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7ift« Organisation for Economic Co-operation and Development (OECD), which
was set up under a Convention signed in Paris on 14th December, I960, provides that
the OECD shall promote policies designed:

— to achieve the highest sustainable economic growth and employment and a rising
standard of living in Member countries, while maintaining financial stability,
and thus to contribute to the development of the world economy;

— to contribute to sound economic expansion in Member as well as non-member
countries in the process of economic development;

— to contribute to the expansion of world trade on a multilateral, non-discriminatory
basis in accordance with international obligation*.

The Members of OECD are; Australia, Austria, Belgium, Canada, Denmark,
Finland, France, the Federal Republic of Germany, Greece, Iceland, Ireland, Italy,
Japan, Luxembourg, the Netherlands, New Zealand, Norway, Portugal, Spain, Sweden,
Switzerland, Turkey, the United Kingdom and the United States.

The OECD Nuclear Energy Agency (NEA) was established on
20th April 1972, replacing OECD's European Nuclear Energy agency
(ENEA) on the adhesion of Japan as a full Member. NEA nov> groups
7// the European Member countries of OECD and Australia, Canada and

Japan, with the United States as an Associated country. The Commis-
sion of the European Communities takes part in the work of the Agency.

The objectives of NEA remain substantially those of ENEA, namely
the orderly development of the uses of nuclear energy for peaceful purposes.
This is achieved by:

— assessing the future role of nuclear energy as a contributor to teo-
nomic progress, and encouraging co-operation between governments
towards its optimum development;

— encouraging harmonisation of governments' regulatory policies and
practices in the nuclear field, with particular reference to health
and safety, radioactive waste management and nuclear third party
liability and insurance;

— forecasts of uranium resources, production and demand;
— operation of common services and encouragement of co-operation

in the field of nuclear energy information;
— sponsorship of research and development undertakings jointly orga-

nised and operated by OECD countries.
In these tasks NEA works in close collaboration with the International

Atomic Energy Agency, with which it has concluded a Co-operation Agree-
ment, as well as with other international organisations in the nuclear field.
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FOREWORD

Radiation protection considerations are an important fac-
tor in the development of nuclear energy power. In this respect it
is essential to understand the relative significance of all poten-
tial sources of radiation exposure of the population. • >

With this in mind, the Nuclear Energy Agency of the OECD
has invited a consultant, Sir Edward Pochln, to prepare a report on
this subject.

This report is based on scientific work and is aimed at
providing selected background material to be used by representatives
of National Authorities having responsibilities in connection with
power production and its environmental consequence -3 as well as by
other persons interested in this subject.
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SUMMARY

Estimates are given of the total radiation dose from all

forms of ionising radiation resulting from nuclear power production.

A power consumption of 1 k.W per head of population, derived entirely

from nuclear energy, would increase the average radiation exposure

of the whole population from 100 mrem per year from natural sources

(plus about 40 mrem per year from medical procedures and other

artificial causes) Ly about 6 mrem per year. The genetically sig-

nificant component of this increase would be about 4 mrem per year.

Available estimates of harm from radiation would indicate

that this would give a risk per year per million of population of

about 1 fatal induced malignancy, about the same number of malig-

nancies fully treatable by operation, and, after many generations,

ahout the same number of inherited defects, of greater or less

severity, per year. Accidental injuries, particularly in construc-

tional and mining work, would cause an estimated 1 fatality and

50 other accidents annually.

Indications are given of the number of fatalities and

accidents involved in equal power production by alternative methods,

and of the value and limitations of such numerical comparisons in

reaching decisions on the development of future power programmes.
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I. RADIATION EXPOSURE AND ITS EFFECTS

A. INTRODUCTION

1. Throughout the history of the world, mankind has always
been exposed to radiation from a variety of natural sources. Within
the last thirty years, however, so many additional types of exposure
have been developed artificially that it is important to review the
amount by which our total exposure has been and will be increased,
and the degree of harm which might result.

2. Such a review is greatly simplified by the fact that, for
all the different ways in which body tissues are liable to be
exposed to radiation, the harmful effects depend essentially upon
the amount of energy delivered to the tissues by radiation. Numer-
ous estimates have been made of the amount of energy delivered in
this way as a result of exposures of different kinds, both from
natural sources and from a variety of artificial ones. These esti-r
mates can be used to compare the likely amount, or risk, of harm
that may result in an individual exposed to any one of a variety of
types or intensities of radiation. Or, when combined with estimates
of the numbers of people exposed to a particular source, and the
intensity of their exposure, it-becomes possible to compare the
total harm that may.result from different sources of radiation - for
example, from a given nuclear power programme, from the present med-
ical use of diagnostic X-rays, from the fall-out from nuclear tests,
or from all radiation from natural sources.

3. This simple inter-comparison of the relative importance
of different sources of radiation - in terms of the amount of energy
delivered to different body tissues and the number of people so
exposed - requires qualification in terms of the rate at which the
energy is delivered, the "quality" of the radiation (neutrons and
alpha radiation being more damaging per unit of energy than X-rays
and gamma radiation), and the particular body tissues which are
most heavily irradiated. With such qualifications, however, the
comparison of expected harm by comparison of energy deposited - the
"absorbed dose" of radiation - is broadly valid, and allows the.
impact of different forms of exposure to be compared with an accu-
racy sufficient to judge their relative importance 'biologically.

4. What is at present more difficult, however, is to assess
in accurate numerical terms the total amount of harm that may be
done by each - the number of cases of leukaemia or fatal cancer -
induced, the amount of nonfatal illness caused, or the frequency of
hereditary disabilities that may result. It is becoming increas-
ingly clear what is the maximum number of such injuries that, may be
caused by a given radiation exposure. It is increasingly likely ,
that these estimates - based upon the frequency of injuries follow-
ing large doses - overestimate the frequency that will result from
the much smaller doses involved in population exposure. But it
cannot yet be said with confidence what amount of harm will actually
result from low radiation exposures •- only that the harm would not
exceed an amount which is. in fact, likely to be substantially
higher than the true amount. The estimates of harm which can be
quoted probably, therefore, contain a factor of safety.

- 9 -



The following survey is developed in three stages.

5. Firstly, it is necessary to describe in general terms the
way in which radiation damages tissues and may induce disease or
genetic abnormalities. It is useful at this stage also to describe
the ways in which different activities give rise to irradiation of
body tissues, whether by the formation and release of radioactive
materials which become incorporated within the body, or by the
emission of radiations to which the body is directly exposed.

6. Secondly, it is important then to evaluate the actual size
of radiation doses delivered to various tissues, and the number of
people so exposed, as a result of different activities and of nat-
ural sources. With the qualifications necessary to allow for expo-
sure of different tissues, and for different qualities of radiation,
this sets the scene for the inter-comparison of the importance of
different activities on the basis of the total energy, or total
radiation dose, delivered by each.

7. Thirdly, estimates are reviewed of the types and amounts
of harm that may result from these exposures, and so from each of
the various sources considered. This is particularly important
when comparisons are being made between the harm to be expected,
for example from various alternative forms of energy production by
nuclear or non-nuclear means. Here, some consideration must be
given to the harm to be expected from the alternative methods, and
also to the harm that would result from the failure to develop any
of the methods. Although the evaluation, of harm from other energy
sources, or from a deficiency of energy sources, lies outside the
scope of the present review, it is important to stress the need for
such evaluations and for properly balanced cost-benefit analyses of
available alternatives. Some review is therefore given of the type
of information needed to make, such comparisons of the cost in human
harm from non-nuclear energy sources, in parallel to that here
attempted for sources involving nuclear processes.

B. HARM CAUSED BY RADIATION

8. The injuries and diseases caused by radiation result, as
already mentioned, from the delivery of energy to sensitive body
tissues. This holds true for any of the so-called "ionising" forms
of radiation. Such radiations give up their energy to any body
tissues on which they fall, by causing ionisation of water molecules
within these tissues, splitting these molecules into charged ions.*
.These ions in turn give up their energy to any large molecules on
which they become deposited. Delivery of energy in this way to the
large desoxyribonucleic acid (DNA) molecules of the cell chromo-
somes is of particular importance, since the resultant damage to
the chemical structure of these DNA chains may alter the genetic
information carried by the chromosomes of the cell. Any one of
several types of injury may result,

9. Firstly, the cell may die - presumably since the altered
sequence of chemical "codons" on the DNA chains no longer consti-
tutes a valid code for the correct continuing formation of protein
or other essential substances in the cell. Since the function of
most organs can be quite adequately maintained, however, even though
two-thirds or more of the organ or tissue is removed, the "cell
killing" effects of radiation are only detectable if a large

•Ultraviolet, visible, infrared and various other forms of radia-
tion are non-ionising, and do not produce the types of tissue
damage with which we are here concerned.
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proportion of the cells of the organ are killed. Except in the
developing embryo, therefore, this effect is only likely to be
dominant at very high radiation doses«

10. Similarly, if the damage to a cell prevents the normal
division of chromosomes or the transmission of genetic information
to daughter cells at the time of cell division, these cells may
fail to divide, or daughter cells may fail to develop. In this
case the chemical functioning and activity of the original cell
may be unimpaired until the time of cell division, and damage may
only become manifest at this time. In tissues in which cell divi-
sion is normally rapid, as for the skin, the bone marrow or the
lining of the gut, the normal function of the tissue may be Impaired
at an early stage if radiation causes the division of cells either
to be fatal for the survival of daughter cells, or to be inhibited.
Here again, however, effects are only significant if large numbers
of cells are affected, following radiation doses much higher than
in the forms of population exposure with which this review is con-
cerned, but occurring in types of acute radiation sickness after
accidental exposures at high doses approaching those which may prove
lethal if the whole of the body is exposed to them.

11. For cells damaged by radiation but surviving the exposure,
and capable of produoing viable daughter cells when they divide,
two possible consequences are important.

12. If the cells concerned are from germinal tissues in the
ovary or the testis, and subsequently form fertilised ova or fer-
tilising spermatozoa, then any abnormality in the coding sequence
of nucleotides in their DNA may be transmitted to the offspring of
the irradiated person. It may be expressed in his children as an
illness or abnormality due to an inability to form some protein or
enzyme normally, owing to a corresponding defect in the DNA coding
sequence for that protein or enzyme. Or it may be expressed as a
similar defect, with a resulting clinical abnormality of greater
or less severity, in a more remote descendant. Alternatively it
may cause failure of the fertilised ovum to develop into a viable
foetus, so that no defect is expressed in any liveborn child.

13. If, on the other hand, the damaged cell forms part of any
of the other body organs or tissues, damage cannot of course be
expressed in the offspring. It does appear likely, however, that
"mutations", or abnormalities induced in the DNA sequence of the
chromosomes of such body cells by radiation, may sometimes induce
changes in the behaviour or properties of the cell so that a cell
which normally would only divide rarely, now divides rapidly and a
tumour, benign or malignant in character, develops in the irradiated
individual, in the organ or tissue of which the cells were irra-
diated.

