ts  to p lu ton ium  a e r o s o ls .  It is  now a p p a re n t th a t the  up take of p lu ton ium  
in p la n ts  by  d if fe re n t p a thw ays and the  g a s tro - in te s t in a l  ab so rp tio n  of 
p lu ton ium  in c o rp o ra te d  in  fo o d stu ffs  r e q u ir e  fu r th e r  in -d e p th  s tudy  to 
p ro v id e  in fo rm a tio n  r e le v a n t to the h e a lth  h a z a rd s  of en v iro n m e n ta lly  
d is p e rs e d  p lu ton ium .

O. ILARI: I shou ld  lik e  to  po in t out th a t the dose  a s s e s s m e n t  p ro c e d u re  
u sed  in th is  p a p e r , s ta r t in g  fro m  a s o u r c e - te r m  (as the on ly  q u an tity  capab le  
of m e a su re m e n t)  and in tro d u c in g  it  in  a sy s te m  a n a ly s is  m a th e m a tic a l m o d e l, 
i s  a ty p ic a l ap p lica tio n  of the SAM ap p ro a ch  I p re se n te d  y e s te rd a y  in  m y 
p a p e r  IA E A -S M -184/103 .

H. P . JA M M ET: The e s t im a te s  given in  th is  p a p e r  show th a t the 
c o lle c tiv e  dose due to a lp h a -e m itte r  r e le a s e s  r e p r e s e n ts  10~7 to  10 " 8 of 
the  co lle c tiv e  dose  due to  n a tu ra l  a lp h a - e m it te r s .  On th is  b a s is ,  i s  the 
s u p p re s s io n  of a ll r e le a s e s  in  new  in s ta lla t io n s  ju s t if ie d  by c o s t-b e n e f it  
a n a ly s is?

М. B. BILES: We have not p e r fo rm e d  c o s t-b e n e f it  a n a ly se s  fo r  o u r 
new  p la n ts . H ow ever, judging  f ro m  e x p e r ie n c e  P u  r e le a s e s  can  be held  
to  v e ry  low v a lu es  w ithout high co s t.
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HEALTH EFFECTS OF ALTERNATIVE 
MEANS OF ELECTRICAL GENERATION*

K. A. HUB, R. A. SCHLENKER 
Argonne N a tion a l  Laboratory,
A rgonne, 111. ,
United  States o f  A m er ic a

Abstract

HEALTH EFFECTS OF ALTERNATIVE MEANS OF ELECTRICAL GENERATION.
The objective of the paper is to provide a discussion and quantitative display of health effects resulting 

from electrical energy generation. Three broad categories of health effects are considered: disease mortality, 
gene mutation and genetic death, and accidental injury and death. These effects for a nominal 1980 period 
were defined for the nuclear, coal, and oil energy systems that included all activities from mining of fuel 
through disposal of waste from the generating plants. The health impacts were expressed in terms of man-days i 
lost for an annual production of 6. 6 x 109 kW* h of electrical energy from the system. For the items quantified 
the oil-fired system had the fewest number of man-days lost and the coal-fired system the highest value. The 
predominant contribution to health and accident impacts for nuclear systems comes from the effects on 
employees and their progeny and not from the effects on the public at large.

I. INTRODUCTION

The objective of this paper is to provide a discussion and quantita
tive display of health effects resulting from electrical energy generation 
using various fuel systems. The information contained herein is mainly 
obtained from a "social costs" study[l,2] carried out at the Argonne 
National Laboratory; social cost is used in the context of the total cost 
to society, i.e., the health, environmental, and dollar costs. These 
costs were defined for energy systems that are based on a nominal 1000-MWe 
generating plant.

Effects from each system are assigned based on a one-year period of 
operation to produce 6.6 x Ю 9 kWh of electrical energy using a 1000-MWe 
plant. Estimates are made of not only the health effects occurring during 
the year of operation, but also for all those future effects that can be 
assigned to the year of operation. It should be noted here, that although 
many health impacts were quantified there are a significant number that 
were not quantified in the study.

Three broad categories of health effects are considered: (1) dis
ease mortality, (2) gene mutations and genetic death, and (3) accidental 
injury and death. Disease mortality may result from exposure to radia
tion or to system-emitted pollutants. Gene mutation and genetic death 
may also result from exposure to radiation or pollutants. Accidental in
jury and death effects are caused by a direct physical interaction be
tween man and the energy system. Health effects are measured in terms of 
man-days lost.

The paper includes a description of the energy systems, the methods 
of analysis, quantification of health impacts, the results, and observa
tions for the study.

* Work sponsored by th e  US A tom ic Energy C om m ission.
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The nuclear, oil, and coal energy systems are undergoing change. In 
order to describe system conditions for a decade starting in 1980, a 
scenario describing the future was necessary. Projections were made 
based on discernable trends and developments such as the additions and 
changes resulting from implementation of environmental health and safety 
laws. Performance of energy systems was selected to represent U. S. 
industry conditions. Generating plants were base-load types.
A. Coal

For the coal-fired plant, 50% of the 2.3 million annual coal tonnage 
was from underground mines, 40% from area-type strip mines, and 10% from 
contour strip mines. Based on the coal tonnages from each of three types 
of mines, health effects are estimated. Working conditions for the miners 
are those associated with the Federal Coal Mine Health and Safety Act of 
1969. Coal was transported by train from the mine to the generating plant.

The average sulfur content of the coal is 2.5%; 80% of the sulfur is 
assumed to be removed by flue-gas treatment. No particular type of sul
fur removal process is assumed other than that the removed sulfur can be 
stored in elemental form. Thus any health effects associated with some 
processes which involve large volumes of stored wastes are not accounted 
for. Ash content of the coal is 11%; only 0.8% of the ash is assumed to 
be emitted from the plant stack; the rest is placed in waste storage or 
used in the industry.

There are many trace elements present in coal besides the major im
purities (aluminum, silicon, iron and sulfur). About 30 trace elements 
occur widely in coals; concentrations vary from about 2 up to nearly 100 
ppm averaged over several coal provincesJ3]. Health effects of six toxi- 
cologically important elements (mercury, beryllium, arsenic, cadmium, lead, 
and nickel) were considered. Estimates of the releases of these elements 
were made based on physical and chemical characteristics of the elements. 
Their impact on health at environmental concentrations were not considered 
due to lack of dose-response data.
B. Oil

The oil-fired plant bums about nine million barrels of residual 
fuel oil per year. Approximately 90% is estimated to come from foreign 
refineries, the rest from the U.S.A. The sulfur and ash content are 0.7 
and.0.1 weight-percent, respectively. Particulate matter is removed from 
the flue gas with a 90% efficiency electrostatic precipitator. Hydro
carbon emissions due to evaporation, oil spills, and waste discharges were 
estimated. It was assumed that the injury frequency and severity in 
foreign oil operations were the same as experience in the domestic oil 
industry.

C. Nuclear
For the nuclear energy system, the characteristics of a PWR plant 

were assumed; it was found that the health effects of the PWR system were 
almost the same as those for the BWR system. For the purposes of this 
paper, the system will be called a light water reactor (LWR) energy system.

About 130 metric tons of U30g need to be mined for one year of oper
ation and supplied to the fuel cycle. Fifty percent of the ore is assumed 
to come from open pits, which have a very low accident rate compared with 
underground mining[4].

II. ENERGY SYSTEMS
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It was assumed that the low-hazard-potential solid wastes were 
shipped to a commercial burial ground. High-level wastes were shipped 
to a hypothetical federal repository where the wastes were kept separated 
from the biosphere. Health effects were not quantified for these wastes; 
however, the results of a recently published study on health impacts from 
activides are briefly stated.

Health effects due to transportation accidents and accidents at the 
fabrication and reprocessing plants were estimated. The effects were 
tabulated in terms of annual expectancies.

III. STUDY APPROACH AND METHODS OF ANALYSIS
The investigation of social costs of electricity generation initially 

started as a risk cost-benefit study; however, the benefits are those 
which result from the ready availability of electricity to the consumer 
and were assumed to be the same for each energy system. The risk, for a 
health effect is expressed in terms of an annual expectancy and is placed 
on the cost side of the ledger. From society's point of view, for any 
type of risk, the method of amelioration or abatement means can be balanced, 
where possible, by equating the marginal cost of the risk against the 
marginal cost for the abatement means. This balancing is, of course, 
carried out on a present-worth basis.

The approach in the dollar quantification of the costs throughout the 
energy system was to use a present-worth type calculation. This approach 
was not used in the health effects because other than in the accident cate
gory of health effects, most of the inpacts occur a long time after the 
year's operation of the energy system. The impact on society for these 
health effects is not clear. In particular, the genetic impacts to society 
will occur for generations and a present-worth calculation would not be 
meaningful because the impact of the added genetic burden in future years 
is not clear.

For deaths, genetic deaths, and accidents, the impacts caused by the 
annual operation of the energy system .were expressed in man-days lost.
The assignment of the magnitude of man-days lost for each activity in 
energy system is a large task that was simplified by making some gross 
approximations. For example, for all diseases and accidents resulting in 
death, the American National Standards Institute value of 6000 disability 
days for a loss of life was used regardless of the age or other life- 
factor condition of the victim. Thus, the impact of a system-caused death 
of a 12-year old was assumed equal to that of a 60-year old person.

As is the case with virtually all productive activities, there are 
certain costs associated with electrical energy generation for which the 
impacted individuals are not fully compensated. Health effects suffered 
as a result of air-pollution emissions are an example of such, costs. Be
cause a market system does not exist for these activities, the utility 
does not compensate the affected parties for these damages. Such, costs 
are referred to as external costs or diseconomies. The internal costs 
are those costs which are borne by the utility and are therefore reflected 
in the bill for electricity. In this study the man-days lost were, as
signed to internal and external categories. Because of the complexity of 
the actual situation it was necessary to simplify the assignment of costs. 
Briefly, the health costs were placed either entirely into the external 
cost category or were placed 50% into the external and 50% into the in
ternal category.
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Several methods of analysis were applied in the study. Some brief 
comments will be made about some.of these in order to relate the overall 
flavor of the analyses. Computer codes were used to aid analysis in only 
a few instances, such as in estimation of the transport and diffusion of 
certain gaseous releases. Other gaseous-related potential impacts were 
estimated in a simpler fashion.

An approximate estimate of airborne trace element concentrations 
from fossil-fueled power plant operation is an example of this. Repre
sentative trace element concentrations in coal were used in combination 
with the expected fraction released from the stack to provide the exit 
airborne concentration from the plant. A dilution factor of ten thousand 
was used to estimate the concentrations of the element in the ambient air. 
On this basis of all the elements considered only beryllium appeared impor
tant; it was only a factor of five below a suggested limiting community 
ambient concentration level. This generalized story, however, may not be 
appropriate for some coals in the western U.S. where trace element concen
trations may be 100 to 1000 times greater than the approximate natural 
averages used in the èstimates.

The radiation doses received by humans as a result of one year's 
operation of the reactor plant with its support fuel system were broken 
into six categories: the general population dose calculated using a
global model, the general population dose using a local model, general 
population dose due to transportation of radioactive nuclides, uranium 
miners' dose, transportation workers' dose, and occupational dose in all 
other steps in the nuclear fuel cycle.

The airborne source for the local population dose is based on com
puterized calculations and is determined by the releases from the fuel 
reprocessing plant and the generating plant; local dose accounts for an 
exposure up to a 50-mile radius. The waterborne source of local popula
tion dose is only due to liquid releases at the generating plant and is 
derived from information given in Environmental Impact Statements for 
specific nuclear plants. The global population dose is based only on 
8̂ Kr and 3H isotopes and represents the whole-body commitment resulting 
from complete decay of these isotopes.

The genetic effects due to radiation were estimated on the basis of 
mutations per rad of gonadal radiation to certain classes of individuals.
It was assumed that each mutation introduced into the active gene pool 
resulted in a genetic death.
IV. HUMAN HEALTH EFFECTS

A. Categories of Health Effect Studied

Three broad categories of effect on the public and on persons em
ployed in the energy system have been considered: (1) disease mortality,
(2) production,of gene mutation and genetic death, and (3) accidental in
jury and death.

Disease mortality may result from exposure to radiation or to air 
pollutants. Specific consideration was given to the radiation exposure 
of the public from nuclear power plant and fuel reprocessing plant re
leases, both routine and accidental, the exposure of the public to air 
pollutants from fossil fuel plants, the radiation exposure of employees 
in the nuclear energy systems, to lung cancer in uranium miners and to 
black lung disease in coal miners.
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Gene mutation and genetic death from radiation exposure of the 
public and of employees has been considered along with, cancer mortality.
The genetic impact of air pollutants has not been considered because of 
the paucity of pertinent data.

Accidental injury and death affect the public as well as the employ
ee. The public suffers mainly from accidents in the transportation phase 
of the energy system and from nuclear power plant accidents, while the 
employee suffers accidents throughout the system.

В. Radiation Exposure

1. Dose-Response Functions

Linear dose-response functions were used to estimate cancer mortality 
following whole-body irradiation and lung cancer mortality following ex
posure to radon daughter products in mine atmospheres. Whether or not 
linear extrapolations from high doses and high dose rates are applicable 
to the low doses encountered in exposure of the public or the low dose 
rates encountered in occupational exposures is a moot point. In accor
dance with current radiation protection philosophy, it is assumed that, 
if incorrect, the linear functions overestimate the actual cancer 
incidence.

Dose-response functions for specific types of malignancies and for 
all malignancies taken together following whole body irradiation were 
based on reviews of human external exposure data[6-13] . Both post-natal 
and in utero irradiation were considered. Table I lists the dose-response 
functions adopted for whole body exposure. Breast and thyroid cancers 
are excluded because of the high initial survival[13]. Only the function 
for total malignancies due to postnatal irradiation was used to determine 
the impact, which was expressed in man-days lost. (The man-days lost for 
leukemia and lung cancer can be found by taking the ratios of the function 
for these diseases to the function for total malignancies and multiplying 
by the total loss given in Table V.) In utero irradiation was ignored in 
the computation because only a small percentage of the population is in 
utero at any one time and the excess risk is only a factor of 3 higher 
than for postnatal exposure.

A dose-response function for uranium miner exposure to radon daugh
ter products was based on the U. S. Public Health Service dose-response 
model for the Colorado Plateau miners[14]. Because of the strong de
pendence of lung cancer risk on smoking, it was assumed that the smoking 
habits of future miners will be the same as the smoking habits of the 
miners in the study. Implicit in this is the assumption that on-the-job 
and off-the-job smoking affect lung cancer risk in the same way. In the 
application of radon-daughter and whole-body dose-response relationships 
to mortality prediction, the errors inherent in the linear extrapolation 
to low exposures probably far exceed the errors which result when the rela
tionships are applied to populations with a different age structure from 
the study populations on which they are based.

Gene mutations were used as the measure of genetic damage and, under 
the assumption that all mutations are unconditionally harmful, were 
assumed to lead to genetic death[6,15]. Population size was assumed 
to be constant for as many generations as required to remove all mutant 
genes. Each mutation was thus assumed to lead to a reproductive failure 
and a factor was applied to convert each such genetic death into an 
equivalent number of man-days lost.
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Table I. Radiation Dose-Response Functions

A. Death from malignancy

1. Whole-body irradiation

Postnatal:

Leukemia 

Lung cancer 

All cancers 
In utero

2. Radon daughter product exposure 
in uranium miners

B. Gene mutation

Whole-body irradiation Mutations/offspring/rad
of father 0.00200

forking level month

Excess Deaths/per rad

0.00002

.00004

.00020

.00060

Excess Deaths/WLMa 
0.00010

A dose-response function was determined from the size of the human . 
genome and from the mutation frequencies at specific loci in mice exposed 
to chronic gamma irradiation[6,7,16]. Mutations in offspring were con
sidered to be contributed solely by the father because of the small muta
tion rate in the oocyte when exposed to gamma radiation at low dose rates. 
The dose-response function for mutations in offspring per rad dose de
livered to the father in a population of constant size are given in Table
1. The estimate was based on data given in the 1966 UNSCEAR report{16] 
and exceeds estimates given in the 1972 report[7]. Inasmuch as the esti
mate takes no account of polygenic mutations, which, on the basis of data 
collected on Drosophila, may be very abundant[17], a downward revision 
toward the more current values was considered unnecessary.

2. Population Doses

a. Global

Tritium and 85Kr distribute widely throughout the environment 118,19], 
tritium in water and 85Kr in the atmosphere. For these isotopes models of 
global distribution were developed.

Over 901 of the current environmental inventory of 3H has come from 
atmospheric testing of hydrogen bombs. The residence time of 3H in the 
troposphere is 20-40 days, and about 50% of the 3H released by bomb tests 
has been deposited between 30° and 50° north latitude. Movement out of 
this region over periods of 5-10 years does not appear to be large. On 
the basis of these data, gaseous 3H releases were assumed to distribute
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immediately throughout surface waters and to be retained— 50% between 30° 
and 50° north latitude and 50% in the rest of the world. Liquid releases 
may be held locally for long periods if they are emitted into a reservoir 
which turns over slowly, such as Lake Michigan. However, they are a small 
fraction of the total 3H release and were assumed to distribute in the 
same manner as the gaseous release. The world population was assumed to 
be that projected for 1990 [20] and it was divided between 30° and 50° 
north latitude, and the rest of the world, according to the current popu
lation distribution. On the assumption that the population size is con
stant until the 3H has decayed to a small fraction of its initial level, 
the whole body dose commitment for 3H releases from the FWR reactor and 
reprocessing plant is 22 man-rad.

The concentration (pCi/g air) of environmental 85Kr is nearly uni
form over the surface of the earth and throughout the troposphere[19,21,22]. 
For the purpose of dose calculation 85Kr was assumed to distribute uni
formly throughout the troposphere, immediately upon release. The same 
population assumptions were used as for 3H, to obtain a whole body 
dose-commitment of 130 man-rad from X-rays and bremsstrahlung. This dosage 
excludes the contribution from g rays and, as a consequence, is a factor 
of approximately 70 less than the value which would have been obtained 
had the $ radiation been included, as it is when dose factors are based 
on ICRP recommended air concentration limits[23] or those promulgated by 
the USAEC[24]. Dose information is summarized in Table II.

Although we did not model or calculate the health impacts due to 
activides, the U. S. Environmental Protection Agency has calculated the 
radiation dose commitment from actinides for the U. S. nuclear power in
dustry^] . Doses and health effects were estimated for 100 years after

Table II. Radiation Dose for Nuclear Energy System

General population

Global model (man-rad) 
Local model (man-rad)

150

Water
Air

4
4

Transportation (man-rad) 3

Occupational

Miners' exposure (man-WIM)

Transportation workers 
(man-rad)

110

4

Reactor (man-rad)

All other fuel cycle steps 
(man-rad)

400

50
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release, which, of course, is a short time period in view of the long 
half lives of some isotopes. The results depended upon assumptions and 
ranged from a trivial effect compared to that of 85Kr and 3H, to a health 
impact of about three times that of 85Kr and 3H.

b. Local

By local dose for airborne nuclides, we mean the population dose with
in a 50-mile radius of the LWR reactor and reprocessing plant. A com
puterized atmospheric transport model was used to make the dose estimate [26]. 
For simplicity the reactor and reprocessing plant were assumed to be 
located at the same site and make their gaseous releases through the same 
stack. Only doses from 3H and noble-gas releases were computed since 
doses from other releases have been estimated to make a small contribution 
to total dose.* The noble-gas doses included contributions from short
lived daughter products. The dose was computed for three different popu
lation distribution representing low (214,000 in 50-mile radius), medium 
(2,720,000) and high (18,400,000) densities. The population doses for the 
three densities were 0.61, 4.2 and 42 man-rad respectively. The medium 
density value was assumed to be typical and was used for cancer mortality 
projections in conjunction with dose response relationships.

The local dose from liquid releases from the reactor is estimated to 
be about 4 man-rads in USAEC EnvironmentaliImpact Statements[28]. Dose 
information is summarized in Table II.

c. Population Exposure from Transportation of Fuel

The general public is exposed to radiation during the transport of 
spent fuel. This group receives about 3 man-rad[28].

d. Reactor Accidents
Noncatastrophic.reactor accidents (Classes 1-8) which release radio

active material to the environment were estimated to give 2 man-rad dose 
to the population in a 50-mile radius. The large nuclear accident 
(Class 9) was not included in the original "Social Costs" study[1,2] 
because the "Reactor Safety Study" conducted under N. Rasmussen was 
intended as the companion study. This study has not been published, but 
information given in the press indicates a very small probability associated 
with a major catastrophe (once in 109 to 1010 reactor years)[29]. With a 
frequency of once in a billion years, even with an equivalent loss of life 
of one hundred thousand people only 0.0001 deaths would be assignable to 
one year of operation. This compares with 0.03 deaths world-wide for a 
year of operation from normal releases. On a man-days lost basis, it 
corresponds to less than one man-day as compared with 3200 given in 
Table V. Hence reactor accidents appear to contribute little to the total 
health impact. '

^Preliminary results of the year 2000 study[271 were scaled to our re
lease assumptions and indicated that 3H and 85кг would contribute 85% 
of the total-body dose to adults in the Upper Mississippi River Basin 
from nuclear power generated there.
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3. O ccupational Doses

a . Reactor

Dose e s tim a tes  fo r  re a c to r  personnel were based on th e  o p era tin g  ex
p erience  o f  U. S . ,  B r i t i s h ,  and Canadian power r e a c to r s [30 ,31]. For U. S. 
power re a c to rs  during 1969 and 1970 the  personnel doses p e r ca lendar year 
range from 12 man-rad to  1470 m an-rad[32]. Four U. S. r e a c to rs  in  the  
75-292 MWe range showed an average o f about 170 man-rad p e r  re a c to r -y e a r  
averaged o v e r '33 re a c to r-y e a rs  o f  o p e ra tio n [31]. The exposure in  B r i t i s h  
and Canadian re a c to rs  in  the  220 to  660 №fe range was 237 man-rad p er 
re a c to r  year averaged over 35 re a c to r -y e a rs . The averages fo r  th e  in d iv i 
dual s ta t io n s  ranged from 72 to  462 man-rads p er re a c to r  y e a r . . A compari
son o f the U. S. exposures w ith  the  B r i t i s h  and Canadian exposures sug
g es ts  th a t  w ith  in c re as in g  re a c to r  s iz e  the  f ra c t io n a l  in c re ase  in  expo
sure i s  le s s  than  the  f ra c t io n a l  in c re ase  in  power le v e l .  On the  assump
tio n  th a t  man-hours fo r  re fu e lin g  and m aintenance w i l l  be tw ice as high 
in  a 1980 model 1000-MWe re a c to r  as in  1960's power r e a c to r s ,  a  value of 
300 man-rad was es tim ated  fo r  th e  annual s t a f f  dose in  a 1000-MWe re a c to r .  
This compares w ith  an es tim ate  o f  400-500 man-rad c u rre n tly  used in  USAEC 
environm ental impact s ta te m en ts [33]. A 400 man-rad value was used in  
the  computations in  th i s  paper.

b . Reprocessing P la n t

Dose es tim ates  fo r  rep rocessing  p la n t personnel were based on the  
o p era tin g  experience o f  a U. S. commercial rep ro cessin g  p la n t  and on p ro 
je c tio n s  o f  p la n t employment and throughput fo r  1980. During the  period  
1968-1970 average annual whole-body exposure to  rep ro cessin g  p la n t person
n e l  increased  from 2.7 rad  to  6 .7  rad[34] w ith  annual throughput m aintained 
approxim ately co n stan t a t  100 m e tric  tons uranium p e r  y ea r. On th e  b as is  
o f  th ese  exposure d a ta  the  conservative  assumption was made th a t  each r e 
p rocessing  p la n t employee w il l  rec e iv e  5 rad  annually  in  1980. Reprocessing 
p la n ts  in  1980 are  p ro je c te d  to  have 825 employees and an annual throughput 
o f  3400 m etric  tons uranium , g iv ing  1.2 man-rad p er m e tric  to n  uranium.
For the  1000-MWe LWR in  1980 we p ro je c t  25 m e tric  tons uranium being sen t 
to  the rep rocessing  p la n t fo r  a t o t a l  o f 30 man-rad from rep ro cessin g .

c. Other Fuel Cycle Steps
For the  o th e r LWR fu e l  cyc le  s te p s , except m ining, exposure es tim a tes  

were based on d a ta  which were n o t s p e c if ic  to  th e  employment groups i n 
vo lved. For AEC lic e n se e  employees the  average annual exposure i s  about 
200 m rad[35], and about 80 man-years a re  req u ire d  to  ca rry  out th e  a c t i v i 
t i e s  o f  the  rem aining fu e l  cyc le  s te p s ,  ex c lu siv e  of m ining. Based on 
th ese  f ig u re s  a  value o f  20 man-rad was adopted fo r  th e  occupational dose 
in  these  o th e r  s te p s . The annual dose to  tra n s p o r ta tio n  employees is  
about 4 m an-rad[36]. 1

The radon daughter product co n cen tra tio n s in  underground mines have 
dropped s te a d i ly  in  re c e n t years due to  improvements in  v e n t i la t io n .  From 
1965 to  1968, th e  average co n cen tra tio n s dropped from 4 .1  WL to  1 .1  WL[37]. 
C urrent co n cen tra tio n  and exposure l im its  a re  1 WL and 4 WLM/year.* In a s 
much as fu r th e r  decreases in  co n cen tra tio n  may be d i f f i c u l t  to  a t t a i n ,  i t  
i s  assumed th a t  underground miners w i l l  rec e iv e  the  maximum exposure of
4 WLM/year in  th e  years through 1980. In  open p i t  m ines, th e  concen tra
tio n s  a re  a t  background le v e ls [38]. The annual exposure in  th e  uranium

*Working le v e l months.
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m ining was e s t im a te d  t o  b e  110 man WLM, on th e  assum ption  th a t  50% o f  th e  
uranium  comes from underground m ines and 501 from open p i t  m in es. Dose 
in fo r m a tio n  i s  summarized in  T able I I .

C. A c c id e n ta l  In ju r y  and Death

1 . O ccu p a tio n a l A c c id en ts

The volum inous s t a t i s t i c s  p u b lish e d  by th e  Bureau o f  M in es , Bureau  
o f  Labor S t a t i s t i c s  and th e  Department o f  T r a n sp o rta tio n  and o t h e r s [3 9 -4 8 ]  
on a c c id e n ta l  in ju r y  and d ea th  w ere u sed  t o  e s t im a te  th e  n o n fa ta l  in ju r y  
and d ea th  a s s o c ia t e d  w ith  each  m ajor component o f  th e  f u e l  c y c le s  and w ith  
t r a n s p o r ta t io n  o f  m a te r ia ls  through th e  c y c l e s .  Combined s t a t i s t i c s  fo r  
th e  o i l  and n a tu r a l  gas in d u s t r ie s  were se p a r a ted  by a l lo c a t in g  t o  each  
in d u s tr y  a f r a c t io n  o f  th e  t o t a l  d o l la r  v a lu e  o f  p ro d u ctio n  which, was 
a s s ig n a b le  to  ea ch .

T able  I I I  p r e se n ts  th e  e x p e c te d  numbers o f  in j u r i e s  and d ea th s  f o r  
th e  c o a l ,  o i l  and LWR c y c l e s .  For p r e s e n ta t io n  h ere  th e  com ponents o f  
th e  c y c le s  have been  grouped in t o  th r e e  c a t e g o r ie s , each  o f  which, h a s  th e  
same fu n c t io n  w ith in  i t s  c y c le :  f u e l  p r o d u c tio n , power p la n t  o p e r a t io n
and m aintenance and tr a n s p o r ta t io n . In  b o th  th e  c o a l  and LWR c y c l e s ,  
m ining c o n tr ib u te s  more than  90% o f  th e  e x p e c te d  in ju r y  and d e a th . Be
ca u se  s t r i p  m ining and open p i t  m in ing are  much s a f e r  than underground  
m in in g , th e  c o n tr ib u t io n  from m ining in ju r y  and d ea th  depends s t r o n g ly  
on th e  amounts o f  s t r i p  and underground m ining done. Here i t  was a s 
sumed th a t  501 o f  th e  annual c o a l  o r  uranium  ore  tonnage was from u n d er
ground m in ing and 501 from s t r i p  or  open p i t  m in in g .

T able  I I I .  E xp ected  Numbers o f  Annual I n j u r ie s  and Deaths 
due t o  O ccu p a tio n a l A c c id e n ts  p e r  1000 MWe P la n t  f o r  198Q F u e l C y c le s

C ycle
R uel 

P ro d u ctio n a
Power P la n t  
Op. § M ain t. T ra n sp o rtâ t io n T o ta l

A. In ju r y  (N o n fa ta l)  

C oal 41 1 .5 5 .2 48

O il 10 1 .5 1 .1 13

PWR 5 .2 1 .3 0 .0 4 2 6 .5

B. Death

Coal 0 .9 8 0 .0 3 7 0 .0 5 5 1 .1

O il 0 .1 1 0 .0 3 7 0 .0 3 0 0 .1 8

PWR 0 ,1 0 0 .0 1 1 0 .0 0 1 7 0 .1 1

^ o r  c o a l ,  t h i s  c a te g o r y  in c lu d e s  m in ing  and p r e p a r a t io n . For o i l ,  i t  
in c lu d e s  p ro d u ctio n  and r e f i n i n g .  For PWR, i t  in c lu d e s  a l l  s t e p s  from  
m in in g  through f u e l  e lem en t f a b r ic a t io n  and r e p r o c e s s in g .
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2 . A c c id en ts  In v o lv in g  th e  P u b lic

The p u b lic  i s  in v o lv e d  in  a c c id e n ts  w ith  v e h ic l e s  w h ich  are  t r a n s 
p o r t in g  c o a l  and n u c le a r  m a t e r ia ls . Departm ent o f  T r a n sp o r ta tio n  s t a t i s - 
t i c s  on r a i l  and tru ck  a c c id e n ts  w ere u sed  t o  e s t im a te  a c c id e n t a l  in ju r y  
and d ea th  f o r  th e  p u b l i c [ 4 7 ,4 8 ] . The e x p e c te d  numbers o f  p u b l ic  i n j u r i e s  
and d ea th s due t o  t r a n s p o r ta t io n  a c c id e n ts  f o r  1980 en erg y  system s a re:

C ycle In ju r y Death

Coal 1 .2 0 .5 5

LWR 0 .0 8 1 0 .0 0 8 7

N ote th a n  in  th e  c o a l  f u e l  c y c l e ,  where th e  t r a n s p o r ta t io n  i s  a l l  by r a i l ,  
th e  p u b lic  s u f f e r s  a  much g r e a te r  p r o p o r tio n  o f  f a t a l  a c c id e n ts  th an  do 
o c c u p a tio n a l p e r s o n n e l . T h is  i s  a  r e f l e c t i o n  o f  th e  f a c t  t h a t  m ost r a i l  
a c c id e n ts  in v o lv in g  th e  p u b lic  are  a t  grade c r o s s in g s .

D. A ir  P o l lu t io n  Exposure

1. D ose-R esponse F u n ctio n s and P o p u la tio n  Exposure

In  c o n tr a s t  to  r a d ia t io n  e x p o su re , d o se -r e sp o n se  fu n c t io n s  f o r  a i r  
p o l lu t io n  are o b ta in e d  from  s t u d ie s  o f  human p o p u la t io n  r e sp o n se  t o  e n 
v iro n m en ta l l e v e l s .  B ecause o f  th e  la c k  o f  lo n g -term  d a ta  on p o l lu t io n  
l e v e l s  e x ten d in g  o v er  many y e a r s ,  d o se -r e sp o n se  s t u d ie s  have fo c u se d  on 
th e  e f f e c t s  o f  in c re m en ta l e x p o su re s . For exam ple, a  number o f  s t u d ie s  
have sou gh t t o  d eterm in e  th e  e x c e s s  d ea th s c o in c id e n t  w ith  one day o f  
a d d it io n a l  ex p osu re  t o  urban a i r  p o l l u t i o n [ 4 9 - 5 2 ] . S in c e  t h e s e  s t u d ie s  
accou nt o n ly  f o r  a c u te  r e s p o n s e ,  th e  lo n g -term  resp o n se  to  a i r  p o l lu t a n t s  
i s  n o t  e s t a b l i s h e d  by su ch  e f f e c t ;  t h e r e f o r e ,  th e y  p ro b a b ly  u n d erestim a te  
th e  t o t a l  e f f e c t s  o f  a i r  p o l lu t io n .

A number o f  d o se -r e sp o n se  e s t im a te s  have been  made u s in g  v a r io u s  
p o l lu t a n t s  as in d ic e s  o f  a i r  p o l lu t io n  l e v e l I 4 9 - 6 4 ] . The r e la t io n s h ip s  
do n o t  im ply t h a t  th e  s p e c i f i c  su b s ta n c e s  u sed  as in d ic e s  ca u se  i l l  
h e a l t h .  For exam ple, by s tu d y in g  th e  m o r ta l i t y  in  89 c i t i e s  in  r e l a t io n  
t o  avera g e  p o l lu t io n  l e v e l s  in  19 6 9 , Lave and Freeburg f in d  t h a t  th e  
annual a d d it io n a l  d ea th s  f o r  each  a d d it io n a l  yg/m 3 o f  S02 i s  3 .9  p er  
m il l i o n  p erso n s  ex p o sed  and fo r  each  yg/m 3 o f  p a r t i c u la t e s  i s  8 .5 /1 0 6 
p e o p le .  G la s se r  and G reenburg[49] q u ote  an a d d it io n a l  10-20  d e a th s /d a y  
in  New York C ity  on days when th e  S02 c o n c e n tr a t io n  i s  above 0 .4  ppm com
pared  w ith  days when i t  i s  below  0 .2  ppm. In  th e  range betw een  0 .2  and
0 .4  ppm th e  e x c e s s  d ea th  r a t e  i s  l in e a r  w ith  S02 c o n c e n tr a t io n . B u ech ley  
e t  a l . [ 5 1 ] ,  f in d  an a d d it io n a l  14 d ea th s  in  th e  New York--New J e r s e y  
m e tr o p o lis  on days w ith  S02 c o n c e n tr a t io n  g r e a te r  than  500 yg/m 3 as com
p ared  w ith  days w ith  S02 c o n c e n tr a t io n s  l e s s  th an  30 yg/m 3 . Over th e  
range o f  30 yg/m 3 t o  1300 yg/m 3 th e  r e la t io n s h ip  i s  a p p ro x im a te ly  l in e a r  
in  th e  lo g a r ith m  o f  S 0 2 c o n c e n tr a t io n .

The a i r  p o l lu t io n  l e v e l s  on w hich  d o se -r e sp o n se  r e la t io n s h ip s  are  
b a sed  are u s u a l ly  m easured a t  o n ly  one o r  a few  lo c a t io n s  in  la r g e  urban  
a rea s and th u s do n o t  r e p r e se n t  avera g e  p o p u la t io n  ex p o su re . To make an 
a c cu ra te  e s t im a te  o f  th e  h e a lth  e f f e c t s  from power p la n t  o p e r a t io n  th e  
e f f e c t  o f  th e  e m is s io n s  on th e  c o n c e n tr a t io n s  o f  th e  in d ex  p o l lu t a n t s  a t  
th e  m o n ito r in g  s t a t i o n s  sh o u ld  be d eterm in ed . T h is r e q u ir e s  a  m odel
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w hich a cco u n ts fo r  p la n t  s i t i n g ,  p o l lu t a n t  tr a n sp o r t  and ch em ica l r e 
a c t io n s  betw een th e  e m is s io n s  and p o l lu t a n t s  from o th e r  so u r c e s  w hich  
a re  p r e se n t  in  th e  a i r .

S tu d ie s  w hich compare f o s s i l  and n u c le a r  p la n ts  have n o t  em ployed  
such m odelin g  t o  d a te .  In stea d ', rough com parisons have been  made o f  
e f f e c t s  from th e  two ty p e s  o f  p la n t s .  For exam ple, S ta r r  e t  a l [6 2 ] ,  
e s t im a te  th a t  60 tim es as many d ea th s  w ould be ca u sed  by an o i l - f i r e d  
p la n t  o p e r a tin g  a t  th e  r e g u la te d  exposu re  l im i t s  as by a  PWR p la n t  o p e r 
a t in g  a t  th e  l im i t s .  Lave and F reeb urg[53] e s t im a te  th a t  an o i l - f i r e d  
p la n t  w ould produce betw een 2300 and 3 9 ,0 0 0  tim es more d ea th s  th an  a 
PWR p la n t  o p e r a tin g  a t  th e  same s i t e ,  dependent on th e  s u lf u r  c o n te n t  o f  
th e  o i l  and th e  amount o f  s u lf u r  rem oval from th e  s ta c k  g a s .

As a  s im p le  m odel w hich g iv e s  in s ig h t  in to ' th e  r e l a t i v e  e f f e c t  o f  
f o s s i l  and LWR c y c l e s ,  we assum ed t h a t  a c o a l - f i r e d  p la n t  and a combined  
LWR r e a c to r  and r e p r o c e s s in g  p la n t  w ere o p e r a tin g  on th e  same s i t e  (In d ia n  
P o in t)  n ea r  New York C ity .  The same a tm o sp h eric  c o n d it io n s  w ere assumed 
fo r  b o th  n u c le a r  and c o a l - f i r e d  p la n t  r e l e a s e s  and a i r  c o n c e n tr a t io n s  
w ere computed a s a fu n c t io n  o f  d is ta n c e  from th e  s i t e .  The S02 co n cen 
t r a t io n s  in  m id-M anhattan, th e  approxim ate lo c a t io n  o f  th e  m o n ito r in g  
s t a t i o n  from  w hich  S02 d a ta  w ere ta k en  f o r  th e  B u ech ley  e t  a l . and 
G la sse r  and Greenburg s t u d i e s ,  w ere u sed  t o  e s t im a te  m o r ta l i t y .  The d o se -  
r esp o n se  fu n c t io n  b a sed  on th e  B u ech ley  e t  a l .  s tu d y  p r e d ic t s  0 .2  d eath s  
p e r  m i l l i o n  exp o sed  p e o p le  due t o  one y ea r  o f  th e  p la n t  o p e r a t io n , and th e  
fu n c t io n  from th e  G la sse r  and Greenburg s tu d y  p r e d ic t s  a  f i v e - f o l d  g r e a te r  
v a lu e . V a lu es in  t h i s  range can be compared w ith  a p r e d ic t io n  o f  0 .0 0 0 4  
p e r  m i l l i o n  in h a b ita n ts  w ith in  50 m i le s  o f  a  combined n u c le a r  power and 
f u e l  p r o c e s s in g  p la n t  fo r  one y e a r  o f  o p e r a t io n  (a irb o rn e  e m is s io n s  o n l y ) . 
T hus, th e  c o a l  p la n t  produ ces 500 t o  2500 tim es a s many d ea th s as th e  LWR 
com bined p la n t .  S in ce  S02 r e l e a s e s  are  n e a r ly  th e  same f o r  th e  o i l - f i r e d  
p la n t  as f o r  th e  c o a l  p la n t ,  th e  r e l a t iv e  d ea th s would be a p p rox im ate ly  
th e  sam e. T his n e g le c t s  d ea th s  w hich occu r o u t s id e  o f  th e  New York C ity  
a r ea .

These th r e e  e s t im a te s  a l l  p r e d ic t  t h a t  th e  m o r ta l i t y  from  a f o s s i l  
p la n t  i s  much g r e a te r  th an  th e  m o r ta l i ty  from a n u c le a r  p la n t ,  under  
norm al o p e r a tin g  c o n d it io n s .  None o f  th e  m odels i s  w e l l  founded enough, 
how ever, t o  c o n f id e n t ly  e s t im a te  f o s s i l - p l a n t  m o r ta l i t y .  N e v e r th e le s s ,  
i t  appears th a t  f o s s i l - p l a n t  h e a lth  e f f e c t s  may be la r g e .

2 . Coal Dust Exposure

C oal m iners s u f f e r  from  c o a l  w orkers p n eu m o co n io s is , or  b la c k  lung  
d i s e a s e ,  as a  r e s u l t  o f  in h a la t io n  o f  c o a l  and o th e r  m ine d u sts  in  th e  
r e s p ir a b le  p a r t i c l e - s i z e  ra n g e . The d is e a s e  has s e v e r a l  s t a g e s ,  th e  m ost 
s e v e r e  o f  w h ic h , p r o g r e s s iv e  m a ss iv e  f i b r o s i s ,  le a d s  to  d i s a b i l i t y  and 
d e a th . In  p a s t  y e a r s  about 0.2% o f  th e 'm in e r  work f o r c e ,  o r  200 t o  300 
m in e rs , has become t o t a l l y  d is a b le d  each  y e a r  from p r o g r e s s iv e  m a ssiv e  
f i b r o s i s  [6 5 ] .  As a  r e s u l t  o f  th e  F ed era l Coal Mine H e a lth  and S a fe ty  A ct 
o f  1 9 6 9 [6 6 ] , a i r  c o n c e n tr a t io n s  are  b e in g  reduced  in  c o a l  m in e s , and by  
th e  end o f  1975 a  r e s p ir a b le  d u st l im i t  o f  2 mg/m3 w i l l  be in  e f f e c t  
th rou gh ou t th e  co u n try . I t  i s  b e l ie v e d  th a t  t h i r t y - f i v e  y e a rs  o f  exposu re  
a t  t h i s  l im i t  w i l l  produce a t  w o rst c a te g o r y  1 o f  s im p le  p n eu m o co n io s is , 
a m ild  n o n p r o g re ss iv e  form o f  th e  d i s e a s e ,  and w i l l  r a r e ly  ca u se  p r o g r e s 
s io n  o f  e x i s t in g  d i s e a s e [6 7 ] .  T hus, fo r  th e  1980 c o a l  f u e l  c y c le  i t  
appears t h a t  th e r e  w i l l  b e  l i t t l e  or  no e x c e s s  m o r ta l i t y  from b la c k  lu n g  
d is e a s e  in  m in ers .
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T able IV. Man-days L o st p e r  D eath , In ju ry  and G en etic  Death

A. D eath: 6000

B. In ju ry

System
F uel

P ro d u ctio n
Power P la n t  
Op. Ç M ain t.

T r a n sp o r ta tio n 3- 
O ccu p a tio n a l P u b lic

Coal 60 83 50 200

O il 50 83 38 -

PWR 50 32 50 120

C. G en etic d ea th : 2000

^ o r  c o a l ,  t r a n s p o r ta t io n  i s  a l l  by r a i l .  For o i l ,  t r a n s p o r ta t io n  i s  by  
p ip e l in e  and ta n k e r . For LWR 90% o f  t r a n s p o r ta t io n  m ile a g e  i s  by tr u c k ,

E. M an-days L o st p e r  In ju r y , Death and G en etic  Death

The Am erican N a tio n a l Standard I n s t i t u t e  recom m endation o f  6000 man- 
days l o s t  p e r  d eath  was u sed  in  our w ork[6 8 ] .  A verage man-days l o s t  p e r  
in ju r y  w ere computed from s t a t i s t i c s  on t o t a l  man-days l o s t  f o r  b o th  f a t a l  
and n o n fa ta l  i n j u r i e s ,  b y  s u b tr a c t in g  o u t th e  c o n tr ib u t io n  from f a t a l i t i e s  
and a v era g in g  th e  rem ainder o v e r  a l l  i n j u r i e s .  T h is was done f o r  each  
component in  th e  f u e l  c y c le  and fo r  tr a n s p o r ta t io n .  The numbers o f  man- 
days l o s t  f o r  d e a th , and fo r  in ju r y  in  th e  f u e l  p r o d u c tio n , power p la n t  
o p e r a t io n  and m ain ten a n ce , and t r a n s p o r ta t io n  c a t e g o r ie s  f o r  c o a l ,  o i l  
and PWR f u e l  c y c le s  a r e  g iv e n  in  T able  IV.

The number o f  man-days l o s t  p e r  g e n e t ic  d eath  was d eterm ined  by  
f i r s t  e s t im a t in g  th e  d o l la r  c o s t  p e r  g e n e t ic  d ea th  and th en  tra n sfo rm in g  
t h i s  in t o  tim e l o s t  through th e  u se  o f  th e  d o l la r  c o s t  p e r  man-day l o s t .  
The number o f  g e n e t ic  d e a th s  p e r  m i l l i o n  r e c o g n iz e d  p reg n a n c ies [6 9 J  was 
e s t im a te d  t o  be 1 5 0 ,0 0 0  and th u s we e x p e c t  6 0 0 ,0 0 0  g e n e t ic  d ea th s  f o r  th e  
a p p ro x im a te ly  4 ,0 0 0 ,0 0 0  r e c o g n iz e d  p r e g n a n c ie s  in  th e  U. S . p e r  y e a r .
U sin g  L e d e r b e r g 's [70] e s t im a te  th a t  201 o f  th e  annual U. S . h e a l t h  b i l l  
o f  $ 8 0 ,0 0 0 ,0 0 0 ,0 0 0  i s  o f  g e n e t ic  o r ig in  we f ig u r e  about $ 2 7 ,0 0 0  p e r  g e n e 
t i c  d ea th  in  th e  l a t e  1 9 6 0 ' s  and e a r ly  1 9 7 0 ' s .  E s c a la t in g  t h i s  t o  account 
f o r  th e  r a p id ly  r i s in g  m ed ica l c o s t s  and assum ing th e  v a lu e  o f  l o s t  work  
tim e  t o  eq u a l th e  m ed ica l c o s t ,  we c a lc u la t e d  a  v a lu e  o f  $ 1 0 0 ,0 0 0  p er  
g e n e t ic  d eath  f o r  19 8 0 . We e s t im a te d  th e  v a lu e  o f  a man-day l o s t  in  1980 
a t  $50 . The d i v i s i o n  o f  th e  d o l la r  v a lu e  o f  g e n e t ic  death; by t h i s  f ig u r e  
y ie ld e d  th e  v a lu e  o f  2000 m an-days l o s t  p e r  g e n e t ic  d ea th  w hich  we u sed .
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T able V. Man-days L o st in  th e  1000rMWe Energy System s f o r  1980

bWR Coal O il

In te r n a l
P u b lic  i n j u r i e s  in  t r a n s p o r ta t io n 30 1750 -
O ccu p ation a l

A c c id e n ts 490 4620 860
Chronic d is e a s e s 280 S S

T o ta l in t e r n a l  m an-days l o s t 800 6370 860

E x te rn a l
P u b lic

T r a n sp o r ta tio n  a c c id e n ts 30 1750 ■ -
D ise a se  m o r ta l i ty 200 L L
G en etic  e f f e c t s 320 U U

O ccu p a tio n a l
A c c id en ts 490 4620 860
D ise a se  m o r ta l i ty 280 S S
G en etic  e f f e c t s 1080 U U

T o ta l e x te r n a l  m an-days l o s t 2400 6370 860

T o ta l man-days l o s t  (rounded) 3200 13000 1700

L = p o ss ib ly  v e ry  la r g e  
S=sm all 
U =unevaluated  
— ap p ro x im a te ly  zero
B a s is :  6 .6  x 109 kWh/yr o u tp u t from sy stem

Above in fo r m a tio n  summarized a c co r d in g  t o  c la s s  o f  p e o p le

P u b lic  im pact 580 3500 - -
O ccu p a tio n a l im pact 2620 9240 1760

V. R e su lts  and O b serv a tio n s

The r e s u l t s  o f  th e  stu d y  and th e  o b s e r v a t io n s  made d u rin g  th e  stu d y  
are  m in g led  b eca u se  o f  a n a tu r a l  l in k in g  o f  ea ch ; how ever, th e  r ea d er  sh ou ld  
c o n s id e r  th e  l im i t a t io n s  o f  th e  stu d y  and th e  im portance o f  p e r s p e c t iv e  
in  in t e r p r e t in g  th e  in fo r m a tio n  p r e se n te d  h e r e in .  T ab le  V sum m arizes and 
c l a s s i f i e s  th e  h e a l t h  im pacts f o r  th e  th r e e  en ergy  sy s tem s . The fo l lo w in g  
d is c u s s io n  w i l l  p e r ta in  m a in ly  t o  c o a l  and n u c le a r  en ergy  system s b eca u se  
o i l  sy stem  i s  n o t  a  v ia b le  a l t e r n a t iv e  in  th e  U. S .

1 . On th e  b a s i s  o f  th e  a c c id e n ta l  in ju r y  arid death  c a te g o r y  a lo n e ,  a  
g r e a te r  im pact i s  a s s o c ia t e d  w ith  th e  c o a l  en ergy  system  th an  w ith  th e  
t o t a l  o f  a l l  c a t e g o r ie s  fo r  e i t h e r  o f  th e  o th e r  two en ergy  system s g iv e n  
in  T ab le  V.

2 . For th e  n u c le a r  sy s tem , th e  predom inant c o n tr ib u t io n  t o  h e a lth  
and a c c id e n t  im pacts comes from  th e  e f f e c t s  on em ployees and t h e i r  progeny
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and n o t  from  th e  e f f e c t s  on th e  p u b lic  a t  la r g e .  Perhaps s o c i e t y  i s  n o t  
s u f f i c i e n t l y  em ph asiz in g  t h i s  a sp e c t  o f  th e  h e a lth  problem  in  our e x p e n d i
tu r e  o f  e f f o r t .

3 . The h e a lth  e f f e c t s  are  b u t one p a r t  in  th e  b a la n c in g  o f  c o s t s  and 
b e n e f i t s  in  m an's s o c i a l  a c t i v i t i e s  f o r  th e  g e n e r a t in g  and u se  o f  e l e c t r i 
c a l  en erg y . The th r u s t  o f  governm ent and in d u s tr y  has b een  tow ards more 
abatem ent equipm ent and im proved o p e r a t io n a l  p roced u res in  th e  g e n e r a tio n  
o f  e l e c t r i c a l  en erg y ; th e  c o s t - b e n e f i t  b a la n c in g  in d ic a t e s  th a t  some o f  
t h i s  th r u s t  has a p p a ren tly  been  j u s t i f i e d  to  red uce im pact t o  th e  i n d i v i 
d u a l. The g u id e l in e s  fo r  e s t a b l i s h in g  a llo w a b le  c o s t s  are  n o t  c le a r .

The a g e -o ld  q u e s t io n  reap p ears . . . How im portant t o  s o c i e t y  i s  a 
sh o rten ed  l i f e  o r  one w ith  in c r e a se d  m orb id ity ?

4 . H ea lth  e f f e c t s  due t o  g e n e r a tin g  p la n t  e m is s io n s  f o r  f o s s i l -  
fu e le d  en erg y  sy stem s are  d i f f i c u l t  t o  q u a n tify  e i t h e r  in  term s o f  e f f e c t s  
f o r  s p e c i f i c  p o l lu t a n t s  o r  c o l l e c t i v e  e f f e c t s .  A com parison o f  th e  c o a l  
and n u c le a r  p la n t  a l t e r n a t iv e s  f o r  th e  U. S . does n o t  s u f f e r  from t h i s  
la c k  o f  q u a n t i f i c a t io n  b e c a u se  n u c le a r  p la n ts  appear t o  have low er s o c i a l  
c o s t s  th an  th e  c o a l - f i r e d  p la n t s ,  w ith o u t in c lu d in g  t h i s  f o s s i l  p la n t  
p e n a lty  (th e  ad v erse  im pacts from th e s e  e m is s io n s ) ; how ever, as b e t t e r  
m odels f o r  h e a lth  im pacts from s to r a g e  o f  r a d io a c t iv e  w a s te s  and fo r  
p r o b a b i l i t y  e s t im a te s  o f  th e  la r g e  n u c le a r  a c c id e n t  became a v a i la b le ,  
n u c le a r  p la n t  p o t e n t ia l  im pacts m ight in c r e a se  and a  knowledge o f  th e  
m agnitude o f  t h i s  p e n a lty  m ight be r e q u ir e d . From th e  in fo rm a tio n  p r e 
s e n te d  h e r e in  th e  p e n a lty  i s  s i g n i f i c a n t .  In  an a b s o lu te  s e n s e ,  th e  
g a th e r in g  o f  in fo r m a tio n  f o r  h e a lth  im pacts from f o s s i l - t y p e  en erg y  system  
i s  more e s s e n t i a l  b eca u se  o f  th e  la r g e  number o f  su ch  p la n ts  in  o p e r a tio n  
and f o r  th e  u se  o f  such  p la n ts  in  n o n -b a se - lo a d  e l e c t r i c a l  en erg y  g e n e r a t io n .
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D I S C U S S I O N

D . B E N IN SO N : Y o u r  a s s e s s m e n t ' o f  th e  g e n e t ic  c o n tr ib u t io n  ta k e s  in to  
a c c o u n t  a l l  g e n e t ic  d e a t h s ,  m o s t  o f  w h ic h  c o r r e s p o n d  to  f a i lu r e  to  im p la n t  
and n o t to  d i s e a s e  o r  d e a th  c a u s in g  s o c i a l  c o s t .  C o u n tin g  o n ly  t h o s e  e f f e c t s  
w h ic h  c a u s e  s o c ia l  c o s t s  w o u ld  s u b s t a n t ia l ly  r e d u c e  th e  e n t r y  fo r  g e n e t ic  
e f f e c t s .

K. A . H U B : W e a t te m p te d  to  e s t im a t e  th e  s o c i a l  c o s t s  o f  g e n e t ic  
e f f e c t s  b y  b a s in g  th e  c o s t  on  v a lu e s  u s e d  b y  L e d e r b e r g  in  R e f .  [7 0 ] .

D . B E N IN SO N : In v ie w  o f  the lo n g  la te n t  p e r io d ,  th e  v a lu e  o f  6 0 0 0  d a y s  
p e r  d e a th  i s  p r o b a b ly  to o  p e s s i m i s t i c  in  th e  c a s e  o f  r a d ia t io n  e f f e c t s .  W ould  
y o u  a g r e e  w ith  th is ?

K. A . H UB: Y e s .  T h e  n e e d  fo r  im p r o v e d  v a lu e s  fo r  th e  v a r io u s  c l a s s e s  
o f  m o r t a l i t y  i s  p o in te d  o u t in  R e f s  [1] and [2 ].

W . D . RO W E: D id  y o u r  f ig u r e s  fo r  c o a l  e f f lu e n t s  ta k e  a c c o u n t  o f  th e  
e m is s i o n  c o n t r o ls  w h ic h  w i l l  b e  r e q u ir e d  b y  E P A  a ro u n d  1980?

K. A . H UB: Y e s .
J .G .  H E B E R T : Y ou  s a y  th a t y o u  w e r e  u n a b le  to  ta k e  a c c o u n t  o f  th e

g e n e t ic  e f f e c t  o f  a tm o s p h e r ic  c o n ta m in a n ts  r e l e a s e d  b y  c o a l - f i r e d  and o i l -  
f i r e d  p o w e r  s t a t io n s  o w in g  to  la c k  o f  d a ta , and y o u r  T a b le  V c o n ta in s  a  
g e n e t ic  e f f e c t  e n tr y  (a r e l a t iv e l y  s u b s ta n t ia l  o n e )  o n ly  in  r e s p e c t  o f  n u c le a r  
s t a t io n s .  It i s  w o r th  n o t in g  th a t  in  th e  c a s e  o f  c o a l - f i r e d  s t a t io n s  a n y  
id e n t i f ie d  g e n e t ic  e f f e c t s  o f  th e  c o n ta m in a n ts  r e l e a s e d  w i l l  fu r th e r  i n c r e a s e  
th e  gap b e tw e e n  c o a l  and LW R m a n -d a y  l o s s e s ,  w h ile  in  th e  c a s e  o f  o i l -  
f ir e d  s t a t io n s  th e y  w o u ld  b r in g  th e  o i l  f ig u r e  up c lo s e r  to  L W R . T h u s a n y  
r e f in e m e n t  o f  th e  d a ta  w o u ld  m o d ify  th e  c o m p a r is o n  in  fa v o u r  o f n u c le a r .

