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INTRODUCTION

1. The United Nations Scicentific Commitice on the
Effccts of Atomic Radiation (UNSCEAR)“ presents o
the General Asscmbly,b and thereby to the scientific
and world community, its latest cvaluations of the
sources of ionizing radiation and the cffects of
exposures, This is the cleventh in a series of reports
issucd by the Committce since it began its work in
1955. The major aims of the Committee’s work are 10
asscss the conscquences to human health of a wide
range of doscs of ionizing radiation and to estimate
the dosc to people all over the world from natural and
man-madec radiation sources.

2. The present report and its scientific annexes were
preparcd between the thirty-cighth and the forty-
second scssions of the Commitice. The material of the
report was devcloped at annual sessions of the
Committce, based on working papers prepared by the

@ The United Nations Scientific Committee on the Effects of
Atomic Radiation was established by the General Assembly at its
tenth session, in 1955. lts terms of reference are set out in resolution
913 (X) of 3 Deccember 1955. The Commitiee was originally
composed of the following Member States: Argentina, Australia,
Belgium, Brazil, Canada, Czechoslavakia, Egypt, France, India,
Japan, Mexico, Sweden, Union of Soviet Socialist Republics, United
Kingdom of Greal Britain and Northern Ireland and the United
States of America. The membership was subscquently enlarged by
the General Assembly in its resolution 3154 C (XXVII) of 14
December 1973 1o include the Federal Republic of Germany,
Indonesia, Peru, Poland and the Sudan. By resolution 41/62 B of 3
December 1986, the General Assembly increased the membership
of the Commitice 10 a maximum of 21 members and invited China
to become a2 member.

b For the previous substantive Reports of UNSCEAR to the
General Assembly, sce Official Records of the General Assembly,
Thirteenth Session, Supplement No. 17 (A/3838): ibid., Sevenieenth
Session, Supplement No. 16 (A/5216); ibid., Nineteenth Session,
Supplement No. 14 (A/5814); ibid., Twenty-first Session, Supplement
No. 14 (A/6314 and Con.l), ibid, Twenty-fourth Session,
Supplement No. 13 (Af1613 and Con.1); ibxd.,, Twenty-seventh
Session, Supplement No. 25 (A/8725 and Cort.1); ibid., Thirty-
second Session, Supplement No. 40 (A32/40); ibad., Thirty-seventh
Session, Supplement No. 45 (AJ/37/45); ibid., Forty-first Session,
Supplement No. 16 (AJ41/16). and ibid.,, Forty-third Session,
Supplement No. 45 (A/43/45). Thesc documents are referred o as
the 1958, 1962, 1964, 1966, 1969, 1972, 1977, 1982, 1986 and
1988 Reports, respectively. The 1972 Report with scientific annexes
was published as Jonizing Radiation: Levels and Effects, Volume I:
Levels and Volume I1: Effects (United Nations publication, Sales No.
E.72.1X.17 and 18). The 1977 Report with scienlific annexes was
published as Sources and Effects of lonizing Radiation (United
Nations publication, Sales No. E.77.1X.1). The 1982 Report with
scientific annexes was published as Jonizing Radiation: Sources and
Biological Effects (United Nations publication, Sales No. E.82.1X.8).
The 1986 Report with scientific annexes was published as Goretic
and Somatic Effects of lonizing Radiation (United Nations
publication, Sales No. E.86.1X.9). The 1988 Report with annexes
was published as Sources, Effects and Risks of lonizing Radiation
(United Nations publication, Sales No. E.88.1X.7).

secretariat that were modified and amended from onc
scssion to the next to reflect the Committee’s views.
The Report is bascd mainly on data provided by the
Mcmber States until the end of 1989. More recent
information has been used in the interpretation of
these data,

3. The following members of the Commitice served
as Chairman, Vice-chairman and Rapporteur, respect-
ively, at the sessions: thirty-cighth and thirty-ninth
sessions: K. Lokan (Australia), J. Maisin (Belgium)
and E. Létourncau (Canada); forticth and forty-first
sessions: J. Maisin (Belgium), E. Létourncau (Canada)
and L. Pinillos Ashton (Peru); forty-sccond session:
E. Létournecau (Canada), L. Pinillos Ashton (Peru) and
G. Bengtsson (Sweden). The names of experts who
attended the thirty-eighth to the forty-second scssions
of the Commitice as members of national delegations
are listed in Appendix I.

4. In approving the present Report, and assuming
therefore full responsibility for its content, the Com-
mittee wishes to acknowicdge the help and advice of
a group of consultants. These consultants, appointed
by the Secrctary-General, helped in the preparation of
the text and scientific annexes. Their names are given
in Appendix II, They were responsible for the prelimi-
nary reviews and evaluation of the technical informa-
tion received by the Committee or available in the
open scientific literature, on which rest the final
deliberations of the Committee.

5.  The sessions of the Committee held during the
period under review were attended by representatives
of the United Nations Environment Programme
(UNEP), the World Health Organization (WHO), the
International Atomic Energy Agency (IAEA), the
International Commission on Radiological Protection
(ICRP) and the International Commission on Radiation
Units and Measurements (ICRU). The Committee
wishes to acknowledge their contributions to the dis-
cussions.

6. In the present Report, the Commitice summarizes
the main conclusions of the scientific annexes. These
results build on previous UNSCEAR Reports and take
account of the scientific information that has since
become available. A major historical review of the
Committee’s work including the evolution of concepts
and evaluations, was included in the UNSCEAR 1988
Report. The present Report includes a gencral intro-
duction to the biological effects of ionizing radiation,
based on present understanding (Chapter 1). In order
to quantify the biological effects of radiation and to
define the exposures that cause them, it is nccessary 1o
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understand the radiation quantitics and units, These arc
discussed in Chapter I, Section A of the Report.

7. The consequences of cxposures to radiation are
asscssed (Chapter 11, Scction B) by making combined
usc of the results of radiobiological research and the
resulls of cpidemiological studics of exposed human
populations. The various sources of human radiation
cxposures arc summarized and cvaluated in Chapter
I1I. The doscs arc estimated from information in the
published literature, supplemented by data provided by
many of the Mcmber States of the United Nations.
Those who make usc of the Reports of the Committee
often have to take account of the way in which pcople
perceive the risks associated with ionizing radiation,
These perceptions depend on various personal and
socictal factors and intcractions. The principal features
of radiation risk perception arc discussed in Chapter
1V. A bricf summary and some indication of perspec-
tives are given in Chapter V.

8. The Committec is awarc of the wide readership
of the Report 1o the General Assembly and its scien-
tific annexes. Individuals and members of Govern-
ments in countrics throughout the world are concerned
about the possible hazards of radiation. Scientists and

medical specialists arc interested in the data compila-
tions in the Reports of the Commitice and in the
mcthodologics presented for radiation asscssments. In
carrying out its work, thc Committee applics its scicn-
tific judgement to the material that it reviews and
takes carc to rctain an indcpendent and ncutral posi-
tion in reaching its conclusions. The results of its work
arc presented for the general reader in the main text of
the Report to the General Assembly. The supporting
scientific anncxes are wrilten in a format and a
language that arc essentially aimed at the specialist.

9. Following established practice, only the main
lext of the Report is submitted to the General
Assembly. The full Repont, including the scientific
annexes, will be issued as a United Nations sales
publication. This practice is intended to achicve a
wider distribution of the findings for the benefit of the
international scicentific community. The Commitice
wishes to draw the attention of the General Assembly
to the fact that the main text of the Report is presented
separatcly from its scientific anncxes simply for the
sake of convenicnce. It should be understood that the
scientific data contained in the annexes are important
because they form the basis for the conclusions of the
Report.

I. BIOLOGICAL EFFECTS OF IONIZING RADIATION

10. The process of ionization changes atoms and
molecules. In cells, some of the initial changes may
have both short- and long-term consequences. If cellu-
lar damage docs occur, and is not adequately repaired,
it may prevent the cell from surviving or reproducing,
or it may result in a viable, but modified, cell. The
two outcomes have profoundly different implications
for the organism as a whole.

11. The function of most organs and tissues of the
body is unaffected by the loss of smail numbers of
cells, or sometimes cven of substantial numbers. How-
ever, if the number of cells lost in a tissue is large
cnough and the cells are important enough, there will
be obscrvable harm, reflected in a loss of tissue
function. The probability of causing such harm is zero
at small doses of radiation, but above some level of
dose (the threshold) it increases steeply to unity
(100%). Abovc the threshold, the severity of the barm
also increases with dose. This type of elfect is called
deterministic, because it is sure to occur if the dose is
large cnough. If the loss of cells can be compensated
by repopulation, the cffect will be relatively short-
lived. If the doses arc caused by an identified event, it
will usually be possible to identify the affected

individuals. Somec deterministic  effects  have
characteristics that distinguish them from similar
cffects due to other causes, which may belp to identify
the affected individuals. The occurrence of an
initiating event has sometimes been detected by the
unexpected appearance of deterministic effects.

12. The outcome is very different if the irradiated
cell is modificd rather than killed. It may then be able
10 produce a clone of modified daughter cells. Within
the body there are several highly effective defence
mcechanisms, but it is not realistic to expect these to be
totally effective at all times. Thus the clone of cells
produced by a modified but viable somatic cell may
cause, after a prolonged and variable delay called the
latency period, a malignant condition, a cancer. The
probability, but not the scverity, of the cancer in-
creases with dose. This kind of effect is called stocha-
stic, which mcans "of a random or statistical naturc™.
If the damage occurs in a ccll whose function is to
transmil genetic information to later generations, the
cffects, which may be of many different kinds and
severity, will be expressed in the progeny of the
exposcd person. This type of stochastic effect is called
a hereditary effect. Even if the doses are known, the
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excess cases of cancer or hereditary disorders can be
detected only in a statistical way: the affected indi-
viduals cannot be identificd. More details are given in
later paragraphs.

13. Exposures to radiation are of concern to the
Committece mainly in so far as they produce changes
in the spectrum of risks to which mankind is subject.
It therefore continues to be a major part of the Com-
mittee’s work to review and interpret data that provide
an improved undcrstanding of the quantitative relation-
ships between radiation exposure and cffects on health.
Except as a result of scrious accidents and the un-
wanted but incvitable irradiation of healthy tissues in
radiotherapy, the doses incurred by man are not so
large as to produce dcterministic cffects. Although the
Committec continucs to take an interest in deter-
ministic effects (onc of the annexcs to the present
Report is concerned with dcterministic effects in
children), most of its biological work in recent years
has been concerned with stochastic cffects in human
beings.

14. The most relevant sources of information on the
biological effects of radiation are those obtained
direclly from studies of human population groups
exposcd to known and different amounts of radiation.
The comparative study of the health of such groups is
known as cpidemiology. This is a scientific discipline
requiring both medical and mathematical skills. It is
discussed further in Section 1.B. In addition, a great
dcal of information about the mechanisms of damage
and the rclationships between dose and the probability
of dcleterious cffects in man can be inferred from
biological rescarch on isolated cells grown in vitro and
on animals. Studies of this kind allow links to be
established between the damage done to cells and the
eventual effects in tissucs or in the whole organism. It
is difficult to make quantitative predictions of the risks
to humans from non-human data, but when human
data arc lacking, animal data may havc to be used
directly.

15. The main practical interest in the risks of
radiation lics in the region of lower doses and dose
rates that are experienced in radiation work or in other
situations of cveryday lifc. As it happens, however, the
strongest epidemiological information comes from
situations involving higher doses and dose rates. Some
studies at doses of more dircct interest, e.g. on
radiation workers in the nuclear industry and pcople
exposed to radon in houses, are now under way.

16. It is important to realize that cpidemiological
studies do not have to be based on an understanding
of the biological mechanisms of cancer. However,
their interpretation is greatly improved if they are
supported by biological information lcading to con-

vincing biological models. These can provide a con-
ceptual basis for interpreting the results of epidemio-
logy, esscutially by suggesting dosc-response relation-
ships, the paramcters of which can be fitted to the
observed cpidemiological results. The information
provided by experimental biology is also supplemented
by biophysical knowledge of the initial deposition of
cnergy from radiation in the exposed tissucs. The
theoretical and experimental results are thus combined
to obtain a quantitative relationship between dose and
the probability of occurrence of the relevant cancer.

A. RADIOBIOLOGY
1. The target for radiation action

17. Deoxyribonucleic acid (DNA), the genetic
material of the cells, is the most important target for
radiation action. There is compelling cvidence from in
vitro ccliular research that the deleterious effects of
radiation derive mainly from the damage it causcs in
celiutar DNA.

18. DNA is present in the chromosomes, which are
basic components of the cell nucleus. Before cvery
somatic cell division, chromosomes are duplicated so
that each daughter cell receives an identical set of
chromosomes. Each mammalian species is character-
ized by a particular and constant chromosome number,
size and morphology.

19. To explain the mechanisms by which ionizing
radiation damages cells it is necessary to provide a
simplified description of the function of the DNA
molecule. Although the maintenance of the overall
chromosome structure is crucial for several processes
involving DNA, it is the DNA polymer itself that is
the source of the information that passes from a cell
to its descendants. The information is encoded in a
linear sequence of alicrmating molecular structurcs
called base-pairs. These pairs form links between the
strands of the double-stranded backbone of the DNA
polymer.

20. The base-pair code in DNA is arranged in
groups, each providing the basic unit of cellular
information and heredity, the gene. In a2 mammalian
cell, it is likely that there arc approximately 100,000
genes, each of which depends for its correct function
on maintaining a constant basc-pair scquence in the
DNA. Changes in these secquences, by base-pair substi-
tution, loss or addition, can change the gene function.
Such changes are termed genetic mutations.

21. The DNA is known to be damaged by radiation.
Two mechanisms are involved: (a) direct effects of
ionization in the DNA structure and (b) indirect effects
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duc 1o the production of active chemical radicals in
the vicinity of the DNA and the diffusion of these
radicals to thc DNA, where they induce chemical
changes. Both direct and indircct cffects are of a
probabilistic nature, with their prababilitics of occur-
rence increasing with the radiation dose and the
volume of the target. There are many other causes of
damage to DNA, including errors in replication when
cclls divide.

22. Damage to the DNA, including radiation
damage, is subject to very efficient repair mechanisms
mcdiated by cnzyme actions. If the damage to the
DNA within a gene is confined to onc strand, the
repair mechanisms can make usc of the information
provided by thc complementary bascs in the other
strand. Repair is then highly probable, but as in any
complex sysitem, it is not always crror-frce. Some-
times, however, both strands may be damaged at the
same location in the gene. Repair is then more
difficult, and genetic code changes or losses are more
likely.

23. A track of radiation consists of a serics of
scparate events, cach involving a localized deposition
of cncrgy. If this deposition is in the immediate
vicinity of DNA and is large cnough, molecuiar
damage may occur in the DNA bases or in the
backbonce strands. The nature and likelihood of the
biological damage caused by this DNA damage
depends on the density of the encrgy deposition along
the tracks that interscct the DNA and also on the
complex interplay between the damage and the repair
cnzymes of the cell. For sparsely ionizing radiations,
such as x rays, the net effect of these processes is
such that the dose-cffect relationship for most
stochastic effects is curvilincar. Densely ionizing
radiations, such as alpha particles and the prolons
produced by necutrons, are more effective in producing
stochastic effects and the dosc-effect relationships are
more likely to be lincar.

24. In addition to these cffects at a single point in
the DNA, the presence of a number of ion pairs
scattered through the nucleus may cause ccllular
changes that complicate the simple response patiern
described above.

25. lmespeclive of the detail of the biological
mechanism, the probability that radiation will induce
specific changes in the genetic code of cells by single
tracks and the additional interaction of multiple tracks,
may be expressed as the sum of two terms, one
proportional 1o dose and the other proportional to the
square of dose. At low doses with any dose rale and
at high doses with low dose rate, only the term
proportional 10 dose is effective. At high doses with
high dose rate, both terms are relevant. With densely

jonizing radiation, c.g. alpha particles, thcre are fewer,
but denser, tracks per unit dose, and cach track is
more likely 1o produce damage that is not successfully
repaired, so the relationship is more likely to be
proportional to dose at all doses and dosc rates.

26. When human tissues arc cxposed to radiation,
various changes in the ccll genctic code (mutations)
arc induced randomly, with probabilitics depending on
dosc as already discussed. For any given change, the
cxpecled number of changed cells is the product of the
probability and the number of cells at risk. These cells
at risk arc considered to be the stem cells of tissucs,
namely the cells that maintain the tissues by division,
compensating for cells that mature, differentiate and
eventually die, in what is called the cell reproduction
cycle.

2. Effects of induced changes
in the cell genetic code

27. Some changes in the genetic code are
incompatible with the sustained reproduction of the
cell, resulting in the death of the cell progeny. Unless
many cclis are killed, this is usually of no conse-
quence for the tissucs and organs because of the large
number of cells in the tissue and the very substantial
redundancy they provide in the functional capability of
the tissue.

28. Cell killing by radiation can be quantitatively
studiced in cell cultures in vitro to gain information on
the shape of the dose-response relationship. Radiation
accidents and cxperiments in vivo with animals show
that high doses can deplete the tissues sufficiently to
causc functional failure. In turn, deterministic cffects
in some tissues, such as the vascular and connective
tissucs, cause secondary damage in other tissucs.

29. Other types of change in the gencetic code result
in viable, but modified, cells. Some of these cells may
belong to gonadal cell lines (ova or sperm) and would
express the change as hereditary cffects. Others would
remain in the cxposed tissues, being potential causes
of somatic effects. In both cases, the effects arc
stochastic, governed by the probabilistic nature of the
induction of changes in the ccll genctic code.

(a) Deterministic effects

30. While individual cell killing is a stochastic
cffect, organ and tissue failures require the killing of
large numbers of cclls and thercfore have thresholds
of dose. Cell depletion is a dynamic process operating
in compctition with the proliferation of unaffected
cells. Tissue failures are thercfore dependent on both
dosc and dose rate. Although the changes in individual
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cells are stochastic, the changes in a large number of
cclls result in a deterministic outcome. These effects
arc thercfore called deterministic.

31.  Becausc the proportion of cells killed depends on
dosc, the scverity of the deterministic effect also
depends on dosc. If people of varying susceptibility
arc cxposed to radiation, the threshold in a given
tissuc for deterministic cffects of sufficicnt severity to
be obscrvable will be reached at smaller doses in the
more scnsitive individuals. As the dose increases,
more individuals will incur the observable effect, up
to a dosc above which the whole group shows the
effect.

32. Examples of deterministic effects are the induc-
tion of temporary and permancnt sterility in the testes
and ovarics; depression of the cffectiveness of the
blood forming system, leading to a decrease in the
number of blood cells; skin reddening, desquamation
and blistering, possibly lcading to a loss of skin
surface; induction of opacitics in the lens and visual
impairment (cataract); and inflammation processes that
may occur in any organ. Some cflects are indirect in
that they arc the result of deterministic effects on other
tissucs. For example, radiation that leads to the
inflammation and cventual fibrosis of blood vessels
may result in damage to the tissues served by those
blood vesscls.

33. A special case of dcterministic effect is the
radiation syndrome resulting from acute, whole-body
irradiation. If the dose is high enough, death may
result from scvere cell depletion and inflammation in
onc or more vilal organs in the body (blood-forming
organs, the gastro-intestinal tract and the central
ncrvous system, in decrcasing order of sensitivity).

34.  During organ development in utero, deterministic
radiation cffects arc most pronounced at the time when
the relevant tissuc is being formed. The killing of even
a few, but cssential, cclls may result in malformations
because those cclls will not bhave progeny. One
important effect of exposure to radiation in utero is a
dosc-related increase in mental impairment, up to and
including scevere mental retardation.

35. The induction of mental retardation is thought to
be the result of the impaired proliferation, differen-
tiation, migration and connection of neural cells at the
time when the relevant tissue (brain cortex) is being
structured, namcly the 8-15 week period after concep-
tion in humans. The number of necural cells that are
misconnecled depends on dose. If, as a first approxi-
mation, the magnitude of the mental impairment is
taken to be proportional to this number, it would be
expected that standard indices of the cognitive
functions, e.g. the intclligence quotient (1Q), would
reflect this dose dependency.

36. In population groups, the IQ has an approxi-
mately normal (Gaussian) distribution, conventionally
taken to have a central valuc of 100. Since the average
1Q score decreasces as radiation dose increascs, appa-
rently without an increasc in the amplitude of the
spread (standard deviation), the decrease in the values
of 1Q can be described as a uniform shift of the IQ
curve to the left (to lower values). If a pathological
condition is defined as a condition in which the 1Q of
an individual is below a stipulated value, such a shift
would increase the number of individuals with the
pathological condition. This fact is important for the
interpretation of the epidemiologically observed mental
retardation induced by radiation, discussed in Section
I1.B.1.

(b) Cancer induction

37. ‘There is compelling cvidence that most, if not
all, cancers originate from damage to single cells.
Cancer initiation involves a loss of regulation of
growth, reproduction and development in somatic stem
cells, i.e. the loss of control over the cell reproduction
cycle and differentiation processes. Point mutations
and chromosomal damage play roles in the initiation
of ncoplasia. Initiation can result from the inactivation
of tumour suppressor genes, some of which play a
central role in the control of the cell cycle. Although
cells may have undergone initiating changes, they will
not express their properties until they are stimulated
("promoted”) to reproduce by chemicals, hormones
ctc. in their environment. The promoting agents may
be independent of the initiation agent.

38. Single changes in the cell genetic code are
usually insufficient to result in a fully transformed cell
capable of leading to a cancer; a series of several
mutations (perhaps two to seven) is required. In
spontancous cancers, these mutations will have
occurred randomly during life. Thus, even after initial
ceill transformation and promotion, further mutations
are needed, and may well be available, to complete the
clonal transition from pre-ncopiasia to overt cancer.
The whole process is called multi-stage carcino-
genesis.

39. It is possiblc that radiation acts at scveral stages
in multi-stage carcinogenesis, but its principal role
seems 1o be in the initial conversion of normal stem
cells to an initiated, pre-neoplastic state, The action of
radiation is only one of many processes influencing
ibe development of cancer, so the age at which a
radiation-induced cancer is expressed is not likely to
be very different from that of cancers arising
spontaneously. In some circumstances, however, later
stages may be affected by radiation, thus changing the
times at which cancers appear.
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40. Canccr initiation provides the target cells with
some degree of proliferative or sclective advantage,
which is cxpressed after adcquate promation. The
advantage may be a shorter reproduction time than
that of normal ccells or a blocking of normal cell
differentiation. On the other hand, the very few trans-
formed cclls arc immersed in a very much larger
number of normal cclls, and their pre-ncoplastic
properties can be constrained by their neighbours. An
escape from these constraints is a crucial [cature of the
neoplastic process.

41. Even with their  proliferative  advantage,
transformed cells and their progeny can be eliminated
by the random process comprising reproduction, termi-
nal differentiation and dcath that is at a steady statc in
mature tissues. The probability of elimination depends
on the number of transformed cells and the degree to
which they have become autonomous. At least one cell
must lcad to a clone of modified cells for a cancer 1o
develop. The probability of this occurring is related to
dosc by the same type of dosc rclationship (lincar or
linear-quadratic) as discussed for heritable mutations
in the cell. This broadly supports the contention that
randomly induced cellular events are responsible for
cancer induction.

42. Many animal experiments confirm the predicted
shape of the dose-response relationship. It should be
mentioned that, at higher doses, cell killing is
substantial, competing with cell transformation and
causing the dose-response curve 1o bend downwards.
In particular, the following points should be stressed:

(2) unless the single cell origin of most cancers is
thought to be unlikely, no low-dose threshold is
to be expected;

(b) if radiation acts primarily as an initiating cveni,
providing onc among several required mutations,
multiplicative models of risk projection in time
can be expected to be more realistic than addi-
tive models. (Sce also Scction I1.B.2).

43. Therc are problems in assessing the risks of
cancer for cxposures at low doses and low dosc rates,
since most human data are available only at high
doses and high dose rates. The approach commonly
used in risk assessment is to it a lincar dose-response
relationship to the data, a procedurc that is usually
considered to give an upper limit to the risk at low
doses. This is because the quadratic term will increasc
the response at high doses with high dosc rates,
forcing an increase in the slope of the fitied straight
line. From radiobiological considcrations, it is then
possible to assess the value of the factor by which the
slope of the fitted curve should be reduced 1o give an
estimate of the lincar component of the lincar-
quadratic relationship. Direct information on humans
exposed at low doses is beginning to emerge and will

increasingly provide a check on estimales derived
from data at high doses.

44, Novel systems to study cell transformation in
vitro and cellular and molecular studics with these
systems and with animal ncoplasms appear to be
potentially very productive sources of information
about the mechanisms of cancer induction. Modern
cellular and molecular studics may makc it possible to
diffcrentiate between radiation-induced cancer and
other cancers. If samples of tumours from radiation-
cxposcd human groups were to be systematically
stored, they would then be a very important resource
for futurc studics on oncogenic mechanisms and for
the establishment of causality between cancer in the
population and physical or chemical carcinogens in the
cnvironment.

(¢) Hereditary efTects

45. If the change in the genetic code occurs in the
germ cells, i.e. the egg or sperm or the cells that pro-
duce them, the effect is transmitted and may become
manifest as bereditary disorders in the descendants of
the exposed individuals. Experimental studies on
plants and animals show that such changes may range
from trivial to severe, causing gross loss of function,
anatomical disorders and prematurc death,

46. Any non-lethal damage to DNA in germ cells
can, in principle, be transmitted to subsequent gene-
rations. Hereditary disorders in humans vary widely in
their severity. Dominant mutations, i.e. changes in the
genetic code that produce a clinical effect when in-
herited from only one parent, can lead to genctic
disorders in the first generation progeny. Some of
these disorders arc very harmful to the affected indi-
vidual and affect length of life and the likelihood of
having offspring. Some dominant mulations can be
passcd silently through scveral generations and then
suddenly cause their effects. This can occur if the
gene is moderated by other genes or is imprinted, i.c.
il the expression of the gene is dependent on the sex
of the parcnt from whom it was inherited.

47. Recessive mutations arc changes in the genctic
code that produce a clinical cffect only when two
copies of the defective gene have been inherited, nor-
mally onc from cach parent. They produce litde effect
in the first few gencrations, as most offspring will
inberit the defective gene {rom only one parent, and
carriers arc usually not affected. However, recessive
mutations may accumulate in the gene pool of the
population, as cach carrier passes the mutation on to
many offspring. As the probability that both parcnts
carry the mutation increascs, so too docs the risk that
a child will inherit two copies of the defeclive gene
and will suffer deleterious effects of the mutation.
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48. Two points about rccessive mutations arc
important. A recessive mutation often has some effect,
albeit slight, even when only a single copy has been
inherited, so it may result in some reproductive dis-
advantage. Also, recessive mulations introduced into
the genctic pool are subject 1o processes that tend to
climinate them: random climination, called drift, and
sclection based on reproductive disadvantage. For this
rcason, newly induced recessive mutations in the gene-
tic pool causc a finite total damage over the gencra-
tions of descendants.

49. A third, and frequent, type of deleterious change
is duc to the interaction of scveral genetic and en-
vironmental factors; these are known as multifactorial
disorders. A general increase in mutations would be
cxpected to increase the incidence of multifactorial
disorders. The magnitude of such an increase is at
present unclear but is likely to be small.

B. EPIDEMIOLOGY

50. Epidcmiological studics, when interpreted with
the aid of biological knowledge, provide the basis for
asscssing the consequences of radiation exposures.
There are also many qualitative studies that confirm
that radiation at high enough doses can induce cancer
in most of the tissues and organs of the body. There
arc, however, scveral significant exceptions. At
present, the three principal sources of quantitative
information on stochastic effects of radiation in man
arc the cpidemiological studics on the survivors of the
nuclear weapon cxplosions at Hiroshima and Nagasaki,
on paticnts cxposed to radiation for diagnostic and
therapeutic procedures and on some groups of workers
exposed to radiation or radioaclive substances at work.
As this Scction will show, there is little hope that
differences in cxposures to natural sources (excluding
radon) will be able to provide quantitative information
on stochastic cffects, but some occurrences of high
radon levels or substantial environmental contamina-
tion from accidents may well allow further relevant
study groups to be identificd.

51. Epidemiology is concerned with establishing
patterns in the occurrence of diseases, associating
these patterns with likely causes and then quantifying
the associations. The process is one of obscrvation and
inference. Epidemiological studies are inherently
obscrvational in nature: they arc arranged by circum-
stances rather than as a result of cxperimental design.
Choices can be made of the groups to be studied and
of the mcthods of analyzing the data, but there is
seldom an opportunity to modify the conditions of the
study population or the distribution of the causes
under investigation. In this way, cpidemiology differs
sharply from experimental science.

52. Three different types of epidemiological study
have been reviewed by the Committee: cohort studies,
casc-control studies and geographical correlation
studics. In cohort studics, a group of individuals, the
cohort, is sclected on the basis of their exposure to the
agent of interest, without prior reference to the discasc
under study, c.g. cancer. The group is then followed
forward in time to record the mortality from or the
incidence of relevant discases. The exposure of the
members of the cohort to the suspected causatlive
agent is  estimated cither from contemporary
measurcments, as in occupational exposurc, or by
retrospective studies. It is then possible, by standard
epidemiological techniques, to compare the incidence
of discase or mortality rates following diffcrent levels
of exposure.

53. If all the members of the cohort have been
exposed and there is not a wide enough range of
exposures to provide scveral groups with different
levels of exposure, it is necessary to compare the
experience of the cohort with that of a control cohort
of individuals with substantially lower ecxposures.
Ideally, the two cohorts should be very similar in
characteristics that might influence the incidence of or
mortality from the disease under study. Otherwisc,
these characteristics may act as confounding factors,
distorting the obscrved relationship between discase
and cxposure. Even within a cohort, there may be
potentially confounding factors between the groups
with different levels of exposure. When information is
available on the values of these factors for the
individuals in the cohorts, it may be possible to allow
for them. The two obvious factors in the case of
cancer, age and sex, always have to be allowed for.
More subte factors, such as dict, social status and
hereditary predisposition, may remain and may bc
difficult to quantify or even to identify.

54. One important cohort study is the Life Span
Study of the survivors of the atomic bombings of
Hiroshima and Nagasaki. This is based on a large
cohort of all ages and both sexes with a very wide
range of exposures. About 60% of the original cohort
are still alive, so the present conclusions are still based
on incomplete data, especially for those exposed in
youth, but it remains the most substantial cobort study
used by the Committee.

55. In the second type of study, the casc-control
study, the aim is to ascertain all the cases of the
diseasc in a defined population, e.g. those living in a
specified arca during a specificd period, and then to
select for each case onc or more control individuals
without the discase but drawn from the same
population as the case. The cases and controls can
then be compared to sce if there are significant
differences in the exposures. As with cohont studies,
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carc has 1o be taken to avoid the effects of confound-
ing factors. This can be done cither by matching the
controls to the cases for factors such as age and sex or
by using statistical techiniques in the analysis.

56. Bccausc only the cases and the matched controls
have to be investigated, case-control studics can give
significant results with smaller study groups than are
needed for cobort studics. Case-control studics are
thercfore useful where the collection of data on the
individual cxposures requires detailed and cxtensive
ficldwork, making cohort studics impossible or pro-
hibitively expensive. Case-control studics are particu-
larly useful in examining the cffects of exposure to
radon in dwellings on the risk of lung cancer. In this
work, it is important 1o allow for smoking habits, for
which historical data are usually cither lacking or
unrcliable in cohort studies. The necessary data can be
sought in casc-control studics.

57. The third type of study is the geographical
corrclation study. These studics are usually the easiest
1o conduct but arc the most difficult to interpret and
the most prone to error. In a geographical corrclation
study, two or more groups of pecople in different
locations are sclected on the basis of a difference in
long-term exposure to radiation, usually radiation from
natural sources. Health statistics for the groups arc
then compared to identify any relevant differences.
This technique takes account of the difference in the
average exposure between the groups but ignores the
distribution of exposures within the groups, about
which information is rarely available. If any important
confounding factors, such as age, dict or cxposure 1o
pollution, arc not randomly distributed between the
groups, false conclusions arc likely to be reached.
Geographical correlation studies have not yet been of
much value to the Commitice, largely because it is
difficult to find groups with a large and accurately
known differcnce in exposure but a small difference in
confounding factors.

58. To provide meaningful results, all types of
cpidemiological study need careful design, execution
and interpretation. Moreover, studies that expect a
small absolute increase in the incidence of discases
that already exist naturally, such as cancer, must be
large if they are to provide statistically significant
information. There are two main limilations in
epidemiological studies: one, statistical, gives rise to
random errors; the other, demographic, gives rise lo
systemalic errors.

59. In many countrics, the lifctime probability of
dying of cancer is about 20%. If twa populations are
being compared to detect with confidence the effect of
a higher radiation dose in one of them, it is necessary
10 obtain a difference between them that is statisti-

cally significant. To detect an increase in monality
from, say, 20% 1o 22%, cach of the populations would
have 1o number at least 5,000. If the groups were
followed 10 cxtinction, about 1,000 cancer dcaths
would be obscrved in the uncxposed group and about
1,100 in the cxposed group. The 90% conlidence
limits on the dilference would be about 0-200, just
significant. With current estimates of risk, such an
increasc would result from a lifetime whole-body dose
of about 0.4 Sv. This corresponds to an increase by a
factor of 5 in the typical lifetime dosc from natural
sources other than radon (0.001 Sv per year) for the
wholc 70-ycar life of the exposed group (0.001 Sv per
year x 70 years x 5).

60. The sccond limitation results from the need to
maich the study and control groups for any con-
founding factors that influence the incidence of cancer.
Unless the study and control groups are drawn from a
single homogeneous population, it is rarely possible to
match the groups, or to make allowance for the differ-
ences, with sufficicnt accuracy 1o dctect with
confidence 3 small increasc in cancer mortality. Any
inadequacy in the matching of the control and study
groups may give a bias that cannot be reduced merely
by expanding the size of the groups.

61. It is this likelihood of bias that imposes scvere
limitations on the power of geographical correlation
studics of mortality in geographically scparated groups
such as thosc uscd in studies of the effects of expo-
surcs 1o different levels of natural background
radiation. It emphasizes the importance of cohort
studics, in which a single population can be sub-
divided into groups with different levels of exposure.
Therc may still be confounding factors that differ from
group to group, but they are likely to be fewer in
number than between geographically separated groups.
Populations that can be subdivided according to
exposurc include the Life Span Study group in Hiro-
shima and Nagasaki, groups of paticnts undergoing
radiothcrapy and some occupational groups. Because
of these limitations it is important to asscss lhe
feasibility of any cpidemiolagical study before
committing resources.

62. Much of the quantitative information available
from the studics on these populations is limited to
fairly high doscs and dose rates. Estimates of the risks
at smallcr doscs can be obtained only by extrapolation
downwards [rom the results at high doses. The range
of this extrapolation is not large, because the small
doses of inlerest are superimposed on the inescapablie
doses duc to natural radiation sources.

63. In the UNSCEAR 1988 Report, the Commitice
reviewed in detail the bigh-dosc information from
epidemiological studics, with an emphasis on the data
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from Hiroshima and Nagasaki. It is too soon to repcat
a comprchensive review of the Japanese data, but it
has been possible to take account of the additional
data now availablc and to rcassess the previous con-
clusions. A substantial study of different methods of
interpreting the data has been undertaken. In parti-
cular, an cxamination has been made of available
modecls for projccting risk to give cstimates of the
lifetime probability of death caused by exposure to
radiation. The Committce has also made use of other
studics, particulary some rccently published data on
the cffects of occupational exposure at moderate to
low doscs. These data supplement the results from the
Lifc Span Study but do not yet have the statistical
power to add much to the quantitative estimates of
risk. The epidemiological studies do not provide
significant data for radiation risks in the low-dosc
rangce. The cxtrapolation to the low-dose range has to
be validated by experimental biological studics. There-

forc the Committec has linked the cpidemiological
studies with a comprehensive review of the mecha-
nisms of human carcinogenesis and the cffects of dose
and dosc rate on radiation responses. The overall
result is to confirm the risk cstimates of the
UNSCEAR 1988 Report.

64. A great deal of work has been done worldwide
on epidemiological studies, but the accumulation of
quantitative information is neccessarily slow. For
example, more than half the study group in Hiroshima
and Nagasaki is still alive, and the observed excess of
cancer deaths, about 350 to date, is rising slowly. The
Committee has concentrated its time and resources on
extensive scientific discussions on the implications of
the available studies and has not prepared an Annex
on epidemiology for publication at this time. The
Committee’s conclusions are summarized in Sec-
tion 1I.B.2 of this Report.

II. QUANTITATIVE ESTIMATES OF RADIATION EFFECTS

A. QUANTITIES AND UNITS

65. A spccific set of quantitics is nceded to describe
and quantify radiation and its biological effects.
Details of radiation quantities and units and an
cxplanation of the derivations and variations in the use
of these concepts were presented in the UNSCEAR
1988 Report. The Committee’s usc of quantities and
units corresponds to accepted international practice.

1. Dosimetric quantities

66. Radionuclides arc characterized by unstable
configurations of the nucleus of the atom. They decay
in spontancous nuclear transitions and in so doing emit
radiation. The characteristic rate of decay of each
radionuclide is described by its half-life, the time in
which spontancous transitions will have occurred in
onc half of the atoms. The ratc at which transitions
occur in a quantity of a radionuclide is termed the
activity, the unit for which is the becquerel (Bg). If a
quantity of a radionuclide has an activity of 1 Bgq, the
transitions arc occurring at a rate of one per second.

67. Onc of the basic quantitics used to quantify the
intcraction of radiation with material is the absorbed
dose. This is the encrgy imparted 10 a small element
of material divided by the mass of that clement. The
unit of absorbed dose is the joule per kilogram, called
for this purpose the gray (Gy). For most purposes, the

Committee uses the average absorbed dose in a tissue
or whole organism rather than the absorbed dose at a
point. Most radiation exposures causc different ab-
sorbed doses in different parts of thc human body.
Absorbed doses from diffcrent types of radiation have
different biological effectiveness, and the organs and
tissues in the body have different sensitivities,

68. For the same absorbed dose, densely ionizing
radiations such as alpha particles are more effective in
causing biological effects, especially stochastic effects,
than are sparsely ionizing radiations such as gamma
rays, x rays or clectrons (beta particles). It is uscful to
combine the absorbed doses from different types of
radiation to provide a further quantity called the equi-
valent dose. The equivalent dosc in a human tissue or
organ is the absorbed dose weighted by a radiation
weighting factor that ranges from unity for sparscly
jonizing radiation to 20 for alpha particles.

69. The various organs and tissues in the body differ
in their response to exposure to radiation, To allow for
this, a further quantity, the cffective dose, is uscd. The
cquivalent dose in cach lissue or organ is multiplied
by a tissuc weighting factor, and the sum of thesc
products aver the whole body is the called the effec-
tive dose. The effective dose is an indicator of the
total detriment duce 10 stochastic cffects in the exposed
individual and his or her descendants, Since both the
radiation weighting factor and the tissue weighting
factor are dimensionless quantities, the dimensions of
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the cquivalent dose and the cffective dosc are the
samc as the dimensions of the absorbed dose, and the
unit is the same, the joule per kilogram. However, to
ensure a clear distinction between the absorbed dose
and its weighted analogues, it has been agreed that the
unit of equivalent dosc and of effective dose should
have the special name sievert (Sv).

70. Changes in the radiation and tissuc weighting
factors in 1990 complicatc the comparisons between
new and earlier estimates of dosc. In general, the
Committee has not atterapted to recvaluate old data in
terms of the new quantities, because the changes are
usually small. Where reevaluations have been made,
this is indicated in the text.

71. Absorbed dose, equivalent dose and effective
dosc all apply 10 individuals or to average individuals.
The Committece also uses the collective cffective dose,
which is the average dose to an exposed population or
group multiplied by the number of pcople in the
group. This quantity is defined for a specificd source
or for a specified unit of a practice. It may refer to the
total of the future doses committed by that source or
unit of practice, as for instance, the collective effective
dose committed by atmosphcric nuclear explosions or
by onc ycar of medical exposures. If the probability of
late cffects is proportional to cffective dose at low
doses, which is probably the case, the collective
effective dose is an indicator of the total attributable
harm to be expected in that group and its descendants.
If the individual doses making up a collective dose
cover a wide range of values and cxtend over very
long periods of time, it is more informative to
subdivide the collective dose into blocks covering
more restricled ranges of individual dosc and time.
The unit of collective effective dose is the man sievert
(man Sv).

72. Some evenls, especially those involving a release
of radioactive materials 1o the environment, may give
rise to exposures extending in time, sometimes for
many gencrations. In these situations, the collective
dosc is still a useful quantity, provided it is made clear
that the collective dosc is that commitied by the rele-
vant source or unit of practice. To give an indication
of the dose committed to a typical, but hypothetical,
individual now and in the future, the Committee uses
the quantity dose commitment. This is the integral
over infinite time (or for a specificd period) of the
average, per caput, dose rate lo a specified population,
often the world population, resulting from the event.
The dose referred to is almost always the effective
dose. The dose commitment has been particularly use-
ful in assessing the Tong-term consequences of events
occurring within a limited time, such as a scries of
atmospheric nuclear explosions. The unit of effective
dosc commitment is the sievert.

2. Risk and detriment

73. The Commitiee has also nceded to adopt a con-
sistent method of describing quantitatively the proba-
bility and severity of stochastic cffects of an exposure
to radiation. The term risk has been widely used in
this context, but without adcquate consistency. It is
somctimes uscd to mean the probability of an undesir-
ablc outcome, bul at other times to mean a combina-
tion of the probability and the scverity of the outcome.
For this reason, the Committee has tried to avoid the
use of the term risk, except in well-established formu-
lations such as "excess relative risk” and "multiplica-
tive risk projection model”.

74.  Onc important concept for the Committee is the
probability of fatal cancer resulting from an increment
of cxposure 1o radiation. The annual probability varics
with time after exposure, and the most useful sum-
marizing cxpression is the probability over the whole
of life of dying prematurely as the result of the extra
exposurc. This is not a simple concept because the
total lifctime probability of death is always unity. Any
additional exposure to a hazard causing an increase in
the probability of decath from one cause reduces life
expectancy and the probability of death duc 1o all the
other causes.

75. For the Committee’s purposes, the most appro-
priate quantity for expressing the lifetime risk of death
due to cxposure to radiation is the risk of exposure-
induced death, sometimes called the lifetime probabi-
lity of attributablc cancer. This quantity takes account
of the fact that other causes of dcath may intervene
before the risk of death due to an exposure to radia-
tion can be expressed.

76. Since the effect of the additional exposure is to
dccrease life expectancy rather than to increase the
probability of death, the atiributable probability is not
an adequate indicator of the effect of an exposure.
When summarizing the detriment per unit exposure,
the Committec has therefore also used the average
period of life lost should an attributable cancer death
occur. The combination of this period and the attribut-
able lifetime probability is a2 measure of the average
loss of life expectancy. All these quantities can be
uscd to asscss the consequences of a single or con-
tinued exposure resulting in a2 known dose. If the
exposurcs are limited to a range in which the dose-res-
ponse relationship is approximately linear, the quanti-
tics can also be expressed per unit dose. When the
relationship is clearly non-linear, the quantities can be
specificd at a stated dosc, usually at an cffective dosc
of 1 Sv.

77. A more complex approach to detriment has been
used for protection purposes by the International
Commission on Radiological Protection (ICRP). This
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approach takes account of the attributable probability
of fatal cancer in diffcrent organs, of the additional
detriment from non-fatal cancer and hereditary dis-
orders and of the different latency periods for cancers
of dilfcrent kinds. All these features arc included in
the sclection of the weighting factors for converting
cquivalent dose into cffective dose.

78. The coefficient linking the probability of fatal
cancer to the effective dose is thus a function of the
age and scx distribution of the exposed population and
of any ethnic variations. Neverthcless, the Committee
has found it adequate to use the nominal values adop-
ted by ICRP for most of its own purposes, recognizing
that thesc are necessarily approximate, especially in
the case of the medical exposure of patients.

B. EFFECTS IN MAN

79. The cffects of radiation, outlined in Chapter I,
Scction A, can be classified as decterministic or
stochastic on the one hand and somatic or hereditary
on the other. All deterministic cffects are somatic, that
is, they occur in the exposed individual, while
stochastic effccts can be either somatic (for example,
radiation-induced cancer) or hereditary.

80. Decterministic effects were quite frequent in the
carly days of radiation usc. In the period between the
discovery of x rays and the early 1930s, when protec-
tive mcasures began to be used, more than a hundred
radiologists died of deterministic effects. In addition,
there were many cases of anacmia and skin damage.
Aficr protective measures were instituted, deterministic
effects became progressively less frequent, and they
arc now scen only in the case of accidents or as a side
cffect of medical radiation therapy.

81. Cancer induction has been detected and
quantified by epidemiology in scveral exposed groups
of people. It appears to be the only stochastic somatic
effect of radiation. Hereditary effects of radiation have
not yet been epidemiologically identified in humans,
but therc can be no doubt about their existence. They
can be recognized in all the forms of animal and plant
life in which they have been sought, other than man.
The lack of epidemiological cvidence is due to the
long time between generations and the large number
of pcople required for statistical detection.

1. Deterministic effects

82. Tissucs vary in their deterministic response to
radiation, Among the most sensitive lissues are the
ovary, the testis, the lens of the eye and the bone
marrow. The threshold for temporary sterility in the

male for a single short exposure is about 0.15 Gy,
whilc for prolonged exposures the threshold dose rate
is about 0.4 Gy per ycar. The corresponding values for
permancnt sterility are in the range 3.5-6 Gy (acute
exposures) and 2 Gy per year (chronic exposures). In
women, the threshold dose rate for permanent sterility
is in the range 2.5-6 Gy for an acute exposure, with
women approaching the mecnopause being more
sensitive. For exposures continuing over many years,
the threshold dosc rate is about 0.2 Gy per ycar. These
thresholds, like all thresholds for deterministic effects,
apply to persons in a normal state of hcalth. For
individuals who are alrecady close to exhibiting the
effect from other causcs, the threshold will be lower.
Even in the extreme case where the effect is already
present, there will still be a threshold representing the
radiation dose needed to produce an observable change
in the individual’s condition.

83. The threshold for lens opacities sufficient to
result, after some delay, in vision impairment is
2-10 Gy for sparsely ionizing radiation (and about
1-2 Gy for densely ionizing radiation) in acute
exposures. The threshold dose rate is not well known
for long-term chronic exposures, but it is likely to
exceed 0.15 Gy per year for sparsely ionizing
radiation.

84. For acute exposures of whole bone marrow, the
threshold dose for clinically significant depression of
blood formation is about 0.5 Gy. The corresponding
threshold dose rate for long-term exposure is some-
what above 0.4 Gy per year. Bone-marrow failure is
an important component of the radiation syndrome that
follows whole-bady exposures. An acute whole-body
dosc of between 3 and 5 Gy causes death in 50% of
the exposed population group in the absence of speci-
fic medical treatment.

85. In the case of skin exposures, the threshold for
erythema and dry desquamation is in the range 3-5
Gy, wilth symptoms appearing about three wecks after
exposure. Moist desquamation occurs after about
20 Gy, with blistering appcaring about one month afier
the cxposure, Tissue necrosis, appearing after three
weeks, occurs after more than 50 Gy.

(a) Effects on the developing brain

86. Only two conspicuous clfccts on brain growth
and development have emerged {rom the studies at
Hiroshima and Nagasaki. There are some cases of
severe mental retardation and some of small head size
without apparent mental rctardation. Additionally,
some groups among those exposed in utero have
shown lower than average intelligence scores and poor
performance in school.
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87. An cxcess of scvere mental retardation was
observed in some children exposed to radiation in
wtero at Hiroshima and Nagasaki. While no mental
retardation was obscrved in cases where cxposure
occurred before 8 weceks after conception, a scnsitive
period was identificd, 8-15 wecks, followed by a
substantially less scnsitive period 0of 16-25 weceks {rom
conception.

88. As discussed in Chapter 1, Section A.2(a), the
mechanism of mental retardation induction is thought
to be the production of a dosc-dependent lack of [unc-
tional connections of neurons in the brain cortex. This
lack of conncctions causes a downward shift (shift to
the left) of the 1Q distribution, the valuc of which is
estimated to be about 30 IQ points per sievent, for
cxposures in the period between 8 and 15 weceks.

89. Normmal IQ distributions have a stipulated aver-
age value of 100 IQ points and a standard deviation of
about 15 IQ points. The region to the left of two
standard deviations from the average, i.e. values less
than 70 IQ points, corresponds to the clinical designa-
tion of scvere mental retardation. The radiation-
induced shift, for a dose of 1 Sv, would result in
scvere mental retardation in about 40% of the exposed
individuals.

90. However, bearing in mind the shape of the
Gaussian distribution, the fraction of extra cascs
causcd by the shift induced by a small dose would be
substantially less than that calculated dircctly from a
lincar relationship of 40% per sicvert (about onc order
of magnitude less). The dose required to cause an 1Q
shift large cnough to make an otherwise normal indi-
vidual scverely mentally retarded would be high (in
the region of 1 Sv or more), while the dosc required
1o bring an individual who without radiation cxposure
would have a low IQ into the category of severely
rctarded, by crossing the borderline, might be a few
tenths of a sievert.

(b) Effects in children

91. During childhood, when tissues are actively
growing, radiation-inducced dcterministic effects will
often have a more scvere impact than they would
during adulthood. Examples of deterministic damage
resulting from radiation exposure in childhood include
cffects on growth and development, organ dysfunction,
hormonal deficiencies and their sequelac and cffects
on cognitive functions. Most of the information comes
from patients who have reccived radiotherapy and is
derived by new analytical methods and by continued
carcful monitoring. The Committee has reviewed this
information to identify the nature of the cffects in
various tissues and the magnitude of the doses causing
these effects.

92. Many factors complicate the study of the dose-
cffcct relationship. These include the underlying
discasc and the modality of the treatment, which often
includes surgery and chemotherapy in addition to the
radiotherapy. For these reasons, the estimates of thres-
hold doses in hcalthy children are still qualified by
substantial uncertaintics. Only gencral indications of
levels can be provided. Uniess otherwise stated, the
doscs arc from fractionated cxposurcs.

93. The effects of radiation on the testis and the
ovary arc dependent on both age and dose. Testicular
function can be compromised at doses of 0.5 Gy. At
doses of 10 Gy, gonadal failure occurs in most irra-
diated boys. In girls, a small proportion show amenor-
rhea following doses of 0.5 Gy, the proportion increas-
ing to about 70% at doses of 3 Gy. Infertility occurs
in about 30% of casecs following doses of 4 Gy. A
dose of 20 Gy results in permanent infertility in all
cases.

94, Many other organs are damaged by doses in the
range 10-20 Gy. In contrast, thyroid damage may
occur at doses as low as about 1 Gy. Several cffects
have been shown in the brain, including atrophy of the
cortex, after a single dose of 10 Gy or an accumulated
dose of 18 Gy dclivered in about 10 fractions. The
endocrine system is affccted by radiation, showing
clearly impaired secretion of growth hormones at
fractionated doses totalling 18 Gy. Thyroid doses in
the region of 1 Gy, protracted over two weceks, resul-
ted in hypothyroidism in patients treated by cranial
radiotherapy. Cataracts and impairment of breast deve-
lopment have been scen at 2 Gy.

95. Decterministic effects in several other organs have
been identified and quantified. Reduced total lung
capacity has been shown at doscs of 8 Gy and restrict-
ive lung changes at doscs of 11 Gy. Five exposures
per week over six weeks require a total dose of more
than 12 Gy to producc liver damage, and protracted
doscs of about 12 Gy are sufficient to produce kidney
damage. Radiation ncphritis has been reporied at 14
Gy. A dose exceeding 20 Gy is required to stop bone
formation, with partial effects following doses in the
range 10-20 Gy and no cffects below 10 Gy. Damage
to the heart muscle leading to clinical failure is seen
after a dose of about 40 Gy.

2. Radiation-induced cancer

96. Mechanistic models for the induction of cancer
by radiation can be formulated from radiobiological
information: these models suggest the choice of the
dosc-response function. Human epidemiology provides
the data to be interpreted using such models, which
are particularly important in the extrapolation of the
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data to the low dose region, where epidemiological
data arc lacking or extremely imprecise.

97. Since the period of obscrvation of an cxposed
population samplc rarcly cxtends to a full lifetime, it
is usually necessary to project the frequency of cancer
induction noted during the period of obscrvation to the
lifetime of the cxposcd population, in order 10 obtain
the full lifetime risk. Two principal models have been
usced for this purpose, one the absolute, or addilive,
projection model and the other the relative, or multi-
plicative, model.