14. The mechanism of this cancer inducing, or "carcinogenic",
effect of radiation in the exposed tissue is uncertain and may
involve changes in the immunological, surface, or other properties
of the damaged cell; and these effects may not be due, or due only,
to "somatic mutations", or changes in DNA sequence. It is known,
however, that ionising radiation can give rise to cancers of most
body tissues when these tissues have been very heavily irradiated,
for example, in the course of radiotherapy. Moreover, a detectable
increase in the occurrence of cancer of-several different organs or
tissues has been detectable statistically, in epidemiological surveys
of people in whom those tissues have been selectively irradiated at
much lower doses, as well as in studies on animals. Indeed, for
some tissues, and for the body as a whole, it has been possible to
estimate the frequency with which malignant tumours (in excess of
normal expectation) will develop in man, following known or ade-
quately estimated radiation doses, at these moderate dose levels.

- 11 -



15. One or two instances are known in which a detectable excess
of such tumours has followed exposures (of the developing foetus, and
of the thyroid gland) at doses which are lower still, and are compa-
rable with those received from natural sources during the course of
a lifetime. The unit expressing the absorption of energy from
ionising radiation in body tissues is the rad - 1 rad corresponding
simply to an "absorbed dose" of 100 ergs of energy per gram of tis-
sue. In radiotherapy, absorbed doses of some thousands of rads are
delivered to the tissues treated and at this dose level occasional
cancers have been observed in most types of tissue. The epidemio-
lcgical surveys referred to have detected cancer induction, and in
some cases have established its frequency, at doses of a few hundreds
of rads, or in the case of the foetus and of the thyroid gland, of
only a few rads.

16. The irradiation from natural sources however, typically
delivers only about one-tenth of a rad per year to body tissues.
Moreover, as will be shown, the average exposure from an extensive
world programme of nuclear power production, would add only a few
thousandths of a rad (i.e. a few "millirads") per year as the aver-
age body exposure throughout the population. While, therefore, the
frequency of cancer induction can be estimated for absorbed doses of
a few hundred rads, and in certain cases even of a few rads, the
frequency and even the occurrence of cancer induction at one thou-
sandth of these dose levels - that is of a few hundred millirads
from natural radiation or a few millirads from nuclear power produc-
tion - is quite uncertain and can only be inferred on a hypothetical
basis.

17. The simplest assumption is that the frequency of tumours
will be directly proportional to the radiation dose, that is, the
number of rads received, regardless of the size of the dose or of
the rate at which it is received.. Both on experimental grounds, and
on the biological evidence for recovery processes that can repair
small amounts and low rates of injury, such assumptions are likely to
overestimate.the frequency with which low doses cause harm, if this
frequency is inferred in this way from that observed to follow much
higher doses. Such maximum estimates, however, are the only ones
which can be asserted with any degree of confidence, until the mech-
anism of radiation effects and of recovery processes are better
understood and it is seen by how much these estimates should be re-
duoed in consequence. Meanwhile they appear to set a limit which
the harmful effects of low doses of radiation are unlikely to exceed,
and they are used in this way in the following review.

•?8. We are therefore primarily concerned with so called
"somatic" effects, particularly cancer, induced in the irradiated
individual, and with "genetic" effects that may be expressed in his
descendants. In estimating their frequency, or at least their max-
imum likely frequency, we need to know the ways in which radiation
may reach various body tissues, as well as the doses likely to be
delivered to these tissues and the numbers of people who will be
exposed to these doses.

1

C. FORMS OF RADIATION EXPOSURE

19. Ionising radiation may reach the body tissues from sources
outside the body by "external radiation", or from radioactive mate-
rials within the body or chemically incorporated in the body tissues,
as "internal radiation".

20. External radiation may be of many forms - cosmic radia-
tion reaching all mankind from space, X-rays as used in medical diag-
nosis or in treatment, or gamma radiation, given off during the decay
of many radioactive materials.

- 12 -



21. Internal radiation arises from radioactive substances, or
"radionuclides", incorporated within the body. Such substances, in
the course of their radioactive decay, emit various types of ionis-
ing radiation. In many cases this consists both of gamma radiation
and of beta radiation which is due to the emission of streams of
electrons. A few radioactive materials, and particularly those with
the heaviest nuclei, emit alpha radiation which consists in the
emission of helium nuclei. Certain radionuclides give off X-rays or
positively charged electrons during their decay.

22. These different types of radiation vary very greatly in the
maximum depths of tissue through which they penetrate. Gamma radia-
tion and X-rays may pass through many centimetres, before being
absorbed. Beta radiation is normally fully absorbed within a few
millimetres, and alpha radiation within a few hundredths of a milli-
metre .

23. Despite this great diversity of types of radiation and of
radioactive material, the likelihood of harm resulting in any body
tissue can, as already mentioned, be estimated by assessing the dose -
the energy delivered by ionising radiation - to that tissue. In many
types of exposure from external radiation this is simple, since the
whole body and all body organs are about equally exposed, unless the
radiation is of very low energy and low penetration through body
tissues. For medical exposures to X-rays allowance has to be made
for this low penetration, as well as for the part of the body being
examined or treated. In most other instances, however, it is ade-
quate to assume that the whole body receives a dose which can be
inferred from that measured at any suitable point on the body sur-
face.

24. For internal radiation the problem is quite different,
since the radioactive forms of different chemical elements are
retained in the particular body organs in which those chemical ele-
ments, even in their normal non-radioactive form, become concentrated
by the ordinary chemical processes of tissue metabolism. Thus,
radioactive forms of iodine become selectively concentrated and
retained in the thyroid gland, because they are chemically identical
with the normal stable form of iodine, which is taken up by this
gland and used for the synthesis of its hormone. Similarly, radio-
active caesium is distributed generally throughout the body because
caesium, like potassium, is incorporated in all tissue cells, but
radio-strontiums become fixed in bone owing to the similarity in
metabolism between strontium and calcium. Plutonium, which exists
only in radioactive form, is retained predominantly in liver and in
bone if inhaled in a soluble form, but very little is absorbed from
the gut if it is ingested. If inhaled in the form of insoluble par-
ticles, it is largely retained in the lung, however, or in the lymph
glands of the lymphatics draining fluid from the lungs.

25. For internal radiation sources, therefore, the estimates
of radiation dose to different tissues depend on the chemical proper-
ties of the radioactive material concerned and on the/solubility of•
the chemical compound in which it occurs, as well:as on the physical
properties of its radiations - their type, penetration and persis-
tence, some radionuclides decaying to stable elements very rapidly
and other having long half-periods of radioactive decay.. Estimates .
are available, however, for the radiation dose,delivered to different
tissues by given amounts of the relevant radioriuclides, as. based on
the metabolism of the corresponding elements, and upon'the routes of
intake and the solubilities of the compounds concerned. '

26. To an adequate 'accuracy, therefore, it is .possible to .
specify the total amount of radiation, the"''absorbed dose", deliver-
ed to the whole body or, in the case of selective internal irradia-
tion, to particular tissues, from the various types of exposure to
radiation that may occur. This estimate of the energy delivered by

'-•i
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ionising radiation of all forms from a given source then gives an
index of the harm to be expected from that source, provided that
allowance is made for any inequality of irradiation of different
parts of the body, and, in estimates of subsequent genetic harm, of
the age and sex of the subject exposed. However, in the particular
case of exposure from alpha radiation or from neutrons and certain
other nuclear particles, allowance must also be made for the greater
damaging effect - per unit of energy deposited - from these radia-
tions. Indeed, it is convenient, in reviewing the possible harmful
effects of exposure to different forms of radiations, to use a
measure of tissue dose which incorporates some allowance for this
greater effectiveness of certain radiations in causing harm. The
"rem" is conventionally used for this purpose, one rem being equiv-
alent to one rad for most forms of radiation. For alpha and neutron
radiation, however, one rera corresponds to a lower energy release -
typically of about one-tenth or one-twentieth of a rad (5 or 10 ergs
per gram; to allow for the higher effectiveness of these radiations.

27. Although for most forms of exposure dit ussed below, the
dosage would be equal whether expressed in rems or rads, it will be
less confusing to use one unit throughout. Tissue doses are there-
fore quoted in rems or in their sub-multiple the millirem (mrem)
which is equal to one thousandth of a rem. In the interests of
uniformity, this convention is used also in quoting results of pub-
lished work, i.e. in rems or mrems, even if the original data were
quoted in rads or mrads, and even though it is formally incorrect
to express in rems, doses higher than those involved in radiation
protection.

•I
H
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II. RADIATION FROM NATURAL AND ARTIFICIAL SOURCES

A. RADIATION FROM NATURAL SOURCES

28. Both as an illustration of the estimation of total tissue
doses, and in order to give a standard with which other radiation
exposures may be compared, it will be useful at this stage to des-
cribe the radiation received by the body and by its various tissues
from natural sources.

29. This radiation reaches the body in three ways. Firstly,
by cosmic radiation originating largely from within our own galaxy,
and in part from the sun, particularly during periods of solar activ-
ity. Secondly, from certain soils and rocks, producing a radiation
field above the surface of the ground. And thirdly, by "internal
radiation" from radionuclides incorporated within the body.

30. The intensity of cosmic radiation is greatest at high
altitudes since passage through the atmosphere involves the absorb-
tion of some of the associated energy, as well as changes in the
types of particle which constitute the radiation. This variation
with altitude is of significance during flight at the altitudes of
both subsonic and supersonic aircraft. In assessing the average
exposure of most populations however, the variation with altitude is
unimportant since the intensity increases by only about 2% per 100
metres and the great majority of populations live within a few hun-
dred metres of sea level.

31. The intensity varies also with latitude, because the
earth's magnetic field deflects some of the charged particles of
the radiation back into space, and this magnetic field is greater
near the equators than near the poles. Although at high altitudes
the differences due to latitude are large, at sea level this varia-
tion with latitude is not great, differing only by a factor of about
1.5 between latitudes of 30° and 70°. Some variation also occurs
during the 11 year solar cycle and during solar flares. Represen-
tative average doses can however, be estimated for the great majority
of populations.

32. The energy delivered to body tissues by ionisation from
all components of cosmic radiation, corresponds to about 33 rorem per
year. The absorbtion of this radiation is about equal for all rel-
evant body tissues,

33. A second component is that from soil or from any rock con-
taining appreciable natural radioactivity and lying within a few
centimetres of the surface. Such radioactivity is low in most sed-
imentary rocks but high in rocks such as granites, gneiss and schists
which are of igneous origin. Some radiation, constituting about one-
third of the total, also arises from a radioactive form of potassium
which is constantly present in all biological material and therefore
in soils.