F .D .  SO W BY: H a v e  y o u  a n y  in fo r m a t io n  abou t th e  h e a lth  e f f e c t s  
r e s u l t in g  f r o m  th e  u s e  o f  n a tu r a l  g a s?

K. A . H U B : T h e  S o c ia l  C o s t s  S tu d y  d id  c o n s id e r  a  n a tu r a l  g a s  e n e r g y  
s y s t e m ,  but w e d id  n o t  q u a n tify  g a s  e x p lo s io n s .  I w o u ld  r e f e r  y o u  in  th is  
c o n n e c t io n  to  R e f s  [1] and [2] o f  th e  p a p e r .

J . C. V IL L F O R T H  (C h a ir m a n ): H a v e  y o u  e s t im a te d  th e  im p a c t  o f  
th e  r e d u c t io n  in  a c c id e n t s  and o c c u p a t io n a l  d i s e a s e  in  c o a l  m in e s  r e s u l t in g  
f r o m  th e  C o a l W o r k e r s  H e a lth  and S a fe ty  A c t?  If t h i s  A c t  i s  e f f e c t iv e ,  
i t  w i l l  c e r t a in ly  r e d u c e  th e  n u m b e r  o f  l i v e s  l o s t  in  c o a l  m in e s .

K. A . H UB: T h e  in f lu e n c e  o f  th e  C o a l W o r k e r s  H ea lth  and S a fe ty  A c t  
w a s  in d e e d  c o n s id e r e d  in  th e  s tu d y . I 'm  n o t  s u r e  w h at e f f e c t  t h i s  A c t  w i l l  
h a v e  on  a c c id e n t s  p e r  ton  o f  c o a l ,  b e c a u s e  m in in g  p r o d u c t iv ity  d e c r e a s e s  
w ith  th e  n e w  s ta n d a r d s . A t a l l  e v e n t s ,  a c c id e n t s  m a y  b e  e x p e c te d  to  
d e c r e a s e  in  n u m b e r , and i t  i s  a n t ic ip a te d  th a t  su c h  th in g s  a s  p r o g r e s s i v e  
m a s s iv e  f i b r o s i s  w i l l  d is a p p e a r .
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Abstract

TRANSFER OF RADIONUCLIDES TO  MAN THROUGH ENVIRONMENTAL PATHWAYS.
The m ost w idely  ac cep te d  m ethod  in cu rren t use for the ev a lu a tio n  o f  en v iro n m en ta l im p a c t from 

re leases  o f  ra d io a c tiv ity  th a t m ay  cause  hum an  rad ia tio n  exposure used an en v iro n m en ta l pa thw ay  m ode l.
T he m ore im p o rtan t aspects o f  the  m o d e l invo lve th e  use o f  c r i t ic a l  pathw ay  techn iques  to  set contro ls on the  
re leases  o f  ra d io ac tiv e  m a te r ia l to  the en v iro n m en t and to  assess th e  hum an  rad ia tio n  exposure arising as a 
consequence .

T h e  basic  concep ts  o f  th e  e n v iro n m en ta l pa thw ay  m o d e l and its ap p lica tio n  are d iscussed . T he m ode l 
depends on ach iev ing  an understand ing  o f  rad io n u c lid e  behav iour in  th e  e n v iro n m en t, from  the  m o m en t o f 
re lea se  up to  the  t im e  w hen c o n tam in a tio n  results in  rad ia tio n  exposure to  the  p u b lic . Exposure m a y  b e  as a 
resu lt o f  c o n tam in a ted  m a te r ia l en te rin g  th e  body — as a ir , w a te r or a foodstuff; a l te rn a t iv e ly , i t  m ay  be due 
to  rad ia tio n  whose source is e x te rn a l to  the  body. For e a c h  o f  these  types o f  exposure p athw ay  th e  sequence 
o f  even ts ca n  b e  d iv ided  up in to  a num ber o f  co m p artm en ts , be tw een  w hich  transfer tak es  p la c e . T ransfer 
a long  th e  pathw ay  is a d y nam ic  process and ca n  b e  described  m a th e m a tic a lly  in  te rm s o f  transfer functions 
b e tw e en  in te rac tin g  co m p artm en ts . A lte rn a tiv e ly , for the  s itua tion  o f  a reg u la r d ischarge  re su lting  in  a 
s te a d y -s ta te  cond ition  th e  re la tio n sh ip  be tw een  co m p artm en ts  ca n  be expressed as a 'c o n c e n tra tio n  factor*. 
T h e  deriv a tio n  o f  bo th  o f  the se  te rm s is described  and  som e aspects o f  th e ir  use are  discussed.

T h e  paper then  goes on to  discuss th e  types o f  en v iro n m en ta l pa thw ay  th a t are enco u n te red  as a resu lt 
o f  re lea se  o f  rad ionuc lides  to  th e  atm ospheric  and aq u a tic  env ironm en ts. D isposal to  th e  ground is regarded  
as a sp ec ia l ca se  o f re lea se  to  th e  aq u a tic  env iro n m en t. S om e o f  th e  l i te ra tu re  on  th e  sub jec t is rev iew ed  in  
discussing th e  b e tte r  known pathw ays showing w h a t, to  d a te , have b ee n  th e  m ost im p o rtan t m echan ism s o f 
transfer o f  rad ionuclides  to  m an .

1. INTRODUCTION

Concern at rad iation  exp osu re  cau sed  by the p r e se n c e  o f m an-m ad e ra d io 
a ctiv ity  in  the environm ent has led  in cre a sin g ly  to a need  fo r  m ethods to evaluate  
the co n seq u en ces o f su ch  r e le a s e s .  The f ir s t  r e le a s e s  o f a r t if ic ia l rad ioactiv ity  
to have environm ental im pact on a la rg e  s c a le  w ere  from  the detonation of n u clear  
w eapons, and the quantity p resen t in  the b iosp h ere  a s a r e su lt  s t i l l  fa r  e x ce ed s  the 
total am ount from  con tro lled  d isp o sa l o p eration s, though it i s  now fa ir ly  even ly  
distr ibu ted  and i t s  contribution to  radiation exp osu re  o f an a v era g e  individual i s  
sm a ll com pared w ith  exp osu re  from  natural s o u r c e s W .  E xp erien ce  gained from  
m easu rin g  fa llou t has m ade an invaluable contribution to our knowledge of en v iro n 
m ental tr a n sfe r  m ech a n ism s and has generated  a  co n sid erab le  s to r e  of inform ation  
w hich has been supplem ented by data from  the co n tro lled  d isp o sa l o f  rad ioactive  
m a ter ia ls .
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The production of la rg e  quantities o f w a ste  rad ioactiv ity  i s  an inevitab le co n 
sequ en ce of the u se  of nuclear en ergy , and although the v a s t  m ajority  o f th ese  
w a s te s  can be sto red  to decay aw ay, e ffec tiv e ly  iso la ted  from  human contact, c o m 
p le te  avoidance of d isp o sa l to  the environm ent is  neith er  a req u irem en t nor a 
pra ctica b le  p o ss ib ility . A m ean s of evaluating the co n seq u en ces of contro lled  
r e le a s e  o f rad ioactive  w a ste  i s  th erefo re  n e c e s sa r y  and i s  o f p articu lar  im portance  
to  the econ om ic exp loitation  of nu clear  energy , fo r  without it  s tep s  m ight be taken, 
at co n sid erab le  and u n n ecessa ry  exp en se , to reduce d isch a rg es  to far  lo w er  le v e ls  
than c o s t - r is k  con sid era tio n s would m e r it . A so lu tion  has been  provided by the 
developm ent of environm ental pathway m o d e ls , b ased  on a knowledge of the behav
iour of rad ionu clid es a s  they m ove through the environm ent. One of the m ajor  
fea tu res o f such  m o d els l i e s  in the u se  of c r it ic a l pathway te c h n iq u e s^ , з ]  to se t  
co n tro ls  on r e le a s e s  o f rad ioactive  m a ter ia l to the environm ent. M odels u sed  in 
th is  way provide a d irec t b a s is  for  d e c is io n s  regard in g  the in sta lla tion  of plant and 
equipm ent to  r e s tr ic t  d isc h a r g e s . In addition, environm ental pathway m od ellin g  
has an im portant part to play in evaluating the p o ss ib le  co n seq u en ces of nuclear  
a c c id e n ts W  and thus in decid in g  the nature and sc a le  of contingency planning  
req uired  to cope w ith em ergen cy  á ituatións.

T his paper is  concerned  w ith the tr a n sfe r  o f rad ionu clid es through en v iro n 
m ental pathways w hich cu lm inate in  radiation exp osu re  of hum ans and human 
populations ('exp osure pathw ays'), s in ce  in settin g  co n tro ls on rad ioactive  w aste  
d isp o sa l, it  has gen era lly  been  found that the rad io lo g ica l hazard to environm ental 
r e so u r c e s  i s  o f a lo w er  o rd er  than that to hum an populations[ 5 ] . N e v er th e le ss , 
the concept of environm ental pathway m od els i s  equally app licab le to evaluation of 
the e ffe c ts  on r e so u r c e s .

2. THE ENVIRONMENTAL, EXPOSURE PATHWAY, MODEL .

2 .1 .  B a sic  concep ts

The b a s ic  concept o f the m odel is  that o f a sequentia l tra n sfer  p r o c e s s ,  
beginning w ith  the r e le a s e  of a radionuclide into the environm ent, and proceeding  
through a num ber of sta g e s  or  'com partm ents' through w hich the radionuclide m oves  
until it  r ea ch es  a m a ter ia l v ia  w hich the human population i s  exposed  to radiation. 
A m ongst the se v e ra l w ays in w hich pathways m ay be c la s s if ie d , perhaps the m ost  
fundam ental i s  accord in g  to w hether the so u rce  o f deposited  rad ioactiv ity  r e sp o n 
sib le  fo r  exposu re i s  e ith er  in ternal or  ex tern a l to the human body . Internal 
exposu re  o c cu rs  w hen rad ion u clid es are e ith er  inhaled o r  ingested , w h ilst external 
exposu re  is  due to rad ioactiv ity  in our surroundings.

F ig . 1 i s  a sim p lified  rep resen ta tion  of the m odel in b lock d iagram m atic  
form , each  of the b o x es sign ify in g  com partm ents, and the arrow s sign ify in g  tr a n s 
fe r  o f the radionuclide betw een them , w ith the exception  of the la s t  sta g e  in  each  
chain w hich i s  the irra d ia tio n  of m an. In p r a c tic e , pathways can often be broken  
down into many m ore sta g e s  than a re  d isp layed  in  F ig . 1, p r o c e s se s  w hich m ay 
d e sc r ib e  the true behaviour m ore faithfu lly , for  in stan ce the food cha in s (or food  
w ebs a s  they are  so m e tim e s called) which a re  involved  in internal exposu re path
w a ys. Although it can be profitab le  to exp lore  them  -  for  in stan ce , i f  knowledge 
of the m ech an ism  of the tra n sfer  p r o c e s s  is  d e s ir ed  -  a sim p lified  approach is  
u su a lly  quite adequate for  contro l p u rp o ses, p a rticu lar ly  when the o v era ll aim  in
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FIG. 1. C o m p a rtm e n ta l m ode l o f  an en v iro n m en ta l exposure pathw ay .

applying inform ation on th e se  tra n sfer  p r o c e s s e s  i s  to re la te  human radiation  
exposu re  to the rate  o f r e le a s e  of the resp o n s ib le  ra d io n u clid e(s). Indeed, som e  
pathways can be e x p r essed  quite adequately in v ery  s im p le  te r m s , su ch  a s  the 
r e le a s e  of a  liquid w a ste  to a r iv e r  w hich i s  a  so u rce  of drinking w a ter, and in f ish  
consum ption prob lem s it is  u su a lly  quite u n n ecessa ry  to understand the way in  
which activ ity  d isp er se d  in w ater en te rs  f ish , a p r o c e s s  w hich m ay be m ade up of 
se v e ra l com ponents, such  a s  sw allow ing  of w a ter , and entry through the g i lls  and 
through the food eaten .

The f ir s t  stage In a pathway w ill n o rm ally  be reco g n ized  a s  d ilution  into the  
rec e iv in g  environm ent, to be fo llow ed  by further d isp ers io n  before  tr a n sfe r  o ccu rs  
into p h ysica l o r  b io lo g ica l m a te r ia ls  further a long  the chain. In the c a se  o f a co n 
tro lled  r e le a s e  of a rad ionu clid e, d ilution  can be and often  i s  d e lib era te ly  enhanced  
so  a s  to m in im ize  the con cen trations which w ill be rea lized  in the m a te r ia ls  from  
w hich human radiation exp osu re  subsequently  o c cu rs . To th is  end, liquid  ra d io 
a ctiv e  w a s te s  at n u clear pow er sta tion s a re  diluted  into the la rg e  volum e o f coo lin g  
w ater  outflow , and r e le a s e s  to a tm osp here a re  d iluted w ith a ir . F urther ste p s  can  
be taken to en su re  subsequent d ilution a fter  r e le a s e  by jud icious po sitio n in g  o f the 
point o f r e le a s e . Natural d isp er s iv e  fo r c e s  can be em ployed  to  advantage, such  a s  
a ir  c u rren ts , by usin g  ta ll s ta c k s , o r  tida l fo r c e s , by u sin g  a lo n g  p ip elin e  into  
d eeper w ater.

R ep resen ted  at i t s  s im p le st , th erefo re , the ex p osu re  pathway m odel can be  
v isu a lize d  a s c o n s is tin g  o f th ree  sta g es:

(a) an input s ta g e , co m p ris in g  d ilu tio n /d isp er s io n  of the radionuclide  
into the r ec e iv in g  environm ent, from  w hich rad ioactiv ity  i s  d is t r i 
buted a long  perhaps m any pathways;

(b) a chain of ev en ts  through w hich the radionuclide p a s s e s ,  u ltim ately  
reach in g  the m a ter ia l w h ich  i s  the resp o n s ib le  v e h ic le  for  human  
radiation  exposure;

(c) the irrad ia tion  of m an from  in g ested  o r  inhaled m a ter ia l, o r  from  
m a ter ia l w h ich  i s  external to the body.
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T h is final stage  req u ires the derivation  of d o s im etr ic  m od els w hich, in the c a se  of 
in ternal exposu re pathw ays, m ust include the m etab o lism  of in gested  or inhaled  
nuclidesL 6 J. D o sim etry  m od els fo r  ex terna l exposu re a re  m uch s im p le r  and, 
u su a lly  on the b a s is  o f  un iform  exposu re, develop  the required  rela tion sh ip  from  
b a s ic  p h y sica l con cep ts o f g eom etry , rad iation  energy and attenuation by the  
m edium  through w hich the radiation  p a s se s  b efore  reaching  m an. In n e ith er  of 
th e se  c a s e s  i s  the p r o c e s s  a tr a n sfe r  o f a radionuclide; hence it i s  ou tsid e the 
rem it o f th is paper, w hich co n cen tra tes on the true radionuclide tra n sfer  p r o c e s s e s .

The im m ed iate  dilution w hich o ccu rs  on entry  of an effluent into the en v iron 
m ent w ill depend on m ainly p h ysica l fa c to r s . The p osition in g  of a p ip elin e it s e lf  
w ill be  im portant, a s  w e ll a s  the outlet v e lo c ity  o f the w a ste . F urther fa c to rs  
which w ill influence dilution at th is  ea r ly  stage  w ill be d ifferen ces  in tem p erature  
and d ensity  betw een  the efflu en ts and the w ater or a ir  m a ss e s  r ec e iv in g  them , 
togeth er  w ith the position  of the outlet point in  r e sp e c t  o f p a ra m eters such  a s  tidal 
cu rren ts , r iv e r  flow , wind sp eed , e tc .

The p a ra lle l situation  for rad ionu clid es introduced through burial o f so lid s  
or flow  o f liq u ids into the ground i s  the tra n sfer  into an aquifer or  other w a te r 
c o u r se . In the c a se  of liq u ids, in addition to ph ysica l fa c to rs such a s  the d istan ce  
w hich m ust be tra v elled  b efore  the radionuclide rea ch es  w ater  and the ad sorp tive  
c h a r a c te r is t ic s  o f the stra ta , som e ch em ica l c h a r a c te r is t ic s  w ill influence the  
tra n sfer  p r o c e s s  and a ffec t the d egree o f d ilution  obtained, and it is  m ainly c h e m i
ca l p ro p er tie s  w hich a ffec t the adsorp tive  p r o c e s s e s .  F o r  tr a n sfe r  to o ccu r  from  
buried so lid  w a ste , a leach in g  p r o c e s s  m ust be envisaged; th erea fter  the flow  of 
leach ed  activ ity  m ay be regarded  a s though it w a s a liquid efflu en t w hich had been  
r e le a se d  into ground. F ollow ing  the in itia l d iluting p r o c e s s , further d isp ersio n  
m ay o ccu r. A num ber of m od els have been  developed (ta ilored  to d ifferen t types  
of environm ent) to d e scr ib e  th ese  p r o c e s s e s ,  thereby enabling the rate  o f in troduc
tion  to be co rre la ted  w ith concen trations in w ater  or  a ir  at the sta g e  w h ere tra n sfer  
i s  about to  take p lace  into b iota  or  p h ysica l m a te r ia ls . T h ese  m o d els need  not be  
com plex; sim p le  conceptual m od els have u sually  been  found to be adequate, based  
on, for in stan ce , tidal ex cu rs io n s or ga u ssia n -p lu m e d istr ibu tion s in the 
a tm osp here.

The next stage  in v o lves the tra n sfer  from  w ater  or the atm osp here to a 
p h y sica l m a ter ia l (r iv e r /m a r in e  sed im ent, s o i l ,  e tc .)  or biota (crop s, fish , e tc .)  
and is  often d escr ib ed  a s a concentration  or reconcen tration  p r o c e s s .  T his term  
has com e into com m on u se  b eca u se  of the app lication  of th is type of m odel to 
w aste  d isp osa l control u s in g  c r it ic a l pathway tech n iques, for  an in c re a se  in con 
cen tration  betw een com partm ents often o c c u r s . T h is nom enclature is  perhaps a 
l it t le  unfortunate, for  there  a re  pathways w h ere e ith er  no change or even  a red u c
tion  in concentration  take p lace  but w here the u ltim ate human exposu re i s  s t i l l  high  
enough to w arrant identification  of the tr a n sfe r  p r o c e s s e s  lead in g  to it . In c o n se 
quence a  term  w hich is  m ore w idely  app licable would sim ply  b e  'tra n sfer'.

It is  at th is  stage  that m any pathways b ecom e m uch m ore com plex  than the 
sch em a tic  d iagram  of F ig . 1 su g g es ts . Q uite apart from  the com plex  m ech an ism  
along  anim al food cha in s lead in g  to a re so u r ce  exp loited  a s a human foodstuff, 
th ere  is  often  an in terp lay  betw een  p h ysica l m a ter ia ls  and b io ta . On the one hand 
th ere  m ay be com petition  -  fo r  in stan ce, betw een ph ysica l m a ter ia ls , su ch  a s  
estu a r in e  sed im ents!-7 J, and anim al or plant l ife  -  fo r  a c tiv ity  in the w ater m a ss
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w hich would o th erw ise  be a v a ila b le , w h ilst in  other c ir cu m sta n ce s  the sed im ent 
m ay provide a r e s e r v o ir  o f a c tiv ity  to be m etab o lized  by biota. The a tm o sp h e re /  
so il/p la n t  sequ en ce can be c ited  a s  an exam ple of th is  la tter  type of p r o c e s s ^  J.

T h e 'sch em e d escr ib ed  h ere  has been  evolved  p rim a rily  for w a s te s  d isp osed  
of d irec tly  to the a tm osp h eric  and aquatic environ m en ts. H ow ever, evaluation of  
rad ioactive  w a s te s  bu ried  in the ground, w hether in  liquid or so lid  form  in itia lly , 
can be accom m odated by the environm ental pathway m odel a s a sp ec ia l c a se  of 
the aquatic sy s tem . The usual aim  in d isp o sin g  of w a ste s  in th is  way i s  to en su re  

-.that they a re  iso la ted  from  human contact and rem ain  so  to a high d egree; the  
only conceivab le  m ea n s of entry  into an environm ental pathway lead in g  to human  
radiation exposu re would be v ia  contam ination of an aqu ifer or  other so u rce  o f  
w ater.

2 .2 .  M athem atical trea tm en t of the m odel

M ethods of evaluation of the environm ental pathway m odel depend v ery  much 
on the u se  to w hich it  i s  be ing  put, but a lso  on p erson a l a ttitudes and p r e fer en ce s .  
The problem  i s  very  d ifferen t, and obviously  m ore  d ifficu lt to so lv e , if  it  is  the 
im pact o f an event in the future w hich is  being  pred icted  a s  opposed to  evaluating  
the co n seq u en ces o f a r e le a s e  w hich has a lready occu rred . S tea d y -sta te  conditions, 
such a s  m ay occu r from  a continuing co n tro lled  r e le a s e  from  n u clear pow er o p era 
tion , p erm it so m e im portant s im p lif ic a tio n s , and provide a situation  w hich i s  
r e la tiv e ly  e a s ily  and a ccu ra te ly  pred icted  and th erefo re  produ ces a b a s is  for  p lan 
ning w a ste  d isp o sa l co n tro l. M ethods of so lu tion  w ill a lso  depend on the type of 
dose a s s e s sm e n t  required  -  fo r  exam ple, the d o se  r ece iv ed  by a p a rticu la r  in d iv i
dual o r  by a group of peop le , for  each  of w hich a  t im e  lim ita tion  i s  sp ec ifie d , or  
the so u r c e -r e la te d  d o se  com m itm ent to infin ite t im e , lim ited  only by rad ioactive  
decay u n le ss  som e tim e  qu alification  i s  introduced.

Coupled com partm ent m o d e ls , such a s  the one d isp layed  sch em a tica lly  in 
F ig . 1 but often w ith  m ore  com petin g  chains than a re  shown th ere , a re  am enable  
to a n a ly s is  by study of the tr a n sfe r  function betw een in teractin g  com partm ents.
With com plex  situ a tio n s , su ch  a s  a s s e s sm e n t  of the con seq u en ces of excavatin g  a 
new P a c ific -A tla n tic  o cean ic  canal w ith n u clear e x p lo s iv e s !  9 l , and the evaluation  
of the im pact o f  the grow th o f n u clea r  pow er in the Upper M iss iss ip p i R iver  
Basinl-lO J, a deta iled  sy s te m s  a n a ly s is  approach has been developed .

2 .2 .1 .  T ran sfer  functions

E x p ressed  at it s  s im p le st , the tra n sfer  o f rad ioactiv ity  from  one com p art
m ent to the next can be d escr ib ed  in term s of a tra n sfer  c o effic ien t, that i s  the  
fraction  of the rad ioactiv ity  w hich i s  tr a n sferred . A good exam ple of the d ev e lo p 
m ent and u se  of th is  approach i s  in the w ork of the United N ations S c ien tific  
C om m ittee on the E ffe c ts  of A tom ic R a d ia t io n tu ] ,  w hich estim a ted  exposu re  from  
w orld^wide fa llou t through m ainly agr icu ltu ra l pathw ays, a s  a  d o se  com m itm ent to 
the w orld  population.

In the UNSCEAR m ethod the sym bol P  r ep resen ts  the tr a n sfe r  co effic ien t, 
so  that Р ц  would sig n ify  the co effic ien t fo r  tra n sfer  from  com partm ent i to co m 
partm ent j .  Pjj r e p r e se n ts  the fraction  o f the radionuclide in  com partm ent i w hich
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rea ch es  com partm ent j; hence it  can n ever ex ceed  unity, and b eca u se  of ra d io 
a c tiv e  decay w ill n ever  quite equal it , though it m ay com e v ery  near to it for  
n u clid es of v ery  long h a lf- life  com pared  w ith  the rate  o f tra n sfer . B eca u se  there  
m ay be other tra n sfer  p r o c e s s e s  com peting fo r  the a ctiv ity  in  com partm ent i, Pjj 
m ay be m uch le s s  than unity, ind icating that th is  pathway is  of only m inor im p o r
ta n ce . In the UNSCEAR exam p le, Pjj i s  the ra tio  o f the in teg ra ls  to in fin ite  tim e  
of the am ounts in  the two com partm ents, s in ce  the C om m ittee w as concerned  to 
deduce the total dose  com m itm ent from  fa llou t from  w eapon s-testing:

p .i ’  ( 1  A i w d l ) / ( i  * . “ >“ )
—СО —оэ

Aj(t) and Aj(t) are  the am ounts in com partm ents i and j at tim e  t. In p ra c tice , 
in tegration  would only be ca rr ie d  out to som e fin ite  t im e  T, and a tim e  TQ can be  
defined  (the beginning of the r e le a se )  w hen Aj and Aj due to the r e le a s e  a re  each  
zero , so  that the equation for the tra n sfer  co effic ien t P ^ , to t im e  T, becom es:

T T

p« ’ (J  Aj',)d,) / ( J  Ai(,№)

Applied to evaluation  of a contro lled  r e le a s e  of rad ioactiv ity  and its  im pact 
on se c tio n s  of the public, u se  o f the tr a n sfe r  function sy s tem  w ill ind icate branch
ing r a tio s  along com peting pathways; an exam ple would be the fraction  rem oved  to 
a sed im ent from  a m arin e w ater m a ss  w hich i s  a s ign ifican t factor  in  determ ining  
the r e la tiv e  im portance of pathways into w hich rad ioactiv ity  is  introduced v ia  w ater.

2 .2 .2 .  C oncentration fa c to rs

U n iversa l a s  the p r in cip le  of the tra n sfer  function m ay b e , it i s  not an ea sy  
quantity to e s tim a te , req u irin g  environm ental data w hich m ay be d ifficu lt to acquire  
or, in the situation  w here it  i s  n e c e s sa r y  to p red ict the conseq u en ces o f an un pre
cedented even t, n o n -ex isten t. An a ltern ative  but v ery  m uch sim p lified  m ean s of 
evaluating the tra n sfer  p r o c e s s  depends on the changes in  concentration of ra d io 
activ ity  w ithin the rela ted  com partm ent, the equivalent tra n sfer  function being  a 
concentration  factor (CF). It only s tr ic t ly  r e fe r s  to the ste a d y -s ta te  condition  
r esu ltin g  from  a continuous r e le a s e  but, n o n eth e le ss , has been  found to be a m ost  
u sefu l tool in evaluations u sin g  the c r it ic a l pathway approach to planning co n tro ls  
on w a ste  d isp o sa l. The concentration  fa ctor , a s  usu a lly  defined for a nuclide X, is  
sim ply  the ratio  of i t s  concentration  at equilibrium  in the m a ter ia ls  of w hich co m 
partm ents i and j are  m ade up:

CF = [ x ] . / [ x ] . .
X  j i

Com plete a s s e s sm e n t  of a m u lti-s ta g e  pathway would req u ire  a num ber of 
concentration  fa c to rs w hich, when m ultip lied  togeth er , would enable the co n cen tra 
tion  in the m a ter ia l resp o n s ib le  fo r  human exposu re  to be rela ted  to d isch arge  ra te . 
The f ir s t  stage  in the pathway is  not norm ally  ex p r essed  a s  a concentration  factor  
but a s the rela tion sh ip  betw een d isch a rg e  rate and concentration  in the rece iv in g
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environm ent, and i s  b ased  on the u se  of d ilu tio n /d isp ersio n  m o d e ls . Breakdown of 
the fine deta il o f m ulti-com p artm en t pathways i s  ra re ly  needed for  w a ste  control 
p u rp o ses, though know ledge of the in term ed iate  p r o c e s s e s  w ill help in understanding  
the m ech an ism  by w hich radioactiv ity  i s  tra n sferred  along the pathway. The u se  of 
concentration  fa c to rs  to d e sc r ib e  the rela tion sh ip  betw een  w ater  and f ish  m ay be 
c ited  a s  an exam ple. It is  qu ite valid  fo r  p u rp oses o f ca lcu la tin g  the p e r m iss ib le  
lim it  to the r e le a s e  o f the radionuclide concerned , in order to ca lcu la te  a con cen 
tration  factor  rela tin g  two m a ter ia ls , even  though it  i s  c le a r  that m o st o f the con 
tam ination in the f ish  d o es not en ter  it  d irec tly  from  the w a ter  but v ia  a food chain  
w hich i s  i t s e lf  m ade up of se v e r a l s ta g e s .

3. ENVIRONMENTAL PATHWAYS IN PRACTICE

3 .1 . A tm ospheric  pathways

Much of our ex p erien ce  of tr a n sfe r  p r o c e s s e s  w hich fo llow  the r e le a s e  of 
rad ioactiv ity  to the a tm osp h ere  has accru ed  from  the te stin g  of n u clear w eapons.
A s a r e su lt , m ost o f  the in form ation  has been  on f is s io n  products and som e ex ten 
s iv e  rev iew s a re  availab le!-1 2 ,13J_ д  few  sim p le  pathways involve d irec t exposure  
of the human population from  the a tm osp here it se lf ,  though a m ajority  a re  much  
m o re  com plex  and are  the product o f deposition  on to the ground, o f  uptake by 
c ro p s, e t c . , grow ing on it , o r  deposition  on to w ater  su r fa c es . A part from  the 
p r o c e s s e s  of d ilution  and d isp er s io n  w ithin the atm osp h ere , w hich are  com m on to 
a ll th ese  m ore  co m p lex  pathw ays, a sp ec ts  o f deposition  on su rfa ce  w ater  are  
covered  in sec tio n  3. 2; it  i s  to be noted, how ever, that they have so  far  been  of 
l it t le  im portance, m o st o f the contam ination of w ater by ac tiv ity  o f  a tm osp heric  
o rig in  reach in g  it  v ia  the ground a s  run off.

D irec t exposu re  from  the a tm osp here can o ccu r  e ith er  ex tern a lly , due to a 
perso n  being  im m ersed  in it , a s  in  a 'cloud1, o r  in tern ally  a s  a r e su lt  o f inhalation, 
though neith er  o f th e se  pathways has proved to b e .o f any great sig n ifica n ce  c o m 
pared w ith those w hich involve te r r e s tr ia l  m a ter ia ls , cro p s and other foodstu ffs. 
F or in stan ce , in the c a se  o f iod ine-131  a factor  of 700L14J has been  esta b lish ed  for  
the re la tiv e  im portance of the pathway resu ltin g  in exposu re from  m ilk  contam ina
tion  a s  com pared w ith  the inhalation pathway. In cer ta in  c ir cu m sta n ce s , how ever, 
the inhalation pathway m ight s t i l l  be a fo rce  to be reckoned  w ith, fo r  exam ple fo l
low ing an em ergen cy  r e le a s e ,  when the m ilk  pathway could be e lim in ated  by 
w ithdraw al of contam inated su p p lies.

N u clides w hich have been  co n sid ered  a s  so u rc e s  o f d irec t exp osu re  from  the 
atm osp here include tr itiu m , krypton-85 and radioiod ine, p a rticu lar ly  io d in e-1 3 1 . 
T ritium  can be absorbed  through the sk in  a s  w e ll a s  by d ir ec t in h a la t io n t is ] ,  
though due to it s  low  g en ergy  external exposu re i s  ignored . In co n tra st, exposure  
from  krypton-85 i s  a lm o st en tire ly  ex tern a l, that from  inhalation or ingestion  being  
in sign ifican t, and i t s  uptake by p lants is  regarded  a s  being  too low  to  contribute to 
any r e la tiv e ly  im portant exten t. D isch a rg es  of both k ryp ton -85^16 J and tr itiu m  
w ill in c r e a se  a s  the u se  o f n u clear  pow er expands, though neith er  p o se s  a se r io u s  
threat for  many y e a r s  to co m e, in te r e st  res tin g  m ain ly  on th e ir  p e r s is te n t  b ehav
iour. Iod ine-131 has been studied  in ten siv e ly  a s an im portant com ponent of fr e sh  
fa llou t and a s p oten tia lly  the m o st hazardous radionuclide from  an a irb orn e r e le a se  
a fter  a nu clear  rea c to r  a ccid en tf 17 ] .
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The im portance of the atm osp h ere  i s  m ain ly  a s the m edium  from  which  
tr a n sfe r  o c cu rs  on to the ea rth 's  su rfa ce , lead in g  to  v ery  many pathways o f p o ten 
t ia l sig n ifica n ce  to man; th is  sta g e  in  the p r o c e s s  can be con sid ered  a s  f ir s t ly  
dilution  and d isp ersio n , fo llow ed by deposition  on to the ea rth 's  su rfa ce  or  to 
som eth ing  a sso c ia te d  w ith it. In the m o st w idely  adopted m odel fo r  quantifying  
the d isp er sio n  p r o c e s s  for  a point зо и гсе  r e le a s e ,  it  i s  a ssu m ed  that the co n cen 
tration  d istr ibu tion  i s  gau ssian  w ith  r e sp e c t  to both v e r tica l and horizontal 
tr a n se c ts  o f the plum e tra v e llin g  downwind from  the point o f r e le a s e .  The b a s ic  
idea w as f ir s t  proposed by Suttont 18 J, though th is  h as been  refined  and extended to  
take account o f v a r ia b le s  such a s changing wind sp eed  and d irection . A s in  m o d e l
lin g  o f the aquatic environm ent, it  i s  u su a lly  lo n g -te rm  average  concen tra tions in  
the s e c to r  that a re  im portant, rather than sh o r t-te rm  v a r ia tio n s . M odifications of 
the m odel have been developed , for  in stan ce  by BryantL 19 J, by Soldat e t  a l. L2 0 J 
and o th ers.

S evera l m ech an ism s have been co n ceived  for deposition  from  the atm osp here  
to the ea rth 's  su rfa ce . In addition to dry deposition , th ere  is  w ashout by rain  
fa llin g  through a cloud of ac tiv ity  in  the a tm osp h ere , or  rainout in  w hich the activ ity  
is  incorporated  into ra in  drops at the tim e  of th e ir  form ation . A ll the im portant 
pathw ays are  in tern al, the r e su lt  of in g estio n  of a c tiv ity  w hich contam inates food  
or w ater  su p p lies; d ir ec t ex terna l exposu re from  so il  w hich i s  contam inated i s  
n eg lig ib le . The ro le  o f so il  i s  a s  an im portant in term ed iary  providing a m ean s by 
w hich rad ioactiv ity  i s  introduced into p lants v ia  th e ir  root sy s te m s . R e -su sp e n s io n  
of du st from  the ea rth 's  su rfa ce  and subsequent deposition  on to  plant su r fa c es  has 
b een  con sid ered  but i s  l e s s  im portant than the deposition  of p a r tic le s  a lready p r e 
sen t in the a tm osp h ere , the in f lo r e sc e n c e s  providing e ffec tiv e  tra p s, p a rticu lar ly  
for  the sm a ller  p a r tic le s . A factor  w hich w ill in fluence the im portance of such  
deposition  is  the u tiliza tio n  of the crop: fo r  in stan ce , w ith wheats the sign ifica n tly  
higher le v e l o f ^®Sr in dark bread com pared  w ith w hite b r e a d t^ lJ .

Uptake by crop s prov id es a further d iv e rs ity  of pathway, a c tiv ity  finding its  
way into many d ifferen t m a ter ia ls  such a s  gra in , forage, vegetab le  and root cro p s. 
Som e, a s  d irec t human foodstu ffs, w ill provide a s im p le  pathway to man; for  
o th ers, w here the crop  is  u sed  a s  an an im al feed sto ck , the pathway w ill be lo n g er , 
extending through further tra n sfer  p r o c e s s e s .  Both a n im a ls and poultry m ay y ie ld  
e ith er  m eat a s a foodstuff in it s e lf  or a product su ch  a s m ilk  or e g g s . T ran sfer  
into m eat has been ex ten siv e ly  studied^2 2 ] ,  e sp e c ia lly  fo r  the lo n g e r -liv ed  fa llou t 
n u clid es. T here is  a m arked d ifferen ce  betw een  ca es iu m  and strontium , re flec tin g  
the d ifferen ce  in  m eta b o lism  w hich e x is t s  in  m an; ca esiu m -1 3 7  i s  tra n sferred  into 
m u sc le  and other ed ib le  p a r ts , so m e tim e s w ith a sm a ll-d e g re e  reconcen tration , 
w h ilst  th ere  i s  d iscr im in a tio n  a g a in st stron tiu m -9 0 . M ost o f the stron tiu m -90  
e n te rs  the bone, w h erea s th ere  i s  v irtu a lly  un iform  exposu re of the body from  
c a es iu m -1 3 7 , and a lso  from  intake of tr itiu m .

A w ell-know n exam ple o f the contam ination of an anim al product i s  the  
sequ en ce by w hich iod ine-131  r ea c h e s  co w 's m ilk , an im portant b a s ic  human food 
in m any co u n tr ies . The thyroid  i s  the c r it ic a l  organ, and infants a re  u su a lly  the 
group of the public a t g r ea te s t  r isk , due to  a com bination of th e ir  high ra te  o f m ilk  
consum ption and the se n s it iv ity  o f th e ir  thyroid . O ther n u clid es a re  a lso  tr a n s 
ferred  to m ilk  and in the ab sen ce  o f io d in e -131 from  a r e le a s e  (because of its  
im pact, stron g  m e a su r es  a r e  taken to e lim in a te  it  from  routine d isch a rg es) the  
other lo n g e r-liv ed  f is s io n  products c a es iu m -1 3 7  and stron tiu m -90  are  of pr incip le
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con cern . T hese la st-n a m ed  nu clides are  a lso  found in m ilk  products; iod ine-131  
i s  u su a lly  ignored  b eca u se  o f it s  sh ort h a lf - l ife . W hilst th ere  i s  d iscr im in a tio n  
a g a in st stron tiu m -90  and c a es iu m -137  in butter com pared  w ith  the m ilk  from  w hich  
it  i s  m ade, the concentration  ratio  for  c h eese :m ilk  v a r ie s  and in som e v a r ie t ie s  a 
sm a ll concen tration  fa c to r  (up to 6 or  7) o c cu rs .

3 .2 .  Aquatic pathways

Pathw ays in the aquatic environm ent vary som ew hat a ccord in g  to the type of 
w ater m a ss  concerned  and can be d ivided up into fr e sh , b r a c k ish /e s tu a r in e  and the  
se a , though further su bd iv ision  can be u se fu l, for  in stan ce  betw een so ft and hard  
fr e sh  w a ters  and a lso  c o a sta l se a  w a ter  com pared w ith the deep ocean . The m ost  
im portant so u rce  o f contro lled  introduction i s  liquid  w a s te s , so lid  w a s te s  having  
v ery  l it t le  im pact w hether buried  in the g ro u n d [2 3 ]j from  w hich a c tiv ity  m ay be  
leached  to en ter  ground w a ter, or deposited  on the s e a  bedL 24 ] _ F allou t has a lso  
been  an im portant so u rce  of rad ioactiv ity ; rad ionuclides m ay en ter  the ocean  
d ir ec tly , or  p r im a rily  through ru n -o ff from  the land m a s s e s  too . R un-off is  a lm o st  
w holly r esp o n s ib le  for  the ac tiv ity  in r iv e r s  due to fa llou t and until r ecen tly  that in 
estu a r in e  and n e a r -c o a sta l se a  w ater too . H ow ever, in co n trast to exp erien ce  w ith  
te r r e s tr ia l  pathw ays, w h ere  a lm o st a ll the inform ation has com e from  fallou t, a 
s ign ifican t and u sefu l am ount of the data on the aquatic environm ent has accrued  
from  the contro lled  introduction o f rad ioactive  w a s te s , e sp e c ia lly  in  the se a  and in 
e s tu a r ie s , and so m e im portant rev iew s a re  availab le!-25, 26, 27 J _ C ritica l pathway 
techniques have b een  developed  and applied  ex ten siv e ly  to  aquatic environm ents  
and tr a n sfe r  is  often quoted in  te rm s of the concentration  factor  fo r  the equilibrium  
situation .

The ro le  of w ater  in  aquatic pathways p a r a lle ls  that o f a ir  in a tm o sp h e r ic /  
te r r e s tr ia l  pathw ays quite c lo s e ly , for  the m o st im portant pathw ays a re  th o se  for  
w hich w ater  is  the transp ort m edium , in  which d isp er sio n  o ccu rs  and from  w hich  
activ ity  i s  tra n sferred  further along the pathway. The only pathway w h ere  co n 
tam ination of w ater  i s  d ir ec tly  resp o n s ib le  for  any sign ifican t exp osu re  i s  drinking  
w ater; o th ers w hich could  b e  en v isa g ed  -  su ch  a s  bathing, o r  inhalation of spray  -  
can be d iscounted  in  r ea l te r m s .

M athem atical m odels!- 2®> 29] a r e  ex ten siv e ly  used  to d e sc r ib e  the d ilu tio n /  
d isp er s io n /tr a n sp o r t phenom ena in the rec e iv in g  w ater  m a ss; they a re  u sually  
fa ir ly  s im p le  and d e sc r ib e  the lo n g -te rm  average situation  rather than any sh o r t
term  ch anges. The type of m odel v a r ie s  w ith  the environm ent; m o st can be  
d escr ib ed  a s  conceptual, r ep resen tin g  the p r o c e s s e s  w hich are  at w ork , though  
often  in a s im p lified  m anner. An adequate d escr ip tio n  of a lake m ay be a  c o m 
p le te ly  m ixed  body of w a ter , or  a ltern a tiv e ly  stra tifica tio n  m ay o c c u r L J , a 
r iv e r  m ay be lik en ed  to  a  pipe for p u rp o ses o f d escr ib in g  the m ix in g  p r o c e s s e s ,  
m ixin g  p r o c e s s e s  in  e s tu a r ie s  can be rep resen ted  by the concept o f a tid a l 'plug', 
and tidal p r o c e s s e s  often  provide the m ea n s for understanding p r o c e s s e s  in  co a sta l 
w a ters and so  on. In so m e situ a tio n s -  fo r  in stan ce  in  s e a s  w ith lit t le  tid a l action , 
or the open ocean  -  natural diffusion!- 31 J m ay jje the ra te -c o n tr o llin g  p r o c e s s , and 
m any of the c la s s ic a l  d iffusion  equations Imre b een  applied , su ch  a s  th o se  o f Joseph  
and SendnerL32 J, OkuboL3 3 J anc) O sm idovL3 4 J; to m ention only a few; th e se  have  
been  rev iew ed  by S m ith l35 J. D iffusion  m o d els a lone m ay adequately co v er  the  
transp ort p r o c e s s  w ithin  so m e w ater m a s s e s ,  but allow ance m u st be m ade fo r  
other p a ra m eters , p articu la r ly  the r o le  o f s e d im e n té  J in  inland and estu a r in e  
en viron m en ts.
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3 .2 .1 .  F r e sh w a te r

The end product o f the m ore  im portant pathways in  fresh w a ter  r iv e r s  and 
la k e s  m ay be human drinking w a ter, foodstuffs such a s  f ish  and sh e llf ish , or som e  
of the m a ter ia ls  w hich have been  d isc u sse d  in sec tio n  3 .1  and to w hich rad ioactiv ity  
has b een  tr a n sferred , a s a r e su lt  o f the u se  of w ater for  irr ig a tio n  or liv e sto c k  
drinking p u rp oses.

Sed im ents can have a profound e ffe c t on the fra ction  of a ctiv ity  rem ain ing  in 
the w ater  m a ss  and availab le  in  drinking w ater or to be tra n sferred  along other  
pathw ays. C a esiu m -137 , for in sta n ce , i s  strongly  rem oved  by suspended m a tters  
and r iv e r  m uds[ 3 6 ], w h ilst rad iostrontium  tends to stay  up w ith the w atert 37].
M uch depends on the nature of the r iv e r  a s  w e ll a s  the c h a r a c te r is t ic s  of th e  e l e 
m ent, and ex p erien ce  in two A m erican  r iv e r  s y s te m s , the Columbia!- 38 J and the 
Clinch^ SB] t has been  w ell docum ented. T hese accou nts have included a num ber of 
f is s io n  and activation -p rod uct n u clid es, am ongst them  stro n tiu m -9 0 , ruthenium -106, 
r a r e -e a r th s , c a es iu m -1 3 7 , ph osp horus-32 , ch rom iu m -51 , co b a lt-6 0  and z in c -65 . 
Work in the Rhone delta  I- 40 J -  the C am argues reg ion  of so u th -ea stern  F ran ce -  has  
provided a good illu stra tio n  o f pathways through w hich stron tiu m -90  and c a e s iu m -  
137 are  introduced through irr ig a tio n  to arab le  cro p s.

T ra n sfer  of rad ioactiv ity  into f ish  h as shown rad io ca esiu m  to  be the m o st  
im portant o f the f iss io n -p ro d u c ts , w ith data on a ctiv ity  from  both fa llo u t[4 1 ,4 2 ]  
and contro lled  r e lea ses '-4 3 J . T hese stu d ies  have shown an in v erse  rela tion sh ip  
betw een  the concentration  fa c to rs  for ca es iu m -1 3 7  and p otassium ; a s im ila r  
rela tion sh ip  e x is t s  for stron tiu m -90  and c a l c i u m ] - 42 J The concentration  factor
ca lcu la ted  for  ca es iu m -1 3 7  in a v ery  so ft w a ter  areaL^2 I (K 0 .4  ppm) w as 4000, 
though th is  should not be taken a s ind icating the m ech an ism  by w hich it  en te rs  the 
f ish , w hich w as not d ir ec tly  from  w ater but a lm o st e n tire ly  v ia  the food chain. In 
th ese  c ircu m sta n ces  the potentia l exposu re from  consum ption of the f ish  (trout) far  
outw eighed that from  drinking the lake w ater.

3 .2 .2 .  Saline environm ents

Although e s tu a r ie s  and the s e a  have d ifferent c h a r a c te r is t ic s , they can be  
grouped togeth er for the purpose of illu s tra tin g  exposu re  pathw ays, on the com m on  
b a s is  that the w ater i s  sa lin e . Salin ity  apart, th ere  a re  m any w ays in w hich sa lin e  
environm ents co n trast w ith  fresh w a ter  environ m en ts. On the one hand, th ere  i s  no 
sign ifican t u se  o f the w ater  fo r  drinking o r  irr ig a tio n  -  desa lination  has y e t to 
b ecom e an im portant so u rce  of potable w ater; on the other hand, ex terna l exposu re  
pathways can be im portant due to the uptake of a ctiv ity  by sed im en t, particu lar ly  
mud banks le f t  bare  by the reced in g  tid e . The sed im en ts com posed  of fine mud or  
s i l t  often found in e s tu a r ie s  take up a num ber o f f is s io n  products very  read ily  and 
z ir co n iu m -9 5 /n io b iu m -9 5 , ruthen ium -106 and the ra re  earth s are  rem oved  to a 
high d e g r e e [4 4 J ( behaviour w hich i s  a lso  d isp layed  by som e activation  products  
such a s  co b a lt-6 0  and z in c -6 5 . Contam ination of sed im ent in th is  way g en era tes  
an ex terna l radiation  fie ld  for  th ose  who occupy a r ea s  w here mud c o lle c ts ,  the 
m o st im portant of the rad ioactive  com ponents be ing  the g a m m a-em ittin g  ra d io 
n u clid es. In another exam ple o f ex tern a l pathw ays, w here suspended m atter  is  
trapped by fish in g  g ea r , it  i s  beta rather  than gam m a radiation  that i s  o f  g rea ter  
sig n ifica n ce .
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The im portant types of foodstuff in  in ternal exposu re  pathw ays a r e  sea w eed s, 
f ish  and sh e llf ish , each  w ith m arkedly d ifferen t c h a r a c te r is t ic s . W hilst seaw eed  
i s  a rather  unusual seafood , it  has provided perhaps one of the best-k now n path
w ays to public ex p osu re  -  that from  the m arin e d isch a rg es  from  W indscale, UK>-45j, 
The seaw eed  sp e c ie s  concerned , P orp hyra , is  m anufactured into a food known a s  
la verb read , the ch ief am ongst a num ber of contam inants be ing  ruthenium -106 w ith  
a concentration  fa c to r  of about 2 x  10^, The Porphyra a lso  co n cen tra tes c e r iu m -  
144 (CF 10 3), z ir co n iu m -9 5 /n io b iu m - 9 s t 32] (CF 4 x  102) and tr a c e s  o f other  
n u clid es, though none o f th ese  c a r r ie s  the sam e ra d io log ica l sig n ifica n ce  a s  
ruthenium -106.

In m arked co n tra st to its  behaviour in fresh w ater  r eg im es  ra d iocaesiu m  is  
m uch b etter  rep resen ted  in the w ater com partm ent of the m arin e environm ent, le s s  
being  rem oved by b iota , suspended m atter and se d im en ts. C oncentration fa c to rs  
into m arine and estu a r in e  biota a re  thus much low er  than in fr e sh  w ater, w ith  
va lu es in the reg ion  of 50 for the ed ib le  parts o f co m m ercia l sp e c ie s  of f ish  and 
sh e llf ish . In addition to ev id en ce from  w orld -w ide rep orting  of data on c a e s iu m -  
137 from  fa llou t, c a es iu m -1 3 4  from  contro lled  w aste  d isp o sa l from  W indscale has 
been  follow ed o v er  con sid era b le  d ista n ces , confirm ing  the co n serv a tiv e  behaviour  
of th ese  radionuclidesL^O J. The behaviour of stron tiu m -90  i s  a lso  co n serv a tiv e  
and it i s  w idely  d istr ibu ted  in the ocean s o f the w orld , but uptake into the f le sh  of 
f ish  and sh e llf ish  is  even  low er than that o f ra d iocaesiu m , the 'concentration fa c 
to r ' being l e s s  than unity fo r  m o st sp e c ie s  of fish; it  can th erefo re  be d isregard ed  
a s a sou rce  of human radiation  ex p osu re . Am ong other co n serv a tiv e  f is s io n -  
product nu clides a re  io d in e -1 3 1 , tr itiu m  and tech n etiu m -9 9 . In sharp con tra st to  
its  im portance in the te r r e s tr ia l  environm ent the sig n ifica n ce  of iod in e-131  in the 
se a  i s  low , the only m a ter ia ls  for w hich it  show s any m arked affin ity  being s e a 
w e e d s ^ 2 ] .  This i s  a lso  true of tech n etiu m -99 , w hich d isp la y s a rem arkab le  
s e le c t iv ity [4 7 ] for  the F ucus sea w eed s, and of the activation  product m a n gan ese-54 , 
an e lem en t w hich has s im ila r it ie s  to  technetium  and iodine.

The n on -co n serv a tiv e  nu clides in the estu arin e  and m arin e environ m en ts tend  
to be m eta ls  w hich are  both polyvalen t and higher in the per iod ic  c la s s if ic a t io n  than 
group IIA m eta ls; exa m p les a re  ruthenium -106 , z irco n iu m -9 5 /n io b iu m -9 5 , 
c er iu m -1 4 4 , iro n -5 5 , co b a lt-6 0 , z in c-6 5  and the tra n su ra n ics. W hilst high co n 
centration  fa c to rs a re  o b served  into som e b iota , the fraction  of rad ioactiv ity  in  
th is  com partm ent i s  v ery  sm a ll -  the s iz e  o f the com partm ent i t s e lf ,  of c o u rse , 
being  sm a ll com pared w ith w ater and sed im ent w hich betw een  them  contain nearly  
a ll the rad ioactiv ity  introduced into the sa lin e  environm ent.

Som e of the m o re  sc ie n tif ic a lly  in terestin g  pathways in estu a r in e  and co a sta l 
w a ters involve sh e llf ish , w hich gen era lly  appear to have a higher potentia l than 
f ish  fo r  concentrating rad ion u clid es. W hilst concentration  fa c to rs  fo r  f is s io n  
products such a s ca es iu m -1 3 7  and stron tiu m -90  in the ed ib le  p a rts  o f  sh e llf ish  are  
a l it t le  h igh er than th o se  in fish , concentration  fa c to rs  for  the m ajority  a re  m uch  
higher and th ere  i s  a w ide range betw een  cru sta cea  and m o llu sc s  and within  
s p e c ie s  in  th ese  groups. A s a further  -  though perhaps rather ex trem e -  exam ple  
of th is  phenom enon, som e of the A m erican  and B r it ish  ex p erien ce  w ith  o y s te r s  m ay  
b e  quoted. F rom  the H anford, USA d isch a rg es  to  the Colum bia R iv er , data r e la t 
ing to the W illapa Bay o y s te r s  su g g ested  a  concentration  factor  of 1 .1  x  10^t 48 J s 
and UK exp erien ce  from  the d isch a rg es from  the B radw ell n u clear pow er station  to 
the B lackw ater estu a ry  ind icate a value in e x c e s s  of 10® for the lo ca lly -g ro w n  o y s 
te r  s p e c ie s [4 9 ] ,  S ilv er -1 1 0 m  has a lso  been  found in the B lackw ater o y s te r s , the
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concentration  factor  in ferred  being  at le a s t  a s  high a s that fo r  z in c --65, y e t it s  
behaviour in  the w ater m a ss  o f the estu a ry  i s  unlike that o f z in c -6 5 , s in ce  it 
beh aves conservatively!- 50 T r a ce s  of iro n -5 5  and cob a lt-60  have a lso  been  
d etected  in  th e se  o y s te r s  but a t m uch low er  sig n ifica n ce; o cca s io n a lly  som e  
ph osp horus-32  i s  a lso  found, but to a low er  exten t than in the W illapa Bay o y s te r s ,  
fo r  w hich the concentration  factor  w as su g g ested  a s  se v e r a l thousand.

4. CONCLUSIONS

T his paper has p resen ted  a  b r ie f  rev iew  of the environm ental pathway m odel 
lead in g  to the radiation ex p osu re  of m an and has pointed to so m e of the m ore  s ig n i
ficant pathways w hich have been  identified  so  fa r . A great deal of th is  inform ation  
has com e from  fallout s tu d ies , e sp e c ia lly  in a tm osp heric  and te r r e s tr ia l  en v iro n 
m en ts, though th is has been  supplem ented , p articu la r ly  in recen t y e a r s  and e s p e 
c ia lly  in the aquatic environm ent by a grow ing litera tu re  on the d istr ibu tion  of 
radioactiv ity  from  the con tro lled  introduction of w aste  from  the explo ita tion  of 
n u clear  pow er. Data of th is  kind have a  v ita l r o le  to  play in the control o f w a ste  
d isp o sa l, fo r  they provide the m ean s by w hich the co n seq u en ces in  te r m s of public  
radiation  exposu re can be accu ra te ly  a s s e s s e d , so  ensu ring  that adequate control 
m e a su r e s  are  taken.
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D I S C U S S I O N

G. B O E R I: I w an t to  a sk  a  q u e s t io n  a b o u t s o m e  e n v ir o n m e n ta l  v a lu e s  
to  w h ic h  y o u  r e f e r r e d  in  y o u r  p a p e r . H ow  do y o u  e x p la in  th e  d i f f e r e n t  
c o n c e n t r a t io n s  in  s a m p le s  ta k e n  at th e  p o in t  o f  f a l l - o u t  and at a d is ta n c e
0 .5  km  fr o m  th e  f a l l - o u t .  A r e  th e y  ju s t  due to  d ilu t io n , o r  a r e  t h e r e  a n y  
o th e r  f a c t o r s  in v o lv e d ?