98. The simple absolute (additive) model assumes a
constant (dosc-related) excess of induced cancer
throughout life, unrelated to the age-dependent sponta-
necous rate of cancer. The simple relative (multiplica-
tive) model, assumcs that the rate of induced cancers
will increase with age as a constant multiple (dose-
rclated) of the spontancous cancer rate. Both modcls
may be extended 1o replace the constant values by
functions of age at exposure and of time since
exposure.

99. The simple additive model is no longer seen to
be consistent with most epidemiological observations,
and radiobiological information secms 1o favour the
multiplicative model. It should be noted, however, that
ncither of the simple models fits all the information;
for example, the multiplicative model has difficulties
with the case of exposure of young children, and
ncither of the simple projection models is consistent
with the data for lcukaemia or bone cancer.

100. Three projection models for solid cancers have
been examined by the Committee. The first is the
simplc modcl with a constant excess risk factor. The
sccond and third usc a decreasing factor for times
morc than 45 ycars after exposurc. Although the leu-
kacmia risk is not yet fully expressed in the Japanese
survivors, the residual risk is now sufficientdy small to
make the use of different projection modcls
unncecessary.

101. The two models with decreasing relative risk
factors reduce the estimates of lifetime risk following
a single exposure by a factor of about 2 for cxposure
in the first decade of life and by a factor of 1.5 in the
sccond decade, with only a small effect for older ages
at cxposure. Because the reduction in probability
occurs at older ages, these models show slightly larger
loss of life per attributable cancer than doces the simple
modcl.

102. An important clement in the assessment of the
radiation risks of cancer at low doses is the reduction
factor used to modify the direct lincar (non-threshold)
fit 10 the high-dose and high-dose-rate epidemiological

data in order to estimate the slope of the lincar com-
ponent of the linear-quadratic function. From basic
radiobiological information, animal studies, and data
relevant to cancer induction in man, this factor is now
estimated, with substantial uncertainty, to be about 2
for the dose range providing most of the epidcmiologi-
cal data. The cpidemiology results do not exclude this
value, but except for lcukaemia, they do not support it.

103. In the UNSCEAR 1988 Report, the Commiltee
derived risk coefficients (risk per unit dosc) for high-
dose and high-dose-rate situations for various tissues.
For the purpose of this Report, it is sufficient to deal
with the total risk of cancer mortality when the whole
body is exposed.

104. In recent years, cpidemiological studies have
been reported on occupationally exposed persons, on
population groups living in areas having different
levels of background radiation and on people exposed
by the release of radioactive materials to their environ-
ment. For such studies to provide useful quantitative
information on the consequences of exposure to radia-
tion, they must be of a substantial size and must be
extended over long periods. Historically, only the
studies of radon-rclated lung cancer in miners have
been able to provide quantitative relationships, and
these are specific to radon. At present, the most pro-
mising studies of general application arc those of
workers exposed to several kinds of radiation in the
course of their work. These studies are now beginning
to show positive results.

105. The statistical power of these studies is still low,
but it will increcase with time as the data accumulate.
The results are consistent with those from studies at
high doses and high dose rates and provide no indica-
tion that the current assessments underestimate the
risks.

106. The data now indicate with reasonable certainty
that the cancer risks associated with high doses of
sparscly ionizing radiation are about three times
greater than they were estimated to be a decade ago.
The 1988 cstimate of probability of lifetime fatal can-
cers using the preferred multiplicative risk projection
model was 11 1072 per Sv for the exposed populations
at Hiroshima and Nagasaki, of whom more than half
in the epidemiological study are still alive. The
Committee’s cstimates relate only to the Japanesc
population represcnted by the Life Span Study cohort.
These studies are continuing, but there is as yct insuf-
ficicnt information to suggest a change in the risk
estimates.

107. The Committee discussed the factor by which
risk estimates derived from studies at high doses
should be reduced when used to derive estimates for
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low doscs. No single figurc can be quoted, but is clear
that the factor is small. The data from the Japanesc
studies suggest a value not exceeding 2. 1f a factor of
2 is uscd, a valuc of 5 1072 per Sv is obtained for the
lifctime probability of radiation-induced fatal cancers
in a nominal population of all ages. A smaller average
valuc of about 4 1072 per Sv would be obtained for a
working population (aged between 18 and 64 ycars)
cxposed during their working lives. The Committee
suggests that a reduction factor should be applicd for
all doses below 0.2 Gy and for higher doses when the
dosc rate is less than 6 mGy per hour averaged over
a few hours.

3. Hereditary effects

108. Epidemiology has not detected hereditary cffects
of radiation in humans with a statistically significant
degree of confidencc. The risk estimate based on ani-
mals is so small that it would have been surprising to
find a statistically significant effect in the end-points
studied in Hiroshima and Nagasaki. Nevertheless,
there can be no doubt of the existence of hereditary
cffects in man. Risk estimation therefore rests on
genctic experimentation with a wide range of orga-
nisms and on cellular studics, with limited support
from the negative human findings.

109. Two considerably different methods of esti-
mating genetic risk have been used by the Commiittee.

Onc is the doubling dosc (or indirect) method. This
asscssment excluded the multifactorial disorders. For
a reproductive population, a risk value of 1.2 107
per Sv was given for all gencrations after exposure or,
cxpressing the same risk in a diffcrent way, a risk of
1.2 1072 per gencration for a continued exposure of
1 Sv per gencration. The corresponding risk in the
first two gencrations after exposure was estimated to
be 0.3 1072 per Sv in the reproductive scgment of the
population.

110. The Committce’s other method of assessing
genetic risk is the so-called direct method. It applics
1o clinically important disorders expressed in first-
generation offspring of exposed parents. The estimate
of risk was 0.2-0.4 1072 per Sv in the reproductive part
of the population. It is reassuring that the two different
methods of genctic risk assessment give rcasonably
similar estimales.

111. There are many diseases and disorders of
complex, multifactorial aetiology. In addition, there are
a number of newly recognized, non-traditional, mecha-
nisms of transmitling hereditary disease. The effect of
radiation upon the incidence of these multifactorial
and non-traditionally transmitted diseases is highly
speculative, but may be slight. More research is
needed to make it possible to derive risk estimates for
all of the mechanisms that could cause diseases in the
offspring of exposed individuals.

1II. SOURCES OF RADIATION EXPOSURE

A. BASIS FOR COMPARISONS

112. The radiation to which the human population is
exposed comes from very diverse sources. Some of
these sources are natural fcatures of the environment.
Others arc the result of human activities. The radiation
from natural sources includes cosmic radiation, exter-
nal radiation from radionuclides in the eanth’s crust
and internal radiation from radionuclides inhaled or
ingested and retained in the body. The magnitude of
these natural exposures depends on geographical loca-
tion and on some human activities. Height above sca
level affects the dose rate from cosmic radiation;
radiation from the ground depends on the local geo-
logy; and the dosc from radon, which seeps from the
ground into houses, depends on local geology and on
the construction and ventilation of bouses. The expo-
sures due to cosmic rays, terrestrial gamma rays and
ingestion vary only slightly with time, so they can be
regarded as the basic background exposure to natural
sources.

113. Man-made sources of radiation include x-ray
cquipment, particle accelerators and nuclear reactors
used in the gencration of nuclear energy, in research
and in the production of radionuclides that are then
used in medicine, research and industrial operations.
Past testing in the atmosphere of nuclear devices still
contributes to worldwide exposures. Occupational
cxposure, i.c. the exposurc of workers, is widespread
but involves groups of limited size.

114. Some sources of exposure, e.g. natural sources,
can bc viewed as continuing at a constant level.
Others, c.g. medical examinations and trcatments and
the gencration of nuclear power, continue over long
periods, not necessarily at a constant level. Still others,
c.g. lest explosions in the atmosphere and accidents,
are discrete events or discrete series of events. Sources
that rclcase radioactive materials to the environment
dcliver their doses over prolonged periods, so that the
resulting annual doses do not provide a satisfactory
measure of their total impact.



18 UNSCEAR 1993 REPORT

115. Given thesc complexitics, there is no satisfaclory
single way of presenting the resultant dosc to man.
Howcver, there is some advantage in attempting a
compromisc prescntation that allows all the sources to
be scen on a common basis, while preserving a more
sclective presentation (or the details of the exposure
from cach type of source. One mcthod is to present
the average annual doscs from various sources up to
the present time. This type of presentation demon-
strates the historical significance of the sources to date
but gives no indication of any futurc dosc alrcady
committed. The Commitiee has partially avoided this
difficulty by using thc dose commitment, which takes
account of futurc doses commitied by the source.
However, neither the dose commitment to date nor the
collective dose committed to date provides an ade-
quate represcntation of the doses from practices that
are likely to be continued into the future. For this,
some system of forecasting is needed.

116. The approach to be used in this Report to
compare radiation exposurces from various sources
consists of presenting the collective dose to the world
population received or committed (a) from the end of
1945 1o the end of 1992 (47 years) for discrete events
and (b) for a period of 50 yecars at the current rate of
practice or exposure for all other sources, including
natural sources. This approach assumes that the cur-
rent rate of practice is reasonably typical of a period
of 50 ycars, 25 ycars before and after the present. It is
likely that this assumption overestimates the future
doses from practices that arc not rapidly expanding,
because improved techniques and standards of protec-
tion will reduce the doses per unit of practice. No
assumption is nceded for discrete events.

117. This Chapter summarizes the Commiltee’s
cvaluation of exposures of the public and workers to

radiation from the various sourccs. The detailed infor-
mation is to be found in the Annexes to this Report.

B. LEVELS OF EXPOSURE
1. Exposures from natural sources

118. The worldwide average annual effective dose
from natural sources is estimated to be 2.4 mSv, of
which about 1.1 mSv is due to the basic background
radiation and 1.3 mSv is due to exposurc to radon.
The cosmic ray dose ratc depends on height above sea
level and on latitude: annual doses in arcas of high
exposurc (locations at the higher clevations) are about
five times the average. The terrestrial gamma-ray dose
rate depends on local geology, with a high level typi-
cally being about 10 times the average. The dosc to a
few communities living ncar some types of mineral
sand may be up to about 100 times the average. The
dosc from radon decay products depends on local geo-
logy and housing construction and use, with the dose
in some regions being about 10 times the average.
Local geology and the type and ventilation of some
houses may combine to give dose rates from radon
decay products of several hundred times the average.

119. Table 1 shows typical average annual effective
doses in adults from the principal natural sources.
With the accumulation of further data and minor chan-
ges in the methods of assessment, the estimate of the
annual total bas been almost constant: 2.0 mSv in the
UNSCEAR 1982 Report, 2.4 mSv in the UNSCEAR
1988 Report and 2.4 mSv in Table 1.

120. The typical annual effective dose of 2.4 mSv
from natural sources results in an annual collective
dose to the world population of 5.3 billion pcople of
about 13 million man Sv.

Table |
Annual effective doses to adults rom natural sources

Annual effective dose (mSv)

Sowrce of exposure
Typical Elevated *
Cosmic rays 0.3% 20
Terrestrial gamma rays 0.46 43
Radionuclides in the body {except radon) 0.23 0.6
Radon and its decay products 1.3 10
Tota! (rounded) 24

¢ The elevated values are representative of large regions. Even higher values occur locally.
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2. Medical exposures

121. Wide usc is madce of radiation in diagnostic exa-
minations and in trcatments. Of these, diagnosis is by
far the more common. Most people are familiar with
x-ray cxaminations of the chest, back, extremitics and
gastro-intestinal tract and dental x rays, as thesc are
the cxaminations most frequently performed. The pro-
vision of medical radiation services is, however, very
uncven in the world, with most of the procedures
being carricd out in industrialized countrics, which
comain only onc quarter of the world’s population.

122. Based on a corrclation between the numbers of
medical x-ray equipment and examinations and the
number of physicians in countries, the Committee has
cvaluated medical radiation exposures for four levels
of hcalth care in the world, from level I in industria-
lized countries to level IV in the least developed
countries. This broad classification is useful, but it
somctimes conceals substantial variations within
countrics.

123. As health care improves, countrics move between
health-care levels. Thus, the number of people living
in the different categories of countries changes with
time. Between 1977 and 1990, the greatest change was
an incrcase of population in level II countries from
about 1.5 biilion to about 2.6 billion. The estimates for
1990 show level I at 1.35 billion, level 1I at 2.63
billion, level IIT at 0.85 billion, and level [V at
0.46 billion.

124. Representative estimates of examination frequen-
cies and doscs per examination have been obtained
from a worldwide survey conducted by the Committee.
For countrics of health-carc level 1, the annual fre-
quency of medical (i.c. non-dental) x-ray examinations
was 890 per 1,000 population. For levels 11, 11T and
IV, the frequencics per 1,000 were 120, 70 and 9. The
number of cxaminations is closely proportional to the
number of physicians. In cach level, there are dif-
ferences within and beiween countrics, with most
countrics lying within a (actor of about 3 from the
mean of the health-care level. The spread is wider in
countrics at the lower health-care levels.

125. The doscs per examination arc gencrally low, but
there is a wide range both within and between
countrics. The data from level 1I, and more
particularly from levels IIl and 1V, are very limited
but show no obvious differences from level 1 data.
Despite the low doses per examination, the magnitude
of the practice makes the diagnostic usc of x rays the
dominant sourcc of medical radiation exposurcs.
Nevertheless, doses from the usc of radiopharmaceuti-
cals and {rom therapeutic treatments have also been
cvaluated.

126. Paticnt doscs arc expressed in terms of effective
dosc. This permits comparisons between time periods,
countrics, hecalth-care levels, medical procedures, and
sources of exposurc. However, paticnts dilfer from the
population at large in age- and scx-distribution and in
lifc expeciancy, so the nominal fatality coc{licicuts
discussed in Chapter II, Scclion A, are only very
approximatc.

127. When considering the implications of the dose to
patients, it is important not to losc sight of the asso-
ciated bencfits. Reducing an individual dose in dia-
gnosis will decrcase the detriment to the patient, but
it may also decrease the amount or quality of the dia-
gnostic information. In therapy, too small a dose may
completely climinate the benefit of the treatment. In
screening studies, the benefit of carly detection of a
condition must take account of the consequent oppor-
tunity for improved management of the individual
case, because detection alone is not necessarily bene-
ficial. Collective dose can be 2 misleading basis on
which to make judgements. In many countries, an in-
crease in collective dose would signal an increase in
the availability of health carc and a net increase in
benefit.

128. Information on the mean annual cffective dosc
per patient from x-ray diagnosis is available from 26
countics, of which 21 were in level I, 4 in level 11,
and 1 in level IIl. In countries of level I, there has
been a widespread downwards trend in the dose per
patient for most types of examination. The notable
exception is in computed tomography, where the doses
have tended 1o increase. [n the countries for which
data arc available, the values of the annual effective
dosc per patient are mainly within the range 0.5-2.0
mSv. For individual examinations, valucs may fall out-
side this range, being lower for examinations of the
cxtremities and skull and higher for examinations of
the gastro-intestinal tract.

129. The annual effective dose per caput is available
from 21 countries in level I, 5 in level 11, and 2 in
level 1II. The valucs in level I show a range of 0.3-
2.2 mSv. It is not casy 10 make reliable estimates for
countrics in the lower levels of health care. However,
for lcvels IT and 111, the range scems to be about
0.02-0.2 mSv. The population-weighted average for
level 1is 1.0 mSv, the same as reported in 1988. The
average for the world is 0.3 mSv. One cause of uncer-
wainty in these values is the use of fluoroscopy. This
procedure results in much higher doses than those
from radiography, and its prevalence is both uncertain
and changing with time.

130. The diagnostic use of radiopharmaceuticals has
stabilized in countrics of level | but is probably
increasing in countries of levels 1I-1V, There have
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been significant changes of technique in this field. The
use of long-lived nuclides in developing countrics
results in a higher dose per cxamination than in
countrics where short-lived alternatives are available.
In particular, the use of iodinc-131 has decreased
sharply, although it still contributes substantially to the
collective dosc in industrialized countrics. The annual
cffective dose per caput is still only about 10% of that
attributable to the diagnostic usc of x rays. For
countries of level I, the annual cffective dose per
caput is about 0.09 mSv. For countrics of lower
health-care levels, it is an order of magnitude less.
Worldwide, the annual effective dose per caput from
diagnostic nuclear medicine is 0.03 mSv.

131. The cstimated annual cffective dose per caput
from all diagnostic uses of radiation is 1.1 mSv in
countrics of health-care level I and about 0.3 mSv
averaged over the whole world. The annual collective
cffcctive dose worldwide from diagnostic medical
exposures is about 1.8 10% man Sv. This is the largest
exposurce from man-made sources or practices and is
cqual to about one scventh of the annual collective
dosce 1o the world’s population from natural sources of
radiation.

132. The dose to individual patients undergoing
radiotherapy is very much higher than in diagnosis,
but the number of patients is smaller. There are diffi-
cultics in defining an appropriate quantity for ex-
pressing dosc outside the target organ. The Committee
has used a quantity analogous to effective dose, but
ignoring the dose to the target tissue. For most practi-
cal purposes, this quantity may be considered the same
as the cffective dose.

133. Wilh this simplification, the worldwide annual
total collective cffective dose from therapy is about
1.5 10% man Sv, about the same as that from dia-
gnosis. The comparison of doses in diagnosis and
therapy may not, howcver, correctly reflect the relative
detriment. The difference in age distributions does not
appcar 1o be marked, but the subscquent expectation
of lifc is likely to be less for the therapy patients. This
gives less time for late cffects 1o develop and thus
reduces the relative detriment.

134. Exposurcs [rom medical radiation usage can be
expected to increase as populations age and become
urbanized and as health-care services spread through-
out the world. There arc also, however, trends towards
lower doses per examination and the substitution of
alternative techniques, such as imaging by magnetic
resonance and ultrasound. There will be great differ-
ences in the trends in countries of diffcrent levels of
health care.

3. Exposures from nuclear explosions
and from the production of nuclear weapons

135. Nuclear cxplosions in the atmosphcre werc
carricd out at scveral locations, mostly in the northermn
hemisphere, between 1945 and 1980. The periods of
most active testing were 1952-1958 and 1961-1962. In
all, 520 tests were carried out, with a total fission and
fusion yicld of 545 M1

136. Since the Treaty Banning Nuclear Weapon Tests
in the Atmosphere, in Outer Space and Under Water,
Signed at Moscow, on 5 August 1963, almost all
nuclear test explosions have been conducted under-
ground. Some of the gasecous fission products werc
unintentionally vented during a few underground tests,
but the available data arc insufficient to allow an
assessment of the resultant dose commitment. The
total explosive yicld of the underground tests is
estimated to have been 90 Mt, much smaller than that
of the ecarlier atmospheric tests. Furthermore, although
the underground debris remains a potential source of
buman exposure, mainly locally, most of it will be
contained. The carlier atmospheric tests therefore
remain the principal source of worldwide exposure due
to weapons testing.

137. The total collective effective dose committed by
weapons testing to date is about 3 107 man Sv. Of
this, about 7 10% man Sv will have been delivered by
the year 2200. The rest, duc to the long-lived
carbon-14, will be delivered over the next 10,000
years or so. Another way of expressing these findings
is to use the integral over time of the average dose
rale to the world population, the dose commitment.
The dose commitment to the year 2200 from atmo-
spheric testing is about 1.4 mSv; over all time, it is
3.7 mSv. Both figures are of the same order of magni-
tude as the effective dose from a single year of
exposure 1o natural sources. The fraction of the dose
commitment delivered by 2200 (38%) is not the same
as the fraction of the corresponding collective dose
(23%) becausc the world population is expected 1o rise
from 3.2 billion at the time of the main weapon testing
programmes to a constant 10 billion for most of the
10,000 years.

138. These global estimates include a contribution
from the doses to pcople close to the sites used for
atmospheric tests. Although this contribution is small
in global terms, some local doscs have been substan-
tial. The thyroid doses to children ncar the Nevada test
sile in the United States may have been as much as
1 Gy. Similar, but somewhat larger, thyroid doses
were incurred between 1949 and 1962 in scttlements
bordering the Semipalatinsk test site in the former
USSR. Some doses near the Pacific test site in the
United States were also high, largely because the wind
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changed dircction after one thermonuclear test. Ground
contamination ncar Maralinga, Australia, the site of
British nuclear tests, has been sufficient to restrict
subscquent access. Without further decontamination,
unrestricted continuous occupancy might cause annual
cffective doses of sceveral millisicverts in two arcas,
with valucs up to 500 mSv in small arcas immediately
adjacent to the test sites. The local and regional
collective cffective dosc from the whole test scrics
was about 700 man Sv,

139. The opcrations needed to produce the world
supply of nuclear wcapons arc also a source of
exposure. The processes start with the mining and
milling of uranium. The uranium is then enriched,
cither to a high degree for weapon components or
slightly for use in rcactors producing plutonium and
ritium. The scale of these activitics is not publicly
available and has to be asscssed indirectly. The
resultant dose commitments arc then estimated by
applying dose per unit release factors from nuclear
power production, for which more data arc freely
available. The local and regional collective cffective
dosc 1o the public commitied by these operations is
estimated to be about 1,000 man Sv. The global
collective dose will be larger by a factor of between
10 and 100. Even if the total collective dose is taken
to be 10° man Sv, it is a small fraction of the
collective cffective dose committed by the test
programmes.

140. As in the case of testing, some local doses have
been substantial. The doscs near the plutonium pro-
duction plant at Hanford, Washington, United States,
arc currently being evaluated. Preliminary results
sugges! that thyroid doses might have been as high as
10 Gy in some ycars in the 1940s. Thc release to the
environment of the wastes from the processing of
irradiated fuel at the Soviet military plant ncar
Kyshtym, in the Ural mountains, resulted in cumula-
tive cffective doses of about 1 Sv at some riverside
locations up to 30 km from the silc over a few years
in the carly 1950s.

4. Exposures from nuclear power production

141. Tbe gencration of electrical cnergy in nuclear
power stations has continued to increase since the
beginning of the practice in the 1950s, although now
the rate of increase is less than that for clectrical
energy generation by other means. In 1989, the
electrical energy generated by nuclear reactors was
212 GW a, 17% of the world’s electrical encrgy
gencrated in that yecar. The total electrical energy
gencrated by reactors from the 1950s until 1990 was
slighty less than 2,000 GW a.

142. As in previous UNSCEAR Reports, the collec-
tive cffective dose committed by the gencration of
1 GW a of clectrical cnergy by nuclear sources has
been cstimated for the whole of the fucl cycle from
mining and milling, through cnrichment, fucl fabrica-
tion and reactor operation, to fucl reprocessing and
waste disposal. No spccific allowance has yet been
made for decommissioning, partly because of the
limited cxperience available to date and partly because
it is alrcady clcar that the contribution is likely to be
small,

143. Dectailed information was obuincd on the
relcases of radionuclides to the environment during
routine opcrations from most of the major nuclear
power installations in the world. From this infor-
mation, the Committcc has assessed normalized
rcleases per unit of electrical cnergy generated. The
collective effective doses committed per unit energy
generated were then estimated with the belp of the
generalized environmental models developed by the
Committee in previous UNSCEAR Reports. Separatce
estimatcs were made for the normalized components
resulting from local and regional exposures and from
cxposures to globally dispersed radionuclides. The
main contributions are shown in Table 2. These com-
mitied collective doses were truncated at 10,000 years
because of the great uncertainties in making predic-
tions over longer periods,

144. The value of 3 man Sv (GW a)'l for the nor-
malized local and regional collective dose committed
per unit of cnergy generated is slightly smaller than
the value estimated in previous Reports, The main
reductions have been in reactor operation and repro-
cessing, with some increase in the estimates for
mining and milling. The current value is therefore not
representative of the entire period of nuclear power
production, the normalized dose in the carlier part of
the period being somewhat higher than the average.
The total collective dose commitied by effluents
rcleased from the nuclear fuel cycle up to the end of
1989 is cstimated to be slightly more than 10,000
man Sv. The collective dose committed by globally
dispersed radionuclides and by solid waste disposal is
uncertain, since it depends on future waste manage
ment practices and the evolution of the world’s popu-
lation over the next 10,000 years. Using the estimate
of 200 man Sv (GW a)’! shown in Table 2, the total
nuclear powcer generated, 2,000 GW a, is estimated to
have committed a collective cffective dosc of 400,000
man Sv.

145. If the current rate of gencration and the
normalized values of Table 2 are representative of the
50-year period centred on the present, the 50-year
collective effective dose from nuciear power
generation is about 2 108 man Sv.
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Tablc 2

Normalized collective doses to the public from nuclesr power production

Collective effective dose committed
Source per unif energy generated
{man Sv (GW a)'l]
Local and regiona! component

Mining, milling and talings 15
Fud fabrication 0.003
Reactor operation 1.3
Reprocessing 0.25
Transportation 0.1

Total (rounded) 3

Globs! component (including solid waste disposal)

Minc and mill tailings (1elcases over 10,000 years) 150
Reactor operation waste disposal 0.5
Globally dispersed radionuclides mainly from reprocessing and solid waste disposal 50

Total (rounded) 200

146, The doses to individuals from the gencration of
clectrical energy differ very widely, even for pcople
ncar similar plants. Some cstimates of the maximum
doscs have been made for realistic model sites. For the
principal types of power plants, the annual cffective
dosces to the most highly exposed members of the pub-
lic range from 1 to 20 uSv. The corresponding annual
Nigures for large fuel reprocessing plants are 200-
500 uSv.

5. FExposures of the public from major accidents

147. As in all human activitics, there are accidents at
work. The exposure of paticnts to radiation for dia-
gnostic or therapeutic rcasons is also subject to
failurcs of equipment or procedures. The doses result-
ing from minor mishaps at work are included in the
routine monitoring results. Some accidents, both occu-
pational and medical, have serious consequences for
the individuals involved. Such accidents are fairly
frequent (perhaps a few bhundred each year world-
widc), but the probability that any given member of
the public will be involved is very small. This Section
dcals only with the major accidents affecting members
of the public.

148. The production and subscquent transport of
nucicar weapons have resulled in several accidents.
The transport accidents caused local contamination by
plutonium. The collective dose commitied by these
accidents is small. In one accident, at Palomares,
Spain, the highest committed effective dose was about
200 mSv. Other accidents on land and the loss of
nuclear weapons at sca have caused negligible doses
to people.

149. The two most serious accidents in nuclear
weapons production were at Kyshtym in the southern
Ural mountains of the Sovict Union in September
1957 and at the Windscale plant at Scllafield in the
United Kingdom in October of the same year,

150. The Kyshtym accident was a chemical explosion
following a failure of the cooling system in a storage
tank of high-activity waste fission products. The prin-
cipal fission products relcased were isotopes of
cerium, zirconium, niobium and strontium. The doses
were duc to fission products deposited on the ground
and strontium entering the food chain. The collective
dose was shared about equally between those who
were ¢vacuated from the arca of high contamination
(about 10,000 people) and those who remained in the
less contaminated arcas (about 260,000 people). The
1otal collective dose over 30 ycars was cstimated to be
about 2,500 man Sv. The highest individual doses
were to people cvacuated within a few days of the
accident, The average effective dose for this group of
1,150 people was about 500 mSv.

151. The Windscale accident was a fire in the natural
uranium and graphite core of an air-cooled reactor pri-
marily intended for the production of military pluto-
nium. The principal materials released were isotopes
of xenon, iodine, cacsium and polonium. The most
important route of intake was the ingestion of milk,
which was controlled in the arca near the accident.
Further away, the uncontrolled consumption of milk
and inhalation were significant sources of exposure,
with iodine-131 and polonium-210 being the two most
important nuclides. The 1otal colicctive effective dose
in Europe, including the United Kingdom, was about
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2,000 man Sv. The highest individual doscs were to
the thyroids of children living ncar the site, These
ranged up to about 100 mGy.

152. There have been scveral accidents that have
damaged nuclear power reactors, of which the accident
at Three Milce Island in the United States and Cherno-
byl in the Soviet Union were the most imporiant. The
Three Mile Island accident caused serious damage to
the core of the reactor, but almost all the fission
products were rctained by the containment system. The
resulting collective cffective dose was not morc than
about 40 man Sv. The doses to individual members of
the public were low, the highest dose having been
slightly less than 1 mSv.

153. The Chernobyl accident was discussed in detail
in the UNSCEAR 1988 Report. The explosion and
subsequent graphite fire relcased a substantial {raction
of the core inventory and caused a distribution of
cffective doses in the northern hemisphere, mainly in
the Soviet Union and Europe. The collective cflective
dose committed by the accident is estimated to have
been about 600,000 man Sv. The dosces to individuals
varied widely, with a few pcople in the evacuated
group receiving effective doses approaching 0.5 Sv.
The average annual effective dose in the strict control
zones surrounding the evacuation arca fell from about
40 mSv in the year following the accident to less than
10 mSv in cach of the years up to 1989,

154. An international review of the situation in the
zones around the evacuation area was conducted in
1990. The project corroborated the cstimated doses
and found that the health of the population at that time
was comparable 1o that of the population in necarby
uncontaminated sctticments.

155. Scaled sources used for industrial or medical
purposes arc occasionally lost or damaged and
members of the public injured. Four severe accidents
of this kind have occurred since 1982. In Mexico, in
1983, an unlicensed tcletherapy source conlaining
coball-60 was sold as scrap mctal. Apart from the
widespread contamination of steel products in Mexico
and thc United States, about 1,000 peopic were
exposed to substantial levels of radiation, with effec-
tive doses up to about 250 mSv. About 80 pcople
reccived higher doses, up to 3 Sv, with seven with
doses in the range 3-7 Sv. There were no deaths.

156. In Morocco, in 1984, cight members of one
family dicd after they found and kept at home a scaled
industrial radiograpby source containing iridium-192,
The effective doses were in the range 8-25 Sv. In
Goiania, Brazil, in 1987, a caesium-137 telctherapy
source was remaoved from its housing and broken up.

Severe doses were received from direct radialion and
from the localized contamination. Doscs 10 individuals
ranged up to 5 Sv. Fifty-four people were hospitalized
and four dicd. In Shanxi Province, China, in 1992, a
cobalt-60 sourcc was lost and picked up by a man.
Three persons in the family died of overexposure. In
1993, an accident occurred at a plant ncar Tomsk in
the Russian Federation. The information on this
accident has not yet been fully assesscd, but it appears
that the exposures were very low and that few
members of the public were involved.

6. Occupational exposures

157. Occupational radiation exposures are incurred by
several categories of workers who work with radio-
active materials or are exposed at work to man-made
or natural radiation sources. The Committec has con-
ducted a survey of countrics worldwide to obtain
information that would allow comprehensive review of
occupational radiation exposures.

158. Many workers in occupations invaolving exposure
to radiation sources or radioactive material are indi-
vidually monitored. Onc major exception is the large
workforce cxposed to enhanced levels of radiation
from natural sources, e.g. in parts of the cxtractive
industrics. The main reason for monitoring radiation
exposures in the workplace is to provide a basis for
controlling the exposures and for cnsuring compliance
with regulatory requirements and managerial policies.
Both of these requirements go beyond the simple com-
pliance with dose limits, and may include requirements
1o achicve and demonstrate the optimization of protec-
tion. Incvitably, the design and interpretation of moni-
toring programmes rcflect local needs. There arc
advantages in extending these objectives to permit
comparisons between different operations, if this can
be done without too much difficulty. Such extensions
would greatly assist the Committee in its compilations
and comparisons of data.

159. For most workers involved with radiation sourccs
or radioactive matcrials, the main sources of cxposure
are those external to the body. The doses due te inter-
nal sources arc usually insignificant, apart from those
due to the radon naturally present in all workplaces.
Furthcrmore, it is much casier to monitor for external
exposures than for internal ones. As a result, many
workers arc monitored for cxternal exposures, cven
when their dosces are expected to be low, but monitor-
ing for internal cxpasure is carricd out only when it is
really nceded. However, some arcas of occupational
exposurc may not be adequately monitored. The extent
and reporting of the occupational exposure in medical
work is thought to be good in large medical installa-
tions, but it is likely to be less satisfactory in small
installations.
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160. It is not possible to make dircct measurcments of
the cffective dose 1o workers. In most monitoring for
external exposure, the results from small personal
monitoring decvices are usually taken to be an adequate
measure of the effective dose. The doses from internal
sources arc cslimaled from a number of measurements,
including the amount of radioactive material excreted
or rciained in the body, and the concentration of radio-
aclive substances in the air of the workplace. The
cstimates depend on models of the time distribution of
the intakes and of the transfer and retention processes
in the body. Substantial uncertaintics are incvitable.

161. There is some difficulty in presenting infor-
mation about the typical individual dose to workers
because policies for issuing monitoring devices differ.
In particular, the widespread issue of monitoring
devices to workers whose cxposures are likely to be
low artificially decreases the average recorded expo-
sure of the exposed workforce. The Committee has

made some use of the mean dose per measurably ex-
posed worker, thus avoiding the distortion introduced
by those who are monitored but receive trivial doses.
Not all countries provide information in a [orm that
allows this quantity to be estimated, so it cannot be
used in the overall summary of data, For some pur-
poses, the collective dose is a more salisfactory
quantity, being little affected by the inclusion of large
numbers of individually trivial doscs.

162. There are wide variations between occupations in
the recorded annual doses to monitored workers and
also between countries for the same occupation. The
detailed information from the Committee’s review has
allowed comparisons to be made between five-ycar
periods from 1975 to 1989. This summary concentra-
tes on the most recent quinquennium and comments
on the trends over the previous pcriods. The world-
wide average annual doses to monitored workers and
the associated collective doses for 1985-1989 are
summarized in Table 3.

Table 3

Annual worldwide occupationsal exposures to monitored workers, 1985-1989

. Annual collective effective dase © Annual average effective dose per monitored worker
Occupational cotegory (man Sv) (mSv)
Nuclear luel cycle
Mining 1200 4.4
Milling 120 6.3
Enrichment 0.4 0.08
Fudl fabrication pad 0.8
Reactor operation 1100 25
Reprocessing 36 30
Rescarch 100 0.8
Total (rounded) 2500 29
Other occupations
Industrial applications 510 09
Defence activities 250 0.7
Medical applications 1000 0.5
Total {rounded) 1500 06
All occupations
Grand total (rounded) 4300 1.1

a

Doses due 1o adventitious exposures to natwral sources are not included. The annual collective dose from these natural sources is estimated to be about

8,600 man Sv, with the main contribution coming from underground non-uranium mining About half of this contribution comes from coal mining.

163. Workers in occupations involving adventitious
exposure 1o natural sources, such as non-uranium
mining, are not usually monitored and their doses are
excluded from the figures in Table 3. The principal
occupations in this calegory are in aviation and mine-
ral extraction industrics. The annual effective dose to
aircrew is typically between 2 and 3 mSv, with higher

values in some supersonic aircraft. In the extractive
industries, the annual cffective doses are typically in
the range 1-2 mSv in coal mines and 1-10 mSv in
other mines. The annual occupational collective dose
to these workers is estimated (o be 8,600 man Sv. This
estimate is, however, quile uncentain because of the
limited monitoring data for these workers.
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164. The estimates summarized in Table 3 differ in
some respects from those in carlier Reports. These
changcs arc duc mainly to the improved database now
available. The largest change is in the cstimates of the
doscs from medical applications, much of which is
duc to radiation of low penctrating power. The perso-
nal dosimcters worn on the surface of the body then
overestimate the cffective dose, especially if, as is
common, there is some partial shiclding of the body
by installed shields and protective aprons. The present
estimate of collective dosc is lower by a factor of 5
than the previous one and may still be too high by a
factor of 2.

165. In the nuclear industry, the average annual
collective dose has not varied substantially in the last
15 years, notwithstanding increases in clectrical energy
generated during this period by over a factor of 3 and
in the number of workers by a factor of 2. The collec-
tive effective dose per unit clectrical energy generated
declined by 50% and the average individual dose by
30%. Average individual doses are highest for workers
in mining and milling opcrations. Reductions in indivi-
dual doscs to reactor workers come from a combina-
tion of improved operating practices and modifications
to plants in the mid-1980s. Further improvements can
be expected as new plants are commissioned.

166. There has been a decrcase by a factor of about
2 in both individual and collective doses in general
industry. Since the number of monitored workers has
changed only slightly, this represents an overall
improvement. In the defence industrics, both collective
and individual doses have decrcased, mainly due lo
improvements in the operation and maintenance of
nuclear-powered vessels.

167. When allowance is made for the overestimation
in earlier Reports, the occupational exposures in medi-
cine show no trend in collcctive dose. There has been
a rcduction in the average individual dose, partly
explained by an increase in the number of monitored
workers.

168. It is rare for workers to be scriously exposed io
radiation as the result of accidents. Minor incidents
that causc uncxpected, but not directly injurious,
exposures are more f{requent, but the policy for
reporting these differs widely from place to place. The
Committee has reccived information concerning about
100 accidents causing fatalities or having the potential
to cause deterministic injuries in the workforce in the
period since 1975. The list is almost certainly
incomplete. The accident at Chernobyl was by far the
most serious, causing 28 dcaths from radiation-rclated
causes. The doses to about 200 workers were high
enough to cause clinical deterministic effects. Three
deaths due to radiation in other accidents have been

reported.  Accidents  involving  the public were
discussed in the previous Scction.

169. The collective dose due to exposurcs in minor
accidents is included in the routine reports of
occupational exposurc. That duc to scrious accidents
is not casy to cstimate but is certainly small compared
with the total occupational collective doses. One
component of collective dosc that has not yet been
reported with other occupational cxposures is that due
to the emergency work undertaken to contain the
damaged recactor at Chemnobyl. This was not an
accidental cxposure, although it was the direct result
of an accident. Some 247,000 workers were involved.
The average dosc from external exposure was esti-
mated to be 0.12 Sv, giving a collective dose of about
30,000 man Sv. The doses from intcrnal exposure
varicd during the work, but werc mainly in the region
of 10% of those from cxternal exposure.

7. Summary of current information

170. Typical collective cffective doses committed by
50 ycars of practice for all the significant sources of
exposure and by discrete events since the end of 1945
arc shown in Tablc 4. The bases for the values in this
table arc given in the earlier parts of this Section,
which in turn summarize the detailed evaluations
given in the Anncxes 1o this Report. '

171. Table 4 shows the relative importance of
radiation sources in terms of the resulting collective
doscs. By far the largest source of exposure is the sum
of natural sources. The whole world population is
exposcd to cosmic rays and radiation from naturally
occurring radioisotopes of potassium, uranium, radium,
radon, thorium ctc. in soil, water, food and the body.
The next most significant radiation source is the
medical use of x rays and radiopharmaceuticals in
various diagnostic cxaminations and treatments., The
doses from both diagnosis and treatment have been
included in Table 4, although they are not strictly
comparable in terms of the resulting detriment.

172. Exposures from the atmospheric testing of
nuclear weapons have diminished. There have been no
further tests since the last one in 1980. Only small
contributions to the collective dosc are made by the
generation of electrical energy by nuclear reactors,
accidental events, and various occupational exposures,
but these contributions are nevertheless important from
the point of view of the radiation protection of
individuals.

173. Apart from the doses from natural sources, the
variation of individual doses over time and from place
to place makes it impossibie to summarize individual
doses coherently. However, some indicalions can be
provided.
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174. The average annual clfective dose from natural
sources is 2.4 mSv, with clevated values commonly up
to 10 or 20 mSv. Mcdical procedurces in developed
countrics result in an annual cffective dosc to the
average person between 1 and 2 mSv, of which about
two thirds comes from diagnostic radiology. Average
annual doscs to individuals in the mid-1970s from
atmospheric wcapon tests were rcported in the
UNSCEAR 1977 Rceport. By that time, most of the

short-lived nuclides bad decayed. The annual effective
doscs were about 5 uSv. Annual effective doses al the
time of maximum testing were probably between 100
and 200 pSv in the northerm hemisphere. Annual
cffective doses to the most highly exposed pcople ncar
nuclear power installations are in the range 1-200 uSv.
Occupational annual effective doses to monitored
workers arc commonly in the range 1-10 mSv.

Table 4

by single events from 1945 to 1992

Collective dose commiited to the world population by a 50-year period of operation for continuing practices or

Sowrce Basis of commitment Collective effective dase (million man Sv)

Natural sources Current rate for 50 years 650
Medical exposure Current rate for 50 years

Diagnosis 90

Treatment 5
Atmespheric nuclear weapons tests Completed practice 30
Nuclear power Toral practice to date 0.4

Current rate for 50 years 2

Severe accidents Events to date 0.6
Occupational cxposure Current rate for 50 years

Medical 0.05

Nuclear power 0.12

industnal uses 0.03

Defence activities 0.01

Non-uranium mining 0.4

Total (all occupations) 0.6

IV. THE PERCEPTION OF RADIATION RISKS

175. The word "risk” has several different meanings.
It is often used descriptively to indicate the possibility
of loss or dangcr, as in "the risks of hang-gliding". In
technical contexts it is used quantitatively, but without
any general agreement on its definition. Sometimes it
is uscd to mean the probability of a deflined adverse
outcome, but it is also widely used as a combination
of that probability and some measure of the severity of
the outcome. These different meanings cause con-
fusion among specialists but probably have litde
influence on the attitude of the general public. To the
public, risk is largely descriptive or qualitative. Some
risks are secn as worse than others partly becausc the
outcome is thought 1o be more likely and partly
because the outcome, if it occurs, is less welcome.
There is little or no attempt to make a formal
separation between these aspects or to combine them
in anything more than an intuitive sense. Many factors

influence the public’s view of a risk. Thesc include its
source, its nature, the extent to which it is a familiar
part of life, the degree of choice and control thought
1o be available to the individual, the confidence in the
originator and regulator of the risk, and many others.
Inevitably, any quantified discussion of risks involves
both scientific and social judgements.

176. Against this background, there is no recason to
expect the public attitude towards a risk to be the
same as the attitude of those who estimate risks quan-
titatively, assess their importance and manage them.
The task of the Committee is to provide quantitative
estimates of the risk associated with ionizing radiation.
The effects of exposure have been expressed in terms
of the probability of their occurrence, the years of life
lost in the case of fatal consequences and the scverity
of non-fatal consequences. The Committee is not con-
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cerned with making judgments about the relative
importance of diffcrent kinds of risk 1o socicly or with
the management of risks. It thercfore aims to present
its findings in a ncutral way and has thought it desir-
ablc 10 take some account of the probable differences
in the way its conclusions will be perccived by non-
specialist readers.

177. The most important conclusion is that there is no
uniformity of cvaluation, comparison or acceptance of
risks across individuals or socictics. Considcrable pro-
gress has been made, mainly in the last 20 years, in
establishing a structured presentation of the factors
that influcnce perceptions and in grouping them into
classcs. Some of the factors rclalec to the personal
characteristics and expericnce of an individual, others
arc associated with the characteristics of the socicty in
which the individual lives. Much depends on the
individual’s awarcness of the source and character of
the risks in question.

178. In all occupations and activitics involving radia-
tion, the quantification of and the perception of risks
have been recognized as important issues. A major
difficulty in managing risks has bcen to satisfy the
concems of individuals, communitics and socicty. The
basic approach in risk management has been to justify
activitics or practices by the bencefits provided and to

do all that is rcasonable to reducce the risks. Views on
the cxtent 10 which this approach has succceded
depend heavily on the perceptions of the viewer.

179. There arc major difficultics in communicating
information about radiation to the public. Even in
countrics that arc highly developed technologically,
many people do not know what radiation is, cven in
simplc terms. Most of those who do know somcthing
about it associate it with accidents, weapons, fallout
and cancer. Very few associate radiation and medical
diagnosis or arc awarc of the normal background
cxposurc to natural sources of radiation.

180. The Committee recognizes that many factors out-
side its remit influence the way in which its findings
arc vicwced. Public concern about the levels and cffects
of radiation is more influenced by the perceived merits
and social implications of the source of radiation than
by the magnitude of the resulting exposures and risks.
Nevertheless, the Committee recognizes its obligation
to evaluate radiation exposures and to provide esti-
males of radiation risks that are soundly bascd, con-
sistent and unbiased. The information must be trust-
worthy and clearly communicated if it is to contribute
to achicving positive decisions for the whole of
society.

V. SUMMARY AND PERSPECTIVES

A. LEVELS OF EXPOSURE

181. The Committec’s estimates of the levels of expo-
sure throughout the world arc improving as the provi-
sion of data improves. As a very broad gencralization,
it can be concluded that improved procedures are
decreasing the cxposure per unit of practice by an
amount that is sufficicnt to offsct increases in the level
of the practices.

182. Some sources of exposure continuc at a constant
level. Some continue over long periods, not necessari-
ly at a constant level. Others are discrele events, or
discrete series of events such as weapons tests. Sour-
ces that release radicactive matcrials to the environ-
ment deliver their doses over prolonged periods, so
that the resulting annuval doses do not provide a satis-
factory measure of their total impact

183. This Report presents the collective dose o the
world population received or committed from the end
of 1945 to the end of 1992 (47 ycars) for discrele
events and for a period of 50 years at the current rate
of practice or exposurc for all other sources. The
results were shown in Table 4.

B. BIOLOGICAL EFFECTS

184. The Commitice’s interest in the biological cffects
of radiation is mainly concentrated on the effects of
low doscs. These cffects have a low probability of
occurring but arc serious when they do occur. Statisti-
cal limitations prevent epidemiological studics from
providing dircct estimates of risk at low doses, making
it nccessary to rely on radiobiology to provide a basis
for interpreting the results of cpidemiology. The com-
bination of cpidemiology and radiobiology, particularly
at the molecular and cellular levels, is a uscful tool for
clucidating the consequences of low doses of radiation.

185. Onc of the most rapidly developing ficlds of
work is concerned with the mechanisms of cancer
induction as a result of changes in the molecular struc-
ture of DNA. Although rapid progress is also being
madc in the study of hereditary disorders, quantitative
estimates of hereditary risk must still be derived from
animal studics. Even the substantial cxposures at
Hiroshima and Nagasaki have nol made it possible 1o
obtain quantitative estimates of hereditary risks with a
sufficicnt degree of confidence.
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186. Dcspite the rapid progress in radiobiology and
the increasing amount of data {rom epidemiology, the
Committec has not yct found it necessary to make any
substantial changes in its risk cstimates.

C. PERSPECTIVES

187. The Commitice’s estimates of radiation exposure
and its cstimates of the risk of exposure indicate that
radiation is a wecak carcinogen. About 4% of the
dcaths duc to cancer can be attributed to ionizing
radiation, most of which comes from natural sources
that arc not susceptible to control by man. Neverthe-
less, it is widely (but wrongly) believed that all the
cancer deaths at Hiroshima and Nagasaki are the resuit
of the atomic bombings. The studics in the two cities
have included virtually all the heavily exposed indi-
viduals and have shown that, of 3,350 cancer deaths,
only about 350 could be attributed to radiation expo-
sure from the atomic bombings.

188. One way of providing a perspective on the impli-
cations of man-madc radiation sources is to compare
the resulting doscs with those from natural sources.
This is casy to do from a global point of view, which
deals with total (or average) worldwide exposures. The
collective doses were presented in Table 4. However,
many man-made sources expose only limited groups
of people. The following paragraph attempts to distin-
guish between these situations.

189. On a global basis, onc ycar of medical practice
at the present rate is equivalent to about 90 days of
exposurc to natural sourccs, but individual doses from
medical procedures vary from zero (for persons who
were not examined or treated) to many thousands of
times that received annually {from natural sources (for
patients undergoing radiotherapy). Most of the doses
committed by one ycar of current operations of the
nuclear fuel cycle are widely distributed and corres-
pond to about 1 day of exposure to natural sources.
Excluding severe accidents, the doses to the most
highly exposed individuals do not exceed, and rarely
approach, doses from natural sources. Occupational
exposure, viewed globally, corresponds to about 8
hours of exposure to natural sources. However, occu-
pational exposure is confined to a small proportion of
those who work. For this limited group, the exposures
are similar to those from natural sources. For small
subgroups, occupational exposures are about five times
those from natural sources. The collective dose com-
mitted over 10,000 years by atmospheric nuclear test-
ing is fairly uniformly distributed and corresponds to
about 2.3 years exposure to natural sources. This
figure represents the whole programme of tests and is
not comparable with the figures for a single year of
practice. Only one accident in a civilian nuclear power
installation, that at Chernobyl, has resulted in doses to
members of the public greater than those resulting
from the exposure in one year to natural sources. On
a global basis, this accident corresponded to about 20
days exposure to natural sources. These findings are
summarized in Table 5.

Table §

Exposures to man-made sources expressed as equivalent periods of exposure to natural sources

Source Basis Equivalent period of exposure to natural sources
Medical exposures One year of praciice at the current rate 90 days
Nuclear weapons tests Completed practice 2.3 years
Nuclear power Total practice 1o date 10 days
One year of practice at the current rale 1 day
Secvere accidents Events to date 20 days
Occupational exposures One year of practice al the current rate 8 hours
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Appendix 1

MEMBERS OF NATIONAL DELEGATIONS
ATTENDING THE THIRTY-EIGHTH TO FORTY-SECOND SESSIONS

‘ ARGENTINA D. Beninson (Representative), E. d'Amato, C. Arias, D. Cancio, A. Curli, E. Palacios
) AUSTRALIA K.H. Lokan (Representalive)
i BELGIUM J. Maisin (Representative), R. Kirchmann, 11.P. Leenhouts, P.1.M. Lohman,
K. Sankaranarayanan, D. Smeccsters
BRAZIL E. Penna Franca (Representative), J. Landmann-Lipszicin
CANADA E.G. Létourncau (Representalive), A. Arscnault, D.R. Champ, R.M. Chatterjee, P.J. Duport,
V. Elaguppilai, N.E. Gentner, B.C. Lentle, D.K. Myers
CHINA Li Deping (Representative), Liu Hongxiang (Representative), Wei Luxin (Representative),
l.eng Ruiping, Pan Zhigiang, Tao Zufan, Wu Dechang
l EGYPT M.F. Ahmed (Representative), F.H. Hammad (Representative), F. Mohamed (Representative),
H.M. Roushdy (Representative), S.E. Hashish

FRANCE P. Pellerin (Representative),  E. Cardis, R. Coulon, H. Dutrillaux,  A. Flury-Hérard,
H. Jammet, J. Lafuma, G. Lemaire, R. Masse

GERMANY ¢ A. Kaul (Representative), W. Burkart, U.H. Ehling, W. Jacobi, AM. Kellcrer, F.E. Stieve,
C. Streffer

INDIA D.V. Gopinath (Representative), U. Madhvanath (Representative), N.K. Notani (Representative)

INDONESIA S. Sockarno (Representative), S. Wiryosimin (Representative), K. Wiharto
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INTRODUCTION

1. Natural ionizing radiation ariscs in outer space,
where cosmic rays arc formed, and in and on the
carth, where radionuclides normally present in soil,
air, water, food and the body undcrgo radioactive
decay. Penctrating radiations and radioactive materials
pervade the natural environment. The main types of
radiation arc gamma rays, alpha and beta particles,
neutrons and muons. Human exposure occurs by
irradiation from sources outside the body (external
exposurc) and upon the decay of radionuclides taken
into the body through ingestion and inhalation (intcrnal
cxposurc). The asscssment of radiation doses in
humans from natural sources is important because
natural ionizing radiation is the largest contributor to
the collective effective dose reccived by the world’s
population. In this Annex, the expressions "natural
radiation” and "natural radiation background" arc often
uscd 1o refer to "natural sources of ionizing radiation”.

2. Somec of the contributions to the total exposure
from the natural radiation background are quite
constant in space and time and practically independent
of human practices and activitics. This is true, for
cxample, of the doses received from the ingestion of

K, a long-lived radioisotope of an clement that is
homcostatically controlled, and also of doscs from the
inhalation and ingestion of cosmogenic radionuclides,
which are relatively homogencously distributed at the
surface of the globe.

3. Other contributions depend strongly on human
aclivitics and practices and are thercfore widely
variable. In particular, the doses from indoor inhala-

tion of short-lived decay products of radon gas are
influenced by local geology and by building design, as
well as by the choice of building materials and of
ventilation systems. Also, concentrations of the
short-lived decay products are, as a rule, higher
indoors than outdoors. Therefore, people who reside
somewhat above the ground surface in apartment
blocks or who mostly stay outdoors in the open air are
likely to incur far less exposurc to radon than those
who occupy single dwellings or who spend most of
their time in enclosed spaces.

4. Intermediate types of exposurc are those that are
neither widely variable nor relatively constant at the
surface of the globe. Examples arc (a) external doses
from cosmic rays, which vary with altitude and, to a
much lesser extent, with latitude, and (b) cxternal
doses from radiation of terrestrial origin (that is, the
radionuclides present in the crust of the carth and in
building matcrials), which are affected by location and
accommodation.

5. Doses from the inbalation of radon in dwellings
are much greater than those from all other components
of natural radiation. The main cause of high concen-
trations of radon in dwellings is the influx of the gas
from the subjacent earth; high doses are caused by
geological circumstances modified by the manner in
which a dwelling is built and used. Since increasing
attention is being devoted worldwide to both the
radiological and the epidemiological aspects of this
topic, considcrable emphasis is placed in this Annex
on exposure to radon and its decay products in air.