-'•'•: <y.i
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34. The radiation received by body tissues from these sources,
varies also according to ground cover by moisture in the soil or by
snow. It is decreased by shielding due to roads or buildings, and
the dose received depends therefore upon the time spent inside or
outside buildings. It should be noted however, that building
materials themselves may be radioactive, or may release radioactive
gases such as radon which may accumulate in the atmosphere within
buildings if ventilation is low.

35. For most populations the average exposure from natural
terrestrial sources lies between 40 and 50 mrem per year. There are
only slight differences in the absorbtion of this radiation by dif-
ferent body tissues, so that the same dose applies to any body
organ. Quite large variations, however, occur according to local
geological formation. Thus in districts where the underlying rock
is of volcanic origin, the average dose rate may be 2 or 3 times the
value quoted, as in Colorado and South Dakota £"*[ ~J and estimated
rates of about 100 mrem per year from this source~are observed in
the French Massif Central, or in the granitic environment of Aberdeen
in Scotland.

36. In even more limited areas in South India or in Brazil,
the occurrence of a radioactive component in the monazite surface
sand involves even higher annual dose rates, reaching levels of up
to about 10 times those characteristic for most world populations.

37. For the United States as a whole, the US Environmental
Protection Agency /~1 7 estimates an average of 55 mrem per year,
and for the United Kingdom, Webb /~2_7 quotes a figure of 38. For
world populations the United Nations~Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR) /~3 7 have estimated 44 mrem
per year, and this value may be taken as Typical for populations
which are not living in areas of high soil or rock radioactivity.

38. Internal radiation from natural sources is due mainly to
the existence of the naturally occurring radioactive component of
normal body potassium, the isotope potassium 40*, which, having the
normal chemical behaviour of potassium, enters all body cells and
tissue fluids and delivers a radiation dose to tissues, varying only
according to the cellularity of these tissues. The dose rates from
this source have been estimated as about 19 mrem per year to the
germinal tissues and 15 mrem to tissues such as the bone marrow and
the endosteal cells of bone £~3 7« Small further doses of about 0.7
mrem per year are due to the radioactive form of carbon- of atomic
weight 14, this carbon 14 being formed in the atmosphere by the
action of cosmic radiation and becoming incorporated in body tissues.
Other radioactive materials occurring normally in the biosphere,
such as rubidium, polonium, radium, radon and uranium, are respon-
sible for doses of about 8 mrem per year to gpnads and bone marrow,
and about 35 mrem per year to bone cells. Totals for internal radia-
tion therefore, expressed in mrem per year, are about 28 for germi-
nal tissues, 24 for bone marrow and 51 for the endosteal cells of
bone.

39. In sum therefore, taking doses for cosmic radiation and
for terrestrial radioactivity as at 33 and 44 mrem per year, natural
sources will normally deliver in the region of 100 mrem per year to
most body tissues, with somewhat higher values to bone cells owing
to the concentration of radioactive substances in bone itself«

40. The exposure attributable to natural sources has been .
discussed in detail; both to illustrate the ways in which irradia-
tion of body tissues may occur and to demonstrate the" manner in
which the corresponding total dose is derived.

*The value 40 refers to the atomic weight of this isotope of
potassium.
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B. RADIATION FROM ARTIFICIAL SOURCES

41. Similar analyses have been carried out for the exposure
of body tissues due to radiological procedures used in medical diag-
nosis, in radiotherapy and in "nuclear medicine" (which involves the
administration of artificial radioactive nuclides for diagnostic and
therapeutic purposes).

42. It is unnecessary to describe these derivations in any
detail. For normal diagnostic radiology, account is taken of the
frequency of different types of examination, and the particular
parts of the body exposed directly to the X-ray beam in each case.
The dosage to individual tissues of interest, particularly germina«l
tissue and bone marrow, is estimated from the radiation involved by
direct exposure in the beam or by scattered radiation outside the
direct beam in each form of examination. With knowledge of the mean
dose to the tissue per examination and the frequency of each type of
examination in a total population of known size, the mean dose per
year can be estimated for selected tissues for the population as a
whole. For bone marrow the mean dose, as averaged through the whole
population in this way, was found to be 32 mrem per year in a survey
made in the UK during 1957/58 /~4 7. For germinal tissues, a sim-
ilar dose rate can be derived futT since for these tissues the con-
cern is to estimate the possible induction of genetic defects by
radiological procedures, account must be taken of the age and sex
of those examined. The "genetically significant dose" to these tis-
sues is therefore derived by combining the estimated radiation expo-
sures of germinal tissues with values for the average numbers of
children normally conceived after the ages at which the examinations
were performed. The "fertility factor" of probable numbers of live-
born children expected at any given age, falls from 2.3 at birth to
0.03 at age 40 to 44 in the female, and from 2.3 to 0.04 at age 45
to 49 in the male in the UK survey /~5 7» This analysis gave a
genetically significant dose from diagnostic X-rays for 1957/58 as
equivalent to an average 14 mrem per head of population.

43. Similar estimates for radiotherapy, taking account of the
reduction in fertility factor for the majority of patients treated,
owing to greater age and diminished survival, added a value of about
5 mrem (for the genetically significant dose, and of 12 mrem for the
bone marrow dose). Diagnostic and therapeutic methods in nuclear
medicine were responsible for only 0.2 mrem of genetically signif-
icant dose (and about 2 mrem per year for bone marrow).

44. Surveys made since this date in a number of different
countries have given genetically significant doses ranging mainly
from about 10 to 50 mrem per year from diagnostic radiology, and
from about 2 to 5 mrem per year from radiotherapy /~3 7. Those

3d 1~inrfrom nuclear medicine have not been found to exceec mrem per year.

45. It is clear therefore, that medical procedures involve an
exposure which, when averaged over the whole population, is normally
in the region of one-third, to one half that from natural causes, in
countries with extensive medical facilities. The increasing use of.
diagnostic X-rays and of nuclear medicine in many countries will tend
to raise these contributions to the average radiation of the whole pop-
ulation in tne future. This increase is likely however to be at
least partly offset by the adoption of techniques involving less
radiation exposure per examination - for, example, by the use of im-
age intensifiers in diagnostic radiology arid of efficient labelling
agents such as radioactive technetium and indium in nuclear medicine,
tfeanwhile medical procedures constitute a major, and as will be seen,
the major, present addition to natural radiation in the irradiation
of populations.
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46. The exposure of world populations from fallout from
nuclear tests has been closely examined by UNSCEAR £3_/. About
a third of the total exposure received, or yet to be received,
from tests already conducted, is derived by external radiation
from materials which do not enter the body - either from short-
lived radionuclides present soon after tests, or from the long-
lived caesium 137 which persists for long periods in the environ-
ment. A further one-fifth of the total dose commitment is deliver-
ed by internal radiation from some of the caesium 137 which enters
body tissues and is widely distributed through them, and from stron-
tium 90, which becomes concentrated and retained in bone. The
remainder is from carbon 14 formed during the fusion process of the
devices tested, most of this exposure being delivered at an extreme-
ly low dose rate, but over a long period of time. The estimated
average doses take account of those already received and those still
to be received from long-lived radionuclides present either in the
environment or already in the body. For the world population for
all tests prior to 1971, these exposures involve, or will involve,
total doses of 120, 180 or 160 mrem to germinal tissues, bone cells
or bone marrow respectively. (Tests since 1971 probably add about
10% to these figures). The corresponding values for populations
in the Northern Hemisphere, from tests prior to 1971, were estimated
as 170, 260 and 220 mrem. The irradiation of tissues at very low
dose rates from carbon 14 subsequent to the year 2000, would add
about 130, 165 and 130 mrem to these totals for the three tissues
respectively. It can thus be stated that all tests up to 1975 have
had, or will have had, the effect of adding radiation exposure to
populations in the Northern Hemisphere, which is equivalent to about
3 years (2.7, 3.0 and 3.1 years for the three tissues) of natural
irradiation.

47. Certain other types of exposure contribute, although to a
lesser extent, to the present exposure of populations. Leaving
nuclear energy operations for detailed consideration later, we must
recognise that various other types of occupational exposure contrib-
ute to the total genetically significant dose entering the popula-
tion as a whole.

48. The annual dose received by any worker who is substan-
tially exposed to radiation during his work needs to be monitored
in the course of normal radiation protection measures. This mon-
itoring usually requires only to be approximate, to ensure that
permissible levels of exposure are not being approached or exceeded.
The external dose is estimated by a radiation sensitive device worn
at a position on the body which can sample adequately the exposure
received. The internal dose is inferred, as far as possible, by
measurements of the body content of the relevant radionuclides or
of the rate of their excretion. The accuracy of these estimates is
adequate for approximate average doses of workers throughout the
occupation to be derived, and these commonly run at about cne-tenth
of the dose regarded as the maximum permissible dose for any worker
in any year. Knowing the total number of workers monitored, an
estimate can then be made of the total of all doses received within
the occupation, or, taking account of the age; and sex distribution
of the working population, of the genetically significant dose.
This can then be expressed as a genetically significant dose averaged
throughout the total population of the country. Various factors
decrease the accuracy of these estimates: film badge measurements :
may not truly sample the dose received by the body as a whole; very
low doses may fail to be recorded, or may be recorded for,adminis-
trative reasons as equal to the lowest detectable by the recording
device; and many internal doses are difficult to estimate, with any
precision. It is clear however, that the contributionto population
exposures from these occupational sources, is, in any case, small.
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49. UNSCEAR reports details £~3 7 for 12 different countries,
of the numbers employed, per thousand""of total population, in
various occupations involving radiation exposure, and gives the
mean external dose received by each. The product of these values
then gives total population dose contributions as in Table 1, using
average figures for those countries in which records were available.
It is unlikely that the mean internal dose would add materially to
their values.

Table 1

Occupation
Workers per
thousand total
population

Mean dose

(rem/yr)

Average
population dose

(mrem/yr)

Medical 0.62 x 0.32

Dental 0,56 x 0.08

Research & Education 0.25 x 0.15

Industrial 0.11 x 0.31
(non nuclear)

0.20

0.05

0.04

0.03

Total 1.54 0.32

50. Webb £~2 7 has derived average population doses for the
UK from occupations Involving radiation exposure (namely for medical
and dental work, industrial radiography, and for various manufac-
turing processes) and has estimated genetically significant doses
from approximate assumptions of the age distribution of the various
working populations. On these assumptions a total population dose
of 0.37 mrem per year for non-nuclear occupations corresponded to
an estimated genetically significant population dose of 0.28 mrem
per year.

51. If this ratio, of genetic to mean occupational dose, is
applied to the figures obtained by UNSCEAR, for which genetically
significant dose estimations were not obtained, it would suggest
that about 0.25 mrem per year of UNSCEAR's estimated average popula-
tion dose from occupational exposure, was likely to be genetically
significant.