N . T . M IT C H E L L : .T he f a l l  in  c o n c e n tr a t io n  i s  a r e f l e c t io n  o f  tw o  
p r o c e s s e s  — d ilu t io n  and p h y s ic a l  r e m o v a l  f r o m  th e  w a te r  m a s s ,  m a in ly  
to  s e d im e n t s .  It i s  th e  s e c o n d  p r o c e s s  w h ic h  I p a r t ic u la r ly  w a n ted  to  
i l lu s t r a t e ;  in  s h o r t ,  th e  c o n s e r v a t iv e  o r  n o n - c o n s e r v a t iv e  b e h a v io u r  o f  
in d iv id u a l r a d io n u c l id e s  and th e ir  p a r e n t  e le m e n t s .

R. B IT T E L : D o y o u  n o t th in k  that i t  w o u ld  b e  o f  value to consider  
t r a n s f e r s  o f  c o n ta m in a t io n  b e tw e e n  h a r v e s t e d  r a w  m a t e r i a l s  and  fo o d  at 
th e  s ta g e  o f  c o n su m p t io n  b y  m a n , in  p a r t ic u la r  m o v e m e n t s  o f  fo o d  
c o m m o d it ie s ?

N . T . M IT C H E L L : T h is  c o u ld  b e  an im p o r ta n t  a s p e c t  o f  th e  t r a n s f e r  
p r o c e s s ,  and m a y  s u b s t a n t ia l ly  m o d ify  b o th  th e  c o n c e n tr a t io n  in  th e  p r o d u c t  
and th e  d o s e  r e c e iv e d .  T h e  W in d s c a le  la v e r b r e a d  p a th w a y  a g a in  p r o v id e s  
a go o d  e x a m p le  and i l l u s t r a t e s  tw o  im p o r ta n t  p o in ts .  T h e  f i r s t  i s  th a t th e  
e x p o s e d  p o p u la t io n  m a y  b e  s o m e  d is t a n c e  f r o m  th e  s o u r c e  w h e r e  th e



500 MITCHELL

r a d io a c t iv i t y  i s  in tr o d u c e d  in to  th e  e n v ir o n m e n t;  th e  s e c o n d  i s  th a t  th e  
c o n ta m in a te d  f o o d s tu f f s  m a y  g e t  d ilu te d  w ith  o th e r  id e n t ic a l  m a t e r ia l  fr o m  
a r e a s  r e m o t e  fr o m  th e  s o u r c e  o f  r a d io a c t iv i t y .

H. T . DAW ; In c a lc u la t in g  th e  m a n . r e m s  to  a p o p u la tio n  o r  s u b 
p o p u la t io n  g r o u p , i t  i s  p o s s ib l e  to  ta k e  a sh o r t  cu t and a r r iv e  at th e  
a n s w e r  w ith o u t g o in g  in  d e t a i l  in to  th e  p r o b le m  o f  fo o d  p a th w a y . F o r  
e x a m p le ,  i f  o n e  k n o w s th e  t o ta l  a m o u n t o f  a  c e r t a in  fo o d  c o m m o d ity  
c o n s u m e d  b y  th e  p o p u la t io n , and i t s  a c t iv i t y  p e r  g r a m , o n e  c a n  d e te r m in e  
th e  t o ta l  a c t iv i t y  in g e s t e d  b y  th e  p o p u la tio n  in  q u e s t io n  and h e n c e  th e  p o p u la 
t io n  d o s e .  O f c o u r s e ,  to  a r r iv e  at th e  a v e r a g e  in d iv id u a l d o s e  fo r  a c r i t i c a l  
g r o u p  th e  m o d e l  w o u ld  b e  r e q u ir e d .

N . T . M IT C H E L L : Y e s ,  bu t it  i s  e s s e n t i a l  th a t th e  c o n c e n tr a t io n  c a n  
b e  m e a s u r e d .  O th e r w is e  it  i s  n e c e s s a r y  to  a s s e s s  th e  l e v e l  o f  c o n ta m in a t io n ,  
fo r  w h ic h  d a ta  o n  th e  w h o le  o f  th e  p r e c e d in g  t r a n s f e r  p r o c e s s  m a y  b e  
r e q u ir e d .

S . A M A R A N T O S: D o y o u  n o t th in k  th a t , in  v ie w  o f  th e  a c c u m u la t io n  
o f  a c t iv i t y  in  s e d im e n t s ,  w e  sh o u ld  p a y  m o r e  a tte n t io n  to  th e  e f f e c t  on  
s p e c i e s  o th e r  th a n  m a n ?

N . T . M IT C H E L L : A n o th e r  p a p e r  in  t h is  S e m in a r  (p a p er  L A E A -S M -1 8 4 /1 1 )  
g o e s  in to  ju s t  t h i s  p r o b le m . W h ile  w e f in d  th a t  — p r o v id e d  th e  s t r in g e n t  
r e c o m m e n d a t io n s  o f  th e  IC R P  a r e  fo l lo w e d  — e n v ir o n m e n ta l  r e s o u r c e s  a r e  
a ls o  s a fe g u a r d e d , it  s t i l l  b e h o v e s  u s  a l l  to  e n s u r e  th a t th e  w h o le  e n v ir o n m e n t  
i s  p r o t e c t e d ,  and fo r  t h is  r e a s o n  w e in c lu d e d  s t u d ie s  o f  th e  e f f e c t  o f  r a d ia t io n  
on  th e  r e s o u r c e s  in  o u r  r e s e a r c h  p r o g r a m m e .

K. - J .  VO G T: C ou ld  y o u  c o m m e n t  on  th e  p o s s i b i l i t y  th a t , a f t e r  b e c o m in g  
a tta c h e d  to  th e  s e d im e n t s ,  r a d io n u c l id e s  ca n  a g a in  e n te r  th e  d r in k in g  w a te r  
e x p o s u r e  p a th w a y  b y  m e a n s  o f  r e s u s p e n s io n ?

N . T . M IT C H E L L : T h is  i s  c e r t a in ly  a p o te n t ia l  t r a n s f e r  p r o c e s s ,  
bu t i t s  im p o r ta n c e  w i l l  d e p e n d  o n  m a n y  f a c t o r s ,  fo r  e x a m p le  th e  e f f i c ie n c y  
o f  th e  w a te r  f i l t r a t io n  p la n t , and the b e h a v io u r  o f  in d iv id u a l r a d io n u c l id e s .
It m ig h t  b e  a s ig n i f ic a n t  t r a n s f e r  p r o c e s s  f o r  n u c l id e s  o f  e le m e n t s  su c h  
a s  s t r o n t iu m , w h ic h  a r e  a d s o r b e d  to  s e d im e n t s  b y  io n  e x c h a n g e .
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TRANSFER OF 137Cs AND 90Sr FROM THE 
ENVIRONMENT TO THE JAPANESE POPULATION 
VIA MARINE ORGANISMS

T . UEDA, Y. SUZUKI, R. NAKAMURA 
National Institute of Radiological Sciences,
C h ib a ,
Japan

Abstrao

TRANSFER O F , 137Cs AND 90Sr FROM THE ENVIRONMENT TO THE JAPANESE POPULATION VIA 
MARINE ORGANISMS.

D uring the  period from  1963 to  1971 we investig a ted  th e  c o n tam in a tio n  le v e ls  of m a rin e  organism s, 
to ta l  d ie t and ind iv id u a l foodstuffs due to  131 Cs and 90Sr from  fa l l -o u t .  T he resu lts a re  sum m arized  as 
fo llow s. (1) The con cen tra tio n s  o f 137Cs and 90Sr in  m arin e  organism s show  a d ec reasin g  ten d en cy  since 
1963, c lo se ly  resem b ling  th a t o f seaw ate r. (2 ) T he co n c en tra tio n  facto rs and observed ra tio s , c a lc u la te d  
from  ra d io ac tiv e  e le m e n ts , a re  in  good ag ree m en t w ith  those from  s tab le  e le m e n ts . ( 3) T he ra tios o f the  
sp ec ific  a c tiv itie s  o f m arine  o rganism s to  th a t o f  seaw ate r (expressed in  annua l m e a n  values) w ere  found 
to  be a lm o st 1 , ex c ep t th e  ca se  of Sr in  fish bone. (4 ) T he to ta l m e an  137Cs con trib u tio n  for e a ch  o f n ine 
foodstuffs was observed; th e  co n trib u tio n .o f ce re a ls  was abou t 40% o f th e  to ta l 137 Cs in ta k e , fo llow ed by 
beans, m ilk  and its  p roducts, le a fy  v eg e tab le s  and fish . (5) T he 90Sr con trib u tio n  o f le a fy  veg e tab le s  was 
th e  h ighest (34%), fo llow ed by beans (20%) and c e re a ls  (18% ). (6 ) T he in te rn a l rad ia tio n  dose ra te  rece iv ed  
by th e  Japanese  popu la tion  is e s tim a ted  to  be 7 .3  m ra d , o f w hich  the  con tribu tion  of m a rin e  foods was less 
than  10% from  137Cs in  the  to ta l  d ie t  be tw een  1963 and 1971.

IN T R O D U C T IO N

T h e r a d io a c t iv e  c o n ta m in a t io n  o f  m a r in e  o r g a n is m s  i s  an im p o r ta n t  
p r o b le m  to  th e  J a p a n e s e  w ho u t i l iz e  s e a fo o d  a s  o n e  o f  th e ir  m a in  p r o te in  
s o u r c e s .  W e h a v e  s tu d ie d  th e  c o n ta m in a t io n  o f  m a r in e  o r g a n is m s  b y  
r a d io a c t iv e  n u c l id e s  o r ig in a t in g  f r o m  v a r io u s  s o u r c e s ,  b o th  b y  f i e ld  s t u d ie s  
and b y  t r a c e r  e x p e r im e n t s .  T h e r e  a r e  tw o  c a u s e s  o f  th e  c o n ta m in a t io n  of 
m a r in e  o r g a n is m s :  (1) g lo b a l  c o n ta m in a t io n  b y  f a l l - o u t ;  and (2) l o c a l  
c o n ta m in a t io n  b y  r e l e a s e  f r o m  v a r io u s  n u c le a r  e s t a b l i s h m e n t s .

T h is  p a p e r , b a s e d  on  th e  r e s u l t s  o f  f i e ld  s t u d ie s ,  c o n s id e r s  th e  a c c u m u la 
t io n  p a t te r n  o f  S r  and C s b y  m a r in e  o r g a n is m s  fr o m  th e ir  e n v ir o n m e n ta l  
w a te r  f r o m  t h r e e  a s p e c t s : ,c o n c e n t r a t io n  f a c t o r s ,  o b s e r v e d  r a t io s  and s p e c i f ic  
a c t iv i t i e s .  In a d d itio n , th e  c o n tr ib u t io n  o f  m a r in e  o r g a n is m s  to  th e  t o ta l  
J a p a n e s e  d ie t ,  w ith  r e g a r d  to  r a d io a c t iv e  c o n ta m in a t io n  b y  137C s and 90S r ,  
h a s  b e e n  e s t im a t e d  and  th e  in t e r n a l  d o s e  r a te  c a lc u la te d .

M A T E R IA L S

T h e  m a r in e  o r g a n is m s  f r o m  s e v e r a l  d i s t r i c t s  (N iig a ta , F u k u i, 
F u k u s h im a , Ib a r a k i, C h ib a  and H ir o s h im a )  and th e  t o ta l  d ie t  f r o m  H o k k a id o , 
N iig a t a ,  T o k y o , Ib a r a k i, O sa k a  and F u k u sh im a  w e r e  c o l l e c t e d  fr o m  1963  
o n w a r d s , w h ile  th e  in d iv id u a l f o o d s tu f f s  f r o m  H o k k a id o , N i ig a ta  and
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T A B L E  I. S P E C IF IC  A C T IV IT IE S  O F C A E SIU M  IN F ISH  M U SC L E  A N D  S E A W A T E R

1964 1965 1966 1967 1968 1969 1970

Fish (X 103 ) [A ] 1 .3 (2 5 ) 1 .4 (3 6 ) 0 .8 (2 8 ) 0 .7 (3 2 ) 0 .8 (3 2 ) 0 .4 (4 0 ) 0 .3 (3 3 )

S eaw ater (X Ю 3) [B] 1 .0 0 .9 0 .8 0 .8 1 .2 0 . 5 0 .5 m ean

[ A ] / [ B ] 1 .3 1 .6 1 .0 0 .9 0 .7 0 .8 0 .6 1 .3  ± 0 .3  a

F igu res in  paren theses a re  th e  n um ber of sam ples ana lysed . 
a  S tandard  d e v ia tio n .

502 
UEDA 

et 
al,



IAEA-S M -184 /7 503

K a g o sh im a  w e r e  c o l l e c t e d  f r o m  1966  o n w a r d s . T h e  in d iv id u a l fo o d s tu f f s  
c o n s i s t  o f  n in e  c a t e g o r ie s  ( c e r e a l s ,  b e a n s ,  p o t a t o e s ,  m ilk ,  e g g s ,  f i s h  and  
s h e l l f i s h ,  l e a f y  v e g e t a b le s  and r o o t  v e g e t a b le s ) .

M E T H O D S

T h e c o l l e c t e d  s a m p le s  w e r e  ig n ite d  at 450 °C  [1] in  an e l e c t r i c  m u ff le  
fu r n a c e . T he a s h e s  w e r e  r a d io c h e m ic a l ly  a n a ly s e d  a c c o r d in g  to  th e  
fo l lo w in g  p r o c e d u r e s :

(i) 137C s w a s  f ix e d  a s  c h lo r o p la t in a te  a f t e r  c o - p r e c ip i t a t io n  w ith  
a m m o n iu m  p h o sp h o m o ly b d a te  and th e n  th e  r a d io a c t iv i t y  w a s  m e a s u r e d  b y  
a lo w -b a c k g r o u n d  g a s - f lo w  c o u n te r  (T r a c e r la b  O m n i/G u a r d ; b a ck g ro u n d :
0 . 2 c o u n t s /m in ) .

( ii)  90Sr w a s  a n a ly s e d  b y  th e  fu m in g  n i t r ic  a c id  m e th o d  [2] and the  
r a d io a c t iv i t y  o f  90Y , th e  d a u g h te r  n u c l id e ,  w a s  m e a s u r e d  in  th e  lo w -  
b a c k g r o u n d  c o u n te r  m e n t io n e d  a b o v e .

( i i i )  T h e  a m o u n ts  o f  s ta b le  C s and Sr w e r e  d e te r m in e d  b y  a to m ic  
a b s o r p t io n  s p e c t r o p h o t o m e t r y  [ 3 ,4 ]  ( P e r k in - E lm e r  M o d e l 3 0 3 , w a v e le n g th s :  
8521  Â  fo r  C s and 4 6 0 8  Â  fo r  S r , a c e t y l e n e - a i r  f la m e ) .

(iv )  T h e  a m o u n t o f  p o t a s s iu m  w a s  d e te r m in e d  f la m e - p h o t o m e t r ic a l ly  
(B e c k m a n , 786 n m ).

(v) T h e  am o u n t o f  Ca w a s  d e te r m in e d  b y  th e  t i t r a t io n  m e th o d  u s in g  
e th y le n e  d ia m in e  t e t r a a c e t i c  a c id  (0 . 0 1 2 4 7 M ).

»

R E S U L T S

1. T h e  a m o u n t o f  C s in  th e  m u s c l e s  o f  m a r in e  f i s h

T h e  a n n u a l v a r ia t io n  in  th e  t o ta l  m e a n  c o n c e n tr a t io n  o f 137C s in  th e  
m u s c l e s  o f  f i s h  i s  sh o w n  in  F ig .  1, to g e th e r  w ith  th a t in  s e a w a t e r  q u o ted  
f r o m  th e  d a ta  o n  th e  s a m e  r e g io n s  and y e a r s  th a t f i s h  w a s  c o l l e c t e d  b y  
O h m o m o  e t  a l .  [5 , 6 ]. N o  r e g io n a l  v a r ia t io n  in  137C s c o n c e n tr a t io n  in  f i s h  
m u s c l e s  w a s  e v id e n t ,  e v e n  a m o n g  th e  s a m e  s p e c i e s .  T h e  l e v e l  o f  137C s  
in  f i s h  m u s c le  w a s  80 p C i /k g  f l e s h  in  1963 and  7 p C i/k g  in  1 9 7 0 . T he  
d e c r e a s in g  t e n d e n c y  w a s  p a r a l le l  to  th a t  fo r  s e a w a t e r .  T h e  m e a n  c o n 
c e n tr a t io n  o f 137C s in  L im a n d a  ir r d o r u m  (b e n th ic  f i s h )  w a s  60 p C i /k g  f l e s h  
in  1963 and th e n  d e c r e a s e d  to  a b ou t 8 p C i/k g  f l e s h  in  1 9 7 0 . T h e  l e v e l s  
o f  137C s in  T r  a c h u r u s  ja p o n ic u s  and S c o m b e r  ja p o n ic u s  ( m ig r a to r y  f i s h e s )  
w e r e  c o m p a r a b le  w ith  th a t in  L im a n d a  ir r d o r u m . T he c o r r e la t io n  b e tw e e n  
l e v e l  and h a b ita t  w a s  n o t  a p p a r e n t . T h e  a m o u n t o f  s t a b le  C s in  f i s h  f l e s h  
r a n g e d  fr o m  17 (D it r e m a  t e m m in c k i)  to  2 6 цg / k g  f l e s h  (M y lio  
m a c r o c e p h a lu s ) [7 ].

2 . C s c o n c e n tr a t io n  fa c to r

T h e  c o n c e n tr a t io n  f a c t o r s  o f  137C s in  th e  m u s c l e s  o f  154 f i s h  s a m p le s  
r a n g e d  fr o m  11 to  81 and th e  a v e r a g e  w a s  43  w ith  a  s ta n d a r d  d e v ia t io n  o f  12. 
T h e a m o u n t o f  s ta b le  C s in  f i s h  m u s c le  r a n g e d  fr o m  17 to  26 ^ ig /k g  f l e s h  
and th e  c o n c e n tr a t io n  fa c to r  i s  c a lc u la t e d  to  b e  b e tw e e n  34 and 5 2 , w ith  an  
a v e r a g e  o f  42  [7 ] , u s in g  th e  d a ta  o f  G o ld b e r g  [8] fo r  s t a b le  C s in  s e a w a t e r .
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pC i/kg  raw

FIG. 1. A nnual v a ria tio n  in  th e  to ta l  m ean  co n c en tra tio n  of Ш  Cs in  fish m usc le  and seaw ate r.

3. C s o b s e r v e d  r a t io  in  f i s h  m u s c le

T h e  C s o b s e r v e d  r a t io s  ( C s /K  in  f i s h  f l e s h / C s / K  in  s e a w a t e r )  w e r e  
c a lc u la t e d  f r o m  b o th  th e  r a d io a c t iv e  and  th e  s ta b le  e le m e n t s  and  th e  
a v e r a g e  fo r  th e  f o r m e r  w a s  5. 7 w ith  a s ta n d a r d  d e v ia t io n  o f  1 .9 . T h is  
f ig u r e  i s  in  g o o d  a g r e e m e n t  w ith  th at b a s e d  o n  s ta b le  C s (5. 9 + 0 .8 )  
o b ta in e d  b y  ta k in g  th e  a m o u n t o f  s ta b le  C s and К  to  b e  2 1 .2  /u g /k g  and  
2 .7 8  g /k g  in  f i s h  m u s c le  [7 ] , and 0 .5  /u g / l i t r e  and  0 . 3 8 7  g / l i t r e  [9] in  
s e a w a t e r ,  r e s p e c t iv e ly .

4 . C s s p e c i f ic  a c t iv i t y  in  f i s h  m u s c le

T h e  s p e c i f i c  a c t iv i t i e s  ( 137C s /s t a b le  C s) in  f i s h  m u s c le  and s e a w a t e r  
a r e  sh o w n  in  T a b le  I. T h e  a v e r a g e d  r a t io  o f  b o th  v a lu e s  w a s  1. 0 w ith  a 
s ta n d a r d  d e v ia t io n  o f  0 .3 .  T h is  f ig u r e  in d ic a t e s  th a t th e  f i s h  o r g a n is m  
i s  u n a b le  to  d is t in g u is h  b e tw e e n  r a d io a c t iv e  and s ta b le  C s w h en  t h i s  e le m e n t  
i s  ta k e n  up fr o m  th e  e n v ir o n m e n ta l  w a te r ,  i .  e .  137C s o r ig in a t in g  fr o m  r a d io 
a c t iv e  f a l l - o u t  sh o w s  th e  s a m e  p h y s i c o - c h e m ic a l  b e h a v io u r  in  s e a w a t e r  a s  
d o e s  s t a b le  C s . _

F r o m  th e  a b o v e  r e s u l t s ,  th e  r a d ia t io n  d o s e  (D : m r a d /a  p e r  c a e s iu m  
u n it (CU ) in  th e  h u m a n  b o d y ) to  w h ic h  th e  J a p a n e s e  p o p u la tio n  i s  e x p o s e d  
f r o m  th e  in ta k e  o f  s e a fo o d  ( f i s h m u s c le )  c o n ta m in a te d  b y  137C s i s  e s t im a te d ,  
u s in g  th e  d a ta  (0 .0 1 8  m r a d /a  p e r  CU in  th e  h u m a n  b od y) o f  S p ie r s  [1 0 ] , a s  
f o l lo w s  (OR = o b s e r v e d  r a t io ) :

D ( m r a d /a  p e r  CU in  h u m a n  b od y)

= C U seaw ate r X OR f¡sh; seawater X OR human: fistl X 0 .0 1 8

= ^ C s p C l / U ^ e  of seawater x  5>g x  ^  x  Q_018

= 0 .6 3  X 137C s p C i / l i t r e  o f  s e a w a t e r



IA E A -SM -184/7 505

w h e r e

O R  fish : seaw ate r : 5 -® (c a lc u la te d  f r o m  s t a b le  C s and K)

OR ьщпан. fish : 2 .3  (c a lc u la te d  w ith  th e  d a ta  o f  R e f .  [1 1 ] fo r  th e
l e v e l s  in  th e  h u m a n  b o d y  and th e  p r e s e n t  d a ta  fo r  
th e  137C s l e v e l  in  th e  to t a l  d ie t )

s in c e  th e  am o u n t o f  К  in  s e a w a t e r  i s  3 8 7  m g / l i t r e .

5. T he c o n c e n tr a t io n  o f  90 S r  in  m a r in e  o r g a n is m s

T h e  v a lu e s  o f  th e  SU ( s tr o n t iu m  m i t  = 90Sr • p C i /g  o f  C a) in  S c o m b e r  
ja p o n ic u s  (m ig r a t o r y  f i s h ) ,  M y lio  m a c r o c e p h a lu s  ( s e d e n t a r y  f i s h )  and  
L im a n d a  ir r d o r u m  (b e n th ic  f i s h )  w e r e  s im i la r  to  e a c h  o th e r  and no c o r r e l a 
t io n  b e tw e e n  90S r  l e v e l  and h a b ita t  w a s  o b s e r v e d .  T h e  a n n u a l v a r ia t io n  in  
th e  to t a l  m e a n  c o n c e n tr a t io n  o f  90Sr in  f i s h  b o n e  and s e a w a t e r  i s  sh o w n  in  
F ig .  2 . T he SU  in  m o l lu s c a n  s h e l l  w a s  lo w e r  th a n  th a t o f  f i s h  b o n e , w h ile  
th e  v a lu e s  in  b r o w n  w e e d  w e r e  m u c h  h ig h e r  th a n  t h o s e  in  b o th  f i s h  b on e  
and m o l lu s c a n  s h e l l  (F ig .  3 ).

T h e  r a t io s  o f  th e  a m o u n ts  o f  s ta b le  Sr in  v a r io u s  m a r in e  o r g a n is m s  
to  th a t in  f i s h  m u s c le  a r e  sh o w n  in  T a b le  II. F r o m  th e  a n a ly s i s  o f  a n y  on e  
o f  t h e s e  o r g a n is m s  th e  90Sr of th e  o th e r  o r g a n is m s  c o u ld  b e  e s t im a te d .

S U O— O m arine  fish pC i/litre

FIG. 2 . A nnual v a ria tio n  in  th e  to ta l  m e an  con cen tra tio n  of 90Sr in  fish bone and seaw ate r.

SU

FIG . 3. A nnual v a ria tio n  in  th e  to ta l m e an  co n c en tra tio n  o f 90Sr in  m a rin e  organism s.



506 UEDA e t a l.

T A B L E  II. T H E  A M O U N T S O F  S T A B L E  S T R O N T IU M , T H E  
C O N C E N T R A T IO N  F A C T O R S  IN M A R IN E  O RG ANISM S A N D  T H E IR  
R A T IO S TO  T H A T  IN F ISH  M U SC L E

Sr m g /k g  raw Ratio CF Ratio

Fish M uscle 3 ' CD 0 .5 (d

Bone 200 ± 40 (70) 26 ± 7 (50)

C rustacea  (exoskeleton)

D ecapoda
1

A nom ura 1461 (490) 183 (370)

Brachyura 1000 ± 400 (300) 120 ± 50 (200)

M acrura 500 ± 300 (200) 70 ± 40 (100)

S tom atopoda ! 567 (190) 100 ± 50 (200)

M ollusca

B ivalvia : 1000 ± 200 (330) 130 ± 30 (260)

G astropoda ; 1000 ± 200 (330) 130 ± 30 (260)

Brown w eed ' 192 (64) 24 (48)

T A B L E  III. O B S E R V E D  R A T IO S O F  S T R O N T IU M

j 90 Sr S tab le  Sr

Fish bone ; 0 .3 0 .2 7

Fish (w hole body) 0 .3 -

M olluscan  shell . 0 .2 0 .1 9

Brown weed 3 .7 3 .7 4

6. S r  c o n c e n tr a t io n  fa c to r

T h e  c o n c e n tr a t io n  f a c t o r s  in  f i s h  b o n e  o b ta in e d  b y  th e  m e a s u r e m e n t  
o f  90S r  r a n g e d  fr o m  14 to  63 and w e r e  c o m p a r a b le  w ith  t h o s e  o b ta in e d  b y  
s ta b le  Sr a n a ly s i s  (10 - 3 7 ) [1 2 ] . T h e  c o n c e n tr a t io n  f a c t o r s  in  m o l lu s c a n  
s h e l l  o b ta in e d  b y  th e  m e a s u r e m e n t  o f  90S r  r a n g e d  fr o m  40  to  205 in  c o m p a r i 
so n  w ith  t h o s e  o b ta in e d  b y  s ta b le  S r  a n a ly s i s  (6 1 -1 9 4 )  [12 ]. F o r  b r o w n  w e ed  
th e  c o n c e n tr a t io n  f a c t o r s  o b ta in e d  b y  90S r  m e a s u r e m e n t  w e r e  4 - 1 0  but the  
r e s u l t s  fr o m  s ta b le  S r  a n a ly s i s  w e r e  1 8 -3 1 .  T h e s e  v a lu e s  in  f i s h  b on e and  
m o llu s c a n  s h e l l  a r e  in  a g r e e m e n t  w ith  t h o s e  o f  B r y a n  [13] and M a u c h lin e  [1 4 ] .
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A s  s e e n  in  T a b le  III, th e  o b s e r v e d  r a t io  fr o m  th e  a n a ly s e s  o f  90S r  
and s ta b le  Sr a r e  in  g o o d  a g r e e m e n t .  T he o b s e r v e d  r a t io  in  b r o w n  w e e d  
w a s  o n e  o r d e r  o f  m a g n itu d e  h ig h e r  th a n  th o s e  in  f i s h  b o n e  and m o l lu s c a n  
s h e l l .  T h is  m a y  b e  due to th e  a f f in ity  o f  th e  a lg in ic  a c id  in  b r o w n  w e ed  
fo r  S r , a s  p o in te d  o u t b y  H a u g  and S m id s r o d  [15, 16].

8. Sr s p e c i f i c  a c t iv i t y

T he r a t io s  o f  th e  Sr s p e c i f i c  a c t iv i t i e s  in  m a r in e  o r g a n is m s  to  t h o s e  
in  s e a w a t e r  w e r e  fou n d  to  b e  a lm o s t  1. 0, e x c e p t  fo r  f i s h  b o n e  s a m p le d  
b e tw e e n  1963 and 1 9 6 7 . T h e s e  r e l a t iv e l y  h ig h  v a lu e s  in  f i s h  b o n e  m a y  b e  
d u e to  a  s lo w  Sr tu r n o v e r  r a te  in  f i s h  b o n e . F r o m  t h e s e  f i g u r e s  it  ca n  
b e  s a id  th a t 90S r  f r o m  f a l l - o u t ,  l ik e  137C s , b e h a v e s  in  a  m a n n e r  p h y s ic o -  
c h e m ic a l ly  s i m i la r  to  s ta b le  S r  in  s e a w a t e r .  T he r a d ia t io n  d o s e  (D) fo r  th e  
J a p a n e s e  p o p u la tio n , due to  th e  in ta k e  o f  s e a f o o d s  c o n ta m in a te d  w ith  90 S r ,  
i s  e s t im a t e d  u s in g  th e  d a ta  o f  1 .4  and 0 .7  m r a d /a  p e r  SU fo r  b o n e - l in in g  
c e l l s  and b o n e  m a r r o w , r e s p e c t i v e l y  [17]:

D (m r a d /a  p e r  SU in  h u m a n  b o n e )

seaw ate r ^  fish : seaw ate r ^  h u m an  bone : food ^  ^ ^

= !! g r  p C i / l i t r e  s e a w a t e r
0 .4

= 0 .2 6  X 90 S r  p C i / l i t r e  o f  s e a w a te r

w h e r e

O R  fish  : seaw ate r : ° * 3 (f r o m  0 u r  i n v e s t i g a t i o n s )

h um an  bone : fish ’ ^  ^  ^

s in c e  th e  a m o u n t o f  C a in  s e a w a t e r  i s  4 0 0  m g / l i t r e .  S im i la r ly ,  D in  b o n e  
m a r r o w  i s  c a lc u la t e d  a s  fo l lo w s :

D ( m r a d /a  p e r  SU  in  b o n e)  

ratei

0 .1 3  X 90S r  p C i / l i t r e

= S U seawater X 0 . 3 X 0 . 2 5 X 0 . 7

9. T he l e v e l  o f  137C s in  to t a l  d ie t  and in d iv id u a l fo o d s tu f f s  c o n s u m e d  
b y  th e  J a p a n e s e  p o p u la tio n

S in c e  1964 th e  a n n u a l m e a n  l e v e l s  o f  137C s in  th e  J a p a n e s e  to t a l  d ie t  
h a s  d e c r e a s e d  w ith  t im e  and th e  g e n e r a l  t e n d e n c y  i s  s im i la r  to  th a t fo r  
th e  137C s f a l l - o u t  r a t e  [1 8 ] ,  a s  sh o w n  in  F ig .  4 . T h e  c o n tr ib u t io n  (in  p e r
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pCj/day/person

FIG . 4 . A nnual varia tions  in  th e  to ta l  m e an  co n c en tra tio n  of 90 Sr and 137 Cs in  the  to ta l d ie t  of the 
Japanese popu la tion .

FIG. 5. T h e  con tribu tion  of 90 Sr and 137 Cs in  ind iv id u a l foodstuffs to  th e  to ta l d ie t o f th e  Japanese 
popu la tion  (1966-1971).

c e n t)  o f  137C s fo r  e a c h  o f  n in e  fo o d s tu f f s  i s  p r e s e n t e d  in  F ig .  5. T he  
c o n tr ib u t io n  o f  137C s f r o m  c e r e a l s  w a s  a b ou t 40% o f  th e  t o t a l  137C s in ta k e ,  
fo l lo w e d  b y  b e a n s ,  m ilk  and m ilk  p r o d u c ts ,  l e a f y  v e g e t a b le s  and  f i s h .  
C o n se q u e n tly ,  th e  c a t e g o r y  o f  fo o d s tu f f s  th a t c o n tr ib u te s  m o s t  to  th e  137C s  
in ta k e  b y  in d iv id u a l m e m b e r s  o f  th e  J a p a n e s e  p o p u la tio n  i s  n o t c le a r ,  
u n lik e  th e  c a s e  o f m i lk  and m ilk  p r o d u c ts  fo r  W e s te r n  p o p u la t io n s ,  e v e n  
c e r e a l s  c o n tr ib u t in g  l e s s  th a n  h a lf  o f  th e  t o t a l  137C s in ta k e  o f  th e  J a p a n e s e  
p o p u la tio n .

S u p p o s in g  th a t 1 CU (- 137C s p C i /g  o f  K) in  th e  h u m a n  b o d y  g iv e s  an  
in t e r n a l  r a d ia t io n  d o s e  o f  18 ¡jrad/a  [9 ] , th e  d o s e  r e c e iv e d  b y  m e m b e r s
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T A B L E  IV . T H E  E S T IM A T E D  IN T E R N A L  D O SE S R E C E IV E D  B Y  
M E M B E R S O F T H E  J A P A N E S E  P O P U L A T IO N  B E T W E E N  
1963 A N D  1971

T otal d ie t  (CU) Body burden (CU)
In te rn a l dose ra te  

(m rad)

1963 3 3 .8 10,0.0 1 .8 0

1964 4 1 .0 9 8 .4 1 .7 7

1965 ' 2 6 .9 5 6 .5 1 .0 2

1966 1 8 .8 38 .7 - , 0 .7 7  “

1967 1 4 .1 3 2 .3 0 .5 8

1968 1 2 .8 2 4 .2 0 .4 4

1969 1 1 .1 2 3 .2 0 .4 2

1970 6 .9 (1 5 .6 ) 0 .2 8

1971 6 .5 (1 4 .7 ) 0 .2 7

T o ta l (1963-1971) 7 .2 8  m rad

F igures in  parentheses w ere  c a lc u la te d  from  an OR (Body b u rd e n /T o ta l d ie t)  o f 2 .2 6 .

o f  th e  J a p a n e s e  p o p u la t io n  i s  e s t im a t e d  to h a v e  b e e n  7 .3  m r a d  b e tw e e n  
1963 and 1971 (T a b le  IV ). D u r in g  th e  p e r io d  fr o m  1966  to  1971 th e  137C s  
in t e r n a l  r a d ia t io n  d o s e  r e c e i v e d  b y  th e  J a p a n e s e  p o p u la t io n  v ia  m a r in e  f i s h  
a m o u n ted  to  a b ou t 10% o f  th e  137C s r a d ia t io n  d o s e  r e c e i v e d  v ia  th e  to t a l  d ie t .

10 . 90S r  l e v e l  in  t o ta l  d ie t  and in d iv id u a l f o o d s tu f f s  c o n s u m e d  b y  th e
Japan ese popu lation

T h e a n n u a l v a r ia t io n  in  th e  90S r  l e v e l  in  th e  to ta l  d ie t  i s  sh o w n  in  
F ig .  3 . T he h ig h e s t  l e v e l  o c c u r r e d  in  1964  and h a s  s in c e  d e c r e a s e d .  T he  
c o n tr ib u t io n s  (in  p e r  c e n t )  o f  e a c h  o f  th e  n in e  c a t e g o r ie s  a r e  sh o w n  in  
F ig .  4 . T h e  c o n tr ib u t io n  o f  l e a f y  v e g e t a b le s  w a s  th e  h ig h e s t  (34% ), fo l lo w e d  
b y  b e a n s  (20%) and c e r e a l s  (18% ).

D ISC U SSIO N  A N D  C O N C L U SIO N

T h e r e  h a v e  b e e n  m a n y  r e p o r t s  o n  th e  e f f e c t s  o f  th e  fo o d  c h a in  up on  
th e  c o n ta m in a t io n  o f  m a r in e  o r g a n is m s  b y  137C s and 90S r . H o w e v e r , th e  
r e s u l t s  o f  t h i s  in v e s t ig a t io n  s t r o n g ly  s u g g e s t  th a t th e  137C s and 90Sr  
c o n ta m in a t io n  o f  m a r in e  o r g a n is m s  i s  m a in ly  d e f in e d  b y  th e  l e v e l  o f  t h e s e  
n u c l id e s  in  s e a w a t e r .  H o w e v e r , t h i s  in v e s t ig a t io n  w a s  p e r f o r m e d  on  th e  
g lo b a l  c o n ta m in a t io n  o f  s e a  b y  f a l l - o u t  and t h e r e f o r e ,  fu r th e r  in v e s t ig a t io n s  
sh o u ld  b e  c a r r ie d  o u t to  d e te r m in e  w h e th e r  t h is  c o n c e p t  i s  a l s o  a p p lic a b le  
in  th e  s i tu a t io n  w h e r e  th e  C s  and S r  c o n c e n tr a t io n  l e v e l s  v a r y  in  c o a s t a l  s e a s
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a s  a r e s u l t  o f  r e l e a s e  fr o m  v a r io u s  n u c le a r  e s t a b l i s h m e n t s ,  w ith  a v ie w  to  
e s t a b l i s h in g  a  c o r r e la t io n  w ith  th e  b io lo g ic a l  tu r n o v e r  o f  C s and S r .  
F u r t h e r m o r e ,  th e  s t a t i s t i c a l  a v e r a g e  a m o u n ts  o f  fo o d s  c o n su m e d  b y  the  
J a p a n e s e  w a s  e m p lo y e d  to  e s t im a t e  th e  in t e r n a l  r a d ia t io n  d o s e  r e s u l t in g  
f r o m  th e  C s and Sr c o n ta m in a t io n  o f  m a r in e  f o o d s ,  a lth o u g h  th e  p a tte r n  
o f  c o n su m p tio n  o f  m a r in e  f o o d s  m ig h t  v a r y  w id e ly ,  i .  e .  f i s h e r m e n  e a t  
c o n s id e r a b le  a m o u n ts  o f  s e a fo o d  and  s o m e  o f  th e m  e a t  m a r in e  o r g a n is m s  
a s  th e ir  s o le  s o u r c e  o f  p r o te in .  A n e f fo r t  sh o u ld  b e  m a d e  to  r e d u c e  th e ir  
d o s e  o f  in te r n a l  r a d ia t io n  a s  fa r  a s  p o s s ib le  b y  c o n s id e r in g  th e  a m o u n ts  
o f  fo o d  c o n su m e d .
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Abstract

EVALUATION OF THE RESUSPENSION PATHWAY TOWARD PROTECTIVE GUIDELINES FOR SOIL 
CONTAMINATION WITH RADIOACTIVITY.

The resuspension and subsequent in h a la tio n  o f  su rface-d e p o sited  ra d io a c tiv ity  re lea sed  to the  env ironm ent 
can  be a s ig n ifican t m ode of exposure for a few rad ionuclides  such as 239Pu. Two s im p le , in te r im  m odels, 
w hich  m ay  be used to  p red ic t the  average  co n c en tra tio n  o f resuspended aerosols, are deve loped  on an e m p iric a l 
basis. One m ethod  uses the tim e -d e p e n d e n t resuspension fac to r app roach , and  differs from  previous work in 
p la c in g  m ore em phasis on resuspension a t  la te  tim es . T he second  m ethod  is app rop ria te  on ly  for aged sources 
and uses a s tra ig h t-fo rw ard  m a ss-lo a d in g  approach . T he re la tiv e  s ig n ifican ce  of the resuspension pathw ay is 
also m o d e lled  in  com parison  to  the  in i t ia l  exposure re su lting  from  a n o n -n u c lea r explosion  th a t disperses 
rad io a c tiv ity . Two h y p o th e tic a l 239Pu c o n tam in a tio n  situa tions are m o d e lled . In the first case th e  5 0 -a  dose 
c o m m itm en t re su lting  from  an in i t ia l  deposition  of 1 /iC i/'m 2 is c a lc u la te d  as a function  of t im e  post deposition . 
H alf of the to ta l  dose co m m itm en t is a c c u m u la te d  in  th e  first 100 d. In the  second s itu a tio n  the  reo ccu p a tio n  
of an a rea  co n tam in a ted  m any years previously is considered . P ro tec tive  guide lines for 239Pu so il co n tam in a tio n  
are  derived  from  these studies — 1 jiC i/m 2 for a freshly  deposited  source and  7 n C i/g  in  th e  top  10 m m  o f  soil 
for a source th a th a s  ag e d  sev e ra l yea rs . An e s tim a te  o f th e  b io lo g ic a l co st of n o t c lean in g  up c o n tam in a ted  
areas is com pared  w ith  the eng in eerin g  and  ag ricu ltu ra l costs of so il rem ova l.

1 .  IMTROOTCTION

A n eed  e x i s t s  f o r  a  s e t  o f  g u i d e l i n e s  t o  d e f in e  maximum a c c e p t a b le  
l e v e l s  o f  r a d io n u c l id e  c o n ta m in a t io n  o f  s o i l  w ith  r e f e r e n c e  t o  th e  
r e s u s p e n s io n  and c o n se q u e n t  i n h a l a t i o n  o f  th e  d e p o s i t e d  m a t e r ia l .  A lth o u g h  
m ost r a d io n u c l id e s ,  in c lu d in g  9 ° S r ,  - ^ l i ,  and 1 3 7 C s, p r e s e n t  g r e a t e r  p u b l i c  
h e a l t h  p ro b lem s due t o  f o o d - c h a in  t r a n s p o r t  o r  e x t e r n a l  gamma e x p o s u r e ,  t h e  
r e s u s p e n s io n  r o u te  i s  g e n e r a l l y  a c c e p te d  a s  im p o r ta n t  f o r  a  fe w  r a d io n u c l id e s  
w h ich  have i n s i g n i f i c a n t  gamma e m is s io n  and w h ich  a r e  h ig h ly  d is c r im in a t e d  
a g a in s t  by l i v i n g  o r g a n is m s . The m ost n o ta b le  exam p le o f  su ch  a  r a d io n u c l id e  
i s  2 3 9 p u . B e c a u se  o f  th e  u se  o f  p lu to n iu m  in  weapon sy s te m s  and i t s  
p r o j e c t e d  u se  in  t h e  f u t u r e  e n e r g y  econom y, t h e r e  i s  an im p o r ta n t  n eed  f o r  
r e a l i s t i c  se c o n d a r y  s o i l  c o n ta m in a t io n  s ta n d a r d s .

A c c id e n t a l  r e l e a s e  in c i d e n t s  have a lr e a d y  d e m o n str a te d  t h e  n e e d  f o r  
su c h  s ta n d a r d s .  The c o s t - b e n e f i t  a s p e c t  o f  a p p ly in g  any su ch  s ta n d a r d  a l s o  
p o s e s  d i f f i c u l t i e s .  I t  i s  c o s t l y  t o  rem ove o r  o t h e r w is e  t r e a t  a  c o n ta m in a te d  
s o i l  s u r f a c e ,  and t h e  t r e a tm e n t  p r o c e s s  i t s e l f  may g r e a t l y  in c r e a s e  t h e  
a ir b o r n e  c o n c e n t r a t io n  o f  r e su sp e n d e d  c o n ta m in a n t . The lo n g - t e r m  e c o l o g i c a l

This work was perfo rm ed  under th e  auspices of the US A tom ic  Energy C o m m issio n .
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c o n se q u e n c e s  o f  s o i l  rem o v a l o r  d i s t u r b a n c e  m ust a l s o  be b a la n c e d  a g a in s t  th e  
lo n g - t e r m  p o t e n t i a l  f o r  h e a l t h  c o n s e q u e n c e s . F i n a l l y ,  some p r a c t i c a l  
c o n s id e r a t io n  sh o u ld  be g iv e n  t o  th e  f a c t  t h a t  t h e  c o n ta m in a t in g  e v e n t  i t s e l f  
may a lr e a d y  have p ro d u ced  an u n a v o id a b le  d o se  com m itm ent t o  an e x p o se d  
p o p u la t io n .  In  su ch  c a s e s  i t  may be in a p p r o p r ia te  t o  mount a  l a r g e  e f f o r t  
w h ich  w ould  n o t  have a  m ajor im p act on th e  t o t a l  d o se  com m itm ent.

The p u r p o se  o f  t h i s 1 p a p er  i s  t o  d e v e lo p  a r a t i o n a le  f o r  s e t t i n g  
p r o t e c t iv e  g u i d e l i n e s  f o r  s o i l  c o n ta m in a t io n  b a se d  upon an e v a lu a t io n  o f  th e  
r e s u s p e n s io n  p a th w a y , and t o  d i s c u s s  some o f  c o s t - b e n e f i t  a s p e c t s  o f  th e  
a p p l i c a t i o n  o f  su ch  g u i d e l i n e s .

2 .  EVALUATION OF THE KESUSPEHSION PATHWAY -

The w in d -d r iv e n  r e s u s p e n s io n  o f  c o n ta m in a n t m a t e r ia l  i n i t i a l l y  d e p o s i t e d  
in  an open  en v iro n m en t h as b een  s t u d ie d  on num erous o c c a s io n s  [ 1- 13]■
S e v e r a l  g e n e r a l  c o n c lu s io n s  may be drawn from  t h e  r e s u l t s  o f  t h e s e  
e x p e r im e n ts :  l )  The a ir b o r n e  c o n c e n t r a t io n  o f  r a d io a c t iv e  m a t e r ia l  p rod u ced
by e x p lo s io n s  d e c l i n e s  r a p id ly  im m e d ia te ly  a f t e r  t h e  d e t o n a t io n  and i s  
lo w e r  b y  a  f a c t o r  o f  100  t o  100 0  by 100  h a f t e r  t h e  d e t o n a t io n  [ 3 ,  8 ] ;
2 )  A f t e r  t h e  i n i t i a l  r a p id  d e c l i n e ,  a  f u r t h e r  d e c r e a s e  w ith  t im e  i s  n o te d  
w ith  h a l f - t i m e s  o f  ab ou t 5 w eeks o b se r v e d  d u r in g  t h e  f i r s t  6 t o  20 w eeks  
f o l lo w in g  r e l e a s e  [ 1, 2,  k, 8] ,  b u t a  l a r g e r  h a l f - t i m e  o f  d e c r e a s e  o f  a b o u t
10 w eek s was r e p o r te d  f o r  one e x p e r im e n t  c o n d u c te d  12 t o  w eek s p o s t  
r e l e a s e  [ 8] ;  3 )  Such  s lo w  d e c r e a s e s  w ith  t im e  a r e  n o t  due t o  an a p p r e c ia b le  
n e t  l o s s  o f  co n ta m in a n t from  t h e  a r e a ,  b u t t o  a " w e a th e r in g  in "  p r o c e s s  
w hereby  t h e  c o n ta m in a n t b ecom es l e s s  e r o d ib le  [ 2 ,  3 , 5] J *0 A rea s  w h ich  w ere  
c o n ta m in a te d  10 t o  17 y r  p r e v io u s ly  a r e  s t i l l  s i g n i f i c a n t ,  a lth o u g h  g r e a t l y  
a t t e n u a t e d  r e s u s p e n s io n  s o u r c e s  [ 7 , 9 ] j  5 ) F o r  e x p lo s io n  p ro d u ced  s o u r c e s ,  
t h e  q u o t ie n t  o f  a i r  c o n c e n t r a t io n  d iv id e d  by ground  d e p o s i t i o n  in c r e a s e s  
w it h  d i s t a n c e  from  th e  so u r c e  [ 2, k} 10] ,  t h i s  may be p a r t l y  due t o  th e  
d e c r e a s e  in  t h e  p a r t i c l e  s i z e  o f  th e  c o n ta m in a n t w h ich  i s  d e p o s i t e d  a t  
f u r t h e r  d i s t a n c e s  [ 3] ;  5 )  S h o r t - t e r m , o r d e r  o f  m a g n itu d e  f l u c t u a t i o n s  o f '  
t h e  a ir b o r n e  c o n c e n t r a t io n  o f  r e s u sp e n d e d  co n ta m in a n t a r e  f r e q u e n t ly  o b se r v e d  
w h ich  a r e  p resu m a b ly  due t o  ch a n g es  in  m e t e o r o lo g ic a l  c o n d i t io n s  su ch  as  
w ind v e l o c i t y ,  s t a b i l i t y ,  ty p e  o f  w e a th e r  e v e n t ,  and s o i l  m o is tu r e  c o n te n t  
a lth o u g h  t h e  f u n c t i o n a l  r e l a t i o n s h i p s  a r e  n o t  w e l l  d e f in e d  [ 2- 5, 7- 9] ;
6) A r t i f i c i a l  d is t u r b a n c e s  su c h  a s  v e h i c u l a r  t r a f f i c  in  a  c o n ta m in a te d  
en v iro n m en t can  a l s o  p ro d u ce  o r d e r s  o f  m a g n itu d e  i n c r e a s e s  in  t h e  a ir b o r n e  
c o n c e n t r a t io n  o f  c o n ta m in a n t [ 1 1 ,  1 2 ] ;  and 7 ) P a r t i c l e  s i z e  m easu rem en ts o f  
r e s u sp e n d e d  p lu to n iu m  a e r o s o l s  in d i c a t e  t h a t  t h e  r e s p i r a b le  f r a c t i o n  a v e r a g e s  
a b o u t 0.25 [ 4 ,  9, 1 3 ] .

T h ere  i s  a s  y e t  no g e n e r a l  m odel o f  t h e  com p lex  r e s u s p e n s io n  p r o c e s s  
w h ich  may be u se d  t o  p r e d i c t  a c c u r a t e ly  e i t h e r  t h e  c o r r e c t  m a g n itu d e  o f  t h e  
a v e r a g e  c o n c e n t r a t io n  o f  r e s u s p e n s io n  a e r o s o l s  f o r  a l l  so u r c e  c o n d i t io n s  o r  
t h e  s h o r t - t e r m  f l u c t u a t i o n s  in  c o n c e n t r a t io n  a s  a  f u n c t io n  o f  m e t e o r o lo g ic a l  
v a r i a b l e s  and a r t i f i c i a l  d i s t u r b a n c e s .  T h ere i s  enough in fo r m a t io n  
a v a i l a b l e ,  h o w ev er , t h a t  s im p le ,  in t e r im  m o d e ls  can  be c o n s t r u c t e d  w h ich  
in c lu d e  t h e  g e n e r a l  f e a t u r e s  l i s t e d  ab ove and w h ich  can  be u se d  t o  e s t im a t e  

■the a v e r a g e  c o n c e n t r a t io n  o f  r e s u sp e n d e d  a e r o s o l s .  B e c a u se  th e  f a c t o r s  w h ich  
i n f lu e n c e  t h e  r a t e  o f  r e s u s p e n s io n  a r e  n o t  y e t  w e l l - d e f i n e d ,  i t  i s  p ru d en t  
t h a t  su c h  m o d e ls  b e c o n s e r v a t i v e .

2 .1  T im e-d ep en d e n t r e s u s p e n s io n  f a c t o r  ap p ro a ch

The e a r l i e s t  e f f o r t s  t o  d e f in e  t h e  m a g n itu d e  o f  th e  r e s u s p e n s io n  
path w ay  u se d  t h e  e m p ir ic a l  a p p ro a ch  o f  d e f i n i n g  a r e s u s p e n s io n  f a c t o r ,  K, 
w h ich  i s  d e f in e d  a s  [ l ]
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£  _ R esuspended , a i r  c o n c e n t r a t io n  ( a c t iv i t y /m ^ )
S u r fa c e  d e p o s i t i o n  ( a c t iv i t y /m '¿ )

S u ch  an a p p ro a ch  n e g l e c t s  many v a r i a b l e s  w h ich  u n d o u b te d ly  a r e  im p o r ta n t  in  
d e te r m in in g  t h e  r a t e  o f  r e s u s p e n s io n ,  b u t t h e  f a c t  rem a in s  t h a t  d a ta  e x p r e s s e d  
in  su c h  a m anner p r o v id e  a lm o s t  t h e  e n t i r e  d a ta  b a se  w h ich  may b e u se d  t o  
p r e d ic t  t h e  a ir b o r n e  c o n c e n t r a t io n  o f  r e s u sp e n d e d  c o n ta m in a n t a e r o s o l s .  In  
a d d i t i o n ,  t h i s  a p p ro a ch  d o e s  a t  l e a s t  p r o v id e  an im p o r ta n t  n o r m a l iz a t io n  t o  
t h e  p o t e n t i a l  so u r c e  s t r e n g t h .

S te w a r t  [.6] and M ishim a [ l 4 ]  h av e  t a b u la t e d  v a lu e s  o f  К from  a  v a r i e t y  
o f  e x p e r im e n ts .  F o r  op en  e n v ir o n m e n ts  so o n  a f t e r  t h e  c o n ta m in a t in g  e v e n t ,  
c a l c u l a t e d  v a lu e s  o f  t h e  r e s u s p e n s io n  f a c t o r  ra n g e  from  10" 7  t o  1 0 -3  п г 1 , 
w it h  o n ly  a  fe w  v a lu e s  g r e a t e r  th a n  10"^ пГ^ w h ich  w ere a s s o c i a t e d  w ith  
a r t i f i c i a l  d i s t u r b a n c e s .  Many o f  t h e  lo w e r  v a lu e s  a r e  d e r iv e d  from  
m easu rem en ts made in  c l o s e  p r o x im ity  t o  e x p l o s i v e  d e t o n a t io n  p o in t s  [ ^ ,  10]  
w here t h e  p a r t i c l e  s i z e  o f  t h e  c o n ta m in a n t w ould  b e e x p e c t e d  t o  be l a r g e r .

A c o n v e n ie n t  way t o  m odel t h e  a ir b o r n e  c o n c e n t r a t io n  o f  r e su sp e n d e d  
c o n ta m in a n t o v e r  lo n g  p e r io d s  o f  t im e  i s  t o  make t h e  r e s u s p e n s io n  f a c t o r  
a f u n c t io n  o f  t im e  t o  a c c o u n t  f o r  t h e  o b se r v e d  d e c r e a s e  i n  a i r  c o n c e n t r a t io n  
w h ich  h a s b e e n  n o te d  t o  o c c u r  in  t h e  a b se n c e  o f  a  s i g n i f i c a n t  n e t  l o s s  o f  
t h e  d e p o s i t e d  c o n ta m in a n t. C o n c e p t io n a l ly ,  i t  w ou ld  be more a p p r o p r ia te  t o  
d e f in e  a  t im e -d e p e n d e n t  f r a c t i o n  o f  t h e  t o t a l  d e p o s i t i o n  w h ich  i s  a v a i l a b l e  
f o r  r e s u s p e n s io n .  H ow ever, tr ie r e  i s  no r e a l i s t i c  way in  w h ic h  su c h  a  
f r a c t i o n  can be e x p e r im e n ta l ly  d e te r m in e d , so  t h i s  a p p ro a ch  w i l l  be a v o id e d  
f o r  t h e  p r e s e n t  p u r p o s e . W ith  t h e  t im e  d ep en d en cy  in h e r e n t  in  t h e  r e s u s p e n s io n  
f a c t o r ,  i t  f o l l o w s  t h a t  t h e  a v e r a g e  a ir b o r n e  c o n c e n t r a t io n ,  x ,  o f  r e su sp e n d e d  
c o n ta m in a n t w i l l  be g iv e n  by

X ( t )  = к ( t )  s A

w here i s  t h e  t o t a l  amount o f  c o n ta m in a n t d e p o s i t e d  p e r  u n i t  a r e a .  Эд i s  
t h e r e f o r e  c o n s id e r e d  a  c o n s t a n t  a lth o u g h  t h e  a c t u a l  d i s t r i b u t i o n  o f  th e  
c o n ta m in a n t w ith  s o i l  d e p th  w i l l  ch an ge w ith  t im e .