ANNEX A: [EXPOSURES FROM NATURAL SQURCES OF RADIATION 3s

6.  Sincc the publication of the UNSCEAR 1988
Report  [Ul], further information on radiation
exposures from natural sources, especially with regard
to radon and its short-lived dccay products, has
become available, This Annex updates the evaluation
of exposures presented in the UNSCEAR 1988 Report
[Ul]. The additions and modifications present a
broader view of average radiation exposurcs world-
wide and of the range of levels experienced in particu-
lar locations. The procedures for estimating the tissue
doscs from inhalation of radon short-lived decay
products are under continuing review and the Inter-
national Commission on Radiological Protection
(ICRP) has assigned new radiation- and tissuc-
weighting factors to define the cffective dose [16].
Despite these changes, the overall asscssment of dose
from natural sources of radiation is similar.

7. Radiation exposures from extra-terrestrial sources
(cosmic rays and cosmo%gnic radionuclides) and from
terrestrial sources (40K, Rb and radionuclides of the
uranium and thorium serics) may be said to form the
basic natural radiation background becausc of the rela-

live constancy of exposure. These exposures arc dis-
cussed in Chapters T and 1 in this Annex. Among the
terrestrial radionuclides, the radon isotopes in the
uranium and thorium decay scries play an important
role because of the magnitude of the doscs they
deliver and because of the variability of those doscs.
The radon isotopes are given special consideration in
Chapter II1. Exposures rclated to the cxtraction and
processing of carth materials are considered in Chapter
IV, with the exception of the extraction and processing
of uranium, which is part of the nuclear fuel cycle and
is dealt with in Annex B, "Exposures from man-made
sources of radiation”,

8.  The exposures assessed in this Annex are those
to members of the public. They include the exposures
outdoors and indoors in normal circumstances both at
home and at work. The additional exposures that
people reccive at work becausc they are exposed to
man-made radiation sources or to elevated levels of
natural radiation caused by their work are discussed in
Annex D, "Occupational radiation exposures”.

I. COSMIC RADIATION

A. COSMIC RAYS
1. The radiation environment

9.  Space is permeated by ionizing radiation. The
radiation consists of various charged particles of
various origins and cnergies. All are of concern in
space wravel, and some by creating secondary particles,
lcad to human exposure during air travel and on carth,
with decreasing intensity from the highest altitudes
down to sea level. In this Chapter, emphasis is placed
on the cveryday circumstances of exposure, and brief
reference is made to exposure in space.

10. Radiations in space may be classified according
to origin as trapped particle radiation, galactic cosmic
radiation or solar particle radiation [Al, C1, F1, NI,
S1]. Trapped radiation consists mainly of clectrons
and protons held in orbits around the earth by iis
magnetic field. Galactic cosmic radiation consists
mainly of protons with some helium and heavier ions.
Solar particle radiation has similar composition. These
three classes are described in turn.

11.  Trapped protons and clectrons are in two zones
or radiation belts, onc within and onc outside of 2.8
earth radii at the equator, with greater intensities and
encrgics in the outer zone. There are appreciable
temporal variations in intensities; energies of clectrons

reach several megaelectronvolts (MeV) and encrgies of
protons reach a few hundred MeV. Trapped protons
are more important than electrons for manned missions
in low carth orbit. Although particles trapped in
radiation belts can present a radiation hazard for space
travellers, they do not result in any radiation dose at
ground level.

12.  Galactic cosmic rays are crealed outside the solar
system; they are generally believed to be produced and
accclerated as a consequence of stellar flares, super-
nova cxplosions, pulsar acceleration or the explosion
of galactic nuclei [O9]. There is, however, no
generally accepted theory of their gencration and
acceleration. Cosmic rays in our galaxy have a mecan
residence time of about 200 million ycars, being
contained by the magnelic ficld of interstellar space
[O9]. Encrgics of the cosmic-ray particles arc mostly
between 102 and 105 MeV, but they can rcach much
higher values [S1]. The spectrum is affected by
changes in the magnetic ficlds within the solar system,
causcd by solar activily, wilh maximum intensity at
periods of low activity and vice versa. Of the heavy
ions, called HZE particies (high atomic number and
energy), that are components of the cosmic-ray flux,
iron is the most significant for exposure because of its
relative abundance and high atomic number [L1].
Galactic cosmic rays are also affected by the geo-
magnetic field near the carth, which prevents some
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particles from reaching the atmosphere but is progres-
sively less effective in doing so from the geomagnetic
cquator 1o the poles. This class of space radiation is
the most significant for cxposurc on carth and in
aircraft.

13.  When the primary particles from space, mainly
protons, cnter the atmosphere, those with high energy
interact with nuclei present in the air (nitrogen,
oxygen, argon) to produce ncutrons, protons, muons,
pions and kaons, in addition to a varicty of reaction
products, some of the more important of which, from
thc dosimetric point of view, are 3H, "Be and %’Na.
Thesc high-energy reactions arc called spallation
rcactions. Many of the sccondary particles have
sufficient energy to initiate whole sequences of further
nuclear reactions with nuclei present in the air. A
cascade process is the result [I2]. The properties of
some of the more important cosmic-ray particles are
listed in Table 1 [E6, US].

14. The nucleonic components, protons and neutrons,
are mainly produced in the upper layers of the
atmosphere. The protons are formed mainly in
spallation rcactions, while neutrons are produced both
by spallation reactions and by the so-called
cvaporation of neutrons duc to low-cnergy (p,n)
rcactions. Neutrons lose energy by elastic collisions
and, when thermalized, are capturcd by 1N 10 form
14C. Because nucleons rapidly lose energy through
ionization and nuclear collisions, the nucleonic flux
densily is considerably attenuated in the lower part of
the atmosphere and accounts only for a few per cent
of the dose rate at sea level [US]. The neutron
spectrum covers a wide cnergy range in the Jower
atmosphere, from thermal to 100 MeV and more, but
the high-energy ncutrons are most significant because
of their high fluence 1o cquivalent dose conversion
cocfficients.

15. Pions and kaons bave short lives and essentially
decay in the atmosphere before reaching ground level.
The clectromagnetic cascade is initiated from photons
produced in the decay of neutral pions. These photons
create clectron-positron pairs and Compton electrons,
which in tum produce additional photons by
bremsstrahlung and positron-clectron annihilation. As
the number of shower particles increascs, their average
energy decreases. Finally, the majority of clectrons
will drop 1o cnergies where collision losses dominate
and the cascade will dic out [I2]. Except in the lower
layers of the atmosphere, electrons are main sources of
ionization [US]. On the other hand, muons, which
have a small cross-section for interaction with atomic
nuclei and a mean life of 2.2 us before decay,
penetrate into the lower layers of the atmosphere and
are the main constituent of cosmic rays at sea leve]
[US]. Most muons occur in the energy range
0.2-20 GeV, with a median value of 2 GeV [N2].

16. Solar particle radiation, as the name implics,
comes from the sun. Particles of very low cnergy arce
generated continuously, but more cnergetic particles
are cmitled more copiously during magnetic disturb-
ances. Large emissions associated with flares, called
solar particle events, occur occasionally during the
aclive period of the 11-year solar cycle [H1]. Encrgics
are usually between 1 and 100 McV but can be an
order of magnitude higher. Such events arc important
in low carth orbit, but anomalously large solar particle
events, which occur about once a decade, may be of
vital importance for manned missions beyond the
magnctosphere, Although the fluence rate of solar
particles over several years excecds the fluence rate of
galactic particles, solar particles are less significant for
radiation exposurc in the atmosphere, because most
have insufficient energy to penetrate the ecarth’s
magnetic {ield. The emission of solar particle radiation
follows the 11-year solar cycle, reaching a maximum
during increascd solar activity and a minimum during
the period of the quiet sun. Because the less energetic
galactic cosmic-ray particles are deflected away from
the solar system by the magnetic irregularities
transported by the solar particle radiation, an 11-year
modulation of the galactic cosmic-ray flux density at
the earth is produced, the cosmic-ray flux density
being lowest during times of maximum solar activity
and vice versa (Figure I).

2. Factors affecting dose

17. To estimate human doses from cosmic rays, it is
necessary to consider the effects of altitude, latitude
and shiclding.

(a) Altitude

18. The absorbed dose rates in air from the directly
jonizing and indirectly ionizing (ncutron) components
of cosmic ray are shown in Figure I as a function of
altitude at a geomagnelic latitude of 50° N. These
results are based on numerous measurements on the
ground and aboard aircraft, which were compiled in
the UNSCEAR 1977 Report [U4]. During periods of
maximum solar activity, dosec rates of the ionizing
component are reduced about 10% at 10 km altitude
and to a lesser degree at sea level.

19. The dose rates from ncutrons, the dominant
indirectly ionizing component, are much less than
those due to the ionizing component, but they increasc
more rapidly with altitude, peaking at 10-20 km. The
variations during the solar cycle are greater, with
decreases in the dose rates of a few tens of per cent at
an altitude of 10 km during solar maxima and to a
lesser degree at sea level.

20. The values of the production rate of cosmic ray
ions at sea level reported after 1960 for mid- and
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high-latitudes show relatively good agreement, with a
cluster of values around 2.1 cm™ s and extremes at
1.9 and 2.6 em™ 57! [U3]. Since 1977, the Committee
has consistently adopted a valuc of 2.1 em3 571 for the
purposcs of computing the absorbed dose rate from the
directly ionizing component. Assuming that cach ion
pair in moist air requires 33.7 ¢V to be produced, the
absorbed dosc rate in air is 32 nGy h™! at sca level at
mid- and high-latitudes. Since the dose is delivered
mainly by muons, for which the radiation weighting
factor is unity [16], this numerical value may also be
taken for the cquivalent dose rate in the open.

21. The cosmic-ray neutron flux density at sea level
is small and difficult to measure, mainly because the
neutron encrgy spectrum cxtends over a very wide
range, from fractions of eV to tens of GeV. At 50° N
latitude, the neutron flux density is about
0.008 cm? 57! at sca level [H2, H12]. A range of
cstimates of equivalent dose rates from 1.4 to
33 nSv bl were reported in the UNSCEAR 1988
Report [U1] for different computational geometries
and exposures. The lowest values are found for low
latitudes (24° N) [N23], suggesting the presence of a
substantial latitude effect, even at seca level. In the
UNSCEAR 1988 Report, the average effcctive dose
cquivalent rate was taken to be 2.4 nSv bl Changes
to the radiation-weighting factor were recommended
by the ICRP in 1991 [I6]. Considering the ncutron
energy spectrum, those changes lead to an increase of
about 50% of the effective dose rate from neutrons
[H20]. The average effective dose rate from cosmic-

ray ncutrons at sca level is, therefore, estimated to be
3.6 nSv bl

(b) Latitude

22, Lower-cnergy charged particles are deflected
back into space by the earth’s magnetic field. This
cffect is latitude-dependent, so that a greater flux of
low-energy protons reaches the top of the atmosphere
at the poles than in cquatorial regions. Thus, the
ionization produced in the atmosphere is also latitude-
dependent. This latitude cffect increases with altitude;
at sea level, the cosmic-ray absorbed dosc rate from
the directy ionizing component gradually declines to
90% of its high-latitude value between 40° and the
geomagnelic equator [T11]. For example, the
cosmic-ray absorbed dosc ratc in air has been found to
be 27-31 nGy h'! a1 Hong Kong (latitude 22.3° N)
[T11) and 28 nGy h"! at Shcnzen, China (latitude
22.6° N) [Y1). These figures are to be compared to
the value of 32 nGy h! obscrved at high- and
mid-latitudes.

(c) Shielding

23, Ordinary buildings such as houses and offices
provide some shiclding against the direclly ionizing

component of cosmic rays, but data arce still scarce;
the magnitude of the effect depends on the structure
and composition of the buildings. Limited mecasure-
ments and calculations, summarized in the UNSCEAR
1988 Report [U1] and clsewhere [N2], give shiclding
factors from 0.96 for small wooden houses to 0.42 for
substantial concrete buildings. Calculations for muons
yicld dose reductions ranging from 10% to 30%
compared to the value in a reference room, when the
parameters  affecting exposure (size of building,
thickness of structural clements, proximity to other
buildings) are varicd within reason [F2]. Without more
information on shiclding and on the nature of build-
ings, the same universal shiclding factor of 0.8 is
retained as before [U1]. Itis recognized, however, that
there may be 25% uncertainty associated with this
value.

24. Information on the shiclding cffect of ordinary
buildings on the neutrons in cosmic rays is more
limited than for muons, although the broad spectrum
must be affected to some degree, with virtually no
attenuation by a shingle roof, for instance, and an
order of magnitude attenuation by a substantial
concrete element [N3]. In this Annex, no account has
been taken of the shielding effect of the neutron
component.

3. Exposures

(a) Ground level

25. With the conventional indoor occupancy factor
of 0.8, that is, the fraction of time persons are deemed,
on the average, to be indoors at home and at work
(U1}, the annual effective dose from the dircctly
jonizing component of cosmic rays is estimated to be
240 uSv at sca level. Since the shiclding effect is
ignored for the neutron component of cosmic rays, an
occupancy adjustment is not nceded. The annual
effective dose from the neutron component of cosmic
rays is approximately 30 uSv at sca level. The
uncertainty in this estimate is, clearly, appreciable.

26. To estimatc the population-weighted annual
cffective dose from cosmic rays at ground-level,
account needs to be taken of the variation of the
effective dose ratc with altitude and of the distribution
of the world’s population with altitude. Analytical
cxpressions have been developed for the general
relationship between annual dose and altitude for both
the directly and indirecily ionizing components [B1]:

E(2) = Ej(0)[ajexp(-oy2) + byexp(Bz)] (1)

where E, is the cflective dose rate in uSv a’! for the
directly jonizing component; Ei(0) is the refercnce
value at sea level, 240 uSv a’l: 2 is the altitude in km;
ay = 0.21; oy = 1.6 km'}; b, = 0.80; B, = 0.45 kmL,
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En(z) = En(0)exp(ay2) (2
EN(@) = EN(0)[byexp(By 2)] 3

with cquation (2) applying for z < 2 km and cquation
(3) applying for z > 2 km, where EN is the cffective
dosc ratc in uSva’l for the indircctly ionizing
component from ncutrons and Ey(0) = 30 uSv als
oy = 1.0 km']; by = 2.0; and By = 0.70 km'!l. These
cquations may be applied to estimate doses from
cosmic rays at habitablc clevations around the world.
They include an allowance for shiclding, as described
above.

27. The distribution of the world population by
altitude and urbanization has been analysed [B1], with
some simplifying assumptions. When the foregoing
equations arc applicd and the two components
summed, the distribution of collective effective dose
with altitude is obtained. The annual value of the
average effective dose worldwide is estimated to be
380 uSv, with the directly ionizing and indirectly
ionizing components contributing 300 xSv and 80 uSv,
respectively. The global value of the collective
cffective dosc is about 2 10% man Sv, some 90% of
which occurs in the northern hemisphere by virtue of
the population distribution. Somecwhat less than
one fifth of the collective dose is attributable to China,
when account is taken of both population and
elevation [H13, N22J.

28. Since human habitations arc mostly at lower
altitudes, about onc half of the collective dose is
received by the two thirds of the world population that
lives below 0.5 km. The one fifticth (approximately)
of the population living above 3 km reccives a
disproportionate onc tenth of the collective dose.
Table 2 lists average annual doscs from cosmic rays
with the scparate contributions of the directlly and
indirectly ijonizing components indicated. In bigh
altitude cities the increasing importance of neutrons
with elevation is cvident. There is considerable
variability in total dose. The annual value in La Paz,
for example, is five times the global average. In round
terms, annual values of the effective dose from cosmic
rays range from 270 to 2,000 u4Sv, with a population-
weighted mean of 380 uSv.

(b) Air travel

29. Flight pattem and duration are the principal
determinants of cosmic-ray doses to aircrew and
passengers. Modern commercial aircraft have optimum
opcrating altitudes ncar 13 km, but {light paths are

assigned according to usc and safety requirements, and
adequate data do not scem to be available for flight
patterns [W1]. In the UNSCEAR 1988 Report [U1], a
representative operating altitude of 8 kin was assumed,
because of the predominance of short-travel flights,
wilth an average speed of 600 km bl. Alternative
assumptions are also made; for example, an altitude of
9 km and a speed of 650 km h'! were used for an
assessment in the United Kingdom [H3], and an
altitude of 7 km is indicated for flights by United
States carriers lasting less than an hour and 11 km for
longer flights [O9]. Computational codes have been
developed to allow calculating radiation levels
throughout the atmosphere (sce, e.g. [09]), and
additional measurement expericnce is being acquired
(see, c.g. [N12, R8, S30]). For a given altitude, dosc
rates for flights over the poles are substantially greater
than those for flights over equatorial regions.

30. An international digest of air traffic statistics is
published routinely {I3]. Data for 1989 show that
1.8 10" passenger-kilometres were flown in that year,
which translates into 3 10° passenger-hours aloft. With
an effective dose rate of 2.8 uSv bl at 8 km,
calculated using cquations (1) and (3), the collective
cffective dosc from global air travel is about
10,000 man Sv for the year. Worldwide, the annual
value of the per caput effective dose due to air travel
is, therelore, about 2 uSv; in North America it is
around 10 uSv. These values are small in comparison
to the estimated annual per caput cffective dose at
ground level of 380 uSv.

31. Alimited number of supcrsonic airplancs operate
commercially and cruise at about 15 km. Doses on
board are routincly determined with monitoring
equipment. Effective dosc-equivalent rates are
generally around 10 uSv b, with a maximum around
40 uSv h! [U1]. In two years from July 1987, the
overall average on six French airplanes was
12 u#Sv b'l, with monthly values up 1o 18 uSv b'!
[S11]; in 1990, the average was 11 uSv h'! and the
annual dose to aircrew was about 3 mSv [MI16].
During 1990, the average dosc rate for about 2,000
flights by British airplanes was 9 uSv b, with a
maximum value of 44 uSv b [D4]. The equivalent
dose rates so far reported in this paragraph do not take
into account the changes in the radiation weighting
factors for ncutrons that were recommended by ICRP
in 1991 [16]). The effective dose rates, estimated with
the new radiation weighting factors for the ncutron
component, arc higher than the numerical valucs
rcporied above by about 30%. The monitoring
equipment serves to wam of solar flarcs so that the
airplanes can be brought to Jower altitudes. This is a
very small sector of the commercial air transport
industry.
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B. COSMOGENIC RADIONUCLIDES

32. Cosmic rays producc a range of radionuclides in
the atmosphere, biosphere and lithosphere by a variety
of nuclear reactions. The four most important
radionuclides in terms ol dosec are 3H, 7Bc. ¢ and
22Na, and the most important mechanism of human
exposure is ingestion.

33. Thc most significant of the four radionuclides
considered is '*C. The assessment of its contribution
1o the dose from natural sources is uscful for the
derivation of doses from man-made environmental
releases of **C. The annual natural production of
¢ is 1 PBq and the specific activity of He s
230 Bq per kg of carbon, leading to an annual
cffective dose of 12 uSv [U4]. The spatial variability
of the dose from YC is not radiologically signif-
icant.

34. Annual effective doscs to adults from the
ingestion of 3H, "Be and 2*Na in food and water have
been derived from estimated average annual intakes
[N2, U3, U4], applying standard coefficients for dose
per unit intake [[4, N5] and assuming an equilibrium
situation. The annual effective doses obtained for
those thrce radionuclides are much smaller than that
for 1*C. The annual intakes and effective doscs for the

four cosmogenic radionuclides are summarized in
Table 3.

C. SUMMARY

35. Cosmic rays, which originate in space, and solar
particles enter the carth’s atmosphere and begin a
cascade of sccondary interactions and decays. The
resultant ionization is a {unction of both altitude and
latitude. The ionizing component of cosmic rays
produccs, on average, an absorbed dose rate in air of
32 nGy bl at sca level in thc mid-latitudes,
corresponding to an cffective dose rate of 32 nSv hl.
The neutron component of cosmic rays results in an
cffective dose rate of 3.6 nSv h'l, The intensities of
both components increase with altitude, more so for
the ncutron component

36. Taking into account shiclding by buildings for
the ionizing component and the distribution of world
population with altitude, the population-weighted
average annual cffective dose from cosmic rays is
380 uSv. The cffective dose rate received during a
commercial flight is about 3 uSv h'l; the per caput
annual cffective dose for the world population due to
air travel is 2 uSv.

37. Exposures to cosmogenic radionuclides, produced
by cosmic ray interactions in the atmosphere, result
primarily from ingestion and arc relatively uniform
throughout the world. The radionuclides include 3H,
7Bc, 4C and #Na. The annual cffective dose from
Hcis 12 USv. Exposure from the other radionuclides
is negligible.

II. TERRESTRIAL RADIATION

38. Only nuclides with half-lives comparable with
the age of the earth (or decay products, whose
concentrations are governed by them) exist in
terrestrial materials, In terms of dose, the principal
primordial radionuclides arc 0K (half-lifc: 1.28 10°
a), °Th (half-life: 1.41 10'0 a) and 38U (half-life:
4.47 10° a). Of secondary importance are §7Rb (half-
life: 4.7 1010 a) and By (haif-life: 7.04 108 a). The
thorium and uranium radionuclides bcad scries of
scveral radionuclides, many of which contribute to
human exposurc. The decay serics headed by 238 and
32Th were illustrated in the UNSCEAR 1988 Rc.gort
[U1]; the radionuclides in the series headed by =3y
are less impontant from a dosimetric point of view.
There may be some local departure from secular
radioactive cquilibrium in the series because of
physicochemical processes in the earth, such as
]lggching ggd cmanation. The mass ratio of natural

U 1o ~°°U is about 0.0073 and the activity ratio
0.046. A slight degrec of spontancous fission occurs in
the uranium series. Both *°K and ¥’Rb undergo beta
decay to stable species.

39. Natural radionuclides are also present to varying
degrees in the air, in water, in organic materials and
in living organisms. Human beings are therefore
exposed to external and internal irradiation by gamma
rays, beta particles and alpha particles with a range of
energies. The main circumstances of external and
internal exposurcs are considered in this Chapier.
Scparate consideration is given in Chapter 111 to the
inhalation of the radon isotopes in the uranium and
thorium serics.

A. EXTERNAL EXPPOSURE
1. Outdoors

40. Exposure 1o gamma rays from natural
radionuclides occurs outdoors and indoors. Surveys by
direct measurements of dose rates have been
conducted during the last few decades in many
countries. They are summarized in Table 4 and
illustrated in Figure Il. For the doses outdoors three
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fifths of the population of the world is represented.
National averages range from 24 10 160 nGy h'l. The
population-wcighted average is 57 nGy bl This is
little different from the value of 55 nGy ! estimated
in the UNSCEAR 1988 Report [U1].

41. In the open, much human exposure occurs over
paved surfaces, but some also occurs over soil; it is
determined by the activity per unit mass of the
principal radionuclides in the superficial layer. Large
surveys of natural radionuclides in surface soils were
carricd out in the United States [M1] and in China
[N22]; the results are presented in Table 5. Samples
were taken from fallow land. Variability is quite
marked. Similar mean values for uranium and radium
are reported for the United States and China, but the
mecan values for thorium and potassium are somewhat
higher in China than in the United States, and the
distributions are wider.

42. In the UNSCEAR 1988 Report, the average
concentrations of >>2U and 23?Th in soil were taken to
be 25 Bq kg'! for each radionuclide. Although it is
difficult to estimate average concentrations for the
wide distributions presented in Table 5, it seems that
40 Bq l\cg'1 would be a better estimate of the average
concentration of 28U and 23*Th in soil. Data on the
concentrations of naturally occurring radionuclides in
various types of soils in the Nordic countries,
presented in Table 6, are in agreement with the
revised estimate.

43, The dose rates per unit activity concentrations of
radionuclides have been calculated; for example,
Monte Carlo calculations give the kerma in air for
terrestrial gamma rays [P2, S12]. Since the mass
cnergy transfer and absorption coefficients for air are
not notably different in the energy range of interest
here, these coefficients may be deemed compatible
with those for absorbed dose rate in air used in the
UNSCEAR 1988 Report [Ul, B3]. When these dose
factors, which are included in Table 5, are applied to
the radionuclide concentrations in soil, the average
dose rates in air are 72 and 55 nGy bl in China and
the United States, respectively. According to Table 4,
the population-weighted average absorbed dosc in air
for China was 62 nGy bl and that for all countrics
reporting survey results 57 nGy bl Since human
habitations are mostly in areas of sedimentary geology
and since radionuclide concentrations in bedrock and
overburden are similar in such circumstances [W2],
the values from Table 5 in the narrower range, 10-
200 nGy bl may be considerced to be broadly typical
for the worid population. Areas of high activity arc
discussed later.

44, The water content of the soil and snow cover can
affect absorbed dose rates in air. On the whole,

increasing water content and snow cover reduce dosc,
but these are second-order phenomena [D3, F3, G2]
when averaged over a ycar in temperate zones with
moderate precipitation. In extreme climates with heavy
snow cover, however, the reduction may be as much
as 20% [S5, S35]. The addition of phosphate fertilizer,
discussed in Scction IV.C, may cause a second-order
increase in dosc rate [P3).

45. Areas of markedly high absorbed dose rates in
air around the world are associated with thorium-
bearing and uranium-bearing materials. Mincral sands
containing monazite are prime examples of the former.
Absorbed dosc rates in air from gamma rays ncar
separated monazite may reach 10° nGy h! depending
on geometry [M6]. It is not surprising, therefore, that
dose rates over sands can be remarkable. Two such
arcas are well known: on the Arabian Sea coast of
Kerala in India, where dose rates in air range from
200 to 4,000 nGy h! [S6, S7] and on the Atlantic
coast of Espirito Santo in Brazil, where dose rates in
air range from 100 to 4,000 nGy h! approximately
[P4]. Radiation exposures duc to mining and milling
of mineral sands are discussed in Section IV.D.

46. Other areas of high background radiation have
also been identificd. On the Nile Delta, dose rates in
air arc estimated to range from 20 to 400 nGy b [EZJ
and on the Ganges Delta from 260 to 440 nGy b°
[M7]. Dose rates in air of up to 12,000 nGy h! have
been reported over thorium-bearing carbonatite in an
arca near Mombasa on the coast of Kenya [P6]. An
arca of volcanic intrusives in Minas Gerais, Brazil,
with mixed thorium and uranium mineralization, has
dose rates in air roughly from 100 to 3,500 nGy bt
[P17]. Ramsar, on the Caspian Sea in Iran, has dose
rates up to 30,000 nGy h™ because of thorium and
uranium deposition by hot springs in travertine [S33].
Many granite arcas have elevated natural radiation
levels [M2, W10]. Localized dose rates in air around
100,000 nGy b! have been found over uraniferous
rocks in Sweden [S8]. Dose rates associated with
uraniferous phosphate deposits are appreciably lower;
on the phosphate lands of Florida, they range from 30
to 100 nGy b {N2].

2. Indoors

47. During the last decade, several surveys have
been made of the dose rate in air from terrestrial
gamma rays inside dwellings. The results are included
in Table 4. Over a third of the world population is
represented. The surveys are not quite as complete as
outdoor investigations. National averages range from
2010 190 nGy b with a population-weighted average
of all the data being about 80 nGy b, This value is
somewhat higher than 70 nGy b'!, sclected in the
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UNSCEAR 1988 Report [U1] as representative far
indoor exposurc worldwide.

48. In comparing the indoor and outdoor averages,
it is scen that the overall effect of surrounding
building materials is to incrcase the dose rate
40%-50%. As indicated in Table 4 and illustrated in
Figure 111, the ratio of indoor to outdoor dosc rates
varies from 0.8 to 2.0. In only two countrics, Iceland
and the United States, are average absorbed dose rates
indoors judged to be less than outdoors. This ratio is
sensitive to the structural properties of dwellings
(materials, thicknesses and dispositions) and is of
limited utility for estimating cxposures in particular
cases from outdoor data. However, the relatively
narrow range of the indoor-outdoor ratio reflects the
fact that building materials arc usually of local origin
and that their radionuclide concentrations are similar
to those in local soil. The building materials act as
sources of radiation and also as shiclds against outdoor
radiation. In wooden and lightweight houses, the
source effect is negligible and the walls are an
incfficient shield with respect to the outdoor sources
of radiation, so that the absorbed dose rate in air could
be expected to be somewhat lower indoors than
outdoors. In contrast, in massive houses made of
brick, concrete or stone, the gamma rays emitted
outdoors are efficiently absorbed by the walls, and the
indoor absorbed dose rate depends mainly on the
activity concentrations of natural radionuclides in the
building materials. Under these circumstances, the
indoor absorbed dose rate is generally higher as the
result of the change in source geometry, with the
indoor-outdoor ratio of absorbed dose rates in air
between 1 and 2.

49. There is considerable uncertainty in estimates of
indoor dose rates. It is clear that the dose rates in
masonry dwellings are appreciably higher than in
wooden ones, as explained in the previous paragraph.
For improved estimates of doses, it would be
necessary to bave data for representative housing stock
around the world. Data for houses in warm climates
are underrcpresented in Table 4; these may be
constructed very differently from houses in cold
climates. It is cxpected that the percentage of houses
that are largely made of wood and other lightweight
materials is greater in warm climates than in cold
climates, so that for the same average absorbed dose
rate in air outdoors, the average absorbed dose rate in
air indoors would be lower in warm climates than in
cold climates. This needs to be confirmed by
measurements. Such an important source of human
exposure should be quantified more cxtensively.

50. The dose rates in masonry dwelling are
determined by the characteristics of the masonry
materials: 30 g em? of masonry, for example,

provides 90% of the gamma rays from an infinitely
thick source {N2]. If construction malerials with
clevated concentrations of natural radionuclides are
uscd, dosc rates in air indoors will be clevated
accordingly. Somc mecasurements have been made of
dosc rates in relation to building matcrials.
Mecasurements in Sweden gave values of about
230 nGy h'!, on average, in houses with outside walls
made of lightweight concrete, some of which
contained uraniferous alum shale [M9, M27].
Mecasurements in former Czechoslovakia gave values
approaching 1,000 nGy h™! in houses with outside
walls containing uraniferous coal slag [T3].
Measurcments in a granite region of the United
Kingdom, where some of the houses are made of local
stone, gave 100 nGy bt [W3]. Estimates for houses
made with mud blocks in Jamaica reach 200 nGy b
{P18]. Tt is uscful, therefore, to calculate the effect of
using building materials with different activity
characteristics.

51. In round terms, the activitics per unit mass of
0 226Ra and B2Th in building materials Ay, Ap.,
and Aq, are typically 500, 50 and 50 Bq kg}}i,
respectively [N10]. If the dose cocfficients given in
Table 5 are applied, it is possible to construct an
activity utilization index that facilitates the calculation
of dosc rates in air from different combinations of the
three radionuclides in building materials. This may
then be weighted for the mass proportion of the
building materials in a bousc. The activity utilization
index is given by the expression

Cy C C
K fK + Ra fRa + _Thf“ Wm (4)
Ak AR, Ay

where Cy, Cp, and Cq, are_actual values of the
activities per unit mass of ¥K, 226Ra and 2Th in the
building materials considered (Bq kg’l); fx, g, and
fqy, are the fractional contributions to the dose rate in
air from the standard or typical concentrations of these
radionuclides; and w_ is the fractional usage of the
building materials in the dwelling with the activity
characteristic. For full utilization of typical masonry,
the activity utilization index is unity by definition and
is decmed to imply a dose rate of 80 nGy bl In
Table 7, illustrative cxamples are given of the use of
the activity utilization index.

52. To estimatc the effect of using atypical materials,
it is necessary to determine the fractional utilization by
mass, identify the associated dose rate and then
subtract the corresponding dosc rate for typical
masonry. Thus, 0.5 utilization of granite would
increase the dose rate by 70 - 40 = 30 nGy b! and
0.5 utilization of alum shale would increase it by
390 - 40 = 350 nGy b!. One quarter utilization of
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phosphogypsum  would cause an incrcase of
50 nGy h'!, but a similar fraction of natural gypsum
would lcad 10 a decrease of 15 nGy h!. Because of
the simple irradiation geometry and rounded parameter
valucs, this approach is only very approximate, but
there is some experimental confirmation [E3}, and it
docs describe the circumstances mentioned carlier.

53. In Kcrala, some of the more radioactive stretches
of sand have concentrations of 4OK, 226Ra and 32Th
of 100, 1,000 and 7,000 Bq kg™!, respectively [L6],
which would lead, according to the [oregoing
formulation, to 5,000 nGy hloin dwellings, since
structurces there provide litde shiclding against gamma
rays {rom the ground. Mcasured dose rates in air in an
carlier survey approached 4,000 nGy h'l, with an
arithmetic mean aroend 700 nGy b! for the
population on the segment of the coast with the most
radioactive sand [S6]. Large-scale surface mining and
subsequent refilling with monazite-free tailings have,
however, reduced the cxtermal radiation fields
substantially, eg. at some locations from
4,000 nGy b 10 300 nGy b}, and improvements in
socio-economic conditions have resulted in structural
modifications of the hutments, which have reduced

indoor external radiation exposures by a factor of 3
[P6].

54. Somc of the short-lived decay products of 222Rn,
always present in  air, emit gamma rays. A
semi-cmpirical analysis for a single-family house
yiclded an absorbed dose rate in air of 0.01 nGy bl
per unit activity concentration of radon progeny at
cquilibrium  expressed  as Bq m3 [M10]. For
20 Bq m3, a representative  activity concentration
indoors, the dosc ratc would be about 0.2 nGy h'l,
which is rclatively trivial in relation to dircct gamma
rays from the building matcrials and the dose to
human lungs from alpha particles cmitted by the other
radon progeny. Anothcr semi-cmpirical estimate for
gamma rays from radon progeny outdoors yiclded an
increment of 0.5% per Bq m3 over the fluence rate of
photons directly from the earth [N11]. For an cqui-
librium cquivalent concentration outdoors of 8 Bq m?3,
this implics a dose rate increment of 2 nGy b!, that
is, a few per cent of the prevailing dose rate from the
carth. Montc Carlo calculations [F12] substantiate
these estimates.

3. Dose

55. In the UNSCEAR 1988 Rcport [Ul], a
coefficient of 0.7 Sv Gy'! was used to convert
absorbed dose in air to effective dosc equivalent. This
refers to adults and is based on an analysis in the
UNSCEAR 1982 Rcport [U3] of cxperimental and
calculational data on environmental exposure to

gamma rays. A more recent assessment [P19, S§12)
provides cocfficients for exposure to terrestrial gamma
rays nol only for adults but also for children and
infants, Reference data are given in Table 8. The
overall value is not altered appreciably by weighting
for the typical radionuclide composition of soil. These
results were derived from Monte Carlo calculations (or
mathematical phantoms, those for adults being based
on ICRP Reference Man [I5] and those for the
younger persons on computed tomographic data for
paticnts. In round terms, thercfore, the conversion
cocfficient of 0.7 Sv Gy'l still seems to be suitable for
adults [Ul]. Because of the circumstance of
irradiation, it scems unlikely that the conversion
coc(ficient to cffective dose would differ appreciably
from this value.

56. The assumption has been made in previous
UNSCEAR Reports [Ul, U3, Ud] that the indoor
occupancy factor is 0.8, implying that 20% of time is
spent outdoors, on average, around the world. There is
no way at prescnt of validating this assumption, but
the indications are that 0.8 is low for industrialized
countries in temperate climates, where an appreciable
fraction of time is spent indoors in structures other
than the home [N2, W3], and high for agricultural
countrics in warm climates, where a substantial
fraction of time is spent out of doors even at night
[ES]. As more information becomes available, it may
be possible to refine the estimate of the occupancy
factor, but at present there is no basis for changing the
conventional value.

57. With values for the conversion cocfficient to
effective dose (0.7 Sv Gy’l) and the occupancy factor
(0.8), it is possible to combine outdoor (57 nGy h'])
and indoor (80 nGy h'!) exposures to terrestrial
gamma rays lo cstimate the average eflcctive dose.
The arithmetic annual mean worldwide, weighted for
population, is 0.46 mSv, somewhat higher than the
value for cosmic rays (0.38 mSv), the other
component of c¢xternal exposure to natural radiation
sources. For children and infants, the values are about
10% and 30% higher.

58 It is of interest to present some national
estimates of avcrage annual effective dose from
terrestrial gamma rays. This is done in Table 9. The
underlying assumption in each case that the effective
dose equivalent and the effective dose are numerically
the same for this circumstance. The values range (rom
0.23 to 0.65 mSv, with a median value of 0.40 mSv,
The population-weighted value for these 13 countries
is 0.45 mSv, in agreement with the result quoted in
the previous paragraph.

59. To complele the consideration of the cxternal
component of natural background exposure, the doses
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from cxternal irradiation by ecnvironmental beta
particles should be mentioned, although these mainly
affect the superficial tissucs of the body. Calculations
for soil show that the absorbed dosc rate in air {rom
beta particles is similar at the surface of the ground to
that for gamma rays, but that it drops to 20% of the
latter at 1 m above the surface [O4). Furthermore, the
dosc throughout the organs of the body generally is
about two orders of magnitude less than the dosc to
the skin. Similar circumstances exist indoors. The
absorbed dose rate from airborne beta emitters is
comparable to that from surface emission indoors and
about an order of magnitude less outdoors. If these
relationships are applicd to the average values for the
absorbed dose rates from gamma rays outdoors and
indoors, the annual absorbed dose to the skin from
beta particles is estimated to be about 0.2 mGy
overall. The contribution to dose from beta particles
from the surfaces of particular materials, such as the
mineral sands in Kerala, would be much more [S7].

B. INTERNAL EXPOSURE

60. Aftcr cosmic rays and terrestrial gamma rays, the
third clement of basic background exposure is that
from long-lived natural radionuclides in the buman
body, which arises from inbalation and ingestion.
Potassium-40 and the uranium and thorium series
radionuclides are trcated scparately. Radon is
considered in Chapter III,

61. Data on *K in the buman body are well
cstablished, mainly from direct measurements of
persons of various ages [I5, US] but also from the
analysis of post-mortem specimens [F13]. At the age
of 30 years, approximately the median for
industrialized countries [U11], the body content of
potassium is about 0.18%, at 10 years about 0.2%, and
is assumed to be the same at 1 year, these being the
averages for the sexes. Potassium is under homeostatic
control in the body, although there are discase states
that affect the level. The isotopic abundance of K is
1.18 10, With an average specific activity of
55 Bq kg'! of body weight and a rounded conversion
cocfTicient of 3 uSv a”! per Bq kﬁ;l [N2], the annual
cffective dose cquivalent from "K in the body is
165 uSv for adults, most of the dose being delivered
by beta particles. The value for children is 185 uSv.

62. Doses from radionuclides in the uranium and
thorium series, on the other hand, reflect intake to the
body with diet and air. In previous UNSCEAR
Reports [Ul, U3, U4, US5], doses were estimated from
measured activities in tissues and appropriate
dosimetric coefficients, but intake data were also
provided. In this Anncx, intake data are translated to
commitied effective doses for adults and also for
children and infants, so as to indicate the effect of

intake with age. Although the dctermination of dose
from concentrations in tissue is more direct, the data
on intake provide a good secondary indication.

63. A rcference food consumption profile s
presented in Table 10. This is based on the normalized
average consumption rate adopted by WHO [Wd],
derived from the food balance sheets compiled by the
Food and Agriculturc Organization (FAO) [F4]. These
cstimates refer to raw, unprepared products with no
account taken of losses in distribution and utilization;
conscquently, average values are usually overesti-
mates. Data on food consumption by age arc usually
obtained from nutritional studies, but becausc the
information is rather limited, rclative rather than
absolute values arc best inferred [V2]. In Table 10,
therefore, the average values [W4] are adopied for
adults, and the consumption rates for children and
infants arc taken to be two thirds and one third of the
adult values, except for milk products, which are
higher than unity [V2]. Intakes of water, both directly
and in beverages, are based on reference [CRP water
balance data [15]. The tabulated values are compatible
with other assessments [C4, N13, Ul]. There are, of
course, departures from the reference consumption: the
Chinese dict, for example, is low in milk, the African
diet in lcafly vegetables [W4] and the Indian dict in
meat [R11]. Cereal consumption, on the other hand, is
much the same in all types of dict. The nominal nature
of the data in Table 10 and the resulting uncertainties
in the dose estimates must be stressed. Reference
ICRP breathing rates [I5] are also given in Table 10.

64. The next step is to cstablish reference activity
concentrations in dietary materials and air. The values
for food and water in Table 11 rcly heavily on data
for northern temperate latitudes [F5, LS, N2, P5, P20,
S13, S14, S44] and are compatible with data in the
UNSCEAR 1988 Report [U1]; fish, for which data are
scarce and disparate, includes a 10% admixture of
invertebrates [C5, J7]. All food values are for wet
weight. Reference concentrations in air in Table 11 are
from the same sources [F5, LS, N2, Ul] and are
deemed to apply outdoors and indoors.

65. Information on cffective dose per unit intake of
activity of naturally occurring radionuclides by adults
is given in Tabie 12 [I4]; it is based on the biokinetic
modecls of ICRP. It is assumed in this Anncx that the
doses per unit activity intake for natural radionuclides
are not age-dependent.

66. Avcrage age-wcighted annual intakes by
ingestion and associated cffective doses have been
estimated using the fractional distribution of adults,
children and infants of 0.65, 0.3 and 0.05, respecti-
vely; the results are presented in Table 13. The intake
values are gencrally similar to those in the UNSCEAR
1988 Report [U1], although the 2%Po value is
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somcwhat higher, mainly because fish and, in
particular, invertebrates were included. The dominant
radionuclides are 21%Pb and 2'%Po, There is a scarcity
of environmental data for 2'Pa and 227Ac [K10, V7],
but if they were present to the same degree as 235y,
the overall effective dose would be increased by
ag roximatcly 1%. Along the same line, the intake of
z has been assumced to be equal to that of 232y,
In fact, the intake of 228Th should be greater, because
of some ingrowth of that radionuclide in foodstuffs
following the decay of 228Ra [L11]; this ingrowth,
which is difficult to quantify, would result in an
increase in the overall effective dose of less than 2%.

67. Table 13 includes analogous information for
inhalation. The values are similar to those in the
UNSCEAR 1988 Report [Ul]. The dominant
radionuclide is 21%Pb. Tt may bc noted that smokinfg 10
cigarcttes a day would double the intake of 20p,
[N2]. The decay products of 35U would, once more,
add about 1%.

68. The doses from reference annual intakes of the
long-lived series radionuclides can be compared to the
annual doscs re-estimated from the UNSCEAR 1988
Report [Ul] with the new ICRP tissue weighting
factors [I6). For wuranium and thorium scries
radionuclides, the effective doses are 62 uSv
committed from annual intake and 130 uSv annually
from avcrage body content. For 40K the same doses
are 170 and 180 uSv, respectively. The total effective
doses arc 230 uSv by intake and 310 uSv by body
content. The results are fairly consistent and support
the validity of the intake estimation metbod. The
advantages of this method over that based on post-
mortem analyses are that therc are more data on
activilics in foodstuffs than in human tissues and that
it facilitates the estimation of doses from high intakes
of activity in unusual circumstances. It is recognized,
however, that there are large uncertainties in the
values of the dose cocfficicnts, mainly owing to
uncertaintics in the values of the gut absorption
fractions (also called {}) for many radionuclides. These
uncertaintics may arise for a variety of reasons,
including the chemical naturc of the radionuclide
ingested, biological variability in humans and
cxtrapolation from animal data when human data are
sparse. It would be desirable to carry out more post-
moricm  analyses of tissues to dectermine natural
radionuclide concentrations, as such analyses would
allow a more direct assessment of the absorbed doses.

69. The variability of activity concentrations in foods
is clearly shown in Table 14, where sclected
information on eclevated levels is prescnted. The
reference values can be exceeded by orders of
magnitude. In the volcanic area of Minas Gerais,
Brazil [A4, A8, L10, V3] and in the mineral sands

arca of Kcrala, India [L6], there is evidence of cxcess
activity in milk, meat and grain, leafy vegetables, roots .
and fruits. In the granitic arca of Guandong, China,
excess aclivity has been reported in foodstuffs such as
rice and radishes {Z1]. Mention might also be made of
the elevated levels of #%Po in yerba maté, a plant
used to make a beverage in South America [C15), For
radiological  significance, however, the most
pronounced increase over reference levels occurs in
the Arclic and sub-Arctic regions, where 210pp, and
10p4 accumulate in flesh of reindeer and caribou [(H7,
P7], an important part of the diet of the inhabitants of
those regions. Reindcer and caribou feed on lichens,
which accumulate these radionuclides from the
atmosphere. If the annual consumption of reindeer and
caribou meat is taken into account [K3], it is possible
to evaluate the cffective dose from this intake.
Assuming the reference intakes for other foods and
water apply, the overall dosc from ingestion is
estimated to be about 300 uSv for adults. This is one
example of a community exposed under unusual
circumstances.

70. Sclected information on elevated levels of
activity concentrations in potable waters is shown in
Table 15 with values for some bottled mineral waters
and ground waters. These elevated levels are to be
compared with the reference levels presented in
Table 11. As with foods, reference values are
exceeded by orders of magnitude. Bottled waters in
Brazil includc some from arcas of high natural
1adiation levels [P8]. The results for France [M19, PS,
P9, R12, R13, R14, S11] represent all the principal
sources of mineral waters in that country.
Commercially available waters were widely sampled
in Germany [B12, G4, G5]. The sclection of Portu-
guese waters was broadly representative [B6]. An
extensive survey in Sweden of public and private
water supplics [K4] yiclded high levels of 22%Ra in
some wells with an average of 45 mBq kg™ in water
from deep-bored wells. In Finland, remarkably high
concentrations have been discovered in wells drilled in
bedrock throughout the south of the country near
Helsinki [S15]. If allowance is made for the extra dose
from these waters with otherwisc reference intakes, the
overall value of the committed effective dose becomes
550 uSv for annual intakes by adults. This is another
example of a community with unusual circumstances
of cxposure.

C. SUMMARY

71. Natural radionuclides of significance in soil, air,
water and living organisms include YK and the
isotopes of the B8y and 22Th decay chains.
Exposures occur by external irradiation and from
internal irradiation following ingestion or inhalation of
the radionuclides.




PR

e A VAhagh Va1 L4 8 A2 TV ) 10 S A 8 N ity

Ho TR v

i SR R e

ANNEX A: EXPOSURES FROM NATURAL SQURCES OF RADIATION 45

72. The dose rate in air outdoors from terre-
strial gamma rays in normal circumslances is around
57 nGy hl. National averages range from 24 o
160 nGy h''. Soil and survey data yicld similar valucs.
Communities living on mincral sands may well
be exposed at two orders of magnitude more. The

gamma-ray dosc rate indoors is cstimated to be

80 nGy bl the population-weighted mean  of
measured values worldwidc, and the range of reported
national averages is 20-190 nGy !, These results arc
in accordance with values inferred from outdoor
measurements and the concentrations of radionuclides
in building materials. Applying a cocfficient of 0.7 Sv
Gy™! 1o convert absorbed dose rate in air to effective
dose and using an indoor occupancy factor of 0.8, the
world-wide average annual effective dose from
external cxposure to terrestrial radionuclides is
0.46 mSv.

I11.

74. Exposure to radon is the most significant element
of human irradiation by natural sources. It is dis-
tinguished from the other three elements of basic
background because exposure varics markedly in
ordinary circumstances and because high exposures
may be avoided with comparative ease. The most
important mechanism of exposure is the inhalation of
g]gg short-lived decay products of the pring‘i’pal isotope,
““Rn, with indoor air. Concentrations of **?Rn and its
progeny are usually higher in indoor air than in
outdoor air; exceptions are in tropical areas, where
222Rn concentrations in well-ventilated dwellings arc
essentially the same as in outdoor air.

75. There are three natural isotopes of the radio-
active element radon: *!°Rn (actinon) in the 235y
series; 220Rn glhoron) in the 22Th series; 2pn
(radon) in the 2*8U scries. Because of the low activity
concentrations of 23U and the short half-life 0[219Rn,
this isotope is not significant for human exposure.
Because of its short half-lifc, 2’°Rn is of concern only
where the concentration of 23%Th is high. Owing to its
relatively long half-life, 222Rn is the most significant
isotope, and there is much information on it. Table 16
gives the alpha decay propertics of 220Rn and ?22Rn
and their short-lived decay products [B7, M11].

76. Radon is a noble gas with slight ability to form
compounds under laboratory conditions [S16]. The
density of radon is 9.73 g 1"l a1 0° C [WS]. There is
very littlc radon in air, typically about one atom per
10 atoms of air indoors, and so it does not stratify.
Its solubility in water at 0° C is 510 em® I'' decrea-
sing 10 220 cm® I’ a125° Cand 130 em® 11 a1 50° C.

73. Effective doses resulting from intake of natural
radionuclides in air, food and water may be
dctermined from mcasured concentrations in the body
or cstimated from concentrations in intake materials.
The worldwide average committed dosc from annual
intakes is estimated to be 0.23 mSv, of which
017 mSv is from “K and 0.06 mSv from
radionuclides of the 238U and 232Th serics. Variations
in cxposures occur from variations in the latter
component. Communitics receiving higher effective
doses include consumers of reindcer meat (average
annual cffective dose: 0.3 mSv) and consumers of
decp well water in some locations (average annual
effective dose: 0.5 mSv). Litle information cxists on
the wvariability of dose from the inhalation of
long-lived activity in air, but inhalation is dominated
by radon isotopcs and their short-lived decay products,
which are the subject of the next Chapter.

RADON

A. SOURCES AND MOVEMENT

1. Production in terrestrial materials

77.  The production of >*%Rn and **2Rn in terrestrial
materials depends on the activity concentrations of
228Ra and **Ra present. Indicative values for these
radium isotopes in soils may be inferred from Table 5.
Some values for rocks, taken from extensive analyses
[C14, W6], arc given in Tables 17 and 18. On
average, granites arc high in radium, basalts are low
and sedimentary and metamorphosed rocks have
intermediate values. In the main, the results are fairly
consistent with the soil values, although exceptional

values of 22°Ra do occur in some detrital sedimentary
rocks [AS].

78. Earth materials may be envisaged as a porous
matrix through which fluids can move. To be free to
do so, radon must first emanate from the mineral
substance into the pore space. This is brought about
mainly by the recoil of radon atoms on formation,
with a typical range of 20-70 nm in mincrals, and by
molccular diffusion [T4]. Emanation is thought to be
amplified by the superficial disposition of radon
precursors and the damage caused by radioactive
decay. The fraction of radon formecd that enters the
pores has variously been called the emanating power,
the ratio, the cocfficient and the fraction. Values of the
emanation fraction, as it is called here, for various
earth and building materials are given in Table 19.
The results relate to 2>’Rn and are supported by other
studies of soils [B13, M20, M21]. Relatively litte
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information cxists for Z'ORn, but similar values would
be expected because of the physical processes
involved.

79. Moisture  and temperature  affect  radon
cmanation. The presence of water increases the
probability that the recoils will terminate in the pores
rather than the matrix and that more radon will
therefore be available for movement [T4], but this
trend is later reversed as the water content grows.
Increasing temperature  also incrcascs cmanation,
probably because of reduced adsorption, but the
mechanism and magnitude of this effect are not as
well undcerstood or quantified [S18]. Of the two, the
moisture cffect is the more significant.

2. Diffusion

80. The movement of radon in porous material is
brought about by concentration and pressure gradients;
the mechanisms of movement arc molecular diffusion
and forced advection [N14]. Both are modificd by
radioactive decay. Consideration here is limited to the
movement of radon from the ground into the open
atmospherc and from the ground and building
clements into confined spaces such as dwellings.
Attention is first given to diffusion.

81. If carth is regarded as a porous mass of
homogencous material semi-infinite in extent, the flux
density of radon at the surface J (Bq m" s") is
given [U1] by the expression

Jp = Cprahpa (P[D,/ (hgy 1 ©)

where Cp, is the acnvny concentration of 2%5Ra in
carth material (68q kg, AR, is the decay constant of
222Rn (2.1 10 s°1); [ is the cmanation fraction for
carth malcnal p is the density of carth material
(kg m” ) D, is lhc cffccllvc diffusion cocfficient for
carth malcrla] (m®s 1) and ¢ is the porosity of the
carth material. The first four parameters in the
cquation comgnsc the volumetric production rate of
radon (Bq m ) the cxpression in brackets is the

dilfusion length.

82. If a building clement, such as a wall or floor, is
similarly regarded as a scmi-infinite slab of porous
maltcrial, the flux density of radon from one side is
given [U1] by the expression

05

Jp = Cratpra (P[D./ (Mg, ©)] (6)
anhd [D,/ (g, £)]°

where d is the half-thickness (in metres) of the

clement and the other symbols refer to the same

paramecters as in cquation (S), but where the values are

for the building material rather than the carth material.
The two cquations arc the samc apart from the
hyperbolic term, which takes into account the finite
thickness of the slab and has a valuc less than unity.