52. Certain other activities also make minor contributions
to the population exposure £ 3_7» probably to a total of about the
same magnitude. The average genetically significant dose from
radium in luminous watches was estimated to average about 2 mrem per
year in 1960, but this figure will have fallen considerably with the
increasing use of tritium or promethium as luminisihg agents. The
genetically significant dose from colour television in the United
States was estimated as 0.5 mrem per year in 1967, but this, figure
also will have been considerably reduced by the imposition of per-
formance standards. Other electronic equipment, luminous' devices,,
ceramics containing uranium and other miscellaneous sources contrib-
ute small average doses. , Nuclear powered cardiac pacemakers'are
insufficiently widespread in use to contribute significantly to the
population total. Passengers and crew in subsonic aircraft are
irradiated by cosmic rays at much higher dose rates than prevail at
sea level, at about 0.3 mrem per hour, but. Webb's estimate for the
UK of the contribution to the population genetically significant
dose, taking account of man-hours spent in flight and the probable
age structure of those flying, is of only 0.08 mrem per year /~2 7.

•yi
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For supersonic aircraft, the dose rate "at likely altitudes "of flight
is higher by a factor of about 2, but as journey times will be shor-
ter by a corresponding factor, the total dose to passengers will not
be substantially different.

53. A total of 0.3 mrem per year was estimated by Webb as
the genetically significant whole population dose from all these
various minor sources.

54. As a background to our examination of radiation exposure
due to a nuclear energy programme, we may therefore summarise the
genetically significant population dose from all other recognised
sources as in Table 2.

Table 2

All natural sources

From radiological procedures

Diagnostic 10-50
Therapeutic 2-5
Nuclear Medicine 1

Total say

From fallout

N. Hemisphere, as averaged
over the generation most
heavily exposed about

From occupations,
excluding nuclear energy

From other miscellaneous
sources

Total, about

100 mrem/yr

35 "

6 «

0.3 "

0.3 "

140 mrem/yr

' 1

1
4

I
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III. EXPOSURES INVOLVED IN NUCLEAR POWER PRODUCTION

A. METHODS OF ESTIMATION AMD SUMMATION OF DOSES

55. In reviewing the amounts of radiation exposure due to any
programme of nuclear power production, it is necessary:

i) to identify and estimate all radiation doses received by
any section of the population from each of the stages
involved in the programme - from the first mining of ura-
nium ores to the final disposal of wastes, and

ii) to relate the total exposure from all these contributions,
including the total genetically significant dose to the
whole population, to the corresponding level of nuclear
power production, so that the exposure of the population
due to any future level of nuclear power production can be
estimated.

56. This integration of all possible contributions to the total
exposure cannot be precise. Different types of reactor or reactor
fuel involve different forms and levels of exposure. Future develop-
ments will entail new techniques, probably with better containment
of radioactive material and lower exposures, but also with accumula-
tion or discharge of different forms or proportions of radionuclides.
Even the estimation of exposure due to present methods depends upon
assumptions of, for example, the exposure of miners as judged from
periodic readings of sampling devices in mines, the exposure of local
populations near reactors as estimated for assumed population densi-
ties, wind directions and weather conditions, or the exposure that
might result from liquid waste disposals according to the various
possible uses to which "downstream" waters might be put, and which
result in human irradiation.

57. Fortunately, however, the adequately accurate estimation
of the present exposure of the population is simplified by the fact
that the greater part of this total exposure results from components
which can be estimated with some confidence and precision* The total
exposure of the population is therefore little affected by uncertain-
ty or variations in the exact value of other components. Thus over
half of the total genetically significant dose to the population is
likely to be contributed by the external exposure of reactor and
reprocessing plant workers, and these exposures are controlled and
regularly estimated in the individuals concerned.

58. To derive an overall measure of the average exposure of
the population, and of its genetic and other significance, adequate
accuracy is therefore obtainable by dealing in detail with the main
contributions to the total dose and indicating more approximately the
size, or the maximum size, of the remaining and smaller components.
It will be possible in this way to estimate an average population
exposure for a given level of nuclear power production. This expo-
sure can then be compared with the exposure from natural sources and
from other artificial sources, to which it would be added. In this
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way, for a given power production per head of population, and for a
given percentage of this power to be derived from nuclear sources,
the percentage increase in the radiation exposure of the population
can be derived - the number of millirem per year added to the 140
millirem per year from natural and other artificial sources - for
every kilowatt (electrical) per head to be derived from nuclear
power. The smaller contributions to harm by localised irradiations
of parts of the body must also be reviewed, as must the harm resul-
ting from associated industrial injuries, disease and accidental
deaths.

59. It is important that the analysis shall take account of
the total dose involved by each year of nuclear power production,
including not only the doses received during the year, but also
those to which the population is committed by that year of practice
and which are received during the future. The estimation of this
total »dose commitment" is important, since some radioactive mate-
rials persist in the environment or within the body after incorpora-
tion, and continue to deliver radiation doses to the population or
to the individual after the "year of practice" during which they
were formed or released. Estimates of future exposures from current
practices are made on the basis of information a. \xt +he persistence
and circulation of such longlived materials in the env .ronment. In
some instances, present levels of environmental rajii; ̂ tivity
reflect past as well as current releases of activity, and correction
is then made to infer the levels that would correspond to prolonged
releases at a given level, and so the total dose commitments that
would result from continuing work at that level.

60. It will be convenient to express the total exposure of
populations from particular sources as the "collective doses" due
to these sources. These collective doses are expressed in man.rems,
and represent the average dose (or, where longlived materials are
involved, the average dose commitment) in rems, throughout the
population, multiplied by the number of persons in the population
over which the average is made. The total exposure from a given
level of power production can then be readily estimated if the expo-
sure at each stage and for every population group exposed, is
expressed as the total collective dose per u.iit of corresponding
electrical power production by nuclear energy - i.e. as man.rema
per megawatt of electricity so generated during one year - "man.rem/
Mtf(e)y". This collective dose (strictly the collective dose commit-
ment) will ordinarily refer to the dose to the body as a whole;
when that to a particular organ only is intended, this will be spec-
ified - e.g. as man.rem io thyroid glands.

61. A population of a million people, each consuming one kilo-
watt of electrical energy derived from nuclear power, would require
an output of 1000 MW(e), or about the rated capacity of one large
reactor. When the frequency of accidental deaths is estimated,
these are given as an annual rate per 1000 MW(e)y.

B, STEPS INVOLVED IN NUCLEAR POWER PRODUCTION

62. The normal process of nuclear power generation involves a
series of steps, for each of which the exposures to radiation and
other hazards need to be reviewed. (Table 3).

The following steps are involved:

i) Construction of installations,

ii) Mining of uranium ore.

iii) Milling of ores.
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Stage

Construction of installa-
tions

Uranium
Mining

Hilling and processing

Fabrication and enrich-
ment

Reactor operation

Reprocessing plants

Other fuel steps

Transport

' Accidents

Total

Total
(genetically significant)

Collective whole body doses, partial body exposures and
occurring at different stages of nuclear power

Whole body exposures
(man.rem/MWle)y)

Population

-

-

Liquid wastes
0.002

Gaseous wastes
0.1

Liquid wastes
0.1

Gaseous wastes
0.25

C14 1.0*

0.004

0.05

1.5

1.5

Occupational

_

External, to miners
0.1

(Probably less than
0.1)

From activation
and fission products
(external and tritium)

2.0

From activation
and fission products
(mainly external)

2.0

0.03

0.005

-

+ 4.2

+ 2.7

accupational fatality rates
production process

Partial body
exposures

_

Lung, miners

Lung and hands
slight

Probably slight

-

Occupational, to lung and
other tissues occasionally

Public, to skin, intestine,
thyroid and bone for small
groups

-

-

See text

-

Fatal occupational
accidents and diseases

per 1000 KW(e)y

0.25

0.4

say 0.1

_

0.02

0.02

0.003

0.8

*From reactors; discharges from reprocessing plants at present uncertain. Total dose commitment to future: 0.05 in first 30 years.
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iv) Fabrication of fuel elements, either from uranium with or
without "enrichment" or, for fast reactors, from plutonium
derived from reprocessing plants.

v) Reactor operation,

vi) Reprocessing of irradia-ced fuel,

vii) Transport of fuel or waste material,

viii) Waste disposal from' reactors.'

ix) Waste disposal from reprocessing plants.

In addition, consideration needs to be given to:

x) Possible accidental discharges,

xi) Decommissioning of installations.

1. Construction of installations

63. No appreciable exposure to any form of radioactive mate-
rial is involved at this stage except during the assembly of reactor
cores. Here the sealing of fuel elements and the methods used for
their manipulation should effectively eliminate any possibilities of
significant radiation exposure, or of harm from the chemical toxicity
of uranium.

64. Construction work however does involve a substantial
hazard of accidental injuries and deaths, typically with 2 to 8
deaths per 10,000 man-years of work /~6, 7 7 , the higher of these
levels applying to the type of heavy operations involved in reactor
construction.

2. Mining of uranium ores

65. The chief radiation hazard of uranium mining is due to the
release of the radioactive gas radon (Rn-222), which is formed dur-
ing the decay of radium, and the inhalation of biologically signif-
icant amounts of this gas if ventilation of the mine is inadequate.
Decay products of the gas become deposited on the walls of the
respiratory passages, and deliver a radiation dose to the cells of
the lung which may give rise to lung cancer. A clear relationship
has been shown betweeri the frequency of such cancers in uranium
miners, in excess of the normal expectation, and the average radon
concentration in the mines in which they had worked. The frequency
of such tumours thus depends upon the conditions in the mines invol-
ved, and probably also on the smoking habits of the miners concerned

Z~s7
66. The survey indicates an excess death rate from lung cancer
in uranium miners of about 15 deaths per 10,000 man-years of mining.
This figure certainly over-estimates the hazard of present uranium
mining, since the tumours recorded develop and are detected many
years after the radiation exposure which caused them, and mining
conditions and the ventilation of mines have been improving progres-
sively. The average rate following prolonged work at present recom-
mended levels, which are being achieved in many mines, would prob-
ably be about one-tenth the rate quoted above (with a rate of 1.5
excess deaths per year per 10,000 miners after an average of 20
years exposure at 4 "working level months" of radon concentrations
per year*).

*The "working level" refers to a defined concentration of radon in
the atmosphere of the mine.
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67. External exposure from radioactive materials in rock may
involve doses to body tissues as a whole of the order of 0.5 rem per
year. If it is assumed that 200 miners are involved in the supply
of uranium ore for a reactor of 1000 MW(e) output, an annual collec-
tive dose of 100 man.rem, (or 0.1 man.rem/Mtf(e)y), results from this
source.