K a th r en  [ 1 5 ]  and Langham [ 1 6] have e a c h  fo r m u la te d  p r e d i c t i v e  r e s u s p e n s io n  
m o d e ls w h ic h , when e x p r e s s e d  in  t h e  a b ove fo r m a t , g iv e  t h e  f o l lo w in g  t im e  
d ep en d en cy

К ( t )  = Ko exp  ( - \ t )

w it h  v a lu e s  o f  \  c o r r e s p o n d in g  t o  h a l f - t i m e s  o f  ^5 d and 35 d .  S u ch  a  
fo r m u la t io n  a p p e a r s  t o  s im u la te  r e a s o n a b ly  w e l l  t h e  a v a i l a b l e  o b s e r v a t io n s  
up t o  s e v e r a l  w eeks p o s t  d e p o s i t i o n  [ 4 ,  8 ] .  A f t e r  a  few  y e a r s ,  h o w ev er , 
su c h  a fo r m u la t io n  u n d e r e s t im a te s  b y  many o r d e r s  o f  m a g n itu d e  th e - a ir b o r n e  
c o n c e n t r a t io n  o f  r e s u sp e n d e d  c o n ta m in a n ts  w h ich  have b een  m easu red  o v e r  
ag ed  s o u r c e s  [ 5 ,  T, 9 ] -  F o r  e x a m p le , t h e  K a th ren  and Langham m o d e ls  w ou ld  
p r e d i c t  v a lu e s  f o r  К ( t )  o f  10 " 29  and 10"38 m- l  r e s p e c t i v e l y  1 0  y r  a f t e r  a  
c o n ta m in a t in g  e v e n t  w h erea s an  a v e r a g e  v a lu e  d e te r m in e d ' from  236  i n d iv id u a l  
a i r  c o n c e n t r a t io n  m easu rem en ts a t  a  l o c a t i o n  c o n ta m in a te d  w ith  p lu to n iu m  
17 Уг  p r e v i o u s l y  was fo u n d  t o  be 1 0 - 9 m'-*- [ 9 ] -

We have d e r iv e d  a  d i f f e r e n t  f o r m u la t io n  o f  t h e  t im e  d ep en d en cy  o f  th e  
r e s u s p e n s io n  f a c t o r  w h ich  more a c c u r a t e ly  r e f l e c t s  t h e  r e s u s p e n s io n  p r o c e s s  
a s i t  i s  o b s e r v e d  i n  t h e  p r o x im it y  o f  a g ed  s o u r c e s .  T h is  m od el was e m p ir i c a l ly  
d e r iv e d  t o  con form  t o  t h e  f o l lo w in g  c o n s t r a i n t s :  l )  The a p p a r e n t  h a l f - t im e
o f  d e c r e a s e  d u r in g  t h e  f i r s t  10  w eek s sh o u ld  a p p r o x im a te  a  v a lu e  o f  5 w eeks
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and. sh o u ld  a p p r o x im a te ly  d o u b le  o v e r  t h e  n e x t  30 w eek s; 2 )  The i n i t i a l  
r e s u s p e n s io n  f a c t o r  sh o u ld  be 10"^ m- ! ;  and 3 )  The r e s u s p e n s io n  f a c t o r  
17  y r  a f t e r  th e  c o n ta m in a t in g  e v e n t  sh o u ld  a p p ro x im a te  10~ 9  m " l.

A s im p le  m odel w h ich  c l o s e l y  a p p r o x im a te s  t h e s e  c o n s t r a i n t s  i s

The se c o n d  term  was added b a se d  upon t h e  a ss u m p tio n  t h a t  t h e r e  may b e no 
f u r t h e r  m e a su r a b le  d e c r e a s e  in  t h e  r e s u s p e n s io n  p r o c e s s  a f t e r  17 y r  w h ich  
i s  t h e  l o n g e s t  p e r io d  p o s t  d e p o s i t i o n  f o r  w h ich  m easu rem en ts have b een  
r e p o r t e d .  T h is  was deem ed a p p r o p r ia te  b e c a u se  su ch  a  "model" was d e r iv e d  
e m p i r i c a l ly  t o  s im u la te  e x p e r im e n ta l  m ea su rem en ts , and c o n t a in s  no 
fu n d a m e n ta l u n d e r s ta n d in g  o f  t h e  r e s u s p e n s io n  p r o c e s s .  A g r a p h ic a l  
r e p r e s e n t a t io n  o f  t h i s  m o d e l, b o th  w ith  and w ith o u t  t h e  se c o n d  term  i s  
g iv e n  in  F ig .  1 ; th e  m odel e q u a t io n s  u se d  by K a th ren  and Langham a r e  a l s o  
shown f o r  c o m p a r iso n .

T h is  m odel i s  an a t te m p t  t o  p r o v id e  p r o t e c t iv e  g u id a n c e  f o r  t h e  e v a lu a t io n  
o f  t h e  r e s u s p e n s io n  path w ay o v e r  lo n g  t im e  p e r io d s  b e g in n in g  w ith  t h e  i n i t i a l  
c o n ta m in a t in g  e v e n t .  I t  a ssu m es t h a t  r e s u s p e n s io n  i s  a  l o c a l  phenom enon  
and t h a t  t h e  c o n c e n t r a t io n  i n  a i r  d ro p s o f f  r a p id ly  downwind o f  t h e  d e p o s i t e d  
so u r c e ;  t h i s  i s  c o n s i s t e n t  w ith  e x p e r im e n ta l  o b s e r v a t io n s  [ 3,  9] .  The m odel 
i s  s u i t a b l e  o n ly  f o r  t h e  p r é d i c t i o n  o f  lo n g - t e r m  a v e r a g e s  o f  a ir b o r n e  
c o n c e n t r a t io n s ;  ex trem e s h o r t - t e r m  f l u c t u a t i o n s  a r e  t o  b e e x p e c t e d  and  
s u i t a b l e  lo n g - t e r m  a v e r a g e s  o f  e x p e r im e n ta l  d a ta  w ere u se d  t o  d e f in e  th e  
m odel c o n s t r a i n s t s . The i n i t i a l  v a lu e  f o r  t h e  r e s u s p e n s io n  f a c t o r ,  h o w ev er , 
was d e l i b e r a t e l y  c h o se n  t o  b e  s u f f i c i e n t l y  h ig h  t o  in c lu d e  t h e  e f f e c t s  o f  
a r t i f i c i a l  d i s t u r b a n c e .

FIG. 1. A g rap h ica l rep resen ta tio n  o f sev e ra l tim e -d e p e n d e n t resuspension fac to r m ode ls. T he two curves 
on the  far le f t  rep resen t the m odels o f Langham  [16 ] and  K athren  [1 5 ] .  T he rem a in in g  two curves rep resen t 
m odels deve loped  in  the  p ap e r, bo th  w ith  and w ithout a constan t te rm  of 1 0 '9 m " 1. T he h a tch ed  a rea  
represents m easurem ents re c e n tly  rep o rted  a t an  aged source [ 9 ] .

К Г 4
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2 . 2  M a s s - lo a d in g  a p p ro a ch

N e a r ly  a l l  o f  t h e  e x p e r im e n ta l  m easu rem en ts o f  t h e  c o n c e n t r a t io n  o f  
r e su sp e n d e d  c o n ta m in a n ts  h ave b een  c o n d u c te d  in  t h e  v i c i n i t y  o f  f r e s h l y  
d e p o s i t e d  s o u r c e s .  T h is  i s  a p p r o p r ia te  f o r  m ost s i t u a t i o n s  o f  p r a c t i c a l  
co n cern  su c h  a s  a c c i d e n t a l  e v e n t s .  H ow ever, t h e r e  a r e  some s i t u a t i o n s  
su c h  a s  t h e  c o n te m p la te d  r e o c c u p a t io n  o f  t e s t  a r e a s  c o n ta m in a te d  many y e a r s  
p r e v i o u s l y  w here an  a l t e r n a t e  m ethod o f  p r e d i c t i n g  t h e  c o n c e n t r a t io n  o f  
r e su sp e n d e d  c o n ta m in a n t may be u se d  t o  su p p lem en t t h e  r e s u l t s  d e r iv e d  from  
th e  r e s u s p e n s io n  f a c t o r  m o d e l.

I t  h as b een  o b se r v e d  b y  many a u th o r s  [ 1 7 - 2 0 ]  t h a t  r a d io n u c l id e s  d e p o s i t e d  
on t h e  e a r t h ' s  s u r f a c e  in  e i t h e r  s o l u t i o n  o r  p a r t i c u l a t e  form  p e n e t r a t e  w i t h in  
a  few  m onths t o  d e p th s  o f  more th a n  10  mm. E v e n t u a l ly  t h e i r  d i s t r i b u t i o n  
w ith  d e p th  i s  w e l l  a p p ro x im a ted  b y  an e x p o n e n t ia l  f u n c t io n  c h a r a c t e r iz e d  by  
a r e l a x a t i o n  d e p th  o f  10 t o  100  mm. S u ch  a  d i s t r i b u t i o n  w it h  d e p th  im p l ie s  
an in t im a t e  m ix in g  o f  t h e  c o n ta m in a n t  w ith  t h e  h o s t  s o i l .  T h e r e fo r e ,  a  
m ethod o f  p r e d i c t i n g  t h e  a v e r a g e  a ir b o r n e  c o n c e n t r a t io n  o f  t h e  co n ta m in a n t  
s e v e r a l  y e a r s  a f t e r  t h e  c o n ta m in a t in g  e v e n t  i s  t o  s im p ly  m u l t ip ly  t h e  m easured, 
a c t i v i t y  o f  t h e  c o n ta m in a n t p e r  u n i t  w e ig h t  o f  s o i l  ta k e n  from  t h e  to p  10 mm 
by t h e  c o n c e n t r a t io n  o f  p a r t i c u l a t e  m a tte r  in  t h e  a tm o s p h e r e .

F o r  p r e d i c t i v e  p u r p o s e s ,  an  a v e r a g e  a tm o sp h e r ic  c o n c e n t r a t io n  o f  
10 0  ng/m 3 a p p e a r s  t o  b e  r e a s o n a b le  [ 9 ] .  The c h o ic e  o f  t h i s  v a lu e  i s  p a r t l y  
b a se d  upon m easu rem en ts o f  p a r t i c u l a t e  c o n c e n t r a t io n  r e p o r te d  f o r  30 nonurban  
l o c a t i o n s  in  t h e  U n ite d  S t a t e s  [ 2 1 ] .  A n n u al a r i t h m e t i c  a v e r a g e s  v a r ie d  
from  9 t o  79 M.g/m3 w ith  a  mean f o r  a l l  30 s t a t i o n s  o f  38 n g /n P .

S e v e r a l  e x p e r im e n ta l  r e s u l t s  a r e  a v a i l a b l e  t o  c h eck  t h e  a c c u r a c y  o f  t h i s  
s im p le  p r e d i c t i o n  m ethod [ 9 ,  2 2 - 2 6 ] .  T h ese  v a lu e s  a r e  t a b u la t e d  in  T a b le  I ;  
t h e  a g reem en t b e tw een  t h e  p r e d ic t e d  and m easu red  v a lu e s  i s  g e n e r a l l y  
e x c e l l e n t .

2.3 R e l a t i v e  im p o r ta n c e  o f  r e s u s p e n s io n  in  t h e  i n h a l a t i o n  p ath w ay

Some a c c id e n t  s i t u a t i o n s  may p ro d u ce  an i n i t i a l  c o n ta m in a n t a e r o s o l  
c lo u d  w it h  a  r e s u l t i n g  d o se  com m itm ent t o  an  e x p o s e d  p o p u la t io n .  In  su ch  
c a s e s ,  i t  i s  o f  p r a c t i c a l  i n t e r e s t  t o  com pare su c h  an u n a v o id a b le  d o se  
com m itm ent t o  t h a t  p r e d ic t e d  v i a  t h e  r e s u s p e n s io n  p a th w a y .

I f  th e  i n i t i a l  in t e g r a t e d  a i r  a c t i v i t y  i s  A0 ( a c t i v i t y - t i m e / v o l u m e ) ,  
t h e  ground d e p o s i t i o n  may be c a l c u l a t e d  by m u l t ip ly in g  by a  d e p o s i t i o n  
v e l o c i t y ,  V , ( l e n g t h / t i m e ) .  The in t e g r a t e d  a i r  a c t i v i t y ,  A , due t o  
r e s u s p e n s io n  i s  th e n  g iv e n  by

A = VA0 J  К ( t )  d t

w h ich  may th e n  be com pared c o n v e n ie n t ly  w it h  t h e  i n i t i a l  in t e g r a t e d  a i r  
a c t i v i t y ,  A0 . One p ro b lem  in  su ch  a c o m p a r iso n , h o w ev er , i s  t h e  c h o ic e  o f  
an a p p r o p r ia te  v a lu e  f o r  t h e  d e p o s i t i o n  . v e l o c i t y .  T h is  v a r i e s  a s  a  f u n c t io n  
o f  p a r t i c l e  s i z e  and w in d  s p e e d , and in  c l o s e  p r o x im ity  t o  ал e x p lo s io n  th e  
a c t u a l  d e p o s i t i o n  w ou ld  b e  s t r o n g ly  in f lu e n c e d  b y  t h e  b a l l i s t i c  e f f e c t s  o f  
t h e  e x p lo s io n  i t s e l f .  A t su c h  c l o s e - i n  d i s t a n c e s ,  h o w ev er , t h e  i n i t i a l  
r e s u s p e n s io n  f a c t o r  i s  a l s o  lo w e r  [ 2 ,  1+, 1 0 ] .  B e c a u se  t h e  i n i t i a l  r e s u s p e n s io n  
f a c t o r  ch o se n  f o r  u se  in  t h e  m odel i s  r e l a t i v e l y  h ig h  and i s  p resum ed  t o  be  
a p p r o p r ia te  f o r  s m a l le r  p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  co n ta m in a n t a e r o s o l ,  
i t  i s  assum ed t h a t  an a p p r o p r ia te  v a lu e  f o r  V i s  ^0 m /h . T h is  i s  an a v e r a g e  
v a lu e  w h ich  can  be d e r iv e d  from  s e v e r a l  y e a r s  o f  f a l l o u t  d a ta  [ 2 7 ] -
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T A B L E  I. A  C O M P A R IS O N  O F  O B S E R V E D  A N D  P R E D IC T E D  A IR  
C O N C E N T R A T IO N S B A S E D  U P O N  A  S IM P L E  M ASS L O A D IN G  M O D E L

A ir  C o n c e n tr a t io n
L o c a t io n ,  e t c . R a d io n u c lid e P r e d ic t e d a M easuredb

GMX s i t e ,  USAEC B evada  
T e s t  S i t e  [ 9]

HE, 1 9 7 1 -1 9 7 2  
GZ, 1972, 2 w eeks

239pu
239Pu

72ОО aC i/m 3 
•120 fC i/m 3

66OO
23

aC i/m 3 
f С i /m 3

L aw rence L iverm ore  
L a b o r a to r y

1971 [ 22]
1972 [2 3 ]
197 3  [ 2Ч  
197 3  [21)-]

238u
238u
238u

UoK

150 p g /m 3 
150 p g/m 3
150 pg/m3 

1 0 0 0  aC i /m3

52
100

86
980

p g/m 3
pg/m3
pg/m 3
a c i /m 3

A rgonne B a t io n a l  
L a b o r a to r y  [ 2 5 ]

197 2
1 9 7 2

232Th
n a ty

320 p g/m 3 
215 p g/m 3

2k-0
I 70

p g/m 3
pg/nP

S u t t o n ,  E n g la n d  [ 2 6 ]

1967-1968 n a ty 110 p g/m 3 62 pg/m3

P r e d i c t e d  v a lu e  i s  eq u a l t o  t h e  s d íI  c o n c e n tr a t io n  ( a c t i v i t y / g )  x 10 ^ g/m3 .

M ost v a lu e s  a r e  a n n u a l a v e r a g e s .

, 2392Л  D ose com mitm ent due t o  t h e  r e s u s p e n s io n  o f  Pu

In  o r d e r  t o  d e r iv e  a  p r o t e c t iv e  g u i d e l i n e  f o r  s o i l  c o n ta m in a t io n , some 
r e f e r e n c e  m ust be made t o  a  p rim ary  s ta n d a r d . F o r  239pUj w h ich  w i l l  b e  u se d  
a s  an e x a m p le , i t  w i l l  b e  assum ed  t h a t  t h e  d e s ir e d  p r im a ry  r e f e r e n c e  s ta n d a r d  
i s  t h e  a ccu m u la ted  50 y r  d o se  com m itm ent. The d o se  com mitm ent c a l c u l a t i o n s  
w ere made w ith  t h e  a d d i t i o n a l  a ssu m p tio n s  t h a t  t h e  p lu to n iu m  i s  n o n - t r a n s p o r t a b le ,  
t h e  lu n g  i s  t h e  c r i t i c a l  o rg a n  [ 28] ,  25$  o f  t h e  in h a le d  p lu to n iu m  i s  d e p o s i t e d  
in  t h e  pu lm on ary  r e g io n ,  and t h a t  th e  m e ta b o l ic  p a r a m e te r s  l i s t e d  b y  M organ [ 29] 
f o r  C la s s  Y com pounds w ere  a p p r o p r ia te .

R e p r e s e n ta t iv e  c a l c u l a t i o n s  a r e  p r e s e n te d  in  T a b le s  I I  and I I I  f o r  two  
h y p o t h e t i c a l  s i t u a t i o n s .  The f i r s t  a ssu m es a  n o n n u c le a r 'e x p lo s io n  w h ich  
p r o d u c e s  a  239pu d e p o s i t i o n  o f  1 p,Ci/m^. The 50 y r  d o se  com m itm ent due t o  
t h e  i n i t i a l  c lo u d  p a s s a g e  and r e s u s p e n s io n  o f  d e p o s i t e d  m a t e r ia l  a s  a  
f u n c t io n  o f  t im e  p o s t  d e p o s i t i o n  w ere c a l c u l a t e d  u s in g  t h e  m o d e ls  g iv e n  in  
s u b - s e c t i o n s  2 .1  and 2 . 3 .  The r e s u l t s  in  T a b le  I I  in d i c a t e  t h a t  any  
p r o t e c t iv e  a c t io n  m ust be u n d er ta k en  f a i r l y  r a p id ly  i f  a  s i g n i f i c a n t  r e d u c t io n  
i n  t h e  50 y r  d o se  com m itm ent i s  t o  be a c h ie v e d .
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T A B L E  II. C A L C U L A T E D  D O SE  C O M M IT M E N T  T O  T H E L U N G  FR O M  
A H Y P O T H E T IC A L  A C C ID E N T  D ISP E R S IN G  239P u IN  TH E  
E N V IR O N M E N T  W H ICH  P R O D U C E S  A G R O U N D  D E P O S IT IO N  O F  1 M C i/m 2

A ccu m u la ted  gO ,yr d o se  com m itm ent, rem  
Time R e s u sp e n s io n  T o t a l

I n t i a l  c lo u d  p a s s a g e 6
1 d 0 .5 3 6
5 a 2.b 8

10 d b.3 10
50 d 1 5 . 21

100 d 2 3 . 29
1 y r t l . t 7

10 y r 5 2 . 58
50 y r 5 2 . ' 58

T A B L E  III. C A L C U L A T E D  D O SE  C O M M IT M E N T  T O  T H E  L U N G  
F O R  P O P U L A T IO N  R E E N T R Y  IN T O  A N  A R E A  O F A G E D  239Pu  
C O N T A M IN A T IO N  W IT H  1 n C i / g  IN  T H E  T O P  10 m m  O F  SO IL

A ccu m u la ted  50 yr  
Time d o se  com m itm ent, rem

1 y r  210
10 yr 2,100
30 y r  6, t 00
50 yr. 10,000

The se c o n d  s i t u a t i o n  a ssu m es t h e  r e o c c u p a t io n  o f  la n d sc a p e  c o n ta m in a te d  
many y e a r s  p r e v i o u s l y  and w here t h e  ^39pu c o n c e n t r a t io n  in  t h e  to p  10 mm o f  
s o i l  i s  1 ( iC i /g .  C a lc u la t io n s  o f  t h e  50 y r  d o se  commitment a s  a  f u n c t io n  
o f  t im e  p o s t  r e e n t r y  w ere made u s in g  t h e  m odel g iv e n  in  s u b - s e c t i o n  2. 2, and 
a r e  p r e s e n te d  in  T a b le  I I I .

I f  we assum e t h a t  an a c c e p t a b le  50 y r  d o se  com m itm ent in  su c h  s i t u a t i o n s  
i s  50 x 1.5 rem , o r  75 rem , th e n  p r o t e c t i v e  g u i d e l i n e s  o f  1 ^Ci/m ^ and  
7 n C i/g  a r e  d e r iv e d  f o r  t h e  tw o h y p o t h e t i c a l  s i t u a t i o n s .  I t  i s  e m p h a s iz e d ,  
h o w ev er , t h a t  t h i s  a n a l y s i s  h a s c o n s id e r e d  o n ly  t h e  i n h a l a t i o n  o f  a m b ien t  
air. O th er  p a th w a y s su c h  a s  p e r s o n a l  c o n ta m in a t io n  and i n g e s t i o n  may be  
more r e s t r i c t i v e  in  some s i t u a t i o n s .



520 ANSPAUGH e t a l.

T A B L E  IV . E S T IM A T E S  O F  T H E  C O ST S A N D  B E N E F IT S  R E S U L T IN G  
F R O M  T H E  C L E A N -U P  O F  A G R IC U L T U R A L  L A N D  C O N T A M IN A T E D  
W ITH  239P u . A l l  v a lu e s  a r e  in  US $.

F a c to r S y stem  v a lu e C o st B e n e f i t

a
B i o l o g i c a l  e f f e c t

S o i l  p ic k -u p

W aste t r a n s p o r t a t io n *0 
c

A g r i c u l t u r a l  la n d
0

A n n u al cro p  y i e l d

45.0 x  10 
1.6 x  10^

k .5 x  103 
1.0 x  106

2.0 x  105

P o p u l a t i o n  d e n s i t y  o f  lo /k m ^  and a 50 y r  d o se  coim nitm ent o f  75 rem.

^ T r a n s p o r ta t io n  o f  th e  to p  30 mm a d i s t a n c e  o f  500 km.
c

US a v e r a g e .

3 .  C o s t - b e n e f i t  a s p e c t s  o f  p r o t e c t iv e  g u i d e l i n e  a p p l i c a t i o n

M od els d e v e lo p e d  in  t h i s  s tu d y  can  be a p p l ie d  t o  a g e n e r a l  a n a l y s i s  o f  
c o s t s  and b e n e f i t s  a s s o c i a t e d  w ith  t h e  c le a n - u p  o f  e n v ir o n m e n ta l p lu to n iu m .
In  t h i s  i n s t a n c e ,  c o s t s  a r e  d e f in e d  a s  a l l  e x p e n d itu r e s  and m o n eta ry  l o s s e s  
d e r iv e d  from  c le a n -u p  a c t i o n .  B e n e f i t s  a r e  t h e  r e d u c t io n s  in  p o t e n t i a l  
h e a l t h  c o s t s  w h ich  may be d e r iv e d  from  any p r o p o se d  c le a n -u p  a c t i o n .

C o m p arative  c o s t s  have b een  d e r iv e d  f o r  c le a n -u p  o f  a  h y p o t h e t i c a l  km2 
o f  a g r i c u l t u r a l  la n d  c o n t a in in g  one C i o f  23?Pu in  t h e  s o i l  s u r f a c e  (T a b le  XV) 
The o b j e c t i v e  o f  t h i s  e x e r c i s e  i s  t o  p r o v id e  a  s e m i - q u a n t i t a t iv e  a n a l y s i s  
o f  t h e  econ om ic t r a d e - o f f s  b e tw een  c le a n - u p  and no c le a n - u p .

C o s ts  o f  rem o v a l o f  s o i l  d epend  upon a v a i l a b i l i t y  o f  e q u ip m e n t, c o s t s  
o f  t r a n s p o r t a t i o n ,  and t h e  c o m p le x ity  o f  t e r r a i n .  In  1 9 7 ^ , U .S .  p u b l ic  
w orks p r o j e c t s  i n v o lv in g  s o i l  s u r f a c e  p ic k -u p  c o s t  U .S .  $ 0 .1 5 /m 3  o f  s o i l ;  
a s s o c i a t e d  t r a n s p o r t a t io n  c o s t s  f o r  lo n g  h a u ls  w ere U .S .  $ О.Об/щЗ -  km [ 3 0 ] .  
C le a n -u p  c o s t s  f o r  rem ovin g  t h e  to p  30 mm o f  s o i l  from  a  km2 o f' la n d  w ould  be  
a p p r o x im a te ly  U .S .  $ ^ 5 0 0 . T r a n s p o r ta t io n  o f  c o n ta m in a te d  s o i l  t o  a  s t o r a g e  
s i t e  500 km away w ould  be a p p r o x im a te ly  U .S .  ф 1 x l o 6/km2 ' o f  s u r f a c e  rem oved

T h u s, c le a n -u p  c o s t s  a r e  l i k e l y  t o  b e  s m a ll  com pared t o  t r a n s p o r t a t io n  
c o s t s  f o r  c le a n -u p  i n  im p a c ted  a r e a s  w h ich  a r e  rem ote  from  a  r a d i o a c t i v e  
w a s te  management a r e a .  C o s ts  a s s o c i a t e d  w ith  lo n g - t e r m  w a s te  management 
w i l l  b e ig n o r e d  h e r e .

Land v a lu e s  a r e  h ig h ly  v a r i a b l e  and d ep en d  upon t h e  s p e c i f i c  la n d  u s e . 
C u r r e n t ly ,  U .S .  a g r i c u l t u r a l  la n d  i s  v a lu e d  a t  a p p r o x im a te ly  U .S .
$ 5 0 ,0 0 0 /k m 2 [ 3 1 ] .  R e s t r i c t i o n  a g a in s t  cro p  p r o d u c t io n  w ou ld  r e s u l t  in  
t h i s  eco n o m ic  l o s s  a s  w e l l  a s  l o s s e s  o f  a n n u a l cro p  p r o d u c t io n ,  v a lu e d  a t  
U .S . $  2 x 10 /km 2 [ 3 1 ] .  C le a n -u p  c o u ld  r e s u l t  in  c o s t s  from  tem p o ra ry  
d e c r e a s e d  a g r i c u l t u r a l  p r o d u c t io n  due t o  i n t e r r u p t io n s  in  t h e  cro p  c y c l e  
o r  d e c r e a s e d  s o i l  f e r t i l i t y .  F o r  l o c a t i o n s  w it h  m a r g in a l fo o d  s u p p ly ,  
r e s t r i c t i o n s  in  a g r i c u l t u r a l  p r o d u c t io n  c o u ld  l e a d  t o  more s e r io u s  
b i o l o g i c a l  c o s t s  th a n  c o s t s  from, r a d i a t io n  e x p o s u r e .
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P o t e n t i a l  h e a l t h  c o s t s  a r i s i n g  from  r a d i a t io n  e x p o su r e  in  p o p u la t io n s  
have b een  e v a lu a t e d  in  m on eta ry  term s b y  o t h e r s  [ 3 2 ] .  Such  f i g u r e s  a r e  
u s e f u l  f o r  co m p a r iso n  w ith  t h e  m o n eta ry  c o s t s  o f  r e m e d ia l  a c t i o n  a g a in s t  
r a d ia t io n  e x p o s u r e .  H e a lt h  c o s t  e s t im a t e s  a r e  d e v e lo p e d  in  t h i s  s tu d y  
u s in g  a  v a lu e  o f  U .S .  $ 2 5 0 /m a n -r a d . A t a  d o se  com mitm ent l e v e l  o f  
75 rem, t h e  c a l c u l a t e d  c o s t  p e r  p e r s o n  e x p o se d  i s  U .S .  $ 2 x 10  . On 
t y p i c a l  a g r i c u l t u r a l  la n d , one c o u ld  r e a s o n a b ly  e x p e c t  a  p o p u la t io n  d e n s i t y  
o f  on e t o  t e n  p e r s o n s  p e r  km^. P o t e n t i a l  b i o l o g i c a l  c o s t s  c o u ld  b e a p p r o x im a te ly  
U .S . $ 2 x 1 0 ^ . The b e n e f i t - c o s t  r a t i o  f o r  c le a n -u p  i s  t h e r e f o r e  a p p r o x im a te ly
0 . 2 .  T h is  r a t i o  i s  v e r y  s e n s i t i v e  t o  t h e  c o s t s  o f  t r a n s p o r t a t io n  and th e  
number o f  human r e c e p t o r s  w h ich  a r e  in v o lv e d .  A l t e r n a t i v e s ,  su c h  a s  
r e s t r i c t i o n  a g a in s t  c r o p  p r o d u c t io n  in c u r  c o s t s  w h ich  a r e  com p arab le  t o  th e  
b e n e f i t s  o f  re d u c e d  r a d i a t io n  e x p o su r e ;  f o r  e x a m p le , t h e  eco n o m ic  cro p  l o s s  
o f  c r e a t in g  an  e x c l u s io n  a r e a  f o r  t e n  y e a r s  i s  a p p r o x im a te ly  U .S .  ф 2 x 1 0 5 .

In  summary, th e  d e p o s i t i o n  o f  a  C i p e r  km^ o f  ^ 9 p u on a g r i c u l t u r a l  
la n d  can  be e v a lu a t e d  a s  l e a d in g  t o  p o t e n t i a l  h e a l t h  c o s t s  w h ic h  a r e  com p arab le  
in  eco n o m ic  v a lu e  t o  th e  c o s t s  o f  r e m e d ia l  a c t io n s  w h ich  rem ove t h e  p o t e n t i a l  
e x p o s u r e .  The ju d gem en t r e g a r d in g  p r o p e r  a c t io n  in v o lv e s  c o n s id e r a t io n  o f  
q u a l i t a t i v e  f e a t u r e s ,  su c h  a s  eco n o m ic  p o l i c i e s  and s o c i e t a l  p r i o r i t i e s  
f o r  u t i l i z i n g  f i n i t e  m o n eta ry  r e s o u r c e s  t o  p rom ote human w e l f a r e .  Some 
c o n s id e r a t io n  sh o u ld  a l s o  be g iv e n  t o  an im p lie d  lo n g - t e r m  com m itm ent sh o u ld  
a  d e c i s io n  be made n o t  t o  c le a n -u p  a  c o n ta m in a te d  a r e a .  I f  su c h  an a r e a  
i s  u se d  f o r  a g r i c u l t u r a l  p r o d u c t io n ,  some m o n ito r in g  program  w i l l  b e  n e c e s s a r y  
t o  a s s e s s  t h e  l e v e l  o f  ^39pu in  fo o d  c r o p s .  W h ile  t h e  f o o d - c h a in  t r a n s p o r t  
o f  239pu i s  g e n e r a l l y  b e l i e v e d  t o  be n e g l i g i b l e  b a se d  upon s h o r t - t e r m  s t u d i e s ,  
i t  ca n n o t b e  s t a t e d  w it h  c e r t a i n t y  t h a t  t h i s  w i l l  rem ain  t r u e  o v e r  lo n g  
p e r io d s  o f  t im e  [ 19] •

The s h o r t  t im e  p e r io d  a v a i l a b l e  f o r  m aking an  e f f e c t i v e  d e c i s io n  i s  
a l s o  a p p a r e n t from  t h e  r e s u l t s  in  T a b le  I I .  By 100  d a f t e r  t h e  c o n ta m in a t in g  
e v e n t ,  o n e - h a l f  o f  t h e  t o t a l  50 y r  d o se  com m itm ent h a s a lr e a d y  b een  
a c c u m u la te d . An a l t e r n a t e  c o u r s e  o f  a c t i o n  w ou ld  b e  t o  e v a c u a te  t h e  a r e a  
a n d /o r  p lo w  th e  a f f e c t e d  ground  s u r f a c e s .  T h is  sh o u ld  b e  e f f e c t i v e  in  
g r e a t l y  r e d u c in g  t h e  b i o l o g i c a l  c o s t s ,  b u t a l s o  s u b s t a n t i a l l y  i n c r e a s e s  
t h e  u l t im a t e  c o s t  o f  c le a n - u p  sh o u ld  i t  e v e n t u a l ly  b e  deem ed n e c e s s a r y .

F i n a l l y ,  some m e n tio n  sh o u ld  b e  made o f  urban  e n v ir o n m e n ts . H ere , th e  
p o t e n t i a l  f o r  r a p id  sp r e a d  o f  t h e  m a t e r ia l  and t h e  l a r g e  p o p u la t io n  d e n s i t y  
a p p ea r  t o  o f f e r  no c h o ic e  b u t t o  c o n t a in  and rem ove th e  c o n ta m in a t io n  a s  
r a p id ly  a s  p o s s i b l e .
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D I S C U S S I O N

H. T . DAW : T h e  f in a l  s e n t e n c e  o f  y o u r  p a p e r  p r o m p ts  m e  to  r e m a r k  
th a t  i f  th e  c o s t  o f  ta k in g  r e m e d ia l  a c t io n  i s  e q u a l to  th e  c o s t  o f  ta k in g  no  
a c t io n ,  it  w o u ld  s u r e ly  b e  b e t t e r ,  a t th e  d e c is io n - m a k in g  p o in t ,  to  o p t fo r  
th e  p r o c e d u r e  b y  w h ic h  p e o p le  a r e  p r o t e c t e d .  In o th e r  w o r d s  th e  c o s t -  
b e n e f i t  a n a ly s i s  d o e s  n o t h e lp  h e r e .
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L . R .  A N SP A U G H : It i s  t r u e  th a t th e  c o s t - b e n e f i t  a n a ly s i s  d id  n ot  
p r o v id e  u s  w ith  a  g r e a t  d e a l  o f  g u id a n c e . A s  i s  o f te n  th e  c a s e ,  i t  d e p e n d s  
h o w  o n e  s e l e c t s  o n e 's  p r i o r i t i e s  w ith  o n ly  l im i t e d  f in a n c ia l  r e s o u r c e s .

H. P .  JA M M E T : Y o u r  c o s t - b e n e f i t  a n a ly s i s  d o e s  h a v e  th e  m e r i t  o f  
a llo w in g  d e c is io n s  to  b e  b a s e d  o n  n u m e r ic a l  d a ta . N e v e r t h e l e s s ,  i t  m u s t  
b e  b o r n e  in  m in d  th a t t h e r e  i s  a q u a l ita t iv e  d i f f e r e n c e  in  th e  tw o  th in g s  
b e in g  c o m p a r e d :  on  th e  o n e  han d  y o u  h a v e  th e  c o s t ,  b a s e d  on  r e a l i t y ,  and  
o n  th e  o th e r  y o u  h a v e  th e  p r o b a b il i ty  o f  d e t r im e n t ,  w h ic h  i s  d if f ic u lt  to  
a s s e s s .  ■

F . C. J . T IL D S L E Y : A  so m e w h a t  s im i la r  s tu d y , u n d e r ta k e n  a s  a jo in t  
U n ite d  K in g d o m /F r e n c h  p r o j e c t ,  h a s  b e e n  m a d e  o f  t h is  p r o b le m  and o f  th e  
c o s t s  r e s u l t in g  fr o m  r e l e a s in g  a  q u a n tity  o f  p lu to n iu m  in to  th e  e n v ir o n m e n t ,  
and i t  i s  in t e r e s t in g  to  n o te  th a t w e a r r iv e d  at c o n c lu s io n s  s im i la r  to  t h o s e  
o f  y o u r  v e r y  in t e r e s t in g  p a p e r , th o u g h  b y  so m e w h a t  d i f f e r e n t  r o u t e s .  F o r  
in s t a n c e ,  w e c o n c lu d e d  th a t th e  l e v e l  o f  c o n ta m in a t io n  fo r  c le a n - u p  p u r p o s e s  
i s  c lo s e  to  th e  p r a c t ic a l  l im i t  o f  d e t e c t io n  fo r  p lu to n iu m  a lp h a - e m i t t e r s .

W ork  o f  t h is  n a tu r e  i s  im p o r ta n t ,  and e n a b le s  so u n d  d e c i s io n s  to  be  
m a d e  on  su c h  a s p e c t s  a s  s i t e  s t o r a g e  q u a n t it ie s  and c o n d it io n s .  H o w e v e r ,
I do n o t  th in k  th a t th e  d e c is io n  w h e th e r  o r  n o t to  c le a n  up w i l l  d e p e n d  on  
c a lc u la t io n s  o f  t h is  ty p e . P u b lic  o p in io n  w o u ld  p r o b a b ly  d em a n d  d e c o n ta m in a 
t io n  l e v e l s  a s  lo w  a s  p o s s ib l e  in  u r b a n  a r e a s ,  w h ile  in  a g r ic u l t u r a l  a r e a s  
i t  w o u ld  p r o b a b ly  p r o v e  d if f ic u lt  i f  n o t im p o s s ib le  to  s e l l  c r o p s  fr o m  c o n ta 
m in a te d  fa r m  la n d  i f  no  c le a n -u p  p r o c e d u r e  had  b e e n  fo l lo w e d  — r e g a r d l e s s  
o f  the t im e  th e  la n d  h ad  b e e n  a l lo w e d  to  l i e  fa l lo w  in  i s o la t io n .

L . R .  A N SP A U G H : I w o u ld  c e r t a in ly  a g r e e  th a t p u b lic  o p in io n  m a y  
b e  a d o m in a t in g  fa c to r  in  c le a n - u p  d e c i s io n s ,  and in  so m e  c a s e s  it  m a y  
f o r c e  a c t io n  th a t i s  n o t j u s t i f i e d .  W e h a v e  n o t  a t te m p te d  to  c a lc u la t e  a 
m o n e t a r y  v a lu e  fo r  p u b lic  o p in io n  o r  'g o o d  w i l l ' .
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Abstract-Résumé

EFFECTS OF RADIOECOLOGICAL RECONCENTRATION ON MAXIMUM PERMISSIBLE CONCENTRATIONS 
FOR RIVER WATER.

T he M PCW v a lu es  recom m ended  by ICRP take  in to  acco u n t only  one co n ta m in a tio n  pathw ay -  the 
ingestion  o f  w a te r. In order to  take  in to  a c co u n t the second c o n tam in a tio n  pathw ay — the food cha in  in  the 
case o f riv e r w a te r — i t  is the refo re  necessary  to  reduce  the MPC v a lu e . T he au tho r describes the m ethod  
for c a lc u la tin g  the reduction  c o e ff ic ie n t, tak ing  by w ay o f  ex am p le  c o n tam in a tio n  by c a e s iu m -137 and 
s tro n tiu m -99. A ccoun t is taken  o f two essen tia l phenom ena — the adsorption  o f rad ionuclides  by rive r 
sed im ents and the m o v e m en t o f fish — w hich  resu lt in  a h igher co n c en tra tio n  fac to r for fish w ith  increasing  
d is tance  from  the p o in t o f d ischarge; th is w ould la rg e ly  ex p la in  the d isparity  o f the co n c en tra tio n  fac to r 
va lues g iv en  in  the l i te ra tu re . H ow ever, the inc rease  in the co n c en tra tio n  fac to r v a lu e  is less rap id  than  the 
d ec rease  in  the  w ate r co n c en tra tio n  resulting  from  adsorption  by sed im en ts, so th a t the  v alue  o f the co e ff ic ie n t 
by w hich  the MPC v a lu e  should be d iv ided  d ec reases  as the  d is tan ce  from  the d ischarge po in t a t  w hich  the 
fish is caugh t inc reases . B earing in  m ind also  the  co n cen tra tio n  facto rs ty p ic a l o f  p lan ts , the c o e ff ic ie n t barely  
exceeds 20 under the w orst possib le c ircu m stan c es , i f  the popu la tion  in  question  is n ea r the d ischarge po in t, 
and d ec lin es  to  a m u ch  low er v a lu e  in  the case  of m ore  d is tan t popu la tions.

INCIDENCE DES RECONCENTRATIONS RADIOECOLOGIQUES SUR LA VALEUR DE LA CONCENTRATION 
MAXIMALE ADMISSIBLE DES EAUX DE RIVIERE.

Les CM Aeau reco m m an d ées  pa r la  CIPR ne  consid è ren t q u 1 une seule vo ie de co n tam in a tio n : l ' ingestion  
d 'e a u .  Pour prendre en co m p te  la  deux ièm e vo ie  de co n tam in a tio n  que constitue  la  chafne a lim e n ta ire  
quand i l  s ' a g i t  d 'e a u  de riv iè re , i l  fau t donc rédu ire  la  v a leu r de ces CM A. C e tte  é tude  expose la  m éthode 
de c a lc u l de ce  c o e ff ic ie n t de réd u c tio n , en  p renan t com m e ex em p le  la  co n tam in a tio n  par le  c é s iu m -137 
e t le  s tro n tiu m -9 0 . 11 es t tenu  co m p te  de deux phénom ènes essen tie ls: 1' adsorp tion  des rad io é lém en ts  
p a r  les séd im ents de la  r iv iè re  e t  le s  d ép lacem en ts  des poissons. Ils  o n t pour e ffe t d 'a u g m e n te r  le  fac teu r 
de co n c en tra tio n  ch ez  les poissons avec  la  d is tance  au p o in t de re je t ,  ce  qui ex p liq u e ra it, en  grande p a r tie , 
la  d isparité  des valeurs c i té e s  dans la  l i tté ra tu re  pour ce  fa c te u r . M ais c e tte  au g m en ta tio n  es t m oins rapide 
que la  décro issance  de  la  co n c en tra tio n  de T ea u  ré su ltan t de Г adsorption  par les séd im en ts , de sorte que la  
v a le u r  du c o e ff ic ie n t pa r le q u e l i l  co n v ien t de d iv ise r la  CMA d im inue avec  la  d is tance  où le  poisson est 
p é c h é . C om pte  tenu  é g a le m e n t des fac teurs de co n c en tra tio n  propres aux v ég é tau x , ce  c o e ff ic ie n t ne 
dépasse guère  20 dans le s  p ires cond itions  si les popu la tions sont rapprochées du p o in t.d e  r e je t  e t  s' abaisse b ien  
en  dessous de c e t te  v a leu r dans le  cas  de  popu la tions é lo ig n ées .

1. I N T R O D U C T I O N
Les concentrations maximales admissibles (CMA), que la C o m m i s 

sion Internationale de Protection Radiologique (CIPR) a recommandées en 
1959 pour l'eau [1 ] , ne considèrent qu'une seule voie de contamination :
11 ingestion de I ' eau elle-même, sous la forme d'eau de boisson ou d'eau 
imbibant les aliments. Cette ( C M A ) eau délivre, à elle seule, la dose 
maximale admissible ( D M A )  à l'organisme.
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Or, les reconcentrations radioécologiques observées chez les animaux 
abreuvés et les végétaux arrosés avec l'eau de rivière conduisent à une voie 
supplémentaire de contamination des populations : celle de la cha m e  ali
mentaire.

La CIPR précise [i ]que dans ce cas il convient d'apporter aux valeurs 
de la ( C M A ) eau qu'elle a définie un facteur de correction tel que la s o m m e  
des doses délivrées par les deux voies de contamination n'excède pas la 
D M A .

L'objet de notre étude est de déterminer la valeur de ce facteur de 
correction. A  cet effet, nous envisagerons l'hypothèse la plus défavorable: 
celle d'un h o m m e  qui, à la fois, boirait de l'eau contaminée à la m ê m e  
concentration que l'eau de la rivière, se nourrirait de légumes arrosés avec 
cette eau et mangerait à chaque repas du poisson péché dans la rivière.

Nous exposerons d'abord notre méthode de calcul, puis nous donne
rons nos résultats que nous discuterons.

2. M E T H O D E  D E  C A L C U L

Pour caractériser I ' importance des phénomènes de reconcentration, 
les écologistes ont défini un coefficient F, appelé facteur de concentration :

P activité contenue dans 1 kg de produit frais 
activité contenue dans 1 litre d'eau

étant précisé que :
a) l'activité dont il s'agit pour le produit frais est la valeur constante 
attei nte à I ' équi I ibre,
b) l'activité dont il s'agit pour l'eau est celle qui est mesurée à l'endroit 
où le produit est récolté, c 1 est-à-dire, dans le cas des poissons, l'activité 
présentée par l'eau à l'endroit m ê m e  où ceux-ci sont péchés.

Dans ces conditions, le facteur de concentration représente l'équiva
lent en litres d'eau de la quantité de radioéléments contenus dans 1 kilo
g r a m m e  d'aliment .

Nous désignerons par m  (kg) la masse d'aliments c o n s o m m é s  par 
jour et nous affecterons de l'indice p les paramètres relatifs aux poissons 
et de l'indice I ceux relatifs aux'légumes.

Les sédiments de la rivière ont pour propriété de fixer par adsorption 
une fraction des radioéléments, plus ou moins importante selon la nature 
de ces derniers, de sorte que l'activité volumique de l'eau décroît en fonc
tion de la distance x au point de rejet selon une loi que l^on peut approxi
mativement traduire par une exponentiel le de la forme • e (f ig. 1) .

La concentration maximale C„ de l'eau de la rivière, immédiatement 
après dilution des effluents rejetés, doit être telle que l'activité journa
lière absorbée par notre individu soit égale à celle qui est permise par la 
CIPR. Etant donné que selon cette commission l'homme boit en moyenne
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FIG .1 .  V aria tio n  de la  co n c en tra tio n  C de 1' eau  de la  riv iè re  en  fonction  de la  d is tance  au p o in t de re je t 
e t  c y c le  des d ép lacem en ts  du poisson péché en  x .

1,2 I ¡tres et i ngère par I ' i intermédiaire des al i ment s 1 I itre d'eau par jour, 
soit un total de 2,2 litres d'eau par jour, on doit donc avoir, pour un indi
vidu habitant à une distance x du point de rejet, l'égalité :

On en tire l'expression suivante du coefficient r| par lequel il faut 
diviser la C M A  :

Il nous faut donc rechercher les valeurs des facteurs de concentration 
F et des quantités m  d'aliments ingérés par jour, relatives aux poissons 
et aux légumes.
2.1. Valeurs du facteur de concentration relatif aux poissons

Les poissons ne mènent pas une vie sédentaire, mais se déplacent le 
long du cours d'eau en effectuant de nombreux va-et-vient. Mis à part les 
grandes migrations de frai de certaines espèces (anguille, saumon), ces 
déplacements ne semblent pas obéir à des lois spécifiques connues, mais 
seraient simplement soumis au jeu du hasard.

Considérons un poisson péché à une distance x du point de rejet 
(fig.1). Puisque nous recherchons la valeur maximale du facteur de con
centration, c'est l'activité (appelée encore charge) la plus grande que le 
poisson peut accumuler dans son corps qui nous intéresse ici . Cette charge 
sera obtenue quand, parmi tous les déplacements possibles, le poisson 
adopte l'un d'eux : celui dans la partie du cours de la rivière où l'eau pré
sente la plus grande activité volumique,c'est-à-dire entre les points o 
et x .

La charge varie évidemment le long du trajet suivi par le poisson et 
augmente avec le temps de séjour du poisson dans l'eau contaminée, 
c ' est-à-dire avec le nombre de cycles parcourus (fig.2) .

k xC c e‘ (1,2 + m p Fp + m, F, ) = ( C M A ) x  2,2

1,2 + m p Fp + iri| F ( _kx
(1 )
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F I G . 2. V aria tio n  de la  charge du poisson en  fonction  du tem p s, en tre  le  po in t de r e je t  (x = o) e t  le  lieu  
de pêche  (x).

Désignons par : 
v la vitesse moyenne de déplacement du poisson,
f la fraction de l'activité volumique de l'eau qui est transférée à l'unité

de m a sse du poisson par unité de temps,
T la période d'élimination effective du radionucléide chez le poisson, à 

laquelle correspond une constante d'élimination effective X = 0 ,693/T .
Nous établissons en annexe l'expression mathématique de l'activité 

massique q que le poisson présente chaque fois qu' il repasse au point x 
et nous montrons qu'au bout d'un certain nombre de cycles cette charge 
atteint un équilibre.

En divisant cette expression par la valeur de l'activité volumique de
l'eau au point x , nous obtenons l'expression du facteur de concentration
en ce poi nt :

-  ( X - k v ) x / v  - ( l - k v ) x / v  - 2  l x / i1 - e e -e
X - k v X + kv

F = f ----------------------------------------------------------------------------------- (2 )
P -  2 X x /  v1 - e

Les valeurs numériques des constantes k, f et T sont rapportées dans 
le tableau I pour deux des plus importants nucléides : le césium-137 et le 
strontium-90, que nous avons choisis à titre d'exemple.

Les valeurs de k sont tirées d'observations, effectuées sur des canaux 
du Rhône [2 ] , qui montrent que le césium est beaucoup plus adsorbé par 
les sédiments que le strontium.

Les valeurs de f et de T sont déduites de résultats d'expériences de 
contamination en aquariums [3, 4 ] et concernent uniquement la partie c o m e s 
tible du poisson, c'est-à-dire les muscles, à l'exclusion du sang, des
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Valeurs numériques des constantes
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F IG .3 . V a ria tio n , e n  fon c tio n  d e  la  v itesse  m oyenne de d é p la c e m e n t, du fac teu r de co n c en tra tio n  Fp 
présenté par le  poisson à d iffé ren tes  d istances x du po in t de re je t ,  dans le  cas  d 'u n e  co n ta m in a tio n  par le  
c é s iu m -137.

viscères et du squelette. Toutefois, les valeurs de f ainsi déduites ont été 
multipliées par deux pour tenir compte de ce que ces expériences ne c o m 
portaient pas de contamination du poisson par la nourriture; en effet, la plu
part des chercheurs pensent que les apports d ’activité se répartissent sensi
blement à parts égales entre l'eau et la nourriture [5] .

L'application de ces valeurs numériques à l'équation (2) conduit aux 
courbes de la figure 3 représentant la variation de F̂, en fonction de v et x 
dans le cas d'une contamination par le césium-137. Nous constatons que, 
pour des vitesses moyennes de déplacement du poisson supérieures à une 
dizaine ou une vingtaine de mètres par heure, Fp devient pratiquement indé
pendant de v . De telles vitesses paraissent fort plausibles si on les c o m 
pare aux vitesses maximales de déplacement des poissons [6 ] rapportées 
dans le tableau 11.

Nous pouvons donc considérer Fp c o m m e  ne dépendant que de x . 
L'expression (2) se simplifie et devient :

kx
F = f 
P к Л x (3)
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T A B L E A U  II
Vitesses maximales (km/h) des poissons
Brème 2 Gardon 16
Epi noche 11 Perche 16
Angui 1 le 12 Barbeau 18
Carpe 12 Brochet 33
Vairon 13 Truite 37
Vandoise 15 S a u m o n 40

F IG .4 . V aria tio n  de la  va leu r m a x im a le  Fp du fac teu r de co n c en tra tio n  ch ez  le  poisson en  fonction  de la  
d istance  au po in t de re je t .

T A B L E A U  III
Valeurs du facteur de concentration dans la chair 
des poissons, selon la distance au point de rejet

k m 0 25 50 100 150

Cs 35 70 150 1000 8000

90 Sr 2 2,5 2,8 3,7 5
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T A B L E A U  IV
Valeurs du facteur de concentration pour quelques 

végétaux, selon la nature du terrain
Césium- 137 Strontium-90

légumes sable calcaire .argile sable calcaire argi le

choux 4 78 20
haricots

verts 12 5

p o m m e s  
de terre 50 2 15 2,5

salades 42 9 51 14 28
tomates 5 0,4 2,5 0,5

Cette fonction est représentée graphiquement par les courbes de la 
figure 4 et, pour préciser les idées, nous rapportons quelques-unes de ses 
valeurs dans le tableau III. Cette importante variation de Fp avec la dis
tance x où le poisson est péché pourrait expliquer, en grande partie, le 
large éventail des valeurs de Fp citées dans la littérature (de quelques 
dizaines à près de dix mille en ce qui concerne le césium-137) .

2.2. Valeurs du facteur de concentration relatif aux légumes
Le tableau IV rapporte quelques-unes des valeurs à long terme de ce 

facteur, établies selon la nature du terrain par l'Institut National de la 
Recherche Agronomique en collaboration avec le Commissariat à l'Energie 
Atomique [7, 8 ] .

Ces valeurs résultent d'expériences d'irrigation effectuées dans les 
conditions de la pratique sur sols en place dans des régions choisies en 
raison de leur culture intensive du végétal considéré. Tous les terrains 
contenaient de l'humus, ce qui avait pour effet d'augmenter la réversibi
lité de la fixation des radioéléments par le sol et par conséquent d'accroi4- 
tre la quantité de radioéléments disponible pour la plante.

Nous ne retiendrons du tableau IV que ses plus fortes valeurs :
- en terrain sablonneux, régime alimentaire composé à parts égales des 
deux légumes les plus contaminés (choux et p o m m e  de terre),
- en terrain argileux ou calcaire, régime alimentaire composé uniquement 
de salade (ou d'un légume dont le facteur de concentration serait sensible
ment analogue) .



2.3. Valeurs des quantités d'aliments consommées par jour
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La masse totale d'aliments co n s o m m é s  par jour se déduit de la quan
tité d'eau (1 litre) admise par la CIPR c o m m e  contenue dans l'alimenta
tion quotidienne et de la teneur moyenne en eau (85 %) des aliments. On 
trouve :

m  = 1/0, 85= 1,2 kg

La valeur de m ( peut être déterminée à partir de la masse de protéines 
dont l'homme a besoin (70 gra m m e s  par jour) et de la teneur en protéines 
de la chair de poisson (17,5 %) [9 ]. On  trouve :

m  = 0,4 kg 
p

La valeur de rri| est égale à la différence entre m  et m  , soit : 
m| = 0,8 kg

3 .  R ESULTA TS

Les valeurs du coefficient r| (équation 1) sont données, en fonction de 
la distance x et selon la nature du terrain, par les courbes de la figure 5.

Malgré les hypothèses très défavorables que nous avons adoptées pour 
le régime alimentaire, ce coefficient ne dépasserait guère 20 si les popula
tions étaient rapprochées du point de rejet et s 'abaisserait bien en dessous 
de ces valeurs dans le cas de populations éloignées.

20
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s

0

FIG. 5. V a ria tio n , en  fonction  de Г é lo ig n em en t des p opu la tions  par rapport au p o in t de r e je t ,  du c o e ff ic ie n t t) 

par le q u e l la  CMA d o it ê tre  d iv isé e .
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Notre calcul met en évidence deux variations que I 'on serait tenté de 
croire, a priori, c o m m e  contradictoires :d'unepart I ' augmentation de Fp 
avec la distance x , d'autre part la diminution du coefficient T} avec cette 
distance. Ceci mérite une explication.

Les parts relatives prises par les poissons et les végétaux dans la 
contamination des populations sont également intéressantes à connaître. 
Nous les évaluerons.

Enfin, la curiosité nous incite à comparer nos résultats avec les va
leurs déjà D ro p o sées  dans la littérature.
4.1.' Augmentation de Fp et diminution de r| avec la distance x

L'explication est donnée par le fait que la charge du poisson diminue 
avec x moins vite que la concentration de l'eau.