83. Sincc diffusion dominates over advection as the
mcchanism by which radon cnters the atmosphere
from the surface of the carth [N14], it is possible to
calculate the flux density by using appropriate values
for the parameters in cquation (5). Values of Cp, are
in Table 5 and values of f, D, and ¢ in Tablc 19.
chrcscnlallvc values arc Cy, = 40 Bq kgl =02
D=5 107 m? s71: ¢ = 0.25. The value of p is about
1,600 kg m3, and Ay = 2.1 10'6 ‘L. These yicld an
estimate for Jy of 0. 026 Bq m? 5! somewhal higher
than the weighted value of 0016 Bqm™ 251 from
measurcments over various soils [W7] but quite closc
to the average value of 0.022 Bq m™ s estimated for
Australia [S36] and compatible with lhc indications for
sedimentary arcas of France [R15]. It must be noted,
however, that the calculated value of JD is critically
dependent on the value adopted for Cp, and that the
mcasured value is critically dependent on the
weighting procedurc for soil type. The volumetric
production rate, glvcn by the first part of the equation,
is about 0.027 Bq m3 s\,

84. For building clements, the flux density due to
diffusion may be calculated by substituting the
appropriate values in equation (6). Such values of CRf
f,D, and € arc in Tablcs 7 and 19: Cp, = 50 Bq kg™;
f—OlD = 1108 m? sl e = 0.15. As before, Apn
= 21 lO'g 'l, and the valuc of p is taken to be
1,600 kg m3; for elements 0.2 m thick, d is 01 m,
These yicld an estimatc for Jy of 0.0015 Bq m? !
and a volumeltric production rate of 0.017 Bq m3 s,
Whereas the production rate is comparable to the
volumetric value for carth material, the flux density
from a building material element is about an order of
magnitude less. Volumetric production rates for radon
inferred from measurements on laboratory specimens
of ordinary concrete arc in accordance with the
calculated value, but the rates for natural gypsum and
ordinary clay bricks arc lower than cstimated [C6, J2,
T5, Ul]. Most mcasurcments of radon flux density
have been made on laboratory specimens of building
malerials; since these have a much higher
surface-to-volume ratio than building elements, the
results underestimate the flux density in practical
circumstances [C6]. Some measurcments on sections
of building elements do, however, give results that are
fairly compatible with the calculations for ordinary
concrete and ordinary clay bricks but appreciably
lower for natural gypsum [B9, P10, S20].

85. As in the UNSCEAR 1988 Report {U1], a model
building is defined so as to illustrate the relative
jmportance of the various sources of radon indoors. A
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simple masonry structure is envisaged with a volume,
V, of 250 m3 and a surface arca, Sp, of 450 m2. The
characteristics broadly reflect construction in lemperalc
climates. An air exchange rate of 1 h! s postulated.
The rate U of radon entry from the building clements
(Bq m-3 h1) is given by the expression

U = (3.6 10° Spip)/V @

where Jp is defined in cquation (6). The resulting
value of U is almost 10 Bq m’ h'!. Without a
masonry floor, the rate of entry by diffusion from bare
carth would be about 37qu'3 n!, this being
calculated by substituting the surface arca of the floar,
Sg = 100 m?, for Sg and 0.026 Bq m™ 5! for Jp in
cquation (7). An intact concrete floor 0.2 m thick
would. however, reduce the rate of entry by a factor
of about 14 [C7, U1} to 2.6 Bq m b™!, which is
comparable to the contribution from such a floor
clement.

86. Tt should be recognized that floors are unlikely
10 be intact and that holes and cracks greatly facilitate
the entry of radon. The effect of cracks has been
modeclled in a mathematical sense for a stylized pattern
of penetrations through a floor clement [D6, L8]. With
an array of 1 cm widc cracks every 1 m through a
0.2 m thick floor and a diffusion coefficient of
5107 m® s} for the underlying earth, the rate of entry
by diffusion is about 20% of that from bare carth
[D6], implying 7.5 Bq m3 bl which in turn implies
a flux density, averaged over the whole floor, of
0.0052 Bq m% s'L. In the reference building, therefore,
1% discontinuity in the floor permits 20% diffusion
from the carth.

3. Advection

8&7. Attention is now tumned to the forced advection
(also frequently called convection) of radon from the
carth into a building. This is causcd by the slightly
negative pressure differences (underpressure) that
usually cxist between the indoor and outdoor
atmospheres. Two mechanisms are mainly responsible,
wind blowing on the building and heating inside the
building [N15]. Other mechanisms, such as changes in
barometric pressurc and necgative pressure causced by
mechanical ventilation, may also be significant [N14].

88. Wind creates a negative pressure drop across the
shell of a building. The magnitude of the drop is
determined by the configuration of the building and
varies with the square of the windspeed; in a light
breeze, it may be a few pascals [N14]. Outdoor air is
therefore drawn inwards through gaps in the shell or
through the subjacent carth with radon entraincd. The
rapidity with which a pressure drop is transmitted

depends on the permeability of the ground and can
vary from scconds for sand to wecks for clay [N14].

89. Hcatalso creates a pressure drop across the shell
of the building with the gradient towards the higher
temperature, This phenomenon, usually called the
stack cffect, also draws air through and under the
shell. The drop is proportional to the temperature
diffcrences [F7]; for 20° C, it also amounts 1o a few
pascals. In secvere climates, however, it would be
much more and in tropical climates much less. The
overall cffect of both mechanisms is assumed 1o create
3 pressure difference, Ap, of about 5 Pa [R4].

90. If a masonry floor is intact, advection from the
carth cannot take place. The presence of cracks in the
clement  allows  advection, however, and a
mathematical model has been used to determine the
influx of radon [D7]. As with diffusion through cracks
[D6], the finite difference method is used to solve
numecrically the steady-statc transport equation for
advection. Apart from Ap, the parameter of prime
importance is the permeability, k, of the subjacent
earth material, which varies in value through scveral
orders of magnitude from a low of 10716 m2 for fine
clay 1o a high of 108 m? for coarse gravel [N14).

91. Application of the model to a floor element with
an array, as before, of 1 cm wide cracks every 1 m,
yiclds ratios between the advective and diffusive
influxes for a range of permeabilities [W8]. These
ratios vary from about unity at lower permeabilities to
an order of magnitude greater when k is about
10" m? and then decline towards unity again at
higher permeabilities. Extension of the modecl to a bare
carth floor yiclds estimates of influx for lower and
intermcediate permeabilities, but the method breaks
down at higher permeabilitics. When these results are
applicd to the model building for an underpressurce of
5 Pa, they give the flux densitics in Table 20, which
are avcraged over the whole arca of the floor. They
should be compared to the diffusive flux densities of
0.0052 Bq m2s? for the cracked floor and
0.026 Bq m™ s for the bare carth estimated carlier.
Values of the {lux density similar to those shown in
this Table would be obtained for similar values of the
product kAp within the underpressure range 1-10 Pa
|D7].

92. Radon cntry rates by advection are calculated
from cquation (7) by again substituting Sg = 100 m?
for Sj3 and by replacing the diffusive {lux density by
the advective valucs in Table 20. The outcome is also
shown in Table 20. Entry rates vary from zcro for an
impermcable floor element, through 10 Bq m3 h! for
a cracked floor on earth matcrial of low permeability,
to 274 Bq m> b’! for a barc floor of fairly high
permeability. The decline in rates at the higher
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permeabilities is due to the depletion of radon in the
carth necar the walls of the building by the passage of
fresh air [D7, W8). Il an intermediate permeability of
10 m? for sandy-silty carth material is decmed to be
typical and accordant with the diffusion cocfficient
adopted carlier, it becomes clear from the Table and
from the carlier paragraphs that advection is likely to
dominatc over diffusion as a source of radon in
buildings under common circumstances.

93. It is possiblc to cstimate an upper value of the
cniry rate by advection from the earth in a simple
manner if the fraction ¢ is known of the air exchange
rate for the building that takes place through the earth.
It is given by the expression

U = 00, [(Cp, fp)/e] ®

where A, is the air exchange rate (1 h'l) and the other
symbols represent the same quantities as before with
the same values. The terms in brackets refer to the
radon concentration in equilibrium with radium at
depth in the earth; their conjoint value is about
5104 Bg m3. A value of 0.02% for ¢ would yicld an
cntry rate of 10 Bq m~ b™! for the model building and
thus match the contribution by diffusion from the
building elements. Values of ¢ two orders of
magnitude greater may be realized {S21] for solid
floors on the earth, sometimes called slab on grade.
This simple analysis does not, however, take into
account the depletion of radon near the surface of the
carth.

94, It must be stressed that entry by advection is
quite dependent on the configuration of the floor and
that any estimate of an illustrative value is quite
uncertain. Even for the simple slab on grade of the
model building, structural details and the nature of the
underfill make estimating difficult. For suspended
floors, entry is severely influenced by the degree to
which the living space is decoupled from the earth.
For buildings with basements, the difficulty is
compoundcd by the extensive arca of contact between
the structural elements and the backfill or earth. Much
still remains to be done to clarify these issucs [G10,
H15, M22, N16, R4}, and it must be realized that
reliable estimates of indoor radon concentrations are
best obtained from measurements of radon in air.

4. Infiltration

95. Fresh air enters a building through open doors,
windows and ventilators and through inadvertent gaps
in the superficial shell. Although the term infiltration
properly refers to the passage of air through small
openings, it is used here to describe the overall degree
of direct exchange between outdoor and indoor air.

Outsidc air brings with it radon, usually at a Jow
concentration.

96. Concentrations of radon outdoors are detcrmined
by the flux density from the carth and by dispersion in
the atmosphere; both are affected by metcorological
conditions. There are pronounced diurnal variations,
mainly because of changes in atmospheric stability,
and pronounced scasonal variations, mainly because of
changes in patterns of air mass circulation. Water
masses such as lakes and occans make a negligible
contribution to the atmospheric inventory of radon
[N17]. On the basis of exhalation data, NCRP [N2]
estimated the average outdoor concentration over
continents to be 8 Bq m3. Hourly measurements over
several years at an inland and a coastal site in the
United States yielded average values of 8 and
4 Bg m [F8], respectively, but successive quarterly
measurements with integrating devices nationwide at
50 sites gave 15Bqm™ [H16]. Year-long
measurements with integrating detectors throughout
the United Kingdom gave a population-weighted
average of 4 Bqm™ [W3]. Integrating devices
deployed in an urban area of Japan also yielded a
ycar-long average of about 4 Bq m™, with seasonal
variations from 2.6 to 6.1 Bq m [M23]. Summertime
measurements across Canada gave 11 Bq m? in the
eastern provinces and 56 Bq m? in the prairie
provinces, which were particularly dry and where the
levels were reduced by a factor of 5 in the following
summer [G11]. Protracted measurements in France
showed 60 Bq m? in sedimentary regions, with
marked temporal and spatial variations throughout the
country [R15]. Whereas a tentalive estimate of
5 Bq m?> was made for the population-weighted
parameter worldwide in the UNSCEAR 1988 Report
[Ul], the developing evidence, cspecially for
continental as opposed to island air, suggests that it is
probably closer to 10 Bq m™,

97. With a direct air exchange rate, A, of 1 bl and
an outdoor concentration, ¥, of 10 Bq m'3, the rate of
entry of radon to the reference building by infiltration
is the product of the two values, 10 Bq m3 bl

5. Transfer from water and natural gas

98. As noted carlicr, radon is soluble in water. It
follows that water supplics bring radon indoors and
that some de-emanation of the water occurs, thus
contributing to the radon cntry rate, sometimes 10 an
appreciable degree. Concentrations of radon in water
vary markedly. Supplies may be classified broadly as
surface water, groundwater or well water, As shown
in Table 21, radon concentrations in these classes
differ by an order of magnitude, and utilization also
varies considerably [N18, OS]. Surface waters with the
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lcast radon but the greatest variability in cancentration
[H5, H6, N15] arc used the most. The weighted
average of the radon concentrations for the reference
sct of supplics is somewhat above 10,000 Bq m3 but
not unlike the estimate for the United States [C8). [n
the UNSCEAR 1988 Report [U1], a reference value of
1,000 Bgq m> was adopted, but it was noted that
countrics such as Finland and Swecden had
population-weighted averages of over 30,000 Bq m
[K4, S15}. Comprchensive surveys of well water {rom
southern Finland yiclded a median concentration of
210,000 Bq m? and isolated values approaching
50 MBq m3 [78]. It is assumed in this Annex that the
worldwide average concentration of radon in water is
10,000 Bq m™>.

99. Radon is slowly removed from still water by
molecular diffusion, but agitation and hcating cause
walcr to de-emanate rapidly and trans{er the gas to the
indoor air. The transfer factor for buildings, defined as
the ratio of the concentrations of radon in water and
air, has becen determined both experimentally and
analytically. Values arc distributed log-normally, but
the average is about 10*. For 10,000 Bq m~ in waler,
this implics 1 Bq m3 in air; for an air exchange rate
of 1 h'l, this implics a radon entry ratc of
1 Bq m b'! to the model building.

100. In the interest of completeness, natural gas is
mentioned as a potential source of radon. It contains
various concentrations of the radioactive species,
determined mainly by the geology of the gas ficld and
the dclay in transmission to the user. When it is
burmed indoors, the radon is rclcased. In the
UNSCEAR 1988 Report |U1], an cntry rate of
0.3 Bq m3 b to the modcl building was dcemed
appropriatc. This estimate still seems to remain valid,

6. Entry rates

() Radon

101. Radon entry rates for the model building are
summarized in Table 22, and the relative importance
of the various sources of radon in a temperate climate
is illustrated. It will be recognized from the preceding
text that the selection of illustrative values is rather
arbitrary, since it depends on the values chosen for the
paramelters that determine the significance of the
various mechanisms of entry. Nevertheless, the overall
entry rate is not greatly at variance with that inferred
from radon mcasurcments in many buildings in
temperate climates. With a contribution of over 50%,
mostly from forced advection through discontinuities
in the floor, radon cntry {rom the subjacent carth
dominates over all other sources. Diffusion from the
building clements is also important, as is the
infiltration of outdoor air, but the other sources are

relatively unimportant. Table 22 focuses atlention on
the importance of advection in such typical
circumslances; the text emphasizes its importance in
atypical circumstances where high radon levels occur
indoors. In tall blocks of dwellings, however, the carth
contribution would virtually disappcear the overall entry
ratc would at lcast be halved, and the percentages
would be altered accordingly.

102. If a building with dimensions similar 1o thosc of
the model but of non-masonry construction is
cnvisaged for a tropical climate, it is possible o
cstimate the entry rate of radon by crudcly adjusting
the data in Table 22. Diffusion from building elements
virtually disappears, but diffusion {rom the subjacent
carth may contributc 37 Bq m> bl because board
floors would not appreciably impede the ingress of
radon. Advection from the earth may also disappcar
with calm air, balanced temperature and high
ventilation. On the other band, the contribution from
infiltration would increase twofold, to 20 Bq m3 h'l,
with a direct air exchange rate of 2 b'l. The other
mechanisms would remain unimportant. Overall,
therefore, the cntry rate of radon under such
conditions should not be much different from that in
Table 22, although the individual percentages would
change.

(b) Thoron

103. There is less information on entry rates of thoron
into buildings. Since the precursors of 2Rn and
222Rn have about cqual activities in carth and building
materials (see Tables 5, 6, 17 and 18), the rates at
which the two isotlopes arc produced are also about
cqual. It is usually assumed that the emanation fraction
is the same for cach.

104. By definition, the diffusion coefficient is the
same for both isotopes, so the diffusive flux density in
terms of activity is proportional to the square root of
the decay comstants (0.0126 s for thoron and
2110¢s? for radon) implying a value 77 times
higher for thoron. The measurcd values for thoron,
about 1 Bgq m2?s! from earth materials and
0.05 Bgm> s from building materials [D11, F6,
NI19, S19, 8§36, U3}, reflect this ratio, although there
is considerable variability in the value,

105. As for advection, the flux density should, in
principle, be the same for both isotopes in malcrials
with the same permeability, if all the atoms produced
arc forced to the surface [N19]. Overall, the rate of
entry of thoron into a building with unfinished walls
and floors is likcly 1o appreciably exceed that of
radon. However, owing to its short half-lifc of 55
scconds, only the superficial layers of walls and {loors
contribute to the rate of cmiry of thoron into a
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building, so that covering the Noors and walls with
plastic materials, tiles or paint is likely 10 reduce the
ratec of cntry of thoron by at least an order of
magnitude. This cffect was indircctly demonstrated in
Japan, where indoor mcasurements generally detected
high concentrations of thoron (up to 400 Bq m™3) ncar
unfinished soil walls, but no thoron near walls covered
by plastic or by paint [D2].

106. From the relatively few measurements of thoron
outdoors [N19, S23, U3] it would appear that activity
concentrations of thoron at or very near the surface of
the earth exceed those of radon. As altitude increascs,
however, the situation reverscs because of the disparity
in decay constants. A representative value of
10 Bq m?3 might be chosen for head height, which is
the same as the value adopted carlicr for radon. With
a dircct exchange rate between outdoor and indoor air
of 1 b}, the rate of entry to the model building by
infiltration is also about 10 Bq m™ bl

107. The average rate of entry of thoron to a building
from all mechanisms is crudely estimated in this
Annex lo be similar to that of radon, i.e. about
50 Bq m3 bl This estimate is highly uncertain.

B. EXPOSURE
1. Indoor concentrations
(a) Radon

108. It is possible 1o estimate the actlivily
concentration x (Bq m'3) for the model building {rom
the expression

x = U/, + Agy) ©)

where the symbols refer to quantities defined
previously. With U (the radon entry rate) =
49 Bq m™ bl (Table 22), A, = 1 b! and Ap, =
0.00756 h!, the value of ¥ is 48.6 Bq m™3. In round
terms, therefore, one would generally expect radon gas
concentrations of about 50 Bq m? in masonry
buildings in temperate climates and 30 Bq m? in
tropical timber buildings. With thoron, however, the
decay constant of 45.4 b!, rather than the air
exchange rate, determines the concentration: for U =
50 Bq m3 bl x=1DBq m™> of thoron gas. It should
be noted that the indoor radon and thoron
concentrations calculated from cquation 9 represent
averages throughout the building. Because of its short
half-life, thoron does not become uniformly
distributed. Strong gradicnts of thoron concentration
have been predicted and observed according to
distance from the wall [D2, D9, K15]. In any case,
because of the large uncertainties in the estimation of
the rate of entry of thoron into buildings, it is not

recommended to use equation 9 to predict the indoor
thoron concentration; it is better to rely on direct
measurcments of indoor concentrations, discussed in
Scction I11.B.1.b.

109. It is now appropriatc to compare expectation
with observation. Although most large surveys are of
radon gas concentration, Xg,, some surveys have been
conducted of the decay products. The paramecter of
interest in the latter case is the equilibrium cquivalent
concentration (EEC) of radon xg, and the two
quantitics arc related through the cquaibrium factor F,
defined by the expression

whc:)clxﬁq is 0.1057((lj + 0.515%, + 0.;]80)(3. The
symbols , %2 an represent the activit
cznccntrat‘i)glns t:(mePo, 22(43Pb ar?d 214Bi; the constanti
are the fractional contributions of each decay product
to the total potential alpha energy from the decay of
unit -activity of the gas [I7]. By analogy, the
equilibrium equivalent concentration of thoron is 0.913
X + 0.087 x, where %; and %, now represent the
activily concentrations of 212pp, and 212Bi.

110. Many surveys have been made during the last
decade of radon concentrations in dwellings. An
extensive compilation was included in the UNSCEAR
1988 Report [Ul]; it is updated here by the
information in Table 23. Data are now available for 35
countrics representing almost two thirds of the world
population. The list is not comprehensive; some
scattered observations for other countries are omitted,
and summary results for a few countries with
advanced radon programmes may. not have been
available. The purpose here is not to record all such
data, but to select information that is representative of
the various countries. The distribution of the survey
data of Table 23 is illustrated in Figure IV.

111. Whereas early surveys were based on discrete
sampling of radon dccay products, usually called grab
sampling, because it lasted a matter of minutes,
surveys of substance are now made by sampling radon
gas for extended periods of time, several days for
charcoal detectors and several months for track ctch
detectors. Mass surveys of radon decay products are
not feasible because the equipment and human
resources required to conduct them would be very
costly.

112. A satisfactory national survey might be defined
as one in which measurements of adequate quality are
made throughout a ycar in the living and sleeping
rooms of a stratified sample of at least 1 in 10,000 of
the housing stock. Not many surveys meet these
criteria. Some are not large enough; many arc made in
the rooms with the highest radon levels; some are

—_———— I
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biased 1o arcas of the country with high radon
concentrations; most do not follow a statistical design.
As a resull, any estimate of a representative or typical
world value is quite uncertain. Distributions of radon
concentrations  are usually reported as  being
log-normal, although departures are sometimes secn,
Arithmetic mcans arc frequently cited or may be
calculated from the geometric mcan and standard
deviation. Extreme values are often given.

113. Owing to thc large populations of China and
India, the results for these countries weigh heavily in
the cstimation of a worldwide radon concentration.
Definitive national surveys have not yet been
conducted, but the population-weighted mean of
somcwhat disparate and developing data for China
[C10, RS, Ui, Z2] is about 20 Bqm [P21].
Exploratory data for India [S37], pending the
completion of a national survcy, suggest an arithmetic
mean of 57 Bq m3, with lower values in cities such
as Bombay [M12] and higher values in cities such as
Nagpur [S24] and an cquilibrium factor approaching
0.4 [S25]. A national residential radon survey [M24,
010, U12] recently completed in the United States
vielded an arithmetic mean of 46 Bq m™, which is
consistent with the outcome of a structured survey in
the state of New York [P11].

114. Results from several studies in southern Europe
have become available. Generally radon values are
lower than in northern Europe: for example, only 3.2%
of the 244 Spanish dwellings investigated in Madrid
and Barcelona exceeded 200 Bq m3 [G1]; only about
20% were above 100 Bq m™ in a Turkish survey of
400 houscs in Istanbul [K14]; and about 5% of
Portuguese dwellings had average radon concentrations
in excess of 200 Bq m3 [F14]. However, in laly the
use of natural building materials (wffs, pozzuolana)
with elevated 238U activity concentrations ranging up
to 400 Bq kg™ can result in elevated indoor radon
levels in the arcas concerned (arithmetic average:
93 Bq m™ [B16]). Frequently, seasonal changes are
scen to have a pronounced effect on indoor radon
concentrations in southern climates, with winter values

up to 80% higher than corresponding summer values
[B16, G1].

115, Little information is available for large parts of
Africa and for tropical regions in the Americas, Asia
and Oceania. For well-ventilated buildings, indoor and
outdoor radon concentrations should be essentially
equal; thus, indoor radon levels should be lower in
tropical arcas than in tempcrate arcas if the outdoor
radon concentrations arc similar [M12, S25]. The
limited results available for Egypt and Thailand [C23,
H18] show that, for well-ventilated buildings in
tropical areas, indoor radomn concentrations are
approximately equal to those measured outdoors;
furthermore, a gradual increase in the ratio of indoor-

to-outdoor radon concentration from low latitudes
(23° N) to tempcrate latitudes (40° N) has been
observed in China [P21}. However, Figurc V, where
the average indoor radon concentrations from Table 23
arc plotted against the latitude of the countries or the
main population centres, shows a considerable scatter,
as well as some average indoor radon concentrations
at high latitudes that are similar to those at low
latitudes.

116. The different results of radon concentrations with
latitude may be duc to local gcology, atmospheric
conditions or building design. Local geology and
atmospheric conditions may result in outdoor radon
levels that are high in low latitudes and low in high
latitudes. For example, the average outdoor radon con-
centration measured in Bangkok [C23] is 40 Bq m™,
while that in the United Kingdom is 4 Bq m™ [W3].
Such a diffecrence alters the indoor-to-outdoor
concentration ratio for most dwellings. Also, the
sharply contrasted rainy and dry seasons in tropical
areas may influence the annual average of the indoor
radon concentration in a manner that is not clearly
understood. Finally, the design of traditional sub-
Sabaran houses explains the relatively high radon
concentrations in that region [O6].

117. In the UNSCEAR 1988 Report [U1], a popula-
tion-weighted value of 40 Bq m™ was adopiced for the
arithmetic mean worldwide. This value still appears to
be representative. Given the gross uncentainty in this
value and the climatic complications, the degree of
agreement with the estimate for the model building is
probably more coincidental than conclusive. It is clear
that additional research and measurements are needed
in tropical areas in order to estimatec more accurately
the worldwide average of indoor radon concentration.
It is hoped that more data from countries at low
latitudes will become available from a radon survey
programme that is being initiated by IAEA [S22].

118. Because of the trend away from the measurement
of radon decay products, there is no new information
of substance on the value of the equilibrium factor F
indoors; it is taken, as before, to be 0.4 [Ul). The
position is much the same for outdoor air; the previous
value of 0.8 is also adopted here. In terms of equi-
librium cquivalent concentration, thercfore, the world-
wide values of the arithmetic mean, population-
weighted, are about 16 Bq m-3 indoors and 8 Bq m
outdoors.

119. For the major surveys in tempcrate climates, the
value of the geometric standard deviation is typically
2.5. This may be somewhat high for tropical climates,
but any adjustment would be arbitrary, and so it is
considered to be generally valid. The arithmetic mean
of the radon gas concentration is 40 Bq m3, and the
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geometric mean is about 26 Bq m™. The correspon-
ding valucs of the cquilibrium equivalent concentration
arc 16 Bqm™ indoors (arithmetic mcan) and
10 Bq m3 (gcometric mcang. Estimates of the 98th
percentiles  are 200 Bq m™  for the radon gas
concentration and 80 Bq m> for the cquilibrium
cquivalent concentration. It can thus be suggested that
about 2% of dwellings worldwide may have
concentrations in excess of these values. Further, about
0.02% of dweclilings may be in excess of 800 Bq m.
Concentrations far in cxcess of 800 Bq m3 are,
however, frequently reported in the literature; values
morc than an order of magnitude pgreater arc
somctimes encountered, which may reflect the
possibility of positive divergence from a log-normal
distribution at higher concentrations [N20]. Competent
authorities who have considered the effects of human
cxposure to radon in homes are gencrally agrced on
the desirability of taking action at concentrations
exceeding 400 Bq m?3 |O8]; worldwide, a few homes
in a thousand probably cxceed that level. Remedial
mcasures in those houses will reduce the number of
persons exposed to high doses from the inhalation of
radon progeny but it will not change significantly the
average levels.

(h) Thoron

120. Limited information on thoron concentrations has
been reported since the publication of the UNSCEAR
1988 Report [Ul]. A representative value of
10 Bq m™~ was adopted carlicr for thoron gas in
outdoor air. Equilibrium cquivalent concentrations of
about 0.1 Bq m™ have been adopted elsewhere [N2,
N19, N20], somewhat lower than the previous valuc of
0.2 Bq m™ [U1). Estimalces of the gas concentration
indoors point to around 3 Bq m™3 [N20, S23}, and
limited surveys of the equilibrium ecquivalent
concentration [C16, D8, G9, M14, M25, N19, P21,
R1, S23, T7, W3], taken together, indicale about
0.3 Bq m3, again somcwhat lower than the previous
value of 0.5 Bq m3 [Ul]. There is considerable
uncertainty in these figures, poinling to a nced for
systematic mcasurements.

(¢) Average concentrations

121. The foregoing estimates of the concentrations of
radon and thoron in outdoor and indoor air are
summarized in Table 24. Both the gas and equilibrium
cquivalent values are given. They arc intended to
represent the population-weighted arithmetic means
worldwide, but it is nccessary to bear in mind that
considcrable uncertainty attaches to them, mainly
because of the general paucity of data for thoron and
some gcographical bias in the origins of the radon
data. They are, nevertheless, robust and round enough
to allow calculating the radiation doses from inhalation
for the gas and decay products.

2. Dose

(n) Inhalation

122. Exposurc to radon, thoron and their progeny
comes mainly from the inhalation of the decay
products of radon and thoron, which deposit
inhomogencously within the human respiratory tract
and irradiate the bronchial cpithelium,. Comparcd with
the lung dosc from inhaled decay products, the dose
contribution from the inhaled radon (or thoron) gas
itsclf, which is soluble in body fluids and tissucs, is
small under normal conditions of e¢xposure. The two
contributions to the annual cffective dose are
considered in turn,

123. Conversion coefficients relating average annual
concentrations to effective dosc equivalent were
presented in the UNSCEAR 1988 Report [U1] for
radon and thoron progeny. These were based mainly
on a comprehensive report on lung dosimetry
published in 1983 [N21] and other earlier analyscs [I7,
J3]. Parallel and later developments were recognized,
however, that pointed to the need for a re-evaluation
of the radon dosimeuy [J4, N17, V4].

124. Dose to lung tissues decpends, among other
things, on the fraction { of the total potential alpha
encrgy associated with lﬁc mixture of decay products
not attached to the ambicnt acrosol [N21]; as the value
of f_ increases, so does the dose. Values from 0.04 10
about 0.20 have been found in scveral dwellings in the
United Kingdom [J5, S27]. A similar range was
determined in several Norwegian dwellings [S28]. For
a Japanesc dwelling, bowever, the range was 0.031 to
0.064, with an arithmetic mcan of 0.043 [K6],
reflecting perhaps the different lifestyle [H8). In
Germany, the arithmetic mean for many rooms
without additional aerosol sources was 0.096, whercas
for a few with cigarette smoke it was 0.006 and for
outside air, about 0.02 [R9]. A study in a test dwelling
in Germany yiclded values around 0.1, but ranging
below 0.01 as a result of smoking [R10]. A review of
these and other data leads to a value of around 0.1
[P16]. Further results reveal 0.077 [H21] and 0.20
[S46] for single-family dwellings and 0.086 as an
average for five dwellings [T13]. Such valucs may be
contrasticd with those from 0.02 1o 0.03, adopted
previously for dosimetric purposcs |18, N21, Ul}; they
appear to be about three times greater indoors, the
implication being that the cquivalent dose 1o the
bronchial epithelium might be somewhat larger than
previously estimated [J11].

125. The ratc of attachment of radon decay products
to the ambient acrosol incrcases as the acrosol
concentration increases [P12]). With other acrosol
conditions constant, therefore, a higher aerosol
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concentration means a jower value of {_ and a lower
dosc. In dwellings, the acrosol concentration generally
increases as the infiltration rate of outside air
decreases, with the result that the values of [ and
dose also decrease. For a given concentration of gas at
a {ixed value of f_, the dosc increases as the value of
the cquilibrium f};clor F increases; the value of F,
however, increases with decreasing infiltration rate.
The effects of ) and F on dose, with other acrosol
conditions constant, arc therefore counterbalanced.

126. Concurrent measurcments of [ and F {IS, P13,
R9, R10, S28] dcmonstrale that values of fp are
negatively corrclated with values of F. Concumrent
mcasurements  of decay product concentrations,
infiltration rates and size distributions of ambient
acrosols in rooms [V4, V5] and the usc of a room
modcl [P14] to estimate the value of the unattached
fraction also substantialed the inverse relationship
between [ and F [P16]. Further calculations of doses
to lung tissues with two reference dosimetry models
[N21] showed that the gas conccnliration was an
adcquate indicator of cffective dose equivalent; a
conversion cocfficient of around 50 uSv a’l
per Bq m> of radon gas was deemed appropriate
[V5]. A similar conclusion had been reached in an
carlicr assessment [J5] and was supported by a later
analysis [H9]). On the other hand, a more recent
assessment indicates that the coefficient may be
around 25 uSv al per Bqm™ [J10]. Given the
preponderance of radon gas measurements as opposed
to decay product measurcments in  surveys of
dwellings, there is some merit and much convenience
in applying such a conversion cocfficient directly to
the resulls, but unanimity is lacking on thc most
appropriate value to use,

127. The dosimetry of radon and decay products is
under review to account for the introduction of the
new ICRP recommendations [16] and to develop a new
dosimetric model for the respiratory tract [B2).
Dosimetrists are considering new physical information
on the indoor acrosol, new insights into the regional
sensitivity of the respiratory tract and the new tissue
weighting factors.

128. For the purposes of this Anncx, it scems
rcasonable 10 keep the dose cocfficients that were
adopted in the UNSCEAR 1988 Report. In that
Report, an indoor exposure to radon at a concentration
of 40 Bq m3 was estimated to correspond to an
annual effective dose cquivalent of 1.0 mSv as a result
of the irradiation of tissues of the respiratory tract by
the radon progeny. This is numerically equivalent to
an effective dosc cocfficient of 25 uSv a’! per Bg m>
of radon gas for indoor exposure, assuming an
occupancy factor of 0.8 (7,000 hours spent indoors in
a year), or to 3.6 nSv per Bq h m3 of radon gas.

129. When the cffective dose cocfficient is expressed
in terms of cquilibrium cquivalent concentration (EEC)
of radon, the result is slighdy different from that
adopted in the UNSCEAR 1988 Report, because the
EEC of radon is cstimated in this Annex to be
16 Bq m™ instcad of 15 Bq m™, as in the carlicr
Report, the radon gas concentrations being the same.
Expressed in terms of the EEC of radon, the cffective
dose coclficient is found to be 3.6 x 40 + 16 = 9 nSv
per Bg h m3 for EEC of radon instcad of 10 nSv per
Bqhm3, as in the UNSCEAR 1988 Report. The
value 9 nSv per Bq h m™ for EEC of radon is also
uscd in this Anncx to estimate cffective doses resul-
ling from the inhalation of radon progeny outdoors.

130. It is convenient at this point to consider the
doses from the inhalation of radon gas in somewhat
more detail. Since the gas is soluble in body fluids and
tissues, it is transported throughout the body. Doses
arc delivered from the decay of the gas itself and the
shont-lived deccay products. Equivalent dose rates to
some tissues of interest from constant inhalation of the
gases at concentrations of 1 Bq m™3 are 1.2 nSv bl in
fat, 0.75 nSv h'! in lungs and 0.094 nSv h! in bone
marrow from radon and 0.004 nSv bl in fat,
0.58 nSv h! in lungs and 0.039 nSv bl in bone
marrow from thoron [J3]. The effective dose rates are
0.17 nSv b! from radon and 0.11 nSv b! from
thoron. The resulting annual cffective doses per unit
concentration in air are 1.5 uSv per Bq m™3 of radon
and 0.96 uSv per Bq m™> of thoron. These values are
supported by a more recent asscssment [P15]. The
relatively high dose rate from radon in fatty tissue is
due to the high solubility of radon. In an carlier
investigation [H10}, the distinction was madce between
fatty and normal marrow; the ratio of the dosc rates
was about 5. From thesc dose coefficients it may be
estimated that the equivalent dose to the marrow from
the worldwide average value of radon and thoron is
about 0.03 mSv a'l, an order of magnitude less than
the cquivalent dose from cosmic rays.

131. The dose cocfficients corresponding to the
inhalation of the thoron progeny arc taken to be the
same as those adopted in the UNSCEAR 1988 Report,
namely 10 nSv per Bq h m"3 for outdoor exposure and
32 nSv per Bq b m™ for indoor exposure.

132. The effective dosc cocfficients related 10 the
inbalation of radon gas, thoron gas, radon progeny and
thoron progeny are summarized in Tabic 24. Annual
cffective doses cormresponding to the worldwide
average concentralions are ecstimated from those
cffective dosc coefficients, assuming average
occupancy factors of 0.2 for outdoors and 0.8 [or
indoors; the results are included in Table 24. The
average annual clfective dose from inhalation of radon
and its progeny is estimated to be 1200 uSv, while the
dose from thoron and its progeny is about 70 uSv.
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(b) Ingestion

133. When internal exposures were considered in
Scction ILB, the dose from the ingestion of radon in
water was not included. These doses are estimated
here. Application of a modified ICRP model to the
ingestion of radon in water [K7] leads to a value of
108 sv Bq™! for the committed effective dose per unit
intake, with virtually all of the dose coming from the
gas rather than the decay products. Doses to children
and infants, scaled from body masses, arc
2108 sv Bqand7 108 sy Bq!, respectively. Since
radon is readily lost from water by heating and
bottling, the consumption of interest here is that of
water direclly from the tap. Annual intakes by adults
and children arc about 501 and 75 1, with 100 | by
infants when scaled by metabolic rate [[5]. The
estimate for adults is supported by other statistics
[H11}. For the reference concentration of 10,000
Bq m™ adopted earlicr, the annual effective doses are
5 uSv to adults, 15 uSv to children and 70 uSv to
infants. Assuming that a representative population
consists of 5% infants, 30% children and 65% adults,
the population-weighted average annual effective dose
from ingestion of radon is about 10 uSv, which is
small in comparison lo doses from the inhalation of
radon or thoron progeny. However, persons who
consume dcep well waters with the reference
concentration of 10° Bq m"3 will incur doses an order
of magnitude greater. This gives an indication of the
range expericnced by communitics with atypical
supplies.

C. SUMMARY

134. Radon and its decay products make the most
significant contribution to exposures from natural
radiation. In particular, levels indoors can build up
following entry from subjacent soil, building materials
and the infiltration of outdoor air. Extensive national

surveys have been conducted to determine both typical
and cxtreme jevels in houses.,

135. The population-weightcd average radon
concentration is 40 Bq m™ indoors. Most of the data
are from temperate regions. Average levels outdoors
arc 10 Bq m™ in continental arcas and somewhat less
in coastal regions. Levels indoors in tropical regions
should be comparable to outdoor levels in considera-
tion of construction materials and probable ventilation,
but more data arc nceded to substantiate this. The
cquilibrium factors to determine cquilibrium equivalent
concentrations (EEC) arc taken to be 0.4 for indoor
cxposure and 0.8 for outdoor exposure. The popula-
tion-weighted average EEC radon concentra-tions are
therefore estimated to be 16 Bq m3 indoors and 8 Bq
m3 outdoors.

136. The dosimeltry of radon and its decay products is
at present under review, and uncertainty prevails about
a conversion cocfficient suitable for deriving the effec-
tive dose from the concentration. In this Annex, the
cffective dosc cocfficient that was adopted in the
UNSCEAR 1988 Report for inhalation of radon pro-
geny has been kept; in numerical terms, the effective
dose from 1 Bq h m™? radon EEC is estimated to be
9 nSv for both indoor and outdoor exposures. The
average annual cffective dose from the inhalation of
radon progeny outdoors is estimated to be 8 Bq m™
(EEC) x 9 nSv h'! per Bq m3 (EEC) x 0.2 (occu-
pancy) x 8760 h a’! = 0.13 mSv. For radon indoors,
it is 16 Bq m (EEC) x 9 nSv b’} per Bq m™ (EEC)
x 0.8 x 8760 h a”! = 1.0 mSv. The dosc from inhaled
radon that becomes dissolved in tissues is estimated to
be [(10 Bq m™ x 0.2) + (40 Bq m™ x 0.8)] x 1.5
uSv a’l per Bq m™3 = 0.051 mSv. Thus, the total
cstimated average annual effective dosc is 1.2 mSv.
The corresponding annual effective dose from inbala-
tion of thoron and its decay products is 0.07 mSv. An
additional annual effective dose to adults of
0.005 mSv is estimated to result from ingestion of
radon,

IV. EXTRACTIVE INDUSTRIES

137. The cxiraction and processing of carth materials
affect exposure to natural radiation of the general
public when these carth materials, or their industrial
products or by-products, contain above-average
concentrations of natural radionuclides. The earth
materials that are considered in this Annex exclude
uranium, which is discussed in Annex B, "Exposures
from man-made sources of radiation". In the industrial
processes associated with the extraction and processing
of earth materials, the hazard from radiation is
generally small compared to that from other chemical

substances, so radiation is not systcmatically
monitored. The assessment of such exposures is based
on sketchy information derived from isolated surveys.
This Chapter reviews the information available on
radiation exposures from four types of activity: (a)
combustion of coal; (b) other encrgy production from
fossil fuels; (c) use of phosphate rock: and (d) mining
and milling of mincral sands. Except for the Section
on mining and milling of mincral sands, this Chapter
essentially summarizes the review presented in the
UNSCEAR 1988 Rcport [Ul], as very little new
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information has since been published. Collective
cffective doses committed from atmospheric dis-
charges of radioactive materials are cstimated using
the crude models described in the UNSCEAR 1982
Report [U3].

138. In order to allow their comparison with the doses
from natural radiation background, the annual per
caput cffective doses resulting from the extraction and
processing of carth matcrials have been estimated. In
doing so, crude assumptions have been made about the
dynamics of the dose ratc and the duration of the
practice considered. It is emphasized that all estimates
of dosc resulting from the extraction and processing of
carth materials are fraught with large uncertainties.

A. ENERGY PRODUCTION FROM COAL

139. The world production of coal, expressed in coal
cquivalent for energy purposes, was 3.1 x 10%2 kg in
1985, the main producers being China, the republics of
the former Soviet Union and the United States [U13].
A large fraction of the coal extracted from the carth is
burned in electric power stations; about 3 x 10° kg of
coal is required to produce 1 GW a of electrical
cnergy. In the UNSCEAR 1982 Report [U3], the
Committee estimated the average concentrations of
0K 238y and 2*2Th in coal to be 50, 20, 20 Bq kg™,
respectively, based on the analysis of coal samples
from 15 countries, and noted that the concentrations
varied by more than two orders of magnitude. The
results of an extensive survey of coal from China,
which produces 20% of the world’s total, point 10
concenirations that are aﬂ)rcciably higher: 104, 36 and
30 Bq kg‘1 for “K, #%U and B2y, respectively
[P22]. The higher concentrations of natural
radionuclides in coal from China do not result in
substantial increases in the worldwide averages, which
are little more than educated guesses, but they do
allow a betler assessment of the doses due to the uscs
of coal in China. Radiation exposures occur through-
out the fuel cycle, which consists of coal mining, the
use of coal and the use of fucl ash.

1. Coal mining

140. Members of the public are exposed 1o the radon
present in the exhaust air of coal mines. Since there
are currently no measurcd data on the emission of
radon from coal mines, the Committee, in the
UNSCEAR 1988 Report [U1], used two different, very
crude approaches to estimating the annual releases of
radon from coal mining all over the world; the figures
obtained were 30 and 800 TBq, leading to collective
effective doses per year of practice of 0.5 and
10 man Sv, respectively. Dividing by the world

population of 5.3 10° yiclds an annual per caput
cffective dose of 0.1-2 nSv.

2. Use of coal

141. There are vast differences in the relative use of
coal in various countrics. In the OECD countrics,
which account for about onc third of the world’s coal
production, 68% of the coal produced is burned in
clectric power stations, 30% in coke ovens and other
industrial operations and 2% in dwellings [U13]. In
China, 25% of the coal produced is burned in electric
power stations, 59% in other industries and 16% in
dwellings [P23]. Assuming that the usage distribution
of coal in China is representative of the distribution in
countries that arec not members of the OECD, the
average worldwide usage of coal is as follows: about
40% is bumed in electric power stations, 10% in
dwellings and 50% in other industrics. When coal is
burnt, the naturally occurring radionuclides arc
redistributed from underground into the biosphere. The
resultant doses from burning coal in power stations
and in dwellings are considered below. There is not
enough information on the releases of radionuclides
from burning coal in other industries to assess this use
of coal.

(a) Coal-fired power plants

142. Coal is burned in furnaces opcrating at up to
1,700° C in order to produce electrical energy. In the
combustion process, most of the mineral matter in the
coal is fused into a vitrified ash. A portion of the
heavier ash, togetber with incompletely burned organic
matter, drops to the bottom of the furnace as bottom
ash or slag. The lighter fly ash, however, is carmried
through the boiler, together with the hot flue gases and
any volatilized mineral compounds, to the stack,
where, depending on the efficiency of emission control
devices, most is collected while the rest (escaping fly
ash) is rcleased to the atmosphere. Owing mainly to
the elimination of the organic content of the coal,
there is approximately an order of magnitude
enhancement of the concentrations from coal 1o ash.
Conscquently, the natural radionuclide concentrations
in ash and slag from coal-fired power stations arc
significanlly  higher than the corresponding
concentrations in the earth’s crust. Arithmetic averages
of the reported concentrations in cscapi? fly ash are
265 Bq kg™ for *OK, 200 Bq kg™ for 38U, 240 Bg
kg'1 for >*6Ra, 930 Bt} kg'! for 20pp, 1,700 Bq kg~
for 210pq, 70 Bq kg for Z2Th, 110 Bq kgl for
228Th and 130 Bq kg for 2*8Ra ([U3), Annex C,
paragraph 11).

143. The amounts of natural radionuclides discharged
10 the atmosphere from a power plant depend on a
number of factors such as the concentrations in coal,
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the ash content of the coal, the temperature of
combustion, the partitioning between bottom ash and
fly ash and the cfficiency of the emission control
device. In the UNSCEAR 1988 Report [Ul], the
Committce estimated the amounts of radioactive
matcerials discharged 1o the atmosphere for typical old
and modern plants. The resulting normalized collective
effective doses were 6 and 0.5 man Sv (GW a)™ for
typical old and modern plants, respectively. Data from
China indicate that because of higher-than-average
concentrations of natural radionuclides in coal,
rclatively low filter efficiencies (90%) and high
population densitics around the plants, the normalized
collective cffcctive doses arising from atmospheric
releases of radioactive matcerials from plants there is
approximately 50 man Sv (GW a)! [P22]. Assuming
that, worldwide, onc third ol the clectrical energy
produced by coal-fired power plants is from modem
plants, with another third from old plants and the
remaining third from plants with characteristics similar
to those in China, the average normalized collective
cffective dosc is 20 man Sv (GW a)'l.

144. According 1o the dose assessment mcthodology
uscd in the UNSCEAR 1988 Report, about 70% of the
cffective dose resulting from atmospheric releases of
natural radionuclides from old plants is due to the
inhalation of long-lived radionuclides as the cloud
passcs. The remainder of the effective dose is due to
external irradiation from radionuclides deposited on
the ground and to the ingestion of foodstuffs
contaminated by radionuclides dcposited on the
ground. It is assumed that the dcposited activity
becomes unavailable to the vegetation, with a mean
life of 100 years for all the natural long-lived
radionuclides. On the whole, the effective dose per
unit release is delivered at a rate that decreases slowly
over a century or so.

145. Assuming that (a) 3 10'? kg of coal is produced
in a ycar; (b) 40% of the coal production is bumed in
clectric power stations; and (c) 3 10° kg of coal is
required to produce 1 GW a of clectrical cnergy, the
annual clectrical cnergy produced by buming coal
worldwide is 400 GW a. The collective cffective dose
per year of practice is therefore cstimated to be
20 man Sv (GW a)! x 400 GW a = 8,000 man Sv.

146. Crude assumptions arc necessary to derive the
annual per caput cffective dose from the coliective
cffective dosce per year of practice. If it is assumed
that similar amounts of radioactive materials have
been released into the atmosphere by coal-fired power
plants year after year for the last century or so, then
the collective effective dose per year of practice would
be approximately equal to the annual colleclive
effective dose. In fact, coal has been used for about a
century to produce electrical cnergy, but information

is lacking regarding the magnitude of the
cnvironmental rcleases during that time. Given the
large uncertainty associated with the estimate of the
collective effective dose per year of practice, it is
assumed in this Anncx that the annual collective
effective dose has the same numerical value as the
collective cffective dose per year of practice. The
annual per caput effective dose is obtained by dividing
the annual collective cffective dose (8,000 man Sv) by
the current world population (5.3 109); the result is
about 2 uSv.

(b) Domestic use

147. Another significant use of coal is for domestic
cooking and heating. No information has been found
in the litcrature on the environmental discharges of
natural radionuclides from this source. The usc of coal
for cooking or healing in privatc houses may,
however, be estimated to result in high collective
doses since chimneys are not cquipped with ash
removal systems and the population densitics around
sources of cmission are generally high.

148. Assuming that the concentrations in smoke are
equal to thosc in coal and that 3.5% of the coal is
emilted as smoke, the annual worldwide atmospheric
releases caused by the domestic buming of coal are
estimated to be 0.7 TBq of “°K and 0.3 TBq of cach
of the radionuclides of the 238U and 23>Th serics
(radon and thoron excepted); these figures become 20
times greater if it is assumed that the concentrations in
smoke are equal to thosc in ash and that the coal
burned has a 5% ash content, Taking the average
population densitics around the houses to be 10% km™
leads to collective cffective doses committed from
yearly worldwide use of coal in the range of 2,000-
40,000 man Sv. This cstimate is highly uncentain, as
it is not supported by any discharge or environmental
data.

149. It is assumed that the annual collective effective
dose to the world's population is in the same range as
the collective cffective dose per ycar of practice
(2,000-40,000 man Sv). It follows that the annual per
caput cffective dosc attributable to the use of coal for
domestic cooking and heating would be 0.4-8 uSv.

3. Use of fuel ash

150. Large quantities of coal ash (fly ash and botlom
ash combined) are produced cach year throughout the
world. In the UNSCEAR 1988 Rcport [Ul], the
Committee estimated that about 280 million tonnes of
coal ash arc produced annually in coal-fired power
stations. Coal ash is used in a varicty of applications,
the largest of which is the manufacture of cement and
concrete. It is also used as a road stabilizer, as road
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fil}, in asphalt mix and as fertilizer. Data on the
various uscs of coal ash in scveral countrics have been
reported [G8). About 5% of the total ash production
from coal-burming power stations is used for the
construction ol dwecllings; this rcpresents an annual
usage of 14 million tonnes.

151. From the radiological point of view, the use of
coal ash in building materials, which may aflect
indoor doses from cxternal irradiation and the
inhalation of radon decay products, is the most
significant. With respect to external irradiation, the
Committee estimated in the UNSCEAR 1988 Report,
on the basis of measurcments made by Stranden [S47],
that the usc of concrete containing fly ash for
constructing dwellings would result in additional
annual cffective doses of 70 #Sv and 30 uSv in
concrete and wooden houscs, respectively. Taking the
amount of fly ash concretec to bc 1.3 tonnes in a
wooden house and 4 tonnes in a concrete building and
assuming that an average of four persons live in cach
house and that the lifetime of the house is 50 years,
the collective effective dose arising from external
irradiation attributable to the annual use of fly ash for
constructing the dwellings is cstimated to be about
50,000 man Sv.

152. The annual collective cffcclive dosc to the
world’s population depends on the number of dwell-
ings built with concrete containing coal ash during the
last 50 years. Assuming that the practice of building
dwecllings with concrele containing coal ash began 25
ycars ago and that 14 million tonnes of coal ash have
been uscd cach ycar for that purpose, the annual
collective cffective dose to the world’'s population
from external irradiation from that source is balf the
collective cffective dose per ycar of practice, or
25,000 man Sv. The corresponding annual per caput
cffective dose is 5 uSv.

153. There are conflicting views on the impact of the
usc of fly ash on the dosc from inhalation of radon
decay products. According to some investigators, the
indoor dose should be higher in a house with {ly ash
concrete than in a bousc built with ordinary concrete
[B4, S45]; according to other investigators [S47], the
indoor dose should be lower, while another group
concluded that there should not be any significant
change [U14, V9]. In this Annex, as in the UNSCEAR
1988 Report, it is assumed that the usc of fly ash in
building materials does not result in any additional
dosc duc to the inhalation of radon deccay products.

B. OTHER ENERGY PRODUCTION

154. In addition to the use of coal in power plants to
generale electrical energy, other mincrals, including
oil, peat and natural gas, as well as gecothermally
heated water, arc also used for this purpose. The

natural radionuclides in these materials, the amounts
relcased and the resultant doscs arc considered in this
Scciion.

1. 0il

155. Oil has a large number of fucl applications, the
most important being for road transport vehicles, for
the gencration of clectrical encrgy and for domestic
heating. Approximately 3 x 10'2 kg of crude
petrolcum is produced in the world annually. In power
plants, about 2 x 10° kg of oil is nceded to produce
1 GW a of clectrical energy. As the ash content of oil
is very low, oil-fired power plants arc usually not
cquipped with efficient ash removal systems. On the
basis of limited measurements, the Committee in the
UNSCEAR 1988 Report cstimated that the amounts of
radioactive matcrials discharged from oil-fircd power
plants are similar to those from coal-fired power plants
fitted with efficient acrosol control devices; the
resulting collective effective dose is about 0.5 man Sv
(GW a)’l. About half of the cffective dose results
from inhalation during passagc of the cloud and the
other half from external and internal irradiation from
dcposited activity. Assuming that 15% of the
worldwide production of crude petroleum is bumed in
clectric power plants, the collective effective dose per
year of practice is about 100 man Sv. The annual
collective cffective dosc is tentatively estimated 1o be
50 man Sv, comresponding to an annual per caput
cffcctive dose of 10 nSv.