68. No direct exposure of members of the general population is
to be expected. The "tailing" from mine workings contain uranium and
radium and will release small amounts of radon, but these deposits
are confined to the immediate vicinity of mines, and measurements in
mining communities and areas are in the same general range as those
in non-mining areas /~1_7.

69. Accidental fatality rates in uranium mines of about 15
deaths per year per 10,000 miners were found in the U.S. £ 8 /. On
this basis, fatalities would average about 0.3 deaths per year cor-
responding to a 1000 MW(e) output.

70. It may be noted that estimates bo-fch of radiation doses and
of accidental deaths would be substantially lower in opencast rather
than deep uranium mines.

3* Hilling and processing of ores

71. The milling and processing of ores involves the crushing
of the ore and the separation of the uranium from the accompanying
material, which includes radium and radon. The "tailings" of sep-
arated material are normally piled in the immediate vicinity of the
mill and are considered unlikely to contribute to exposure, either
by release of dissolved radioactivity into water supplies or of
radon to air, unless buildings are located directly over these
tailings. Measurements at both active and disused mine sites, with
covered or with uncovered tailings, have indicated that significant
exposure of the public from these sources is unlikely, radon concen-
trations and external gamma radiation measurements beingat normal
background levels except immediately over the deposits 2~1_7«

72. The occupational exposure of mill workers does, not appear
to have been widely studied and some exposure to radon or to radium
may occur. Neither of these radionuclides gives rise to substantial
whole body radiation, or to a genetically significant dose within
the population, since the radiation from them is largely confined to
lung and to bone tissues respectively. Uranium itself•is little
absorbed from the gut and is of low radiation toxicity, and so is
most unlikely to contribute materially to genetically significant
radiation.

l*. Fabrication of fuel elements

73. In the fabrication of uranium fuel elements, there is
rather efficient conservation of the uranium and no appreciable
discharges giving rise to population exposures are to be expected.
Occupational radiation exposures are believed to be low, and in any
case do not involve significant whole body radiation. This holds
also for any fuel enrichment by increase of the proportion of ura-
nium 235 in fuel, since this material has the same chemical, and
metabolic properties as other forms of uranium.

74. With plutonium fuels for future fast reactors, problems
may arise in regard to local tissue irradiation if plutonium con-
tainment is inadequate at this stage, although again without whole
body exposure or appreciable doses of genetic significance, since
inhaled plutonium in the insoluble form that' is likely at this
stage is arrested in lungs or their lymph nodes, and ingested pluto-
nium is not absorbed appreciably from the gut. Local tissue irradia-
tion is unlikely to be significant at this stage.
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5. Reactor operation: occupational exposures

75. External irradiation of workers results in part from
fission products formed and retained within the reactor system, and
in part from radioactivity induced by neutron irradiation of reac-
tor components and of materials circulating in the coolant liquid
or gas. The total exposure received in these ways by reactor staff
is monitored by the measuring devices worn by each exposed worker
to confirm that maximum permissible exposures are not exceeded.
These measurements allow an estimate of the dose involved, although
this may give an over-estimate, since, for protection purposes, it
is sometimes assumed as a precaution that film badges showing no
detectable exposure have been exposed at the lower limit of detec-
tion. Alternatively, some readings may under-estimate the dose
received if the device is not worn at the site of maximum exposure.

76. Ample data are available from which to estimate the nor-
mal amount of exposure, UNSCEAR published information in 1972 £~3j
on the total of all external radiation doses received by the staff"
of 20 reactors or groups of reactors of 6 countries and of 5 dif-
ferent types. In each case values were obtained for the mean dose
and the number of staff involved for the period under review - usual-
ly for years during the 1960's, and also for the electrical output
of the reactors during the corresponding periods. The collective
exposure of staff involved in obtaining this output was expressed as
the product of mean dose and numbers exposed. In this way estimates
were made of the cost in radiation exposure of staff of a known elec-
trical output from the reactors concerned. These estimates, expres-
sed as man rems per megawatt year of electrical output (man.rem per
MW(e)y) showed considerable uniformity despite the variation in
type and age of reactors, half of all the 20 estimates lying between
(quartile) values of 0.45 ana 1.5 man.rem/MW(e)y, the median value
being 0.8 man.rem/MW(e)y.

Further, studies /"~9, 107 show some variation of collective
unit output for different types' of reactor. For pressur-

77. „. . _
dose per unit output for different types' of reactor. For pressur-
ised water reactors an average of about 0.8 man.rem/Mtf(e)y is receiv-
ed, largely during fuel replacements and repairs rather than in
routine maintenance £~9 7. For boiling water reactors the average
is rather higher at aboütjl .5, this' figure rising somewhat with age
of the reactor. Murphy /""10 / recorded collective occupational
doses for boiling water and pressurised water reactors of 0.6 and
1.0 man.rem per MW(e) installed capacity and these figures should be
about doubled for generated power. For heavy water reactors the
external radiation is low at about 0.5 man.rem/Mtf(e)y, but some
internal radiation from tritium occurs, values in early and late
types noted by UNSCEAR having been 1.0 and 0.2 man.rem/MW(e)y £"3j*
Gas cooled reactor exposures are low at 0.7 but a contribution from
tritium of up to an equal exposure may sometimes occur. Other con-
tributions to whole body internal radiation are likely to be only
slight in amount or occasional in occurrence.

78. The normal retention of fuel and of fission products within
the reactor core, and of materials with induced radioactivity within
the coolant, effectively prevent any substantial internal exposure
from release of these materials into the working environment. Some
whole body irradiation may, however, result occasionally from the
release of radioactive materials from fusl elements retained in
"cooling ponds" at the reactor site if defects develop in the clad-
ding of these fuel elements. The total of such internal radiation
is likely to be small.

79. A representative contribution over a range of reactors for
whole body external plus internal radiation is thus in the region of
2 man.rem/MW(e)y, probably with variations from 0.5 to 2.5 (Table 3).

• \
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6. Reprocessing plants: occupational exposures

80. The reprocessing of nuclear fuels, to separate unused fuel
and generated plutonium from wastes, involves exposure of staff to
external radiation and possibilities of occasional internal contam-
ination with plutonium or with other activation or fission products.

81. For external radiation, it is less easy to obtain reliable
estimates of average rates of exposure than in the case of reactor
staffs. A single reprocessing plant deals with spent fuel elements
from many reactors, and it is not always easy to relate the total
exposures (man.rem to staff) to the reprocessing load that corres-
ponds to a given power production,

how-An estimate for the United Kingdom in 1968/69 /~3 7»
in reprocess-

82. .
ever, takes account of the mean doses received by staff
ing the fuel arising from reactors having a known electrical output
during the corresponding period of time. Expressed again as a
product of mean dose and number of staff involved, the available
data indicate that the total cost of nuclear power production in the
external exposure of staff from reprocessing was 1.6 man.rem per
megawatt year of electrical power developed by operation of gas
cooled reactors.

83. The prevention of internal radiation exposure is more
difficult during the reprocessing of fuel than in reactor operation,
and incorporation of plutonium. or other radionuclides into the body
may sometimes occur although not ordinarily at levels exceeding the
limits regarded as occupationally permissible. The average of such
occasional internal exposures, in relation to these limits, is
likely to be considerably less than that from external irradiation,
which therefore remains the main contributor to occupational expo-
sure. An average of about 2 man.rem/MW^eJy can be taken to cover
the observed whole body radiation from external sources and any
contamination with tritium or other radionuclides involving exposure
of the whole body internally.

84. The death rate from accidental injury appears to be low in
reactor operations as a whole relative to those in most industrial
processes and rates in the region of 0.2 per 10,000 workers per year
have been observed. This rate has been1 assumed both for reactor and
reprocessing staff and would imply a- total of the order of 0.04
deaths per year from accidental causes associated with 1000 MW(e)y.

7. Transportation and other fuel operations

85. In the transportation of reactor fuel and in all other
steps in the processing of fuel, Hub and Schlenker /~11 7 have
estimated further minor contributions - equivalent to aFout 0.03
and 0.005 man.rem/MW(e)y for occupational exposures involved in
transport and other steps respectively; and the same authors add
about 0.005 for general population exposures during transportation.

8. Waste disposal from reactors

86. The disposal of wastes from reactors in general is likely
to involve doses of radiation to the public which are too low to be
measured directly and can in most cases only be estimated from
assumed "models" of the distribution followed by releases of radio-
nuclides in air or water. Moreover, to ensure compliance with
national regulations, the models used are commonly such as to esti-
mate the maximum possible doses rather than necessarily the most
likely doses that will be received. Many studies, therefore, give
upper estimates of population exposure from waste disposal. For our
present purposes, however, this is acceptable since the total whole
body or genetically significant exposures from waste disposal prove
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in general to be substantially smaller, for a given power produc-
tion, than those already noted as entailed in the exposure of staff
at reactors and at reprocessing plants. Little inaccuracy is intro-
duced therefore by the assumption of moderate over-estimates of
these values.

87. The disposal of liquid wastes is normally controlled so as
to reduce population exposure as much as is practicable, and in any
case to ensure that no single group of members of the general popula-
tion can receive, from all components of any discharge, an annual
exposure as great as 0.5 rem per year of whole body radiation /~12_7.
In fact, since this level of 0.5 rem per year is recommended as the
limit for any such group from all forms of radiation exposure (apart
from that from natural sources and from any necessary medical inves-
tigation or treatment), the maximum exposures permitted from any
waste disposal are ordinarily held to a small fraction of this limit.
Thus for example, the liquid discharges from reactors in the U.K.
in 1971 Z""13 7 were controlled so that the maximum estimated expo-
sure of any population group was less than 0,1% of the limit for 6
of the reactors or reactor groups, 0.3% in the seventh and 5% in the
eighth.

88. In each case the estimates were made by tracing the fate
of each major radioactive component of the discharge through the
likely food chains or other pathways along which it might be dis-
tributed, to detect and evaluate any human exposure that might
ultimately result from its circulation through the biosphere. Esti-
mates were then made of the consequent radiation dose which any
group of the population might receive, and the likely or maximum
numbers of people who might receive it.

89. The total collective doses for all liquid discharges from
nuclear reactors in 1971, as estimated in this way, did not exceed
3 man.rem. Since this corresponded with a nuclear power production
of about 3000 MW(e) the maximum exposure rate from liquid discharges
from reactors was 0.001 man.rem/MW(e)y .£ 13_7> a figure which should
be about doubled to allow for future dose commitment. Although this
value is likely to vary substantially with reactor type, waste
management procedures and the uses that are made of the water sys-
tems into which these liquid wastes are discharged, this type of
release seems clearly unlikely to make more than a minor contribu-
tion to total exposure from nuclear power programmes.