De cette variation, il résulte en effet :
- d'une part, que le dénominateur du rapport définissant le facteur de con
centration devient de plus en plus petit par rapport au numérateur : F aug
mente (à la limite, pour un poisson qui migrerait dans une eau totalement 
épurée, on trouverait un facteur de concentration infini, puisque le dénomi
nateur s'annulerait),
- d'autre part, que la quantité de radioéléments ingérée par l 'homme en 
consommant le poisson péché au point x d i m i n u e  : r) décroît.
4.2. Parts relatives des poissons et des végétaux dans la.contamination 

des populations
La variation des parts relatives prises par les poissons et les végé

taux dans la contamination des populations, en fonction de la distance x 
où ces dernières sont localisées, est représentée par les courbes de la 
figure 6 dans le cas d'un rejet de césium 137 et de terrains sablonneux : 
la contamination par les végétaux l'emporte sur celle par les poissons 
près du point de rejet; c'est l'inverse loin de ce point.

4 .  D I S C U S S I O N

F IG .6 . V a ria tio n , en  fonction  de la  d is tance  au p o in t de re je t ,  des parts re la tiv e s  prises pa r les v égé taux  
e t  le s  poissons dans la  c o n tam in a tio n  des popu la tions par le  cé siu m -1 3 7  en  te rra in  sablonneux.
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T A B L É A U  V

C o e f f i c ie n t  de d i v i s i o n  de  la  ( C M A ) eau 

dans  le  c a s  où le s  re c o n c e n t ra t io n s  é c o lo g iq u e s  

son t  l i m i t é e s  au x  p o is s o n s

ic i
( m a x i m u m )

A . I . E . A .

137
C s 7 3000

90 *
S r 1 ,2 5 100

E n  g é n é ra l ,  la  l i t t é ra tu r e  ne f a i t  pas  é ta t  de ce s  c h a n g e m e n ts  de p ré 
d o m in a n c e ,  m a i s  a c c o rd e  t o u jo u r s  une p a r t  bea uco u p  p lu s  im p o r ta n te  aux  
p o is s o n s  q u 'a u x  v é g é ta u x  [10, 11 ] . C e c i  p ro v ie n t  de ce  que  dans  ces  
é tu d e s  il  n ' e s t  tenu  a u c u n  c o m p te  de I ' a d s o r p t i o n  par les  s é d im e n ts  et 
q u ’ i l  e s t  a t t r ib u é  au fa c te u r  de c o n c e n t r a t io n  des  v é g é ta u x  des  v a le u rs  à 
c o u r t  t e rm e  qu i ne p re nnen t  p as  en c o n s id é ra t io n  les  p o s s i b i l i t é s  d ' a c c u 
m u l a t i o n  p ro g re s s iv e  d es  r a d io é lé m e n ts  dans  le  s o l .

4 . 3 .  C o m p a ra is o n  a ve c  le s  v a le u r s  p ro p o s é e s  dans  la  l i t t é ra tu r e

U ne  é tu d e  p u b l ié e  par l ' A g e n c e  In te rn a t io n a le  de l ’ E n e rg ie  A to m iq u e  
( A I E A )  [ 12 ] donne  des  v a le u r s  du c o e f f i c i e n t  n par leque l  i I f a u d ra i t  d i v i - 
se r  les  C M A  dans  le  D anube  pour  te n i r  c o m p te  des  r e c o n c e n t ra t io n s  
ra d io é c o lo g iq u e s  l i m i t é e s  aux  p o is s o n s .  Le ta b le a u  V c o m p a re  les  v a 
le u rs  que  nous o b t ie n d r io n s  dans  c e t te  h y p o th è s e  à c e l l e s  de l ' é t u d e  en 
q u e s t i o n .  Les d i f f é re n c e s  son t  c o n s id é ra b le s .

5 .  C O N C L U S IO N

E n  ré s u m é ,  d 'a p r è s  l ' e x e m p l e  que nous  avo n s  p r i s  d ' u n e  c o n t a m in a 
t i o n  par le  c é s iu m  137 et le  s t r o n t iu m  9 0 ,  les  r e c o n c e n t ra t io n s  r a d io é c o lo 
g iq u e s  dans  la  c h a i r  des  p o is s o n s  et les  v é g é ta u x  o b l ig e ra ie n t  à d i v i s e r  
le s  C M A  par un c o e f f i c ie n t  q u i  dans  les  p i r e s  c o n d i t i o n s  n 'e x c é d e r a i t  guè re  
2 0 .

L 'a d s o r p t io n  des  r a d io é lé m e n ts  su r  les  s é d im e n ts  de la  r i v iè r e  et les  
d é p la c e m e n ts  du p o is s o n  nous p a ra is s e n t  c o n s t i t u e r  deux  p h é n o m è n e s  
e s s e n t i e l s .

A u s s i  les  c h e rc h e u rs  d e v r a ie n t - i  Is  in d iq u e r  les  p o in ts  k i l o m é t r iq u e s  
a u x q u e ls  les  p o is s o n s  don t i l s  m e s u re n t  l ' a c t i v i t é  ont é té  p é c h é s .  T ra i te r  
le s  p o is s o n s  c o m m e  des  a n im a u x  s é d e n ta i r e s  n ' e s t  pa s  une  a t t i t u d e  
réa l  i s t e .
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A N N E X E  

C a lc u l  de  l ' a c t i v i t é  m a s s iq u e  q du p o is s o n

Nous u t i l i s e r o n s  le s  n o ta t io n s  d é jà  e x p l i c i t é e s  dans  le  te x te  ( §  2 )  . 

Nous c o n s id é re ro n s  i c i  la  d is ta n c e  x  où le  p o is s o n  e s t  péché  c o m m e
f i x e .

D é s ig n o n s  par " d "  la  d is ta n c e  v a r i a b le ,  c o m p r i s e  e n t re  o et x  , où le  
p o is s o n  se  t ro u v e  à I ' i n s ta n t  t .

La v a r i a t i o n  de l ' a c t i v i t é  m a s s iq u e  du p o is s o n  par u n i té  de t e m p s  e s t  
é g a le  à la  d i f f é re n c e  e n t re  le s  a p p o r ts  et le s  p e r te s ,  rep ré s e n té e  par :

5 3 6  SCHAEFFER

dq - k d  . .
—  = f  C o e -  \ q  ■ ( 4 )

C h aque  c y c le  c o m p re n d  un t r a je t  a l l e r  de x  à o et un t r a je t  re to u r  de
o à x  ( f i g .  1) .

a )  T ra je t  al 1er de x  à o

S i l ' o r i g i n e  du t e m p s  e s t  p r i s e  au débu t  de c e  t r a j e t ,  on  a : 

x  -  d = v  t 

L ' é q u a t i o n  ( 4 )  s ' é c r i t  :

dc1 f n  -  k  ( x  -  vt  ) .
I = f C * e  ■

L '  i n té g ra t io n  donne  :
- kx

f  C <= e  k  v t - Xt _ Xt
q = -----------------  ( e  - e  ) + q ( t  = o ) e

Л + kv
On a en f i n  de t r a je t  :

t = x/v ,
et s ' i l  s ' a g i t  du п '®т е  c y c |e .

Q = q „  „ q ( t  = o )  = qn -  0 >5 n -  '

-kx
f C ° 8 , k x  -  Xx / *  4 -  Xx / y

q = -----------------  ( e  -  e ) + q e ( 5 )n-°)5 \ + kv "

b )  T ra je t  re to u r  de o à x

S i  l ' o r i g i n e  du t e m p s  e s t  p r i s e  au d ébu t  de  c e  t r a j e t ,  on  a 

d = v t



e t l ' o n  a b o u t i r a i t  c o m m e  p ré c é d e m m e n t  à  l ' e x p r e s s i o n  :

f C ° , -kx - X x / » s - X x / v
q = —----------  ( e -  e ) + q e ( 6 )

n Л -  k v  n -0 ,5

P o r to n s  ( 5 )  d a n s  ( 6 ) .  Il v ie n t  :

q = a  + b + ( 1 - c ) q  ( 7)
fl П ”  1

où :
- ( X _k v ) x  / ».kx 1 . e v 1 '

a = f  C 0 e
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■ X - kv

- k x  "  ( X ~k v ) x / v - 2Xx / y  
b = f  C 0 e 1 ------------------------ I f ----------- --

X + kv

- 2  X X / v
c = 1 -  e

L 'é q u a t i o n  ( 7 )  p eu t  e n c o re  s ' é c r i r e  so u s  la  fo r m e  d i f f é r e n t i e l l e  :

dq .
q -  q = —  = a  + b -  cq

n n - 1 dn

L '  in té g ra t io n  d onne  :

d ' é q u i  I ib re

A u  bou t d ' u n  c e r t a in  n o m b re  de  c y c le s  p a rc o u ru s ,  q a t t e in t  la  v a le u r  
a + b

D I S C U S S I O N

A. B A Y E R :  Do the normal changes of the river flow rate in the course 
of a year have any influence?

R. S C H A E F F E R :  The important thing is not the flow rate but the 
constancy of the volumetric activity at each particular point. Whatever 
the seasonal variations in the flow, this constancy is assured as the 
radioactive effluents are released in quantities depending on the flow rate.

N. T. M I T C H E L L :  Instead of attempting to modify M P C s  for water, 
a particularly useful approach which we have adopted over m a n y  years 
with great success is to use them only as a m e a n s  of calculating m a x i m u m  
permissible rates of intake of radionuclides. This is n o w  becoming I C R P  
practice and is referred to in the forthcoming version of Publication 2.



SCHAEFFER

I should also like to ask a question. Do you feel that the assumed 
equal subdivision of activity between water and food pathways is an adequate 
approximation? For example, with caesium we have found that the activity 
is predominantly associated with the food of the fish —  to the extent of 
m o r e  than 90% in your conditions of hardness.

R. S C H A E F F E R :  There are certainly m a n y  exceptions to the rule I 
ass u m e d  for the apportionment of activity between water and food, but 
differences in this apportionment would have only a limited effect on the 
M P C  division coefficient r¡. For example, if the apportionment factor 
for caesium-137 was 90% instead of 50%, the coefficient rj would only be 
doubled. In radiological protection an error of one order of magnitude 
is acceptable.
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SORPTION-DESORPTION OF 
RADIOACTIVE CAESIUM, STRONTIUM 
AND CERIUM ON EARTH COMPONENTS

м. pirS
Joáef Stefan Institute,
U niversity o f Ljubljana,
Ljubljana,
Y ugoslavia

Abstract

SORPTION-DESORPTION OF RADIOACTIVE CAESIUM, STRONTIUM AND CERIUM ON EARTH COMPONENTS.
The so rption  c a p a c ity  on hum us m a te r ia l ,  c a lc i te  and do lo m ite  for ca esiu m , s tron tium  and ce rium  

has been  de te rm in ed  by s ta t ic  and  d y nam ic  m easu rem en ts. T he dependence  o f the  eq u ilib riu m  concen tra tion  
on the  so lu tion , pH, the  presence  of fo reign  salts  and the  s tab ility  of the  fix a tio n  of th e  a b o v e -m en tio n ed  
ions has been  in v estig a ted . T he e lu tio n  curves for Cs, Sr and C e from  the  hum us m a te r ia l ,  sand , c a lc ite  
and do lo m ite  w ith  w a te r, sa lt solutions and  ac ids have  been  c a lc u la te d .

I N T R O D U C T I O N

Liquid effluents from a nuclear power plant contaminate the environment 
to a very small amount. A  600-MW(e) power plant discharges 10-12 Ci/a 
of various isotopes in the cooling water, which, at a flow of 100 m 3/s, is 
a negligible quantity. But in the event of an accident (damaged cooling system) 
great quantities of contaminated water can pour out into the near environment 
and soak into the ground.

W h e n  the radioactive water c o m e s  in contact with the soil the ions react 
with the soil constituents and bind on the soil particles. Generally the anions 
■bind weakly and the cations strongly, and they are seldom detectable in the 
groundwater [1-3]. The ground acts as a mechanical filter and as an ion - 
exchanger column. The processes that take place are: adsorption, absorp
tion, ion exchange and precipitation. All these processes will be called 
here sorption. The degree to which the ions are rem o v e d  from the solution 
depends on the sorption capacity, which is dependent on the concentration of 
the solution, on the composition of the soil and on the presence of foreign 
ions. Under the influence of precipitation the sorbed ions slowly migrate 
into deeper layers of the ground.

For our investigations of the retention properties of ground soils, we 
collected representative samples of h u mus soil, sand, calcite and dolomite 
from Brezisko Polje, the site of the future nuclear power plant. The samples 
were analysed and the capacity determined in the static and dynamic way.
The desorption was investigated by elution experiments.
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Sampling

Samples of the h u m u s  soil, which is about 50 - 60 c m  thick, were taken 
in eight places. By chemical analyses it was found that the composition of 
the h u m u s  samples and the sand was the s a m e  and therefore the samples 
were mixed and two average samples were m a d e  for the following investiga
tions. Samples of sand were taken to 100 c m  thickness. The h u m u s  soil 
and sand were air dried, homogenized, sieved and chemical (Table I) and 
granulometric analyses (Table II) were made.

EXPERIMENTAL

T A B L E  I. C H E M I C A L  A N A L Y S I S  O F  H U M U S  SOIL A N D  S A N D

Humus soil 

(%)

Sand

(%)

S i0 2 5 2 .4 47. 0

R-2 7 .8 9 .1

CaO 9 .7 9 .2

MgO 4 .8 1 .8

Insoluble 8 .2 8. 6

M oisture con ten t 105°C 2 .3 0 .7

W eight loss on ig n itio n  600°C 4. 0 2 .5

p H ' 8 .3 8 .9

T A B L E  I I .  G R A N U L O M E T R I C  A N A L Y S I S  O F  S A M P L E S

m m
Sand Humus soil

(%) (%)

>1 29 . 5

0. 5 -  1 3

0 .3  -  5 5 16 > 0. 3 m m

0 .2 5  -  0 .3 4 7

0 .2  - 0 .2 5 3 8

0 .1 5  -  0 .2 4 10

0 .1 2  -  0 .1 5 6 8

0 .1 0  -  0 .1 2 8 5

0. 09 -  0 .1 7 6

0. 09 2 9 .5 40



T A B L E  III. S O R P T I O N  C A P A C I T Y  O F  C A E S I U M ,  S T R O N T I U M  A N D  C E R I U M  A S  A  F U N C T I O N  
O F  E Q U I L I B R I U M  S O L U T I O N  C O N C E N T R A T I O N

M a te ria l

C aesium

C ap a c ity  
(m e q /g x  10"2 )

Equ. so l. 
(NX 1 0 "3)

S trontium

C a p a c ity  
C 'm eq/gx 10"2) '

Equ. sol. 
(N X 1 0 - 3 )

C eriu m

C ap a c ity
(m e q /g )

Equ. so l. 
(N x 10~3 )

Humus so il 0 .3 5 0. 03 0 .2 9 0. 04 2 . 5 x 1СГ4 -

2 .4 0 . 52 2 . 5 0. 05 2 . 5  X 1 0 '2 -

7. 0 8 .6 1 0 .0 5 .8 4. 5 X 1СГ2 9

7 .2 100. 0 1 0 .2 1 0 .0 3 .5  X 1 0 '1 93

Sand 0 .2 5 0. 05 0 .2 8 0 .0 4

1 .0 0 .8 2 .1 0. 58

3 .0 9 .4 4 .1 9 .1

3 .1 100. 0

C a lc i te  and  d o lo m ite 0 .0 1 0 .0 9 8 0 .0 8 0. 8 2 .5  X 10"4 10-4

2. 5 X 10~2 10-2

0.3 102
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Determination of sorption capacity

Batch method: Standard solutions of Cs, Sr, Ce of various concentrations 
were m a d e  and spiked with 137Cs, 85Sr, 89Sr and 144Ce. O n e - g r a m  portions 
of h u m u s  soil and sand were weighed into polyethylene bottles; 50 m l  of 
each solution was added to separate samples and shaken for 24 hours. The 
suspensions were centrifuged, the centrifugates decanted, and the samples 
washed with a small portion of water to m a k e  up the amount of solution to 
50 ml. Cs, Sr and Ce were then determined by counting the liquid on a Nal 
gamma-counter. F r o m  the results shown in Table III it is evident that 
the sorption capacity increases with the increasing concentration of equi
librium solution, after which it attains a limit and with increasing concentra
tion remains constant.

The influence of p H  on the capacity

The pH of the solution does not influence the sorption capacity of 
caesium. In contrast, the p H  of the solution has a great influence on the 
sorption of strontium and cerium. These two elements sorb only in solutions 
with p H  greater than 6-7. The results are shown in Table IV.

Influence of the presence of foreign salts in the solution

Addition of foreign salts diminishes the sorption capacity. A  concentra
tion of 0. 01N solution has an insignificant effect on the sorption capacity, 
but a greater concentration of foreign salts diminishes the sorption capacity. 
The results for caesium are shown in Table V. The diminution in the sorption 
capacity of strontium and cerium was found to be identical.

T A B L E  IV. S O R P T I O N  O F  C A E S I U M ,  S T R O N T I U M  A N D  C E R I U M  
A T  D I F F E R E N T  p H  O N  H U M U S  SOIL

pH 2 3 5 .1 7 .1 9 .1 9 .8

Sorption °}o Cs 83 84 83 96 94 95 '

°¡0 Sr 15 16 25 48 84 85

°¡o C e 5 7 6 25 95 98

T A B L E  V. S O R P T I O N  %  O F  C A E S I U M  O N  H U M U S  SOIL IN
D E P E N D E N C E  O F  C O N C E N T R A T I O N  O F  F O R E I G N  E L E C T R O L Y T E S

N o rm ality  of CsCl
0 10 ‘ 4

N orm ality  o f N aCl 

10-3 1 0 -2 1 0"1

-1 С Г 9 95 96 89 82 79

~  10~3 56 50 52 45 32

~ 1 0 _z 18 16 15 11 6
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T A B L E  VI. B R E A K T H R O U G H  C A P A C I T Y  O F  H U M U S  SOIL 
B Y  C O L U M N  M E T H O D

Ion N o rm a lity  o f in fluen t
C ap a c ity
(m e q /g )

Cs , 1СГ4 2 X 1 0 '3

Cs lO "3 1 .3  x 10"2

Sr 10"4 1. 6 X 10"3

Sr 10 "3 1 .0  X 10*2

Ce lO "3 2 .2

FIG. 1. F ilte rin g  of Cs ions through 1 cm  la y e r  o f hum us m a te r ia l.

FIG. 2 . F ilte rin g  o f Sr ions through 1 cm  lay er of hum us m a te r ia l.
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F IG .3 . F ilte rin g  o f C e ions through 1 cm  layer o f hum us m a te r ia l.

Col u m n  method '

W e  tried to determine the breakthrough capacity by column experiments. 
Weighted amounts of h u m u s  soil, which had been soaked for 48 hours in 
water, were placed in a tube with a perforated bottom so that the layer was
1-2 c m  thick. The'radioactive solution was passed through the column 
under slightly reduced pressure. The activity of the influent and effluent 
was measured. The results are evident from Table VI and Figs 1, 2 and 3.

Sorption rate of Cs, Sr and Ce

The efficiency of the sorption process depends on two parameters; 
capacity and the rate of binding. The velocity of the penetration of the con
taminated water through the ground depends on the geological formation of 
the ground. If the material is compact, the contact time is great and 
equilibrium between the fixed ions and the ions in solution is established. 
Under a known water flow rate w e  can estimate what part of the total amount 
of radionuclides is sorbed in a given depth.

Measurement of the sorption rate

T w o  g r ams of material were put into a bottle, 200 m l  of the tracer 
solution were added and mixed at 500 rev/min. Samples were taken at time 
intervals and measured (the samples were returned to the solution after 
measuring). The results are shown in Table VII.

The stability of the fixation of radionuclides on the soil particles

The stability of the fixation is the most important parameter for the 
migration of radionuclides into the ground. The bound radionuclides on 
the soil particles are washed by precipitation into deeper layers of the 
ground. The rate of migration depends on the quantity of the water, the 
ion and the process by which the ions are fixed on the soil particles. M a n y  
theories deal with the migration of radionuclides [3-8] but usually the 
parameters are difficult to evaluate.

W e  tried to investigate the stability of the fixation by both static and 
dynamic methods.
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T A B L E  VII. S O R P T I O N  R A T E  O F  C A E S I U M ,  S T R O N T I U M  A N D  . 
C E R I U M

1 P ercen tag e  o f a c tiv i ty  sorbed

T im e

Cs

Humus soil 

Sr C e

C a lc ite  and  do lom ite

Cs Ce

30 s ■ 45 42 97 96

1 m in 53 44 98 62 96

5 m in 68 56 96 61 98

10 m in 76 57 96 57 97

30 m in 85 56 97

1 h 89 67 98 71 96

3 h 90 78 98 98

6 h 88 80 98 98

1 d 90 79 97 55 97

2 d 91 80 57

' 6 d 95 82 98

30 d 93 80 97 97

U ------
\
\

4
\

water
0.1 N KqCI 
0.1 N HCl

_ L i
200 300 400 500 600 700

FIG .4 . Leaching  of Cs from  hum us so il and  sand

Ю 900 1000 1100 1200 ml

sa tu ra ted  w ith  tra c e r  so lu tion .
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FIG. 5. L each ing  of Cs from  hum us so il ---------  and sand - - - - -  sa tu ra ted  w ith  10"3N solu tion .

FIG. 6. L each ing  o f Sr from  hum us so il ---------  and sand --------  sa tu ra ted  w ith  tra c e r  so lu tion .
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FIG. 7. Leaching  of Sr from  hum us soil ---------  and  sand --------  sa tu ra ted  w ith  10 3N solu tion .

100 200 300 tOO 800 ml

FIG. 8. L eaching  of Cs from  do lo m ite  ---------  and  c a lc ite  —
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Fig. 9. L eaching  o f Sr from  do lo m ite  ---------  and  c a lc ite

FIG. 10. L each ing  from  C e from  hum us so il, sand, c a lc ite  and do lo m ite  sa tu ra ted  w ith  tra c e r  so lu tion .

Static method

One g r a m  of material saturated with solutions of different concentrations 
of Cs, Sr and Ce was put into centrifuge tubes, 25 m l  of water, salt solution 
or acid were added and mixed for 1 hour at 500 rev/min. The samples were 
then centrifuged, the activity measured, a new portion of extractant added 
and the elution repeated. This procedure was repeated until all the activity 
was extracted or the activity of the extract became a constant fraction of 
the whole sorbed activity. The results are shown in Figs 4-11.
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FIG. 11. L each ing  from  C e from  hum us so il, sand, c a lc ite  and do lo m ite  sa tu ra ted  w ith  10‘ 3N solu tion .

F r o m  the elution curves it is evident that water leached Cs' from hu mus  
soil, sand, calcite and dolomite in small amounts. The percentage of eluted 
activity is greater if the amount of bound ions is greater. Salt solutions and 
acids are better leaching agents. Strontium behaves similarly, but the 
amount of activity leached is greater. The stability of the fixation of strontium 
ions is weaker and therefore the migration is faster. Cerium-144 does 
not elute with water and salt solutions but with a small amount of acid it 
elutes completely.

C olu m n  method

A  column was filled with h u m u s  material and soaked in water for 
24 hours. The diameter of the column was 2 c m  and the height of the 
bed 15 cm. One to two /uCi of 137C s  and 85Sr were put on the top of the 
column and the water allowed to pass through the column under reduced 
pressure at a flow rate of 1 ml/min. The distribution of Cs and Sr activity 
along the column was monitored after elution of 50 column volumes with 
a g a m m a  scintillation counter set up behind a 1 - c m  lead shield with a
0. 5- c m  wide window. The migration of caesium and strontium was detected 
only qualitatively. After 150 bed volumes a m o v e m e n t  of 2 c m  ± 5 0 %  was 
detected.

C O N C L U S I O N S

Ground soil samples from Brezisko Polje showed very good retention 
properties for 13,7C s , 85Sr and 144Ce. In dynamic conditions the ground 
sorbs about 0. 1-1 meq / 1 0 0  gj under static conditions and at the s a m e  
concentration of the equilibrium solutions the sorption capacity is greater. 
Should, in the case of an accident, the contaminated liquid c o m e  into con
tact with the ground, w e  can expect that the total radioactivity would be
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retained in the first 5-10 c m  of the ground. This ground would of course 
become unusable for agricultural purposes. !

The migration of radionuclides into the ground under the influence 
of water is very slow. The rate depends on the kind of binding of the radio
nuclides on the soil particles. F r o m  elution experiments and from the 
rate of sorption w e  can estimate that Ce is bound by a precipitation process. 
The reaction between soil particles and Ce ions is instantaneous and the 
cerium is practically unleached in neutral solutions, but very quickly 
leached in acid solutions.

C aesium is probably bound by ion exchange. At high concentrations, 
w hen the ion exchange capacity is saturated, it binds by absorption and 
adsorption. These parts of the caesium are m o r e  weakly bound and are 
m o r e  easily leached by water.

The bond between strontium and soil particles is very difficult to 
define. The sorption on h u m u s  soil and sand is similar to caesium but is 
easier to leach out with water. O n  calcite and dolomite it binds immediately 
but later c o mes again into solution. Probably strontium is bound by all 
four processes.

A C K N O W L E D G E M E N T
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D I S C U S S I O N

D. B E N I N S O N :  Did you measure the amounts of clay mineral, such 
as montmorillonite, in the soils studied? They would greatly influence 
the retention of radionuclides.

M. PIRS: No, w e  did not.
P. L. B O V A R D :  In reply to Mr. Beninson, perhaps I could say that the 

complexed ruthenium does not b e c o m e  fixed on the soil and rapidly returns 
to the water table.

I should also like to ask Mr. Pirs a question. Don't you think that if 
90Sr and 137Cs spread over the soil in solution form, the soil structure
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can be an important consideration? Is your soil sufficiently sandy and 
homogeneous for its structure to be neglected in the risk evaluation?

M. PIRS: N o  studies were performed on soil structure.
R. B I T T E L :  Have any measurements been m a d e  on the quality of 

the organic matter in the soil samples? In France we have found that 
caesium rétention is less for soils rich in fulvic acids than for those rich 
in humic acids.

M. PIRS': Only inorganic chemical analyses were performed.
P. L. B O V A R D :  Perhaps I can say .also a few words to the question 

asked by Mr. Bittel. Fixation on the organic colloid differs from fixation 
on the clay colloid in that it is less stable. It is true that the binding 
differs, depending on whether the acids are fulvic or humic, the former 
being m o r e  labile.
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Abstract

THE ESTIMATION OF RADIATION DOSE-RATES T O  FISH IN CONTAMINATED ENVIRONMENTS, AND THE 
ASSESSMENT OF THE POSSIBLE CONSEQUENCES.

T he disposal of rad io ac tiv e  w aste in to  co a sta l w aters, rivers and lakes m ay  p roduce lo c a liz e d  cond itions in  
w hich fish ex p e rien ce  rad ia tio n  dose ra tes  in excess of th a t from  the  n a tu ra l background . Reasonably re a lis tic  
es tim a te s  of these dose ra tes  m ay  b e  ob ta ined  by com bin ing  data  on the  levels  o f rad io ac tiv ity  in the  w ater, 
sed im en ts and  fish w ith sim ple dosim etry  m ode ls. W here the dose ra tes  a re  su ffic ien tly  h igh  i t  has been  possible 
to  p rov ide con firm atio n  of the  es tim ates , using in situ th e rm o lu m in escen t dosim eters . A know ledge of the . 
rad ia tio n  reg im e , to g e th e r w ith  in fo rm ation  on the e ffec ts  o f irra d ia tio n  on fish, provides a basis for assessing 
the  consequences for fish populations in  c o n tam in a ted  env ironm en ts.

I
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1. I N T RODUCTION

The control of the disposal of radioactive waste into the aquatic environment 
is currently based on the requirement that the resultant Increment of radiation 
dose-rate received by human populations should be restricted within specified 
limits[lj2L  In safeguarding man in this way it is implicitly assumed that the living 
resources in aquatic ecosystems are also protected. Support for this position can 
only come from information relating to dose-rate regimes in both contaminated and 
uncontaminated (or background) areas combined with a knowledge of the responses 
of aquatic organisms to irradiation. For example, the assumption has been ques
tioned in the case of marine fish eggsf з] j but estimates of the dose-rate likely to 
be received by developing embryos in a contaminated area indicate that such con
cern is unwarranted^]. Evidence is produced below which shows that a similar 
conclusion can be arrived at for fish inhabiting two areas in the British Isles which 
receive radioactive waste, viz. the brown trout in Lake Trawsfynydd, North Wales 
and the plaice in the north-east Irish Sea.
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2. L E V E L S  O F  N A T U R A L  RADIOACTIVITY IN 
A Q U A T I C  E N V I R O N M E N T S

2.1. Sea water and fresh water >

The sources and levels pf naturally-occurring radionuclides in sea water 
have been discussed previously*- and the data are given in Table I. A  similar 
range of radionuclides is also present in fresh water, although the levels of parti
cular isotopes often show differences from those found in sea water (see Table I). 
For example, the increased level of tritium is-а consequence of the higher propor
tion of recent rainwater in rivers and lakes as compared with surface ocean waters.

T A B L E  I. L E V E L S  O F  N A T U R A L  R A D I O A C T I V I T Y  IN S E A  W A T E R  A N D  
F R E S H  W A T E R

Radionuclide Sea water Fresh water

Concentration, 
pCi Г 1

Reference Concentration 
pCi Г 1

Reference

3H 0. 6-3 6 5.4-16. 5 24, 25

14C 0.16-0.18 7,8 - -

4°K 320 - 0.1-6. 6 26,27,28

87Rb 2.9 - 2.4 x 10~2 28
238jj 1.2 9,10 5 x 10'3-1. 7 7,28,29

234u 1. 3 9,10 10~2-3.4 -

2 3 0 ^ (0. 6-14) x 10~4 11,12 - -

226Ra (4-4. 5) x 10"2 13,14,15 10'2-3 6,7,24,29

222Rn «  2 x 10~2 13 0.2-180 6,7

210pb (1-6.8) x 10"2 16,17,18,19 (0. 25-3. 6) x 10_1 6,18, 30

210Po (0. 6-4. 2) x 10~2 18,19,20,21,22 7 x 10_3-0. 23 18

2 3 2 ^ (0.1-7. 8) x 10~4 11,12,23 (0.1-1.1) x 10"2 28,29

228Ra (0.1-10) x 10“2 45 - -
228 г (0.2-3.1) x 10-3 11,12 - -

235и 5 x 10“2 - (0.2-70) x 10-3 -
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The levels of the other natural radionuclides in fresh waters are dependent on the 
rock and mineral deposits with which the water has been in contact and will there
fore reflect, to some extent, the geology of the watershed resulting in a range of 
activity levels. In Table I the concentrations of 2 34y have been calculated from 
those of on the basis that the activity ratio of two determined by Blanchard^ 31
is generally applicable. It has also been assumed that the relative abundances of 
235u and 238y are the same as those found in terrestrial rocks.

2. 2. Marine and freshwater sediments

In marine sediments in coastal waters and in the beds of lakes and rivers, 
it is reasonable to assume that the mineral fraction has uranium, thorium and 
potassium contents similar to those of terrestrial rocks, for which average values 
are given in Table Ш  32, 33 _

T A B L E  II. T Y P I C A L  U R A N I U M ,  T H O R I U M  A N D  P O T A S S I U M  L E V E L S  
IN B E A C H  S A N D S  A N D  C O M M O N  T E R R E S T R I A L  R O C K S

Material Uranium
(ppm)

Thorium
(ppm)

Potassium
(%)

Beach sands 3. 0 6.4 0. 33

Granite 5.0 18 3.8

Shale 3.7 12 1.7

Liméstone 1.3 1.1 0.2

Sandstone 0.45 1.7 0. 6

Basalt 0. 50 2.0 0.5

2. 3. Marine and freshwater fish

Table 1П summarizes the available information on the levels of natural 
radioactivity in marine and freshwater fish. The values given for tritium, 
carbon-14 and potassium-40 have been derived from the stable element composi
tion of the fishL 34 J an(j the known specific activity of the nuclides in the environment, 
on the assumption that there is no isotope fractionation during the accumulation pro
cess. The concentration of rubidium-87 in sea fish was calculated from the 
concentration factor given by Lowman et al. ̂ 35J ancj the activity in sea water.



T A B L E  III. L E V E L S  O F  N A T U R A L  R A D I O A C T I V I T Y  IN M A R I N E  
A N D  F R E S H W A T E R  FISH

Radionuclide Marine fish Freshwater fish

Concentration, pCi g 1 Reference Concentration, pCi g - 1 Reference

% (0. 5-2.7) x 1(T3 - (5-14) x 10~3 -

14c 0.4 - 0.4 -

40K 2. 5 - 3. 5 27

87Rb 5 x 10~2 - - -

226Ra Soft tissue (2-51) x 10'4 36 Whole fish 1-3. 5 38
Flesh (2-20) x 10"4 36, 39
Bone 6 x 10-3-2.1 36, 39

210pb Flesh (2-23) x 1(T4 18,20, 36 Flesh (0.1-4. 7) x 10"3 18, 36
Stomach (2-85) x 10"2 20 Stomach - -
Liver (11-24) x 10 ~3 18, 20 Liver (0. 9-24) x 10~3 18
Bone (9-130) x 10'3 18,20 Bone (8-84) x 10"3 18, 36

210Po Flesh (4-1400) x 10"4 18,20,22, 36 Flesh (3. 7-110) x 10-3 18, 36
Stomach (2-26) x 10_1 20 Stomach - -
Liver (2-9) x 10'1 18,20, 37 Liver (7. 5-50) x 10~2 18
Bone (2-22) x 10~2 18, 20 Bone (5-130) x 10'3 18, 36



TABLE IV. ANNUAL DISCHARGES OF RADIOACTIVITY (CURIES)
TO THE AQUATIC ENVIRONMENT AT LAKE TRAWSFYNYDD AND WINDSCALE

Lake Trawsfynydd(a) Windscale(k)

Isotope 1970 1971 1972 Isotope 1968 1969 1970 1971 1972

3H 34.3 27. 5 29. 0 3H 20 300 24 800 32 000 31 500 33 600

ОUОCO 3.0 x 10"3 15 x 10~3 14 x 10'3 89Sr 40 230 470 390 1 080
90Sr 0.58 0. 32 1. 55 90gr 1 370 2 950 6 000 12 300 15 200
125Sb 0.23 3. 34 16. 6 95Zr 28 100 31 600 9 100 18 000 25 600
134CS. 0. 23 0.81 1. 06 95Nb 37 100 30 000 9 900 17 300 23 500
137Cs 0. 93 3.41 4.16 103Ru 1 800 1 400 890 830 1 160
144Ce 4.7 x 10~2 0 . 1 1 0. 52 106Ru 24 200 22 900 27 600 36 400 30 500

134Cs - 630 7 010 6 370 5 820
137Cs 1 500 12 000 30 100 35 800 34 800
144Ce 10 000 13 500 12 400 17 200 13 700
91y  + r . e . (°) - _ 3 000 4 400 14 200

(a) These values are based on data supplied by the C E G B  and effluent analyses carried out at the Fisheries 
Radiobiological Laboratory.

(b) These values are based on data supplied to the Fisheries Radiobiological Laboratory by the United Kingdom 
Atomic Energy Authority and by British Nuclear Fuels Limited.

(c) R.E. = rare earths.



TABLE V. CONCENTRATIONS OF RADIOACTIVITY IN THE ENVIRONMENT AT
LAKE TRAWSFYNYDD DURING 1971 AND AT WINDSCALE DURING 1968

Material 60Co 90Sr 125Sb 134Cs 137Cs 144Ce

Average Range Average Range Average Range Average Range

L A K E  T R A W S F Y N Y D D
Water, 
pCi Г 1 5. 3 3.2-6. 9 - - 3.9 0.9-7.2 18 3. 0-35

Trout flesh, 
pCi g"1 0.13 0.12-0.15 - - 2.0 1.2-4.0 12 7.7-20

Perch flesh, 
pCi g-1 0.27 0.22-0. 34 - - 4. 3 1.5-8.9 26 14-45

Mud,
pCi g_1 wet 0.02 - 0. 32 0-0. 98 0.12 0.04-0.30 2.4 1.4-5.2

Peat,
pCi g'l wet 0. 004 - 0.22 0. 07-0.45 0. 07 0.02-0.11 0.47 0.1-0.96 0.04

Material 95Zr/95Nb 106Ru 134Cs IS^Cs l44Ce

Average Range Average Range Average Range Average Range Average Range

W I N D S C A L E
Water, 
pCi l'1 350 49-1250 87 23-230 - - 58 14-120 27 15-57

PÍaice flesh, 
pCi g _1

_ - - 0.4 0.2-0.7 1.2 0.7-2.0 -

Sediment, 
pCi g-l wet 2340 78-9510 700 86-1990 - - 14 4-29 440 59-1220
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3. L E V E L S  O F  ARTIFICIAL RADIOACTIVITY IN 
L A K E  T R A W S F Y N Y D D  A N D  T H E  N O R T H - E A S T  
IRISH SEA

Lake Trawsfynydd receives the low-level waste produced during the opera
tion of a Magnox nuclear power station by the Central Electricity Generating Board. 
Apart from tritium, the primary source of radioactivity is the water from the cool
ing ponds used to store the irradiated fuel elements prior to their transport to 
Windscale. F rom the environmental viewpoint the important nuclides in the effluent 
are the fission-products caesium-134 and -137 and, to a lesser extent, 
strontium-90, antimony-125 and cerium-144. Other nuclides present in the effluent 
include a relatively large quantity of tritium and some sulphur-35 and cobalt-60; of 
these only cobalt-60 is detected in the environment. The annual discharges of 
radionuclides, based on analyses of effluent samples carried out in this laboratory, 
are given in Table IV for the years 1970-72. Lake Trawsfynydd is relatively small 
(approximately 3 k m  across) and the radioactivity discharged becomes fáirly uni
formly distributed throughout the water mass. Table V  gives the data on the levels 
of radioactivity measured in samples of water, fish flesh and lake bed collected 
during 197l[40],

At Windscale the irradiated fuel arising from the British nuclear power 
programme is reprocessed, resulting in a considerable volume of low-level liquid 
waste. This effluent is discharged to the north-east Irish Sea via a pipeline exten
ding 2. 5 k m  beyond high-water mark, and as can be seen from the data given in 
Table IV it contains mainly fission-product radionuclides. Tidal action disperses 
and dilutes the radioactivity, and the levels of contamination decrease with increa
sing distance from the outfall. In Table V  data are given for the year 1968 on the 
levels of radioactivity in the environment in the vicinity of the discharge point, 
these being representative of the highest levels of contamination!- 5> 41, 42 J _

4. D O S E - R A T E S  T O  FISH F R O M  E N V I R O N M E N T A L  
RADIOACTIVITY

It would be difficult and probably unnecessary to devise a dosimetry model 
which matched the geometry of a particular fish exactly and thus allowed precise 
estimation of the dose-rate received from internal and external radioactivity. In 
the case of internal natural radioactivity, the data have been obtained from many 
different species of fish, of varying geometries, and since a complete set of data 
is not available for a particular species it must be assumed that the information 
given in Table П1 is representative of the levels of activity which exist in any 
marine or freshwater fish species. Thus simplified idealized models must be used 
to obtain estimates of dose-rates, despite their obvious limitations as descriptions 
of the true situation.

The models adopted to represent the fish being considered are as follows:
plaice : a flat cylinder 1. 8 c m  high and 16 c m  diameter, 
trout : a cylinder 20 c m  long and 6 c m  diameter,

and it has been assumed that the radioactivity is uniformly distributed in unit den
sity tissue throughout the volume. Although differential distribution of radioactivity 
between tissues in fish is to be expected, it is only rarely that the available infor
mation justifies the development of more refined models for dosimetry purposes!^],
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These models are of such dimensions that it can reasonably be assumed that 
the dose-rates from internal a  - and ,8 -'radiation are equal to D ffi (°°) and Dp (со),

where D a (») = 2.13 E QC yrad h_1, and similarly D g (œ) = 2.13 E^C ^rad h _1, these
being the dose-rates in effectively infinite volumes (i.e. linear dimensions greater 
than the m a x i m u m  a  - and /З-particle ranges) uniformly contaminated with С pCi g_1 
of radionuclides emitting a-particles (or 8-particles) of average energy Eq, (or 
Ep) M e V  per disintegration.

The calculation of the y-ray dose-rate within a relatively small volume con
taining a distributed source requires the consideration of geometrical factors[43]; 
since a substantial proportion of the emitted energy is dissipated outside the volume. 
The average dose-rate is given by:

D  = Г С р а g x 10~3 ttrad h"1 ,

the specific y-ray constant, in c m 2 rad h“l mCi ,̂ 
the activity, in pCi g-*,
the density of material, in g c m -3, and is taken to be unity 
for fish,
the mean geometrical factor, in cm. For the geometries of 
the models adopted for plaice and trout g has a value of 26 cm.
In view of the approximations inherent in the derivation of 
values for g, the value of 26 c m  has also been assumed to be 
appropriate for perch.

For irradiation from external sources the geometry is again important.
The ranges of a-particles are such that a-activity in either the water or the sedi
ment can only irradiate the superficial cell layers of the body, contributing 
negligibly to the average dose-rate throughout the fish.

The dose-rate at the surface of the fish from external sources of 
^-radiation is 0. 5 Djj(œ) (evaluated for the levels of activity in the water, or the 
sediment when the fish is in contact with it); it falls rapidly with depth in tissue, 
becoming negligible at approximately 1 g c m -2 from the surface, even for a high 
energy |S-ray spectrum such as that from l°®Ru-106Rh ( E ^ ^  = 3. 53 MeV). For 
most purposes it is sufficient to give the magnitude of the surface dose to indicate 
the radiation regime. However, in the particular case of the plaice at Windscale, 
where the most important radiation source is the underlying sediment, it is of 
interest to know the contribution to the dose-rate to the gonads from the (3-radiation 
from this source, and thus allowance must be made for the attenuation of the (3-ray 
flux in the tissue between the body surface and the gonads. The simple geometry 
given in Fig. 1 has been used as a model for dose-rate estimation. It is assumed 
that the sea bed is a plane-uniform (3-ray source of effectively infinite thickness 
and extent, and the expression given by Loevinger et al. [46, Equ. 24, p .  722] has 
been used to calculate the appropriate attenuation factors.

For external sources of y-radiation the dose-rates throughout the volumes 
representing the fish can be taken to be uniform. The natural radioactivity in the 
sediment and in the water is, in each case, assumed to constitute a uniform, infini
tely thick, plane source, and thus the dose-rate at the sediment-water boundary

where Г  = 
С = 

Pa =

g =
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Upper surface

F I G .l .  S im ple geom etry  used to  e s tim a te  th e  rad ia tio n  dose ra te  to  the  p la ic e  gonads (dim ensions in  cm ).

from each source is 0. 5Dy(œ) evaluated for the activity levels in sediment and 
water. This would be the dose-rate for a fish such as the plaice, which spends 
much of its time on or very close to the sea bed; for a trout in midwater and more 
than one metre from either the sediment or the surface, the y-ray dose-rate from 
the sediment becomes negligible and the y-ray dose-rate from the water approaches 
Dy(œ) for water. In calculating the y-ray dose-rate from the sediment at Windscale, 
account has been taken of the finite thickness of the source and the variation of 
activity with depth in the sedimentt 44], Although there is no equivalent information 
available for the bed of Lake Trawsfynydd, it has been assumed that similar factors 
apply. The dose-rates to fish at these two sites, calculated on the basis of these 
simple models, are given in Tables VI to X.

5. DISCUSSION

For both marine and freshwater fish the internal activity contributes the 
greater proportion of the total background dose-rate, with the a-emitting nuclides
2-*-0po and 226Ra respectively being the main sources and 40K  making up most of 
the balance. In the case of the a-activity, the assumption of uniform distribution 
within the fish or even within discrete organs can result in underestimates of the 
local dose-rates if differential accumulation occurs. Of the natural radionuclides 
present in sea water only 40k  contributes significantly to the exposure, either of 
the whole body from y-radiation or the body surface from /З-radiation. In fresh
water environments it is the occasional presence of relatively high levels of 222Rn 
and its daughters (assumed to be in equilibrium) in the water which can result in 
significant exposure. The underlying sediment is an important source of irradia
tion of fish which live on, or spend much time very close to, the bed of the sea, 
lake or river. Cosmic radiation is also a significant source of exposure for fish 
occupying surface or shallow waters, the dose-rate being 4 jirad h-l at the sur
face, falling to 0. 5 (¿rad h”l at a depth of 20 m.

In both Lake Trawsfynydd and the north-east Irish Sea the dose-rate from 
the waste radioactivity in the water is unimportant compared with that from inter
nal contamination or from activity adsorbed on to sediment.



TABLE VI. DOSE RATES (^rad-h’ 1) TO MARINE AND FRESHWATER FISH FROM
NATURAL RADIOACTIVITY IN THE WATER

Isotope Marine fish Freshwater fish

y-ray dose-rate Д-гау dose-rate y-ray dose-rate /3-ray dose-rate
---- ------------- ------ -------—  . at the surface

_ oat the surface at 0. 6 g c m

3H  - (0.4-1. 9) x 10"5 - - (0. 4-1.1) x 10-4
14C - (0.9-1.0) x 10~5 - - -
40K  5. 3 x 10~2 0.16 - (0. 3-22) x 10"4 (0. 5-32) x Ю " 4
87Rb - 2.8 xlO'4 - - 2.4 x l O -6
238U + daughters 3 x 10~5 1. 0 x 10~3 1 .7xl0~5 (0. 3-85) x 10-6 (0.4-150) x 10~5
234u _ _ .

2 3 0 f p h  — — — — —

226Ra - - - -
222Rn + daughters 3.9xl0'5 1. 6 x 10~5 5.4 xlO'7 (0. 8-710) x 10~3 (0. 2-150) x 10~3
210Pb + 210Bi - (0.4-2. 9) x 10~5 - - (0. 1-1. 5) x 10-4
210po - - -

2 3 2 ^  _ . _ _ _ -

228Ra-228Ac (0.13-13) x 10~5 (0.43-43) x 10"6 (0. 12-12) x 10~8
228Th + daughters (Oi 4-5. 9) x 10~6 (1. 5-23) x 10'7 (0.1-2. 0) x 10~8
235у 1x10-5 - - (0.1-30) x 10“6



T A B L E  VII. D O S E  R A T E S  (/^rad-h"1) F R O M  N A T U R A L  R A D I O A C T I V I T Y  IN 
S E D I M E N T S

Isotope -y-rav dose-rate jS-ray dose-rate j3~ray dose-rate
at sediment at sediment at 0. 6 g c m -2 above
surface surface sediment surface

(i.e. at plaice gonad)

IA EA -SM -184 /11  5 6 5

238U  + daughters 0. 3-4 0. 3-4 (0. 6-7) x 10~2in equilibrium

232T h + daughters 0.7-6 0. 3-2 (0.2-1. 5) x 10'2in equilibrium

40K 0. 5-6 1-15 -

T A B L E  VIII. D O S E  R A T E S  (/urad-h'1) T O  M A R I N E  A N D  F R E S H W A T E R  FISH 
F R O M  I N T E R N A L  N A T U R A L  R A D I O A C T I V I T Y

Isotope Marine fish Freshwater fish

3H (0. 6-3. 5) x 10"5 (0.6-1.8) x 10~4

14C 4. 5 x 10'2 4.5 x 10“2

40K 2. 5 3. 5

87Rb 9.8 x 10"3 -

226Ra (0.2-5.2) x 10"2 10-36

21°pb-2l°Bi (1.7-20) x 10"4 (0.8-40) x 10-4

210po Flesh (0.5-160) x 10~2 Flesh (0.4-12) x 10'1
Stomach 2. 3-29 Stomach -
Liver 2. 3-10 Liver 0.8-5.7
Bone 0.2-2. 5 Bone (0.6-15) x 10_1



T A B L E  IX. D O S E  R A T E S  (/jrad-h'1) IN T H E  E N V I R O N M E N T  A T  L A K E  T R A W S F Y N Y D D

Iso to p e W ater

y -r a y  d o s e -  
rate

/J-г а у  d o se -r a te  
at f is h  su r fa ce

Sedim ent

Mud

y -r a y  d o se  -  
ra te  at 
sed im en t  
su r fa ce

fi-тау  d o s e -  
ra te  at 
sed im en t  
su r fa ce

P ea t

y -r a y  d o s e -  
ra te  at  
sed im en t  
s u r fa ce

0 -r a y  d o se -  
ra te  at 
sed im en t  
su r fa ce

Internal

T rout P e rch

60Co

SOgr-SO y

125S b -125m Te 

134Ĉs

137 Cs

(3. 8 -8 .1 )  x  1 0 ‘

(0. 3 -2 .5 )  x  10"2 (0. 2 -1 .3 )  x  10 ‘ 3

2 .2  x 10"

0 -0 .1 9

2 .1  x  1 0 “3

0 - 0 .1 5

4 .4  x  10 -3 4 . 3 x l 0 " 4

( 1 .4 - 8 .7 )  x  10 2 ( 1 .1 - 7 .0 )  x  1 0 '2

(0. 3 -2 . 2) x  10 1 (0 .7 - 5 .  3) x  1 0 ‘ 2 (1 . 5 -8 .1 )  x  10~2 (0. 4 - 2 .  0) x  Ю"2

( 0 .4 - 4 .  5) x  10"2 (0 .6 - 6 .8 )  x  10"3 0 .4 - 1 .4 0. 3 -1 .0 (0. 3 -2 .6 )  x  10"1 (0. 2 -1 . 9) x  10"1

0 .2 8 - 0 .3 5  0 .5 2 -0 .8 0

0 .7 - 2 .3  0 .9 - 5 .1

3 ,6 - 9 .4  6 .6 -2 1

5 .4  x  10
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T A B L E  X .  D O S E  R A T E S  ( ^ r a d ' h " 1 ) I N  T H E  E N V I R O N M E N T  A T  W I N D S C A L E

Isotope Water Sediment Internal

•y-ray dose- 
rate

fi-ray dose-rate 
at fish surface

y-ray dose- 
rate at 
sediment 
surface

/З-ray dose- 
rate at 
sediment 
surface

0 -ra y dose-rate of 
0.6 g c m -2 above 
sediment surface 
(i.e. at plaice gonad)

95Zr-95Nb 0.04-1.0 (0. 04-1. 0) x 10"1 25-3100 6.3-770 - -

106Ru-106Rh (0. 5-5. 3) x 10 (0. 3-3. 3) x 10 8.7-200 120-2900 19-430 -

134Cs - - - - - 0.1-0. 4

137Cs (0. 9-7.8) x 10"2 (0. 3-2. 3) x 10"2 1.4-10 0. 8-5. 6 - 0. 3-0.9

144Ce-144Pr (0.7-2. 7) x 10"3 (2. 0-7. 7) x 10~2 1.2-25 80-1700 5.6-120 -

IAEA-SM-184/11 
567



T A B L E  X I .  S U M M A R Y  O F  D O S E  R A T E S  ( p i r a d - h ' 1 ) T O  F I S H  F R O M

E N V I R O N M E N T A L  R A D I O A C T I V I T Y

S ource M arine f ish  (W indscale) F r esh w a ter  f is h  (Lake T raw sfynydd, 
trout)

1 m depth, 
m ore than  
1 m from  
the s e a  bed

20 ш depth, on 
the s e a  bed

1 m  depth, m ore  
than 1 m  from  
la k e -  o r  r iv e r 
bed

3 m  depth, on 
la k e -  o r  r iv e r 
bed

NATURAL BACKGROUND 

C osm ic rad iation 2 .7 0 .5 2 .7 1 .9

Internal activ ity 2 .6 - 4 .  2 2 .6 - 4 .2 14 -41 14 -4 1

W ater a c tiv ity  Whole body y 5. 3 x  Ю"2 2 .7  x  10"2 (0 .8 -7 1 0 )  x  1 0 ' 3 (0 .4 -3 6 0 )  x  10"3

Body su r fa ce  /3 0 .1 6 0 .1 6 (0. 3-150) x  1 0 “3 (0. 3-150) x  10"3

Sed im en t a c tiv ity  Whole body y - 1 .5 -1 6 - 1 .5 - 1 6

Body su r fa ce  /3 - 1 .6 -2 1 - 1. 6 -21

Gonad ft - (0 .8 - 8 .  5) x  10"2 - (0 .8 - 8 .  5) x  10~2

Total 5 .4 - 7 .0 4 .6 -2 1 1 7 -4 4 17 -5 9

RADIOACTIVE WASTE

Internal activ ity 0 .4 - 1 .3 0 . 4 -1 .3 4 . 6 -1 2 4 .6 - 1 2

W ater a c t iv ity  Whole body y 0 .0 6 - 1 .1 0 .0 3 -0 .5 5 (0 . 7 - 7 .0 )  X 10~2 (0 .4 - 3 .  5) x  10"2

Body su r fa ce  /3 0 .0 6 -0 .  53 0 .0 6 - 0 .5 3 (4. 6 -16) x  10" 3 (4. 6 -16) x  10~3

Sed im en t a c tiv ity  W hole body y - 36-3300 - 0. 6 - 2 .3

Body su r fa ce  /3 - 210-5400 - 0 .0 9 - 1 .2

Gonad j3 - 25-550 - -

Total 0 .5 - 2 .4 3j6-3300 4 .6 - 1 2 5 .2 -1 4
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Table XI gives a summary of the dose-rates received by fish from different 
sources in various environments. The totals do not include a contribution from 
external /З-radiation because this varies with the geometry; it is clear, however, 
that this contribution can be significant, as in the case of the dose-rate to the 
plaice gonad from ̂ -radiation from the sediment at WindscaleL47 J.

6. In situ D O S I M E T R Y

At Windscale, the quantities of activity discharged result in a large area of 
the sea bed becoming contaminated. The values given in Table X  are indicative of 
the highest dose-rates in the vicinity of the outfall. Fig. 2 shows the dose-rate 
contours at the seabed-seawater surface, based on the measured activity of seabed 
samples collected from a grid of 26 stations during September 1968. It can be seen 
that the dose-rate due to the contamination exceeds that from the natural back
ground over an area of some 2 500 k m 2. In this situation, in situ measurements of 
the radiation regime experienced by the plaice were possible, using lithium 
fluoride thermoluminescent dosimeters. The distribution of dose-rates indicated 
by the dosimeters on the underside of the plaice is given in Fig. 3. The results 
broadly confirm the estimates obtained from dose calculations, but show that the 
natural behaviour of the fish reduces the average exposure^? J. After account had 
been taken of the effects of fish behaviour and the attenuation of the average |8-ray 
spectrum in the tissues between the gonads and the body surfaces, it was concluded 
that the average dose-rate to the gonads was 250 |jrad h“l.

FIG. 2. D o se -ra te  contours on th e  sea bed  in  th e  v ic in ity  o f W indscale (dose ra tes  in j i r a d - h ”1) .
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7. AS S E S S M E N T  O F  RADIATION E F F E C T S

Fish have been shown to be one of the more radiosensitive components of 
aquatic ecosystems 148, 3,49]; and the mechanisms whereby chronic irradiation 
might result in resource damage include reduced lifespan, reduced fertility and 
increased mutation rate. All of these effects can act to give a reduction in fecun
dity at the population level and influence its long-term survival. The majority of 
experimental work has involved doses and dose-rates far in excess of those in 
contaminated environments, and any attempt to assess the possible effects in these 
situations requires considerable extrapolation.