2. Peat

156. Pcat is burned to produce cnergy in scveral
countrics, notably in Finland and Sweden [C14].
Concentrations of natural radionuclides in peat arc
usuaily similar to those in coal, but rclatively high
concentrations have been found to occur. In the
UNSCEAR 1988 Recport, the Commitice tentatively
estimated the normalized collective effective dose due
to atmospheric rcleases from peat-fired power plants
1o be 2 man Sv (GW a)'l. Since no information has
been made available to the Committee on the
worldwide production of electrical encrgy by burning
peat, the collective effective dosc per year of practice
bas not been estimated.

3. Natura! gas

157. Like oil, natural gas has many applications. The
main ones are domestic hecating, the gencration of
electrical encrgy and as a source of heat in various
industries. The annual worldwidc production of natural
gas is about 10" m>. Radon concentrations in natural
gas at the well may vary widcly around a typical value
of 1kBgq m3, Owing to radioactive decay during
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transfer and storage, the radon concentrations at the
plant should be smaller; in the absence of data,
however, no decrease has been assumed. Since about
2 x 10° m? of natural gas must be burned to produce
1 GW a of clectrical energy, the corresponding radon
cmission is approximatcly 2 TBq and the normalized
collective cffective dosc is 0.03 man Sv (GW a)'l.
Assuming that 15% of the world production of natural
gas is burned in clectric power plants, the collective
cffective dosc per year of practice is about 3 man Sv.
The annual collective cffective dose has the same
value, Icading to an annual per caput effective dose of
about 1 nSv.

4. Geothermal energy

158. Geothermal energy is produced in Iccland, Ialy,
Japan, New Zcaland, the Russian Federation and the
United States. Geothermal cnergy makes use of hot
steam or water derived from high-temperature rocks
dcep inside the carth. Most of the activity found in
geothermal f{luids is due to the uranium decay chain.
Isotopes of solid clements may occur in released water
or land-fill, but only radon, which is released into the
atmosphere when the water or stcam contacts the air,
is considered here. From measurements in Italy and in
the United States, the Commiittee, in the UNSCEAR
1988 Report, estimated the average discharge of radon
per unit energy generated 1o be 150 TBq (GW a)'l and
the corresponding collective cffective dose to be
2 man Sv (GW a)'l. Since the annual production of
electrical energy by gcothcrmal cnergy is about
1.5 GW a, the annual worldwide production of
geothermal energy would yicld an annual collective
effective dose of approximatcly 3 man Sv and an
annual per caput clfective dosc of about 1 nSv.

C. USE OF PHOSPHATE ROCK

159. Phosphate rock is the starting material for the
production of all phosphate products and is the main
source of phosphorus for fertilizers. It can be of
scdimentary, volcanic or biological origin. The world
production of phosphate rock was about 130 million
tonnes in 1982, the main producers being China,
Morocco, the former Sovict Union and the United
States. Concentrations of natural. radionuclides in
phosphate rock were reviewed in the UNSCEAR 1977
and 1982 Reports [U3, U4]. Concentrations of 2*>Th
and YK in phosphate rocks of all types are similar to
those  observed normally in  soil, whereas
concentrations of 238U and its decay products tend to
be clevated in phosphate deposits of sedimentary
origin. A typical concentration of 38y in sedimentary
phosphate deposits is 1,500 Bq kg™, Uranium-238 and
its decay products are gencrally found in close
radioactive equilibrium in phosphate ore.

160. Exposurcs of members of the public result from
cffluent discharges of radionuclides of the B8y decay
series into the cnvironment from phosphate rock
mining and processing; from the use of phosphate
fertilizers; and from the use of by-products and
wasles.

1. Phosphate processing operations

161. Phosphate processing operations can be divided
into the mining and milling of phosphate ore and the
manufacture of phosphate products by either the wet
process or the thermal process. Wet-process plants
produce phosphoric acid, the starting material for
ammonium phosphate and triple supcrphosphate
fertilizers; in that process, phosphogypsum is produced
as waste or by-product. Thermal process plants
produce elemental phosphorus, which is in turn used
primarily for the production of high-grade phosphoric
acid, phospbate-based detergents and organic
chemicals. Waste and by-products of the thermal
process are slag and ferrophosphorus.

162. In the UNSCEAR 1988 Report [Ul], the
Committee estimated the collective cffective dose from
one year of discharge of radioactive materials into the
atmospherc by phosphate industrial facilities around
the world to be about 60 man Sv. Maximum annual
individual effective doses were estimated to be about
40 uSv in the vicinity of an elemental phosphorus
plant in the Netherlands, while equivalent doses in the
lungs for individuals near six elemental phosphorus
plants in the United States were calculated to range
from 0.05 to 6 mSv.

163. Collective effective doses resulting from
discharges into surface waters seem to be more
important than those from atmospheric releases. In the
Netherlands, all phosphogypsum produced by fertilizer
plants (2 million tonnes per ycar) is discharged into
the Rhine [KI16]; these annual discharges, which
contain about 0.4 TBq of 28U, 2 TBq of Z26Ra,
0.7 TBq of 210Pb and 2 TBq of 2!%o, were cstimated
to result in maximum annual individual effective doses
of 150 uSv and in a collective effective dose of
170 man Sv per ycar to the Dutch population via the
ingestion of seafood, 210p, being the main contributor
to the dose [K16]. In Spain, about 0.4 million tonnes
per year of phosphogypsum produced in a phosphoric
acid and fertilizer plant is discharged into the estuary
of the Tinto and Odiel rivers |C17]; the annual
effective dose to the critical group is estimated to be
60 uSv, the main pathway to man being the consump-
tion of fish and crustacea [C17). In France, over
3 million tonnes of phosphogypsum has been dumped
into the Seine cstuary [P1], but the corresponding
radiation exposures have not been estimated.
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2. Use of phosphate fertilizers

164. The concentrations of natural radionuclides in
phosphate fertilizers were reviewed in the UNSCEAR
1982 Report. For a given radionuclide and type of
fertilizer, the concentrations vary markedly from one
country to another, depending on the origin of the
com;oncnts. Generally, the concentrations of “K and
of 2>Th and its decay products are always low, and
the concentrations of the radionuclides of the 238U
decay series are 5-50 times higher than in normal soil.
Typical values are 4,000 and 1,000 Bq per kg P,O¢
for 238U and 226Ra, respectively. The annual world
consumption of phosphate fertilizers is about
30 million tonnes of P,Os. The worldwide use of
phosphate fertilizers constitutes one of the most
important sources of mobile 226Ra in the environment
[I6].

165. The amounts of fertilizer applied annually in the
United States have been reported to range from about
30 kg P,Oq per hectare for barley, wheat and oats to
about 150 kg P,Os per hectare for potatoes and
tobacco [N4]. The annual application of phosphate
fertilizers regrescnts less than 1% of the normal soil
content of 23U, Assuming an accumulation in the soil
during the past 100 years, the mean additional
absorbed dose in air above fertilized ficlds is about
1 nGy b, a small fraction of the normal natural
background from terrestrial sources of about
60 nGy hl. Small additional doscs also occur from
the ingestion of foodstuffs grown on fertilized
agricultural land. In the UNSCEAR 1988 Report [U1},
the collective effective dose resulting from the
worldwide use of phosphate fertilizers during one year
was roughly estimated to be 10,000 man Sv. Given the
long duration of the practice at approximately the
same rate, the numerical value of the annual collective
dose is taken to be the same; the annual per caput
cffective dose would be about 2 uSv.

3. Use of by-products

166. The main by-products of phosphate industrial
activities are phosphogypsum in wet-process fertilizer
plants and calcium silicate slags in thermal process
plants. Phosphogypsum cumently has several
commercial applications in the United States, including
(a) as a fertilizer and conditioner for soils where
peanuts and a varicty of other crops are grown; (b) as
a back-fill and road-base material in roadway and
parking lot construction; (c) as an additive 1o concrete
and concrete blocks; (d) in mine reclamation and (c)
in the recovery of sulpbur [C12]). The amount of
phosphogypsum currently used for the above purposcs
in the United States represents about 5% of the totl
amount produced [C12]. In Europe and Japan,
phosphogypsum has been used extensively in cement,

wallboard and other building materials. Significant
radiation exposurcs may occur if such by-products are
uscd in the building industry.

167. Large quantitics of phosphogypsum (about
100 million tonnes per year) arc produced in wet-
g){gccss phosphoric acid plants. The concentration of
““"Ra, which dcpends on the origin of the s)hosphalc
ore processced, is typically about 900 Bq kg™, Most of
the phosphogypsum is considered waste and is cither
storcd in ponds or stacks or discharged into the
aquatic cnvironment.

168. Phosphogypsum is used to some extent in the
building industry as a substitutc for natural gypsum in
the manufacturc of cement, wallboard and plaster.
O’Riordan et al. [O1] estimated the additional doses
that would be received by the occupants of a
residential building in which 4.2 tonnes of by-product
gypsum would have replaced the cstablished materials.
The additional absorbed dose rate in air from external
irradiation was estimated to be 0.07 4Gy h™', while the
annual effective dose from inhalation of radon progeny
was assessed at 0.6 mSv. Similar values of the annual
effective dose from inbalation of radon progeny were
estimated by O’Brien et al. [O2]. If it is assumed that
5% of the by-product gypsum is used as building
material in dwellings, on average four persons live in
each dwelling, and the mean life of a dwelling is
50 years, the collective cffective doses resulting from
one year of worldwide use of phosphogypsum in the
building industry are estimated to be 10° man Sv from
external imadiation and 2 10° man Sv from the
inhalation of radon progeny. These estimates are
highly uncertain and need to be confirmed by
measurcments in dwellings that have been constructed
using known amounts of phosphogypsum.

169. The practice of using phosphogypsum in building
materials is at least 50 years old [F9], but information
is lacking on the amounts that have been used, If it is
assumed that 5% of the current annual production
(about 100 million tonnes) has becn used in building
materials in each of the last 50 years, it is found that
60 million houses of the current housing stock,
sheltering about 5% of the world’s population, have
phosphogypsum included in their building materials.
However, this figure seems to be too high. If it is
instead assumed that 1% of the world’s population
lives in dwellings that include phosphogypsum in their
building materials, the annual collective effective dose
is estimated to be 5 10* man Sv. Dividing by the
world’s population of 5.3 10° yiclds a per caput
annual cffective dose of about 10 uSv,

170. Calcium silicate slag may be used as a
component of concrete. Measured concentrations in
slag samples range from 1,300 to 2,200 Bq kg'l of
226Ra [B11, M26]. Results from an indoor survey
indicate that the gamma absorbed dose rate in air can
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be as high as 0.3 uGy n! above background in
dwecllings constructed of concrete slabs containing
43% by weight slag [B11]. In a similar survey carricd
out in Canada, absorbed dosc rates of up lo
0.2 Gy I were obtained [M26].

D. MINING AND MILLING
OF MINERAL SANDS

171. Mincral sands, also called heavy mincrals, are
dcfincd as thosc sands that have a specific gravitly
above 2.9. They originate from croded inland rocks,
traces of which were subscquently transported by
surface waltcers towards the sca, where they were
deposited by the combined action of wind, waves and
sca currents. These mincral sands may occur under
water, form part of sca, be part of the dunes or occur
inland within a few tens of kilometres of the coast
|[K17). Countrics where mincral sands are mined
include Australia, Bangladesh, Indoncsia, Malaysia,
Thailand and Vict-Nam.

172. Either dry mining or dredging techniques are
cmployed in the mining of mincral sands deposits. The
hecavy mincrals are extracted from the ore in two
stages. In the first stage, a heavy mineral concentrate
is extracted in a wet, gravity scparation process. In a
second stage, individual minerals arc separated from
the hcavy mincral concentrate by means of dry
clectrostatic and magnetic techniques.

173. The hcavy minerals of major commercial
importance are ilmenite (FeOTiO,), altered ilmenite,
called leucoxene (Fe,05°Ti0O,), rutile (TiO,), zircon
(ZrSiO,), monazite [a rare carth phosphate (CcPO,
YPO,)] and, to a lesser extent, xcnotime [a yl_}ri’um
phos1phatc (YPO,)]. Typical concentrations of B2y
and 238U in Australian heavy mincral sands, which are
presented in Table 25, are much greater than the
worldwide average concentrations in soils and rocks
[K17].

174. Heavy mincrals have numerous applications. The
titaniferous mincrals, once they have been processed
into titanium oxide (TiO,), arc used as a pigment in
paints, paper, plastics, cosmetics and ceramics. Rutile
is made into titanium metal and then usced, for
cxample, in aircralt frames and jel engines. Zircon,
and the associated mincrals zirconia and zirconium, is
uscd in the production of ceramics, refractory, foundry
and abrasive materials, catalysts, paints, fuel cladding
and structural materials in nuclear reactors. Monazite
and xcnotime rare earth mincrals are used, for
example, in the clectronics, illumination and glass-
making industries, in the production of magnets,
supcrconductors and ceramics and as chemical
catalysts and alloying agents in metallurgy [K17].

175. Information on exposures of members of the
public resulting from the mining and milling of
mincral sands is extremely scarce. In an assessment of
an Australian plant, members of the public who
worked on a property adjacent to the plant site were
estimated to receive a dosc slighly greater than
1 mSv a’!, auributable mainly to external irradiation
from heavy mincrals spilled on the property [A9].
Away from the site, the main contribution to the dose
reccived by members of the public results from the
inhalation of dust from the plant; the highest doscs
were estimated to be about 0.25 mSv a”! for five
persons located 1.5-2 km from the plant [A9]. If the
management of the plant is aware of the radiation
impact of mineral sands and takes measures to control
their emission, the doses will be much lower. In a
study of potential radiation doscs arising from a
proposed mincral sand mine and processing plant in
Australia, it was shown that doscs to the critical group
could be as low as a few uSv a™! [H19].

E. SUMMARY

176. The extraction and processing of earth malcrials
expose the gencral public to additional natural
radiation when the earth materials, or their industrial
products or by-products, contain above-average
concentrations of naturally occurring radionuclides.
Since very little information is available to assess
those additional exposures, the rclated dose estimates
arc highly uncertain.

177. Somec of those carth materials (coal, oil, peat
etc.) arc used to produce electrical energy by non-
nuclear means. It is estimated that the production of
1 GW a of clectrical cnergy results in collective
effective doses of 20 man Sv from the use of coal,
2 man Sv from the use of peat and geothermal water
or stcam, 0.5 man Sv from the use of oil and 0.03
man Sv from the use of natural gas (Table 26). Taking
into account the worldwide production of clectrical
cnergy in coal-fired power plants, the corresponding
annual per caput effective dose is about 2 uSv. Annual
per caput cffective doses from other non-nuclcar
means of clectrical cnergy production are much lower
(Table 27).

178. Mineral sands, defined as those sands with a
specific gravity greater than 2.9, usually exhibit
concentrations of 23Th and 28U that arc much
greater than the worldwide average concentrations in
soils and rocks. Information on exposures of members
of the public resulting from the mining and milling of
mineral sands is extremely scarce; annual effective
doses reccived by critical groups may be about 1 mSv.
Annual per caput effective doscs have not been
estimated.
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179. The highest annual per caput cffective doses to
the public from the  extractive  industrics are
estimated 1o result from the use of phosphate by-
products by the building industry (10 uSv), ihe
domestic usc of coal [or cooking and heating
(0.4-8 uSv), the usc of coal ash in building matcrials

(5 #Sv) and the usc of phosphate fertilizers (2 uSv).
The annual per caput cffective dosc cstimates are
summarized in Table 27. The overall annual per caput
clfective dosc arising from the cxtraction and

processing of carth materials is estimated to be about
20 uSv.

CONCLUSIONS

1R80. Natural sources of ionizing radiation pervade
the cnvironment and causc cxposures 1o all human
beings. There are four main components of these
cxposures: cosmic rays, terrestrial gamma rays,
ingested or inbaled long-lived radionuclides and
inhalcd radon isotopes. The first three may be said to
form the basic natural radiation background because of
the relative constancy of exposure. Exposures to radon
and its decay products are much more widely variable.
Radon gas diffuses from soils and building materials
upon the decay of trace levels of radium that are
naturally present. The levels of radon can build up,
particularly in indoor closed spaces.

181. Doscs from natural sources of radiation have
been cvaluated for general, worldwide geographic and
geological conditions that result in normal doscs and
for unusual or atypical conditions that result in
increased doses. The estimates of dosc are for adults
or for an age-wcighted population if the doses to
children and infants are significantly diffcrent.

182. The average annual effective doses worldwide
for cach of the four componcnts of natural cxposurc
arc summarized in Table 28. For the three basic
components, the annual value is 1.1 mSv, The inhala-
tion of radon and thoron progeny results in an aver-

age annual cffective dosc of 1.3 mSv. The overall
average annual effcctive dose is found to be 2.4 mSv.
Small changes have been made in the various
components of the cffective dosc; however, the
compensatory cflect of these changes is such that the
1otal remains the same as in the UNSCEAR 1988
Report.

183. The importance of the inhalation of radon
progeny is apparent from Table 28. Tt is the single
most significant mechanism of human exposure to
natural radiation in terms of both the average dose and
the spread of doses. In middle and high latitudes, it is
also the most amenable to control by building design,
materials sclection and ventilation. However, in low
latitudes, litde control can be cxercised when outdoor
and indoor atmospheres are not much different.

184. Radiation exposures resulting from the extraction
and processing of carth materials have also been
considered. These exposures are relatively small in
comparison with the ovcrall exposure from natural
sources of ionizing radiation. The average annual
cffective dose worldwide arising from the extraction
and processing of earth materials is cstimated to be
about 20 uSv. Because data related to those exposurces
arc scarce, this dose estimate is highly uncentain.
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Table 1
Pruperties of some cosmic-ray particles present in the earth's stmosphere
(16, US]
Class Name Mass (McV) Mean life (s) Principal mode of decay
Hadrons
Nucicons Proton {r 938.2 Stable Stable
Neutran {n) 939.5 1.01 10° pre+y,
Mesons Pion (=9 139.6 2.55 10 Htv,
=9 1349 1.78 10710 Y+y
Kaon (K% 493.7 1.23 10
Xy) 4977 0.91 10°1° B,
(K 497.7 57108 x+x
Leptons
Muon 7] 105.6 2210 ey 4y,
Electron () 0.511 Stable Stable
Neutrino ~v) 0 Stable Stable
v) 0 Stable Stable
Photons
Photon (¥) 0 Stable Stable
Table 2
Average annual exposures (o cosmic rays
Population Altitude Annual effective dose (uSv)
Location
(millions) (m) Ionizing Neutron Total
High-altitude cities
La Paz. Bolivia 1.0 3900 1120 900 2020
Lhasa, China 0.3 3600 970 740 1710
Quito, Ecuador 11.0 2840 690 440 1130
Mexico City, Mexico 173 240 530 290 820
Naizobi, Kenya 1.2 1660 410 170 580
Denver, United States 1.6 1610 400 170 570
Tehran, Iran 715 1180 330 1o 440
Seca level 240 30 270
World average 300 80 380

Table 3

Annual intakes by ingestion of cosmogenic radionuclides and efTfeclive doses to adults

Radionuclide Intake (Bq al) Annual effective dase (uSv)
H-3 500 0.01
Be-7 1000 0.03
C-13 20000 12
Na-22 50 0.15




Table 4

Surveys of absorbed dose rates in air from terrestrial gamma radiation

Outdoors

Indoors

Population ; i’:::::x Ref.
Countrylarea in 1990 Year Number Absorbed dose rate (nGy K! ) Year Number Absorbed dose rate (nGy k™) 0
of o of of outdoors
(1 o) sSurivey measuremenis Average Range Survey measuremen(s Average Range
Algeria 25.0 1991 35 sites 70 60-80 B17]
Australia 16.9 1992 8 sites 93 64-123 1990 3367 103 111 [C11, 1L4]
Austria 76 1980 > 1000 ® 43 20-150 1980 1900 7 1.65 (TY
Belgum 99 1987 M2 e 43 13.58 1989 300 58 1.35 (D1, S34§
Bulgaria 9.0 3670 4 70 48-96 1210 75 5793 1.07 (V6]
Canada 26.5 1984 33 areas 24 18-44 (G2}
Chile 13.2 1988 7 sites 60 30-90 (53)
China 1120 1991 8805 / 62 2-341 1991 8805 99 11-418 1.60 [¥22)
Taiwan Province 20 1989 155 sites 57 17-87 [C2)
Cuba 10.6 1990 54 sites / 42 26-53 [S48]
Denmark 51 1980 14 sites & 38 17-52 1987 489 63 1.66 [N6, $9, S10]
Egypt 52.4 1992 162 sites 32 B-93 1991 80 142100 [H22, 1)
Finland 5.0 1980 , 65 1983 g0t 1.23 {L3)
France 56.1 1985 s1a2* 68 10-250 1985 5798 75 110 [M3, R2|
German Dem . Rep. 16.2 1991 2000 55 <4-430 1977 158 70 127 (L9}
Germany, Fed Rep. of 61.3 1978 24739 4 53 4-350 1978 29996 70 1.32 {B10]
Greece 10.0 1990 724 sites 42 (54]
Hong Kong 59 1990 27 sites 76 37-113 (L2
1992 76 sites * 160 100-230 1992 194 190 70-290 1.17 |T12]
Hungary 10.6 1987 123 sited! 55 20-130 1987 123 B4 10-200 1.53 [NT7)
Iceland 0.25 1982 - 28 11-83 1982 23 14-32 0.82 (E1]
India 853 1986 28007 ss 20-1100 [N8)
Indonesia 184 1986 ' 55 47-63 (S31]
Treland 3.7 1980 2847 a2 <1-180 1985 223 62 10-140 1.48 M4, M8]
ftaly 57.1 1972 1365 57 7-500 1991 1500 86 151 (€3, C13]
Japan 123 1980 1127 49 5-100 1984 135 50! 1.02 (A2, A3|
1991 12 sites 66-144 [M23]
Luxembourg 0.4 1991 110 40 (K8]
Namibia 1.8 1991 27 120 80-260 1991 156 140 120-160 1.17 [532)
Netherlands 15.0 1985 1049 32 10-60 1985 399 64 30-100 2.02 (1. V1)
New Zealand 34 1988 716 20 <1-73 (R3]
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Table 4 (continued)

Qutdoors Indoors Ratio
Population . Ref.
Countryfarea in 1990 Year Number Absorbed dose rate (nGy Wt ) Year Number Absorbed dose rate (nGy h") indoors
of of of of fo
owdoors
(! ()6) survey measurements Average Range survey measurements Average Range

Norway 4.2 1977 234 73 20-1200 1965 2026 95 1.30 [82, 510]
Mexico 88.6 1986/1991 12/ 78 42-140 (o]
Paraguay 43 1991 ! a6 38-53 [F11)
Philippines 62.4 1991 1300 56 31-118 {D10)
Poland 38.4 1980 352 sites ! 37 15-90 1984 1351 42:120 (K1, N9|
Portugal 10.3 1991 y 85 9-226 1991 1351 105 37-244 1.24 |AT)
Romania 240 1979 27 81 32210 [T2]
Spain 9.2 1991 1053 46 25-83 1991 100 68" 1.48 (Q1, Q2)
Sudan 25.2 1991 ¢ m 53 26-690 (ES)
Sweden 8.4 1969-1980 & 56 41-69 " 1975-1978 1298 110 20-460 1.96 [M35, M9]
Switzerland 6.6 1964 100 % 60 [H4]
United Kingdom 572 1988 25 areas © 34 8-89 1988 2300 60 1.76 |G3, W3}
United States 249 1972 46 13-100 1991 247 37! 0.80 |M18, 03]
Population-weighied average 57 83 1.44

®  Ground survey with calcium sulphate thermoluminescent dosimeters and an ionization chamber.

b Ground survey in populated arcas with a Geigar-Miller counter.

¢ Ground survey with tharmoluminescent dosimeters, gamma spectiometers and jonization chambers.

4 Ground survey with scintillation detectors.

" Acrial survey with a scintillation detector.

! Ground survey with scintillation detectors and ionization chambers.

: Ground survey with ionizatica chamber and gamma spectrometer.

Ground survey with thermoluminescent dosimeters.

Ground survey with energy compensated Geiger-Miller counters.
Ground survey with ionization chambers,

Estimated.

Calculated.

60% counlry coverage.

Range of country averages.
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Table §

Activity concentrations of nutural radionuclides in soll and ahsorbed dose rutes in nir

Conceniration (Hq k!'l) Dase coefficient © Dase rate (nGy K
Radionuclide
Mean b Range (nGy b per Bq kg™!) Mean Range
China [N22]
K-40 SBO = 200 12-2190 0.0414 24 0.5-90
Th-232 series 49 = 28 1.5-440 0.623 K| 0.9-270
U-238 scries 40 = 34 1.8-520 - ¢
Ra-226 subserics =22 24-430 0.461 17 1.3-200
Toral n 2-560
United States [M1)
K-40 [U1] 370 100-700 0.0414 15 4.29
Th-232 series 35 4-130 0.623 2 2-81
U.238 series 35 4-140 . ¢
Ra-226 subseries 40 8-160 0.461 18 474
Total 55 10-200
¢ Reference [P S12).
b Arca-weighted mean for China; arithmetic mean for the United States.
¢ Dose from 26Ra subserics.
Table 6
Activily concentrations of natural radionuclides in various types of soil in the Nordic countries
[C14]
Activity concentration (Bq kg'')
Type of soil - N
oK 2%Ra D21
Sand and silt 600-1200 5.25 4-30
Qay 600-1300 20-120 25-80
Moraine 900-1300 20-80 20-80
Soils conlaining alum shale 600-1000 100-1000 20-80
Table 7
Estimated absorbed dosc rates in air within masonry dwellings
Concentration Activity Absorbed dase rate in air for indicated fractional
.1 (1,4 r g . )
Material (Bq kg*') wilization mass of building material (nGy k') Reference
Cx Cre Cn index © 10 0.75 0. 0.25
Typical masonry 500 50 50 1.0 80 60 40 20 [N10]
CGiranite blocks 1200 90 80 1.9 140 105 70 35 {N10]
Coal ash aggregate 400 150 150 24 180 138 90 45 v
Alum shale concrete 770 1300 67 9.0 670 500 390 170 [N10]}
Phosphogypsum 60 600 20 39 290 220 145 70 [N10}
Natural gypsum 150 20 5 0.25 20 15 10 5 [N10)

a

Assuming full utilization of the materials (w,, = 1).
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Table 8
Conversion cocfficients from air kerma to effective dose for terrestrial gamma rays
[P19, S12]

Conversion coefficient (Sv per Gy)
Radionuclides
Adults Children Infants
K-40 0.74 0.81 0.95
Th-232 series o 0.81 0.92
U-238 series 0.69 0,78 0.91
Overall 072 0.80 0.93

Table 9
National estimates of the average annual effective dose from terrestrial gamma rays

Country Effective dose (mSv) Reference
Bulgaria 0.45 [ve]
Canada 0.23 ™N2)
China 0.55 [N22]
Denmark 0.36 (C14}
Finland 0.49 [C14]
Germary 0.41 [B10, K9, L.9)
Japan 0.32 [A6, F10)
Norway 0.48 [C14, S10]
Spain 0.40 Q2]
Sweden 0.65 M9, S10]
United Kingdom 0.35 [H3)
United States 0.28 N2)
USSR 0.32 B3
Population-weighted world average 0.45
Table 10
Reference annual intake of food and air
(1S, W4]
Food consunption (kg a’!)
Intake
Adults Children Infants
Milk products 105 110 120
Meat products 50 35 15
Grain products 140 90 45
Leafy vegetabies 60 40 20
Roots and fruits 170 110 60
Fish products 15 10 S
Water and beverages 500 350 150
Brealhing rate (nd a’)
Iniake
Adulis Children Infants
Air 8000 5500 1400
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Table 11
Reference activity concentrutions of naturul rudionuclides in food and air
Activily concentration (mBq kgl
Intcke - - .
a2y 20q3, 25, 210p, 2A0p, 3 28, 280 sy,
Milk products 1 0s 5 40 60 0.3 5 03 0.05
Meat products 2 2 15 80 60 1 10 1 0.05
Grain products 20 10 80 100 100 3 60 3 1.0
Leafy vegetables 20 20 50 30 30 15 40 15 1.0
Roots and fruits 3 0.5 30 PAJ 30 0.5 20 . 0.1
Fish products 30 . 100 200 2000 - - - -
Water supplies 1 0.1 0.5 10 s 0.05 0.5 0.05 0.04
Activity concentration (uBq m)
l”‘ak‘ k! 2 2 232, ), bk
By By 25003 20, 20p, Aop, 22y, 280, 2873 25,
Air 1 0.5 [ 500 50 1 1 1 0.05
Table 12
Committed effective dose per unit activity intake of natural radionuclides (or adults
{14]
Ingestion Inhalation
Radionuclide
Fractional transfer to blood | Dase coefficiert (uSv Bq') Class of solubility Dase coefficient wSv Bg'l)
U-238 0.05 0.025 Y 30
U-234 0.05 0.03 Y 30
Th-230 0.0002 0.07 Y 50
Ra-226 0.2 0.2 w 2
Po-210 0.2 1 D 2
Po-210 0.1 0.2 D 1
Th-232 0.0002 0.4 Y 200
Ra-228 0.2 03 W 1
Th-228 0.0002 0.07 Y 100
U-235 0.05 0.03 Y 30
Pa-23] 0.001 2 w 200
Ac-227 0.001 2 w 300
Table 13
Avcrage age-weighted annual intakes of natural radionuclides and associated effective doses
Ingestion Inhalotion
Radionuclide
Intake (Bq) Dase (45v) Intake (mBq) Dase (uSv)
U-238 49 0.12 6.9 0.21
U.234 4.9 0.15 6.9 021
Th-230 25 0.18 s 0.18
Ra-226 19 38 35 0.01
Pb-210 32 32 3500 7.0
Po-210 55 11 350 0.35
Th-232 1.3 0.52 6.9 1.4
Ra-228 13 39 6.9 0.01
Th-228 1.3 0.09 6.9 0.69
u.235 0.21 0.01 04 0.01
Totsl 52 10
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Table 14

Elevated values of aclivity concentrations of natural radienuclides In foods

Activity concentration in fresh food (mBq lg’))

Food Country Radionuclide Ref.
Range Arithmetic mean
Cows’ milk Braz! Ra-226 29-210 108 [A4]
Pb-210 5-60 45 [A8]
Chicken meat Brazl Ra-226 37-163 86 [L10]
Ra-228 141-355 262
Beef Brazil Ra-226 30-59 44 [L10])
Ra-228 78-111 96
Pork Brazil Ra-226 1-22 13 fL10}
Ra-228 93-137 121
Reindeer meat Sweden Pb-210 400-700 550 P7
Po-210 - 11000
Cereals Indis Ra-226 up to 510 174 L6}
Th-228 up to 5590 536
Com Brazil Ra-226 70-229 118 v3)
Pb-210 100-222 144
Rice China Ra-226 250 [Z1}
Pb-210 570
Green vegetables India Ra-226 325-2120 1110 [L6]
Th-228 348-5180 1670
Carrots Brazl Ra-226 329-485 411 V3]
Pb-210 218-318 255
Roots and tubers India Ra-226 477-4780 1490 LS)
Th-228 70-32400 21700
Fruts India Ra-226 137-688 296 [L6]
Th-228 59-21900 2500
Tuble 15
Elcvated values of activity concentrations of natural radionuclides in potable waters ofl various sources
Activity concentration (mBgq I‘l)
Sowrce Counnry Radionuclide Reference
Range Arithmetic mean Geometric mean
Boltled waters Brazil Ra-226 <10-130 27 [P8)
Pb-210 <50-190 n
France U-238 up to 2000 60 P5, P9, Si1)
Ra-226 up to 2700 60 [R12, R13, R14,
Th-232 - <40 M19)
Germany U.238 <1-140 4.4 [B12,
Ra-226 <1-1800 25 G4, G5)
Po-210 33-53 9.0
Po-210 04-89 1.8
Indonesia Ra-226 <160 2 - [S31)
Portugal Ra-226 <3.2185 26.7 [B6)
Pb-210 2392 18.5
Ground waters Finland U-238 up to 74000 4200 {S15)
Ra-226 up to 5300 440
Pb-210 up 1o 10200 430
Po-210 up to 6300 220
Sweden Ra-226 22460 45 13.7 [K4)
Yugoslavia Ra-226 0.5-510 60 - [K11]
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Tuble 16
Alpha decay propertics of 22020 and *22Rn with short-lived decny products
|B7, Mi1]
20, 22Rn
Radionuclide Branch (%) Half-life Energy (MeV) Intensity (%) Radionuclide Half-life Energy (MeV) Intensiry
(%)
Rn-220 S5s 6.9 100 Rn-222 38244 5.49 100
Po-216 0.15s 6.78 100 Po-218 3.04 min 6.00 100
b-212 10.64 h B.y - Pb-214 26.8 min B.y .
Bi-212 60.6 min 6.05 25 Bi-214 19.7 min 8.y .
6.09 10 Po-214 163.7 us 7.69 100
Po-212 64 304 ns 8.78 100
T-208 36 3.10 min By -
Table 17
5
Activity concentrations of 226Ra and 2*Ra in various types of rock
[We]
Conceniration (Bq kg" )
Type of rock Example *4Ra Ra,
Arithmetic mean Range Arithmetic mean |, Range
Acid intrusive Granite 8 1-370 111 0.4-1030
Basic extrusive Basalt 1l 0.4-41 10 0.2-36
Chemical sedimentary Limestone 45 0.4-340 60 0.1.540
Detrital sedimentary Qay, shalc, sandstone 60 1-990 50 0.8-1470
Metamorphosed igncous Gneiss 50 1-1800 60 0.4-420
Metamorphosed sedimentary Schist 37 1-660 49 0.4-370
Table 18
Activity concentrations of natural radionuclides in various types of rock in the Nordic countries
(C14)
Activily concenrration (Bq kg")
Rock 1y,
e K Z6Ra DIrn
Normal granite 600-1800 20-120 20-80
Thonum- and uranium-rich granite 1200-1800 100-500 40-350
Gneiss 600-1500 20-120 20-80
Droxite 300-1000 1-20 440
Sandstone 300-1500 5-60 4-40
Limestone 30-150 5.20 1-10
Shale 600-1800 10-120 §-60
Middie Cambrian alum shale 1000-)800 120-600 §-40
Upper Cambrian or Lower Ordovician alum shale 1000-1800 600-4500 B-40
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Table 19

Parameters of emanation and diffusion of 222Rp from the carth and from bullding materals

Maierial Representative value Range Ref.
Emanation fraction
Rock (sicved) 0.084 ¢ 0.005 - 0.40 (B8]
Soil (various) 0.23° 0.02 - 0.83 D5}
Brick (clay) 004t 0.02 - 0.1 [S17)
Concrete (ordinary) 0.15° 0.1 -04 [S17}
Gypsum (natusal) 008 ¢ 0.03 0.2 (S17)
Porosity
Eanh 0.25 0.01-0.5 [F6, H14,
Building materials 0.15 0.01-0.7 05, S19)
DifTusion coefMicient (m?2 l")

Ganh 5107 1010 [F6, H14,
Building materials 110 10°1h10¢ 05, S19]

Arithmetic mean.
Inferred from range.

¢ Inferred from range and mix.

Table 20

Flux density from the convection of radon and the resultant entry rales into the
underpressure of § Pa with varying permeability of the subjacent earth

mode! building caused by an

Flux dersity (Bq m s71) Entry raie (Bqg m h)
Circumstance Permeability (m®) Permeability (mf)
il 10! 10! 107 10° w? [ g0 | 10 | 107 10°
Cracked floor * 0.0071 0.0078 0.014 0.078 0.043 10 1 20 112 62
Bare carth 0.028 0.030 0.043 0.19 0.085° 40 43 62 274 122°

With an array of 1 em aacks every 1 m of floor. Values averaged over whole floor.
Trend sdjustment of published data [W8].
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Table 21
Average radon concentrations and percentage vtilizatlon of water supplies
[N18, 05]
Concentration (Bq m'J) Utilization (%)
ype of supply .
United States United Kingdom Reference value United Sates United Kingdom Reference value
Surface water 1300 1000 1000 50 66 60
Ground water 11500 30000 10000 32 34 30
Well water 208000 < 1000000 100000 18 <1 10
Table 22
Hlustrative radon entry rates for the model masonry building in a temperate climate
Sowrce of radon Mechanism Erury rare (Bq m ) Pacersage
Building clements Diffusion 10 21
Subjacent earth Diffusion 1.5 15
Advection 20 41
Outdoor air Infiltration 10 20
Water supply De-emanation 1 2
Natural gas Consamption 03 1
All sources and mechanisms 49 100




Table 23

Radon concentrations in dwellings delermined in indoor surveys

Year Number of Radon concentration (Bq m™ Geomerric
Countrylarea of Type of suney Duration of exposure dwellings standard Ref.

survey surveyed Arithmetic mean Geometric mean Murimum value deviation
Algeria 1987 Exploratey 60 days 50 32 137 [O9)
Argentina, 3 cities 1990 Preliminary 180 32 31 127 20 [G6]
Australia 1990 National 1 year 3413 12 8.7 423 2.1 (L4)
Austria, Salrburg 1980 Local Grab samples 29 - 15 190 - [S40, S41)
Belgum 1991 National 6 months 450 48 4000 (V8]
Canada 1977.1980 National Grab samples 13413 34 14 1724 3.6 [L7)
Canada, Nova Scotia 1990 Regonal 3 months 19 108 . 5920 3.6 119]
China, seven provinces 1989 Regional 3945 24 20 378 2.2 [22)
China, Sechuan 1990 Regonal 1967 19 17 170 1.7 [C10)
China, Shenzhen 1986 Regonal 69 16 14 54 2.0 [RS)
Czechoslovakia 1982 National Grab samples 1200 140 ° . 20000 - | T6, 18]
Denmark 1985 National 6 months 496 47 29 560 2.2 [S9, U15)
Egypt 1991 National 39 9.0 24 [K12)
Finland 1982 National 1 month 8150 90 64 - 3.1 [C19, C21)
France 1988 National 60 days 2006 62 41 4687 21 [R6, R7]
Germany (former Fed. Republic) 1984 Regonal 3 months 5970 49 40 . 1.8 [S29]
Germany, Cottbus 1989 Regional 3 months 67 as 23 153 2.5 |L9)
Germany, Saxany and Thuringia 1990 Exploratexy 3 days 5000 270 190 115000 2.4 {L9)
Germany (former Fed, Republic) 1991 Regional 3 days 1040 57 34 3100 29 {K13]
Ghana, Legon 1990 Exploratery 9 months 25 340 [06]
Greece 1988 Exploratury 6 months 73 52 492 [G7]
Hong Kong 1991 Regionat 140 4] 140 [T9]
India 1991 Exploratory 3 months 1208 57 42 214 2.2 [S37)
Indonesia 1991 Exploratory 165 12 120 [S31]
Iran. 4 cities 1988 Exploratory 90 days 12t 82 3070 1S26]
Ireland 1987 National 6 months 736 - 37 1700 - [C18]
ltaly 1991 National 1 year 2250 80 62 1.9 [BI1S, B16]
Japan 1990 National 1 year 6000 29 23 L6 [KS]
Kuwait 1988 Exploratory 1 year 69 4] 103 [M13)
Luxembourg 1991 Natianal 2500 65 [KS]
Netherlands 1982-1984 National 1 year 1000 29 24 118 1.6 [H17,P24,P25)
New Zcaland 1988 National 1 year 717 20 18 94 {R3]
Norway 1991 National 6 months 7500 60 30 [{S39]
Pakistan 1991 Exploratery 2.5 months 50 30 83 [T10]
Poland 1991 Preliminary 1 year 345 38 568 [B14}
Portugal 1991 National 4 months 4200 81 37 2795 [F14]
Spain 1991 National 1700 86 43 15400 37 [Q2 Q3]
Sweden 1980-1982 National 2 weeks 512 108 62 3310 [M17, S42]
Sweden 1990-1991 National 3 months 1360 108 56 3900 [S43]
Switzertand 1991 National 2.5 months 1600 70 3000 [S38]
Syria, 2 areas 1990 Exploratory 6 months m 20 72 [{sy)]
United Kingdom 1991 3 months 96000 20 10000 [W9]
United States 1991 National 1 year 5967 46 25 31 [M24, U12]
United States, New York 1988 Regonal 1 year 2043 42 26 1420 2.7 [P11]
Median values 42 10 2.2

Derived from radon EEC measurements, using an equilibrium factor of 0.4,

w
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Table 24

Avernge concentrations in air of radon und thoron, including (heir decay products, and annual efTective doses

Concentration Effeciive dose coefficient Annual effective dose ©
3 ) 3 ‘
Radionuclide Location (Rg m™) (nSv per Bq h m™) GeSv)
Gas FEC* Gas EEC Gas FEC
Radon Outdores 10 8 0.17 9 30 130
indoors 40 16 0.17 9 48 1000
Tolal (rounded) 1200
Thoron Outdoors 10 0.1 0.11 10 1.9 1.8
Indoors 3 03 0.11 32 23 67
Total (rounded) 73

Weighted for occupancy: 0.2 outdocxs, 0.8 indoors.

The cquilibiium equivalent concentration (EEC) of radon {or thoron) is the product of the concentration of radon (of thoron) and of the cquilibrium factor
between radon (or thoron) and its decay products. The values of the equilibrium factor have been taken to be 0.8 cutdoors and 0.4 indoors for radon. Thoron

EEC values arc based on measurements.

Table 25
Typical concentrations of 22h und *BU in heavy mineral sands in Austrulia
[K17]

Mineral 21% cencentration (Bq kg") 2y concentration (Bq kg")
Ore 60-200 40
Heavy mineral concentrate 1000-1300 <100
Dmenite 600-6000 <100-400
Leucoxene 1000-9000 250-600
Rutile <600-4000 <100-250
Ziscon 2000-3000 200-400
Monazite 600000-900000 1000040000
Xcenotime 180000 50000
Avcrage soil and rock 40 40

Table 26

Estimates of colleclive effective dose per unit clectrical encrgy generated by non-nuclear sources

Normalized collective effective dase

Sowrce [man Si (GW ")Jl
Coal 20

Ol 0.5
Natural gas 0.03
Geothermal 2

Peat 2

-
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Table 27

Estimates of annual per caput effective doses resulting from the extractlon and processing of earth materials

Sowrce Annual per caput effective dose (juSv)
Coal
Mining 0.0001-0.002
Electrical energy praduction 2
Domestic usc 0.4-8
Usc of fuel ash 5
Other non-nuclear sources of electrical energy production
Ol 0.01
Natural gas 0.001
Geothermal 0.001
Exploitation of phosphate rock

Industrial operations 0.04
Fertilizers 2
By-products and wastes 10

Tuble 28

Average annual cffective dose to adults from natural sources of ionizing radiation

Component of expasure

Annual effective dose (mSv)

In areas of normal background

In areas of elevared exposures

Cosmic rays

Cosmogenic radionuclides

Terrestrial radiation: external cxposure

Terrestrial radiation: internal exposure (excluding radon)

Terrestrial radiation: internal exposure from radon and its decay products
Inhalation of Rn-222
Inhalation of Rn-220
Ingestion of Rn-222

0.38
0.01
0.46
0.23

1.2
0.07
0.005

2.0
0.0}
4.3
0.6

. 10
0.1
0.1

Total

24
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INTRODUCTION
1. Several practices and activities of man involving rcactors to cvaluate the total releases of radionuclides

the production and use of radionuclides have resuited
in releases of radioactive malerials to the environment.
Some of these activities have ccased, such as testing
of nuclear weapons in the atmosphere, and some are
continuing, such as clectrical cnergy generation by
nuclcar reactors and radicisotope production and
usage. In carrying out thesc aclivitics, scveral
accidents have occurred at nuclear installations and
waste storage siles and in the transport of weapons or
nuclcar matcrials, causing in somc cascs significant
contamination of the local environment. The purpose
of this Annex is to cvaluate and compare the
collective doses to the local and global populations
from these various man-made sources of radiation
cxposures.

2. Most of these subjects have been dealt with in
the past by the Committee in scparale assessmcents.
Aumospheric nuclear testing and nuclear power
production, in particular, have been cxiensively
analyscd. In this Annex, the evaluation procedures are
summarized, and the dose calculations are exiended.
For nuclear powcer production, cstimates of average
rcleases per unit clectrical energy generated are
combined with data on enecrgy gencrated by all

worldwide and the collective dose from the beginning
of this practice. For the first time since the Commitice
began its assessments of exposures from nuclear
power production, there is complete rcporting of
radionuclides rcleased from all reactors in opcration in
all countrics for the latest evaluation period. The
Commitlee acknowledges the cooperation of a great
many scientists and officials who have made these
data available for this evaluation.

3. A number of sources cannot be so systematically
cvaluated. These include rcleases from the use of
radioisotopes in industrics or hospitals, in which only
trace contamination and very low doses result, and in
the military fuel cycle, for which data have been
restricted and the dose cvaluations have therefore
remained incomplete and uncertain, In this Annex the
Commitice considers these various sources 1o the
extent possible to provide a comprehensive assessment
of exposurcs from man-made sources.

4.  Exposures from accidents of environmental
significance are summarized here. Most of the doses
resulting from these sources were evalualed in detail
at the time of occurrence, in particular the doses
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throughout the northern hemisphere from the Cherno-
byl accident, presented in the UNSCEAR 1988 Report
[U1]. However, further data arc hecoming available on
some accidents that occurred many ycars ago, when
the full disclosure of details was not possible. This
information is considered here to provide indications
of the population doses that were received. Evaluations
of doses to populations living ncar nuclear lest sites

have been undertaken, and some dose estimates have
been provided in published reports. These results are
also included in this Annex. For the various sources,
the collective doses evaluated arc those committed by
the specific releases. If less than the complete dosc
commitments have been evaluated, the integration
times are specified in the discussions for cach type of
source.

1. ATMOSPHERIC NUCLEAR TESTING

5. A very important concern of the Committee
since its inception has been to cvaluate the exposures
caused by nuclear explosions in the atmosphere. The
first atmospheric nuclear explosions took place in
1945. Subscquent testing of nuclear weapons in the
atmosphere occurred untit 1980, with periods of
intensive testing in the years 1952-1954, 1957-1958
and 1961-1962. A limited nuclear test ban treaty
(Treaty Banning Nuclear Weapon Tests in the
Atmosphere, in Outer Space and Under the Water)
was signed in August 1963, and much less frequent
testing in the atmosphere occurred subsequenty.

6. Exposures from nuclear wcapons lests in the
atmosphere have been reviewed by the Committce in
all its previous reports until the cessation of the
practice [U3-U10]. As there have been no lests in the
atmosphere since Oclober 1980, the most rccent
analysis prepared by the Committee, in the UNSCEAR
1982 Report [U3], remains complete and valid. Thesc
results and the generally applicable metbodologics of
exposure assessment are summarized here.

7.  The basic quantity of radiation dose evalualions
for radionuclides released to the environment is the
dose commitment. Dose commitments are calculated
from the input of radionuclides into the environment,
using transfer cocfficients relating appropriate
lime-integrated  quantities in  environmental
compartments and in man. Schematic represcntation of
the methodology uscd by the Committee for evaluating
cxposures {rom radionuclides rclcased in nuclear
testing is illustrated in Figure 1. Transfer coefficients
arc uscd to relate input, integrated concentrations of
radionuclides and dose in successive environmental
compartments. For example, the transfer coefficient
from dict to tissue is the ratio of the integrated
concentration of the radionuclide in tissuc to that in
diet and is designated P44, Transfers linking input to
dose are determined by the sequential multiplication of
wransfer cocfficients. Transfers by parallel pathways
are assumed 1o be independent and are thus additive.

For the transfers indicated in Figurc I, the dose
commitment for a specific radionuclide and a given
tissue, D, due to an environmental input Ag into the
atmosphere is given by

D¢ = Poy[P12Po3PyyPys + (1)

* PiyPys + Pys + P;pPys]Ag
8.  In this formula the transfer coefficient Py is the
integrated concentration of a radionuclide in air at a
specified locatjon or averaged for a broader region,
divided by the amount released. The first term in the
brackets relates the subsequent transfer to deposition,
diet, tissue and dose via ingestion. The second term
(P14 Py4s) is the wransfer from the atmosphere to tissue
and dosc via inhalation. The third term (P5) accounts
for direct (cloud gamma) irradiation from the radio-
nuclide in air. The fourth term is the component of
external irradiation from radionuclides dcposited on
the ground. Some minor pathways (e.g., resuspension)
have not been indicated in Figure I, but these are
taken into account in determining the integrated
concentrations in the compartments. To this extent, the
model indicales compartment interrelationships rather
than mechanical transfer pathways. Although the ter-
minology was developed for evaluations of doses {rom
radionuclides produced in atmosphcric nuclear testing,
the methodology is generally applicable to any source
of rclease of radionuclides to the air or terrestrial
environment.

A. ENVIRONMENTAL INPUT

9. A nuclear device derives its explosive cnergy,
usually expressed in kilotonnes or megatonnes of TNT
equivalent, from one or both of two nuclcargroccsscs:
fission of the heavy nuclides 35y and 2%y in a
chain reaction and fusion of the hydrogen isolopes
deuterium and tritium in a thermonuciear process.
Fission produces a whole spectrum of different
radioactive nuclides, while fusion in principle creates
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only tritium, However, because a thermonuclear device
needs high pressures and temperatures to ignile it, in
practicc a fission device is nceded as a primary stage
to provide these conditions. Also in practice, the
nuclear reactions do not proceed to ultimate comple-
tion, so somec residual amounts of tritium will also
remain. Thus, the explosion of a fusion charge always
implies that at lcast some residual radioactive material
is released. Many thermonucicar devices also produce
large amounts of radioactive debris in a second fission
stage, where high cnergy ncutrons from the fusion
rcactions arc utilized to split the atoms of a 238y
blanket In some fission charges a small thermonuclear
stage is used primarily to make ncutrons and boost the
utilization of the fissile material.

10. The cxact composition of products of the fission
pracess depends on the mixture of fissioning nuclides
(235U, 3%y and 238U) and on the ncutron cnergics
involved. However, for the purposc of estimating dose
commitments, it is sufficient to use average production
values per unit fission yicld. These are dominated by
the 238y high-cnergy neutron fission mode, as this
type of fission was the predominant onc in past atmo-
spheric testing.

11. Ncutron activation products are produced in
significant amounts in fusion explosions from
reactions of neutrons with surrounding materials, such
as nitrogen in the air and the construction materials of
the device. One very imFonam such product is e,
which is madc in the 4N(n,p)”C rcaction in the
atmosphere. The fusion yiclds are thus of interest for
cstimating doses from certain radionuclides. Fusion
yiclds are also important, as they are the second part
of the total yield, which govems the altitude to which
the nuclear cloud rises and, as a result, the time delay
before the debris reaches man.

12, A total of 520 atmospheric nuclear explosions
(including 8 undcrwater) have occurred at a number of
locations [D2, D8, Z1]. Bascd on a survey of
published estimates of nuclear yiclds of different tests
and mcasurements of deposited amounts of radioactive
materials, Bennett [BS] compiled a list of individual
yiclds of atmospheric nuclear cxplosions and the
partitioning of dcbris between different parts of the
almosphcre. As accurate data on individual tests have
not gencrally been available, this information is of
course somewhat uncertain. Summed yiclds during
certain periods of time, however, do agrec with
reporied total yiclds for these time intervals, and the
integrated depositions of long-lived fission products
are reasonably consistent with the estimates. The
estimates of fission, fusion and total yiclds exploded
in the atmosphere for each ycar since 1945 are
illustrated in Figure I

13.  There were two main periods when most of the
radioactive debris produced in nuclear explosions was
injected into the atmosphere, namely 1952-1958 and
1961-1962. About 42% of all fission yicld in the
almosphere was cxploded in the former period and
47% in the latter, adding up to 89% for the 11-ycar
period from 1952 through 1962. The corresponding
numbers  for fusion yicld are 25% and 72%,
respectively, giving a total of 97% for the 1952-1962
period. Less than 0.5% of the total fission yicld and
completely insignificant amounts of fusion yield were
exploded before 1952, leaving 11% and 3%,
respectively, for the period since 1962. About 90% of
the fission yicld was duc to explosions in the northern
hemisphere.

14. The total explosive yicld from past atmospheric
nuclear weapons tests amounts to 545 Mt, consisting
of 217 Mt from fission and 328 Mt from fusion. The
contributions of local, tropospheric and stratospheric
fallout to total fallout are 12, 10 and 78%,
respectively. Local fallout, which is loosely defined as
that part of the debris that deposits on the ground in
the vicinity of the test site, has not previously been
considcred by the Committee in its dose assessments
because nuclear wcapons tests were conducted in
isolated arcas.

15. The major radionuclides produced in atmospheric
nuclear testing from the standpoint of doses delivered
are listed in Table 1, along with the basic data of
radioactive half-life, mode of decay, fission yicld and
amounts rcleased into the atmosphere (local fallout
excluded).