90. Various radioactive gases are formed during the operation
of nuclear reactors, partly as fission products and partly by neutron
activation. Many of these gases have short radioactive half-lives,
so that the total activity released depends upon the type of reactor
and any system which it incorporates to delay the discharge of such
gases until decay has occurred. Gas-cooled reactors discharge main-
ly argon 41, which has a half period of only 1.8 hours, while for
pressurised water reactors xenon 133 of half period 5.3 days pre-
dominates in importance. Boiling water reactors on the other hand,
discharge short-lived isotopes of krypton and xenon. It is not
possible to generalise, therefore, either about the area surrounding,
or downwind of, the reactor within which exposures will occur, or
about the total dose within this area. The collective dose to
populations within 80 km of boiling water reactors of modern design,
which will include the greater part of the total exposure, is esti-
mated to average about 0.02 man.rem/Mtf(e)y £"3 7« The release of
argon 41 from gas cooled reactors involves an estimated total collec-
tive dose of 0.04 man.rem/MW(e)y /"14 7. For pressurised water
reactors the dose to 80 km has been estimated to entail about 0.01
man.rem/Mtf(e)y and, as judged by the probable fall-off of collective
dose from xenon 133 with distance /~14 7> the total global dose is
not likely to exceed 0.1 man.rem/Klff(e)y. Estimates of dose to local
populations depend also upon the postulation of particular distribu-
tions of the direction and speed of winds, the height of reactor
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Stacks, and the disposition of population densities round the reac-
tor site. A typical contribution to population exposures from the
release of such gaseous wastes from reactors would appear however
to be in the region of 0.1 man.rem/MW(e)y.

91. With appropriate techniques of disposal it is to be expec-
ted that population exposure from solid waste would be minimal.

9. Waste disposal from reprocessing plants

92. The disposal of liquid wastes from reprocessing plants is
normally controlled according to the same criteria as for reactors.
In the 1971 U.K. survey discussed above / 13 7i the total discharge
was estimated to give rise to up to 100 man.rem from one source and
to less than 0.1 man.rem from each of the two others. Since the
period during which these observations were made corresponds to the
reprocessing of fuel arising from a production probably of rather
over 2000 MW(e)y, this exposure is equivalent to about
0.05 man.rem/MW(e)y and this figure is doubled in Table 3 (page 23)
to allow for future dose commitment.

93. Gaseous wastes involve the release of krypton 85 as the
main inert gas responsible for whole body exposure. Beninson / 15_7
has recently estimated that global exposures of 0.2 and 0.1 man.rem
per MW(e)y will result from krypton 85 produced by thermal and fast
reactors respectively. Bryant £"^J has related the sites of expo-
sure to the global distribution of population and reaches a some-
what lower estimate corresponding to about 0.15 man,rem/MW(e)y from
thermal reactors in the U.K.

94. Rather lower exposures are expected to result from releases
of tritium during reprocessing of fuel and Beninson estimates global
collective doses of 0.02 and_0.04 man.rem/MW(e)y from thermal and
fast reactors respectively / 15_7«

95. Whole body exposures resulting from all such gaseous
releases from reprocessing plants may thus be estimated as about
0.3 man.rem/MW(e)y. Partial body exposures are likely to be con-
siderably lower, since the high activity of the short-lived iodines,
including particularly iodine 131 initially present in the fuel, are
largely eliminated by allowing time for radioactive decay before
reprocessing. The low activities of the very long half-lived
iodine 129 contribute very small annual thyroid doses and could if
necessary be largely removed by chemical separation methods.

96. Small quantities of the radioactive form of carbon,. C.-14,
are formed in reactors by the effect of neutrons from the reactor
core on atoms of nitrogen, oxygen and carbon in reactor materials.
Although the rate at which this radionuclide is formed and released
is lower by 3 or 4 orders of magnitude than for other activation
products such as tritium or krypton, its very long half-life and
its long circulation in the biosphere will cause it to accumulate
slowly and cause irradiation at very low dose rates for long periods
of time. The genetically significant contribution to the collective
dose commitment for the world population can be estimated on the
basis of circulation of carbon - containing compounds in the bio-
sphere and in the seas, and their entry into human tissues. With an
output of 6 Ci of C-14 corresponding to 1000 MW(e) per year the
collective dose commitment may be estimated ^T6, ,1£7 as of about
0.05 man.rem per MW(e)y during 30 years, about twice this as inte-
grated over 500 years, and of the order of 1 man.rem per MW(e)y over
the whole of future time £16_J.

97. It is arguable what value should be entered as the con-
tribution from reactor discharges in current or projected power
production, but the maximum figure, of 1 man.rem, has been used for
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the purpose of these estimates. Releases from reprocessing plants
will depend to a considerable extent on the measure used from the
removal of carbon compounds from discharges,

C. EXPOSURE FROM ACCIDENTAL DISCHARGES

98. In trying to evaluate the impact of any possible accident,
and the contribution of accidental releases to average population
exposures, it is obviously necessary to make some estimate of the
likelihood of accidents of differing magnitude. Clearly these
estimates must be predictive, and based as far as possible on avail-
able knowledge or estimates of the failure rate of individual reac-
tor components, and the consequent probability of simultaneous or
successive combined failures of multiple or supposedly independent
safety mechanisms. The most detailed study of this type is that
directed by Rasmussen, in which_a very careful examination was made
of possible causes of failure / 18 7. It is inevitable that predic-
tive analyses of this type will only evaluate modes of failure which
have been foreseen or identified as capable of occurring, and acci-
dents tend to arise through unpredicted combinations of circum-
stances. Some confidence in these and similar studies, can, however,
be derived from their elaborate scrutiny of possible sources of
failure of components alone or in a very wide range of combinations,
and from the considerable practical experience already accumulated
in reactor operation, both as regards the frequency of isolated
component failures, and in regard to the validity of multiple con-
trol and safety mechanisms.

99. It must also be admitted that a major accident, leading to
a substantial release of radioactivity, having an actual probability
of occurrence of 1 such accident per 1000 reactors per 100 years,
would have a greater influence on policy if it occurred at the begin-
ning than at the end of the 100 years. It remains useful, however,
to obtain some perspective as to whether, in the long run, the
occurrence of accidental releases is likely to involve a greater or
less average population exposure than the routine operation of reac-
tors.

100. The Rasmussen draft report £~18_J derives estimates of the
total exposure (man.rem) for a series of accidents of varying esti-
mated probabilities of occurrence - as calculated for population
distributions and meteorological conditions applicable to the United
States. These correspond to an averaged annual exposure from all
accidental releases of about 25 man.rem for light water reactors.

101. Taking a load factor of 0.7 (700 Mtf(e)y produced) and
assuming similar population and meteorological conditions, acciden-
tal releases could thus add about 0.05 man.rem/Mtf(e)y on average.

D. DECOMMISSIONING OF NUCLEAR PLANTS

I 102. Some radiation exposure of s;taff may be expected during,
the dismantling of decommissioning of reactors, but no experience is
yet available on the extent of such exposure. It is difficult to
believe that, as averaged over the life of the reactor, such expo-
sure would make any substantial contribution to the total estimate
of dose commitment.
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E. TOTAL EXPOSURE FROM NUCLEAR POWER PROGRAMMES

103. Summarising the dose estimates from nuclear power produc-
tion, therefore, it seems clear that, although various types of
partial body exposure occur and are of the greatest importance from
the point of view of maintenance of health protection, particularly
for those occupationally exposed, the major sources of exposure
involve whole body irradiation. Of these, the main contributors to
the whole population average exposure derive from the occupational
exposure of staff in reactors and in reprocessing plants, even
though the individual doses of most members of these staffs are
maintained at levels well below those regarded as occupationally
permissible. The slow release of carbon 14 contributes substan-
tially to doses delivered over very long periods of time,

104. An approximate estimate of the contributions from a
nuclear power programme to the whole body irradiation of populations
can be summarised as in Table 3 (page 23;.

105. An average power consumption of 1 kilowatt (electric) per
head of population from nuclear sources would involve the generation
of 1000 MW(e) per million of population, and therefore a collective
dose of about 6000 man.rem of whole body radiation. This would
result in an average exposure of 6 mrem, adding to present expo-
sures from natural sources of 100 mrem and from all other sources
of about 40 mrem. The genetically significant component of this
increase would be smaller, since part of the irradiation of working
or general populations would be delivered to those who were older
than the age of 40 after which the probabilities of subsequent
parenthood become small on average. Allowing for the likely age
structure and the variation of parenthood with age.in these popula-
tions, the average added genetically significant dose will be about
4 mrem. These estimates assume a uniform rate of nuclear power
production throughout world populations, since some exposures from
waste disposal are received at a distance from the vicinity of ins-
tallations emitting them. Except for. the long-term, commitment from
carbon 14 however, these contributions do not appreciably affect the
total estimate. If the collective dose commitment were averaged
only over the next 30 years the estimate would be somewhat lower by
omission of the later contributions from carbon 14 and would be of
about 5 mrem and 3 mrem per year for whole body and for genetically
significant mean doses respectively,

106. Such estimates are clearly only approximate, since they
depend critically on reactor type, size of reactor and reprocessing
staffs, and the exposures that they may receive;'and to a lesser
extent on assumptions as to waste disposal practices, population
densities and the distribution models assumed. They give a basis
however for reviewing the possible biological cost in harm from the
added exposures.

•:yi
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IV. ESTIMATED FREQUENCY OF HARMFUL EFFECTS FROM
NUCLEAR POWER PROGRAMMES

107. In estimating the costs in human harm of power production
by nuclear energy, we need to consider four components,

i) The frequency with which diseases, and particularly fatal
malignant diseases, are induced in the various population
groups in which there is radiation exposure of the whole
body.

ii) The frequency of genetic abnormalities caused by the
genetically significant component of these irradiations.

iii) The additional frequency of diseases induced by local
irradiation of parts of the body only, in various groups
so exposed.

iv) The frequency of accidental injury and disease, and par-
ticularly of accidental death, involved at all stages of
the power production process.

108. This will give an estimate of the total harm or "detriment"
to be expected, for example, for one year in a million people deriv-
ing 1 kilowatt of electrical power per head from nuclear energy.
This estimate can then be compared with the detriment to be expected
from a comparable energy production by alternative means and also
with that from lack of such energy production.

A. FREQUENCY OF RADIATION INDUCED DISEASE

FROM WHOLE BODY IRRADIATION

109. Several major studies have given estimates of the frequen-
cy with which fatal malignant disease, including leukaemia, is
induced in groups of people in which all or much of the body has
been exposed to relatively high radiation doses, usually approaching
or exceeding 100 rem. These groups- include the survivors of radia-
tion from the atomic bombs in Hiroshima and Nagasaki, patients
treated for spinal or other diseases involving extensive body expo-
sure, or - at much lower doses - children irradiated before birth
in the course of diagnostic pelvic X-rays to their mothers. The
estimated frequencies of all fatal malignancies from such studies
are supplemented by evidence as to the frequencies of various malig-
nancies under conditions in which the irradiation involved only or
mainly the organ from which the particular malignancies arose. Fur-
ther support for the estimates is obtained from studies in which the
radiation dose was not known, but in which data were obtainable on
the ratio between the total excess of fatal malignant tumours and
the total excess of cases of leukaemia, for which the induction rate
per unit dose can be inferred from other surveys.