7.1. Reduced lifespan

The acute irradiation L D 5q/3q for fish appears to be in the range 
1.1-5. 6 kradÍ48, 3,49] although it has been shown that other environmental para
meters such as salinity!50J an(j particularly temperature[ 50, 51, 52] can interact 
with radiation to ameliorate or accentuate the response of a given species. It has 
also been found that, as the period of observation after acute irradiation is increa
sed, a marked reduction in the.median lethal dose oceurst 49, 53]. These data do 
not, however, cover intervals equivalent to the normal lifespan of the fish and 
therefore cannot indicate what marginal effect might be expected from a small dose.



IA EA -SM -184/11 571

Fractionation or protraction of a given total dose over period of time pro
duces less effect than the same dose given as an acute exposure, although here 
again temperature can exert a modifying effectué]. Guppies (Poeeilia reticulata) 
have been, shown to survive integrated doses of chronic irradiation (at dose-rates of 
1. 3, 0.40, 0.17 radh-!) in excess of those which are lethal as acute exposures[55]. 1

F r o m  these results it would appear that the reduction in lifespan induced by 
irradiation is likely to be very small for fish in either of the environments being 
considered. The effect of any increased mortality on the number of fish available 
for exploitation can be demonstrated with a simple model. In conventional fish 
population dynamics the total mortality of the population is represented by the 
expression:

N  = N q exp (-[F+M]t) ,

where is the population size at t = o,
N  is the number surviving at time t,
F is the instantaneous fishing mortality coefficient,
M  is the instantaneous natural mortality coefficient.

From this it can be shown that the mean lifespan of a fish is 1/(F+M), and that, of 
the_ number of fish lost from population in any time interval, a fraction F/(F+M) 
were captured^56 J. Thus a decrease in the mean lifespan following from an 
increase in the value of M  due to irradiation would result in a proportionate decrease 
in the fish catch if F remains constant.

The reduction in lifespan would, if it occurred, also bring about a decrease 
in the fecundity of the population, since the reproductive potential of the individuals 
dying earlier, due to irradiation, will have been lost.

7.2. Reduced fertility

Large acute doses of irradiation in the range 4-8 krad have been shown to 
produce complete sterility in fish of both sexesl 57,58 J, Doses of 500 and 1 000 rad 
to male guppies reduced the number of germ cells at all stages, with the radio- 
sensitivity decreasing as development progressed from spermatogonia through to 
spermatozoa. After some temporary sterility, recovery took place as undamaged 
spermatogonia proliferated and repopulated the testesL 59 J. Irradiation of female 
loach (Misgurnus anguillicaudatus). with whole or partial body doses less than 
1 krad, produced no marked histological effect within two months; 2 krad to the 
whole body, or to the anterior part of the body, produced degeneration of some 
large oocytes whether they had been irradiated or not, and it was concluded that 
the effect was a result of damage to the p i t u i t a r y . Chronic irradiation from 
internally-deposited radionuclides also produces sterility, although no estimates

^The dose-rates and integrated doses given in ref. 55 were based on measurements 
of the absorbed dose-rate in air at the beginning of the experiment. The values 
given above are derived from measurements using small thermoluminescent dosi
meters placed in the aquaria and, by including the effects of attenuation in the 
water, source decay and average daily exposure time, provide more accurate esti
mates of the average radiation dose-rates experienced by the fish.
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of the absorbed doses to the gonads are available^61’ 62 I. At a dose-rate of
1. 3 rad h'l, guppies ceased to produce young after an integrated dose of approxi
mately 4 100 rad, and histological examination after an accumulated dose of 
7 200 rad showed the ovaries and testes to be devoid of germ cells. At dose-rates 
of 0.40 and 0.17 rad h~l, brood production ceased before that of the controls, but 
in every ease the gross histological appearance of the gonads was normal even 
though the m a x i m u m  accumulated doses were of the order of 7 400 and 4 100 rad 
respectivelyt55 and unpublished results]. Thus effects other than destruction of 
germ cell populations were responsible for the loss of fecundity, and it is possible 
that the induction of dominant lethal mutations was the cause. A  population of 
mosquito fish (Gambusia affinis affinis) which had inhabited a contaminated lake for 
many generations under a dose-rate regime estimated to be of the order of
0. 5 rad h_1 has been found to have a fecundity greater than that of a control popula
tion from a nearby uncontaminated lake. In this instance, therefore, the increased 
radiation level cannot have had any damaging effect on the fertility of the fishL63j _

On the basis of these results it is certain that any reduction in fertility as 
a consequence of irradiation from the contamination at Windscale or Lake 
Trawsfynydd, if it exists at all, must be extremely small.

7. 3. Increased mutation rate

Although it is known that radiation is mutagenic in fish, there are very few 
numerical data on induced mutation rates which could serve as a basis for estimat
ing the magnitude of mutagenic effects in contaminated environments164 ] _ For the 
guppy, values of (0.4-11) x 10“Vrad/gamete and 2. 5 x 10_?/rad/locus for the 
radiation-induced mutation rates have been obtained [ 65], Similarly, Purdom has 
indicated that the specific locus mutation rate in the guppy is probably not greater 
than 2 x 10_7/rad/locus[55], it has recently been demonstrated that the radiation- 
induced specific locus mutation rate is directly proportional to the nuclear D N A  
content in organisms from widely different phylat 66 j. Measurements of the 
nuclear D N A  content of a wide variety of fish species (not including the guppy, for 
which no information appears to be available) give values in the range 0.48 to 
4.4 pg/haploid genome, with a modal value of 1 pgL67j. This, with the data from 
reference 66, implies a specific locus mutation rate in the region of 7 x 10~8/rad/ 
locus; that is, somewhat lower than the experimental values which have been 
obtained for the guppy. If it is assumed that the number of loci coding for func
tional genes is lo4 (Purdom, pers. comm.), then the mutation rate would be of the 
order of 7 x 10-Vrad/zygote. Conservatively it can be assumed that all the 
mutants are unconditionally harmful and result in non-viable zygotes or embryonic 
death, giving an effective reduction in fecundity.

Under the dose-rate regimes being considered, the loss in fecundity due to 
an increased mutation rate of this magnitude will be negligible.

8. CONCLUSIONS

It is clear that the increased dose-rates experienced by trout in Lake 
Trawsfynydd and plaice in the north-east Irish Sea cannot lead to any significant 
or even detectable damage to the populations. In the case of the plaice, which 
receive measurable doses, the reduction in fecundity of the population through the
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mechanisms discussed above, if it exists'at all, can only be marginal, and would 
easily be accommodated within the reserve reproductive capacity which has been 
demonstrated to existí 68 J _
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Abstract

MISCELLANEOUS SOURCES OF IONIZING RADIATIONS IN THE UNITED KINGDOM: THE BASIS OF SAFETY 
ASSESSMENTS AND THE CALCULATION OF POPULATION DOSE.

In the  report m isce llaneous sources are  defined  as m a te r ia l sources th a t m igh t invo lve th e  g en e ra l p u b lic . 
T his de fin itio n  inc ludes such d iverse sources as iso topic b a tte rie s  for ca rd iac  p ac em ak e rs , b y -p ro d u c t gypsum  
used as a bu ild ing  m a te r ia l  and lum inous dev ices . T he m ost com m on  m isce llaneous sources in th e  UK are 
rev iew ed  and co m p ared . T h e  cu rren t UK le g is la tio n  a ffec tin g  th e  co n tro l o f  m isce llan eo u s sources is described , 
to g e th e r w ith  re le v a n t in te rn a tio n a l reco m m en d a tio n s . S ince to  e v a lu a te  th e  d es ira b ili ty  o f  a g iven  use the  
c o m p le te  d e trim e n t from  a source is req u ired , a g en e ra l m e thod  for c a lc u la tin g  th e  p o pu la tion  dose from a 
g a m m a -e m itt in g  source is described . It is conc luded  th a t even  for a source em ittin g  h ig h  energy  g am m a 
ra d ia tio n  under ex trem e  cond itions o f  p o p u la tion  d istrib u tio n , on ly  the doses to  persons in th e  im m ed ia te  
v ic in ity  o f  th e  source n ee d  be  in c luded  to  o b ta in  th e  c o l le c t iv e  dose w ith  su ffic ien t a c cu racy . On th is basis the  
cu rren t average  UK gonad dose from m isce llaneous sources is e s tim a te d  to  be in  th e  range 0 .2  -  1 .0  m rad ' y r"1.

INTRODUCTION

The main sources of population exposure to ionising radiations are:

(a) Natural background radiation
(b) Medical applications of ionising radiations
(c) Fallout from nuclear weapons tests
(d) Effluent discharges from the nuclear power industry
(e) Occupational exposure
(f) Miscellaneous sources of radiation

In its broadest sense the term "miscellaneous sources" includes all 
forms of population exposure to ionising radiations not included within the 
other five categories. Most of these 'sources' are consumer products 
containing radioactive material. In the United Kingdom the term was first 
used in a report by the Medical Research Council /1/ in 1956 and is assumed 
in accordance with that report to mean material sources which might involve 
the general public.

It is the purpose of this paper to discuss the radiological safety 
assessments used in evaluating miscellaneous sources in the United Kingdom 
and the present contributions to individual and collective doses from these 
sources. Transport of radioactive material as a contributor to public 
exposure may be considered a miscellaneous source but is not included in 
this paper.

5 7 7
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(a) International Recommendations

In recent years the approach to miscellaneous sources has been 
formalised by a number of publications from the International Commission on 
Radiological Protection (ICRP) /2,_3/ and the Nuclear Energy Agency (NEA) of 
OECD /4/.

Several assessment criteria can be extracted from the ICRP publications:

1) Individual and population doses should be within the 
appropriate ICRP dose limits

2) Doses from unnecessary exposures should be avoided

3) Doses should be as low as is reasonably achievable, economic 
and social considerations being taken into account

4) Doses should be justifiable by the expected benefits of the 
procedures.

The last three criteria are an enunciation of the principles of cost- 
benefit analysis applied to radiation protection. In general the applica
tion of these principles is a two-stage procedure:

1) a basic policy decision has to be made whether a particular 
application is justifiable, weighing doses against expected 
benefits,

2) the manner in which approved activities are carried out must 
be optimised so that resultant exposures to radiation are as 
low as is reasonably achievable.

This second stage is the process of differential cost-benefit 
analysis described in ICRP Publication 22 /3/. For miscellaneous 
sources the basic policy decision is generally the more important stage. 
Once this decision has been made it is not difficult to keep doses as 
low as is reasonably achievable through selecting the least hazardous 
radionuclide in terms of type, activity, chemical and physical form and 
half life consistent with the useful life of the product.

In keeping with this two-stage procedure the NEA document /4/ provides
a useful guide defining the general radiation protection an.d safety considera
tions to be taken into account in authorising the distribution, use and 
disposal of products containing radionuclides and intended for the general 
public. In particular it concerns all products exempt from the normal 
regulations governing radionuclides in which the presence of radionuclides 
is intentional. It specifically excludes isotopic batteries and products 
in which the presence of radionuclides is unintentional and is therefore 
somewhat limited in its application to miscellaneous sources. The major 
prohibition is of the intentional addition of radionuclides to products 
intended for ingestion, inhalation or application to man, i.e. foodstuffs, 
beverages and cosmetics. This prohibition is frequently extended to toys, 
articles for personal adornment and substances for domestic use. Considera
tion of other proposals is governed by two policy considerations:

1) Approval of a product should be contingent upon an adequate 
demonstration that the radioactive product performs a

THE BASIS OF SAFETY ASSESSMENTS
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function which can be fulfilled only by a radioactive method 
or so fulfilled that the radioactive method has clear 
advantages over any other practical method and upon a 
justification for the use of the specific radionuclide 
selected;

2) Generally the radiation dose to the average individual user 
and to the population from all exempt products should not 
exceed a small fraction (a few per cent) of applicable ICRP 
limits.

As a guide to basic policy decision making each level of benefit has 
been tentatively allocated a certain fraction of the individual and 
population dose limits (Table I). This is a direct application of the 
first? stage of cost-benefit analysis (the term ’risk/benefit’ in the NEA 
guide is used with the same meaning as 1cost-benefit1 by ICRP). Where the 
benefit is easily recognised and the risk (cost) small, decisions present 
little problem but where both the risk and benefit are small, which is the 
more typical situation, decision making is more difficult.

To obtain a complete evaluation of the risk from a single product the 
Guide states that the external radiation dose or dose commitment to individuals 
resulting from the following three categories of exposure must be taken into 
account :

Category 1. Exposure resulting from normal use and disposal of the 
product.

Category 2. Exposure resulting from normal handling of quantities of 
the product while engaged in activities related to 
marketing, distribution, installation or servicing of 
the product.

Category 3. Exposure due to. credible abuse, accidents or fire.

The Guide also recommends calculating the possible doses to individual 
members of the public from multiple products and the genetic and somatic 
population doses.

The NEA has been considering several specific applications of radio
nuclides in consumer products based on this guide. The Radiation 
Protection Standards for Gaseous Tritium Light Devices have recently been 
published /5/. The NEA has also been drafting radiation protection 
standards for the design, construction, testing and control of radioisotopic 
cardiac pacemakers. The first international recommendations, however, on 
consumer products containing radionuclides, in this case radioluminous 
timepieces, were formulated by a joint NEA/IAEA group of experts before the 
publication of the NEA Guide and published in the IAEA Safety Series /6/.

(b) UK Legislation and Control

Just as there is no single general statute concerned with radiological 
protection, there is no general Act concerned with miscellaneous sources. 
Certain Acts are nonetheless concerned with certain aspects.

Control over consumer products in general is exercised by the Home 
Office under1 the Consumer Protection Act 1961 /7/. This Act does not 
refer specifically to radioactive materials and only empowers the Secretary 
of State to impose requirements 'as are in his opinion expedient to prevent
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TABLE I .  DOSE APPORTIONMENT TOR EXEMPT PRODUCTS BASED ON R I S K /  
BEN EFIT CONSIDERATIONS®

Order of Benefit Individual13
Dose

£Population
Dose

Outstanding benefit
(such as life-saving devices)

<  0.1 
ICRF dose 
limits

—4d o
ICRP dose 
limits

Safety and security devices

Improve reliability or dependability 
of technical devices

<  0.01 
ICRF dose 
limitsd

-4< 1 0
ICRP dose 
limits^

Special technical devices

Lower order of benefit <  0.001 
ICRP dose 
limiits

<  io-5
ICRP dose 
limits^

The dose limits established in this chart were not derived from 
precise technical information. The figures have been estimated 
on the basis of normal use of the product. This table should 
be regarded as provisional only and is likely to undergo changes 
depending on developments in the nuclear industry, and on social 
and economic needs.

Refers to a single article.

Refers to the total distribution of the article under considera
tion.

It is recommended that the total exposure from all exempt 
products (except for those with outstanding benefit) should not 
exceed 10% of the dose limit recommended by ICRP for individual 
members of the public and 1% of the population dose limit.

or reduce risk of death or personal injury1. The only occasion when the 
Home Office has published requirements relating to radioactivity in 
consumer products was for shoe-fitting fluoroscopes specifying radiation 
levels and the need for regular inspection /8/.

Some powers are available under the Radioactive Substances Act 1948 /9/ 
to control the sale and supply of radioactive substances; these powers have 
not yet been used.

The Radioactive Substances Act 1960 /10/ is primarily intended to 
regulate the accumulation and disposal of radioactive waste» The definition
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of "radioactive material" includes all artificial radionuclides and natural 
radionuclides in concentrations greater than those specified. Since this 
definition includes a number of minor uses and commonplace materials where 
the detailed control requirements of_the Act would not be justified a number 
of exemption orders have been made /11/. Many of these exemption orders 
relate to miscellaneous sources in consumer products. Although it looks 
superficially possible to effectively prohibit a particular radioactive 
consumer product by refusing to either register it or grant an exemption 
order, the power to refuse is limited to reasons connected with the final 
disposal as radioactive waste; if this can be shown to be safe and in 
accordance with accepted practice registration cannot,in principle, be 
refused under the Act, however undesirable the proposed use may be. 
Nevertheless in the preparation of the exemption orders it was found 
possible in many cases to include restrictions on waste disposal grounds 
that were also deemed desirable on public health protection grounds.

Despite the seeming lack of statutory control the importance of 
exercising some form of voluntary control over miscellaneous sources was 
recognised very early in the UK and resulted in the setting up of the 
Miscellaneous Sources Panel (M.S.P.) of the Radioactive Substances 
Advisory Committee, appointed under the Radioactive Substances Act 1948.
The functions of this panel together with its parent committee were 
transferred to the National Radiological Protection Board by the Radiological 
Protection Act 1970 /12/. In particular under the first section of the 
Act one of the Board's functions is "to provide information and advice to 
persons (including government departments) with responsibilities in the 
United Kingdom in relation to the protection from radiation hazards either 
of the community as a whole or of particular sections of the community".

The effect of this is that if the Board gives advice on a particular 
miscellaneous source the advice is taken very seriously by both manufac
turers and government departments. In practice the Board's considered 
opinion has invariably been accepted. This advice is not given by the 
Board in isolation but after consultation with government departments, 
manufacturers and other interested parties and follows very closely the 
guidelines laid down by ICRP and NEA. In addition advice is also drawn 
from a number of non-statutory standards, where available /13,14,15/; that 
for radioluminous time measurement instruments /14/ follows closely the 
IAEA radiation protection standards /6/.

A major change in the present voluntary approval scheme for miscell
aneous sources in the UK_may be needed in view of the European Community 
(Euratom) Directives /16/ which require a statutory system of prior approval.

A SURVEY OF MISCELLANEOUS SOURCES IN THE UNITED KINGDOM

(a) Sources in which the radioactivity is a necessary and useful 
part of the product

Luminous devices

The production of luminosity was one of the first widespread 
applications of radioactivity and it still represents the largest 
single application of radionuclides in products available to the 
general public. The traditional radium-226 paints have been replaced 
by tritium and promethium-147 paints and even these are being 
superseded by the intrinsically safer gaseous tritium light sources.
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The most common use of radioluminising is in timepieces. A 
survey carried out in the UK /17/ when the use of radium-226 was 
predominant indicated that the average radiation dose to the gonads 
from luminous clocks and watches was about 0.5 mrad yr" . Even with 
the use of the less toxic nuclides, particularly tritium, doses to 
individuals from normal usage have not been altogether eliminated. 
Tritiated water or simple tritiated organic molecules evolve slowly 
from the tritium paints_l eading to annual gonad doses to wearers 
estimated at 1 mrad./18/.

Doses to members of the public from other applications of 
luminising are more difficult to determine and are probably insignifi
cant by comparison with watches. Instances of promethium-147 
luminised compasses in which the paint has been inadequately sealed 
giving high levels of removable contamination and in some cases high 
surface dose rates have come to the attention of the NRPB. The Board 
has made recommendations for improved sealing although a better solu
tion, also recommended, would be the replacement of the luminous 
compound with gaseous tritium light sources. Other instances involving 
old luminous instrument dials and accidents in which the luminous 
compound from watches and clocks is liberated are also difficult to 
assess. Assuming ingestion or-inhalation of radioactivity equal to 
one-tenth of that of a watch containing the average permissible 
quantity it has been shown /6/ that annual doses would still be below 
the dose limit of 0.5 rem applicable to the whole body, the gonads 
and the blood-forming organs. Doses from the normal procedures of 
disposal of luminous articles would no doubt be negligible.

Although they contain higher activities gaseous tritium light 
sources (GTLS's) consisting of a sealed glass tube coated internally 
with phosphor and filled with tritium gas would only be expected to 
contribute significantly to individual and population exposure in the 
event of breakage through accident or disposal. Any external 
radiation is solely due to bremsstrahlung emission, which is strongly 
attenuated by the device in which the GTLS is incorporated. In the 
great majority of existing applications in the United Kingdom the dose 
rate at 1 cm, measured in air, from any point on the surface of a ^ 
device incorporating a GTLS has not been found to exceed 0.1 mrad h 
In the event of a GTLS being broken the principal hazard to persons 
in the vicinity is from inhalation of the tritiated water which might 
be present. Assuming a tritiated water content of 2% and that a 
person in the vicinity inhales one tenth of the released vapour, it 
has been calculated that the smallest tritium content of a GTLS which 
could lead to a maximum permissible annual intake of tritiated water 
is 2.5 Ci /5/. For this reason 2 Ci per device has been adopted 
by NEA as the limit above which the use of GTLDs should be controlled. 
Few accident statistics are available but indications are that 
breakages are extremely rare.

Isotopic batteries

The British design of isotopic batteries for cardiac pacemakers 
uses plutonium-238 (about 200 mg) as the heat source for thermo
electric conversion. Assuming safe containment of the fuel the 
principal hazard is the gamma ray and neutron emission.. A particularly 
important contributor to the gamma ray emission is the thallium-208 
(2.62 MeV gamma) daughter of plutonium-236 present as an impurity.
The neutron emission arises from spontaneous fission of plutonium-238, 
alpha particle reactions with impurity elements of low atomic number
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and gamma interactions with impurity beryllium. Organ doses to 
bearers from such_batteries have been determined both by measurement 
and calculation /19/.

Smoke detectors

The present situation with smoke detectors is somewhat uncertain 
in view of currently changing practices. Originally detec-tors 
containing 15 pCi radium-226 were used but these have been replaced by 
detectors containing 60 pCi americium-241 sources. More recently 
lower activities of radium-226 (0.5 pCi - 5 yiCi) and americium-241 
(15 pCi) have been used. Under normal conditions of use external 
irradiation (X and '¡f ) from these sources represents the principal 
hazard; evolution of radon gas is also of concern with radium but is 
not limiting with normal ventilation conditions.

Anti-Static devices

Anti-static devices for both industrial and public use usually 
contain polonium-210 sources; devices containing americium-241 sources 
áre also manufactured but are not currently distributed in the UK.
Since polonium-210 is essentially a pure ос-emitter the potential hazard 
is inhalation and ingestion of the radioactive material resulting from 
leakage due to unsatisfactory sealing or in the event of an accident 
/20/. Anti-static brushes available to the general public are currently 
under investigation in the Board's laboratories.

(b) Sources which emit ionising radiation incidental to their function

A very wide range of miscellaneous sources are included in this category; 
only a few of the more important ones are mentioned here.

By-Product Gypsum as a building material

Of particular concern has been a proposal to use by-product 
gypsum produced as a waste product in the manufacture of phosphoric 
acid as a replacement for natural gypsum in building materials. Much 
of the radium contained in the parent rock is carried over into the 
by-product gypsum. An assessment of individual exposure in a typical 
house buil¿ from this material indicated the potential doses given in 
table II /21/. In terms of currently accepted exposures for members of 
the public and normal variations in radon content of air, the exposure 
due to p>-radiation and radon are acceptable. The У -radiation exposure 
is also well below ICRP recommended dose limits and is broadly compar
able with the extent of the regional variations in dose due to natural 
background. The Board has approved the use of by-product gypsum 
subject to manufacturers keeping the Board informed of its usage so 
that the collective dose can be assessed from time to time.

Uses of Uranium and Thorium
The main uses of uranium are either as a pigment or in applica

tions making use of its high density properties. Thorium is used in 
incandescent mantles and in certain optical lenses.

The principal hazard from the uses of uranium and thorium under 
normal conditions is the somatic dose from the beta-emitting daughters.
In general doses received will be small due to sufficient attenuation 
distance between the device and the exposed person. In particular 
cases this may not apply, however. Some optical lenses containing
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Type of exposure Critical Organ Magnitude

p> -radiation Skin and lens of the eye -1<20 mrad yr

)f -radiation Gonads and bone-marrow 30 mrads yr 
-1Radon Lungs 0.15 pCi 1

_1or 0.04 WLM yr

_ 1Radium concentration taken as 25 pCi g

A working level month (WLM) is the product of the length 
of exposure in working months and the concentration of 
radon daughters in working levels. A working level is 
any combination of radon daughters in one litre of aig 
that will result in the ultimate emission of 1.3 x 10 MeV 
of alpha energy from the decay of these daughters to RaD.

up to 30% by weight natural thorium may deliver doses to the lens of 
the eye. Another example which has been of particular interest to 
the Board is the practice of incorporating uranium oxide in dental 
porcelain to give it an ivory hue. Although uranium concentrations 
are low, ranging up to 0.2% by weight, the dose is delivered contin
uously to the surrounding tissue. If a suitable alternative to 
uranium could be found it would obviously be in keeping with the NEA 
Guide to discontinue the practice since the benefit is marginal.

Television receivers

Television, particularly colour receivers, are a source of 
population exposure involving large numbers of people. A recent 
assessment carried out in the UK estimates that the mean gonad dose 
is 0.4 prads y r a s s u m i n g  normal viewing habits /22/.

POPULATION DOSES FROM MISCELLANEOUS SOURCES

With the increasingly widespread distribution of miscellaneous sources 
and emphasis /3/ on the total detriment from a given source for purposes 
of cost-benefit analysis, it is necessary to consider the collective and 
population doses from these sources in addition to the individual doses 
as criteria in their assessment.

(a) Population Dose from Gamma Sources

One example of the general type of formulation which might be used in 
the calculation of collective dose from a distribution of gamma sources is:

CqBe~^—  'p(r)/»' (r1 )dAdA'
, 2r' - rl
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Where S = collective dose to the population group considered
1 0С = 3.7 x 10 f

4TYK(E)

f = branching ratio
K(E) = ratio of flux density to dose rate

q = activity in curies
В = $ -ray multiple scattering build-up factor
p = photon attenuation coefficient
r = vector position of person

r' = " " " source
/>( r) = population density distribution function

source " " "
A = area covered by population

A 1 = " " " source distribution

/ > '  < r '  )

This general formulation permits an evaluation of collective doses 
from sources both within a given population or exterior to that population.

To obtain an indication of the way in which collective dose might change 
with size of population or distance of the source frcm a large population an 
unshielded 1 Ci source emitting one 1 MeV gamma ray per disintegration was 
considered in two situations:

1) with the source placed at the centre cf a circular city of 
uniform population density. A figure of 5,000 people km-2 
was taken as typical /2_3/;

2) with the source placed at various distances from a city 
with a population of one million.

The results for these two hypothetical cases are shown in tables III 
and IV. Two main conclusions may be drawn. The effect of the source on 
even a very large population in a distant town or city is negligible. More 
than half the collective dose is received by individuals within a radius of 
20 metres. ICRP /3/ states that there is no need to pursue the summation 
beyond the point where it becomes clear that the further contribution to the 
sum will not change the estimate of population dose by more than a factor 
of about 2 or 3. It therefore is reasonable with a cardiac pacemaker, for 
example, to consider only the collective dose to those living and working in 
close proximity (i.e. a few metres) to the bearer, particularly the spouse. 
For miscellaneous sources a critical group approach is still acceptable for 
external exposure under normal conditions and is used here to estimate 
collective doses from some of the miscellaneous sources surveyed above.

For cardiac pacemakers the )f-dose rate at 2 cms distance from_the 
source used in the UK battery has been found to be 2.9 mrads-^ /19/. ^
Assuming an inverse square relationship holds and the spouse spends 8 h d 
at a distance of 50 cms from the bearer, this gives an annual gonad dose of 
about 10 mrads. If there were eventually 10,000 bearers of plutonium-238 
fuelled pacemakers in the UK the population dose would then be about 100 
man rads yr-1.
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TABLE I I I .  COLLECTIVE DOSE FROM A PO INT SOURCE AT THE CENTRE 
OF A CIRCULAR C IT Y  SUMMED TO DIFFERENT R A D II

Radius of 
summation
(metres)

Number of 
people within 
that radius

Dose Rate at 
circumference
(rads h-1)

Collective
Dose

(man rads yr- )̂

5 0.4 О•CM X io-2 224 .
10 1.6 5.1 X 10" 3 320
20 6.3 1.3 X 10“ 3 417
50 39 2.0 X io-4 543

100 157 4.4 X

LO1О 633
250 982 3.9 X

VO1О 722
500 3930 2.5 X io-7 750

1000 15,700 2.8 X io-9 754
2000 62,800 7.7 X 10-13 754
3000 141,000 3.0 X 10-16 754

Source Activity: 1 Ci emitting a 1 MeV gamma ray per
disintegration (no allowance is made 
for attenuation by materials other 
than air).

Population
Density : 5,000 people per square kilometre.

Integration
Error : 1%.

The collective dose from smoke detectors is more difficult to assess. 
Assuming that the majority of detectors in use contain 60 pCi americium-241 
sources, the gonad dose from the 60 keV gamma emission of this nuclide to a 
person at an average distance of 2 m from the source for 40 h/week would 
be about 0.3 mrads yr~ . If 100,000 people were involved then the collect
ive dose would be 30 man rads yr~l.

(b) Population Doses from Tritium

Gaseous tritium light devices, GTLDs, which contain tritium above the 
exemption limit of 2 Ci are subject to recovery or disposal requiranents 
/5/, others of lower activity will be discarded after the useful life of 
the device and the tritium remaining will be released as waste. This 
tritium will rapidly mix with the atmosphere and will be slowly converted
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TABLE IV. COLLECTIVE DOSE FROM A POINT 
SOURCE AT A DISTANCE FROM A 
LARGE CENTRE OF POPULATION

Distance of Population Collective Dose
Centre from Source

(kms) (man rads yr 'Ь

1 24.4

2 6.8 x 10-3

3f 2.6 x 10~6

5 -135.2 x 10

Source Activity: 1 Ci emitting a 1 MeV 
gamma ray per disinte
gration (no allowance 
is made for attenuation 
by materials other than 
air).

Population 10 people, assumed to 
be all at the same point.

TABLE V. COLLECTIVE AND POPULATION DOSES FROM THE 
ANNUAL DISPOSAL OF 106 Ci TRITIUM

U.K. N. Hemisphere
Collective Dose Population Dose

(man rad yr (man rad yr Ъ

Initially 0.5 32

At equilibrium 9.4 600

7U.K. Population taken as 5 x 10
9N. Hemisphere Population taken as 3.2 x 10
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TABLE VI. SUMMARY OF COLLECTIVE TOSES TO THE U.K. POPULATION FROM 
VARIOUS MISCELLANEOUS SOURCES

Source Collective Dose to U.K.. Population 
(man rads yr л)

' aGaseous Tritium Light Sources 10

Luminised Clocks and Watches*3 10,000-50,000

Cardiac Pacemakers0 100

Smoke Detectors 30

Television Receivers 20
сBy-Product Gypsum -

Potential doses. See text.

Depending on what proportion of the population wear luminous 
watches.

Collective dose depends on extent of use.

to tritiated water. In this assessment it is assumed that 106 Ci tritium 
are released annually. This will eventually mix with the circulating 
waters of the Northern Hemisphere to a depth of 75 metres to give an 
average tritium concentration of 2 x 10- 3 pCi g- ^ at equilibrium. Calcula
tions have shown that tritiated water in body fluids at an equilibrium 
concentration of 1 pCi g~  ̂delivers 10“^ rad yr“l to the whole body including 
the gonads /18/. Collective doses to the UK population and population doses 
to the inhabitants of the Northern Hemisphere from this rate of disposal of 
tritium are given in table V.

A summary of potential or actual collective doses to the UK population 
from the miscellaneous sources surveyed is given in table VI.

CONCLUSION

Early assessments /1,17/ of individual and collective doses from 
miscellaneous sources have revealed that the levels are only a very small 
per cent of relevant ICRP dose limits and often trivial. Although the use 
of radioactive materials in products available to the general public is 
increasing, it is probable that the average annual gonad dose is no greater 
now than when these early assessments were carried out and is less than
1 mrad. The reasons for this are the gradual phasing out of radium-226 
and its replacement by nuclides such as promethium-147 and tritium and the 
continual improvement of control. In the future an even greater influence 
of international controls can be expected. This should result in an easing 
of trade restrictions and a harmonisation of safety standards.
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Since doses are usually low most assessments of the safety and 
desirability of a particular miscellaneous source have concentrated on the 
doses to individuals in the immediate vicinity of the source. It has been 
shown that this approach is justified for all sources when used normally and 
that collective and population doses calculated on this basis will be well 
within the accuracy limits suggested by ICRP.
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D I S C U S S I O N

R. F. B A R K E R :  I just want tó c o m m e n t  that, in the United States of 
America, the National Council of Radiation Protection and Measurements 
is preparing a report on population doses due to radioactive materials in 
consumer products. The report should be issued later in 1974. Also, the 
U S  Atomic Energy Commission is developing a method of calculating 
collective and individual doses using a computer code, into which the 
parameters are fed. Since the parameters are not well known in most 
cases, the initial results, which are also expected later this year, will 
be rather imprecise.

K. -J. V O G T :  There appears to be a discrepancy in the judgement 
of doses. O n  the one hand we have nuclear plants such as power reactors, 
with rather strict limits, or fuel processing plants, where an a-emitter 
release resulting in 1 0 ' 7 of the natural exposure is going to be reduced 
to zero release; on the other hand we have radiation exposure due to 
building materials such as by-product gypsum, for which 30 m r a d / a  are 
regarded as tolerable in the United Kingdom. Could you c o m m e n t  on this 
discrepancy in the light of the particular benefits of the different sources?

A. D. W R I X O N :  In the case of by-product gypsum, there is s ome  
justification for comparing the gonad dose with that from natural back- .. 
ground. For instance, w e  have already heard ( I A E A - S M - 184/2) of m e a s u r e 
ments of doses ranging from 4.2 to 35.7 /uR/h in houses in Germany, 
depending on the building materials; the highest values were in brick- 
built houses. In order to keep doses as low as possible should w e  there
fore favour wooden houses or prefabricated houses and forbid brick ones?
In the s a m e  w a y  should we encourage people living in areas of higher 
background to m o v e  to areas of lower background?
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One further point. The value of 30 m r a d / a  is the individual's gonad 
dose; the average gonad dose to the population or the population dose will 
depend on the extent to which by-product gyps u m  is used. It is probable, 
and the N R P B  will be watching this closely, that the average gonad dose 
will increase only very slowly, say, over decades, and if eventually one 
h o m e  in ten is constructed of the material, the average gonad dose will 
only have increased by 3 mrad/a.

D. B E N I N S O N ;  I think the case of building materials is a good example 
of the possibility of assessing the collective dose without knowing the actual 
distribution of individual doses.

A s  regards radon levels in houses, they depend very strongly on 
ventilation, rather than on the concentration of 226R a  in the materials.
What assumptions were m a d e  in the calculations shown in your slide?

A. D. W R I X O N :  The radon emanation from panels m a d e  of by-product 
gyp s u m  was measured and for the assessment a ventilation rate of one air 
change per hour was assumed. This is probably a conservative assumption 
since in British h o m e s  the ventilation rate m a y  be appreciably higher and 
the radon concentrations correspondingly lower.

H. P. J A M M E T :  You mentioned the contribution of the habitat to the 
collective dose to the population. It must be realized that this contribution 
should be included with the controllable artificial irradiation sources, and 
not with natural irradiation. In the future, cost-benefit analyses should be 
performed'for the habitat.

A. D. W R I X O N :  W e  have not actually carried out a rigorous cost- 
benefit analysis with by-product gypsum, although the building industry 
has given us assurances of substantial benefit from its use. However, 
it is probable that such an analysis would be feasible, unlike the case with 
m a n y  other miscellaneous sources. One could balance the costs of disposal 
of the by-product gypsum, the mining of natural gypsum, arid so on, against 
the possible detriment associated with the use of this otherwise waste material.

K. J. K O R E N :  You mentioned shoe-fitting by m e a n s  of X-rays. Have 
you any idea of the risk-benefit weighting of this kind of irradiation? In 
N o r w a y  we considered the benefit so slight that we have prohibited shoe- 
fitting by.X-rays except under medical supervision.

A. D. W R I X O N ;  The problem of shoe-fitting fluoroscopes was con
sidered in the United Kingdom m a n y  years ago and in 1963 the H o m e  Office, 
a body with statutory responsibility for consumer products, published 
requirements which, a m o n g  other things, limit the dose rates in the 
principal b e a m  (see Ref. [8]). Since then the n umbers of machines in use 
have been substantially reduced.

I C R P  Publication 15 r e c o m m e n d s  that the use of X-rays for shoe- 
fitting purposes should be restricted to medical examinations and that 
they should be prohibited for commercial shoe-fitting purposes. It is 
m y  personal feeling also that there is little or no benefit to be gained from 
them for normal shoe-fitting.

S. O. W. B E R G S T R Ü M :  The ventilation rate no doubt does reduce the.
lung dose from gypsum-material in buildings, but not the genetically 
significant dose.

A. D. W R I X O N :  Ventilation in the assessment of doses from by-product 
gypsum was only considered in the case of radon, when the lung is the 
critical organ. The gonad doses were calculated for 7 -emission from the 
radium-226 in the walls, and ventilation would have no effect on this.
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М. B. BILES: Perhaps I could mention the situation in Grand Junction, 
Colorado, which is an example of a community dose resulting from building 
materials, in this case uranium tailings used as sub-base for concréte 
floors and foundations. A s  a result of concern over g a m m a  and radon 
levels in buildings, Congress appropriated $5 million and the State of 
Colorado about $1.7 million for remedial action; this action primarily 
consists of removing the tailings and carrying out sealing against radon.
The remedial p r o g ramme, based on special guidelines prepared by the 
U S  Surgeon General, is well under w a y  and should be completed in two years. 
Of s o m e  18 000 buildings in the city, about 3500 have had tailings used in 
their construction.

P. C A N D Ê S :  In Table V  you give an equilibrium dose of 600 man- rads 
for the population of the northern hemisphere from the release of 10® Ci 
of tritium. I recall that Mr. Beninson gave m u c h  lower figures with a m u c h  
bigger tritium release for the world population. Could you c o m m e n t  on this?

D. B E N I N S O N :  Perhaps I could answer Mr. Candes. The model used 
in m y  paper assumed total dispersion in the circulating waters of the 
hemisphere, and the results are in fact consistent with those of the paper 
just presented. The equilibrium values of Mr. Wrixon's Table V  are equiva
lent to dose commitment per 106 Ci of discharge. Therefore 1 MW(e)-a, 
producing about 20 Ci, implies a collective dose commitment of the order 
of 1 0'г man-rems.

S. A M A R A N T O S :  What is your experience with the use of lightning 
conductors containing radioactive materials?

A. D. W R I X O N :  Lightning conductors with radioactive attachments are 
manufactured in the United Kingdom and in various other countries. Under 
the Radioactive Substances Act (1960) an Exemption Order exists which in 
effect allows lightning conductors to be installed on public buildings, etc. , 
without the need for registration. Exemption is subject to strict condition’s, 
however: limitation of activity, display of notices, control of disposal, 
notification of the competent authority.

The concept of lightning conductors with radioactive attachments was 
proposed early in this century by a scientist of repute and has since been 
accepted in certain countries. In the UK, however, there has been some 
doubt as to the value of these devices, and the drafting committee for a 
British Code of Practice concerned with lightning protection (Ref. [15]) 
included a statement to the effect that, on the basis of the evidence con
sidered, the committee was unable to r e c o m m e n d  the use of m e a n s  of arti
ficially increasing the lightning attraction of protection systems. A  recent 
publication, "Lightning Protection" by R. H. Golde, states that "a radioactive 
lightning conductor is no better than a conventional conductor installed in 
the s a m e  position".

In the United Kingdom scientific community there is therefore s ome  
doubt as to the effectiveness of these devices, and it is m y  opinion that 
a full scientific study would be useful finally to resolve the problem.

F. D. S O W B Y :  Since there see m s  to be considerable doubt as to whether 
radioactive lightning conductors are m o r e  efficacious than the non-radioactive 
type, is there any justification for their use?

A. D. W R I X O N :  The approach to a n e w  proposal differs in s o m e  
respects from the approach to an established tradition. Present-day 
manufacture of radioactive lightning conductors is based upon scientific 
concepts evolved m a n y  years ago; nowadays, there is a body of expert
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opinion in the United Kingdom which feels that there is no advantage to be 
gained from this use of radioactive material. It is m y  own personal feeling, 
therefore, that if this application were to be proposed for the first time 
today, it would not be considered justified until it had been conclusively 
demonstrated that there are real advantages to be gained from it.

T. N I E W I A D O M S K I :  The only building material you considered in your 
paper is by-product gypsum. What about other industrial wastes, such as 
boiling slag and fly ash?

A. D. W R I X O N :  I regret that I have no information on these materials.
P. G R A N D E :  Are beta lights fabricated in the United Kingdom for 

use as floats?
A. D. W R I X O N :  Perhaps I should first point out that the term 'beta 

light' is a trade name; the correct term is 'gaseous tritium light source'.
Gaseous tritium light sources have been accepted for use in fishing 

floats provided the conditions given in the N E A  standards (Ref. [5]) are met. 
A m o n g  other things these conditions stipulate that the sources shall always 
be contained in a device and shall not be directly accessible.

P. G R A N D E :  I think the N E A  Health and Safety Committee agreed that 
this is a good example of what should not be permitted.

A. D. W R I X O N :  The N E A  standards, at all events, (Ref. [5]) m a k e  no 
mention of this particular application; the standards only forbid the use 
of gaseous tritium light devices in toys, for personal adornment, or for 
frivolous purposes. If the N E A  Health and Safety Committee has agreed 
that the float application should not be permitted, this view is certainly not 
reflected in the standards.

N. T. M I T C H E L L :  I should just like to add, in this connection, that 
the use of radioisotope power-batteries has been considered in the United 
Kingdom, particularly for application in remote areas where they have a 
clear advantage over conventional power sources. One of the most obvious 
uses is as an aid to navigation —  for warning lights in remote positions 
marking the entrance to navigable channels. The resulting population 
exposure will clearly be very low indeed.

A. M A R T I N :  To revert to the question of the dose commit m e n t  from 
tritium, there seems to be a large discrepancy between the estimates in 
your paper and those in m y  o w n  paper ( I A E A - S M - 184/9).

A. D. W R I X O N :  The model used in m y  assessment was based on the 
assumption that the tritium gas is released to atmosphere following disposal 
and is converted into tritiated water which then mixes with the circulating 
waters of the Northern Hemisphere, including the water in body fluids, and 
the method of dose assessment is similar to that adopted by Mr. Beninson 
in his paper ( I A E A-SM-184/102). Our values and Mr. Beninson's should 
be in fairly good agreement if it is assumed that the tritium is disposed 
of directly to the sea as tritiated water. Your values for release to a t m o 
sphere do differ from mine by a factor of about 2 0, but this appears to be 
due to the contribution to the population dose from the m o r e  highly exposed 
local critical group a ssumed in your assessment. This contribution might 
be important where tritiated water is being discharged from a stack, since 
there m a y b e  s ome 'wash-out' into local drinking waters. With discharges 
of tritium gas, whether from a stack or following the disposal of gaseous 
tritium light sources, there is unlikely to be m u c h  local removal into 
drinking waters since tritium gas is only very slowly converted into'tritiated 
water in the atmosphere. This justifies an assessment on a m o r e  general basis
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Abstract

RADIATION DOSE TO  POPULATION (CREW AND PASSENGERS) RESULTING FROM THE TRANSPORTATION OF 
RADIOACTIVE MATERIAL BY PASSENGER AIR CRAFT IN THE UNITED STATES OF AMERICA.

R adiation  exposures to  passengers and crew  m em bers in  passenger a irc ra f t ca rry ing  packages of rad io ac tiv e  
m a te r ia l  a re  con tro lled  by regu la tions th a t l im it  th e  rad ia tio n  dose ra te  outside e a c h  package  and the  num ber and 
position ing  o f such packages as lo ad ed  in  one type  o f a irc ra f t. T he a c tu a l rad ia tio n  le v e l in m re m /h  a t  3 fee t 
from  the  ex te rn a l surface of th e  package is defined  in  the  USA as th e  p ac k ag e  transport index (T I): T he re g u la 
tion  specifies th a t the  T I  for any  pack ag e  shall be no g rea te r th a n  10. A ta b le  in the  regu la tio n s  specifies a 
m a x im u m  v alue  for the  sum  o f T I  for the packages  th a t can  be loaded  in to  a s ingle a irc ra f t, depend ing  on the 
av a ila b le  separa tion  d istances be tw een  the surface of th e  packages to  the p a rtitio n  of the  passenger’ s c o m p a r t
m e n t. O bservation o f  T I  and  separa tion  d is ta n ce  ensures th a t rad ia tio n  levels  in  passenger and crew  c o m p a rt
m ents a re  w ith in  p red e te rm in ed  leve ls .

M easurem ents w ere m ade of rad ia tio n  dose ra tes  in  passenger seats and a t crew  stations a f te r  routine 
sh ipm ents o f  packages o f  ra d io a c tiv e  m a te r ia l  had  b ee n  loaded  n o rm a lly  by ca rr ie r  personnel in to  th e  cargo  
c om partm en ts  of regu lar fligh ts . By ana lysing  these dose rates and the  corresponding T I  of the packages loaded, 
a  re la tionsh ip  betw een  av e ra g e  rad ia tio n  dose ra te  and  to ta l T I pe r f lig h t was estab lish ed . S ta tis tic s  on the 
to ta l  T I per f ligh t, num ber o f passengers and  crew , and du ra tion  o f flights w ere g a th ered  by 9 a irlin e s  for a l l  
th e ir  passenger flights from  33 airports across the  country , and these d a ta  w ere ex trap o la ted  to  ac co u n t for a l l 
flights na tio n w id e . T he to ta l  T I on each  flig h t was tran sla ted  in to  av e rag e  rad ia tio n  dose ra tes  in  th e  passenger 
and crew  com partm en ts , and  the  data  w ere used to  e s tim a te  the  ann u a l cu m u la tiv e  dose from  the  tran spo rta tion  
o f ra d io ac tiv e  m a te r ia l by passenger a irc ra f t.

T h e  m ethods o f analysis  a re  described , and  th e  ca lc u la tio n  used in arriv ing  a t  the  e s tim a te d  annua l 
c u m u la tiv e  dose.is p resen ted . T he annua l c u m u la tiv e  dose due to  co sm ic  rad ia tio n  a t  th e  e le v a tio n  a t w hich 
c o m m e rc ia l a irc ra f t fly  is e s tim a ted  and co m p ared .

1. Introduction and Summary

Many packages containing radioactive material are moving through 
the world by various modes of transportation. It is estimated that 
close to a million such packages are, transported in the United States 
alone each year. Most of the packages contain radiopharmaceuticals 
which, because of their short radioactive half-lives, require rapid 
shipment to hospitals and clinics for diagnostic and therapeutic 
treatment of patients. Almost all radiopharmaceutical packages in 
the U.S. are shipped by passenger aircraft because there is no other 
equally satisfactory mode of transport available.

This paper reports on a study to estimate the annual radiation 
exposures to passengers and crew in passenger aircraft carrying 
packages of radioactive material in the United States. The annual
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cumulative dose and other parameters were used to consider ways in 
which the regulations under which the radioactive materials are 
transported in passenger aircraft might be modified to reduce the 
exposure to a level as low as practicable.

Let us first examine why controls are necessary on stowage of 
packages of radioactive materials in the transportation of such 
packages by passenger aircraft. Assuming 800,000 packages are 
transported by passenger aircraft, and each package having dose 
rates up to maximum allowed under the packaging regulations, that 
is, 200 mrem/hr at surface and 10 mrem/hr at 3 feet from the sur
face. In the absence of carrier control, a package carried in the 
hold of an aircraft can be as close as about 2 feet from the gonads 
of a seated passenger directly above the package and about 3 feet,
5 feet, and 7 feet from the next rows of passengers. As a rough 
estimate, this could result in a maximum exposure rate of 16 mrem/hr 
to the passenger directly above the package and an average exposure 
rate of about 5 mrem/hr to 35 passengers in nearby seats. On a 
typical 2 hour flight then, a single package could impose a 
cumulative radiation dose exceeding 300 mrem. 800,000 such 
packages might have the potential to impose a population radiation 
dose of 240,000 man-rem per year. While only a small percentage 
of packages being transported exhibit maximum allowable radiation 
levels, and all packages would not be stowed in the worst avail
able position even in the absence of regulatory controls, a 
potential exposure of this magnitude demands an adequate system 
of control.

It is possible but not practical to provide radiation shielding in 
a package so that little or no radiation is emitted from the package.
The U.S. and IAEA regulations permit up to 200 mrem/hr at the surface of 
a package and 10 mrem/hr at 3 feet or 1 meter from the package. The 
radiation levels permitted outside of packages in the transportation 
of radioactive materials require that controls be exercised to limit 
radiation exposure of persons who are associated with the transportation.

3 ft. A
«

T I = mrem /  hr at A

TI « 10
SURFACE DOSE 
RATE £ 200 mrem /  hr

FIG. 1. L im ita tions on p ac k ag e  rad ia tio n  le v e ls .
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These Controls are necessary to ensure that no person receives a 
radiation dose in excess of the permissible dose limits. * A 
comprehensive discussion of the problems associated with the trans
portation of radioactive materials is given by R. D. Evans. More 
recently, general reviews of IAEA regulations and Euratom.basic safety 
standards involved in transportation are given by Gibson and Failla. 
Gibson's book discusses technical aspects of thé IAEA's 1964 transport 
regulations and the means in which these regulations are incorporated 
into national transport regulations. Failla's report contains detailed 
analysis of the application to the transport of radioactive materials of 
the classification of workers and population groups, definitions 
of controlled and-protected areas, and types of radiation exposure con
trols recommended in the basic radiation safety standards of Euratom 
and international standards issued by ICRP, IAEA, and OCDE-ENEA.

For passenger-carrying aircraft, allowable radiation levels are not 
specified in the regulations or measured by the carriers, but are con
trolled by regulatory limits on packages and conditions of loading. The 
actual radiation level in mrem/hr at 3 feet from the external surface of 
each package is called the package transport index (TI), and that number 
is specified on the package label for purposes of carrier control.[6] 
Figure 1 shows a typical package and the limitations of package external 
radiation levels. Because metric units are used by most nations, one 
meter is used by IAEA in defining transport index. The U.S. is expected 
to convert to the one meter distance to determine TI within the next 
year.

F IG .2 . Exam ples o f m in im u m  separa tion  d is tances .
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Regulations applicable to the air carrier designate minimum 
separation distances between the surface of the package and the partition 
of the passenger compartment, varying with the total cumulative TI of 
the packages to be placed in the cargo compartment with a maximum total 
TI of 50.I?] Observation of these separation distances ensures that 
radiation levels in passenger compartments are within predetermined 
levels. Figure 2 shows examples of separation distances.

There are approximately five million aircraft departures annually 
in the United States. For assessing the transportation picture for the 
entire U.S., data on flights and packages from a large number of airports 
and over extended periods of time would be necessary to obtain accurate 
results. Because of constraints in time and sampling resources, 
methods of estimating the annual cumulative doses to passengers and crew 
members were developed to simplify the collection of data. Resources 
were allocated in areas with a higher-than-average concentration of 
radioactive traffic. The results obtained in this work are considered 
to be the best estimates possible under the limitations of time and' 
resources.

The gathering of data consisted of two separate parts. Measurement 
data which relates actual radiation levels on board passenger aircraft 
to the total TI stored in the baggage compartments was collected at 
Boston Logan and Chicago O'Hare Airports by health physics graduate 
students from Harvard and Northwestern Universities. This effort produced 
data on some 142 flights carrying radioactive material. Part two consisted 
of collection of data on the numbers of flights carrying packages of 
radioactive material, the total TI and passengers aboard those flights, 
and the flight times by nine major U.S. airlines through the cooperation 
and coordination of the Air Transport Association. The cooperation of 
all persons involved in the data-gathering effort, including many services 
by Federal Aviation Administration field and headquarters personnel, is 
attributed to the general desire for factual information in this area.

The analysis of the collected data show annual cumulative doses of 
1400, 1, and 70 man-rem for passengers, pilots, and stewardesses, 
respectively, who are exposed to radiation emitted by packages of 
radioactive material carried in the passenger aircraft. By comparison, 
the annual cumulative doses to these same population groups due to 
cosmic radiation at the altitudes at which commercial aircraft fly are 
2000, 3000, and 4000 man-rem, respectively; the corresponding doses to 
all air passengers, pilots, and stewardesses are 70000, 6000, and 8000 
man-rem, respectively.

2. Method

Assuming the number of people receiving doses between H and H+dH is 
N(H), the cumulative dose, D, is given by

where the integration is carried over the dose distribution for all 
exposed occupants in passenger aircraft, including passengers, pilots, 
and stewardesses.

It is difficult to apply equation (1) to calculate cumulative dose 
because one does not know the function N(H). However, one might rewrite 
equation (1) into a summation form:

D (1 )
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D = E D.  
j  J

(2)

where D . is the cumulative dose for a single flight j. By summing up 
flights'1 in the U.S. for one year, one obtains the annual cumulative dose 
as expressed by equation (1).

The cumulative dose for a single flight, D., can be calculated by 
the following equation: ■*

D. = ( I  R. N.). t. ( 3 )
J i=l 1 1 J J

where R = average dose rate to gonads, in mrem/hour, at seat level 
for passengers or pilots or at 90 cm above floor for 
stewardesses in a single flight.

N = number of passengers (or pilots or stewardesses) in the 
flight

t = exposed time, in hours, in the flight.
subscript i denotes the three subgroups: passengers, pilots, and

stewardesses.
Since the passengers are seated almost randomly over the entire 

cabin, one might assume that the average dose rate for passengers is 
the sum of dose rates of all passenger seats divided by the total 
number of seats in the cabin, i.e.,

Z H.
= 4 ^ —  (4)passenger к

where H = dose rate at each passenger seat 
к = total number of passenger seats

The dose rate at each passenger seat is dependent on the transport 
index and physical size of the package, the location in the aircraft at 
which the package is loaded, the shielding effect due to the aircraft 
structure, and the shielding effect of other cargo loaded between the 
package and the dose point. If several packages of radioactive 
materials are carried in a single aircraft, the dose rate, H, at each 
passenger seat is the sum of the dose rates contributed by each package,
i.e.,

H = I (TI) (T F ) (5)
->2xm

where TI = transport index of each package
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x = distance between the source and the seat

С = distance between the source and a point which is 3 feet 
away from the surface of the package

TF = transmission factor due to the shielding effect of aircraft
floor structure and other cargo loaded between the package and
the dose point

subscript m denotes individual packages containing radioactive
materials loaded in the aircraft.
The shielding effect of the aircraft floor structure has been 

investigated in a separate study carried out at the facilities of the 
Federal Aviation Administration at Oklahoma City. The study involved 
setting up packages of radioactive materials in cargo compartments of 
two types of passenger-carrying aircraft, a Douglas DC-9 and a Boeing
727, and the measurement of radiation levels produced in the aircraft to
which passengers and crew might be subjected during the flight. The 
average transmission factor of the aircraft floor structure was determined 
to be 0.7 for the seat directly above the package. The total shielding 
effect should also include the effect of other cargo loaded between the 
passenger seat and the packages containing radioactive materials.

For pilots and copilots, the average dose rate, R t , can be 
calculated by equations (4) and (5) except that the seSïs°under considera
tion are in the cockpit. Since stewardesses spend most of their time 
walking up and down the aisle to serve passengers, the dose rate to 
which they are exposed is assumed to be the dose rate at 90 cm above the 
floor (approximately gonad height) averaged over the entire aisle.

Equations (2) to (5) could be used to calculate the annual 
cumulative dose if all parameters identified in these equations were 
known. However, it is difficult to collect information on the two 
parameters Ï and TF for regular flights because of the short aircraft 
turnaround time and other operational problems at the airport.