B. DEPOSITS ON THE EARTH'S SURFACE

16. The Committec has traditionally estimated
collective elfective doses committed to the populations
of the 40°-50° latitude bands in the northern and
southern hemispheres (zones of maximum fallout), 10
the population of the whole northern hemisphere and
the whole southern hemisphere, and 1o the entire
world’s  population.  Fission products, residual
radionuclides of the weapons matcrials and activation
products have been considered in the dosc assessment.

17. The committed collective effective dose to those
populations from past atmospheric testing arises
mainly from cxternal irradiation from the radionuclides
deposited on the carth’s surface and internal exposure
from radionuclides incorporated into ingested foods.
Since the doses from these pathways arc strongly
related to the amounts of radionuclides deposited on
the ground, the first step in the dosc assessment

o —
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consists in estimating the deposition densitics in the
latitude bands considered for the radionuclides of
interest. For this purpose, the Committee has relied
upon extensive measurcments of 90Sr, 895; and Bzr
for the assessment of the activities of all radionuclides
present in the environment in a solid form. This is the
casc for all radionuclides considered in this Scction,
with the exception of 3H and MC.

18 The deposition of %St has been monitored
worldwide in a network of between 50 and 200 sta-
tions operated by and in cooperation with the Environ-
mental Mcasurements Laboratory (EML), formerly the
Health and Safety Laboratory (HASL) [H7]. The
global deposition of %St has also been estimated by
others, such as the United Kingdom Atomic Energy
Authority [C2], with a network of 8 stations in the
United Kingdom, and 18 stations elsewhere. When
results of these two networks are compared, the annual
values are found to differ by up to 50%, but the
integrated and cumulative depositions agree to within
2% [L2]. Because the United States network has been
the Jargest and most widely distributed, the data
collected by it have been adopted by the Committee.
The total hemispheric annual deposition values are
calculated by averaging the deposition density over all
collecting stations in cach 10° latitude band,
multiplying by the arca of the respective band and
then summing all nine bands of the hemisphere [L2].

19. Data on the time-integrated deposition of 0Sr in
cach 10° latitude band of the globe are given in
Table 2. Becausc the last atmospheric nuclear weapons
test occurred in 1980, and deposition of radioactive
acrosols takes place within a few years, it can be
considered that the deposition of "™ Sr produced by
past atmospheric tests is essentially complete. Also
shown in Table 2 are the areas of the latitude bands
and the population distribution in these regions. The
latitudinal population distribution is used lo calculate
the population-weighted deposition densities, which
arc then used as the basis for estimating the per caput
doses and dose commitments from “Sr. Owing to its
rather well-known gcographical distribution, ™ 'Sr is
used as a fallout indicator for all long-lived radio-
nuclides (defined here as those radionuclides with a
radioactive half-life greater than 100 days) from past
nuclear tests; “OSr deposition values are therefore the
basic information for estimating dosc commilments
from a number of radionuclides. For long-lived
nuclides that deposit over several years, the method of
using %St as an indicator and applying a production
ratio corrected for decay can be expected to yield
adequate estimates of deposition densities. The uncer-
taintics atlached to the deposition estimates increasc as
the physical half-life of the radionuclide considered
decreases.

20. Short-lived radionuclides (in this context,
nuclides with hall-lives from 8 to 100 days) show
different fallout patierns. These vary not only with the
half-life of the radionuclide but also with its decay
chain and the chemical properties of the clements
involved, becausc they determine the type of particles
that the radionuclide will tend to be incorporated into
and thus its subscquent dissemination pattern. As the
deposition of all short-lived nuclides that might be of
interest was not measured globally during the periods
of atmospheric lesling, a paticrn drawn mainly from
data on **Zr and #Sr has been used to infer deposi-
tion of all short-lived radionuclides [U3, U4].

21.  The population-weighted deposition densities of
95Zr in past tests are given in the last column of
Table 2. Zirconium-95 has been chosen as the indi-
cator for sbort-lived nuclides because it is a compara-
tively well-mapped radionuclide with a suitable balf-
life and it is commonly used in studies of fractionation
(deviations of actual radionuclide ratios in fallout
compared to what can be calculated from production
yields and decay). The corresponding deposition densi-
tics of other short-lived nuclides are calculated by
multiplying by an empirical factor that accounts for
the difference in half-life and possible fractionation
phenomena. However, the error introduced can be
quite large, as the empirical factors in most cases are
based on rather limited data and dcposition patterns
have varied among tests.

22. Theratios used 1o derive the population-weighted
deposition densities of the radionuclides formed in
atmospheric nuclear tests (based on St for the
long-lived radionuclides, with the exception of >H
and 1*C, and on % Zr for the short-lived radionuclides)
arec presented in Table 3, along with the popula-
lion-wcighted average deposition densities obtained by
this method for the 40°-50° latitude bands of cach
hemisphere, for each hemisphbere and for the world.

23. This method has not been used for °H or e,
because these radionuclides are readily recycled in the
biosphere and become homogencously disseminated in
the hemisphere in which they are released within a
time that is short in comparison to their radioactive
half-lives. The interhemispheric transfer of radio-
nuclides other than isotopes of the inert noble gases is
very limited because of tropospheric wind patierns and
efficient scavenging by precipitation in the tropical
latitudes. The dose commitments from >H and *4C arc
bascd on a comparison with the doses and production
rates of these radionuclides in their natural occurrence.

24. The quoticnt of the deposition density (integrated
deposition density rate) to the production amount
(integrated release rate) of the radionuclide forms the
transfer cocfficient Pg,. These values may be
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determined from the data in Tables 1 and 3. The
rclationship of Pg, values 1o the half-lives of the
radionuclides is illustratcd in Figure Il for the
temperate zone of the northern hemisphere. Owing to
the pattern of atmospheric testing, the dcposition
densitics and thus the Py, valucs are higher by a factor
of about 4 in the northern hemisphere than in the
southern hemisphere. The values in the temperate
zones arc about 1.5 times higher than the hemispheric
avcrages. Since the residence time of particulate debris
injected into the stratosphere is of the order of one 10
a few years, most of the longer-lived radionuclides are
deposited without appreciable decay. The PO" values
in this casc are approximately 5 kBq m™ per EBq
rcleased. Radioactive dccay before deposilion
appreciably lowers the values of Py, for radionuclides
with half-lives of less than one year. The variations
seen in Figure 1l of Py, values for a few radio-
nuclides (1 3Sb, 241Pu) illustrate the uncertainties in
production and deposition cstimates.

C. TRANSFER FROM DEPOSITION
TO DOSE

25. The assessments of doses from different
radionuclides were presented in  detail in  the
UNSCEAR 1977 Report [U4]_and the UNSCEAR
1982 Report [U3]). Mcasurements reported in the
scientific literature on which the estimates were based
and the computational techniques applied to derive
doses were listed and described. The results can be
summarized in terms of the transfer coefficients P,
which link the time-integrated deposition density on
the carth’s surface to the dose commitments in the
rclevant organs and tissues of man. Three principal
pathways are considered: external irradiation,
inbalation and ingestion.

26. The ingestion pathway is of significance for
radionuclides that arc efficiently transferred through
the chain formed by deposition to plant uptake to
grazing animals (in many cases)-dictary intake and are
absorbed from the gastro-intestinal tract to blood.
Some delay may be introduced in these transfers. One
important exception to this, however, is the short-lived
radionuclide ! lI, which can rather quickly be trans-
ferred via the pasture-cow-milk chain to man. For
most radionuclides, the intake amounts by ingestion
result primarily from the initial retention by crops and
pasture during deposition and only secondarily from
dclayed root uptake.

27. To make rcliable asscssments of doses through
the ingestion pathway, there is a need for exlensive
cmpirical data on the concentrations of the relevant
radionuclides in different types of food and the various
dicts in different population groups. Analyses of this

kind have been made in previous rcports of the
Committee, cssnccrally for 9Sr and %7 Cs, which
together with 9C, are the primary contributors to the
ingestion dose commitments (U3, U4). To evaluate the
P,5 transler cocfficients, regression analysis has been
applicd 1o modecls relating measured radionuclide
concentrations in diet to the annual deposition density
rates and the measured concentrations in relevant
organs.

28. The transfer of ®Sr and '3"Cs from deposition
to dict has becen modelled by a threc-component
model:

C, =bF, +b,F,_; +b; Z e MF, vl

i-n
n=l

where C; is the concentration of the radionuclide in a
food component or in the total dict in the year i due to
the deposition density rate in the year i, F in the
previous year, Fl 1» and in all previous years, rcduccd
by exponential decay. The exponcntial decay with
decay constant A reflects both radioactive decay and
environmental loss of the radionuclide, The
cocfficients b; and the paramcter A are determined by
regression analysis of mcasured deposition and dict
data.

29. The transfer cocfficient from deposition to dict
is given by

Psq c(dt/ F(1) dt
| [revar [T o
or Z C. /“ F
i=1 i=l

From the above model, the transfer coefficient can be
expressed as

Pyy =b; +by +bye™/(1-e7™) (4

where b; are the transfer components per unit annual
deposition: by is the transfer in the first year, primarily
from direct deposition; b, is the transfer in the second
year from lagged use of stored foods and uptake from
the surface deposit; and by is the transfer via root
uptake from the accumulalcd dcposn The units of P»3
and b; arc Bq a kg per Bq m2. In the exponential
term, K has units a”l and m is a constant equal to onc
year.

30. Results of regression fitling of this fallout model
to moniloring data have been presented in previous
UNSCEAR Reports [U3, U4, US]. Further analysis of
the available data is presented in Table 4. The fits to
the long-term monitoring results in Denmark are
shown in Figure IV. Relatively minor adjusiments in
parameler values are nceded in the fits to extended
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monitoring data, indicating, in particular, that the
projections of long-term transfers arc confirmed.

31. Adcquate representations of transfers to the total
dict or 10 scparalc components of the diet arc oblained
for rclatively uniform deposition during the year, as
occurrcd for fallout from atmospheric weapons testing,.
For deposition occurring within a much shorter time
period, such as following the Chernobyl accident, the
transfer is dependent on the particular agricultural
conditions at the time of deposition and on short-tcrm
restrictions on cenain foods in the diet that may be
imposcd. Thus, the first-year and sccond-ycar lagged
wansfers of 137Cs to dict in measurced concentrations
in 1986 and 1987 arc much lower than would be
expected from the fallout model. The discrepancy may
have been less in other countrics, depending on the
agricultural conditions, than is shown for Denmark in
Figurc IV. In contrast 1o wcapons fallout, the
deposition of Sy from the Chernoby! accident was
much less significant than that of B3¢,

32. From the results of the transfer factor analysis
given in Table 4, it is seen that transfers from
widespread but relatively normal arcas of transfer may
vary by *50% for total dict, with even greater
variations for some specific food groups. The foods
included in each major group differ in the various
locations, as do the consumption amounts of these
foods.

33. The transfer cocfficients, P,g, for 05y and 137Cs
are summarized in Table 5. Thesc are the averaged
resuits from Argentina, Denmark and the United States
of the transfers to the five food categories weighted
for consumption amounts. Because they come from
only three locations, the average values with standard
deviations are only genceral indications of the transfers
and variations to be expected. The results are similar
1o the prcvjouslgoadoplcd values of P,4: 4 mBq a 7kg']
Y3c‘lr Bq m™ for *“Sr and 9 mBq a kg'' per Bq m™ for
Cs [U3].

34. Figurc V shows the contributions 1o transfer in
the various periods. For 0sr, the major componcnt of
P,y (50%) ariscs from transfer from the deposit. For
! Cs, the major transfer is within the f{irst ycar of
deposition (45%), with diminishing transfer in the
sccond and subscquent years following deposition. The
contributions to transfers by the various food groups
arc indicated in Table S. For QOSr, milk and grain
products arc the most significant foods. For B3¢,
these calegories, along with mecat, account for the
major part of the transfer. It is reccognized that much
wider variations in transfer occur in certain arcas for
particular soil conditions and foods. This includes the
Arctic food chain (lichen-reindeer-man) and arcas
where the caesium-binding clay content of soils is low,

thus allowing higher and morc persistent uptake of
137¢s 10 plants. In thesc cases, order of magnitude
diffcrences in transfer may result. More detailed
cvaluations of the cxtent of these conditions are
necessary to determine the added contributions that
may be made to the colicctive doscs.

35. The transfer coefficicnts Py, linking concentra-
tions of radionuclides in dict to thosc in the body and
P4s. linking concentrations in the body 1o dose, have
been evaluated and the results published in the
UNSCEAR 1982 Report [U3] and the UNSCEAR
1977 Report {U4]. For some radionuclides, the
integrated dietary intake rates have been dctermined
dircctly. Relating these values to the deposition of the
radionuclide forms the transfer coefficient P,,. The
units of this expression are Bq per Bq m2. Values of
P,3 may be transformed to this by multiplication by
the consumption rate of foods, which is in effect the
transfer cocfficient Py4. As this is a convenient form
for estimating dose, all radionuclides considered in the
ingestion pathway evaluation are included in the listing
of P, values in Table 6.

36. The valucs of the dosc per unit intake of
radionuclides arc, in fact, the transfer coefTicients Pys.
These have been or are being re-evaluated, based on
the latest metabolic data, and compilations are
available [I13, N1]J. It is nccessary to state the specific
assumptions of absorption and retention of the
radionuclides; therefore, the P45 values used in the
cvaluations given here are included in Table 7. The
values of cffective dose use the weighting factors
dcfined by the ICRP in 1990 [112].

37. The overall transfer cocfficients P,¢, linking the
deposition to the dose from radionuclides produced in
atmospheric nuclcar testing, are compiled in Table 8.
The resuits for the ingestion pathway bave been
obtained by multiplication of the transfer cocfficients
P4 in Table 6 and P4 in Table 7. The valucs of Py
arc considercd to apply as averages to large
populations in the world. Adjustments arc nceded if
applications arc 1o be made to smaller groups for
which dict or local condilions of transfer may be
diffcrent.

38. For the inhalation pathway, the association is
between atmospheric concentrations and dose, Py, but
because there is a direct relationship between atmo-
sphceric concentration and deposition, the association
with dose from inhalation can also be made from the
deposition amount. The expression used is

Pas = P14Pys/Pyy ©)

where Py, is the average breathing rate of the
individual in the population, Py is the dose per unit
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intake factor for the organ or tissue considered and
Py, is the deposition vclocity averaged over all
weather conditions, including precipitation. The value
ol P, 4 has been taken to be 20 m3 d‘l, or 7,300 mda’!
for all populations. The valucs of Py, in nGy Bq'l,
are listed in Table 7. The transfer cocfficient Py,
varics with the precipitation rate at various locations
and also with the physical and chemical nature of the
radionuclide considered. The average valuc of Py, for
particulate material has been estimated to be
1.76 cm s}, 0r 5.56 10° m a”L. Although this value is
based on obscrvations in New York City over several
years [BS], measurements in the United Kingdom [C3]
and Swcden [B6, D1] are in reasonable agreement,
after normalization to the samc annual precipitation.
Furthermore, since the yearly rainfall in New York
City is fairly close 1o the population-weighted average
for the whole world, the New York value is con-
sidcred adequate for global average calculations. The
transfer cocfficients P,¢ evaluated for the inhalation
pathway are listed in Table 8.

39. In addition to experiencing internal irradiation
from inhaled or ingested radionuclides, pcople are also
irradiated externally from gamma-emitting nuclides
dispcrsed in the air and deposited on the ground. As
the dcebris normally spends much more time deposited
on the ground than dispersed in ground-level air, the
extcrnal dose due to irradiation from the ecarth’s
surface is normally much higher than the dose due to
irradiation while the debris is airborne. The average
ratio of the absorbed dose from ground surface
contamination to that from air immersion is propor-
tional to the balf-lifec of the radionuclide and is, for
cxample, of the order of 100 for short-lived 140B3 and
1,000,000 for long-lived *7Cs,

40. The Py transfer coefficients {or exteral irradia-
tion have been calculated by multiplying the dose rate
conversion factors for radionuclides deposited on the
ground, derived from Beck [B3], by the mean lifctime
of the radionuclide (half-life + In 2) and by an average
factor assuming 80% indoor occupancy in buildings
with a shiclding factor of 0.2. The latter factor is
0.7 Sv per Gy (equivalent dosc rate in the body per
unit absorbed dose rate in air) times 0.36 (0.2 outdoor
occupancy plus 0.8 indoor occupancy times 0.2 build-
ing shiclding). The Committee has in the past [U3,
U4] rounded this product to 0.3; the procedure here,
however, is to postpone the rounding to the final dose
cstimate. For short-lived radionuclides (all cxcept
l37Cs), the dosc-rate conversion factor applying to a
planc source is used. For 137¢5, the dose-rate conver-
sion factor applying to an cxponential concentration
profile in the ground of mean depth 3 cm is used. The
indoor occupancy, as well as the shiclding factor,
varics a great deal among different populations of the

world, and this is a source of uncertainty in the dose
assessments for cxternal irradiation. Also, the different
dynamic bechaviours of radionuclides dcposited in
urban and in rural environments have not been taken
into account for the dose estimates from radionuclides
produced in atmospheric nuclear testing. The transfer
coefficicnts Py are given in Table 8 for the cffective
dose commitment. The same numerical valucs can be
cxpected to apply more or less to the absorbed doscs
in individual organs in the body; howcever, since the
absorbed doscs per unit deposition densily have not
been specifically evaluated, there are no values given
in Table 8.

D. DOSE ESTIMATES
1. Regional and global exposure

41. The effective dose commitments from individual
radionuclides in past atmospheric testing (3H and Y4C
excepted) can be calculated by multiplying the
population-weighted integrated deposition density of
the radionuclide in the region of interest (Table 3) by
the appropriate P,¢ transfer coefficient (Table 8). As
an example, the effective dose commitment due to
ingestion of 137Cs in the population of the 40°-50°
latitude band in the temperate zone of the northem
hemisphere is 5,200 Bq m? times 54.6 nSv per
Bq m = 280 uSv. The results for each radionuclide
and for all pathways arc given in Table 9.

42, As indicated previously, the dose commitments
from 3H and 'C are derived from comparisons with
the natural doses and production rates by cosmic rays.
The dose calculations make use of the fact that the
dose commitment to production ratios for thosc
radionuclides are equal to the annual natural dose 1o
production ratios. The annual absorbed dose in tissue
from natural tritium has becn cstimated 10 be 10 nGy,
resulting from an annual production per hemisphere of
37PBq [U3]. Assuming a total relcase from
atmosphcric nuclear testing of 190 EBq to 1the
atmospherc of the northern hemisphere and 50 EBq to
that of the southern hemisphere [U3], the absorbed
dosc commitmenls in tissue from fallout tritium arc as
follows: northern hemisphere, 1.9 10%° Bq x
(108 Gy a'l) + (3.7 10'® Bqal) = 51 uGy, and
southern hemisphere, 0.5 102 Bq x (10'8 Gy al) ¢
3.7 10'% Bq a'!) = 14 uGy. It has not been possible
to account for latitudinal variations in the tritium
distribution. The simplification is made in assuming
fairly rapid mixing of tritium throughout the hemi-
sphere. The effective dose commitments from 3H are
51 uSv (northern hemisphere), 14 uSv (southern hemi-
sphere) and 47 uSv (world). The global value is the
population-weighted estimate, taking into account that
89% of the world population resides in the northern

RPN
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hemisphere and 11% in the southern hemisphere. On
the basis of the intake rates of hydrogen in water
[N8], the dosc commitment can be apportioned as 7%
arising from inhalation and absorption through the skin
and 93% from ingestion |U3).

43. Carbon-14 is produccd naturally by cosmic ray
ncutrons impinging on nitrogen in the upper atmo-
sphere. This means that the dose commitment from
14¢ injected into the atmosphere by nuclear tests can
be calculated in the same way as the dose commitment
from tritium produced in atmospheric tests. The annual
natural production of 14C of about 1 PBq and the
resulting cquilibrium specific activity in man yiclds an
annual dose to the gonads of 5 uGy [U3]. Based on
this, it can be concluded that the 220 PBq from
nuclear explosions have given a dose commitment to
the gonads of all populations of (5 uGya’l) =
(1 PBq ') x 220 PBq = 1,100 uGy. In the same way,
dose commitments to the lungs, bonc lining cells, red
bone marrow, thyroid and other tissues can be
assessed as 1,300, 4,800, 5,300, 1,300 and 2,900 uGy,
respectively [U3], yiclding an cffective dose commit-
ment of 2,600 uSv. The corresponding collective
cffective dose per unit release is 120 man Sv per TBgq,
assuming an cquilibrium world population of 10!
people reached in the next century and maintained
over the next thousands of years. Other published
cstimates range between 67 and 159 man Sv per TBq
[B10, 12, K2, K4, K5, M2, S1].

44. The 'C doses are due 1o ingested and inbaled
carbon. On the basis of the relative intake and reten-
tion of carbon in these pathways, the dose commit-
ments from ingestion are cstimated to be 10% times
larger than thosc arising from inhalation [K4]. The
dose commitments from '4C are dclivered over a very
long time period. From calculations based on an
cnvironmental compartment model for 14C that com-
prises 25 discrete carbon reservoirs (Figure V1) and
takes into account the dilution of ¥C by stable carbon
released during fossil fuel combustion, it is estimated
that only 5% of the dose commitment is delivered in
the first 100 years after the release of *C; about 71%
of the dose commitment will have been delivered
during 104 years after the release of He [M2]. The
deep occan, divided into 18 compartments, accounts
for the slow recycling of 4C into the biosphere.

45. The cffective dose commitments from atmo-
spheric nuclear testing for all of the 22 radionuclides
considered for the populations of the world and of the
40°-50° latitude bands ol cach hemisphere are pre-
sented in Table 9. The total effective dose commit-
ments are 4.4 and 3.1 mSv in the 40°-50° latitude
bands of the northem and southern hemispheres,
respectively, and the global average is 3.7 mSv.

46. The summary listing in Table 10 for the world
population shows that MC is the dominant contributor
to the total effective dose commitment, accounting for
70% of the effective dose commitment 1o the world’s
population. However, if only 10% of the "C dose
commilment is included in the comparison, that is, if
the dosec commitments arc truncated approximately to
the year 2200, at which time all other radionuclides
will have dclivered almost all of their dose, !4C
contributcs only 19% to the truncated cffective dose
commitment to the world’s population. Besides '*C,
the most important contributors to the effective dose
commitment to the world population are B3¢,
QSZr_95Nb, %Sr' 106Ru’ 54Mn, l“Cc, ]311 and 3H.

47. Including all of the C dose, 16% of the total
effective dose commitment to the world population is
delivered through cxtemal irradiation, 4% through
inhalation and 80% through ingestion. Including only
10% of the C dose, the corresponding numbers are
44%, 10% and 46%, respectively. Thus, ingestion is
the most important pathway, if e s fully included,
while ingestion and cxternal irradiation are about
equally important, if only 10% of effective dose
commitment from '*C is included. In both cases
inhalation contributes substantially less.

48. As the explosive power in past atmospheric tests
has been estimated to be 545 My, it may be concluded
that the past tests have given an average complete
cffective dose commitment of about 7 uSv Mt 1o the
world population. Of this, about 5 uSv Mt! is due to
¢ and about 2 uSv Mt! 1o fission products. The
transuranium clements have contributed about
0.1 uSv ML, Normalizing the fission product dose
commitment to the total fission yicld exploded of
217 Mt gives an estimate of about 5 uSv Mt! fission.

49. A summary of the global collective cffective
doscs committed from past atmospheric nuclear tests
is given in Table 11. For these calculations, some
assumptions about the global population have becn
made. For inhalation cxposure and other exposures
from radionuclides with half-lives of less than a few
years, the population of the world has been taken to be
3210° persons, as it was in the carly 1960s during
maximum f{allout. For 3H, %Sr, 37¢s and 2'“Pu, a
global population of 4 10° persons has been applied,
and for the very long-lived le, 239Pu, 240py and
1Am, the projected global population has been
assumed 1o be 1 10'° persons.

50. In Table 11 the radionuclides are listed in order
of their decreasing contributions to the collective
effective dose. The order is essentially the same as in
Table 10, with e bcin(? the dominant contributor and
37¢s, 51, %2r and %Ry following. The total global
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impact of all atmospheric nuclear explosions carmied
out for test purposes in the past is 3 107 man Sv.

2. Local exposure

51. Populations living near the sites wherc nuclear
wcapons tests took place rcccived relatively higher
doscs than the average values assessed above. In the
United States, about 100 surface or near-surface tests
were conducted at the Nevada test site between 1951
and 1962, with a total explosive fission yield of
approximatcly 1 Mt Dose reconstructions have been
undcrtaken for the populations living in the vicinity of
the Nevada test site during the period of atmospheric
testing [C7, W1} The local population size was
180,000 pcrsons, Preliminary results indicate that
thyroid doses of up to 1 Gy may have been received
by children, The collective dose from external
exposurc has been estimated to be approximately
500 man Sv [AS]. Ninety per cent of the collective
dosc was received during the years 1953-1957.

52. Following the nuclear test Bravo at Bikini in the
Pacific test site of the United States, residents of
Rongelap and Utirik Atolls were exposed to
uncxpected fallout. The islands are 210 and 570 km,
respectively, east of Bikini. Eighty-two individuals
were cvacuated from Rongelap S1 hours after the
cxplosion and 159 persons were removed from Utirik
within 78 hours. External cxposures, mainly from
shont-lived radionuclides, ranged from 1.9 Sv on
Rongelap (67 persons, including 3 in utero), 1.1 Sv on
nearby Allingnae Atoll (19 persons, including 1 in
utero) and 0.1 Sv on Utirik (167 persons, including 8
in utcro) [L3]. The collective dose was thus of the
order of 160 man Sv. Doses to the thyroid, caused by
scveral isotopes of iodine, tellurium and by cxternal
gamma radiation, were estimated to be 12,22 and

52 Gy on average and 42, 82 and 200 Gy maximum
1o adults and children of 9 years and 1 year, respect-
ively, on Rongelap [L3].

53. At the Semipalatinsk test site in the Kazakh
region of the former USSR, atmospheric tests were
conducted from 1949 through 1962, and about 300
underground tests were conducted from 1964 until
1989 [TS]. In total, 10,000 people in settlements
bordering the testing site werce exposed to some extent.
The collective dose due to external irradiation was
estimated lo be 2,600 man Sv, 80% of which resulting
from testing in the period 1949-1953, due to external
irradiation and 2,000 man Sv duc to internal exposure
from the ingestion intake of radionuclides [TS]. The
collective absorbed dose to the thyroid was of the
order of 10,000 man Gy.

54. The United Kingdom conducted a programme of
nuclear warhead development tests between 1953 and
1963 in Australia, at the Monte Bello Islands and at
Emu and Maralinga on the mainland. In all, twelve
major nuclear tests involving atomic explosions with
total yields of about 100 kt, 16 kt and 60 kt were
performed at the three sites, respectively [D3]. The
collective cflective dose to the Australian population
from these test series has been estimated to be
700 man Sv [W3]. In addition, several hundred
smaller scale experiments were performed  at
Maralinga [D3] which resulted in the dispersal of
about 24 kg of 23%9py over some hundreds of square
kilometres. This arca remains contaminated and
potential doses 1o future inhabitants of the Maralinga
and Emu arcas have been assessed with a view to
rchabilitation of the two sites [D3, H3, W2]. Annual
effective doses of scveral millisievert would be
expected to result from continuous occupancy within
the two areas, with maximums of scveral hundred
millisievert in the immediate vicinity of the two sites.

II. UNDERGROUND NUCLEAR TESTS

55. About 1,400 nuclear test cxplosions have been
carricd out beneath the carth’s surface. Particularly
since 1963, when the limited nuclcar test ban trealy
banning atmospheric tests was agreed, the practice
became more frequent. Prohibiting atmospheric tests
was a crucial slep in lessening the doses o the world's
population from tests of weapons. In fact, a well-
contained under-ground nuclear explosion delivers
extremely low doses or dose commitments to any
group of people. However, there have been occasions
when, owing to venling or the diffusion of gases,

radioactive malterials leaked from underground tests,
resulting in the dissemination of radioactive debris
over at least regional distances.

A. WEAPONS TESTS

56. Estimates of annual yiclds and numbers of
underground tests have been compiled from data
coliected by the National Defence Research Establish-
ment in Sweden [N10]. The total annual yiclds are
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presented in Table 12. The basis for these cstimates
arc cither announcements made by the testing nation
or simple calculations cmploying a formula of the
following form:

yicld (kt) = 10M -2 (©)

where M stands for the scismic surface or body wave
magnitude and a and b arc constants that vary with
wave type, cxplosion location and observing labora-
tory. The total yicld of underground tests is estimated
to be 90 Mt, or about onc sixth of the total yiceld
cxploded in the atmosphere.

57. More than 500 tests were conducted underground
at the Ncvada test site in the United States, but only
32 are reported to have led to off-site contamination as
a result of venting [H4). Table 13 shows, as an
example, the atmospheric rcleases of B from these
32 underground tests. The total amount of 134
rcleased into the atmosphere was about S PBq, which
is five orders of magnitude smaller than the amount
produced by atmospheric testing (6.5 10° PBq, from
Table 1). The amount of B or of any other radio-
nuclide released into the aunosphere by underground
tests carried out at sites other than the Nevada test site
is not availablc.

58. The collective effective dose per unit release of
311 would be expected 10 be much greater for the
venting of underground tests than for atmospheric
tests, because the release from underground tests
occurs al ground level instcad of higher in the
atmosphere. Estimates of collective effective dose per
unit relcasce to the lower layers of the atmosphere were
madc in the UNSCEAR 1988 Report l_,U”; these
cstimates are 1 10! man Sv per Bq for B released
in the Chernobyl accident and 4 10 3 man Sv per Bq
for 13 released from nuclear power stations. In order
o account for the low population densities in the
vicinity of weapons tests sites, it is assumed that a
lower figure, 1 10""* man Sv per Bq, is appropriate
for releases of ' from underground tests. This
figure, combined with a release of S PBq, Icads 10 a
collective effective dose from 3!l releases from
venling underground tests carried out at the Nevada
lest site of 50 man Sv. Extrapolating lo the total
number of underground tests (1,400) at ail locations
would indicate that 15 PBq, in total, of 131] has been
released, and the collective dose is of the order of
150 man Sv. In comparison, the corresponding
collective effective dose  from 3! from past
atmospheric tests is estimated 10 be 164,000 man Sv

(Table 11).

59. Othcer than these rather unusual events, where
amounts of radioactive materials have been collected
on filters, it is reasonable to assume that a few high-
vield underground tests have leaked radioactive gases

such as tritium or noble gases such as 133%¢. There
have been suggestions that observed peak concentra-
tions in atmospheric tritium (HT or HTO) and ¥’ Ar
(produced in Ca(n,(1)37Ar rcactions underground)
could have been duc to leakages from underground
explosions [B7, LS, M1]. Traces of short-lived radio-
nuclides resulting from tests in the USSR were ob-
scrved in Finland and Sweden in 1966 [K1, P2] and in
1971 [E1, K6]. The collective dosc 1o the population
of Sweden was estimated to be 3 man Sv from the
venling of an underground test at Semipalatinsk in
1966 and 0.1 man Sv or less on seven other occasions
when radionuclides from underground tests were
detected in that country [D10].

60. The total '31] produced in the underground
cxplosions could be estimated to be 90 Mt total yicld
times the normalized fission production of 4,200 PBq
Mt! (Table 1), which is 380 EBq. The fractional
release is thus 4 10 of the amount produced. This
same estimate of the release fraction may be applied
to the noble gases, of which 133xe is the predominant
radionuclide. The normalized fission production of
133Xe is 14.5 EBq Mt (6.54% fission yicld [R1],
adjusted for the half-life and yicld of %St production
given in Table 1). Total production of '33Xe in
underground tests is then estimated to be 1,300 EBq,
of which 50 PBq may have been released (90 Mt x
14.5 EBq Mr! x 4 10'5). The normalized collective
dose from noble gases estimated for surface releases
(applicd to releases from nuclear power reactors) is
0.1 man Sv PBq'l [U1]. The collective dose due to
noble gases released from underground tests is then
50 PBq x 0.1 man Sv PBq! = 5 man Sv. This esti-
mate is very uncertain. The collective dose per unit
relcase may be overestimated because of the remote
locations of the test sites; however, there is even
greater uncertainty in the release fraction.

61. The same estimation procedures applied to *H
produced in underground testing would indicate a total
release of 10 PBq and a collective dose of 0.001
man Sv. This is 2 negligible component of the collec-
tive dose under the assumptions made. The analysis
indicates that relcases of ' are of the most
significance and that the total collective dose from
reicased radioactive materials from the 1,400 undcr-
ground tests conducted thus far is of the order of
200 man Sv. Evaluations have not yet been made of
potential exposures resulting from residual debris
underground at the sites of the explosions.

B. PEACEFUL NUCLEAR EXPLOSIONS

62. It is 10 be expected that shallow underground
explosions conducted for excavalion purposcs or
deeper underground explosions in mining operations
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also involve rcleases of radioactive maltcrials to the
cnvironment. Programmes to develop applications of
peaceful nuclear cxplosions were carried out during
the 1960s in the United States and USSR, About 100
test  explosions were performed. The presumed
advantages of nuclcar cxplosions have, however, been
outwcighed by the residual contamination and other
disadvantagcs.

63. Doses to local or global populations from
pcaceful nuclear cxplosions have resulted primarily
from cratering experiments. There were 6 such tests at
the Nevada Test Site between 1962 and 1968 and a
reported 9 experiments worldwide [US]. The collcctive
dosc 1o the local population (180,000 persons) living
ncar the Nevada site has bcen estimated o be
3 man Sv from the Sedan 104 kt cratering experiment
in 1962 [AS]. The total from all tests, pcaceful and
military, conducted at the Nevada site from 1961 to
1975 was 5.7 man Sv [AS]. Thercfore the total local
collective dose from peaceful nuclear explosions can
be estimated to be no more than 5 man Sv at Ncvada
and perbaps 10 man Sv worldwide.

64. The long-range dose commitment from the
Schooner cratering experiment in the United States in
1968 was estimated in the UNSCEAR 1972 Report
[US]. Tungsten-181, formed in the neutron shicld used
to minimize the formation of activation products, was
dctected in scveral locations in Europe after this cvent.
The cffective dose commitment was cstimated to be
12 nSv from radionuclides other than *H in the popu-
lation of the 40°-50° latitude band of the northern
hemisphere (630 million gcrsons at the time) [US].
The estimated release of “H of 15 PBq [US] would
have resulted in a dose commitment of 4 nSv (0.27
nGy PBq! {rom comparison with natural >H dosc and
releasc in the northern hemisphere) in the population
of the northern hemisphere (3,160 million persons at
the time). The collective dose from this test is thus
estimated to be 20 man Sv. If it may be considered
that this result is representative of the other cratering
experiments, the collective dose worldwide from
cratering experiments is 180 man Sv. The collective
dose from peaceful nuclear explosions is thus
estimated to be the same order of magnitude as that
from venling underground military tests.

IIl. NUCLEAR WEAPONS FABRICATION

65. The production of radioactive malerials for
military use and the [abrication of weapons has
involved routine and accidental rclcases of
radionuclides and exposures of local or rcgional
populations. These dose commitments and collective
doses have not becn cstimated beforc by the
Committee because no data were available. Some of
the secrecy of this industry is being reduced, however,
and information on discharges and doscs (rom recent
(and, in some cascs earlier) operations is being
provided. With this information and some rough
estimates of the total amounts of radioactive materials
produced, the doscs {rom the weapons industry can be
estimated.

66. The radioactive components of nuclcar weapons
arc the fissile nuclides 2%Pu and 235U; the fertile
nuclide 23SU, which fissions only if irradialed by
higb-energy necutrons; tritium; and in somec presumably
older constructions small amounts of materials such as
210pg, which are used to initiate the chain reaction in
the fission bomb, Tritium is used in boosted fission
bombs, where the efficiency is incrcased by ncutrons
from a comparatively small thermonuclear rcaction
fuclled by tritium. Tritium is probably also used in the
main thermonuclear stage of some types ol hydrogen
bombs.

67. Doses arise in scveral stages of the nuclear
weapons production line. As in the nuclear encrgy fuel
cycle, production starts with the mining and milling of
uranium. After that there is the need to convert the
uranium to uranium hexafluoride gas, which is the
form of uranium used at the gas diffusion or centri-
fugation plant where the 35U content is enriched. If
this process is carried to enrichments of the order of
90%, weapons-grade uranium is produccd, which can
be used directly to fabricate nucicar weapons compo-
nents. Alternatively, the enrichment can be omitted or
carried 10 only a few per cent. The uranjum is then
used to fuel reactors, which coupled to reprocessing
and purification yiclds plutonium and tritium for the
weapons. Some doses also derive from the weapons
fabrication and assecmbly, as well as from the
maintenance, transportation and recycling of weapons.
Doses resulting from routine relcases are considered in
this Chapter.

A. PRODUCTION AMOUNTS

68. The total amounts of radioaclive matcrials
produced for weapons use are not known from directly
reported information. An assessment has becn made of
plutonium in prescnt weapons stockpiles by consider-
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ing the amounts of long-lived fission products in high-
level waste in the United States and by analysing the
global atmospheric  inventory  of BKr [HS).
Krypton-85 is a noble gas and a long-lived fission
product that is rcleased 1o the atmosphere when
reactor fuel is reprocessed, for cxample, 10 extract
plutonium. Corrccting the global inventory mainly for
the hitherto modest civilian reprocessing yiclds a
number that may bc scen to be a measure of the
global plutonium stockpile. The estimated stockpiles in
the United States and the former USSR were estimated
to be around 100 tonnes in cach country.

69. According to United Nations studies in 1981 and
1990 on nuclcar weapons, the nuclcar arsenals
comprise more than 40,000 wcapons with a total
explosive yield of 13,000 Mt (Ul1, U12]. If it is
assumed that the first fission stage in all these
weapons is based on plutonium, a total inventory of
weapons plutonium of 200 tonnes implies that, on
average, 5 kg is used in cach device. This is a rcason-
able figure [ES], which thus lends some credibility to
the estimated total production.

70. Tritium is also produced for wecapons usc. It
decays with a half-life of 12.32 years, which mcans
that tritium must be produced continually to preserve
the weapons stockpile. It has been estimated (or the
United States that an annual production of 3 kg of
tritium is just enough to balance the decay [C11], and
from this the total amount of tritium in the Uniled
States stockpile can be easily calculated to be about
55 kg. The world tritium stockpile can then be
assumed to be twice as much, or around 110 kg. If it
is assumed that this tritium was first produced in the
early 1960s and has becn maintained since then, a
total tritium production of 110 + 30 x 6 = 290 kg
results. If a further reasonable assumption is made,
that is, that tritium is produced at the same (atom)rate
as plutonium in the reactor, these 0.29 tonnes of
tritium are equivalent to a production of (239/3) 0.29
= 23 tonnes of plutonium.

B. RELEASES AND DOSE ESTIMATES

71. In the United States, weapons production
activities have been centred at locations reporting
mainly through four regional offices of the Department
of Encrgy: Albuquerque, Oak Ridge, Richland and
Savannah River. Doscs reported from these centres
between 1976 and 1982 are considered to contribute
about 90% of the population dose f{rom aclivities
related to weapons research and production, Litlde
information is available on doses or releases befare
1976, Efforts are being made, however, 1o reconstruct
doses 1o the public living near nuclear installations,

and some data from carlicr periods are becoming
available.

72. The Hanford nuclear weapons facility in the
United States released substantial quantities of
radioaclive materials into the atmospherc and the
Columbia River from its plutonium production reactors
and fuel reprocessing facilitics. Two plutonium
production recactors startcd operating at Hanford in
December 1944, Two [ucl reprocessing plants began
extracting plutonium in the same month, and a third
production reactor was added in 1945 [C5]. The
atmospheric rcleases of Bl from reprocessing
facilitics were estimated from the quantity of reactor
fuel rcprocessed and the time interval between
removal from the reactors and reprocessing, Table 14
presents the estimated annual releases of P into the
atmosphere from 1944 1o 1956 [CS]. The largest
relcases of 3! occurred between 1944 and 1946
during the effort to develop and produce the first
arsenal of nuclear weapons. At that time, fuel rods
were reprocessed soon after their removal from the
reactors in order to maximize plutonium production,
and there was no filtering or chemical processing of
1311 before atmospheric release. About 18 PBq of 131
was released into the atmosphere between 1944 and
1946, while the release from 1947 to 1956 amounted
to about 2 PBq (Table 14). The total atmospheric
release of 1311 was 20 PBq between 1944 and 1956.
Preliminary calculations indicate that the maximum
thyroid doses were of the order of 10 Gy in 1945
[C5]. The collective effective doses, based on a value
of 4 1013 man Sv per Bq of BIT released from
nuclear installations and a population density of 25
persons per km> [U1, W4]J, are roughly estimated to
be 7,000 man Sv for 1944-1946 and 1,000 man Sv for
1947-1956. These figures do not include the contri-
butions from other radionuclides in the airborne dis-
charges, which have not yet been reported, or from the
liquid releases to the Columbia River. The dose recon-
struction effort, which is scheduled to be finished in
1994, will produce more complete and accurate dose
cstimates.

73. The Chelyabinsk-40 centre, located near the town
of Kyshtym, was the [irst Soviet nuclear installation
dedicated to the production of plutonium for military
purposes. A uranium-graphite reactor with an open
cooling water system was commissioned in Junc 1948,
and a fucl reprocessing plant started operating in
December 1948 [N5]. Liquid rcleases to the Techa
River from 1949 to 1956 amounted to 100 PBq, with
95% of this release being discharged from March 1950
to November 1951 [K7]. The main contributors to the
activity associated with the radioactive materials
relcased were 2°Sr (8.8%), %Sr (11.6%), 137¢g
(12.2%). rarc-carth isotopes (26.8%), *>Zr-%Nb
(13.6%) and ruthenium isotopes (25.9%) |K7]. These
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large rcleascs appear to have resulted in large parnt
from a lack of waste treatment capability and from the
storage of radioactive wasics in open, unlined carthen
reservoirs [T4]. A hydrological isolation system,
including a small reservoir called Lake Karachay, was
built after 1952 to contain the low- and intermediate-
level wastes.

74. The population along the Techa River was
exposcd to both external and internal irradiation.
External irradiation was causcd by gamma radiation
from 137Cs, 19%Ru and %Zr in the flood-plain arcas, in
vegetable gardens ncar the houses, and inside the
houses. Internal irradiation was mainly due to the
consumption of water and of local foodstuffs
contaminated with 898r, QOSr, 137Cg and some other
radionuclides. Tissue and effective doses, presented in
Table 15, have been estimated for the populations
living along the 240-km-long Techa River [A4].
Avcrage cumulative cffective doses are estimated to
have ranged up to 1,400 mSv in the village of
Metlino, located 7 km downstream from the point of
discharge. The evacuation of the populalion of that
village started in 1953; from 1955 to 1960, inhabilants
of another 19 seitlements were moved away from the
river. Altogether, 7,500 persons were evacuated [K7].
It appears from Table 15 that all villages along the
Techa River within about 50 km of the plutonium
production centre were evacualed. The collective
effective dose can be assessed from the distribution of
estimated cumulative effective doses to individuals,
which are as follows [A4]: 0-50 mSv, 10% of
population; 50-100 mSv, 44%; 100-200 mSv, 18%;
200-250 mSv, 15%; 250-500 mSv, 2%; 500-
1,000 mSv, 3%; and >1,000 mSv, 8%. Assuming that
the 11% of the exposed population who received
cumulative effective doses greater than 500 mSv is
identical with the 7,500 persons who were evacuated,
the collective effective dose received by the population
living along the Techa River is about 15,000 man Sv.
This value does not include the contributions from the
airborne discharges, which have not been reported, or
from the contamination of the Isct River, into which
the Techa River discharges its waters.

75. These data from Hanford and Chelyabinsk give
some indications of doses from the earlier practice of
nuclear weapons fabrication, but it is difficult to extra-
polate this information to the total weapons industry.
Another method of estimating dose is 1o relate the
radioactive malterial production amounts to the doses
involved in producing and utilizing nuclcar fucls in the
civilian fuel cycle. Plutonium production reactors,
which are optimized for the purpose, produce about
1gof B%py per MW 4 (thermal power), which, if a
thermal conversion of 0.33 is assumcd, can be
expressed, for comparison, as 1.1 tonne per GW a of
clectrical power. This means that the plutonium and

tritium in present arsenals correspond 1o (200 +
23)/1.1 = about 200 GW a (clcctrical power) of
reactor operation. According to the UNSCEAR 1988
Report [U1], 1 GW a of clectrical power in the
civilian fucl cycle yiclds a collective dose of 4 man Sv
locally and regionally and 200 man Sv globally. The
total collective effective dose committed from wea-
pons plutonium and tritium production may thus be
cstimated to be 800 man Sv locally and regionally and
40,000 man Sv globally.

76. The cstimated annual collective doses from
weapons production activities in the United States, as
reflected in reports of the Department of Encrgy for
the four main locations between 1976 and 1982, were
5.8,8.2,5.2,2.2,2.4,2.3 and 1.7 man Sv, respectively
[D7]. The United States nuclear weapons stockpile
grew by the mid-1960s to somewhat above 30,000
weapons [C12]. Since then, as older weapons have
been retired, the stockpile has decreased, to some
25,000 weapons. However, some of the rctired
weapons have becn replaced, and tritium has been
produced continually to balance the radioactive deccay.
From the reported variation with time of the annual
doses since 1976, it can be assumed that the collective
dose per year of practice increases as one goes back
in time. Assuming that the mean annual population
dose commitment from 1965 to 1990 was 10 man Sv
and that during this period, on average, 1,000 weapons
were produced annually, an average population dose
commitment of 0.01 man Sv for each weapon pro-
duced is estimated. With a total United States produc-
tion of 30,000 + (20 x 1,000) = 50,000 weapons, the
total estimate would be 500 man Sv. With similar
doses from weapons production in the Soviet Union,
the collective dose committed to the local and regional
population from nuclcar weapons production in the
world would become 1,000 man Sv, in agreement with
the cstimate based on plutonium and tritium produc-
tion in the previous paragraph.

77. This cstimate of about 1,000 man Sv for the
local and regional collective dose from the global
nuclcar weapons industry in more recent praclice is
admitledly uncertain, as it is based on many assump-
lions and fecw data. The global component of the col-
lective effective dose is also rather uncertain, as it
mainly arises from radon releases from mill tailings in
the next 104 yecars. The amounts of enriched uranium
produced for weapons purposcs are not known, and
this part of the military fuel cycle has not yct been
assessed. However, cven if the committed collective
dose from nuclear weapons research, development and
production is taken to be roughly 100,000 man Sv,
this represents less than 1% of the committed col-
lective dose from atmospheric testing, which according
to Table 11 was about 3 107 man Sv.
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1V. NUCLEAR POWER PRODUCTION

78. The generation of clectrical cnergy by nuclear
rcactors has continually increased since the beginning
of this practice in the 1950s. In 1989, the clectrical
energy generated by nuclear reactors amounted to
212 GW a, representing 17% of the world's clectrical
cnergy gencerated in that year and 5% of the world's
encrgy consumption [I7].

79. The nuclear fucl cycle includes the mining and
milling of uranium ore, its conversion to nuclear fuel
matcrial, which usually includes the enrichment of the
isotopic content of B3y, the fabrication of fuel ele-
ments, the production of cnergy in the nuclear reactar,
the storage of irradiated fuel or ils reprocessing with
the recycling of the fissile and fertile materials
recovered, and the storage and disposal of radioactive
wastes. Radioactive matcrials are transported between
installations in the entire fuel cycle.

80. Radiation cxposures of members of the public
resulting from ecffluent discharges of radioactive
malerials from installations of the nuclear fuel cycle
were assessed in previous UNSCEAR Reports (U1,
U3, U4, U5}, in which discharge data for 1970-1974,
1975-1979 and 1980-1984 were included. In this
Annex, similar data are presented for the years 1985-
1989, as well as the trend with time of the normalized
annual releases since 1970. The doses are estimated
using the same environmental and dosimetric models
as in the UNSCEAR 1988 Report [Ul]. In this
Chapter doses to the public from routine cffluent
discharges are considered.

81. The doses to the exposed individuals vary widely
from installation to installation and from onc location
to another, and the individual dose generally decrcascs
rapidly with distance {rom a given source. In this
Annex, an indication is given of the range of
individual doses associated with each type of
installation, To evaluate the total impact of
radionuclides rcleased at each stage of the nuclear fucl
cycle, results are normalized in terms of the collective
effective dosc per unit quantity of electrical cnergy
produced, expressed as man Sv per GW a. The
estimated amounts of natural uranium, uranium oxide
(U30g), fuel, and units of enrichment required to
generate 1 GW a of electrical energy arc presented in
Table 16 for several reactor types {02, O3],

A. MINING AND MILLING

82. Uranium mining opcrations involve the removal
from the ground of large quantitics of ore conlaining
uranium and its decay products al concentrations of

between a tenth of a per cent and a few per cent. In
comparison, the average concentrations of uranium in
soils of normal natural background arcas are of the
order of 1 ppm. Uranium is mined using underground
or open-pit techniques. The annual quantities of
uranium produced in 1975-1989 arc presented in
Table 17 [O2]. The total amount of uranium produced
worldwide remained fairly stable between 1985 and
1990, at about 50,000 tonnes, extracied from about 20
million tonnes of ore. Milling operations involve the
processing of these large quantitics of orc to extract
the uranium in a partially refined form, known as
yellow cake.

1. Effluents

83. Radon is the most important radionuclide
released from uranium mines. Data on radon emissions
from mines in Australia, Canada and the German
Democratic Republic for the period 1985-1989 are
collected in Table 18. Releases nommalized to the
production of uranium oxide (U30g) ranged from 1 to
2,000 GBq ! and were, for most mines, much greater
in Canada and in the German Democratic Republic
than in Australia. The production-weighted average of
the normalized radon release is 300 GBq t! of
uranium oxide. Since about 250 t uranium oxide are
required to produce 1 GW a of electrical energy
(Table 16), the avcrage radon release, normalized to
the generation of clectri-cal energy, is approximately
75 TBq (GW a)'l. This is greater, by a factor of al-
most 4, than the value adopted in the UNSCEAR 1982
Report and the UNSCEAR 1988 Report. Previous data
have been both limited and variable. The present
databasc is somewhat more extensive, and a produc-
tion-weighted average has been calculated.

84. Relcases of natural radionuclides in uranium
milling have been reported for miils in Australia and
Canada. Results for airborne releases are shown in
Table 19. The rcleases normalized 10 clectrical energy
gencrated are comparable to values adopted in the
UNSCEAR 1982 Report and the UNSCEAR 1988
Reporl. Some variability is inherent, given the limited
data available. Mill sites in dry arcas give rise 10
cffectively no liquid cffluents. The run-off water of
mills in  wet climates, however, will contain
radionuclides and may necd treatment before rclease
into watercourses. Liquid releases have been reported
for two Canadian uranium mills and are prescented in
Table 20. There is no obvious explanation for the
relatively large amounts of uranium in releases,
compared to the other radionuclides of that decay
series.
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85. The extraction of uranium during milling is madc
as complele as possible but cannot rcach 100%. Typi-
cally, the residual tailings from the mill will contain
from 0.001% to 0.01% uranium, depending on the
grade of orc and the extraction process. More import-
antly, mill tailings contain the totality of the decay
products of 234y that were present in the ore extracled
from the mine. Because the two precursors of 222pp
arc present in the mill tailings, namely 226Ra, with a
half-lifc of 1,600 years, and >3CTh, with a hal[-lifc of
80,000 ycars, mill tilings constitute a long-term
source of atmospheric 22pn., Tailings are discharged
from mills into open, uncontained piles or bchind
engincered dams or dikes with solid or water cover.
All 1ailings piles act as sources of airborne releases of
222Rn, although the release rales can be low if the
tailings are covered with walter.

86. Mecasurements over barc tailings piles [A8, BS,
C8, S8] show that the exhalation rate of 222Rn is
about 1 Bq m s per Bq g™! of 226Ra. Since the
concentration of 225Ra in uranium ore with 1% U;0¢
is approximately equal to 100 Bq g'l, the release rates
of #2Rn over bare tailings resulling from the
treatment of uranium ore with 0.1%-3% U3O§ are
cxpected to range between 10 and 300 Bq m” s
taking the current average ore grade to be 0.2% U5 Oy,
the average cxhalation rate of 2Rn is expected lo be
20 Bq m~ s, Reported emission rates of 222Rn for
1985-1989 from mill tailings in Argentina, Australia,
Canada and the German Democratic Republic are
presented in Table 21. The emission rates per unit arca
range from 0.1 to 43 Bq m=2 57!, with most of the
values centred on 10 Bq m2 s", which is an
improvement ovcer the emission rales expected from
barc tailings. Assuming, as in thc UNSCEAR 1988
Report, that the production of a uranium minc
generates tailings of about 1 ha (GW a)! and that the
relcase rates of 2-2Rn remain unchanged during five
years, a typical emission rate per unil arca of
10 Bq m?s! corresponds to a normalized releasce of
222Rn of about 20 TBq (GW a)’\. This applics to mill
tailings of an operating mill.