110. Many uncertainties are involved in certain aspects of
these studies - the number of deaths to be expected at longer inter-
vals after the exposure than had been studied, the amounts of radia-
tion exposure or the relative importance of different types of radia-
tion, the significance of age at the time of exposure, and the

•,• -A
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validity of the various unexposed groups examined to estimate the
frequency of the relevant diseases in the absence of radiation.
Despite these uncertainties, reasonably consistent estimates have
been made by a number of authorities.

111. UNSCEAR /~"19_7 reached an estimate of between 115 and 140
fatal malignancies per million exposed per rem. The "Beir" report
of the U.S. National Academy of Sciences /~20 7 gives separate
estimates for populations of working ages (from 20 to 65) and of all
ages. Their estimates would correspond to a total of 93 to 328
fatal malignancies per million per rem for an exposure of which 75%
was to working populations and 25?» to general populations, as in the
present survey. Recent discussion of newer information available
since both these reports has given estimates in the range of 100 to
200 fatal malignancies per million per year. A central value of
about 150 per million per year would thus be consistent with most
likely estimates from these and other sources. To this total would
be added a lesser number, perhaps of the order of 100 per million
per rem, of thyroid or skin tumours fully removable by operation;
and probably very few illnesses of any other type, or injuries to
embryos, attributable to radiation at the dose levels concerned.

112. Within this group of harmful effects, therefore, a mean
dose rate of 6 mrem per year to a million people might give rise to
of the order of 0.9 fatal and 0.6 cureable malignant tumours annually.
These may be over-estimated unless the frequency of tumours per unit
of dose remains proportional to the amount of radiation exposure
both at high and at low doses.

B. FREQUENCY OF GENETIC ABNORMALITIES

113. Estimates can be derived both.from the UNSCEAR and from
the BEIR reports of the frequency of substantial genetic abnormal-
ities that would occur annually in liveborn children.in a .population
exposed continuously to a genetically significant dose,of 1 rem per
year. On a basis of evidence as to the radiation dose (of 100 rem)
that would double the natural .rate, UNSCEAR estimated this figure as
300. Alternatively, by summating the frequencies from different
types of mutational or chromosomal abnormality, the same central
value of 300 is obtained, although with limits of uncertainty that
would raise or lower the estimate by a factor of about.5 /~19 7«
The corresponding estimate derivable from the BEIR report is again
about equal at 300, with limits greater or less by a. factor of 6
/~20 7. By each analysis, the numbers appearing within the first
generation (30 years) after the start of the radiation would be
about 50 (per million of population per rem of genetically signif-
icant dose).

114. A continuing genetically significant exposure of 4 mrem
per year from nuclear power production would thus be expected to
give rise to about 0.2 defects per year during the first generation
(or rather less, since the carbon 14 contribution to dose would
still be small within this generation) rising to 1.2 defects per
year after many generations. These estimates might be too high or
too low by a factor of 5 or 6.

C. FREQUENCY OF ADDITIONAL DISEASES INDUCED

BY LOCAL IRRADIATION

115. The irradiation of lung tissues by uranium miners is
likely to constitute a significant contribution in this category.
If all mine ventilation was adequate to reduce radiation concentra-
tions to the recommended maximum (of "one-third of a working level"),
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the excess mortality from lung cancer should not exceed 150 deaths
per million per year. The practical difficulty in reaching these
levels uniformly throughout all mines probably implies however that
a rather higher risk would apply.

116. The uranium oxide requirement for a 1000 MW(e) station is
of several hundred tons of ore per year, and the number of miners
at risk would depend critically upon the degree of mechanisation
used as well as on the proportion of ore obtained from opencast
mines in which radon levels should always be much lower. If 200
miners were working in deep mines, a total of 0.03 lung cancers
would be expected per year or perhaps up to 0.05 allowing for the
probability of excess radon concentrations in some mines, and for
longer periods of mining than the 20 years referred to above.

117. Any further contribution from radioactive intakes in reac-
tor and reprocessing staffs seems unlikely to increase this figure
substantially. Thus, if 2000 staff were involved in reactor and
reprocessing operations for a 1000 MW(e) output, 0.1 fatal malig-
nancies would only occur per year if all staff sustained continuous-
ly an average of one-tenth the maximum permissible levels of partial
body internal irradiation, and such an average level is improbable.

118. Partial body irradiation of members of the general public
arises to a limited extent from both liquid and gaseous discharges.
On the basis of the UK analysis /~13_7 most of the liquid discharges
involve either external irradiation or internal exposure from radio-
isotopes of caesium in fish, both giving whole body irradiation of
which account has been taken already. Traces of cobalt 58 and 60
and of manganese 54 in fish add little to these doses. From the
estimated maximum doses /""13_7 and the population exposed /""21 7 the
consumption of laverbreaa containing a form of seaweed may have"
involved up to a tenth of a man.rem per Mfr(e)y to the intestine /~"21_7
and about the same to bone. In gaseous discharges krypton 85 will
deliver a dose to the skin from beta radiation in addition to that
to the whole body, amounting to about 5 man.rem per MW(e)y £"16 7.
The long half-lived iodine 129 is released in very low activities
but will accumulate slowly and irradiate the thyroid gland in which
iodine isotopes become concentrated. -As in the case of carbon 14,
a maximum estimate may be derived by considering the collective dose
commitment as integrated over 500 years, and, if all iodine 129
formed in the reactors were released, this collective dose would
reach about 0.5 man.rem/Mtf(e)y /~15_7»

119. Relating these exposures of the general population to the
hazard assumed for the various tissues irradiated singly, it appears
that these contributions would add of the order of 0.05 fatal and
0.5 operable cancers* /per year per 1000 MW(e<27 to the total of 0.15
or fewer fatal cancers arising from occupational exposure to partial
body radiation. These estimates are necessarily very approximate,
but indicate that the risk from partial body irradiation is likely
to be rather less for operable tumours, and considerably less for
fatal tumours, than are those from whole body radiation.

D. OCCUPATIONAL ACCIDENTS

120. Accidental deaths can be estimated very approximately on
the following basis. The heavy constructional work entailed in the
building of installations is likely to involve a fatality rate in
the region of 8 per 10,000 per year. With a labour force of 1000
for 5 years, this would indicate the likelihood of about 4 deaths
for reactor construction (and there is some direct evidence that an

*0f skin and thyroid.



average of 4 or 5 such deaths do in fact occur). Assuming an operat-
ing life of at least 20 or 25 years indicates an annual rate for
reactor construction of about 0.2 deaths, or say 0.25 to include the
smaller numbers of reprocessing plants.

121. Assuming that 200 miners are involved in deep uranium
mining with a fatal accident rate of 15 per 10,000 per year / 8 /»
a further 0.3 death per year should be added from this source, in
the relatively small staffs involved in milling, 0.1 deaths per year
have been assumed.

122. Deaths from occupational diseases are likely to be less
than in coal mining and should not raise this figure to more than
about 0.4. (Estimates of deaths directly attributable to occupation-
al causes in coal mining vary very considerably /_22_7, t u t r e c e n t

statistics from the Federal Republic of Germany 2:23_7 attribute 75
deaths to occupational diseases in coal miners as compared with 160
deaths during the same period from accidental fatalities).

123. As discussed above, transportation accidents will depend
very much on loads and distances involved, but a low figure of
0.002 deaths per year has been suggested /~11 7 from transportation
connected with a 1000 MW(e) plant in the Unite"d States. A transport
staff of 50, each driving 1000 km per week, with a risk of fatality,
as for public service vehicles, of 0.1.4 per million km / 24J, would
entail a similar figure of 0.003 deaths per year. Accidents to reac-
tor and reprocessing staffs should add less than 0.05 deaths per
year.

124. To this total of rather under 0.8 fatalities per year must
be added a number of non-fatal accidents and illnesses that are like-
ly to arise, mainly from the construction and mining phase of the
programme. Data for the U.S. £~7 7 show about 88 and 70 "disabling
accidents" for every one accidental death in constructional work and
mining respectively. An annual number of 22 + 21 = 43 such accidents
might thus be expected. Non-fatal illnesses are not likely to
increase this total substantially, and indeed the total for all non-
fatal disabilities have been estimated /"11 7 as 5 to 25 per
year per 1000 MW(e). An approximate figure~of 50 disabilities may
thus be added to that of 0.8 fatalities.

E. TOTAL ESTIMATED HARM FROM NUCLEAR POWER PROGRAMMES

125. These, necessarily very approximate, estimates of harm
would thus suggest that the supply of a year's needs of 1 million
people at 1 kW(e) each from nuclear power might involve in the
region of 1 death from malignant disease and an equal number of cases
curable by operation, with about 1 fatal and 50 other disabling
accidents and, after some generations of operation, of the order of
1 to 1.5 genetic defects of greater or less severity, per year.
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V. HEALTH HAZARDS INVOLVED IN POWER PRODUCTION

A . COMPARISON WITH HEALTH HAZARDS PROM ALTERNATIVE

MEANS OF POWER PRODUCTION

126. In making a choice between alternative methods of power
production, considerations of occupational and environmental health
clearly form only one, even if an important,factor. Many other fac-
tors such as cost, availability, needs of employment and facilities
for training or conduct of the industry may be dominant. It is par-
ticularly important, however, that the effects upon health of proce-
dures involving radiation exposure should be compared, as objectively
and numerically as possible, with those involved in the development
of alternative sources of power. This need is the more urgent since
the types of harm that may be induced by radiation, and the frequency
with which they may be so induced, are necessarily less familiar than
in the case of other hazards and pollutants associated with existing
methods of power production. Moreover, since no increase of malig-
nant or other disease has been detected in any present occupation
involving radiation exposure, with the one exception of uranium
mining, estimates of harm must necessarily still be based on predic-
tions of possible frequencies of harm rather than on observations of
actual frequencies.

127. The difference in type of harm, with the induction of
malignant disease and of genetic injury as compared with accidental
deaths and injuries, is understandably thought of as giving a worse
character to the hazards of nuclear as compared with other forms of
power production, and this increases the need for a proper perspec-
tive as to the frequency with which these effects might occur. In
fact, however, the induction of malignant disease by chemical factors
in the working environment is, unfortunately, becoming recognised in
a number of industries or production processes, and carcinogenic
chemicals are commonly also mutagenic. Indeed, the risks of fatal
malignancies involved in some forms of industrial exposure to chem-
ical agents have been shown to involve up to 10 to 30 deaths per
10,000 workers per year /~25 7, as compared with a probably maximum
estimate of less than 1 per To,000 per year for industries involving
radiation exposure.