To avoid the need for determining these two quantities, direct 
radiation measurements were made for all seats in the passenger and crew 
compartments after routine shipments of packages had been loaded 
normally by carrier personnel into the cargo compartment of regular 
flights. Average dose rates for each flight were calculated. Limita
tions on resources and time, however, make it almost impossible to 
perform such a survey for all aircraft departures at every significant 
airport. As an alternative, effort was concentrated on radiation 
surveys at two major airports for an extended period of time during 
which data were collected on total TI per flight, radiation levels on 
seats at seat level and at 90 cm in the aisles. Since the measurements 
were performed under the normal loading conditions, we have already 
included the variation in loading patterns and the transmission factors 
for aircraft structures and, in some cases, the intervening cargo.
Assuming the loading patterns for all other flights are similar to those 
observed in the radiation survey at the two major airports, we may 
express the average radiation dose rates in terms of only one parameter—  
total transport index per flight.

A regression line with proper confidence intervals can be established 
to represent the functional relationship between average dose rates and
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F IG .3 . P aram eters  requ ired  to  ev a lu a te  annua l cu m u la tiv e  exposure.

the total transport index carried on each flight. Thus, equations (4) 
and (5) can be replaced by

R = f (TI) (6)
The next step was to collect information on total transport index, 

number of people, and exposure time for each flight in the U.S., in 
order that the annual cumulative dose could be calculated from 
equations (6), (3), and (2).
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Figure,3 is a block diagram to illustrate the parameters required 
to estimate the annual cumulative dose. In the next section, the 
radiation surveys on board regular flights will be discussed. Statistical 
data collection will be discussed in Section 4.

3. Radiation Surveys

To establish the functional relationship between the average dose 
rates and total transport index per flight as described in equation (6), 
radiation surveys were conducted for a period of four weeks in Chicago 
O'Hare and Boston Logan airports. O'Hare and Logan were selected for 
the survey because of the large numbers of air shipments of radioactive 
material which originate at these airports.

The survey teams measured radiation dose rates at passenger seat 
levels, at 90 cm above the aisle, and at seat levels in the cockpit of 
regular scheduled passenger aircraft after the radioactive shipments had 
been stowed in the aircraft cargo compartments. The aircraft measured 
were selected on the basis that they were known to be carrying packages 
of radioactive material. A total of 142 flights were measured. To 
prevent delay of flights and to avoid creating curiosity in passengers, 
the measurements were limited to those flights originating at the airport 
for which measurements could be made prior to loading passengers in the 
cabin. Since cargo was generally scheduled to be placed on board 
between 20 and 30 minutes prior to flight time, while passengers began 
boarding the aircraft 20 to 15 minutes before departure, the amount of

95 PERCENT CONFIDENCE INTERVAL

TI LOADING

F IG .4 . Passenger av e ra g e  dose ra te  p lo tted  aga inst T I.
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95 PERCENT CONFIDENCE INTERVAL

FIG. 5 . Stew ardess av e rag e  dose ra te  p lo tted  aga ip st T I.

95 PERCENT CONFIDENCE INTERVAL

FIG 6 . P ilo t average  dose rate  p lo tted  aga in st T I.



604 BARKER e t a l .

time available for making measurements was limited. An average of 10 
dose rates were measured at passenger seat level per flight. Inter
polation and extrapolation were used to estimate the dose rate for the 
unmeasured seats. Average dose rates for passengers were calculated 
based on equation (4). Average dose rates for stewardesses were 
estimated from the dose rate measured at 90 cm above the floor and 
averaged over the entire aisle of the aircraft. Most of the shipments 
were loaded in the rear cargo compartment of the aircraft; therefore, 
the dose rate in the cockpit was undetectable in most cases.

Almost all the measurements were performed with the Victoreen Model 
440 survey meters. They are ionization chamber instruments, incor
porating a vibrating-reed electrometer. The specifications give an 
accuracy of + 10 percent of full scale.

The results of the survey were plotted as shown in Figures 4, 5, 
and 6. Average passenger, stewardess, and pilot radiation dose rates 
for each of 142 flights were indicated as a function of transport index 
per flight. A regression line and confidence intervals of the line 
were computed^®] as shown in each plot.

If the metric system (1 meter from surface) is used in the definition 
of a given transport index (TI) and if the separation distances specified 
in the U.S. regulations are usecf, the average dose rates can be found 
from the curves by using a TI about 10 to 15% greater than (TI)^.

The equations of the regression lines are:

for passengers Y = 0.029 x + 0.005 (7)
where x denotes TI and Y denotes average radiation dose rate in 
mrem/hr.

correlation coeff = 0.82 

a = 0.07
for stewardesses Y = 0.028 x + 0.003 (8)

correlation coeff = 0 . 8  

a = 0.07

for pilots Y = 0.001 . (9)
correlation coeff = 0.001 

a = 0.01

The above values obtained for pilots are not significant because, 
in the 142 flights surveyed, the dose rates at the cockpit were undetectable 
for 140 flights and 0.1 mrem/hr for 2 flights.

Based on the above analysis, the average passenger dose rate in all
aircraft measured is about 0.029 mrem/hr per unit transport index while 
the average stewardess dose rate is about 0.028 mrem/hr per unit transport 
index. We have 95% confidence that, at,about 10 TI per flight, the true 
average dose rate is between 0.34 and 0.25 mrem/hr for passengers and 
between 0.33 and 0.24 mrem/hr for stewardesses. For pilots, the average
dose rate is zero for all practical purposes.
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We believe the data collected in the Boston-Chicago surveys can be 
realistically applied nationwide for the following reasons:

1. The data correspond very closely to a more limited (in terms of 
number of aircraft surveyed) but more widespread survey by the authors 
at airports in San Francisco, California, St. Louis, Missouri, and in 
JFK and Laguardia Airports in New York City.

2. Operating guidelines for loading techniques and restrictions 
are issued by the airline carriers, not the airports. This means, for 
example, that United Airlines loading personnel in Newark Airport in 
New Jersey load hazardous materials under the same operating guidelines 
as United Airlines loading personnel in O'Hare Airport in Chicago, 111.
By sampling a wide cross section of carriers in Chicago and Boston, we 
believe we have a good sampling of the different carrier's operations 
nationwide. There could very well be a difference in emphasis on carriage 
of radioactive material by the same carriers in different cities, but 
this effect is small based on the statistical data collected nationwide 
(as discussed in the following section).

4. Statistical Data Collection

There are approximately five million aircraft departures from over 
300 airports in the United States each year. It is necessary to obtain 
a significant sampling of the number of passengers, exposure time, and 
transport index for the flights in the U.S. for 1973 to calculate annual 
cumulative dose based on equations (2) and (3). The Air Transport 
Association of America and nine of its member airlines cooperated to 
record the above information for every flight carrying packages of 
radioactive material departing from 33 airports for a period of seven 
consecutive days during the last quarter of 1973. A one-week period was 
selected because the radiopharmaceutical manufacturers believed that 
their shipments are relatively constant from week to week throughout the 
year.

A stratified sampling of airports was selected based on the national 
ranking of the airports according to the number of air carrier 
departures.[9] Since most radiopharmaceutical manufacturers are located 
in or near large cities, and many packages were distributed to hospitals 
in larger cities or transferred through major airports to hospitals in 
smaller cities, we anticipated that we would account for most radio
pharmaceutical air shipments by surveying departure flights from the 20 
major airports which represent about half of all flight departures in 
the United States. In addition, two airports were selected as special 
airports— Knoxville, Tennessee, and Syracuse, New York— because Knoxville 
is close to Oak Ridge National Laboratory which produces radioisotopes 
and Syracuse is believed to be the major transfer point for shipments 
imported from Canada. The remaining airports were divided into two 
groups: medium (from rank 21 to 80) and small (from rank 81 to about
300). Five medium and six small airports were randomly selected to 
represent the two groups. Figure 7 is a block diagram to show the 
scheme of stratified sampling. To obtain the annual cumulative dose 
over the entire United States, the following equations were used.

D, = I 
y

f airport flights surveyed i=l
(10)

all airports 
in Y group from one airport

where Y denotes large and special, medium, or small airport group; 
i denotes passenger, pilot, and stewardess group;
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an(j £ - total air carrier departures from the airport
airport departures from 9 airlines from the airport

Since the flights from the nine airlines included in the survey 
constitute only a portion of the total flights from each of the 33 
airports sampled, it was necessary to extrapolate, based on number of 
departures for each air carrier, the sampled data from each airport to 
include all air carrier flights. The use of parameter f in equation 
(10) is based on the assumption that the airlines not included in the 
survey had the same distribution of parameters involved in the calcula
tion as the nine surveyed airlines. Since the selection of airlines 
was based on the information that they carry more packages of radio
active material than other airlines, that assumption is a conservative 
one.

The annual cumulative dose can be obtained by extrapolating over 
all airports and over the entire year, i.e.,

D = d  D g^ ) x 52 (11)
Y=1

where = departures from airports in one group 
w ere g departures from surveyed airports in this group

and Y denotes large and special, medium, or small airport group.
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5. Annual Cumulative Dose

A computer program was set up to read transport index, number óf 
passengers and crew, and exposure time (scheduled time plus 15 minutes for 
ground delay time) for every sampled flight. After converting transport 
index to average radiation dose rate based on the regression line, the 
cumulative doses for each flight were calculated. Finally, the doses 
were summed in each airport and extrapolated according to equations (10) 
and (11).

The final results showed average annual cumulative doses for passen
gers of 1700 man-rem; for stewardesses, 80 man-rem; and less than 1 
man-rem for pilots.

The above results were obtained based on no differentiation for 
types of aircraft involved because of limited data for aircraft other 
than DC-9 and B-727 aircraft. If separate regression lines and the 
subsequent calculations were made for specific types of aircraft, the 
results would show a reduction in doses to 1400 man-rem, for passengers,
70 man-rem for stewardesses, and less than 1 man-rem for pilots.

The authors believe the second set of results may be more realistic 
than the first set because each type of aircraft has different sizes of 
cargo compartments, a different total number and arrangement of seats, 
and a different floor structure.

Finally, we may compare the annual cumulative dose estimated in 
this study to the dose to passengers and crew due to cosmic radiation at 
the elevations at which commercial aircraft fly. Direct measurements of 
dose equivalent in aircraft conducted by Brookhaven National Laboratory!1  ̂
indicated the radiation dose rate due to cosmic radiation varies from



608 BARKER e t  a l .

0.3 mrem/hr to 0.6 mrem/hr at elevations from 30,000 ft (for short 
flights) to 4 0 , 0 0 0  f t  ( f o r long flights). The annual cumulative doses 
to passengers and crew members can be estimated as follows.

Based on 1971 FAA-CAB data,f^ the total number of passengers en
planed was approximately 175 x 10 with the average flying time about 
two hours. If 2/3 of the flying time was at an altitude of 30,000 ft, 
the annual cumulative dose for all passengers due to cosmic radiation 
would be approximately 70,000 man-rem. The number of passengers 
who are exposed to radiation from the carrying o f  packages of radio
active material can be estimated by multiplying the average number of 
passengers per flight (60 passengers) by the annual number of flights 
(100,000 flights) which carry such packages, a total of 6,000,000 
passengers. The annual cumulative dose due to cosmic radiation for the 
same group of passengers is approximately 2,000 man-rem (about 1/30 
of the dose received by all aircraft passengers).

There are about 30,000 flight crew members and 40,000 cabin crew 
members in the United States. The flying time for each member is about 
1000 hours annually. Again, if 2/3 of the flying time was at an altitude 
of 30,000 feet, the annual cumulative dose for the flight crew and the 
cabin crew would be approximately 6,000 and 8,000 man-rem respec
tively. It is estimated that one-half of the crew members fly at least 
once per year in a flight carrying packages of radioactive material; the 
annual cumulative doses due to cosmic radiation for these pilots and 
stewardesses are approximately 3,000 and 4,000 man-rem, respectively.

Annual cumulative doses received by different population groups and 
from different sources were tabulated in Table I. The average annual 
doses for individuals of each group were estimated by dividing the 
cumulative dose by the number of persons in that group.

It should be recognized that, if limiting the total number of 
packages or total TI that can be carried in one aircraft causes spread
ing of the packages into several aircraft for transport, the cumulative 
dose will not be reduced although the individual doses will be decreased.

TA BLE I. ANNUAL CUMULATIVE DOSES

Population
groups

No. of 
persons

Annual cumulative doses, man-rem/yr 
Radioactive packages Cosmic radiation

Persons Exposed
to Radiation from
Packages

Passenger 6 x 106 1 400 2 000
Pilot 1.5 x 101* 1 3 000
Stewardess 2 x 10*1 70 4 000

All Persons
Passenger 175 x 106 1 400 70 000
Pilot 3 x lO4 1 6 000
Stewardess 4 x 101* 70 8 000
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The cumulative dose can be reduced, for example, if the total transport 
index of the packages which must be shipped by passenger aircraft is 
reduced either by increasing the shielding of packages or by finding 
alternative modes of transport.

Although annual doses to individuals of the most exposed groups are 
not discussed in this paper, such doses are important parameters and are 
now under evaluation. Studies have been initiated to investigate various 
alternatives for reducing the cumulative and individual doses from 
transporting packages of radioactive material in passenger-carrying 
aircraft.
6. Conclusion

The method described in this paper offers a means of obtaining 
a suitable sample for deriving a reasonable and sufficient estimate 
of the population dose from transporting packages of radioactive 
material on passenger aircraft.

The annual cumulative population dose to a total of 6 million 
passengers and crew members from the transportation of packages of 
radioactive material by passenger aircraft is less than 1500 man-rem.
That dose is small and represents only a minor addition to the annual 
cumulative radiation dose from natural background radiation of 
600,000 man-rem .received by the same 6 million people who are exposed to 
the radiation from packages being transported. For purposes of comparison, 
the same groups of passengers, pilots, and stewardesses receive an 
annual cumulative radiation dose of 9000 man-rem from cosmic radiation 
as a result of their flying time at altitudes of from 30,000 to 40,000 
feet, which are common for commercial flights.

The 1500 man-rem annual radiation dose from packages corresponds to 
an individual average annual dose of 0.25 millirem per year. This is a 
very small fraction of the 170 millirem per year which is recommended 
by the National Committee- on Radiation Protection in the United States 
and by the International Committee for Radiological Protection as the 
annual average radiation dose not to be exceeded by population groups 
from all sources of radiation other than natural background.

The radiological risks associated with the routine transportation 
of those packages, mostly radiopharmaceuticals, by passenger aircraft 
are small.
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D I S C U S S I O N

P .  CANDES: The study  you have d e s c r ib e d  is  v e r y  in te r e s t i n g  and
u sefu l ,  s ince  it shows tha t  the t ru e  dose is  low er  than the p o ss ib le  th e o re t ic a l  
dose  by a f a c to r  of at  l e a s t  100. H ow ever ,  the s tudy  i s  l im ite d  to  a i r c r e w  
and p a s s e n g e r s .  O th er  p e r s o n s  a re  a lso  involved, such  a s  those  r e sp o n s ib le  
fo r  handl ing  following d e p a r tu re  and p re c e d in g  a r r iv a l .  T h e re  a r e  not v e ry  
m a n y  of th e se  people ,  but th e o re t ic a l l y  th e y  can be exposed  to dose  r a t e s  
exceed ing  100 m r a d / h .  Could you co m m en t  on th is ?

R. F. BARKER: You a r e  r igh t .  The d o se s  to ca rgo  h a n d le r s ,  s o r t e r s  
and lo a d e r s  have been looked at and we be l ieve  th e y  a re  within IC R P  l im i ts .  
The co l lec tive  d o se s  f ro m  such e x p o s u re s  w ill be the  su b je c t  of f u r th e r  
s tu d ie s  about to begin. We expect tha t the d o ses  in ques tion  will be 
a p p re c ia b le ,  but p ro b a b ly  not a s  g re a t  as  th o se  to p a s s e n g e r s  and crew .

F .D .  SOWBY: What m ax im u m  dose r a t e  to p a s s e n g e r s  w as found in 
your  s u rv e y s?

R. F .  BARKER: In one of the s u rv e y s  conduc ted 'in  e a r l y  1973 a dose 
r a t e  a s  high as  20 m r e m / h  was m e a s u r e d .  A fte r  a change in the re g u la t io n s  
and a p p ro p r ia te  in s t ru c t io n  of the c a r r i e r s ,  the m a x im u m  dose r a t e  found 
l a t e r  in 1973 w as 4. 5 m r e m / h .Л/ '

M. COPIC: With such  l a r g e - s c a l e  o p e r a t io n s  would it  not be a p p ro p r ia te  
f o r  the a n a ly s is  to inc lude the v a r io u s  in c id en ts  tha t  can a r i s e ?  A p a r a l l e l  
can  be d raw n  with the a n a ly s is  fo r  n u c le a r  pow er  p la n ts ,  w h e re  we co n s id e r  
n o r m a l  op era t io n  and a c c id en t  s i tua t ions .

R. F .  BARKER: We have looked at the p ro b a b i l i ty  of such  in c id e n ts 1 in 
t r a n s p o r t .  B a sed  on ex p e r ie n c e  o v er  25 y e a r s ,  du r ing  which m il l io n s  of 
p ac k ag e s  have been  sa fe ly  t r a n s p o r te d ,  the rad ia t io n  r i s k  f ro m  such  in c i 
den ts  s e e m s  e x t r e m e ly  sm a l l .

S. IGNJATOVIC: D oes the p ilo t of an a i r c r a f t  have to know th a t  he 
i s  c a r ry in g  a ra d io a c t iv e  so u rc e ?

R . F .  BARKER: Y es ,  the  r e g u la t io n s  in the United S ta te s  of A m e r ic a  
r e q u i r e  tha t  the p ilo t  be notif ied  if h is  a i r c r a f t  i s  c a r r y in g  h a z a rd o u s  goods, 
such  as  ra d io a c t iv e  m a te r i a l s .

P .  CANDES: I should l ike  to m ake  two f u r th e r  co m m en ts  of a m o re
g e n e ra l  n a tu re .  F i r s t  of al l ,  Í th ink th a t  a s tudy  of th is  kind will be followed
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by  a c o s t -b e n e f i t  study. The f ig u re s  you have given s e em  to show th a t  the 
m e an  dose f ro m  t r a n s p o r t  is  not v e r y  d if fe ren t  f ro m  th a t  due to n u c le a r  
pow er  s ta t io n s ,  and th is  s i tua t ion  is  not l ike ly  to change in the n e a r  fu tu re .
I don ' t  know w h e th e r  the b ene f i ts  of ra d io i s o to p e s  a r e  g r e a t e r  than  those  of 
e l e c t r i c i t y ,  but if  a c o s t -b e n e f i t  s tudy  un fo r tu n a te ly  showed th a t  they  a re  
l e s s ,  I th ink  th e re  would be co n s id e ra b le  p r e s s u r e  fo r  am e n d m e n ts  in the 
t r a n s p o r t  r e g u la t io n s ,  which at p r e s e n t  a r e  quite s a t i s f a c to r y .

My second  co m m e n t  i s  in a way the c o n v e rse  of what I have ju s t  sa id .
It i s  c l e a r  tha t  the co l lec t ive  d o ses  involved in the t r a n s p o r t  of fuel e l e m e n ts  
which i s  p e r f o rm e d  with e x t r e m e ly  g r e a t  c a r e ,  a r e  low co n s id e r in g  a l l  the 
t r a n s p o r t  o p e ra t io n s  u n d e r ta k en .  It would s e e m ,  th e r e f o r e ,  that:

(1) A p a r t  f ro m  r e a s o n s  of n u c le a r  sa fe ty  th e r e  i s  no need  to stop the 
t r a n s p o r t  of fuel e l e m e n ts  by  in tro d u c in g  the  concept of n u c le a r  p a rk s ;

(2) D ose le v e ls  could be in c r e a s e d  fo r  th is  kind of t r a n s p o r t ,  and the 
e x p e r t s  co n c e rn ed  would be v e r y  p le a s e d  at th is .

R. F .  BARKER: We a re  p lanning a c o s t -b e n e f i t  a n a ly s is  in connection 
with changes  which a r e  being  c o n s id e re d  in the a i r  t r a f f ic  r e g u la t io n s .  Such 
a s tudy  will be n e c e s s a r y  be fo re  any  changes  a r e  m a d e  affec ting  the s t a n 
d a r d s  app l icab le  to a i r  t r a n s p o r t  of s m a l l  s o u r c e s  o r  of i r r a d i a t e d  fuel.

R. LE QUINIO: Did you e x t ra p o la te  your va lues  fo r ,  say ,  the next 
20 y e a r s ?

R. F .  BARKER: No, but we a r e  p lanning  to do th is  with  help  f ro m  the 
r a d io p h a rm a c e u t ic a l .p e o p le .
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Abstract-Résumé

IN SITU STUDY OF A NATURAL AQUATIC ECOSYSTEM CONTAMINATED BY TRITIATED LIQUID 
EFFLUENTS WITH A VIEW TO EVALUATING THE SENSITIVITY OF THE PARAMETERS INVOLVED IN 
ASSESSING POPULATION EXPOSURE LEVELS.

T he ecosystem  in  question  is a sm a ll w atercourse th a t rece iv es  liqu id  e ffluen ts  from  co m p lex  n u c lea r 
fa c i li tie s  and in te rm itte n tly  feeds a series of ponds used for f ish -rea rin g . The system  was in v estig a ted  for 
ab o u t a y ea r, the tr i tiu m  co n c en tra tio n s  in  w a te r and sed im en t sam ples and in  p la n t and an im a l organism s 
being  d e te rm in e d . T he a c c e n t was p la ced  on m e a su rem en t o f the  tr i tiu m  inco rpo ra ted  in o rgan ic  m a tte r ,  
th e  specific  ac tiv ity  of the com bustion  w ate r be ing  d e te rm in ed  in  e a ch  c a se . I t is h ig h e r than  th a t of 
the s tream  and pond w ate r by a  fac to r o f as m u c h  as 100. This co n flic ts  w ith  observations, m ade in  situ  and 
in  labo ra to ry  aq u a ria , regard ing  the  transfer o f tr i tiu m  in  the form  of tr i tia te d  w ate r so th a t one m ust look  
for b io lo g ic a lly  av a ila b le  tr i tia te d  com pounds in  the e fflu en ts . It would ap p ear, th e re fo re , th a t the  physico
ch e m ic a l s ta te  o f  the  tr i tiu m  is a sensitive p a ra m e te r  o f p a r tic u la r  im p o rtan ce  for p red ic tin g  and ev a lu a tin g  
pop u la tio n  exposures.

ETUDE D ' UN ECOSYSTEME AQUATIQUE NATUREL CONTAMINE IN SITU-PAR DES EFFLUENTS LIQUIDES 
TRITIES, EN VUE DE L’ EVALUATION DE LA SENSIBILITE DES PARAMETRES DES NIVEAUX D 'EXPOSITION 
DU PUBLIC.

L 'éco sy s tèm e  envisagé com porte  un p e t i t  cours d 'e a u  rece v an t les effluen ts  liqu ides  d 'in s ta l la t io n s  
n u c léa ire s  co m p lexes  e t  a lim e n ta n t de façon  in te rm itte n te  une série d ’ é tangs de p isc ic u ltu re . C e t ensem ble  
a  é té  p rospecté pendan t un an  env iron  e t  d ivers é c h an til lo n s  d 'e a u ,  de séd im en ts, d ’ organ ism es végé taux  
e t  an im au x  o n t é té  p ré lev és  e t  ana ly sés  pour leu r ten eu r en  tr i tiu m . On a m is Г a c c e n t sur la  m esure du 
tr i tiu m  incorporé à  la  m a tiè re  o rgan ique , en  é v a lu an t dans chaque cas 1' a c tiv i té  spécifique  de l ’ eau  de 
com bustion . C e tte  a c tiv i té  spécifique  est supérieure à  c e lle  de 1' eau  de la  riv iè re  e t  des é tangs d 'u n  fac teu r 
qui p e u t a tte in d re  100. C e tte  c o n s ta ta tio n  est en  désaccord  av ec  le s  observations fa ite s  in  situ e t  au 
lab o ra to ire  en aquarium  re la tiv e m e n t au  tran sfert du tr i tiu m  sous form e d 'e a u  tr i t ié e , ce  qui condu it à  la  
re ch e rch e , dans les e fflu en ts , de com posés tr i tié s  b io lo g iq u em en t d ispon ib les. I l  ap p a ra ît donc que 1' é ta t  
p h y s ico -ch im iq u e  du tr i tiu m  est un p a ram è tre  sensib le  p a r t ic u liè re m e n t im p o rtan t à  considé re r pour prévoir 
e t  év a lu e r  l 'e x p o s it io n  des p opu la tions .

*  D ép a rte m en t de ra d io b io lo g ie .
* *  S ection  « M e su re s  b a s - n iv e a u » .
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Le t r i t i u m  e s t  a c tu e l le m e n t  l 'u n  des  rad io n u c lé id es  qui peut a p p a r a î t r e  
com m e c r i t iq u e ,  dans le c a d re  no tam m en t  de la  r a d io p ro te c t io n  de la  
popu la tion  dans son  e n sem b le  ou de g ro u p es  t r è s  l a rg e s  de popula tion ,  en 
r a i s o n  de la  m u lt ip l ic i té  des  c a u se s  de p roduc t ion  et des  s i t e s  d 'u t i l i sa t io n ,  
des  qu an t i té s  m i s e s  en  jeu ,  du déve loppem en t p r é v is ib le  de l 'é n e r g i e  
n u c lé a i re  et des  options co n c e rn an t  les  types de r é a c t e u r s  [ 1 ] .  C ependant 
on h é s i t e  p a r fo is  en c o re  à a d m e t t r e  le  t r i t i u m  p a r m i  le s  po lluan ts  r a d i o 
ac t i f s  dange reux ,  en r a i s o n  de la  d i s c r im in a t io n  qui ex is te  en faveu r  de 
l ' i s o to p e  l é g e r  de l 'h y d ro g è n e ,  d 'une p a r t ,  et des  p a r a m è t r e s  r a d io c h im iq u e s  
du r a d io n u c lé id e ,d 'a u t r e  p a r t .

L a  c a r a c t é r i s t i q u e  e s s e n t i e l l e  du t r i t iu m  es t  d ' ê t r e  un  rad io iso to p e  
de l 'h y d ro g è n e ,  é lé m e n t  v r a im e n t  fondam en ta l  des t i s s u s .  D es e x p é r im e n 
ta t ions  in v i t ro  ont m o n t ré  que le  t r i t i u m  de l 'e a u  peut s 'é c h a n g e r  avec 
l 'h y d ro g è n e  de l 'e a u  l é g è r e  et l 'h y d ro g è n e  de d iv e r s e s  m o lé c u le s  o rg an iq u es .

D ans c e r ta in s  ca s ,  le  t r i t i u m  r e s t e  échangeab le  et on peu t p a r l e r  de 
t r i t i u m  m ob ile ,  co m m e on p a r le ,  en ch im ie  o rgan ique ,  d 'h y d ro g è n e  m obile .  
M ais le t r i t iu m  de c e r ta in e s  m o lé c u le s  o rg an iq u e s  se  t ro u v e  p a r fo is  dans un 
é ta t  d if f ic i lem en t  échangeab le  avec l 'h y d ro g è n e  lé g e r .

D es  ex p é r im e n ta t io n s  in  vivo ont c l a i r e m e n t  m is  en év idence  l ' i n c o r 
p o ra t io n  du t r i t i u m  à p a r t i r  d 'e a u  t r i t i é e  dans des  m o lé cu le s  o rg an iq u e s .
C ec i  a é té  m o n tré  dans le  cas  de cha înes  a l im e n ta i r e s  t e r r e s t r e s  p a r  
K irch m a n n  et a l .  [5 -8 ]  et p a r  K oranda  et M a r t in  [ 9 ] ,  et, dans celu i des  
cha înes  aqua tiques ,  dans d iv e r s e s  e x p é r im e n ta t io n s  [1 0 -1 4 ] .  E n  p a r t i c u l i e r ,  
K irc h m a n n  et Bonotto [12] ont m o n tré  que l 'a lg u e  u n ic e l lu la i r e  A c e ta b u la r ia  
m e d i t e r r á n e a  in c o rp o r a i t  le  t r i t i u m  dans d i f fé re n te s  f ra c t io n s  o rg an iq u e s .
Il en es t  de m ê m e  p ou r  le s  p o is so n s  [ 1 5 -1 6 ] .  M ais ,  on o b s e rv e  to u jo u rs  
une d is c r im in a t io n  p lus  ou m o ins  net te  en  fav e u r  de l 'h y d ro g è n e  l é g e r .
D es  r e c h e r c h e s  e f fec tuées  à Mol s u r  des  p o is s o n s  con tam inés  p a r  de l 'e a u  
t r i t i é e  l 'o n t  r é c e m m e n t  c o n f irm é .

M ais  le  t r i t iu m  des e ff luen ts  l iqu ides  peu t av o ir  des  o r ig in e s  m u lt ip le s  
et r e v ê t i r  des  fo rm e s  p h y s ic o -c h im iq u e s  d iv e r s e s .  L a  v a r ié té  des 
co m b in a iso n s  o rg an iq u e s  t r i t i é e s ,  p r é p a r é e s  p a r  le s  C e n t r e s ,  c o m m e r c i a l i s é e s  
et u t i l i s é e s  dans m a in te s  ap p l ica t ions ,  l a i s s e  p r é v o i r  l ' e x i s t e n c e  dans les  
eff luents  d 'un  n o m b re  im p o r ta n t  de co m p o sés  t r i t i é s  t r è s  v a r i é s ,  en 
p a r t i c u l i e r  de co m posés  ch im iq u e m en t  et b ioch im iquem en t  vo is in s  des 
m o lé c u le s  de g rand  in té r ê t  biologique [2, 3 ] .  Il p a r a î t  donc in su ff isan t  de 
b a s e r  une éva lua tion  des  r i s q u e s  s u r  des  é tudes  de con tam ina t ion  p a r  l 'e a u  
t r i t i é e .  D iv e r s e s  ex p é r im e n ta t io n s  ont m o n t r é  d 'a i l l e u r s  que le  t r i t i u m  
des m o lé cu le s  t r i t i é e s  p r é s e n te s  dans le  m il ieu  s ' i n c o r p o r a i t  dans le  
c o m p a r t im e n t  o rgan ique  des  t i s s u s  p lus  in te n sé m e n t  que le  t r i t i u m  de l 'e a u ,  
qui tenda i t  à a l l e r  v e r s  le  c o m p a r t im e n t  « e a u  l ib r e »  [ 6 , 17].

Il faut en c o re  r e m a r q u e r  que le s  l im o n s ,  no tam m en t  le s  l im o n s  r ic h e s  
en  a r g i l e  et s u r to u t  en m a t i è r e s  o rg an iq u es ,  so rb e n t  le s  co m p o sés  t r i t i é s  
p r é s e n t s  dans l 'e a u  avec une t r è s  g ran d e  in te n s i té  [1 8 ] ,  no ta m m e n t  dans 
l e u r  f ra c t io n  o rgan ique  ou o rg a n o m in é ra le .  Il en r é s u l t e  que le s  an im aux  
aqua tiques  p ré le v a n t  l e u r s  a l im e n ts  p a r  f i l t r a t io n  peuvent t r o u v e r  dans le 
m il ieu  des  fo rm e s  t r i t i é e s  t r è s  d iv e r s e s  dont l 'a c t iv i t é  spéc if ique  peut 
ê t r e  r e la t iv e m e n t  é levée .

E n  r é s u m é ,  le s  o r g a n i s m e s  aqua tiques ,  e n t r a n t  dans le s  cha înes  
a l im e n ta i r e s  et v ivant dans des  eaux r e c e v a n t  des  eff luents  ra d io a c t i f s

1. INTRODUCTION
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TABLEAU I. TRITIUM DANS DES ECHANTILLONS D'EAU

Endroit de p ré lèv em e n t D ate de p ré lèv em e n t p C i/m l p C i/g  H

Etang 1 12 m a i 1972 4 2 ,2 380

Etang 5 1 ,3 12

Etang 2 8 ju in  1972 29 261

Etang 3 28 ju in  1972 0 ,8 7

Etang 8 29 ao û t 1972 1 3 ,4 120

Essenboom 19, 0 171

Etang 6 1 4 ,1 127

N e te v a lle i 28 aoû t 1972 0 ,5 5

Essenboom F évrier 1973 4 ,4 40

Essenboom 17 m a i 1973 5 6 ,2 506

t r i t i é s ,  se  t ro u v e n t  en p r é s e n c e  de t r i t i u m  à l ' é t a t  d 'ea u  t r i t i é e ,  de fo rm e s  
o rg an iq u e s  so lu b le s ,  de f o rm e s  o rg an iq u e s  ou o r g a n o m in é r a le s  co l lo ïda les  
ou p a r t i c u l a i r e s .  L 'o b je t  de la  p r é s e n te  co m m u n ic a t io n  e s t  de m o n t r e r  
que l les  conséquences  pou r  l 'h o m m e  peuvent r é s u l t e r  d 'une con tam ina t ion  
ch ron ique  d 'un  é c o s y s tè m e  n a tu re l  r e c e v a n t  d e s ’eff luen ts ,  où, p r é c i s é m e n t  
le  t r i t iu m  se  t ro u v e  sous  ces  d i f fé re n ts  é t a ts .

2. ETUDE EX PE R IM E N T A L E  

2. 1. S ite de la  M o lse -N e te

L es  eff luents  l iqu ides  des in s ta l la t io n s  du C e n t re  d 'é tu d e  de l 'é n e r g i e  
n u c lé a i r e  de Mol (Belgique) sont c o l le c té s  dans  des c i t e r n e s  ind iv idue l les  
p ou r  chaque bâ t im en t ,  d 'où  i ls  son t pom pés  v e r s  une s ta t io n  de t r a i te m e n t ,  
qui r e ç o i t  ég a le m en t  le s  r e j e t s  l iqu ides  d 'a c t iv i té  faible ou m oyenne  de 
l 'U s in e  de r e t r a i t e m e n t  de co m b u s t ib le s  i r r a d i é s ,  E u ro c h e m ic .  A p rè s  
ép u ra t io n ,  ces  e ff luen ts  son t d é v e r s é s  dans un p e t i t  c o u rs  d 'e a u ,  la  M o ls e -  
Nete , dont le  déb i t  m oyen  e s t  de 50 000 m 3 p a r  jo u r .  Un p e t i t  chape le t  
d 'é ta n g s  s ' é g r è n e  le  long de ce t te  r i v i è r e  et c e r t a in s  s 'a l im e n te n t  en eau 
dans c e l l e - c i  p a r  pom page  p é r io d iq u e  ou lu i son t m ê m e  r e l i é s  d i r e c te m e n t .

L es  t e n e u r s  en t r i t i u m  des eaux de la  M o lse -N e te  son t t r è s  v a r ia b le s  
d ans  le  te m p s ,  en fonction  des  r e j e t s  p é r io d iq u e s  d 'e f f lu en ts .  P o u r  la  
p é r io d e  du 1er j a n v ie r  1970 au 1 5 d é c e m b re  1972, le s  e x t r ê m e s  sont:
500 p C i / l  et 350 000 p C i / l ,  so i t  en pCi p a r  g r a m m e  d 'h y d ro g è n e ,  r e s p e c t i v e 
m e n t  4,5 et 3150. D ans le s  é tangs ,  le s  n iveaux  du t r i t i u m  son t  ég a lem en t  
t r è s  v a r i a b le s  en  fonction  de l 'a l im e n ta t io n  p a r  le s  eaux de la  r i v i è r e  et de 
l e u r  s i tu a t io n  dans le  s i t e .  L es  t e n e u r s  o b s e rv é e s  en 19 72 et au début de 
1973 s 'é c h e lo n n e n t  de 400 à 56 000 p C i / l ,  so it  3,6 à 500 pCi p a r  g ra m m e  
d 'h y d ro g è n e  ( tab leau  I).
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N ature D ate de p ré lèv em e n t
Eau de com bustion  

(pCi 3H /g  H)

M yriophyllum 8 ju in  1972 12 843

V alisneria
i

35 775

P otam ogeton  natans 27 216

Lem na 19 017

L erana

V alisne ria 28 ju in  1972 8 703

Lem na 4 437

Elodea 315

P otam ogeton  natans 8 757

Elodea 3 294

V alisneria 23 265

Lem na 288

M yriophyllum 10 ao û t 1972 4 959

Elodea 2 826

V alisneria 4 950

2. 2 . A nalyse  des  échan t i l lons

Sur ce s i te ,  on a p r é le v é  des éc h an t i l lo n s  d 'eau ,  de végé taux  et d 'an im au x  
aqua tiques  dont l ’e s p è c e  a fait  l ’objet de d é te rm in a t io n s  so ig n e u se s .

L a  m e s u r e  du t r i t i u m  dans l 'e a u  ne p r é s e n te  pas  de d if f icu ltés  
p a r t i c u l i è r e s .  On a o p é r é  p a r  sc in t i l la t io n  l iqu ide.  L a  so lu t ion  sc in t i l la n te  
e s t  com posée  de xylène, de 2,5 d iphény l-oxazo le  (PPO ), de 2, p -p h é n y lè n e -  
b is  (5 phényloxazole) (PO PO P) et de t e n s io a c t i f s .

E n  ce qui c o n c e rn e  le s  échan ti l lons  so l id e s ,  on a d é te r m in é - le s  te n e u r s  
en  t r i t i u m  de l e u r  eau l ib r e ,  d 'une p a r t ,  de l e u r s  m a t i è r e s  o rg an iq u e s ,  
d 'a u t r e  p a r t .  La d é te rm in a t io n  du t r i t i u m  organ ique  e s t  r é a l i s é e  de la  
m a n iè r e  su ivan te :  on b r û le  le s  échan ti l lons  a p r è s  d e s s ic c a t io n  dans un four 
tu b u la i r e  en q u a r tz ,  à 700°C et sous un co u ra n t  d 'oxygène , en p r é s e n c e  de 
n ic k e l  qui s 'o x y d e  en NiO qui s e r t  de c a ta ly s e u r .  L 'e a u  de co m b u s t io n  es t  
r e c u e i l l i e  et  son  ac t iv i té  e s t  n ie s u ré e  p a r  s c in t i l la t io n  l iqu ide.

2 .3 .  R é su l ta ts

Un g rand  n o m b re  d 'o r g a n i s m e s  ont é té  an a ly sé s  p ou r  l e u r  te n e u r  en 
t r i t i u m  organ ique .  C e r t a in s  des  r é s u l t a t s  obtenus f igu ren t  dans le s  
ta b lea u x  II (végé taux  aquatiques)  et III (p o isso n s) .  Le tab leau  IV co n c ern e  
le s  m e s u r e s  s u r  des  oeufs d 'o is e a u x  qui v ivent s u r  l 'é c o s j r s tè m e  étudié.
On a e x p r im é  le s  r é s u l t a t s  en t e r m e s  d 'a c t iv i té  spéc if ique  de l 'h y d ro g è n e
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TABLEAU III. TRITIUM  DANS DES ECHANTILLONS DE POISSONS 
(exem ples)

Eau d 'h y d ra ta tio n Eau de com bustion
N ature D ate de p ré lè v e m e n t (libre) 

(pCi 3H /g  H)
(3H organique) 
(pC i 3H /g  H)

Poisson 8 ju in  1972 37 386

F ile t de ca rpe 24 sep tem bre  1972 724

F ile t de ca rpe 24 sep tem bre  1972 1 628

Brèmes 17 m a i 1973

B ranchies 1
E cailles  I 
O percules f

2 835

N ageoires J

Reins • 'j
A pp. g é n ita l V 468 2 556
V essie n a ta to ire  J

M uscles 1 
C œ u r J

621 5 730

Os 666 2 880

T e te 495 2 529

F ile t 477 1 224

F ile t 207 1 782

et on a confron té  le s  v a l e u r s  a in s i  ob tenues  aux a c t iv i té s  sp é c if iq u e s  de 
l 'h y d ro g è n e  de l 'e a u  des  é tan g s ,  en d é te r m in a n t  le  r a p p o r t

R _ A. S. de H o rg an iq u e  dans le s  t i s s u s  
A. S. de H de l 'e a u  du m il ieu

R ayan t donc la  s ig n if ic a t io n  d 'un  « r a p p o r t  o b se rv é » .
L a  v a le u r  m a x im a le  de l 'a c t iv i t é  spéc if ique  de l 'e a u  de la  r i v i è r e  e n t r e  

a v r i l  e t  août 19 72 a é té  350 pCi 3H p a r  c m 3, so i t  3,15 nCi 3H p a r  g r a m m e  
d 'h y d ro g è n e .  L 'a c t iv i t é  spéc if ique  de l 'h y d ro g è n e  o rgan ique  des  végé taux  
r é c o l t é s  d u ran t  ce tte  p é r io d e  e s t  g é n é ra le m e n t  s u p é r i e u r e  à ce t te  v a le u r  
d 'un  f a c te u r  a l lan t  j u s q u 'à  11,5 (R = 11,5). Si on se  r a p p o r te  aux v a le u r s  
m é d ia n e s  de l 'a c t iv i t é  spéc if ique  de l 'h y d ro g è n e  de l 'e a u ,  on ob tien t,  p ou r  le s  
végé taux  aqua tiques ,  des  v a l e u r s  de R éche lonnées  de 0,7 à 32. E n  ce qui 
co n c e rn e  le s  a n im au x  aqua t iques ,  on c o n s ta te  ég a le m en t  que R e s t  en 
g é n é r a l  s u p é r ie u r  à l 'u n i té  et  peut,  p ou r  des  p o is so n s  no tam m en t ,  a t te in d re  
des  v a l e u r s  de l ' o r d r e  de 100. L es  m ê m e s  fa i ts  son t o b s e rv é s  dans le  cas  
des  œ ufs  de canes  v ivan t s u r  l ' é c o s y s t è m e  de la  M o ls e -N e te  et de se s  
é tangs ,  le  r a p p o r t  R é tan t  de l ' o r d r e  de 15 p ou r  le  b lanc e t  de 50 p o u r  le 
jaune  des  œ u fs .  On r e m a r q u e r a  que, p ou r  le s  p o is so n s  tout au m oins ,  
l ' a c t iv i t é  spéc if ique  de l 'h y d ro g è n e  de l 'e a u  l ib r e  e s t  t r è s  i n f é r i e u r e  à 
l ' a c t iv i t é  spéc if ique  de l 'h y d ro g è n e  o rgan ique  ( tableau III).
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TABLEAU IV. TRITIUM DANS DES ECHANTILLONS D 'Œ U F S  DE CANES

N ature D ate  de p ré lèv em e n t
Eau de com bustion  

(3H organique) 
(pC i 3H /g  H)

Jaune 27 a v ril 1972 60 633

Blanc 27 av ril 1972 15 165

CEuf en tie r 7 novem bre 1972 4 752

CEuf en tie r 5 fév rie r 1973 6 102 ■

Jaune 18 av ril 1973 1 530

Blanc 18 av ril 1973 792

L 'e n s e m b le  des  c o n s ta ta t io n s  p r é c é d e n te s  e s t  en c o n t ra d ic t io n  avec 
le s  r é s u l t a t s  des  e x p é r im e n ta t io n s  p o u r su iv ie s  p a r  a i l l e u r s ,  dans le sq u e l le s  
le  t r i t i u m  e s t  in t ro d u it  dans  le  m il ieu  sous  fo rm e  d 'eau  t r i t i é e  un iquem ent .  
D es  r e c h e r c h e s  r é a l i s é e s  au CEN  de Mol s im u l ta n é m e n t  aux p r é s e n te s  
é tudes  co n f irm e n t  que, dans le  cas  d 'une  con tam ination  p a r  l ' e a u  t r i t i é e ,  
le  r a p p o r t  R évalué p r é c é d e m m e n t  e s t  en  g é n é ra l  in f é r ie u r  à l 'u n i té .  Il 
s e m b le  donc que le s  r é s u l t a t s  obtenus in  s i tu  avec des  e ff luen ts  r é e l s  so ien t 
à m e t t r e  en r e la t io n  avec la  fo rm e  ch im ique  du t r i t i u m  p r é s e n t  dans ces 
eff luen ts .  L a  Section  « M e s u r e s  b a s -n iv e a u »  du CEN de M!ol effec tue 
a c tu e l le m e n t  des  a n a ly se s  de ces  effluents en vue d 'y  d é t e r m in e r  le  t r i t i u m  
p r é s e n t  à l ' é t a t  d 'ea u  t r i t i é e ,  le  t r i t i u m  o rgan ique  vo la t i l  e t le  t r i t i u m  
o rgan ique  non d is t i l lab le ,  et de f ra c t io n n e r  ce d e r n ie r  afin  d ' id e n t i f i e r  s i  
p o ss ib le  q u e lq u e s -u n e s  des com binaisons  t r i t i é e s  p r é s e n te s .  Quoi q u ' i l  
en  so it  pour  le  m om ent,  i l  e s t  in t é r e s s a n t  de q u an t if ie r  le s  conséquences  
des  fa i ts  o b s e rv é s  in  s i tu  en ce qui co n c e rn e  la  dose  d é l iv ré e  à l 'h o m m e ,  
c o n s o m m a te u r  f inal des  cha înes  aqua tiques .

3. INCIDENCE SUR LA DOSE DELIVREE A L'HOMME DU FAIT 
' DE L'INGESTION '

Le débit  de la  d ose  d é l iv r é e  à un o rg a n e  de r é f é r e n c e  de l 'h o m m e  du 
fa it  de l ' in g e s t io n  d 'un  rad io n u c lé id e  peu t s ' e x p r i m e r  p a r  la  r e la t io n

k Q F  fe e x
D = ---------- r ------m  A

où:
Q e s t  l a  m a s s e  du v e c te u r  a l im e n ta i r e  in g é ré  p a r  u n i té  de t e m p s ,
F ,  le  f a c te u r  de t r a n s f e r t  m i l ie u - a l im e n t ,  c ' e s t - à - d i r e  le  r a p p o r t  de 

l 'a c t iv i t é  spéc if ique  de l 'a l im e n t  de l 'h o m m e  à l 'a c t iv i t é  spéc if ique  
du m il ieu ,

fe, la  f ra c t io n  du r ad io n u c lé id e  in g é ré  p a r  l 'h o m m e  qui p a rv ie n t  à l 'o rg a n e  
de r é f é r e n c e ,  

e, l ' é n e r g i e  p a r  d é s in té g ra t io n  du rad io n u c lé id e ,  
x, l ' a c t iv i t é  spéc if ique  du m il ieu ,  
m , la  m a s s e  de l 'o rg a n e  de r é f é r e n c e ,
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X, la  cons tan te  de d é c r o i s s a n c e  effec tive  du rad io n u c lê id e  dans l 'o r g a n e  
de r é f é r e n c e  de l 'h o m m e ,  

k, un  f a c te u r  de p ro p o r t io n n a l i té  dépendant des_unités ad o p tées .

L a  C o m m is s io n  in te rn a t io n a le  de p ro te c t io n  rad io log ique  (CIPR) a 
a d m is  que le  t r i t i u m  se  r é p a r t i s s a i t  dans le  c o rp s  e n t ie r  de l 'h o m m e  com m e 
dans l 'e a u  l ib r e  de l 'o r g a n i s m e  et a p ro p o sé  pou r  fe la  v a l e u r  1 ; p ou r  m,
70 kg, m a s s e  de l 'h o m m e  s ta n d a rd ;  p ou r  e, 10"2 MeV; pou r  X, 21 (ans )-1 [1 9 ] .  
Si on ad m et  que le  t r i t i u m  se  r é p a r t i t  d 'une  m a n iè r e  u n ifo rm e  dans l 'e n s e m b le  
de l 'e a u  de l ' o r g a n i s m e  aqua tique  in g é ré  p a r  l 'h o m m e ,  l 'a c t iv i t é  spéc if ique  
de l 'h y d ro g è n e  de l 'o r g a n i s m e  étan t ,  à l ' é q u i l ib r e ,  éga le  à ce l le  du m il ieu ,  
on e s t  conduit à une  v a le u r  de F  de l ' o r d r e  de 0,7. Il a p p a ra î t  cependant - 
in d isp en sa b le  de r e v o i r  ces  concep t ions ,  en fonction  des  ap p o r ts  
e x p é r im e n ta u x  r é c e n t s ,  m o n t ra n t  l ' i n c o r p o r a t i o n  du t r i t i u m  du m il ieu  dans 
le s  co m p o san ts  o rg an iq u e s  des  t i s s u s .  Une m éthode d 'a p p ro c h e  co n s is te  
à év a lu e r  la  v a r ia b i l i t é  de la  dose  D en  fonction  de la  v a r ia b i l i t é  dés  p a r a 
m è t r e s  in te rv e n a n t  dans son e x p r e s s io n  m a th ém atiq u e ,  en se  p la ça n t  dans 
des  s i tu a t io n s  op p o sé es .

S ituat ion  A

L e t r i t i u m  e s t  r e j e t é  dans le s  eaux  à l ' é t a t  d 'ea u  t r i t i é e .  Il e s t  i n c o r 
p o r é  un iquem en t  dans le  c o m p a r t im e n t  « e a u  l ib r e »  des a l im e n ts  « a q u a t iq u e s»  
de l 'h o m m e  et, a p r è s  in g e s t io n  p a r  c e lu i - c i ,  i l  r e s t e  dans le  c o m p a r t im e n t  
« e a u  l ib re »  de l 'o r g a n i s m e .

S ituation  B

Le t r i t i u m  e s t  r e j e t é  dans les  eaux  à l ' é t a t  de m o lé cu le s  o rg an iq u e s  
t r i t i é e s .  Il e s t  in c o rp o r é  un iquem en t  dans le  c o m p a r t im e n t  o rg an iq u e  des 
a l im e n ts  de l 'h o m m e  et, a p r è s  inges tion ,  dans  le  c o m p a r t im e n t  o rgan ique  
de l 'h o m m e .

S ituation  A

On a d m e t t r a  R = 1. C om m e

, R = F  H e a u /m i l ie u  F  =
H e a u / t i s s u s  .

P o u r  l 'h o m m e ,  la  p é r io d e  effec tive  e s t  p r i s e  éga le  à ce lle  p ro p o sé e  p a r  
la  CIPR, T = 12 jo u r s ,  d 'où  X = 21 (ans)”1. L 'o r g a n e  c r i t iq u e  de l 'h o m m e  
es t  le  c o m p a r t im e n t  « e a u  l ib r e »  de m a s s e  m  éga le  à 43 kg. P a r  su ite ,  
Q F/m X , t e r m e  de v a r ia b i l i t é  de D, vaut 8 • 10' 4 an  pour  une  co n so m m a tio n  
d 'a l im e n t  Q u n i ta i r e .

S ituat ion  B

On admettra R = 100. R s'exprime en fonction de F par l'expression

p, _ p, H e a u /m i l ie u ______
H o r g a n iq u e / t i s s u s
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L 'h y d ro g è n e  de l 'e a u  r e p r é s e n te  0,11 du po ids  de l 'e a u ,  ce lu i  de la  m a t i è r e  
o rg an iq u e  des  t i s s u s ,  en v iro n  0,02 du poids des t i s s u s .  P a r  su ite

R . F M 1  F - 2 0

On ne doit c o n s id é r e r  que la  m a s s e  des  m a t i è r e s  o rg an iq u e s  de l 'h o m m e  
co m m e o rg an e  c r i t iq u e ;  P o u r  l 'h o m m e  s ta n d a r d  de la  CIPR, m  ~ 20 kg. 
L 'a n a ly s e  des  m o d è le s  conduit à a d m e t t r e  p ou r  le  t r i t i u m  o rg an iq u e  des  
t i s s u s  de l 'h o m m e  une p é r io d e  de l ' o r d r e  d 'un  an [ 20 , 21 ] ; donc 
X ~ 0,7 (an)*1. Il en r é s u l t e  que Q F /m X p re n d  dans ce t te  se conde  év e n tu a l i té  
une v a le u r  de l ' o r d r e  de 1,5 an, pou r  une v a le u r  u n i ta i r e  de Q.

D ans  l 'é v a lu a t io n  qui p ré c è d e ,  on n 'a  pas  tenu com pte  d 'une  v a r ia b i l i t é  
de e. On a d m e t t r a  ic i  que l 'é n e r g i e  effec tive  p a r  d é s in té g ra t io n  ne dépend 
pas  de la  fo rm e  du t r i t i u m  p r é s e n t  dans  l 'o r g a n i s m e  hum ain ,  bien  q u ' i l  
s e m b le  p ro b ab le  que l 'e f f i c a c i t é  b iologique r e la t iv e  du t r i t iu m  in c o rp o ré  
dans l e s  com bina isons  o rg an iq u e s  so i t  plus g ran d e  que c e l le  du t r i t iu m  
p r é s e n t  dans l ' o r g a n i s m e  à l ' é t a t  d 'ea u  t r i t i é e  [ 1 , 2 , 2 2 ].

L 'é tu d e  de v a r ia b i l i t é  p ré c é d e n te  m o n tre  donc que l ' in c id e n c e  de la  
fo rm e  p h y s ic o -c h im iq u e  du t r i t iu m  dans le s  eff luen ts ,  dans l 'h y p o th è se  
où e l le  r e te n t i t  d i r e c te m e n t  s u r  ce l le  du t r i t i u m  dans le s  d i f fé re n ts  échelons  
du t r a n s f e r t  ju s q u 'à  l ’h o m m e ,  e s t  t r è s  g rande .  Tous  a u t r e s  f a c te u r s  égaux, 
le s  d o ses  peuvent v a r i e r  dans le  r a p p o r t  de 8 • 10 4 à 1,5 c ' e s t - à - d i r e  dans 
le  r a p p o r t  de 1 à 2000 , su ivan t que le  t r i t i u m  chem ine  k l ' é t a t  d 'ea u  t r i t i é e  
ou sous fo rm e  de m o lé c u le s  o rgan iques  t r i t i é e s .  B ien entendu, la  
s i tu a t io n  B e s t  t ro p  s é v è r e  et t ro p  e x c lu s iv e  p o u r  r e f l é t e r  la  r é a l i t é ,  m ê m e  
dans l e s  cas  c o n c re ts  le s  p lus  d é fa v o ra b le s :  i l  e s t  en effet peu pen sab le  
que, quelle  que so i t  la  fo rm e  r e j e t é e  dans le  m il ieu ,  le  t r i t i u m  ne p a s s e  
pas  en p a r t i e  dans le  c o m p a r t im e n t  eau des  o r g a n i s m e s .  L 'a n a ly s e  
p ré c é d e n te  a t t i r e  s e u le m e n t  l ' a t t e n t io n  s u r  le s  v a r ia b i l i t é s  e x t r ê m e s  
p o s s ib le s .  M êm e s i  ce t te  v a r ia b i l i t é  e s t  dans la  r é a l i t é  p lus faib le,  e l le  
n 'e n  e s t  pas  m oins p ro b a b le m e n t  im p o r ta n te .