87. It is likely that further treatment will be carried
out to minimize the releases of 222Rn from abandoncd
tailings piles. As reported in thc UNSCEAR 1988
Report, scveral techniques were analysed in a study by
the Nuclear Energy Agency of the Organization for
Economic Coopcration and Development (OECD)
[O1] for a number of sites. The radon exhalation rate
varicd by factors of more than 108, according to the
trcatment assumcd, showing that this is clearly a
crucial parameter in the assessment of the impact of
taitings piles. In the UNSCEAR 1988 Report, it was
assumed that somc reasonably impermeable cover
would be uscd and that the radon exhalation rate from
abandoned 1ailings piles would be 3 Bq m? sl

Becausc of the assumed protection against crosion and
of the long radioactive half-lifc of 23 , the radon
exhalation rate would rcmain essentially unchanged
over at Icast 10,000 ycars and would only decrease by
a factor of 2 over the next 80,000 ycars. Further
trcatment of the abandoned tailings piles by future
generations in the next millennium would probably
causc a variation in the cxhalation rate, which could
be cither a decrease or an increase. Two extreme
options can be envisaged:

(3) to uncover the tailings piles so that the radon
cxhalation rate would be incrcased to its initial
valuc of about 20 Bq m?2 st

(b) to trcat the tailings in such a way that the
resulting exhalation rate is decreased to 0.02 Bg
m2 s, which is the average value correspond-
ing to soils in normal background arcas.

88. In this Annex, it is assumed that the average
222Rn exhalation rate from abandoned tailings piles is
3 Bq m2 57! [corresponding to a normalized emission
rate of 1 TBq a™ (GW a)™'] and that this value will
remain unchanged over the next 10,000 ycars. These
assumptions of the long-term release of radon are the
same as in the UNSCEAR 1988 Report [U1]. It is,
however, recognized that the 222Rn exbalation rate
could range between 0.02 and 20 Bq m?sl any time
in the next 10,000 years and beyond. Normalized
relcascs of radionuclides assumed for the mining and
milling opcrations are summarized in Table 22.

2. Dose estimates

89. In the dose estimation procedurc used in the
UNSCEAR 1988 Report, a reference mine and mill
sitc was considercd with population densities of
3 km? at 0-100 km and 25 km™ at 100-2,000 km.
The collective doses resulting from airborne discharges
were then calculated using an atmospheric dispersion
model with the characteristics of a semi-arid arca and
an cffective rclease height of 10 m. The resultant
collective cffective doses per unit release are shown in
Table 22, along with the collective effective doses per
unil clectrical energy generated for the radionuclides
relcased during the operation of the model mine and
mill and from the abandoncd tailings piles. The total
collective cffective dose per unit electrical encrgy
generated is cstimated 1o be 1.5 man Sv (GW a)!
during the operation of the mine and mill and to be
essentially due to the radon releases. This is greater by
a factor of 3 than the estimate given in the UNSCEAR
1988 Rcport, since additional data have indicated
higher average normalized releases. The uncertainties
exist not only {rom normalized releases but also from
conditions of the model site and the population
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distributions. There may be wide deviations from the
above assumptions for actual sites. The doscs from
liquid clfluents arc negligible in comparison to the
doscs {rom airborne cfflucnts.

90. The collective cffective dose per unit clectrical
cnergy generated that is due to the relcases of radon
from abandoncd tailings piles is estimated 1o be
dclivered at a rate of 0.015 man Sv (GW a)~1 per year
of release. The rate of releasc as a function of time is
assumcd to be constant, and given the very long radio-
active half-lives of the radon precursors, the normal-
ized collective cffective dose commitled is propor-
tional to the assumed duration of the release. Taking
this period to be 10,000 ycars for the sake of illustra-
tion, the result is an estimated 150 man Sv (GW a)'l.
This figure is highly dependent on future management
practices; its estimated range is from 1 to 1,000
man Sv (GW a)'l.

B. URANIUM FUEL FABRICATION

91. The uranium orc concentrate produced at the
mills is further processed and purificd and converted
to uranium tetrafluoride (UF,), and then to uranium
hexafluoride (UF) if it is to be enriched in the isotope
235U, before being converted into uranium oxide or
mclal and fabricated into fuel ciements. Uranium
cnrichment is not necded for gas-cooled, graphite-
moderated reactors (GCRs) or heavy-water-cooled,
heavy-water-moderated reactors (HWRs). Enrichments
of 2%-5% are required for light-water-modcrated and
cooled reactors (PWRs and BWRs) and for advanced
gas-cooled, graphitc-modcrated reactors (AGRs).

1. EMluents

92.  Auvailablc data on airborne and liquid discharges
from installations of this stage of the fuel cycle are
given in Table 23. Emissions of radionuclides from
the conversion, cnrichment, and fucl (fabrication
processes arc gencrally small and consist cssentially of
the long-lived uranium isotopes, B34y, 35y, and P8y,
along with 2*Th and *™Pa, which are the short-
lived decay products of 238y, The long half-life of

prevents the activity build-up of any other
radionuclide of the 238U scrics. The solid wastes
arising during uranium [uel fabrication arc trivial in
quantity by comparison with thosc from the uranium
mines and mills.

93. The normalized cffluent discharges from modecl
fuel conversion, cnrichment and fabrication facilities,
which are taken to be the same as in the 1988
UNSCEAR Report, are presented in Table 24.

2. Dose estimates

94. Collective doses resulting from the airborne
rcleases were estimated for the model facility specified
in the UNSCEAR 1988 Rcport, with a constant
population density of 25 km'2 out to 2,000 km. The
normalized collective clfective dose is estimated to be
2.8 10 man Sv (GW a)'l, with inhalation the most
important pathway of exposurc. The collective doses
duc to liquid discharges are much less than those from
airborne dischargcs, as was asscssed in the UNSCEAR
1982 Rceport for the same relative releascs.

C. REACTOR OPERATION

95. Nearly all the clectrical energy gencrated by
nuclear means is produced in thermal reactors. The
fast neutrons produced by the fission process are
slowed down to thermal energies by use of a modcra-
tor. The most common materials used as modcrators
are light water (in PWRs and in BWRs), heavy water
(in HWRs) and graphite (in GCRs and light-water-
cooled, graphite-moderated reactors [LWGRs]). The
clectrical energy gencrated by these various types of
reactors from 1970 to the end of 1989 is illustrated in
Figure VII. During this period the number of nuclear
reactors incrcased from 77 to 426; the installed
capacity, from 20 to 318 GW; and the energy genera-
ted, from 9 to 212 GW a [I10]. Basic data on nuclear
rcactors in operation in 1985-1989 arc presented in
Table 25.

96. The uranium fucl for the nuclear reactors is
contained in discrete pins, which prevent lecakage of
the radioactive fission products into the coolant circuit.
The heat generated in the fucl pins by the slowing
down of the fission fragments is removed by forced
conveclion, the most usual coolants being light water
(in PWRs, BWRs and LWGRs), hecavy watcr (in
HWRs), and carbon dioxide (in GCRs). The thermal
energy carried by the coolant is then transformed into
electrical energy by means of turbine generators.

97. 1Inaddition to the reactor types mentioned above,
there arc five fast breeder reactors (FBRs) in operation
in the world. In that type of reactor, fission is induced
by fast ncutrons, there is no moderator and the coolant
is a liquid metal, The main advantage of the FBR lics
in its ability to produce more nuclear fucl than it
consumes.,

1. EfTluents

98. During the production of power by a nuclear
reactor, radioactive fission products arc formed within
the fuel and ncutron activation products in structural



108 UNSCEAR 1993 REPORT

and cladding materials. Radioactive contamination of
the coolant occurs because fission products diffuse
into the coolant from the small fraction of fuel with
deflective cladding, and particles arising from the
corrosion of structural and cladding matcrials arc
activated as they arc carricd through the core. All
rcactors have treatment systems for the removal of
radionuclides from gascous and liquid waslcs.

99. The amounts of diffcrent radioactive matcrials
rcleased from the reactors depend on the reactor type,
its design and the specific waste trcatment plant
installed. As in the previous UNSCEAR Reports,
annual relcase data have been compiled for cach type
of rcactor. Annual relcases are reported in this Annex
for the period 1985-1989. These include:

(a) noble gascs (argon, krypton and xenon) relcased
lo awmosphere (Table 26); the radionuclide
compositions of the noble gases discharged from
PWRs and BWRs in the United States in 1988
are given in Tables 27 and 28, respectively;

(b) tritium in airborne effluents (Table 29);

(c) carbon-14 released to the atmosphere, available
for a few rcactors (Table 30);

(d) iodine-131 in airborne effluents (Table 31);
releases of other radioactive isotopes of iodine
from PWRs and BWRs in the United States in
1988 arc presented in Table 32;

(¢) particulates in airborne efflucnts (Table 33);

(f) tritium in liquid cfflucnts (Table 34);

(g) radionuclides other than tritium in liquid
effluents (Table 35); the radionuclide compo-
sitions of the activitics rclcased in liquid
effluents from PWRs and BWRs in the United
States in 1988 are given in Tables 36 and 37,
respectively.

100. For cach effluent category, the reported
discharges from individual reactors in a given year
vary over scveral orders of magnitude according lo
design, type of waste treatment, and level of irregular
operations and maintenance. Even for reactors of the
same type, the variations arc enormous. As an
cxample, the statistical distribution of the 1311 released
from PWRs in the Uniled States during 1988 is
illustrated in Figure VIII. For the distribution assumed
to be lognormal, a very large gecometric standard
deviation of 13 is obtained. Neither the amount of
clectrical encrgy gencrated nor the age of the reactor
appears to have a clear cffect on the quantitics of
radioactive malcrials rcleased in a given year. The
normalized rcleases of radionuclides in airborme
cffluents from PWRs in the United States in 1988 are
illustrated in Figure 1X. Both the total and normalized
rcleases scem to be independent of the amount of
electrical energy generated in that year or of the age
of the reactor. This may indicate that cffluent
treatments in all reactors are maintained to current standards.

101. The trends in normalized relcases from all
reactors worldwide of the major components of
radionuclides in airbome and iiquid cffluents are
illustrated in Figures X to XVI. Deviations from the
general patierns may reflect abnormal operation,
special maintenance or the like in specific reaclors.
Some variability may also reflect data that are too
incomplcte to provide representative averages. The
data become increasingly incomplete for years before
1985. For the pcriod 1985-1989, although some
componcents of discharges are not measured, the
reporting of available data is nearly complete for all
reactors in operation in the world.

102. Because of the variability in annual releases,
normalized releases have been averaged over five-year
periods in order to assess the collective doses. The
normalized releases for the data available since 1970
arc presented in Table 38. Data are available for all
types of rcactors and effluent categories for 1985
1989, except By discharged from FBRs. A rclease
equal to that from PWRs is assumed. Estimated values
only arc available for >H releases from LWGRs [I14].
For some carlicr periods the data are less complete for
some rcactor types. In order to include estimates for
those periods as well, the more recent data or the data
for PWRs arc used.

103. The trends in the principal components of
releases from reactors, averaged over all reactor types
and over five-year time periods from 1970 to 1989,
arc shown in Figure XVII. Atmospheric discharges of
noble gases and iodines, as well as liquid discharges
of radionuclides other than tritium, bave been decreas-
ing, and there bave been less obvious changes for the
other components. The downward trends no doubt
reflect improvements in the quality of nuclear fuel as
well as in the performance and standards of reactors
in operation.

104. The ecstimates of normalized rclease of
radionuclides from reactors may be combined with the
clectrical encrgy gencraled to obtain estimales of the
total relcases from all reactor operations in the world.
A record of energy genceration by reactors worldwide
is compiled by the International Atomic Energy
Agency (IAEA) [I10]. Since this record is not
complete, especially for carlier ycars of operating
experience in some countrics, data provided separately
to the Committee and a few estimated values have
been added to provide the summary listing given in
Table 39. The average normalized rclcase values in
Table 38 are assumed to be the most representative
and are applicd throughout cach five-ycar period. The
total relcascs from all reactors for the entire period of
their usage, during which time 1,844 GW a of clectri-
cal encrgy was generated, and the average normalized
rclcases are given in Table 40,
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2. Local and regional dose estimates

105. National authoritics usually  require  thal
environmental monitoring programmes be carried out
in the vicinity of a nuclear reactor. In general, the
activity concentrations of radionuclides in cffiuent
discharges are too low to be measurable except close
to the point of discharge. Dosc cstimates for the
population  therefore  rely on  modelling  the
cnvironmental transfer and transport of radioactive
materials.

106. In the UNSCEAR 1982 Report and the
UNSCEAR 1988 Report, the Commitice used a modcl
site that is most representative of northern Europe and
the north-castern United States, since those arcas
contain a large proportion of all power-producing
reactors. The cumulative population within 2,000 km
of the model site is about 250 million, giving an
avcrage population density of 20 km2. Within 50 km
of the site, the population density is taken to be
400 km'? in order to reflect siting practices. This
model sitc bas also been used in this Annex, along
with the environmental and dosimetric models of the
UNSCEAR 1988 Rcport. With the cxception of *H
and 14C, most of the collective doses arc delivered to
populations in local and regional arcas surrounding the
model sitc. The collective cffective dose per unit
release for the radionuclides or for the radionuclide
compositions representative for cach reactor type are
presented in Table 41.

107. Estimates of collective effective dose per unit
clectrical cnergy gencrated resulting from cffluent
discharges from rcactors in 1985-1989 arc given in
Table 42. Thesc are obtaincd by multiplying the
normalized rcleases (Table 38) by the collective
cffective dosc per unit release (Tabic 41). The total for
all reactor operation is 1.4 man Sv (GW a)'l.

108. A similar procedure may be used 1o cvaluate the
coliective dose from the entire period of reactor
opcration. The average normalized releases in
five-ycar periods (Table 38) are multiplied by the
annual cnergy generation of the different reactor types
(Table 39) and by the factors of collective dose per
unit release (Table 41). The results for cach reactor
type are combined in Table 43. The total collective
effective dose from all reactor operations through 1989
is cstimated to have been 3,700 man Sv. The
contributions by cach reactor type (not indicated, but
determined from the calculation) arc 45% from
HWRs, 29% from BWRs, 14% from PWRs, 9% (rom
LWGRs, 4% from GCRs and 0.3% (rom FBRs.

109. The estimated collective cffective doses {rom
effluent discharges from rcactors have changed over

the course of time, as the amounts of clectrical energy
generated and the releascd amounts per unit encrgy
generated have changed. Figure XVIH shows the
trends for the various cffluent categories. The
collective doses from atmospheric discharges of noble
gases and of iodine and from liquid discharges of
radionuclides other than tritium decreased or remained
stable from before 1970 through 1985-1989. The other
components of the local and regional collective dose
increased with time as the quantity of electrical energy
generated increased, also shown in Figure XVIIL

110. Individual doscs resulting from routine releascs
of radioactive cffluents from reactors arc usualiy low.
For the model site, the annual cffcctive doses 1o most
exposed individuals are estimated to be 1 uSv for
PWRs, 7 uSv for BWRs, 10 uSv for HWRs, 10 uSv
for GCRs, 20 uSv for LWGRs and 0.1 uSv for FBRs.

D. FUEL REPFROCESSING

111. At the fuel reprocessing stage of the nuclear fuel
cycle, the clements uranium and plutonium in the
irradiated nuclear fuel arc recovered 1o be uscd again
in fission reactors. Spent fuel clements arc preferably
stored under water for a minimum -of four to five
months, in order to ensure that the short-lived 3]
decays to a very low level. Since one reprocessing
plant can serve a large number of nuclear reactors, the
quantities of radionuclides passing through the plant
are high in absolute terms.

112. Reprocessing is, at present, carricd out in only a
few countries and is limited to a small portion of the
irradiated fuel. Known reprocessing capacities, as
summarized in Table 44, amount to about 3,300 t of
uranium per annum. The annual throughputs of
irradiated fuel from civilian power programmes to fucl
reprocessing plants in France, Japan and the United
Kingdom are illustrated in Figure XIX. In the 1980s
the total throughput at thesc plants ranged from an
equivalent of 5 1o 85 GW a of clectrical energy,
representing 5% of the annual worldwide nuclear
clectrical cnergy production in that period. The
fraction of irradiated fucl that is reprocessed has been
dccreasing slightly with time, as encrgy production has
expanded somewhat more than the throughput of fucl
at the rcprocessing plants. The fraclional amounts
reprocessed in terms of cnergy production equivalent
were 0.078, 0.066 and 0.04 during 1975-1979,
1980-1984 and 1985-1989, respectively. The data for
ycars before 1975 are incomplete.

113. Scveral countries have taken decisions not to
reprocess fucl. In these countrics, the fucl will either
be disposed of or stored retricvably; in the latler case
the possibility of reprocessing at some later date
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would not be precluded. The current strategy for the
management of spent fucl in different countries is
summarized in Table 45; in cach casc the amount of
irradiated fucl produced in 1990 is indicated, based on
the amount of nuclear energy generated in that year.
For the countries included in Table 45, the gencration
of spent oxide fucl in 1990 was about 11,000 t of
uranium.

1. EfMuents

114. The radionuclides of principal concern in
cffluents from rcj)roccssing {)lanls arc the long-lived
nuclides: 3H, 1 C, 85Kr, 291, 134Cs, 137¢5 and
isotopes of transuranium elcments. The reported
releases of radionuclides to the atmosphere and to the
sea from the Scllaficld, Cap de La Hague and
Tokai-Mura rcprocessing plants for 1985-1989 are
listed in Table 46. In this Table, the values for the
clectrical energy generated that correspond to the
annual throughput of fucl were estimated from the
8Kr discharges, using production rates of 14 PBq
(GW a)! for GCRs and 11.5 PBq (GW a)! for
PWRs. The variations with time of the normalized
rcleases of 3H and 'Cs in liquid effluents from the
Cap de La Hague and Scilaficld reprocessing plants
arc illustrated in Figure XX. The annual total releases
follow a similar pattern. Discharges of tritium have
been increasing slightly, but 1375 releases have been
decreasing. Stricler controls on rcleases from the
Scllaficld plant have, since the carly 1980s, reduced
the 137Cs releases to levels comparable to those from
the Cap de La Haguc plant. The normalized releases
from the Tokai-Mura plant have been comparable to
those from the European plants for 3H but scveral
orders of magnitude less for B37¢s,

115. The data in Table 46, along with those quoted in
previous UNSCEAR Reports [U1, U3, U4] and addi-
lional data from Japan [N13], have becen uscd to
dctermine the average normalized releases of radio-
nuclides during the five-year periods. The limiled data
prior to 1975 have been combined with later data to
provide estimates for 1970-1979. The values are given
in Table 47. The normalization is relevant to the equi-
valent cnergy production of the fucl reprocessed.
Tritium rcicases in liquid cfflucnts incrcased in the
most recent five-year period, but there have been
decreases for most other radionuclides, particularly for
e (by a factor of 80), for gy (by a factor of 13)
and for rO“’Ru (by a factor of 9).

116. The total amounts of radionuclides relecased from
fucl reprocessing can be estimated by completing the
record of amounts of fuel reprocessed prior to 1975.
For this purposc the ratio of 0.078 times the annual
clectrical ecnergy generated by reactors has been used.

The cnergy gencrated by rcactors was given in
Table 39. The fucl reprocessed (energy cquivalent)
times the average normalized releases of Table 47 give
estimates of the total annual relcases, which are shown
in Table 48. Whencver the measured results from all
three reprocessing plants in France, Japan and the
United Kingdom were available, those results, instead
of estimated values, were used in Table 48. Measured
results were available for >H and ®Kr in airborne
cffluents and 3H, OOSr, ’06Ru, 13¢5 in liquid efflucnts
since 1975, for 1291 in airborne effluents in 1980-1984
and in liquid cffluents in 1983-1986. The avcrage
normalized releases for the entire period of fucl
reprocessing operations given in Table 48 comrespond
10 1,844 GW a of electrical encrgy generated and an
amount of fuel reprocessed cquivalent to 101 GW a.

2. Local and regional dose estimates

117. The collective doses from the reprocessing of
nuclear fuel arise from local and regional exposures
and from exposures to the globally dispersed radio-
nuclides. Estimates of the local and regional dose
commitments are given in this Section and the giobal
contribution in Section E. The local and regional
collective doses per unit release of radionuclides were
evaluated in the UNSCEAR 1988 Report [U1]. These
values arc included in Table 49 along with the
normalized release amounts derived in Table 46. The
product of these two quantities gives the collective
effective dose per unit energy cquivalent of fuel
reprocessed. Since the total fuel reprocessed in
1985-1990 was 4% of the total, the collective dose
normalized to the total energy generated in the period
is less by the factor 0.04. The total normalized
collective effective dose (relative to tolal energy
generated) is 0.05 man Sv (GW a)‘1 from airborne
effluents and 0.2 man Sv (GW a)’l from liquid
cfflucnts.

118. The cvaluation of the collective dose for the
entire period of fuel reprocessing is straightforward
from 1be estimates of annual rcleases of radionuclides
presented in Table 48. The quantitics in this table are
multiplied by the factors of collective dose per unit
relcase in Table 49. The results are presented in
Table 50. The collective dose from the start of the
reprocessing practice is estimated to be 4,600 man Sv.
The main components (over 90%) ol the dosc are
137¢s and %Ry in liquid cffluents,

119. Annual individual doses to critical groups have
been evaluated for the three reprocessing plants for
which release data arc available. Individual doses for
Sellafield have been derived from environmental
monitoring data, combined with information on the
babits of local critical groups [C4}. The main path-
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ways considered are the consumption of locally caught
fish and shellfish, whole body external irradiation from
intertidal arcas and extemal irradiation of the skin of
fishermen while handling nets and pots. Annual
individual doscs 1o critical groups by the ingestion
pathway peaked at about 3.5 mSv in the carly 1980s
and later declined, to about 0.2 mSv in 1986. The
estimated annual individual doses 1o the critical group
for whole body exposure to external irradiation also
pcaked in the carly 1980s at about 1 mSv and
decrcased to about 0.3 mSv in 1986. Finally, the
mecasured beta dose rates from ncts and pots have
suggested that skin exposure to fishermen would be no
more than 0.1 mSv a’! [C4]. The exposure pathways
for critical groups arc similar for the fucl reprocessing
plant at Cap de La Hague. The cstimated annual
individual doses for 1986 arc 0.2 mSv for the
consumption of fish and shellfish and 0.05 mSv for
whole body external irradiation. The annual doses to
critical groups ncar the Tokai-Mura rcprocessing plant
arc of the order of 1 uSv [S3].

E. GLOBALLY DISPERSED
RADIONUCLIDES

120. The radionuclides giving rise to global collective
doscs arc those that are sufficiently long-lived and that
migrate readily through the environment, achicving
widespread dxslnbut:on The radionuclides of interest
are 3H, "¢, 8Kr and 291 The very long-lived 1291
poscs a special probiem because of the uncertaintics
involved in the prediction of population size, dictary
habits and cnvironmcental pathways over periods of
lens of millions of ycars. In this Annex, the global
dose commllmcnls are truncated at 10,000 ycars. By
that time, 3H and ®Kr have decayed to insignificant
levels and 'C has decayed o about 30% of its initial
valuc. Results for alternative integration periods were
presented in the UNSCEAR 1988 Report [U1]. The
limit of 10,000 ycars was chosen to correspond to the
maxxmum period of integrity of tallm;,s piles {rom
which 2%Th continues to support 222Rn cmanation.
Beyond 10,000 years cither complete crosion or
massive covering of the tailings would occur due to
the cxpected intervention of an ice age. The
uncertainties of dose calculations become exceedingly
great as intcgration periods arc cxtended over
thousands of ycars.

121. The collective effective dose per unit electrical
cnergy gencrated is cvaluated in Table 51, The
normalized rclease from rcactors and reprocessing
plants, the latier less by a factor of 0.04 when
normalized for the total cnergy gencerated, representing
the fraction of fucl reprocessed, is multiplicd by the
factors of collective dose per unit release. For tritium,
the collective dose per unit release to air is taken 1o

correspond to the quoticnt of the annual dose rate to
the hcmisphcric production rate of natural tritium (10
nSval + 37 PBq) times lhc world population of the
northern hcmlsphcrc &) 10° x 0.89). The result is
0.0012 man Sv TBq'!. For releasc to sca, calculations
with a global circulation model have shown that the
nommh/Ld collective dosc is a factor of 10 less [N8].

¢, the collccuvc dosc per unit releasc is taken to
bc 85 man Sv TBq , which over the 10,000-ycar
period is 71% of the nommalized collective dose
committed for all time (scc paragraph 44). For 8Ky
and %1, the collective dosc factors arc taken to be as
cevaluated in the UNSCEAR 1988 Report [Ul]. The
normalized collective dose, truncated at 10,000 years,
from globally dispersed radionuclides is 53 man Sv
(GW a)! and is due almost cntircly to }C.

122. The total collective effective dose from globally
dispersed radionuclides {or the entire period of nuclear
power production can be ¢valuated by multiplying the
total rclease of these radionuclides by the collective
dose per unit release. The results of this calculation
are given in Table 52. The total is 123,000 man Sv,
over 99% of which is due to 1C.

F. SOLID WASTE DISPOSAL
AND TRANSPORT

123. The solid wastes that arise from reactor
opcrations as well as from the handling, processing
and disposal of spent fucl are generally characterized
as low-level wastes, intcrmediate-level wastes, and
high-level wastes. Low-level wastes and intermediate-
level wastes arc gencrally disposed of by shallow
burial. Burial facilities range from simple trenches or
pits containing untreated wastes and capped with soil
(typically used for low-level wastes) to concrete
structures containing conditioned wastes and capped
with soil (typically used for intermediate-level wastes).
Some low-level wastes were disposed of at sea at
morc than 50 sitcs from 1946 10 1982 [I11]). Various
solutions are cnvisaged for the disposal of high-level
wastes, but none have yect been implemented.
Decommissioned rcactors will become part of solid
wasle management programmes in the future. Several
rcactors have been shut down, but nane have yet been
dismantled or transformed into a wasle disposal site as
yet.

124, Doses from solid waste disposal arc usually
assumed to result from the migration of radionuclides
through the burial site into groundwater. The
normalized collective cffective dose attributable 10
wastes from rcactor operation is almost entircly due to
¢ and roughly amounts to 0.5 man Sv (GW a)); the
corresponding value for wastes from the handling and
processing of spent fuel is 0.05 man Sv (GW a)‘l.
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Thesc cstimates arc highly uncertain as they depend
critically on the assumptions uscd for the containment
of the solid wastes and for the sitc characlteristics.

125. Materials of various types arc transported
between the installations involved in the nuclear fuel
cycle. Members of the public in the vicinity of the
trucks, boats or trains carrying the radioactive
matcrials arc cxposed to small doscs of extemal
irradiation. On the basis of fragmentary data, the
normalized collective cffective dose was estimated to
be 0.1 man Sv (GW a)y! in the UNSCEAR 1988
Report. The same valuc is used in this Annex.

G. SUMMARY OF DOSE ESTIMATES

126. A summary of the main contributions to the total
collective effective dosc, normalized per unit electrical
cnergy generated, is shown in Table 53. The local and
regional normalized collective ceffective doses, which
are cffectively reccived within one or two years of
discharge, amount to 3 man Sv (GW a)! and are
principally due to routine aunospheric releases during
rcactor and mining opcrations. Even though the
contributions from the various components of the
nuclear fuel cycle arc different from those reported in
the UNSCEAR 1988 Report, the total remains the
same, as the decreases in the dose cstimates from
rcactor opcration and fucl reprocessing have been
compensated by increases in the dose estimates from
mining and milling. Globally dispersed radionuclides
in c[fluents from the nuclear f{ucl cycle and long-term
rcleases from solid waste disposal result in small
exposures to members of the public over a very long
time (10,000 ycars or more). The normalized collec-
tive cffective dosc reccived within 10,000 ycars

amounts to about 200 man Sv (GW a)'! and is mainly
duc to the release of radon from mill tailings and to
the release of C from fucl reprocessing plants and
from rcactors.

127. The assessment of the local and regional
collective dose for the entire period of nuclear power
production has been determined for reactor operation,
3,700 man Sv (Table 43), and for fucl reprocessing,
4,600 man Sv (Tablc 50). It can be assumed that the
normalized collective cffective dose from mining and
milling, given as 1.5 man Sv (GW a)'1 in Table 53, is
also representative of earlier periods. The total colicc-
tive dosc from this fxzorlion of the fucl cycle is thus
1.5 man Sv (GW a)™" x 1,844 GW a = 2,700 man Sv.
The total for the entire fuel cycle is 2,700 + 3,700 +
4,600 = 11,300 man Sv. The average normalized col-
lective dose for the entire period of the practice is
estimated to be 11,000 man Sv + 1844 GWa =
6 man Sv (GW a)'l. This long-term average is higher
than the value for present practicc owing to the
declining releases from reactors and fuel reprocessing
operations.

128. The cstimation of collective effective doses from
globally dispersed radionuclides and {rom long-term
releases  from  solid  wasle disposal is rather
speculative, as it depends heavily on future waste
management practices and on the evolution of the
world's population over the next 10,000 years.
Multiplying the figure of 200 man Sv (GW a)'1
obtained in this Anncx as well as in the UNSCEAR
1988 Report by 1,844 GW a yiclds a collective
cffective dose from these sources of about
400,000 man Sv. About 25% of the total is due to '*C
rcleased from rcactors and rcprocessing plants
(Table 52) and the remaindcer to radon released from
mill ailings.

V. RADIOISOTOPE PRODUCTION AND USE

129. Radionuclides are uscd for a varictly of purposcs
in industry, medicine and research [16], and both the
number of uses and the quantitics used bave been
continually increasing. For example, in Japan, the
number of establishments using radionuclides and/or
radiation gencrators has grown over the years, {rom
about 100 in 1960 10 about 5,000 in 1990 [J2].
Exposures of the public may result {rom activitics
associated with the production, use and waste disposal
of the radioactive matcerials. The doses from the use of
radjoisolopes in consumer products were considered in
the UNSCEAR 1982 Report [U3]. The doses cvaluated
in this Chapter are those resulting from reieases 0 the
environment, which may occur during production, use

or disposal. Radionuclides produccd for scaled sources
are not considered, since they are not normally
relcased. Radiopharmaccuticals, ¢ and 3H arc
usually cventually  released, and  with  some
approximation the total production can give an
estimate of the total release.

A. PRODUCTION AMOUNTS
AND RELEASES

130. The amounts of radioisotopes produced for
commercial or medical purposes arc not well
documented. Likewise, the rcicascs during production




EER YN

ANNEX B: EXPOSURES FROM MAN-MADE SOURCLS OF RADIATION 13

or use arc not widely rcported. The cvaluation of
doscs must thercfore remain rather approximate, with
only preliminary, very uncertain results having becn
used. Statistics on radioisotope production and usc are
available only for Japan [J2]. Tablc 54 gives the
annual uscs of radioisotopes in 1989 in hospitals,
schools, rescarch institutions and industries. From the
population of Japan (118.9 million) the usage per 106
population may be determined: for example, 5.2, 6.1,
14 and 34 GBq per 108 population for 14C, 12SI, 3y
and 3], respectively.

131. The production of compounds labelled with 14C
has been estimated for the United States in 1978 to be
about 7 TBq [N9}, corresponding to 30 GBq per 10°
population. This is six times the normalized usage in
Japan. The production amount of ¢ in the United
Kingdom is not available, but the reported releases in
airborne and liquid effluents from the commercial
production plant were reported to be 3.2 TBq in 1987
[H6]. This corresponds to 55 GBq per 106 population.
The net production must be substantially greater. It is,
however, supporting users in many other countries as
well as in the United Kingdom. By assuming that 10%
of the 1C is lost at production and normalizing to the
population of Europe (roughly 10 times that of the
United Kingdom), the estimate of normalized produc-
tion becomes SO GBq per 106 population.

132. To obtain approximate figures of production,
usage and ultimate release amounts, the 1€ estimate
of the United States is assumed and applied at the
rates of 100% to the population of developed countries
(1.2 10° population) and 10% to the population of
dcveloping countries (3.7 10° population). The annual
production and release of radioisotopes relative to ¢
are determined from the values given in Table 54 for
Ja{)an. Thus, for example, the production of 3H and
Bl is three and six times greater, respectively, than
the production of 1C.

133. The annual global production and ultimate
release of these radionuclides may be estimated to be
30 GBq per 106 population (14C) times an equivalent
world population of 1.6 10° persons times the relative
production fractions. The results for several radio-
nuclides are given in Table 55. Other radionuclides not
included in this Table, especially those in solid form,
arc unlikely to be released or widely dispersed from
the end-uses.

134. Additional data on the production and release of
radioisotopes are available for B administered to
patients in medical facilities. The total amount of 131]
produced for medical purposes in Swedcn during 1986
was 0.9 TBq [N15]. Radioactive discharges of 134
from hospitals in Australia in 1988-1989 have been

rcported as 2,9 TBq [A9]. These amounts, corres-
ponding 10 110 and 190 GBq per 108 population, give
some corroboration to the value used in Table 55
(200 GBq per 108 population). About two thirds of
orally administered "'l is excreted via the urine of
treated patients in the first day [E2]; however, only
very low concentrations of BI have been measured in
surface waters in Germany [A7] and in the sewage
systems of cities in Sweden [E2] and in the United
States [S5]. Wastc treatment systems in hospitals with
hold-up tanks may reduce the amounts of '3 dis-
charged in liquid effluents to S 10 of amounts
administered to patients [J3].

B. DOSE ESTIMATES

135. Since the environmental levels of radioisotopes
used for medical, educational or industrial purposes
are in general undetectable, only approximate, cal-
culated estimates can be made of the collective doses.
The results are given in Table 55. The estimates
assume no partial retention of the radionuclides in
end-products and no hold-up prior to wide dispersion
and the exposure of local, regional or giobal
populations. This could result in overestimated doses,
significantly so for radioiodines that have short half-
lives. The dosc coefficients listed in Table 55 are
those derived and used for radionuclides produced and
released in nuclear power production. Tritium and the
noble gases are assumed to be released to the atmo-
sphere, 1C 10 be rcleased in both airborne and liquid
cffluents and 3! and 1] to be released to rivers.
There could be occasional release of iodine in airborne
effluents, for example from incineration of waste
materials. This would be easily detected, but since it
is so seldom reported, it can be assumed that this is
not an important source of release. The dose coeffi-
cient for 2°1 is based on age-weighted dosc-per-unit-
intake values [N1] and the 1251 half-life of 13 hours,
with other model parameters the same as for 1311,

- 136. The total local and regional collective effective

dose from releases of radioisotopes used in onc year
in medical and industrial applications is of the order of
100 man Sv. If it can be assumed that the practice of
these radioisolope uses bas been building up over the
past 40 years, the collective dose committed from all
past releases would be 20 times the present annual
value, or 2,000 man Sv in total. The giobal component
of the collective effective dose, arising almost entirely
from MC, is 4,000 man Sv from one year of
radioisotope usage and 80,000 man Sv committed
from the entire practice to date. The contribution of
this source to man-made exposures in general is thus
relatively unimportant on an annual basis. The doses
from '4C are at low dose rate but extend over a long
period of time.
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VI. ACCIDENTS

137. A number of accidents have occurred at both
civilian and military nuclear installations and in the
transport of nuclear maltcrials. In some cases, there
was subslantial contamination of the environment.
These accidents are discussed in this Chapter, and the
magnitudc of population doses incurred are estimated.

A. CIVILIAN NUCLEAR REACTORS

138. The two principal accidents involving installa-
tions of the civilian nuclear fuel cycle took place at
the Three Mile Island reactor in the United States in
March 1979 and at Chernobyl in the USSR in April
1986.

1. Three Mile Island

139. The accident at Three Mile Island has been the
subject of many reports, particularly from the United
States Nuclear Regulatory Commission and the Presi-
dent’s Commission [K3). The cause of the accident
was the failure to close a pressure relief valve, which
led to severe damage of uncooled fuel. The accident
re cascd large amounts of radioactive materials from
failed fuel to the containment, but the environmental
releases were relatively small (about 370 PBq of noble
gases, mainly 133%e, and 550 GBgq of B into the
atmospherc).

140. Individual doses averaged 15 uSv within 80 km
of the plant, and the maximum cffected dosc that any
member of the public could have received is estimated
to have been 850 uSv from external gamma irradia-
tion [K3]. The collective effective dose due to the
relcase has been estimated to be 20 man Sv within
80 km of the plant [K3]. The contribution to the
cffective dose commitment due to 33Xe dispersion
beyond 80 km may have been cqual to that within
80 km [U3], which gives a total of 40 man Sv.

2. Chernobyl

141. The worldwide cxposures from the Chernobyl
accident were cvaluated in detail in the UNSCEAR
1988 Report [U1]. In the course of a low-power engi-
neering test, uncontrollable instabilities developed and
causcd cxplosions and fire, which damaged the rcactlor
and allowed radioactive gases and particles to be
relicased into the environment. The fire was extin-
guished and the releases stopped by the tenth day after
the accident. The death toll within three months of the
accident was 30, all of them members of the operating
staff of the reactor or of the fire-fighting crew.

142. The total rclease of radioactive materials is
estimated to have been 1-2 EBq [13}, the principal
radionuclides being 31 (630 PBq), *Cs (35 PBy)
and 7Cs (70 PBq) [115]. The proportional amounts
dispersed beyond the USSR were determined to be
34% for 3 and 56% for 37Cs (115).

143. About 115,000 residents were relocated from a
30 km exclusion zone surrounding the reactor. The
external radiation doses to most of those cvacuated
was less than 0,25 Sv, although a few in the most con-
taminated arcas might have reccived doses up to
0.3-0.4 Sv. The collective dose from external radiation
to the evacuces is estimated to have been 16,000
man Sv. Individual thyroid doses to children may have
been 2.5 Gy and higher in some cases, with an
average thyroid dose of 0.3 Gy and a collective
thyroid dose of 400,000 man Gy [C10].

144, The radiation situation beyond the 30 km zone
surrounding the reactor was determined primarily by
the wind directions. When rainfall occurred at the time
that the radioactive cloud was passing, the deposition
density of 137Cs and other fission radionuclides was
enbanced. In the USSR, an area of about 10,000 km?
was contaminated with 137Cs to levels in excess of
560 kBgq m'z, and an area of 21,000 km? received
upwards of 190 kBq m? [I15]. A government
commission determined that 786 settlements, located
in Belarus, the Russian Federation, and Ukraine, with
a population of 270,000, were to be considered as
"strict control zones". Protective measures preventing
the consumption of contaminated foodstuffs werce
applicd in the strict control zones. The average
effective dose received by the populations in the strict
control zones is estimated to have been 37 mSv in the
year following the accident and 23 mSv in 1987-1989
[115]. An intcrnational review project was conducted
in 1990 to investigate environmental levels, doses and
the health of residents of unevacuated settlements [I1].
The project corroborated results of measurcments and
dose evaluations. Dict and body measurements showed
that agricultural practices and protective measures
were cffective in limiting exposures. The doses
determined by whole body counting were less than
expected from calculation by environmental modcls.
Estimation of thyroid doses requires interpretation of
early dircct measurements and calculation of presumed
Bl intakes; these doses are thus subject 1o
considerable uncertainties,

145. Detailed information on environmental
contamination levels and radiation doses received by
populations in the northern hemisphere was made
available to the Committee by many countries, cither
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dircctly to the UNSCEAR sccretariat or in published
reporis. This information cnabled the Committee, in
the UNSCEAR 1988 Rcport [Ul], to calculate
first-year radiation doscs in the USSR, all other
Europcan countrics and a few other countries in the
northern hemisphere. The projected doses beyond the
first ycar were based on the cnvironmental behaviour
of '¥'Cs dctermined in many ycars of measurements
following atmosphcric nuclcar testing.

146. The colleclive cffective dosce from the Chernobyl
accident was estimated to be approximately 600,000
man Sv [U1). Of this amount, 40% is expected to be
received in the territory of the former USSR, 57% in
the rest of Europe and 3% in otber countries of the
northern hemisphere.

B. MILITARY INSTALLATIONS

147. There have been two accidents at military plants
that are known to have caused measurable exposures
of the public: an accident at Kyshtym in the southen
Ural Mountains of the USSR in September 1957 and
the Windscale reactor accident in the United Kingdom
in October of the same year.

1. Kyshtym

148. In the carly 1950s high-level radioactive wastes
from the Chclyabinsk-40 plutonium production centre
near Kyshtym were stored in watcr-cooled tanks
encased in concrete. The corrosion and failure of
process monitoring equipment led to a breakdown in
the cooling system of a 300 m? tank, allowing the 70-
80 tonnes of waste, stored mainly in the form of
nitrate and acetate compounds and containing about
1 EBq of radioactive materials, to heat up. The water
in the tank evaporated, and as the sediments dried out,
they reached temperatures of 330-350°C. On 29
September 1957 the contents of the tank exploded
with a power estimated to have been equivalent to 70-
100 tonnes of TNT [R3]. About 90% of the
radioactive materials contained in the tank deposited
locally, while the remainder (about 100 PBq) was
dispersed away from the site of the explosion {A4,
B11, B12, N2, N3, R3, T1, T4]. The main contributors
to the total activity associated with the radioactive
materials released were *44Ce + 144pr 66%), S7r +
PNb (24.9%), St + PY (5.4%) and " Ru + 1°°Rh
(3.7%). In addition. B37¢s (0.036%), %sr (traces),
4Tpm (traces), 35gy (traces) and 9:240p, (traces)
were also relecased [B11]. With the exception of
caesium, the radionuclide composition is similar to
that of fission products that had been cooled for about
one year, Waste treatment at the reprocessing plant
involved concentrating the radionuclides by means of

precipitation with sodium hydroxide. Cacsium was
practically the only clement with radionuclides that
remained in the solution; il was later concentrated
scparately [R3].

149. The radioactive cloud reached a height of about
1 km. Wind conditions were relatively stable during
the dispersion of the cloud over a relatively flat
surface, and there was no precipitation. This resulted
in an oblong fallout arca, extending to about 300 km
from the plant, with a clearly dcfined axis and mono-
tonic decrease in the deposition density along the axis
and perpendicular to it. Virtually all of the deposition
occurred within 11 h. The boundarics of the contami-
nated area were taken to correspond 10 a Dgr deposi-
tion density of 4 kBq m™, wice the level of global
fallout.

150. Redistribution of the deposited radionuclides
occurred to some cxtent, most noticeably in the first
few days after the accident. The main sources of the
redistribution were the crowns of trees and the soil
surfaces. On the whole, the delineation of the fallout
area was practically complete by 1958, when wind
migration was redistributing less than 1% of the
original fallout. Over the next 30 years, wind transfer
did not affect appreciably the distribution of the con-
tamination [T1]. The contaminated area was estimated
to comprise between 15,000 and 23,000 kmz, with a
population of about 270,000, in the provinces Chelya-
binsk, Sverdlovsk and Tyumeng&Bll, N3). There were
1,154 people in areas with a ™ Sr deposition density
greater than 40 MBq m2, 1,500 in areas with a
deposition greater than 4 MBq m'2 and 10,000 in arcas
with a deposition greater than 70 kBq m*? [B11, N3].

151. External irradiation was the main route of
exposure during the first few months after the acci-
dent; subsequently, the ingestion of %St in foodstuffs
became predominant. During the initial period, the
dose rate in air was about 1.3 4Gy b’ from gamma
emitting radionuclides in areas with a sy deposition
density of 40 kBq m2, with maximum values of about
5 mGy b! near the plant, where the deposition density
of ®Sr rcached 150 MBq m*? [B11]. Within 10 days
of the accident 1,154 persons [B11, B12, N3, R3]
were cvacuated from the sctticments in the most
severely affected arca, which had a Mgy dcposition
density greater than 40 MBq m2. Subscquently, moni-
toring of the radioaclive contamination levels in
foodstuffs and agricultural produce was carried out to
assure that an annual *Sr intake of 50 kBq a"! would
not be exceeded. A ban on foods was imposed with
concentration limits of ®Sr relative to the mass of
calcium in foods of 7.4 Bq g! initially and 2.4 Bq g
at a subsequent period. This led 1o the destruction of
more than 10,000 tonnes of agricultural produce in the
first two vears following the accident and to the
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decision to carry out a further systematic evacuation of
the population from areas with a ®Sr deposition den-
sity greater than 150 kBq m [R3]. The resettlement,
which began 8 months after the accident, was com-
pleted 18 months after the accident. Altogether, 10,730
persons were evacuated [B11). The collective dose is
cvaluated in Table 56. The average dose received by
the population group cvacuated within 10 days of the
accident was 170 mSv from external jrradiation and
1,500 mSv to the gastro-intestinal tract; the average
cffcctive dosc was 520 mSv. The collective dose
reccived by the evacuated individuals amounted to
about 1,300 man Sv.

152. The doscs received by the populations that were
not evacuated are also presented in Table 56. About
half of the effective dose had been delivered within
onc year, more than 90% within 10 years and ncarly
all within 30 years of the accident. The effective dose
per unit deposition density was estimated to be 320
uSv per kBq m2 over 30 years, with just over 20%
duc to external irradiation. The collective effective
doses received by the non-evacualted population (about
260,000 pecrsons) have been reported to be 1,100
man Sv [N3] and about 5,000 man Sv [B1]. It is diffi-
cult to judge the validity of these figures, as the
information on the correspondence of " Sr deposition
densities with populations is very coarse. However, it
is indicated that average cffective doses received over
30 years are estimated to have been 20 mSv for a
%oup of about 10,000 people living in areas with a

Sr deposition density between 40 and 70 kBq m
and 4 mSv for a group of 2,000 people living in areas
with a deposition density between 4 and 40 kBq m~
[B11]. On the basis of the relationship between popu-
lation and the deposition density of 0gr described
above, it can be assumed that the number of people
living in areas with deposition densities between 40
and 70 kBq m2 was 10,000 and that the number of
people living in arcas with deposition densitics
between 4 and 40 kBq m% was 250,000, resulting in
a collective effective dose over 30 ycars of 1,200
man Sv.

153. A less serious accident occurred in 1967, as a
conscquence of the disposal of radioactive wastes
containing 4 EBq of %5r and !37Cs radioactive wastes
in Lake Karachay [A3, N4, T4]. On that occasion,
dust from the lake bed or the shore-line, containing
about 20 TBq of ®Sr and '37Cs, was dispersed by the
wind over an arca of 1,800 km? and to a distance of
up to 75 km. The contaminated territory included
portions under the radioactive plume of the 1957
accident. The maximum deposition density of 0Sr was
0.4 MBgq mZ, and the 37Cs/sr activity ratio was 3.
Specific information on the doses resulting from that
accident is not available; it is expected that they are
included in the doses from the much more serious

accident that occurred in 1957 at the same site.
However, because the 137Cs/%Sr activity ratios were
very different in the 1957 and 1967 accidents, it would
be possible, as evidenced by recent measurcments
[A3], to scparate the contributions from the two
accidents by analysing soil samples.

2. Windscale

154. The accident at Windscale in October 1957
began during a routinc release of the Wigner energy
stored in the graphite of the gas-cooled reactor. Owing
to errors in operation, the fuel became overheated and
caught firc. The fire lasted for about three days. Major
releases of radionuclides occurred mainly in two
periods: when the air flow was re-started through the
core soon after the accident started, in an attempt to
cool it, and when water was pumped into the reactor
to extinguish the fire on the second day of the acci-
dent [C13]). The release of B[ is estimated to have
been 740 TBq, accompanied by 22 TBq of !37Cs,
3 TBq of 1%Ru and 1.2 PBq of 3*Xe [C10). In addi-
tion to the fission products, other radionuclides were
released, the most notable being 210Po, which was
being produced by neutron irradiation of bismuth
ingots in the core. The release of 210p5 amounted to
8.8 TBq [C10, C14). The Windscale reactor has not
been used again since.

155. The contamination of pasture land was wide-
spread, the majority of the released radioactive
materials having passed south-south-east of Windscale,
in the direction of London, and eventually over Bel-
gium before having turned northwards, to Norway. At
the time of accident, the radionuclide identified as
being of principal concem was 1311 and the main
pathway to man was identified as the ingestion of
cow’s milk. The prompt imposition of a ban on milk
supplics had the effect of reducing B intakes via the
pasture-cow-milk-pathway {C10]. Extensive environ-
mental measurements were made in the United King-
dom at the time of the accident. Maximum doses to
persons close to the site were estimated to have been
of the order of 10 mGy to the thyroid of adults and
perhaps 100 mGy to the thyroid of children [B2, C9].
Thyroid doses to adults in Leeds and London were
estimated from measurements of 3! in the thyroids to
have been 1 mGy and 0.4 mGy, respectively [B2],
with young children having received doses twice as
great.

156. The collective effective dose reccived in the
United Kingdom and in Europe from all radionuclides
and pathways was eslimated to have been 2,000
man Sv, of which about 900 man Sv was due 10 inha-
lation and 800 man Sv was due 1o the ingestion of
milk and other fondstulfs. External irradiation from
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ground dcposits of radionuclides was ecstimated to
have contributed 300 man Sv. The main contributors
to the collective cffective dosc were 1311 (37%) and
210p5 (37%), followed by ¥7Cs (15%) [C10].

C. TRANSPORT OF NUCLEAR WEAPONS

157. Fourteen accidents involving aircraft carrying
nuclear weapons or components of nuclear weapons
arc known to have occurred, the two most publicized
being the aircraft crash near Palomares, Spain, in
January 1966 and the crash at Thule, Greenland, in
January 1968. Appreciable amounts of B9y were
released locally 1o the environment. A number of
nuclear weapons have also been lost at sea.

158. The accident at Palomares, on the Mediterranean
coast, occurred on 17 January 1966, when two United
States military planes collided in the process of a mid-
air refuelling operation. The parachutes of two of the
four thermonuclear weapons carricd by one of the
planes failed to deploy, resulting in the detonation of
their conventional explosives and the release of their
fissile material upon hitting the ground. Partial ignition
of the fissile material formed a cloud that contami-
nated 2.26 km? of uncultivated farm land and urban
land with 2°Pu and 2*°Pu [116-120]. The other two
bombs were recovered intact, one in a dry river bed
near the mouth of the Almanzora River and the other
in the sea.

159. Where the deposition density of alpha emitiers
was greater than 1.2 MBq m? (an area of 22,000 mz),
the contaminated vegetation and a surface layer of

soil, approximately 10 cm deep, were collected, sepa- -

rated and disposed of as radioactive waste. Arable land
with levels below 1.2 MBq m? was imigated,
ploughed to a depth of 30 cm, harrowed and mixed.
On rocky hillsides, where ploughing was not possible,
soil with a plutonium level greater than 0.12 MBq m?
was removed to some extent with hand tools [117].

160. Estimates of the doses from inhalation and from
ingestion have been derived from measured
concentrations of 2%Pu and 2*0Pu in ground-level air,
in agricultural foodstuffs and in pcople. The urine and
lungs of Palomares inhabitants have been sampled and
measured for plutonium since 1966. Of the 714 people
examined up to 1988, only 124 showed concentrations
of plutonium in urine greater than the minimum
detectable activity. Iranzo et al. [118] estimated that
the 70-year committed effective doses for 55 of these
people ranged from 20 to 200 mSv owing to the acute
inhalation of radioactive particles at the time of the
accident or immediately afterwards. The highest
estimated 70-ycar committed effective dose was

240 mSv 10 a onc-ycar-old child [118]. From data in
this reference, the collective effective dose due to
acute inhalation of radioactive particles immediately
after the accident can be estimated to have been about
1 man Sv,

161. The resuspension of soil particles has been
monitored since 1966 at four locations [I17]. The
average annual concentrations of 8%y and 2%0py
during the period 1966-1980 were 5.5 uBq m™ at the
location representative of the urban centre and 52
1Bq m? at the location representative of the most
exposed farming arca [I17]. The corresponding SO-
year effective dose per year of intake by inhalation of
radioactive particles resuspended from soil are 4 and
35 uSv per year of intake for peoplc in the urban arca
and in the most exposed farming area, respectively.
Assuming that (a) the total number of persons exposed
is 714; (b) 90% of that exposed population resides in
the urban area and the remainder in the most exposed
farming area; and (c) the amount of 3%y and 240py
available for resuspension decreases exponentially with
a half-time of 100 years, the collective effective dose
due to the resuspension of radioactive particles is
roughly estimated to be 1 man Sv.