128. Several studies have been made of the frequency of injuries
or fatalities associated with a given electrical power production by
conventional means. Thus, for example, Hamilton and Morris E^ZSJ
made estimates for power production by coal, oil and gas; ' and Hub
and Schlenker have published a similar analysis /~11 /. Such esti- '
mates necessarily depend on regional conditions of population density,
observed fatal and other accident or illness rates, and distances over
which materials require to be transported. It is important therefore
that similar comparative studies should be made for areas in which the
development of nuclear power programmes is being considered. As an
approximate basis for comparison, howeve , the general results of
existing reviews are of value.
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129. For a
and Morris I

/ear's production of 1000 MW(e) by coal, Hamilton
/ estimate the occurrence of 0.6 deaths in mining,

___ ... . ng and 1.2 in transport of fuel. For oil, their
corresponding estimates of occupational fatalities are 0.1 for
extraction, 1.0 during refining and 0.03 in transportation. For
gas, extraction involves 0.1 deaths, processing involves a negli-
gible fatal hazard and transportation accounts for 0.03 deaths.

130. When they include the health hazard to the general popula-
tion from air pollution - specifically from sulphur dioxide, sus-
pended particulates, polycyclic hydrocarbons, oxides of nitrogen,
ozone and other secondary products - their estimates of expected
mortality, to an 80 km radius from a 1000 HW(e) plant, are of 45
deaths annually from coal, 1,5 from oil and 0.15 from gas (with 1,0
from nuclear power).

131. Hubb and Schlenker /~11 7 estimate that one year's opera-
tion of a 1000 M*T'e) plant, including fuel production and transpor-
tation, would involve a total number of deaths from occupational
causes of 1.1 for coal, and 0.2 for oil. To the general public,
they add 0.6 during transportation for coal. Their estimate of
environmental hazards would, with a population density of 100 per
sq.km, involve from 0,4 to 2 deaths per year from either coal or oil
within a distance of 80 km.

B. BASIC APPROACH TO DECISIONS ON POWER PRODUCTION

132. In taking any decision, it is of value to be able to com-
pare the relative costs and benefits of the alternatives. This is
ordinarily very difficult, owing to problems in evaluating the
benefits in any objective way, and in relating them in any compara-
ble numerical terms with the costs.

133. In making a choice between alternative sources of power
the problem is simpler since, in large measure, the benefit of
available power is equal in each case and the question largely
resolves into a comparison of costs, of which health must be a major
one. It is impossible to compare directly the importance, to the
public or to the worker, of a given number of deaths from accidental
causes with an equal number from induced disease, or of defects in
later generations, and factors of anxiety and public evaluation will
attach very varying weight to different effects. It must remain.
important, however, to have an assessment of the likely frequency
of various effects, and to make decisions in the light of such
frequencies rather than merely in the fear that certain types of
effect may occur. In this sense the hazards involved in radiation
exposure need to be reviewed in just the same way as those from any
other form of chemical or physical agents, some of which in any case
have similar types of effect. It is however evident that, since any
radiation exposure may cause harmful effects, all unnecessary expo-
sure should be avoided and - as for any other hazardous agent - any
exposure should be justified by the purpose for which it is used,

134. A further factor which simplifies decisions relating to
radiation exposure is that, at the dose levels involved in the
present survey, the hazards resulting from such exposures are likely
to be simply proportional to the size of the dose received. This
implies that the harm to be expected from each of a number of
procedures Involving radiation exposure can be considered separately
and the contribution of one source of exposure - for example, from
radiology - does not alter the estimate of risk from another. Each
procedure involving radiation exposure can therefore be evaluated
independently, so that it can be ensured that the hazard involved is
justified, or more than justified, by the needs for the procedure.
In this way, the total radiation exposure of the population from all
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sources is to be justified by the needs for each source, rather than
by any allocation of a fixed total harm between competing require-
ments regardless of the necessity for each. What requires to be
minimised is the total risk to the population, not the risk from
individual types of hazard considered independently. Decisions on
power production can then be taken in the light of total hazards
from alternative sources, as well as of the hazards from failure to
develop any such source.

C. GENERAL CONCLUSIONS

135. The analysis presented in this report is necessarily
approximate, since it estimates future radiation exposures and
hazards on the basis of present experience of the exposures invol-
ved in the operation of reactors and reprocessing plants, and in the
disposal of gaseous and other radioactive wastes. It should,
however, give an adequate basis for comparing the added radiation,
exposure of workers and members of the public from any extensive
programme of nuclear power production, with the radiation exposures
already received from natural sources and from other accepted arti-
ficial sources. It should also provide a basis for comparing the
total health hazards involved in power production from nuclear sour-
ces with those incurred during equal power production by other means,
so that health aspects can be taken properly into account in any
decisions as to the development of additional power supplies and the
sources from which they should be derived.

136. The conclusion reached in the present report is that a
substantial nuclear power programme, developing 1 kilowatt of elec-
trical power from nuclear sources per head of population, would
increase the normal exposure always received by the population from
natural sources by an average of about 6%. This compares with
average increases in the region of 3596 from radiological procedures,
6% to the present generation from the fallout from nuclear tests,
and about O.6J6 from other artificial sources, as discussed in
Chapter II and summarised in para. 54. Figure 1 expresses diagram-
matically these average doses received from the various natural and
artificial sources of radiation exposure, as determined for the par-
ticular countries and conditions described in the text.

137. The value of comparing the doses of radiation received
from different sources in this way is that, as described in
Chapter I, the frequency of any harmful effects attributable to
each source is likely to be directly proportional to the radiation
doses delivered to the relevant body tissues by each such source.
This relationship holds both for the frequency of malignant changes
which may be induced in the individual exposed, and for that of
genetic abnormalities induced in his or her descendants, as dis-
cussed in Chapter I.

138. Absolute estimates of the actual frequencies with which
malignant changes might be induced by the doses of radiation receivr
ed from the various sources have been derived from studies of human
populations following exposure of the whole or part of the body to
known doses of radiation. These estimates of the cancer or leukae-
mia risk per unit dose are ordinarily derived from exposure to very
much higher doses than are involved in nuclear power production,
since it is only following such high doses that any increase in .
occurrence of malignancies is detectable. In consequence it is
likely that the risk from low doses is over-estimated by this proce-
dure. The risk of genetic abnormalities is inferred from experimen-
tal studies on animals.

139. In this way, the total health costs of a nuclear power
programme at any given level have been derived in Chapter IV from
the estimates of the radiation doses received during each stage of
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nuclear power production, from the mining of the ore to the disposal
of radioactive wastes and the reprocessing of nuclear fuel. As
described in Chapter III, an integral is obtained of doses received
and of the number of people receiving them, both for workers in the
various types of plant and for members of the general public who
might be exposed to radiation from gaseous or other waste disposal
or from accidental releases. Account is taken also of exposures
involving part of the body or single organs only and in these oases
the estimates of harm depend upon the sensitivity of the particular
organs in question to cancer induction by radiation.

140. In quantitative terms, the total impact of these radiation
exposures is conveniently expressed as the "collective dose" through-
out the population - the size of individual doses multiplied_by the
number of people receiving them - resulting ifföm a given level of
nuclear power production. Table 3 gives these values - as collec-
tive doses in man.rem from each stage of the production of 1 mega-
watt of electrical power during one year - i.e. as man.rem/MW(e;y.

141. It is seen that, of the total of whole body exposures in
the population, 4.2 man,rem/MW(e)y is incurred as the occupational
exposure of workers, mainly at reactors and at reprocessing plants,
the integral exposure of•members of the general public being smaller
at 1.5 man,rem/MW(e)y. Most types of waste disposal, including an
estimated annual discharge corresponding to possible accidental
releases as averaged over a period of time, amount to only 0.5
man.rem/MW(e)y, but an additional figure of 1.0 man.rem/MW(e)y is
included in respect of the slow discharge of low activities of radio-
active carbon - C-14 - which, because of its long persistence in
the environment, is likely to cause exposure at very low rates over
a very long period.

142. In estimating the frequency of genetic effects, the ages
of those exposed must be taken into account. The collective dose
received during occupational exposure has a smaller genetically
significant component than that received by the general public, in
view of the greater average age, and lower expectation of subsequent
childbearing, of the former than of the latter. Of the 4.2 man.rem
of genetically significant collective dose from 1 MW(e)y, 2.7
derives from occupational exposure and 1.5 from that of the public.

143. Table 3*records also the circumstances in which irradia-
tion occurs which is limited to parts of the body or single organs,
owing to the deposition or concentration of particular radioactive
materials in these situations. The highest and most consistent of
these exposures is likely to be that of lung tissues in uranium
miners from inhaled radioactive materials. The number of lung can-
cers that is estimated to result from this exposure, however, makes
only a minor contribution to the total harm of power production in
view of the small number of miners involved in maintaining the
necessary supplies of ore.

144. Table 3*also gives estimates of the number of fatal
accidents that may be expected to occur during each stage of the
production process, having regard to the numbers of workers likely
to be engaged, and the accident statistics for the types of work
involved. The largest contributions to the total of such acciden-
tal deaths are likely to arise during mining and in the construction
of installations. Other non-radiation illness and accidents are
also discussed in Chapter IV.

145. It thus becomes possible to estimate the total of all
fatal accidents and diseases, and of major non-fatal conditions,
resulting for example within 1 year in a population of 1 million
people deriving 1 kilowatt per person of electrical energy from
nuclear power. The estimates will necessarily depend to some extent
on type of reactor, techniques of waste disposal, population density,

See page 23.
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radiation protection practices and many other factors, as well as
on the accuracy of the risk estimates of the malignant or genetic
effects of radiation exposure at low doses. Under the conditions
assumed in the present analysis, the stated level of power produc-
tion would involve each year in the population of 1 million, about
one death from malignant disease, one case of malignant disease
fully curable by operation, one fatal and 50 other disabling acci-
dents; and after some generations of operation, of the order of 1
to 1£ genetic defects of greater or less severity.

146. It is essential that such costs in health should be
taken into account in decisions as to sources of increased power
production, and that they should be compared with corresponding
estimates of the health costs of alternative sources of power,
some at least of which appear to involve very substantial health
hazards of various types per unit of power produced.

147. It is to be hoped that the health aspects of alternative
methods of power production can be reviewed in this way on the
basis of quantitative estimates of the amount of harm that may be
involved by each, and, indeed, that such estimates should be com-
pared with an assessment of the harm that would result from failure
to develop additional power by any of the available methods.

• • • - J
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