4. CONCLUSION

L es  r é s u l t a t s  e x p é r im e n ta u x  et la  d i s c u s s io n  qui le s  ont su iv is  m o n tre n t  
com bien  i l  s e r a i t  i n t é r e s s a n t  de p r é c i s e r  la  fo rm e  p h y s ic o -c h im iq u e  du 
t r i t i u m  des effluents l iqu ides  et le  c o m p o r te m e n t  des  m o lé cu le s  o rgan iques  
t r i t i é e s  dans le  m il ieu  et chez l 'h o m m e .  C 'e s t  p r é c i s é m e n t  s u r  ces  
po in ts  qu 'on  va se  c o n c e n t re r  m a in tenan t ,  de m a n iè r e  à o b te n ir  une 
éva lua tion  f idèle des  r i s q u e s  r é s u l t a n t  de r e j e t s  de t r i t i u m  p a r  des  
in s ta l la t io n s  n u c lé a i re s  co m plexes .
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D I S C U S S I O N

Suzanne VIGNES: In dea ling  with the  im p o r ta n t  ques tion  of t r i t i u m  
t r a n s f e r  to  m a n  v ia  d if fe ren t  r a d io a c t iv e  e f f luen ts ,  you c o n s id e r  the  ca se  
of t r a n s f e r  in a p u r e ly  o rg a n ic  fo rm  th ro u g h  the  consum ption  of f ish .
A c tua lly ,  th is  type of t r a n s f e r  should be r e v e r s i b l e  s ince  th e se  o rg an ic  
m o le c u le s  p a r t i c ip a te  in  m e ta b o l i s m ,  and du r in g  c a ta b o l ism  a r e  capab le  
of y ie ld ing  t r i t i a t e d  w a te r .  The r i s k  of co n c en t ra t io n  i s  t h e r e f o r e  red u c ed .

R. B IT T E L: As you say , p a r t  of the o rg a n ic  t r i t i u m  f o r m s  t r i t i a t e d  
w a te r  du r in g  c a ta b o l ism ,  but d u r in g  an a b o l ism  f ra c t io n s  of o rg a n ic  m o l e 
cu le s  take p a r t  in the  sy n th e s is  of new  o rg a n ic  m o le c u le s .  Some of the 
o rg a n ic  t r i t i u m  th e r e f o r e  r e m a in s  in the  o rg a n ic  c o m p a r tm e n t  d u r in g  the 
t r a n s f e r  cha ins .
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Il e s t  bien  d iffic ile  de r é s u m e r  e t  de c o m m e n te r ,  com m e on m e l 'a  
dem andé ,  ce qui a é té  dit au c o u r s  de ce t te  s e m a in e  t r è s  dense  e t ,  â p a r t i r  
de tout ce que nous avons en tendu , de p r é s e n t e r  en un exposé  su c c in c t  la  
s i tua tion  ac tu e l le  e t  l e s  p e r s p e c t iv e s  d 'a v e n i r .  J e  ne r e p r e n d r a i  pas  le s  
s e s s io n s  une p a r  une, b ien  entendu, m a is  au c o n t r a i r e  je  t â c h e r a i  de 
r é s u m e r  la  s i tua t ion  p a r  d o m a in es  p a r t i c u l i e r s ,  e t  j ' e n  ai r e t e n u  cinq: 
l 'év o lu t io n  des  co n cep ts ,  le s  m o d a l i té s  d ' i r r a d ia t i o n  des  popu la tions  à 
p a r t i r  des  s o u r c e s ,  l ' e s t im a t io n  des  d o se s ,  l ' e s t im a t io n  du d é t r im e n t ,  
e t  enfin  le s  a n a ly se s  d éc is io n n e l le s .

L 'é v o lu t io n  des  concep ts

L 'h i s to r iq u e  de l 'év o lu t io n  des  r e c o m m a n d a t io n s  de la  C IP R ,thèm e 
d 'une des  c o m m u n ic a t io n s  p r é s e n té e s  à ce Colloque, e s t  un su je t  des  p lus  
i n t é r e s s a n t s .  Cette  évolution ,  en effe t,  p e r m e t  d 'ex p l iq u e r  c e r t a in s  a s p e c ts  
de la  s i tua t ion  a c tu e l le .  On e s t  p a r t i  de d o ses  qui in i t ia le m e n t  v is a ie n t  â 
p r o té g e r  le s  t r a v a i l l e u r s ,  â  l 'époque  t r è s  peu  n o m breux .  E n su i te ,  la  
C o m m iss io n  in te rn a t io n a le  de p ro te c t io n  rad io log ique  s ' e s t  in t é r e s s é e  à 
la  p ro te c t io n  des  p e r s o n n e s  du public  à p a r t i r  du m o m e n t  où on a  p r i s  
con sc ie n ce  de l ' i r r a d i a t i o n  c r o i s s a n te  des popu la tions .  Il e s t  év iden t que 
s e s  p r e m i è r e s  r e c o m m a n d a t io n s  ava ien t  pour  but de l im i te r  l e s  i r r a d ia t io n s  
des  t r a v a i l l e u r s  et du public  e t  é ta ie n t  e s s e n t i e l l e m e n t  b a s é e s  s u r  la  notion 
de dose ind iv iduelle .  P e u  à peu on s ' e s t  a p e r ç u  que ce t te  l im i ta t io n  des  
d o se s  ne su f f i sa i t  p a s  e t  que l 'o n  pouvait f a i r e  m ieux ; p a r  conséquen t  on 
a é té  am ené  â in t r o d u i r e  des  r e c o m m a n d a t io n s  g é n é r a le s  p o r ta n t  s u r  la  
l im i ta t io n  des  d o ses  g loba les ,  e t  ce c i  sous fo rm e  d 'a b o r d  de d o se s  m oyennes  
qui ont en p a r t i e  é té  déve loppées  p a r  l 'UNSCAR e t  ég a le m e n t  sous  fo rm e  
de d o ses  co l le c t iv e s ,  ou de d o se s  popula tion  quand il  s 'a g i t  de la  population  
m ond ia le  tout e n t iè r e .  P a r  a i l l e u r s  e t  p a r a l lè l e m e n t ,  depuis un c e r ta in  
n o m b re  d 'a n n é e s  l 'UNSCAR ava it  com m encé  â s 'o c c u p e r  non se u le m e n t ,  
com m e le f a i s a i t  la  CIPR, du r i s q u e ,  m a is  a u s s i  du r i s q u e  p o n d é ré  — le 
d é t r im e n t  — de façon à av o ir  une idée su f f i sam m en t  c o r r e c t e  des  dom m ages  
é v e n tu e l le m en t  sub is  p a r  des  g roupes  de la  p o p u la t io n .  C 'e s t  
a in s i  que dans sa  pub lica t ion  22 la  CIPR a é té  am enée  à in t ro d u i re  en plus 
du concept de risque,  rad io log ique  le concept de d é t r im e n t  rad io log ique .
P a r  a i l l e u r s ,  ce t te  pub lica t ion  a a t t i r é  l 'a t te n t io n  s u r  l ' im p o r ta n c e  de deux 
r e c o m m a n d a t io n s  qui é ta ie n t  t r è s  con d e n sé es  dans le s  r e c o m m a n d a t io n s  
g é n é r a le s  de la  CIPR p u is q u 'e l le s  se  t ro u v a ie n t  to u te s  le s  deux dans une 
seu le  p h r a s e  du p a r a g ra p h e  52 de la  pub lica t ion  9; ce s  r e c o m m a n d a t io n s
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p o r ta ie n t ,  d 'une p a r t ,  s u r  le  fa i t  que l 'o n  deva it  é v i te r  toute expos it ion  
inu ti le  et ,  d 'a u t r e  p a r t ,  s u r  le  fa i t  que l 'o n  deva it  r é d u i r e  l 'e x p o s i t io n  à 
des  n iveaux  a u s s i  bas  que c e la  e s t  p ra t iq u e m e n t  r é a l i s a b le ,  com pte tenu 
de c o n s id é ra t io n s  économ iques  e t  so c ia le s .  Donc, on a tenu  ce s  d e r n i e r s  
te m p s  à p o r t e r  l ' a c c e n t  s u r  le fa i t  que le s  r e c o m m a n d a t io n s  de la  C o m m iss io n  
r e p o s e n t  s u r  t r o i s  concep ts :  le  p r e m i e r  e s t  la  ju s t i f ica t io n  des  a c t iv i té s ,  
le  second  e s t  l 'o p t im isa t io n  de la  r a d io p ro te c t io n  e t  le t r o i s i è m e  e s t ,  bien 
entendu, que de toute façon il  y a  une l im i ta t io n  des  d o se s  qui, du point 
de vue s a n i t a i r e ,  ne p o u r r a i t  ê t r e  q u 'a b so lu m e n t  im p e r a t iv e .  Voilà donc 
quelle  a é té  l 'évo lu t ion  des  concep ts .  Ce que nous avons vu au c o u r s  de 
ce t te  s e m a in e ,  c ' e s t  co m m en t c e s  concep ts  é ta ie n t  appl iqués  ou co m m en ç a ien t  
â l ' ê t r e ,  e t  je  v o u d ra is  m e t t r e  en év idence  le s  f a c i l i t é s  ou le s  d if f icu ltés  
que l 'o n  r e n c o n t re  dans l 'e x é c u t io n  de ce s  tâ ch e s .

L e s  m o d a l i té s  d ' i r r a d ia t i o n

Il faut b ien  ê t r e  co n sc ie n t  de ce que le s  m o d a l i té s  d ' i r r a d i a t i o n  sont 
e x t r ê m e m e n t  d iv e r s e s .  Nous savons  q u ' i l  y a l e s  deux g ran d s  m odes  
d 'ex p o s i t io n  e t  de con tam ina t ion  r a d io a c t iv e s ,  m a is  ce q u ' i l  faut b ien  
s a i s i r ,  c ' e s t  que l 'e x p o s i t io n  p a r  exe m p le  à des  s o u r c e s  e x t e r n e s  se 
fa i t  de façons  fo r t  d i f fé ren te s :  i l  y a des  ex p o s i t io n s  qui se font à  b a s  
déb i t ,  p a r  exem ple  le s  e x p o s i t io n s  à l ' i r r a d i a t i o n  n a tu re l le ,  le s  
expos i t ions  à l ' i r r a d i a t i o n  a p r è s  l e s  r e j e t s  d 'e f f lu en ts ,  l e s  expo 
s i t io n s  a p r è s  le s  r e to m b é e s ;  et  i l  y a des  ex p o s i t io n s  qui se 
font â hau t débit ,  p a r  exem ple  la  p lu p a r t  des  expos i t ions  m é d ic a le s  
ou le s  expos i t ions  a c c id e n te l le s .  Il y a d 'a u t r e  p a r t  des  d i f fé re n c e s  dans 
la  r é p a r t i t io n  des  ch a m p s  d ' i r r a d ia t i o n ,  e t  i l  y a é g a le m e n t  des  d i f fé re n c e s  
se lon  la  n a tu re  des  r a y o n n e m e n ts  en cause .  Donc, quand on u t i l i s e  ces  
concep ts ,  on a souvent tendance  à t r a i t e r  de la  m ê m e  façon des  conditions 
d 'e x p o s i t io n  a s s e z  d i f fé re n te s  e t  à u t i l i s e r  le s  m ê m e s  h y p o th è ses ,  en 
p a r t i c u l i e r  pour  l 'é v a lu a t io n  du d é t r im e n t ,  co m m e nous le v e r r o n s  p lus  
loin. A p rè s  tout,  on peu t  le  f a i r e  p u isq u 'o n  fa i t  des  e s t im a t io n s  qui donnent 
d es  o r d r e s  de g ra n d e u r ,  m a i s  i l  ne faut p a s  le u r  a t t r ib u e r  une p r é c i s io n  qui 
n 'y  e s t  pas .  P o u r  la  con tam ina tion ,  j ' a i  é té  f rappé  de c o n s ta t e r  ic i  qu 'on  
continue à é v o lu e r ,  m a i s  d 'une  façon a s s e z  le n te ,  en ce qui co n c e rn e  le s  
d i f fé re n ts  f a c te u r s  qui in te rv ie n n e n t  dans  le p r o c e s s u s  de con tam ina t ion  à 
p a r t i r  des  s o u r c e s  j u s q u 'à  l 'h o m m e .  F in a le m e n t ,  on é tud ie  l ' é m i s s io n  
p r o p r e m e n t  d ite ,  l e s  t r a n s f e r t s  e t  l ' i n c o rp o r a t io n .  O r,  on doit r e c o n n a î t r e  
que dans le s  é tudes  de t r a n s f e r t s  on a a t tac h é  beaucoup d ' im p o r ta n c e  dans 
le  p a s s é  aux t r a n s f e r t s  in i t iaux ,  c ' e s t - à - d i r e  aux r e j e t s  dans  l e s  deux 
m il ie u x  ou v e c te u r s  in i t iaux  que sont l ' a i r  e t  l 'e a u ,  e t  on a  é ta b l i  des  m o d è le s  
de t r a n s f e r t s  t r è s  n o m b reu x ,  v a r i é s ,  qui c o r re sp o n d e n t  p lus  ou m o in s  b ien  
â la  r é a l i t é ,  e t  souvent m ê m e  a s s e z  b ien .  Nous venons de v o ir  qu 'on  
s ' i n t é r e s s a i t  beaucoup é g a le m e n t  aux t r a n s f e r t s  que je  q u a l i f ie r a i s  d ' i n t e r 
m é d ia i r e s ,  c ' e s t - à - d i r e  à p a r t i r  de c e s  v e c te u r s  in i t iaux  la  r e p r i s e  p a r  
le  m i l ie u  des  d if fé ren ts  po l lu a n ts  è t  l e u r  ch e m in e m e n t  écologique .
C es f a c te u r s  éco log iques  in te rv ie n n e n t  de façons fo r t  d iv e r s e s ,  
en co n s t i tu an t  des  b a r r a g e s ,  des  f i l t r e s ,  des  zones de ré te n t io n ,  
des  zones  au c o n t r a i r e  d 'é v a cu a t io n  a c c é lé r é e ,  e t tout cec i  e s t  a s s e z  
com plexe .  U y a p a r  c o n t re  un dom aine  qui e s t  to u jo u rs  a s s e z  peu  étud ié  
e t  p r é s e n té ,  c ' e s t  le  t r o i s i è m e  f a c te u r :  la  d i s p e r s io n  t e r m in a le .  Il ne 
faut p a s  o u b lie r  que l ' a i r ,  l ' e a u  e t  l e s  a l im e n ts  sont tous  de la  n o u r r i t u r e



IA EA -SM -184 /106 625

p our  l 'h o m m e :  on v it  d 'oxygène ,  on v it  d 'e a u  e t  on v it  d 'a l im e n t s  d iv e rs .
Or peu de c o m m u n ic a t io n s  ont souligné l ' im p o r ta n c e  de ce s  f a c te u r s .  On 
a a t t i r é  l 'a t te n t io n  au c o u r s  d 'une d is c u s s io n  s u r  le fa i t  que la  d i s t r ib u t io n  
des  p ro d u i ts  a l im e n ta i r e s  joua i t  un r ô le  im p o r ta n t  p a r c e  que l 'a u to c o n s o m m a -  
tion e s t  r a r e .  Il y a  au to co n so m m atio n  p ou r  l ' a i r ,  i l  y a au to co n so m m atio n  
t r è s  l im i té e  p ou r  l 'e a u ,  e t  f in a lem e n t  ce son t le s  a l im e n ts  qui com pten t .
L a  p roduc t ion ,  la  d i s t r ib u t io n  e t  la  co n so m m a tio n  a l im e n ta i r e s  sont des  
f a c te u r s  de d i s p e r s io n  qui sont p e u t - ê t r e  a u s s i  im p o r ta n ts  que l e s  f a c te u r s  
l ié s  à l ' é m is s io n ,  e t  je  p en se  q u ' i l  y a u r a i t  i n té r ê t  à ce que ce s  ques t ions  
so ien t  déve loppées .

L 'e s t im a t io n  des  d o ses

L o rs q u 'o n  a p a r l é  des  p r o b lè m e s  r e l a t i f s  aux e s t im a t io n s  de do se s ,
i l  m ' a  p a r u  que l 'o n  n ' a  pas  in s i s té  su f f i s a m m e n t  su r  le s  im p r é c i s io n s  
en  m a t i è r e  de d o s im ê t r i e  qui sont c o u ra n te s .  Il e s t  év iden t que la  d os i-  
m é t r i e  s a n i t a i r e ,  c ' e s t - à - d i r e  ce l le  qui a p o u r  but de d é t e r m in e r  le s  
d o se s  e f fec t iv e m en t  r e ç u e s  à l ' i n t é r i e u r  de l 'o r g a n i s m e  p a r  l e s  d if fé ren ts  
o rg a n e s ,  l e s  t i s s u s  ou m ê m e  le s  c e l lu le s ,  a fa i t  des  p r o g r è s  au c o u r s  des  
d e r n i è r e s  années ;  m a i s  e l le  doit en f a i r e  e n c o re .  Il ne faut p a s  se f a i r e  
d 'i l lu s io n s :  souvent on fa i t  des  e s t im a t io n s  de d o se s  m oyennes  à des  o rg a n e s  
qui son t a s s e z  o s é e s .  Q uelques c o m m u n ic a t io n s  ont eu  le m é r i t e  de m o n t r e r  
que ces  e s t im a t io n s  m oyennes  â des  o r g a n e s  deva ien t ê t r e  p o n d é ré e s  p a r  
le fa i t  q u ' i l  y ava it  des  s u re x p o s i t io n s  e t  des  s o u s -e x p o s i t io n s  de ce s  o rg an e s ,  
qui pouvaien t  a v o i r  une g ran d e  in fluence s u r  le d é t r im e n t  e t ,  p a r  conséquen t,  
l ' e s t im a t io n  des  conséq u e n ces  des  d o se s  ind iv idue l les  ou des  d o se s  c o l l e c 
t iv e s .  En ce qui co n c e rn e  l 'e s t im a t io n  des  d o se s  in d iv id u e l les ,  je  c r o i s  
que l 'o n  peut d i r e  â ju s te  t i t r e ,  co m m e on l ' a  fa i t  r e m a r q u e r ,  q u 'e l l e  continue 
d 'ê t r e  une des ac t io n s  e s s e n t i e l l e s .  L a  CIPR, e t  en p a r t i c u l i e r  son Com ité  4, 
a au c o u r s  des  d e r n i è r e s  an n é es  publié  un c e r t a in  n o m b re  de d o cu m en ts  
r e l a t i f s  à la  m éthodo log ie  de l ' e s t im a t io n  des  d o se s  in d iv id u e l les ,  avec 
tou te  la  ph ilosoph ie  des  n u c lé id e s  c r i t iq u e s ,  des  vo ies  c r i t iq u e s  de t r a n s f e r t ,  
des  o rg a n e s  c r i t iq u e s  p o u r  le s  p e r s o n n e s  et des  g ro u p es  c r i t iq u e s  p o u r  la  
popula tion .  P a r  conséquen t  tou t ce c i  r e s t e  va lab le  e t  c ' e s t  une des  façons  
de t r a i t e r  des  p r o b lè m e s  auxque ls  nous so m m e s  c o n f ro n té s ,  i l  ne faut p a s  
l 'o u b l i e r .  C es e s t im a t io n s  de d o ses  in d iv id u e l les ,  m ê m e  p o u r  la  popula tion ,  
ne sont p a s  en  co m p é ti t io n  avec l ' e s t im a t io n  des  d o ses  c o l le c t iv e s ,  e l l e s  
son t c o m p lé m e n ta i r e s :  on doit f a i r e  l e s  deux d é m a r c h e s  e t  on doit f a i r e  
le s  deux e s t im a t io n s .  Il e s t  bon d 'une  p a r t  d ' e s t i m e r  la  dose  co l lec t ive ,  
m a i s  i l  e s t  bon a u s s i  de v é r i f i e r  que dans aucun c a s  le s  g ro u p es  c r i t iq u e s  
ne r i s q u e n t  d 'a t t e in d r e  ou s u r to u t  de d é p a s s e r  le s  d o se s  ind iv idue l les  qui 
ont é té  p r e s c r i t e s .  L e s  d o se s  c o l le c t iv e s  é v id e m m e n t  sont à l ' o r d r e  du 
jo u r :  c ' e s t  une-conception  nouvel le  e t  p a r  conséquen t i l  e s t  n o r m a l  que tout 
le m onde ch e rch e  à o eu v re r  dans  ce dom aine.  P o u r ta n t  ce t te  conception  
n ' e s t  p a s  auss i :  nouvel le  q u 'e l le  le p a r a î t  c a r  au fond le s  d o se s  m o y en n es ,  
en  p a r t i c u l i e r  le s  d o se s  m oyennes  g én é t iques  p a r  ex e m p le ,  é t a ie n t  en  fa i t  
des  d o se s  co l lec t iv e s .  M ais  év id em m en t  le s  d o se s  co l lec t iv e s  ont connu un 
r e g a in  d ' i n t é r ê t  lo r s q u 'e l l e s  ont été c o n s id é r é e s  com m e la  b a s e  ind isp en sa b le  
de l 'e s t im a t io n  c o r r e c t e  du d é t r im e n t .  L a  notion de dose  co l lec t iv e ,  i l  
ne faut p a s  l 'o u b l i e r ,  e s t  a s s e z  com plexe .  C e r ta in e s  co m m u n ic a t io n s  ont 
évoqué des  d o ses  popula tion ,  c ' e s t - à - d i r e  f in a lem e n t  des  d o ses  co l lec t iv e s
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é tendues  à l ' e n s e m b le  de la  population  du m onde. M ais  le p ro b lè m e  com plexe  
auquel on a u r a  à f a i r e  face  dans l 'a v e n i r  s e r a  la  n é c e s s i t é  
de t r a i t e r  ce s  p r o b lè m e s  à. p a r t i r  d 'une so u rc e  donnée pou r  un groupe  de 
popula tion  ou pour  l 'e n s e m b le  de la  population ,  et é g a le m e n t  de l e s  t r a i t e r  
à p a r t i r  d 'un  c e r t a in  n o m b re  de s o u r c e s  — qui ne s e ro n t  p a s  v r a im e n t  en 
com péti t ion  m a is  qui se su ra jo u te ro n t  — dont i l  fa u d ra  c o n n a î tre  la  r é s u l 
ta n te ,  so it  pou r  un g roupe d é te rm in é  qui s e r a i t  le groupe c r i t iq u e  p a r  
r a p p o r t  à l 'e n s e m b le  des s o u r c e s ,  so it  pour  l 'e n s e m b le  de la  popula tion .
Donc, i l  s 'a g i t  là  de t r a v a u x  p o u r  l ' a v e n i r  qui s e ro n t  im p o r ta n ts  e t  où 
l 'o n  s e r a  obligé ,  so it  pour  l e s  b a s s in s  f luviaux so it  pour  des  t e r r i t o i r e s  
m é té o ro lo g iq u e m e n t  r e la t iv e m e n t  h o m ogènes ,  d 'e n v is a g e r  le s  in te r f é r e n c e s  
e t  l e s  r é s u l t a n te s  des  d i f fé re n te s  s o u r c e s .

L 'e s t im a t io n  du d é t r im e n t

En ce qui co n c ern e  le d é t r im e n t ,  je  c r o i s  q u ' i l  faut é v i t e r  le s  q u e r e l le s  
b y za n t in e s  s u r  le s  hy p o th è ses  qui sont à la  b ase  de son e s t im a t io n .  Il e s t  
év iden t q u ' in i t ia le m e n t  l e s  r e c o m m a n d a t io n s  de la  CIPR v isa ie n t  à m e t t r e  
le s  t r a v a i l l e u r s  à l ' a b r i  des  e f fe ts  s o m a t iq u e s ,  e t  des  e f fe ts  so m a t iq u e s  
im m é d ia ts ,  p a r c e  q u 'à  ce tte  ép o q u e - là ,  i l  y a quelques d éc en n ie s ,  des  
t r a v a i l l e u r s  p r é s e n ta i e n t  des  m a n ife s ta t io n s  p r é c o c e s  d ' i r r a d ia t i o n s  
im p o r ta n te s .  P u is  on s ' e s t  ap e rç u  que, en fa i t ,  ce qui é ta i t  le  p lus  l im i ta t i f  
c ' é t a i t  so it  le s  e f fe ts  so m a t iq u e s  de type s to c h as t iq u e ,  so it  le s  effe ts  g én é 
t iq u e s ,  qui sont e u x - m ê m e s  l ié s  â la  dose p a r  des  r e la t io n s  s to c h a s t iq u e s .
E t  de ce fa it ,  ce sont l e s  e f fe ts  s to c h a s t iq u e s  qui ont p r i s  le devant de la  
scène .  Il e s t  év iden t que p ou r  le s  e f fe ts  s to c h a s t iq u e s ,  l ' é t a t  ac tu e l  de la  
rad iob io log ie  et de l 'é p id ém io lo g ie  ne nous p e r m e t  pas  de d é c id e r  s i ,  à 
des  d o ses  t r è s  fa ib le s ,  on a ou n 'a  p a s  un se u i l  e t  s i  on a ou non une r e la t io n  
l in é a i r e ,  m a is  la  CIPR a ch o is i  la  voie de la  p ru d en c e  en adm ettan t  l 'h y p o 
th è s e  p e s s im i s t e ,  c ' e s t - à - d i r e  l 'a b s e n c e  de se u i l  e t  l a  l in é a r i té .  On ne 
peut pas  le lui r e p r o c h e r .  M ais  du m o m e n t  qu 'on  cho is i t  une hypothèse  
de t r a v a i l ,  i l  n 'y  a pas  l ieu  de r e m e t t r e  con t inue l lem en t  en ques tion  le s  
r é s u l t a t s  qui sont l ié s  à ce t te  hypothèse .  On s a i t  t r è s  bien que l 'év a lu a t io n  
du d é t r im e n t  s ign ifie  s im p le m e n t  que s i  l 'o n  p a r le  de c a n c e r s  indu its ,  c ' e s t  
que le  n o m b re  e s t  c o m p r i s  e n t r e  le n o m b re  ca lcu lé  dans le c a d re  de ce tte  
hypo thèse  e t  z é ro ,  e t cec i  doit ê t r e  dit d 'une façon t r è s  c l a i r e .  P o u r  ce tte  
r a i s o n  je ne pense p a s  que le p lus  jud ic ieux ,  quand on p a r l e  du d é t r im e n t ,  
so it  de f a i r e  des e s t im a t io n s  ab so lu es  m a is  d 'e s s a y e r  to u jo u rs ,  com m e 
d 'a i l l e u r s  ce la  a été le c a s  dans p lu s i e u r s  co m m u n ic a t io n s ,  de f a i r e  des 
c o m p a r a is o n s .  En p a r t i c u l i e r ,  s i  on p a r l e  d 'induct ion  de c a n c e r  — pour 
p r e n d r e  un exem ple  — il  s e r a i t  bon, quand on fa i t  des  e s t im a t io n s ,  de ne 
p a s  p r é s e n t e r  un n o m b re  de le u c é m ie s  ou de c a n c e r s  du poumon en tant 
que te l s ,  m a i s  de m o n t r e r  quelle  e s t  l ' e s t im a t io n  du d é t r im e n t  dû â l 'a c t iv i t é  
c o n s id é r é e ,  de c o m p a r e r  ce d é t r im e n t  à ce lu i  d 'a u t r e s  a c t iv i té s  im p l iquan t 

'd e s  i r r a d ia t io n s ,  de c o m p a r e r  ce s  i r r a d ia t io n s  a r t i f i c i e l l e s  avec le d é t r i 
m e n t  dû à l ' i r r a d i a t i o n  n a tu re l le ,  e t  pu is  de c o m p a r e r  tous  ce s  c a n c e r s  
hypo thé tiques  avec le s  c a n c e r s  r é e l s  et  connus ,  qui sont ceux donnés p a r  
le s  s ta t i s t iq u e s  des f ré q u e n c e s  de c a n c e r s  dans l 'e s p è c e  hum aine .  A ce 
m o m e n t - l à  le s  h ypo thèses  qui sont à la  b a s e  de l ’e s t im a t io n  du d é t r im e n t  
r e p r e n n e n t  le u r  p lace  et on n 'a  p lus beso in  de se  q u e r e l l e r  p ou r  s a v o ir  s i  
e l l e s  sont p lus  ou m o ins  b ien  fondées.
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L es  a n a ly se s  d é c is io n n e l le s

Ce d e r n i e r  point p r é s e n te  un in té r ê t  tout p a r t i c u l i e r .  Il fau t  b ien  
a d m e t t r e  que ju s q u 'à  p r é s e n t  on p r e n a i t  des  d é c is io n s  — on en a  to u jo u rs  
p r i s ,  chacun  de nous dès  s a  n a i s s a n c e  p re n d  des  d é c is io n s .  Il e s t  év ident 
que quand on s o r t  dans  la  r u e  et qu 'on  t r a v e r s e ,  on p re n d  la  d éc is io n  de 
t r a v e r s e r  e t  on s a i t  q u ' i l  y a une p ro b ab i l i té  de se f a i r e  é c r a s e r ,  m a is  
com m e ce tte  p ro b a b i l i té  e s t  su f f i s a m m e n t  fa ib le ,  on t r a v e r s e  quand m ê m e .
O r,  i l  faut r e c o n n a î t r e  que ju s q u 'à  p r é s e n t  l e s  d é c is io n s  en m a t i è r e  de 
p ro te c t io n  é ta ie n t  p r i s e s  s u r  des  b a s e s  qui é ta ie n t  souvent f loues  ou 
inconnues,  m ê m e  pour  ceux qui p re n a ie n t  le s  déc is io n s .  Le m é r i t e  
des  a n a ly se s  d é c is io n n e l le s  n ' e s t  pas  de p e r m e t t r e  de p r e n d r e  des 
d é c is io n s  d i f fé re n te s ,  c ' e s t  de p e r m e t t r e  â ceux qui ont la  r e s p o n s a b i l i t é  
de p r e n d r e  des  d é c is io n s  de l e s  p r e n d r e  d 'une façon ra t io n n e l le .  Je  c r o is  
q u ' i l  faut d is t in g u e r  ic i  e n t r e  le s  deux r e c o m m a n d a t io n s  qui p o r ten t ,  • 
d 'une  p a r t  s u r  la  ju s t i f ic a t io n  des  a c t iv i té s ,  d 'a u t r e  p a r t  s u r  l 'o p t im isa t io n  
de la  ra d io p ro te c t io n .  L a  ju s t i f ic a t io n  des  a c t iv i té s  e s t  une an a ly se  d é c i 
s ionne lle  du type co û t /a v a n ta g e ,  c ' e s t - à - d i r e  que n o r m a le m e n t  on co m p a re  
le s  avan tages  de l 'a c t iv i t é  au coût du d é t r im e n t  su r  le plan  ind iv iduel,  soc ia l ,  
e tc .  C eci e s t  une e n t r e p r i s e  dé l ica te ;  e l le  e s t  d é l ica te  p a r c e  que souvent il 
e s t  d iffic ile  d ' e s t i m e r  e x a c te m e n t  le s  ava n ta g es  et que, d 'a u t r e  p a r t ,  le s  
coû ts ,  q u ' i l  s ' a g i s s e  de ceux du d é t r im e n t  ou des  coû ts  o p é ra t io n n e ls ,  sont 
souvent d if f ic i le s  à é v a lu e r  dès  que l 'o n  ne veut pas  s e u le m e n t  t e n i r  com pte 
des  c a n c e r s  induits  m a is  a u s s i  de to u te s  s o r t e s  de c o n s id é ra t io n s  économ iques  
e t  so c ia le s .  Il e s t  év iden t que, quand on t r a i t e  ce s  qu es t io n s  d 'une façon 
abso lue ,  on a r r iv e  à des  d if f icu ltés  d ' in te r p r é ta t io n  de l 'a n a ly s e  p a r  ceux 
qui vont p r e n d r e  la  déc is io n ,  et on en a vu des  e x e m p le s  au c o u r s  de ce tte  
se m a in e .  P a r  co n t re ,  on a vu que ce s  a n a ly se s ,  quand e l l e s  sont fa i te s  
p a r  une m éthode  co m p a ra t iv e  et q u 'e l l e s  t iennen t  com pte ,  p a r  ex em ple ,  
de la  p roduc tion  d 'é n e rg ie  n u c l é a i r e  et de la  p roduc tion  d 'é n e rg ie  th e rm iq u e  
p a r  le  ch a rbon  ou p a r  le  p é t ro le ,  p e r m e t te n t  de c o m p a r e r  dans  l 'a n a ly s e  
déc is ionnelle .  P a r c e  que l 'a v a n ta g e  e s t  le  m ê m e  on n ' a  p lu s  q u 'à  c o m p a r e r  
le s  d é t r im e n ts  e n t r e  eux s u r  la  b ase  d 'h y p o th è se s  qui sont a u s s i  l e s  m ê m e s ,  
e t  on a r r iv e  a in s i  à des  conc lus ions  qui son t tou t à fa i t  c l a i r e s  pour  ceux 
qui ont à p r e n d r e  des  d é c is io n s .  Si donc on n 'u t i l i s e  pas  ce t te  m éthode 
co m p a ra t iv e  m a is  des  m é th o d es  ab s o lu e s ,  on l a i s s e  la  r e s p o n s a b i l i t é  
à ce lu i  qui va  p r e n d r e  la  déc is io n ,  e t  en  g é n é r a l  s a  d éc is ion  s e r a  une 
d éc is ion  po li t ique ,  souvent m ê m e  vine d éc is ion  psycho log ique ,  ou soc io log ique ,  
m a i s  ce ne s e r a  p a s  fo rc é m e n t  une d éc is io n  s a n i ta i r e .

P a r  c o n t re ,  quand on abo rde  l ' a u t r e  a s p e c t  de la  ques tion ,  ce lu i  de 
l 'o p t im is a t io n  de l a  r a d io p ro te c t io n ,  c ' e s t - â - d i r e  la  réd u c t io n  des  d o se s  
a u - d e s s o u s  des  l im i te s  à un n iv e au  a u s s i  b a s  que ce la  e s t  p ra t iq u e m e n t  
r é a l i s a b l e ,  on a a f f a i r e  non p lus  a u n e  ana ly se  co û t /av a n ta g e  m a is  
â une ana ly se  c o û t /e f f ic a c i té .  On co m p a re  le  coût de l 'a u g m e n 
ta t ion  de la  p ro te c t io n  à l 'a v a n ta g e  de la  d im inution  du d é t r im e n t ,  et 
on s ' a p e r ç o i t  q u 'à  un c e r ta in  m o m e n t  l a  d im inu tion  du d é t r im e n t  obtenue 
ne se ju s t i f ie  p lus  p a r  r a p p o r t  au coût de la  p ro te c t io n .  Le but d 'une te l le  
a n a ly se ,  c ' e s t  d 'e s s a y e r  de d é t e r m in e r  à quel m o m e n t  on e s t  a r r i v é  à 
l 'o p t im u m ,  c ' e s t - â - d i r e  à  la  m e i l l e u r e  so lu tion .  L a  d éc is ion  n ' e s t  pas  
a lo r s  une déc is ion  po li t ique ,  c ' e s t  une d éc is ion  techn ique .  D 'a i l l e u r s  
c ' e s t  en g é n é ra l  à ceux qui ont la  r e s p o n s a b i l i té  de la  p ro te c t io n  ou la  
r e s p o n s a b i l i té  des  o p é ra t io n s  q u ' i l  a p p a r t ie n t  de l a  p r e n d r e ,  e t  i l s  peuvent
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le  f a i r e  s a n s  r e m o n t e r ,  en quelque s o r t e ,  aux a u to r i té s  p o l i t iq u es  p ou r  
t r a i t e r  ce p ro b lè m e .  M ais  là  a u s s i  i l  faut r e c o n n a î t r e  que la  m é thode  
c o m p a ra t iv e  e s t  la  m e i l l e u re .  E n  fa it ,  ce que l 'o n  c o m p a re  ce sont 
d i f fé re n ts  p r o c é d é s  de p ro te c t io n  e t  le u r  e f f icac i té  e f fec tive  à d im in u e r  
le  d é t r im e n t .  Le p r é s e n t  Colloque nous  a p e r m i s  de c o n s ta t e r  que ces  
m é th o d e s  c o m m en ç a ien t  à ê t r e  app l iquées  dans de n o m b re u x  pays  et 
p a r  de n o m b reu x  o r g a n i s m e s .  J ' a i  é té  a g ré a b le m e n t  s u r p r i s ,  é tan t  donné 
la  d ifficulté  de t r a i t e r  ce s  p r o b lè m e s ,  de v o ir  q u ' i l s  l ' é t a i e n t  d 'u n e  façon 
a s s e z  r e m a rq u a b le ,  c ' e s t - à - d i r e  qu 'on p r e n a i t  bien en co n s id é ra t io n  le s  
d i f fé re n ts  dom a in es ,  le s  d i f fé re n ts  f a c te u r s  à r e t e n i r .  J e  dois d i r e  que 
j ' e n  su is  d 'a u ta n t  p lus  h eu re u x  que, lo r s q u e  nous avons p r é p a r é  l a  p u b l i 
ca tion  22 au Com ité  4 de l a  CIPR, nous avons r e s s e n t i  une c e r ta in e  
anx ié té ,  e t  je  c r o i s  que la  C o m m iss io n  de la  CIPR e l l e - m ê m e  é ta i t  un peu 
inau iè te  d 'o u v r i r ,  dans une c e r ta in e  m e s u r e ,  la  voie dans ce dom aine.
M ais  on peut p e n s e r  au t e r m e  de ce Colloque que le s  confusions qui 
e x i s ta ie n t  i l  y a quelques a n n é es  se d is s ip e n t  peu à peu  e t  qu 'on  com m ence  
à t r a i t e r  c e s  p ro b lè m e s  convenablem ent.

En t e rm in a n t  s u r  ce t te  note o p t im is te  je  v o u d ra is  a jo u te r  que le s  
t r a v a u x  qui sont a c tu e l le m e n t  fa i t s  p e r m e t t r o n t  c e r ta in e m e n t  de c o m p lé te r  
le s  in fo rm a t io n s  dont d i sp o s a i t  le  C om ité  sc ien t i f ique  des  N ations  U nies  
pou r  é t a b l i r  le b ilan  co m p a ré  des  i r r a d i a t i o n s  des  popu la tions ,  e t  on se 
r e n d r a  com pte  s a n s  doute , com m e on a pu le  v o ir  ce t te  s e m a in e ,  qu ' i l  
y a  des  con tr ib u t io n s  auxque l le s  on p e n s a i t  m o in s  e t  qui, au  po in t de vue 
des  d o se s  c o l lec t iv e s  ou des  d o se s  popula tion ,  son t loin d 'ê t r e  n ég l ig ea b le s  
e t peuvent m ê m e  d ev e n ir  im p o r ta n te s .  On a p a r l é  de l 'h a b i ta t ,  des  t r a n s 
p o r t s  a é r ie n s ;  ce son t d e s  c h o s e s  que ju s q u 'à  p r é s e n t  on ava it ,  sinon 
n é g l ig é e s ,  du m o in s  e s t im é e s  de façon t ro p  i m p r é c i s e  pou r  m e t t r e  en 
év idence  l e u r  con tr ibu tion  effec tive  â l ' i r r a d i a t i o n  des  popula tions .  L e s  
t r a v a u x  effec tués  p r é s e n te r o n t  sa n s  doute un g rand  in té r ê t  p a r c e  q u ' i l s  
p e r m e t t r o n t  à l 'op in ion  publique d 'y  v o ir  c l a i r  et  de s a v o i r  ce que r e p r é s e n te  
l ' im p a c t  du déve loppem ent de l 'é n e rg i e  n u c l é a i r e  en t e r m e s  de co n s id é ra t io n s  
s u r  l 'h a b i ta t ,  s u r  le s  t r a n s p o r t s  a é r i e n s ,  s u r  l ' i r r a d i a t i o n  m é d ic a le ,  e t  
é g a le m e n t  p a r  r a p p o r t  à l ' i r r a d i a t i o n  n a tu re l le .  On a u r a  donc un c la s s e m e n t ,  
p a r  la  m éthode  c o m p a ra t iv e ,  que l les  que so ie n t  le s  hy p o th è ses  de b a s e ,  
q u e l les  que so ien t  le s  u n i té s  em p lo y ée s .  On p o u r r a  m ê m e  se p a s s e r  
d 'u n i té s .  Il s e r a  p o s s ib le ,  en  p re n a n t  p a r  exe m p le  l ' i r r a d i a t i o n  n a tu re l le  
com m e r é f é r e n c e  1 0 0 , d 'é t a b l i r  le s  a u t r e s  s im p le m e n t  p a r  c o m p a ra is o n  
e t  d 'a v o i r  a in s i  un in s t ru m e n t  qui p e r m e t t r a  d 'une p a r t  à l 'op in ion  publique 
d 'ê t r e  in fo rm é e  et d 'a u t r e  p a r t  aux gou v ern a n ts  d 'a g i r  p ou r  le  b i e n - ê t r e  
de l 'h u m a n i té .

D I S C U S S I O N

Suzanne VIGNES: Although, as  you say ,  the p ro p o r t io n a l i ty  h y p o thes is
m a y  have m ade  it  p o s s ib le  fo r  ICRP to fix p ru d en t  e x p o su re  s t a n d a r d s ,  the 
ex tended  u se  of th is  h y p o thes is  to c a lc u la te  d e t r im e n t  to the  popula tion  f ro m  
in f in i t e s im a l  additive d o se s  c r e a t e s  a w ro n g  im p r e s s io n  and i s  indeed  l ike ly  
to t e r r i f y  the un in it ia ted .  A ccord ing  to  th is  p r o c e d u re ,  a popula tion  dose 
of 1 m r e m  in the United S ta te s  of A m e r ic a  le a d s  to c a n c e r  d e a th s  and genetic  
d ea th s .  A ctua lly ,  of c o u r s e ,  an addi t iona l  dose  of 1 m r e m  is  in s ign if ican t  
in  the  wide ra n g e  of e x p o s u re s  to which people a r e  sub jec ted  in e v e ry d a y  
l ife .
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When you sp eak  of op t im iz ing  r a d io lo g ic a l  p ro tec t io n ,  th e r e f o r e ,  i t  is  
d iff icu lt  to u n d e r s ta n d  w here  the op t im um  should be fixed, s ince  s ta n d a r d s  
a r e  a l r e a d y  below the h a rm fu l  dose  leve l .  Why, then, should th e y  be re d u c e d  
s t i l l  f u r th e r ?  And w h ere  will th is  p r o c e s s  stop  if  one adopts  the l in e a r  law?

H. P .  JA M M ET: In m y  opinion the  IC R P  adopted the  l in e a r  dose -e ffec t  
r e la t io n s h ip  not b e c a u s e  it  i s  e x a c t  but b e c a u s e  it i s  c o n s e rv a t iv e .  By the 
v e r y  n a tu re  of i t s  p ro te c t iv e  function, IC R P  is  m o r e  o r  l e s s  ob liged  to 
follow th is  c o n s e rv a t iv e  c o u r s e  and to p r e d ic t  the d e t r im e n t  r e s u l t in g  under  
the m o s t  a d v e r s e  cond it ions .  A s you say ,  how ever,  f ig u re s  can be m i s 
lead ing ,  e s p e c ia l ly  when th e y  a r e  not p r e s e n te d  on a c o m p a ra t iv e  b a s is .  
C o n s id e red  alone a dose  of 1 m r e m  m a y ,  u n d e r  a d v e r s e  c i r c u m s ta n c e s ,  
be s e r io u s ,  but c o m p a re d  with the n a tu r a l  backg round  do se ,  which people 
don 't  b o th e r  about, it i s  in s ign if ican t .  The fac t  th a t  people m a y  be t e r r i f i e d  
by  c e r t a in  p re d ic t io n s  r e s u l t s  m a in ly  f ro m  th e i r  m is in t e r p r e t a t i o n  of the 
f ig u re s  p re s e n te d .

H. T. DAW: I should  like to  c o m m en t  on an o th e r  p ro b le m  which needs  
a t ten t ion ,  n a m e ly  the con tr ibu t ion  of occupa t iona l  ex p o s u re  to popula tion  
dose .  An im p o r ta n t  po in t in tha t  connect ion  i s  the con tr ibu t ion  of lung c a n c e r  
in u ra n iu m  m in e r s  to the to ta l  d e t r im e n t  due to the p ro d u c t io n  of n u c le a r  
e l e c t r i c a l  ene rgy .

H. P .  JA M M ET: I a g re e  tha t  th e se  m a t t e r s  should be p r o p e r ly  co n s id e red .
M. COPPOLA: I am  p le a se d  to note tha t  M r. J a m m e t  has  touched on 

at l e a s t  two s u b je c ts  which a r e  b a s ic  to the fo rm u la t io n  of r e c o m m e n d a t io n s  
on r a d ia t io n  p ro te c t io n .  F i r s t l y ,  th e re  i s  the need  fo r  b e t t e r  d o s im e t r y  in 
r e la t io n  to the v a r io u s  o rg a n s :  the e f fec t  of a c e r t a in  dose  v a r i e s  depending . 
on w hether  the dose  i s  d e l iv e re d  to a  p a r t i c u l a r  s t r u c t u r e  of an o rg an  or  
un iform ly  to the e n t i r e  o rg an .  T h is  su b je c t ,  which could be ca l le d  'O rg an -  
d o s im e t r y ' ,  should t h e re fo r e  r e c e iv e  adequate  a t ten t ion .  The second  
im p o r ta n t  point i s  the  need  fo r  b e t t e r  rad io b io lo g ic a l  and m ic r o d o s im e t r i c  
s tu d ie s  with a v iew to s e t t l in g  the q ues t ion  of the d o se -e f f e c t  r e la t io n sh ip .
In the dose  r e g io n  fo r  which it i s  valid ,  R o s s i ' s  hy p o th e s is  is  th a t  the r e l a 
t ion  be tw een  dose  and effec t  is  in  g e n e ra l  not ju s t  l in e a r ,  but po lynom ial ,  
with a s e c o n d - o r d e r  t e r m .  In so m e c a s e s ,  th e r e f o r e ,  a l in e a r  r e la t io n  m a y  
no t n e c e s s a r i l y  be v e r y  c o n s e rv a t iv e .

H. P .  JA M M ET: A cc o rd in g  to a l l  the  in fo rm a tio n  av a i lab le ,  the  l in e a r  
r e la t io n s h ip  i s  c e r t a in ly  a p ru d en t  one fo r  the p u rp o se s  of p ro te c t io n .  Of 
c o u r s e ,  in e v a lu a t in g  d e t r im e n t  we a r e  of n e c e s s i t y  dea ling  with hyp o th e ses .  
The im p o r ta n t  th ing  i s  th a t  we should  a l l  a g r e e  on the s a m e  hyp o th e ses ,  
so a s  to f a c i l i ta te  c o m p a r is o n s .

A. MARTIN: I do not b e l iev e  th a t  the b e s t  i n t e r e s t s  of s a fe ty  a re  
s e r v e d  by  a s im p le  and a p p a re n t ly  ca u t io u s  app roach .  In som e ra n g e s ,  
f o r  in s tan c e  o v e r  100  r a d s ,  the p r e s e n t  b a s i s  of a s s e s s m e n t s  m a y  be 
o p t im is t ic .  A d if fe ren t  d o s e - r i s k  hy p o th e s is  would have a p rofound  effec t 
on r e a c t o r  s i t in g  and on e m e r g e n c y  p r o c e d u r e s .

L ike  the p re v io u s  s p e a k e r s  I would oppose any p lay ing-dow n of the 
im p o r ta n c e  of the  d o s e - r i s k  r e la t io n sh ip .

H. P .  JA M M ET: I did say  du r ing  m y  ta lk  th a t  th e se  h y p o th e ses  had 
been  adopted with r e f e r e n c e  to s m a l l  d o se s .  A cc id en ts  n a tu r a l ly  b r in g  
up a d if fe ren t  s e t  of p r o b le m s .  At d o se s  of 100 r a d s  we a r e  no longe r  
d ea l ing  ju s t  with s to c h a s t ic  e f fec ts  but with defin i te ,  p re d ic ta b le  ones ,  
and we th e r e f o r e  do not have to r e l y  on h y p o th e ses  in c o n s id e r in g  th e se  
h igh d o se s .
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E. SHALMON (Scientific S e c r e ta r y ,  WHO): I would like to say  a  few 
concluding w ords  on b eha lf  of the  in te rn a t io n a l  o rg an iz a t io n s  involved in 
th is  work.  The p r e s e n t  S e m in a r  i s  a  good exam ple  of the c lo se  c o l lab o 
r a t i o n  betw een  IAEA (In te rna tiona l  A tom ic  E n e rg y  Agency), WHO (World' 
H ea l th  O rgan iza tion )  and UNEP (United N ations  E n v iro n m en t  P r o g r a m m e )  
c o n c e rn in g  the hea l th  a s p e c t s  of m e d ic a l  r a d ia t io n  ex p o su re  and the e v a lu a 
tion  of popula tion  doses .  We do not v iew the S e m in a r  a s  an end in  i t s e l f ,  
but a lso  an t ic ipa te  fo llow-up a c t iv i t ie s ,  inc luding the p ro m o tio n  of s ta n d a rd  
t e rm in o lo g y  and m ethodology , fo r  which th e re  i s  such  an u rg e n t  need. We 
should a lso  like to o rg a n iz e  a com bined  w orkshop  and t r a in in g  s ta t ion ,  w h ere  
w o r k e r s  f ro m  v a r io u s  c o u n t r ie s  could d i s c u s s  m e th o d s  of m e a s u r in g  and 
a s s e s s i n g  m e d ic a l  r a d ia t io n  a s  a f i r s t  s tep  to defining the hea l th  p ro b le m s  
involved  and p ro p o s in g  so lu t ions .  We should a lso  l ike  to continue with the 
w ork  of co l lec t in g  and eva lua t ing  c o m p a ra b le  in fo rm a tio n  on popula tion  
ex p o s u re  to r a d ia t io n  f ro m  a l l  s o u rc e s .
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CONVERSION TABLE:
FACTORS FOR CONVERTING UNITS TO SI SYSTEM EQUIVALENTS*

SI base units are the metre (m), kilogram (kg), second (s), ampere (A), kelvin (К), candela (cd) and mole (mol). 
[For further information, see International Standards ISO 1000 (1973), and ISO 31/0 (1974) and its 
several parts]

Multiply ■V to obtain

Mass

pound mass (avoirdupois) 1 Ibm = 4.536 X 1 0 '1 kg
ounce mass (avoirdupois) 1 ozm = 2.835 X 101 9
ton (long) (= 2240 Ibm) , 1 ton = 1.016 X 103 kg
ton (short) (= 2000 Ibm) 1 short ton = 9.072 X 102 kg
tonne (= metric ton) 1 t = 1.00 X 103 kg

Length

statute mile 1 mile = 1.609 X 10° km
yard 1 yd = 9.144 X 1 0 '1 m
foot 1 f t = 3.048 X 1 0 '1 m
inch 1 in = 2.54 X 10“2 m
mil (= 1СГ3 in) 1 mil = 2.54 X 10“2 mm

Area

hectare 1 ha = 1.00 X 104 m2
(statute mile)2 1 mile2 = 2.590 X 10° km2
acre 1 acre = 4.047 X 103 m2
yard2 1 yd2 = 8.361 X 10"' m2
foot2 1 f t2 = 9.290 X 10~2 m2
inch2 1 in2 = 6.452 X 102 mm2

Volume

yard3 1 yd3 = 7.646 X 10~‘ m3
foot3 1 f t3 = 2.832 X. 10 '2 m3
inch3 1 in3 = 1.639 X 104 mm3
gallon (Brit, or Imp.) 1 gal (Brit) = 4.546 X 10~3 m3
gallon (US liquid) 1 gal (US) 3.785 X 10 '3 m3
litre 1 1

=
1.00 X 10"3 m3

Force

dyne 1 dyn = 1.00 X 10~5 N
kilogram force 1 kgf = 9.807 X 10° N
poundal 1 pdl = 1.383 X 1 0 '1 N
pound force (avoirdupois) 1 Ibf = 4.448 X 10° N
ounce force (avoirdupois) 1 ozf

=
2.780 X 1 0 '1 N

Power

British thermal unit/second 1 Btu/s = 1.054 X 103 W
calorie/second 1 cal/s = 4.184 X 10° W
foot-pound force/second 1 ft- lb f/s = 1.356 X 10° W
horsepower (electric) 1 hp = 7.46 X 102 W
horsepower (metric) (= ps) 1 ps = 7.355 X 102 W
horsepower (550 ft- lb f/s) 1 hp 7.457 X 102 W

* Factors are given exactly or to a maximum of 4 significant figures



M u lt ip ly  b y  to  ob ta in

Density

pound mass/inch3 1 Ibm/in3 = 2.768 X 104 kg/m3
pound mass/foot3 1 lbm /ft3 = 1.602 X 101 kg/m3

Energy

British thermal unit 1 Btu = 1.054 X 10:> J
calorie 1 cal = 4.184 X 10° J
electron-volt 1 eV 1.602 X 10“ 19 J
erg 1 erg = 1.00 X 1 0 ‘ 7 J
foot-pound force 1 ft- lb f = 1.356 X 10° J
kilowatt-hour 1 kW-h = 3.60 X 10й

Pressure

newtons/metre2 1 N/m2 = 1.00 Pa
atmosphere* 1 atm = 1.013 X 10s Pa
bar 1 bar = 1.00У X 10s Pa
centimetres of mercury (0°C) 1 cmHg = 1.333 X 103 Pa
dyne/centimetre2 1 dyn/cm2 = 1.00 X 10"1 Pa
feet of water (4°C) 1 ftH 20 2.989 X 103 Pa
inches of mercury (0°C) 1 inHg 3.386 X 103 Pa
inches of water (4°C) 1 inH20 = 2.491 X 1СГ Pa
kilogram force/centimetre2 1 kgf/cm2 = 9.807 X 104 Pa
pound force/foot2 1 lb f/ f t2 = 4.788 X 10' Pa
pound force/inch2 (= psi)* 1 lb f/in2 = 6.895 X 103 Pa
torr (0°C) (= mmHg) 1 torr = 1.333 X 102 Pa

Velocity, acceleration

inch/second 1 in/s = 2.54 X 101 mm/s
foot/second (= fps) 1 ft/s = 3.048 X 10'1 m/s
foot/minute ’ ’ ' 1 ft/m tn = 5.08 X 10"3 m/s

mile/hour (= mph) 4 1 mile/h 4.470 X 10“ ' 
1.609 X 10°

m/s
km/h

knot •- 1 knot = 1.852 X 10° km/h
free fall, standard (= g) = 9.807 X 10° m/s2
foot/second2 1 ft/s2 = 3.048 X 10_1 m/s2

Temperature, thermal conductivity, energy/area- time

Fahrenheit, degrees —32 °F — 3 2 l 5 I°c
Rankine °R f 9 1 к
1 B tu-in/ft^-s- °F = 5.189 X 102 W/m-K
1 B tu/ft-s- °F = 6.226 X 101 W/m-K
1 cal/cm-s-°C = 4.184 X 102 W / m - K
1 B tu /ft2-s = 1.135 X 104 W/m2
1 cal/cm2-min = 6.973 X 102 W/m2

Miscellaneous

foot3/second 1 f t3/s = 2,832 X 10"! m3/s
foot3 /minute 1 f t3/min = 4.719 X 1 0 " m3/s
rad rad = 1.00 X 10‘ :! J/kg
roentgen R = 2.580 X 10-4 C/kg .
curie Ci = 3.70 X 10KI disintegration/s

* atm abs: atmospheres absolute; 
atm (g): atmospheres gauge.

fclbf/in2 (g) 
lb f/in2 abs

(= psig): gauge pressure;
(= psia) : absolute pressure.
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