162. The main crops in the cultivated area of the
Palomares region are tomatoes, barley and alfalfa
[120]. From the plutonium concentrations in those
products, it can be inferred that resuspension of the
plutonium particles in soil plays a more important role
than absorption through root uptake in the contami-
nation of agricultural products cultivated in the area
{120]. Tranzo et al. [I20] estimated that the individual
committed effective dose due to a yearly consumption
of unwashed contaminated tomatoes would be 1.5 uSv
and that the collective effective dose from a yearly
consumption of tomatoes grown on one hectare of
contaminated soils would be 10 man Sv. Assuming
that (a) the cultivated area used for the production of
tomatocs is 100 hectares (1 km?) and (b) the amount
of plutonium available for the contamination of agri-
cultural crops decreases exponentially with a hal{-time
of 100 years (rcflecting the predominant role of resus-
pension), the collective effective dose due to the
ingestion of tomatoes contaminated as a result of the
accident is crudely estimated to be about 1 man Sv.
The contamination of barley and alfalfa also results in
the contamination of products used for human con-
sumption (milk and mcat), but the doses due to
ingestion of those products are much lower than those
due to the ingestion of tomatoes because of the filter-
ing effect of the animals.

163. Some of the plutonium deposited on land was
transferred to the Mediterrancan Sea when the
Almanzora River, which flows through the village of
Palomares, flooded [G1]. This transfer, however, is not
significant from a radiological point of view.
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164. Necar Thulc, the high-explosive components of
four weapons detonated in an airplane crash, contami-
nating about 0.2 kmZ. About 10 TBq of plutonium was
recovered in the surface layer of the snow pack, and
about 1 TBq was cstimated to be trapped in the ice
[L1]). A radioccological investigation conducted during
the summer of 1968, when the ice bad broken up,
showed that the accident had mcasurably raiscd the
plutonium level in the marine environment as far as
20 km from the point of impact. The highest concen-
trations were found in bottom sediments, in bivalves
and in crustacea. Larger animals such as birds, scals
and walruses showed plutonium levels hardly different
from the fallout background [Al, A2].

165. Accidents have also happened during the
transport of nuclear wcapons by sca. At least 48
nuclcar weapons and 11 reactors have been reported to
be lying on the ocean floor [E3]. The most serious
losses were two nuclear-powered submarines, cach
carrying several nuclcar weapons; onc sank off the
coast of Bermuda in October 1986 and the other in the
Norwegian Sca in April 1989. Anothcr loss occurred
ncar the coast of Japan in 1965, when an airplane with
a 1 Mt bydrogen bomb rolled off an aircraft carrier.
No information has been rcported on the number of
dcaths or on the extent of environmental contamina-
tion associated with those accidents that resulted in the
loss of nuclear weapons. However, some information
is available about an accident that took place aboard
a missile-carrying nuclcar submarine in July 1961 in
the Atlantic Ocean [K8]. In that accident, a depres-
surization in the primary coolant of one of the two
nuclear reactors led to substantial radioactive
contamination in the submarine and to a rcactor shut-
down. To prevent rcactor meltdown, a temporary
cmergency cooling system was fabricated; this
requircd welding work to be carried out in the reactor
compartment itself, which led to eight deaths within a
few wecks of the accident [K8].

D. SATELLITE RE-ENTRY

166. In 1964, when a SNAP-9A satellite containing
238pyasa power source re-cntered the atmosphere and
then burned up, about 600 TBq of that radionuclide
were injected into the stratosphere [H1]. A similar
device re-entcred the atmosphere intact, produced no
rclcases and fell into the Pacific Ocean in April 1970.
Another generator fell into waters off the coast of
California in May 1968, when a weather satcllite
exploded during launch. It was recovered in October
1968. In January 1978, the Cosmos 954 satcllite
re-cntered the atmosphere, partially bumed and
scattered debris in the Northwest Territories of
Canada. Detailed information on the characteristics of
the radioisotopes and reactor-powered devices used in

satcllites, as well as on the malfunctions that have
occurred, has been gathered by OECD [04].

167. The collective dosc from the SNAP-9A re-entry
may be cvaluated by applying transfer coefficients to
the relcased amount. The transfer cocfficient P,g from
deposition of 238py 10 dose via the ingestion gathway
has been estimated to be 0.6 nSv per Bq m™ (Table
8). The transfer coefficient Py, for 238py, which has a
half—lifc 87.7 years, would be expected to be 5 kBq
m™ per EBq released (Figure III) for temperate lati-
tudes. The dose commitment for these latitudes would
then be estimated to be 0.6 PBq x Py, x Pys = 1.8
nSv. The hemisphere average is less by a factor of 1.5
and the opposite hemisphere average is less by a fac-
tor of 4. Since re-entry was in the southern hemi
phere, the averages for the hemispheres are 1.2 nSv
(south) and 0.3 nSv (north). The population-weighted
world average is 0.4 nSv (89% of the population lives
in the northern hemisphere). For the relatively long
half-life of 238Pu, a world population of 6 10° may be
taken to apply to this exposure [U3]. The collective
effective dose from the ingestion pathway due to the
re-entry of the SNAP-9A is thus estimated to be 2.4
man Sv.

168. The transfer coefficient P,s for the inhalation
pathway has an estimated value of 800 nSv per
Bq m? (Table 8). The dose commitment for the
southem hemisphere temperate region is thus 0.6 PBq
x Pgy X Pyg = 2,400 nSv. The avcrage values for the
hemispheres are then 1,600 nSv (southern hemi-
sphbere), 400 nSv (northern hemisphere) and 530 nSv
(world). The collective dose from the inhalation
pathway, with a population of 4 10° applicable at the
time of rc-entry, is 2,100 man Sv. The inbalation
pathway is the dominant contributor to the collective
dose. This is comparable to the collective effective
dose derived for 28Pu produced in atmospheric nuc-
lear testing, which released 0.33 PBq, about half the
total of the satellite re-entry, but with injection mostly
into the atmosphere of the northern hemisphere.

169. Similar procedures may be used to estimate the
collective dose from the Cosmos 954 re-entry. The
fuel core was estimated to contain 20 kg of enriched
uranium [G3]. With a stcady power output of 100 kW
over the 128 day lifetime of the satellite, the burn-up
of the fucl was estimated to be 2 10'8 fissions per
gram of uranium [G3). The estimated radionuclide in-
ventory in the core at re-entry is presented in Table 57
[T6]. From analysis of recovered debris, it has been
assumed that 75% of the radionuclide amounts were
dispersed in the high atmosphere on re-entry of the
space craft and 25% was deposited on the ground in
the uninhabited impact area. The absence of the
volatile elements iodine and caesium in surface
samples indicates that 100% of the radionuclides of
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these elements were dispersed on burn-up of the fucl

corc in the atmosphere. The collective dose is

cstimated in Table 57 from the widely dispersed

material using the transler factors of Figure Il and

Table 8. The result is 16 man Sv, mainly to the

Egpulation of the northern hemisphere from 37Cs and
Sr and ovcer a longer term from 23%py,

E. INDUSTRIAL AND MEDICAL SOURCES

170. Three notable accidents involving small scaled
sources used for industrial or medical purposes have
occurred since 1982 {U1]. In December 1983, at Ciu-
dad Juarez, Mexico, a non-licensed teletherapy source
containing 16.7 TBq of €Co was sold to a scrapyard
[M4]. It is believed that the source was broken and
that its 6,000 pellets began to be dispersed during
transport [M4). The consequences of this accident
were the contamination of thousands of tonnes of
metallic products that were sold in Mexico and the
United States, as well as the contamination of several
foundries and streets and hundreds of houses. About
one thousand people were exposed to substantial Jevels
of radiation. It is estimated that seven persons reccived
between 3 and 7 Sv; 73 persons received between 0.25
and 3 Sv, and 700 persons received between 0.005 and
0.25 Sv [M4]. There were no deaths.

171. In 1984, at Mochammedia, Morocco, a source of
1921y used to make radiographs of welds at a construc-
tion site became detached from the take-up line to its
shielded container. The source dropped to the ground

and was noticed by a passer-by, who took it home.
Eight persons, an entire family, dicd from the radiation
over-cxposure, having sulfered doses of 8-25 Sv [14,
$10). Estimates of doses to the individuals arc un-
available, so only a rough approximation can be made
of the collective dose. Assuming 10 Sv on average to
each person, the collective dose to those who dicd
would have been 80 man Sv.

172. In Scptember 1987, at Goiania, Brazil, a
50.9 TBq ! Cs source was inadvertently removed
from a therapy unit and dismantled by junk dealers
[C6, IS, R4, V1]. The therapy unit was located in the
abandoned and partly demolished Goiania Radio-
therapy Institute. The dismanding of the source
resulted in localized contamination of an inhabited
area of the city. As the result of the direct handling of
the source or parts of it, either during its dismantling
or subsequently, 129 people were exposed, cither ex-
ternally or internally. Some suffered very high external
contamination owing to the way they had handled the
caesium powder, such as having daubed their skin.
Internal exposures resulted from cating with contami-
nated hands. The dose estimates varied from zero up
to 5.3 Sv. Fifty-four persons were hospitalized and
four died [I5]. The estimated collective doses were
56.3 man Sv from external exposures and 3.7 man Sv
from internal exposures, including 14.9 man Sv (ex-
ternal) and 2.3 man Sv (internal) to the four persons
who died [D%]. In the course of the decontamination
programme, seven houses were demolished and large
amounts of soil had to be removed. The total volume
of waste removed was 3,100 m3 [V1].

CONCLUSIONS

173. A number of events, activitics or practices
involving radiation sources have resulted in the release
of radioactive materials to the environment. The
conscquent cxposures of the population have been
cvaluated in this Annex. Estimates have been made of
the total amounts of radioactive matcrials relcased in
the event or since the beginning of the practice and of
the collective doses that have been received or
committed.

174. The most significant causc of exposure has been
the testing of nuclear weapons in the atmosphere. A
large number of tests were performed in the 1950s and
to the end of 1962, with less frequent testing occurring
until 1980, when the practice stopped altogether. The
Committee has repeatedly evaluated the exposures
from this source. The extensive measurements aliow
a rather sysiematic and complete assessment o be

made. In this Annex the transfer cocfficients that de-
scribe the movement of radionuclides in the environ-
ment to man and to the dose are summarized,
extended and updated. The collective effective dosc
committed to the world population by atmospheric
nuclear testing is estimated to be 3 10’ man Sv. Of
this total, 86% is duc to long-term, low-level exposure
from Y4C. Over the next 10,000 years a collective dose
o0f2.2 107 man Sv will have been received. This value
is recorded in Table 58, which summarizes the esti-
mated collective doses from all sources.

175. The underground testing of nuclcar weapons
does not generally cause the population to be exposed
to radiation. It is only when there is some Icakage or
venting of gases or aerosols, as has occurred on some
occasions, that relatively low exposures may result.
The Committee estimates the colicctive effective dose
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from undcrground testing to be of the order of
200 man Sv.

176. The Commitice has not previously estimated the
expasures of populations that result from the
production of materials and the fabrication of nuclear
wecapons. Data arc still not readily available, but initial
estimates of collective doscs have been made, namely
of the order of 24,000 man Sv to local and regional
populations and 40,000 man Sv from global, long-term
exposurc. Efforts arc under way o reconstruct
cxposures that occurred in the carly years of this
activily, so somc refincment and cxtension of the
estimates can be anticipated.

177. A major aclivity utilizing radioactive materials is
the generation of clectrical cnergy- with nuclear
reactors. The release of radionuclides during routine
opcration of the nuclear fuel cycle is relatively low,
however, and the doses can only be calculated using
representative models for the sites and the dispersion
processes through the environment. The releases and
collective doses since the beginning of the practice in
the 1950s have been at least two orders of magnitude
less than those for atmospheric nuclear testing. The
global, long-term collective cffective dose to be
received within 10,000 years is estimated to be
400,000 man Sv. Twenty-five per cent of this is duc
to C releascd from reactors and reprocessing plants
and 75% is due 1o *2Rn released from uranium mill
tailings piles.

178. A number of radioisotopes are used for
industrial, educational and medical purposes. Those
used in solid forms may not be released from end-
uses; however, the gases, tritium, 14¢ and radioiodines
can be cxpected to be cventually released and dis-
persed. Data are generally unavailable on production
amounts and release fractions of the radionuclides.

Based on assumed valucs, the Committee estimates the

global, long-term collective effective dosc from this

source to be 80,000 man Sv, with nc§ligiblc contribu-
(o

tions from all radionuclides cxcept lac,

179. The accidents that have resulted in environmental
contamination and cxposures of population groups
include those at civilian nuclear reactors (Three Mile
Island and Chernobyl), at military installations (Wind-
scale and Kyshtym), those that occurred in the trans-
port of nuclear weapons (Thule and Palomares) and in
satellite re-entry (SNAP-9A and Cosmos 954) and
those that involved the loss or misuse of industrial and
medical sources (Ciudad Juarez, Mohammedia and
Goiania). With the exception of the Chemobyl
accident and the re-entry of satcllites, the environ-
mental contamination has been localized, and for all
except the Chernobyl accident the collective radiation
doses have been relatively low. Nevertheless, injuries
and deaths have resulted from some of these accidents.

180. The 1total collective dose from all sources of
man-made environmental exposures is dominated by
atmospheric nuclecar testing. This source contributes
95% of the total collective dose indicated in Table 58.
The annual collective effective dose to the world’s
population from natural sources of radiation exposure
of 12,000,000 man Sv may help to put these estimales
into perspective. Atmospheric nuclear testing was
equivalent to three years of natural exposure of the
world population at the time of the exposures. Other
sources, of the order of a few tens or hundreds of
thousands of man sievert, are comparable to hours or
days of natural background exposure. The Committee
bas made the estimates in Table 58 with the objective
of documenting each source of exposure and providing
a perspective on the magnitudes of radionuclide
releases and collective doses involved.
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Table 1

Radionuclides produced und globally dispersed in utmospheric nuclear testing

Estimates of amounts released into the aimosphere

(excluding local fallout) *

Radio- Half-life Decay mode Fission yield
naclide %) Toral Normalized release (PBq Mi'Y)
E?, 112,
&7 el {F8q) Fission Fusion
H-3 1232a [ - 240 0.026 740
C-14 5730 8 8 0.22 b 0.67
Mn-54 31254 ECy - 52 - 159
Fe-55 274 a EC - 2 - 6.1
Sr-89 50.55d [ 2.56 91.4 590 .
Sr-90 286 a B .50 0.604 3.90 .
Y91 58.514d 8 3.7 116 748 .
795 64.03 d 8,y 5.0 143 922 .
Ru-103 39.25d By 5.20 238 1540 -
Ru-106 INed By 244 11.8 76.4 -
Sb-125 273a B,y 0.29 0.524 3.38 -
1131 8.02d 0,y 2.90 651 4200 -
Cs-137 30.14 8 By 5.57 0912 5.89 -
Ba-140 12754 By 5.18 732 4730 -
Ce-141 32.504d B,y 4.58 254 1640 .
Ce-144 28494d B.y 4.69 29.6 191 -
Pu-239 24100 a a,y - 0.00652 - -
Pu-240 6560 a ay - 0.00435 - -
Pu-241 1448 [ - 0.142 - -

For the non-gasecous fission products a total non-local fission explasion yield of 155 Mi, obtained from measured st deposition, was assumed in deriving
the 1otal amounts released.
For simplicity it is assumed that all *C is due to fusion. as (usion produces up to 6 times more neutrons than fission for the same energy release. The

production reaction is UNp)iiC.
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Table 2

Latitudinal distributlon of *°Sr and %°Zr dceposition from atmospheric nuclesr testing

Latirude Area Population Integrated deposition Iniegrated deposition density
band of band distribution (PBg) (Bgm?)
(degrees) (1012 m?) (%) Og g 93zp
Northern hemisphere

80-90 39 0 1.0 260

7080 11.6 0 79 680

60-70 18.9 0.4 329 1740

50-60 25.6 132 73.9 2890

40-50 315 15.5 101.6 3230 38000
3040 36.4 204 85.3 2340

20-30 40.2 327 7.2 1770

10-20 428 11.0 50.9 1190

0-10 4“1 6.3 357 810

Total 255 100 460 2140 ¢ 25000 ©

Southern hemisphere

0-10 44.1 54.0 21.0 480

10-20 428 26.7 17.8 420

20-30 408 149 28.1 700

3040 36.4 13.0 22.6 760

40-50 315 09 28.1 890 8300
50-60 25.6 0.5 121 470

60-70 189 0 6.7 350

70-80 11.6 0 25 220

80-90 39 0 03 80

Total 255 100 144 540° 5000 ¢
Global 510 89 (nonthern) 604 1960 ¢ 23000 °

11 (southern)

Population-weighted values.
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Table 3

Estimates of population-weighted deposition densities of the mnjor radionuclides produced in atmospheric testing
(*H and '*C not Included)

Population-weighted deposition density (Bg m')

Radio- R‘:;‘a R';l,'.n Norihern hemisphere Southern hemisphere
nuclide oS to °Zr World
40°-50° Entire 40°-50° Entire
Mn-54 29 9400 6200 2600 1600 5700
Fe-SS 21 6800 4500 19500 1100 4100
Si-89 0.52 20000 13000 4300 2600 12000
S1-90 1.0 3230 2140 890 540 1960
Y-91 0.66 25000 17000 5000 3300 15000
2:-95 1.0 38000 25000 8300 5000 23000
Nb-85 1.7 64000 43000 14000 8500 39000
Ru-103 0.75 28000 19000 6200 3800 17000
Ru-106 7.5 24000 16000 6700 4100 15000
Sb-128 0.89 2900 1900 90 480 1700
1-131 0.50 19000 13000 4200 2500 11000
Cs-137 1.6 5200 3400 1400 860 3100
Ba-140 0.62 23000 16000 5100 3100 14000
Ce-141 0.55 21000 14000 4600 2800 13000
Ce-144 15 48000 32000 13000 8100 29000
Pu-238 0.00046 1.5 0.98 0.41 0.25 0.90
Pu-239 0.011 35 23 10 6 ps)
Pu-240 0.0072 23 15 6 4 14
Pu-241 0.23 730 480 200 120 440
Am-241 0.0077 ¢ 5 17 7 4 15

a

Upon decay of #!'pu.
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Table 4
Components of the transfer cocfficient Py, from deposition density to dict for %S¢ and 137Cs

s Pics
Counery Transfer factor parameters ‘y Transfer facior parameters *
b, b, by IS Py b, by by A Py
Milk products
Argentina 1.2 1.1 0.1 0.1 37 2.9 0 0.2 0.1 8.8
Denmark L5 0.9 03 0.1 49 30 2.1 0.06 0.08 59
United States 0.7 0.3 02 0.1 26 3.4 1.8 0.2 0.3 57
Average 37 6.8
Grain producls
Argentina 16 1.5 0.06 0.02 6 20 6.9 [} 8.9
Denmark 3.1 9.8 0.1 0.02 17.2 3.4 232 0.0003 43 26.6
United States 0.7 1.5 0.2 0.08 4.1 21 8.0 0.3 0.2 1.7
Average 9.1 15.7
Vegetables
Arpgentina 0.02 0 0.1 0.26 0.4 21 23 0 4.4
Denmark 0.4 0 0.1 0.05 31 24 0 0.02 0.02 33
United States 0.3 0.06 0.3 0.08 4.0 1.2 0 0.1 0.19 1.8
Average 25 32
Fruit
Argentina 03 0.2 0.04 0.09 1.0 0.5 26 0 3.1
Denmark 0.9 0.005 0.05 0.05 20 18 1.2 0.1 03 35
United States 0.1 0 0.1 0.06 25 1.6 0.0 11 0.5 33
Average 1.8 33
Meat
Argentina 0.7 0.8 0.03 0.02 3 2.1 0 37 0.7 2.2
Denmark 0.5 0.04 0.0 0.09 0.9 134 (1} 803 20 26.2
United States 0.002 0.1 0.04 0.1 0.4 1.5 0 17.7 13 7.9
Average 1.4
Tota! diet
Sum of weighted components b
Argentina 0.8 0.7 0.07 7 4.9 25 0.3 8.0
Deamark 1.3 1.9 0.2 5.6 4.4 4.5 12.1 114
United States 0.4 0.3 02 26 22 1.7 i3 5.8
Average 36 8.4
Fit on total diet
Argentina 1.1 0.6 0.04 003 3.0 6.3 1.8 0 8.1
Denmark 1.3 20 0.1 0.06 ss 4.1 6.5 0.02 0.02 11.4
United States 0.5 0.4 .2 008 0 1.6 20 0.8 0.4 5.1
Average 3.8 8.2

The transfer cocfficients for the first year, by, second year, b, and subsequent years, by, and the lotal transfer factor, Pay, have the units mBq a kg'! per Bq
m2. The units of the expanential decay constant, A, are a"l. The regression fits are for the periods: Argenlina 1964-1979, Denmark 1962-1985 and United States
1960-1983 (PSr, New York) and 1961-1977 (*¥7Cs, Chicago).

Fractional amounts by weight of the five food goups, milk products, grain procucts, vegetables, fruit and meat, 1n the total diet are. respectively, {U3}:
Argentina: 0.26, 0.2, 0.24, 0.2, 0.08 (*°Sr); 0.26, 0.2.0.31, 0.16, 0.08 (!Cs);

Denmark 0.35, 0.16, 0.24, 0.1, 0.15 (®Sr and 1*7Cy)

United States:  0.31, 0.15, 0.19, 0.15, 0.19 (%0Sr) in New York: 0.33, 0.14, 0.19. 0.17, 0.17 (**'Cs) in Chicago.
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Table §

Transfer of fallout *%Sr and 137Cs from deposition to diet @

. - Corniribution 10 component iransfer from food categories (%)
Component Transfer Contrib. 2
]
Joctor total transfer Milk Grain Vegetables Fruit Meat
%g¢
Dircet deposition 08 =04 2% 43% 8% 6% 8% 5%
Lagged transfer 1.0=08 % 2% n% 0.4% 2% 3%
Trans{er from deposit 1.8+ 06 516 2% 2B% 2%6% 10% 4%
Toal transfer 36=17 10052 32% 429% 15% 7% 4%
137C.
Direct deposition 38=14 45% %% 119 13% 5% 35%
Lagged transfer 2915 35% 15% Nn% 8% 6% 0%
Transfer from deposit 17+10 20% 15% 4% % 1% 67%
Total transfer 84228 100% 25% 30% 10% 6% 29%

Average consumption-weighted results for Argeatina, Denmark and the United States.
®  The units are mBq a k.g‘1 per Bq m2

Table 6
Transfer coeflicients P, from deposition to intake Into the body by ingestion for fallout radionuclides derived
from measurements In the temperate zone of the northern hemisphere
Radio- Deposition density ° Integrated intake rate Transfer coefficiens
nuclide (Bq m™) (B9 (Bq per Bq m™)
Fe-55 4500 55000 © 10
Sr-89 20000 700 © 0.03
S$r-90 3230 6140 ¢ 19
1-131 19000 1370 ¢ 007/
Cs-137 5200 21800 ¢ 42
Ba-140 23000 120 ¢ 0.005
Pu.238 1.5 0.075° 0.05%
Pu-239 35 24° 0.7%
Pu-240 3 16 ¢ 0.7¢
Pu-241 730 29 0.04 2
Am-241 25 s 0.2°¢

0.1 oGy Bq”! [N1].

P S

Derived in [U3).

Value from [U3]; measurements only for milk.
Inferred from transfer coeficient value (Bq s kg™ per Bq m'z) in Table 4 times an average food consumption rate of 500 kg al,
Inferred from transfer coefficient value and deposition density.
Derived fram P,q value of 0.63 mBq a 1! per Bg m [U3] for transfer to milk times an average milk consumption rate of 0.3 | al,

Values from Table 3 (40°-50°) except for Fe-55 {entire) northemn hemisphere.
Inferred from estimated dose 1o red bone marrow in the northern hemisphere of 6 4Gy [U3, U4)] and dose to red bone marrow per unit intake by ingestion of
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Table 7
Transfer cocfliclents P ¢ from intake to dose for radionuclides produced In atmospheric nuclear testing ¢
[N1]

Comminied equivalent dose per unit intake (nSv Hq™!)
Radio- Absorption
nuclide fraction Bone Red Effective dase per
surfaces Breast Colon Gonads Liver Lungs bone Thyroid unis intake
marrow (nSv Bq")
Ingestion
Fe-55 0.1 0.1 0.10 0.31 0.11 0.35 0.10 0.11 0.11 0.15
Sr-89 03 48 0.26 21 0.26 0.26 0.26 33 0.26 34
St-90 0.3 390 1.3 19 1.3 1.3 1.3 180 1.3 28
1-131% 1.0 0.15 0.20 0.9 0.09 0.10 0.18 0.16 1218 61
Cs-137 1.0 12 12 14 135 14 13 13 13 13
Ba-140 0.1 0.53 0.16 2% 0.565 0.12 0.069 0.42 0.056 37
Pu-238 0.00001 160 0.00018 57 23 29 0.00009 13 0.00008 12
Pu-239 0.00001 180 0.00012 53 26 31 0.00008 14 0.00008 12
Pu-240 0.00001 180 0.00018 53 26 31 0.00008 14 0.00007 13
Pu-241 0.00001 3.5 0.000003 0.27 0.056 0.53 0.000005 0.28 000001 0.14
Am-241 0.000S 9000 0.016 59 130 1600 0.017 720 0.0066 290
Inhslation ¢
Mn-54 0.1 1.3 0.85 1.3 0.49 24 6.4 1.1 0.74 1.7
Fe-55 0.1 0.18 0.17 0.28 0.18 0.58 1.0 0.18 0.19 0.33
Sr-89 0.01 0.16 0.0086 14 0.0086 0.0086 83 0.11 0.0086 12
S:-90 0.01 65 0.24 2 0.24 0.24 2900 30 0.24 350
Y-91 0.0001 0.32 0.0089 15 0.0073 0.32 99 0.32 0.0084 14
795 0.002 23 1.2 3.9 0.33 21 40 1.3 1.2 6.3
Nb-95 0.01 0.51 0.4 1.9 0.24 0.66 8.3 0.44 0.36 16
Ru-103 0.05 0.24 0.31 31 0.19 0.50 16 0.32 0.26 25
Ru-106 0.05 1.6 1.8 37 1.2 23 1000 1.8 1.7 130
Sb-125 0.0 11 0.41 33 0.23 0.85 n 0.53 0.33 3.4
1-131 1.0 0.052 0.073 0.025 0.024 0.037 0.65 0.057 270 13
Cs-137 1.0 7.9 7.8 9 8.3 8.6 8.7 8.2 8.0 8.5
Ba-140 0.1 23 0.3 4.4 0.37 0.3 1.7 1.2 0.27 1.1
Ce-141 0.0003 0.26 0.044 4.1 0.031 0.26 17 0.085 0.025 26
Ce-144 0.0003 4.9 0.35 34 12 2% 790 29 0.29 100
Pu-238 0.00001 T20000 0.4% 33 10000 130000 310000 58000 0.38 61000
Pu-239 0.0000) 820000 0.39 3 12000 150000 320000 66000 0.37 64000
Pu-240 0.00001 820000 0.43 31 12000 150000 320000 66000 0.37 64000
Pu-241 0.00001 18000 0.023 0.18 270 3000 3100 1400 0.093 930
Am-241 0.0005 2200000 27 32 32000 380000 18000 170000 1.6 70000

Values are for adults except for ingestion of 1; the absorption fractions correspond to values used in previous UNSCEAR assessments [UL, U3J; the
committed equivalent dases (from [N1]) are for a period of S0 years after intake for sdults and to age 70 years for children (for ingestion of g

1311 age and milk consumption weighted valucs; 0-1 year, 1-9 yecars, 9-19 years, and adult age groups arc 2, 16, 20, 62% of populstion with milk consumption
330, 180, 150, 901 a°, respectively; the dose factors for the four age groups are the average for 3-month-old and 1-year-old children; for S-year-old children;
for 15-year-old children; and for adults.

€ Absorption assumptions are Class D (days): 1311 Y7¢s and 1%Ba; Qass W (weeks): >Mn, $3Fe, 1255b and X! Am; and Class Y: (years) all othet radionudlides.
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Table 8

Transfer cocfTiclents P, from depositon te dose for radionuclides produced in atmospheric nuclear testing

Transfer coefficiens to equivalent dase (nSv per Bq md)

Radio-
nuclide Transfer codfficiers
:f;;:a Breast Colon Gonads Liver Lungs R:irl::;‘ Thyroid for dffective dase
(nSv per Bq m?)
Ingestion
Fe.55 1.5 1.3 4] 15 47 13 15 1.5 20
$r-89 0.17 0.0091 0.74 0.0091 0.0091 0.0091 0.12 0.0091 0.12
Sr-90 722 24 35 24 24 24 330 24 52
I-131 0.011 0.014 0.0063 0.0059 0.0069 0.012 0.011 84 4.2
Cs-137 50 50 59 57 59 55 ss 55 S5
Ba-140 0.0026 0.00077 0.13 0.0027 0.00058 0.00033 0.0020 0.00027 0.018
Pu-238 8.0 “ 2.9 0.12 1.5 : 0.65 ¢ 0.60
Pu-239 130 0.00008 37 1.8 b2} 0.00005 9.8 37 8.4
Pu-240 130 0.00013 37 1.8 2 0.00006 9.8 0.00005 9.1
Pu-241 0.14 § 0.011 0.0022 “ ¢ .01 N 0.0056
Am-241 1800 0.0032 12 2% 320 0.0034 140 0.00132 58
Inhalation
Mn-54 0.017 0.011 0.017 0.0064 0.032 0.084 0.014 0.010 0.022
Fe-55 0.0024 0.0022 0.0037 0.0024 0.0076 0.013 0.0024 0.0025 0.0043
Sr89 0.0021 0.0001 0.18 0.0001 0.0001 11 0.0014 0.0001 0.16
Sr-90 0.85 0.0032 0.26 0.0032 0.0032 38 0.39 0.0032 4.6
Y91 0.0042 0.0001 0.20 0.0001 0.0042 1.3 0.0042 0.0001 0.18
Zr-95 0.030 0.016 0.051 0.0043 0.028 0.53 0.017 0.016 0.083
Nb-95 0.0067 0.0053 0.025 0.0032 0.0087 0.11 0.0058 0.0047 0.021
Ru-103 0.0032 0.0041 0.041 0.0025 0.0066 0.21 0.0042 0.0034 0.033
Ru-106 0.021 0.024 0.49 0.016 0.030 13 0.024 0.022 1.7
Sb-125 0.014 0.0054 0.043 0.0030 0.011 0.29 0.0070 0.0043 0.045
1-131 0.0007 0.0010 0.0003 0.0003 0.0005 0.0085 0.0008 3.5 0.17
Cs-137 0.10 0.10 0.12 0.11 0.11 0.11 0.11 0.11 0.11
Ba-140 0.030 0.0039 0.058 0.0049 0.0039 0.022 0.016 0.0035 0.014
Ce-141 0.003 0.0006 0.054 0.0004 0.0034 0.22 0.0011 0.0003 0.034
Ce-144 0.06 0.0046 0.45 0.0028 0.34 10 0.038 0.0038 13
Pu-238 9450 0.0058 0.43 130 1710 4100 760 0.0050 800
Pu-239 10800 0.0051 0.41 160 1970 4200 870 0.0049 840
Pu-240 10600 0.0056 0.41 160 1970 4200 870 0.0049 840
Pu-241 236 0.0003 0.0024 35 39 41 18 0.0012 12
Am-24] 28900 0.035 0.42 420 4990 240 2230 0.021 920
External exposure
Mn-54 9.9
95 3.7
Nb-95 1.0
Ru-103 0.72
Ru-106 29
Sb-125 16
I-131 0.12
Cs-137 97
Ba-140 1.1
Ce-141 0.081
Ce-144 0.47

Less than 0.00001.



Tabie 9

Effective dose commitments from radionuclides produced in atmospheric nuclear testing

Radio-

Effective dase commitment eSv)

elid North temperate zone (40°-50°) South temperate zone (40°-50°) World population
nuchae
External Ingestion Inhalation Total External Ingestion Inhalation Total External Ingestion Inhalation Total
H-3 48 36 51 13 0.95 14 44 33 47
C-14 2600 0.26 2600 2600 0.26 2600 2600 0.26 2600
Mn-54 93 0.21 94 26 0.06 26 57 013 57
Fe-S5 14 0.03 14 38 0.01 38 8.2 0.02 8.2
Si-£9 23 31 55 0.5] 0.68 1.2 14 19 33
S1-9%0 170 15 180 46 4.1 50 102 9.0 111
Y-91 4.6 4.6 1.0 1.0 28 28
7595 140 31 144 1] 0.69 32 8S 1.9 87
Nb.95 67 1.4 68 15 0.30 15 40 0.82 41
Ru-102 20 093 21 4.5 0.20 4.7 12 0.56 13
Ru-106 70 41 110 20 11 31 44 26 69
Sb-125 47 0.13 47 13 0.04 13 27 0.08 28
1-131 23 79 32 85 0.50 17 071 19 1.4 48 20 51
Cs-137 510 280 0.58 790 140 16 0.16 210 300 170 0.35 470
Ba-140 25 0.42 0.34 26 5.6 0.09 0.07 58 15 0.25 0.21 16
Ce-141 1.7 07 2.4 0.37 0.16 0.53 1.0 0.43 15
Ce-144 23 63 B6 6.1 17 23 14 38 52
Pu-238 0.0009 1.2 1.2 0.0002 0.30 0.30 0.0005 0.72 0.72
Pu-239 0.29 29 30 0.08 8.4 8.5 0.18 18 18
Pu-240 0.21 19 20 0.05 5.0 5.1 0.13 12 12
Pu-241 0.004 89 89 0.001 24 2.4 0.003 54 54
Am-24] 15 23 24 0.41 6.4 6.8 0.87 14 15
Total (rounded) 1000 3190 220 4400 260 2760 60 3100 600 2980 140 3700

821
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Table 10
Contributions to the totul efTective dose commitment to the world population from atmospheric nuclear testing

Effective dose Contribution 1o 1val (%} Effective dose Contribution to 1otal (%)
Radio- commitment Radio- commitment
nuclide wSv) Including Including nuclide (eSv) Including Including
100% ¢ 10% He 100% Hc 10% e
C-14 25850 70 19 Pu-230 18 05 13
Cs-137 470 13 35 Ba-140 16 0.4 1.2
Sr-90 110 30 8.1 Am-141 15 0.4 1.1
75-95 §7 2.4 6.4 Ru-113 13 0.3 0.9
Ru-106 69 1.9 5.1 Pu-240 12 0.3 0.9
Mn.54 57 1.5 4.2 Fe-55 8 0.2 0.6
Ce-144 52 1.4 38 Pu-241 s 0.1 0.4
1-131 51 1.4 kX3 Sr89 3 0.09 0.2
11-3 47 1.3 35 Y91 3 0.08 0.2
Nb-95 41 1.1 3.0 Ce-141 1 0.04 0.1
Sb-125 P a7 20 Pu-238 i 0.02 0.05
Total effective dose commitment 3700 ;Sv

Table 11
Collective effective dose W the world population committed by atmospheric nuclear testing

. Collective ¢fJective dose (1000 man Sv) Coniribution to total (%)
Radio-
nuclide External Ingestion Inialation Total Including 100% “C | Inciuding 105 c
C-14 25800 26 25800 86 39
Cs-137 1210 677 1.1 1890 6.3 28
Sr-90 406 29 43S 15 6.6
495 72 6.1 278 0.93 4.2
Ru-106 140 82 22 0.74 33
H-3 176 13 189 0.63 28
Mn.54 181 0.4 181 0.61 27
Ce-144 44 122 165 0.58 2s
1-131 4.4 154 6.3 164 0.55 2
Nb-95 129 2.6 131 0.4 2
Sb.125 88 0.2 &8 0.30 1.3
Pu.239 1.8 50 58 0.20 0.88
Am-241 8.7 EE) 53 0.18 0.80
Ba-140 49 0.81 0.66 51 0.17 0.77
Ru-103 3 1.8 41 0.14 0.62
Pu.240 1.3 a8 39 .13 0.59
Fe-55 26 0.06 26 0.09 0.40
Pu-241 0.0l 17 17 0.06 0.26
Str8¢ 4.5 6.0 11 0.04 0.16
Y-91 8.9 8.9 0.03 0.13
Ce-jd1 33 1.4 4.7 0.02 0.07
Py-238 0.003 2.3 23 0.01 0.03
Total (rounded) 2160 27200 440 20000 100 100

3

Corresponds 1o dose delivered by "C bhefore the year 2200.
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Table 12

Estimated number and yields of underground nuclear explosions

[N10, S2]
Y Number of Yield Y. Number of Yield Year Number of Yield

cr explosions (M1) il explosions (M) explosions (M1)
1957 5 0.002 1969 55 4. 1981 St 1.8
1958 15 0.03 1970 52 6.6 1982 58 1.8
1959 197} 36 6.9 1983 56 1.2
1960 1972 40 2.5 1984 58 23
1961 12 0.1 1973 30 1.7 1985 35 1.2
1962 61 1.0 1974 34 4.2 1986 pk] 0.8
1963 43 1.0 1975 38 15 1987 47 22
1964 48 1.0 1976 42 5.4 1988 40 1.6
1965 51 1.8 1977 45 3.5 1969 27 0.7
1966 59 3.7 1978 55 27 1990 18 1.1
1967 51 22 1979 54 3.9 1991 14 03
1968 60 4.8 1980 51 29 1992 8 11
Total 1352 test explosions Total yicld 90 Mt
Table 13

Atmospheric releases of fodine-131 to the atmosphere from underground tests carried out at the Nevada test site
in the United States

[H4]

Name of test Year of test Atmaspheric release (TBg)
Antler 1961 0.2
Feather 1961 0.04
Pampas 1962 0.0004
Plaue 1962 04
Eel 1962 0.4
Des Maines 1962 1200
Bandicoot 1962 330
Yuba 1963 0.0008
Eagle 1963 0.08
Pike 1964 13
Alva 1964 0.001
Drill 1964 0.5
Parrol 1964 0.2
Alpaca 1965 0.0009
Tee 1965 0.06
Diluted Waters 1965 0.7
Red Hot 1966 7
Pin Stripe 1966 7
Double Play 1966 4
Derringer 1966 0.009
Nash 1967 0.5
Midi Mist 1967 0.01
Hupmobiie 1968 4
Pod 1969 0.03
Scuttle 1969 0.0001
Snubber 1970 0.2
Mint Leaf 1970 3
Bancherry 1970 3000
Drngonal Line 1971 0.0
Riola 1980 0.02
Total (rounded) 5000
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Table 14

Estimated annual releases of M o the atmosphere from the Hanlord plutonivm production plant In the

United States [C5)

Year Annual release (TBy) Veur Annual release (T8q) Year Annual release (TBy)
1944 1800 47 900 1952 40
1945 13000 1948 40 1953 25
1946 2800 1949 230 1954 20
1950 100 1955 30
195) 630 1956 15
Tota) 1943-1946 17600 Total 1947-1956 2030

Table 15

Estimated cumulative doses from radionuclides released into the Techa River from the Chelyabinsk plutonium
production plant in the former USSR

(Ad]
Distance downsiream Absorbed dose (mGy) Effective
Village from the point of discharge dose
(k) Red bone Hone lining Gl ract Other (mSv)
marrow cells
Metlino * 7 1640 2260 1400 1270 1400
Techa-Vrod © 18 1270 1480 1190 1150 1190
Asanovo ° 2 1270 1900 1040 900 1000
Nadirovo © 49 950 1800 620 440 560
Mustyumovo % 610 1430 290 120 240
Brodokalmak 109 140 310 0 33 58
Russkaya Techa 138 220 530 100 37 82
Novopetropavioskoc 152 280 680 130 43 100
Schutikha 202 80 180 26 2 3%
Zatechenskoe 237 170 400 84 32 66
°  Village was evacuated.
Table 16
Estimated uranium and fucl requirements to generale 1 GW a of electrical energy
(02, 03)
Amount required for | GW vewr
Reacior
type Naneal uranim Uranium axide © Enrichment Fuel
7 (1) (swep b 17}
LWR ¢ 220 260 130000 37
1TWR 4 180 210 - 180
Magnox ¢ 330 290 - 330
AGR/ 220 260 130000 38

~ A n N oo o

Denved from the amounts of natural uranium usaing a U304 heavy metal ratio of 1:18.

Separauve work unts.

Assuming average fuel irradiation of 30 GWdAL! (thermal encrgy), theemal cftficiency of 335 and an average fuel enrichment of 3% with 0.255% 1ails.
Assuming a fuel imadiation of 7.3 GWdAU (thermal encrgyd and & thermid efficiency of 305,
Assumung a fuel imadiation of 4.5 GWAAU (thermal encrgy) snd o thermul efficiency of 6%,
Assuming an average fuel irudistion of 24 GWJAU (thermal energy), a thermid efficiency of 40% and average enrichment of 2.7% and tails of 0.25%.




Table 17

Production of uranium

(02]
Annual production of uranium (1) *
Country
1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 "

Argentina 22 40 100 126 134 187 123 155 172 129 126 173 95 142 150
Australia 359 356 516 705 1561 2922 4422 321 4324 3206 4154 3780 3532 3800
Belpum 20 40 45 45 40 40 40 40 40 40
Brazi) is 4 242 189 17 115 18 0 0 0
Canada 560 4aB50 5790 6800 6820 7150 7720 8080 7140 1170 10880 11720 12440 12400 11000
France 1731 187) 297 2183 2362 2634 2552 2859 2 3168 3189 3ns 3376 3394 3190
Gabon 500 830 Yo7 1022 1100 1033 1022 970 1006 918 910 900 8} 930 950
Germany, Fed. Rep.of 57 38 15 a5 25 a5 36 34 47 32 30 26 53 38 30
India 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200
Japan 3 2 1 2 2 5 3 5 4 4 7 6 8 0 0
Namibia 654 2340 2697 3840 4042 3971 3776 3719 3700 3400 3300 3500 3600 2600
Niger 1306 1460 1609 2060 3620 4128 4363 4259 3426 3276 3181 ino 2970 2970 3000
Pakistan 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
Portugal 115 88 95 98 114 82 102 113 104 115 119 110 141 144 150
South Africa 2488 2758 3360 3961 4797 6146 6131 5816 6060 5732 4880 4602 3963 3850 24
Spain 126 170 177 191 190 190 178 150 170 196 201 215 23 228 216
United States 8900 2800 11500 14200 14400 16800 14800 10300 8200 5700 4300 5200 5000 5050 4600
Yugoslavia 30 59 72 80 85

Total 19348 23170 28577 34)21 38339 44243 44197 41456 36994 38851 34874 37208 36691 26628 33941

Data only include uranium produced in WOCA (Woxld Outside Centrally planned cconomies Area).

ate believed 10 be China, Czechoslovakia, the German Democratic Republic and the USSR (14).

Data for 1989 are estimates.

Estimate of wanium production in non-WOCA countrics in 1990 is about 18,000 t uranium per year with a decreasing trend; the main producers

LYOdTH £661 YVIIOSNN
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Tabic 18

Radon emissions from uranium mines

[A6, A9, D4, N12, 005, R2, W5)

Ore grade Production of Lmission of Normalized emission
Mine Yeur U;0,° 2Ry of 22pn
(% of UyOy " (Ti3q) (GBg 1))
Australin
Ranger 1985 0.32 4500 as® 10 ¢
1986 0.35 4700 73 16 ¢
1987 0.38 5000 89 ® 18¢
1988 0.42 6400 120 % 19°¢
1989 0.41 6000 130 pe
Otympic ¢ 1988 0.1t 600 16 7
1989 0.11 1200 1 27
Nabarick © 1985 1.42 1600 21 13
1986 1.42 1600 21 13
1987 1.42 1600 21 13
1988 142 900 12 13
Cunsda
Amok 1985 0.37 560 1 1.2
1986 0.40 850 1 1.2
1987 0.42 §70 1 1.2
1988 0.49 Y00 1 11
1989 0.57 740 1 14
Rabbit Lake 1985 0.22 8§90 1600 1800
1986 0.46 1500 1600 1100
1987 0.51 2300 1600 680
1988 0.7 2800 1600 560
1989 0.84 2011 1600 760
Denison Mine 1985 0.08 2600 1100 500
19806 0.08 2040 1100 530
1987 0.08 1900 1N 570
1988 0.08 2060 1100 520
1989 0.08 2000 1100 540
Panel Minc 1985 0.10 WMo 96 97
1980 .10 980 96 98
1987 0.9 820 9% 120
1988 0.08 780 9% 120
1989 0. 850 96 110
Stanleigh Mine 1985 0.07 810 120 150
1986 0.07 750 120 160
1987 0.07 500 120 240
1988 0.07 60 120 270
1989 0.9 570 120 210
German Democratic Republic
Thuringan Mincs 1985 0.n2 3600 540 150
1980 (VR0 3500 610 170
1987 0.08] 3500 660 190
1988 0.09] 3400 130 210
1989 0.000 3300 690 210
Auc 1985 0483 840 1600 1900
1986 0.466 750 1700 2300
1987 0.478 o 1400 2000
1988 0.463 v 1400 1950
1989 0.481 0690 650 A
Konigstein 1985 - 670 160 240
19806 005 300 500
1987 540 300 560
1988 520 260 500
1989 S0 50 500
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Table 18 (conlinued)

Ore grade Production of Iimission of Normalized emission
Mine Vear U,0,° *2fn of 2Rn
(% of U;09 I (Ttig) (GBg i)
Freital 1985 0.087 160 10 61
1986 0100 180 8 45
Ju87 0.116 190 7 36
1988 0.112 170 6 36
1989 [N 130 5 40
“ The mill throughpul was used when the mine throughput was not available.
b Estimated from 1989 vulue.
¢ Estimated from 1989 valuc, normalized 1o U350y production.
¢ Mcuallwgcal plant; production commenced in June 1988,
“ Mining ccased in 1990. Mill feed was taken from stockpile, and tuilings were 1ciurned to mine pit.
/" Emission of radon cstimated from annual average conceniration in cxhiust atr.
Table 19
Rudionuclides released in airborne eMuents from uranium mills
[A6, N12, 05, R2]
Ore Ore U;0,4 Annual emission (GHq)
Mine Year grade throughput production
) ) " 20, 2i0p, n2p, 26p, Loy, 218y,
Austrulia
Ranger 1985 0.32 I 3200 43000 12
1986 0.35 0.97 3300 46000 1
1987 0.38 0.87 3300 44000 0.8
1988 0.42 0.78 3300 44000 0.8
1989 0.41 0.98 4000 54000 2
Olympic ° 1988 0.11 0.5 550 10 85 8000 0.05 0.05 0.1
1989 0.1l L 1200 2) 140 16000 0.1 0.1 0.2
Nabarick ® 1985 1.42 012 1700 21000 0.7
1986 1.42 0.12 1700 21000 0.7
1987 1.42 012 1700 21000 0.7
1988 1.42 0.07 990 12000 0.4
Cunuda
Key lake 1985 0.28 0.19 S30 0.000 0.0004 0.02
1986 023 0.25 580
1987 0.19 0.28 530 0.11 0.002 0.011 3Ls
1988 0.2 0.24 480
1989 0.2¢ 0.24 S8O 0.009 0.024 0.041 0.85
Rabbit Lake 1985- 0.53 0.36 1900 92X}
1989
Total release (Gidg) 012 ‘ 339200 0.18 0.20 41.0
U304 production {1} 1640 27000 2870 3400 2700
Narmahzed release (CGilig l']) VLOOVOT 13 0.00006 0.00006 0.00a15
Normalized release [GBg (GW )] 0.2 3000 0.02 0.02 0.4

muliing.

Mill operations ceased in July J988.

Data for Olympic mull are not generally representative and wre, therefore, not included 1n total.
ymp: 8 yrep

Metaliwgcal plant; production commenced in June 1988, enusstons of “'Pb aad *"Fo are for the particular process and are nol representative of normal
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Table 20

Rudionuclides released in lHguid cffluents from urnnium mills

[A6]
Ore Ore U0, Annual emission (Glig)
Mine Year grade throughput production N
(%) (M) ) Hopy 26Ra o7y, B2y
Conuda
Amok 1987 042 0.206 86S 0.3 0.13 0.2 16
1988 (.49 0.183 897 0] 0.02 0.035 6.5
1988 0.57 0.13 741 0,05 0.0 0.029 2.6
Key Lake 1985 2N 0.195 5304 0.34 0.23 0.6} 1.7
1986 23 0.249 5782 0.16 0.19 0.16 L1
1987 1.87 0.282 5213 0.15 0.19 0.06 1.3
1988 1.94 0.242 4695 0.06 1.2 0.11 0.5
1989 2.40 0.243 5832 0.07 0.17 0.07 0.7
Total release (GBg) .23 214 1.32 35.40
U404 production (1) 29400 29300 29400 29400
Normalized release {GBqg v) 0.00004 0.00007 0.0000S 0.0012
Normalized release [GBq (GW )'!) 0.01 0.02 0.01 0.3
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Table 21
Radon cmisstons from urnnium mill tailing piles

Mill Year Tailings area I:'mi:sim‘y rate 22Rn emission
tha) (Hg m* 5°%) The)
Argentins [C18)
San Rafacl 1986 5.0 8.2 13
1987 5.0 11.5 18
Los Adobes 1486 1.0 8.1 18
Don Otto 1986 1.5 43.) 100
Los Gigantes 1985 5.0 0.7 1
1986 5.0 08 1
La Esida 1986 1.0 11.0 3
Malargue 1988 3.0 10.7 10
1986 3.0 123 11
1987 30 10.2 9.5
Australin {A9, C8, D4, L4, 05, R2)
Ranger * 1985 07360 0/01°% 11
1986 0/360° vro1t 1
1987 0/360° 0/01°% n
1988 1107250 09/01°% 40
1989 120/240 % 09/0.1° 4s
Olympic ¥ 1988 s 1.6 6
1989 KAl 1.6 13
Nabarick € 1985 6.2 0.1 0.2
1986 6.2 0.1 0.2
1987 6.2 2 4.2
1988 6.2 Z 4.2
1989 6.2 21 4.2
Canada |AG]
Key Lake 1985-1989 36 6 68
Rabbit Lake .
Tailings pond 1985-1989 53 3.7 62
Open pit 1985-1989 118 20 73
Pancl mine 1985 58 10 173
1986 60 10 189
1987 67 10 211
1988 74 10 233
1989 80 10 252
Stanieigh mine 1985 is 10 110
1986 38 10 120
1987 43 10 136
1988 37 10 148
1989 St 10 158
Quirke mine 1985 107 10 337
1086 11 10 350
1987 118 10 363
1988 123 10 382
1989 127 1w 400
German Democrotic Repuhlic [W5)
Crossen [RE) 20 12/ 450
Scelingsstadt 1989 2507 1/ 00

-

Subaqucous 1ailings deposition until 1988, then combination of subagqueous and subucnal tuilings deposition,
Subaerial 13ilings deposition, using # rotational cycle to produie tayenng of uhings.

Subsiqueous tailings depositon prior to 1987: subicriad tubings deposition thereafior.

Submerial subaqueous values.

About 50% of the tailing piles are covered with water.

Subaerial value.

> o

e A
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Table 22
Normalized releases of radionuclides in uirborne ¢luents and collective doses from i maodel uranium mine and
mill °
Normalized release Nurmalized collective effective dase
[GBg (GW a)!) Collective {man Sv (GW ayl)
Radio- duse par wnil
nuclide Mill 1ailings release Mill 1ailings
Mine Mill ( Se1n .') Mine Al
H TN v ’
In vperation Abandoned q In operation Abandoned
Pb-210 0.02 1 0.00002
Po-210 0.02 i 0.00002
Rn-222 75000 3000 20000 1000 & 0.015 1.1 0.045 03¢ 150 ¢
Ra-226 0.02 0.6 0.00001
Th-230 0.02 30 0.0006
U-234 0.4 8 0.003 .
U.238 0.4 7 0.003

Normalized cmissions in liquid cfTlucnts (0.01 for 0pg M0py 4nd BN, 0,02 for PORa: 0.3 for 34U and PN contribute neglipbly to the collective dose.
Annual activity released: the ratc of activity is assumed to remain constant over more than 10.000 years,

Dosc commitment corresponding 1o a live-year release.
Dose commitment corresponding 10 a §0.000-year releuse.

Table 23

Uranium-238 released in efMluents from fuel conversion, enrichment and Mbrication plants -

[A6, B3, M3]

Airborne discharges (Glig) Liquid discharges (GBq)
Installation Year .
..'SU ."JJU
Cunuda
Blind River refinery 1985 0y 0.2
Capacity: 18,000 t of uranium as 1986 IRY 0.08
U0, 1987 1.1 0.1
1988 1.0 .2
1989 0.Y 0.1
Pon Hope UO, plant 1986 0.4 0
Capaaity: 2,800 ¢ of uranium as 1987 [1X1] 0
U0, 1988 0.4 0
1989 (U o
Port Hope UF plant 1986 31 5.3
Capaoty: 10,000 1 o uraruum a> 1987 26 26
UF, 1988 5 37
1989 0.7 2.6
Toronto fucl fabrniaction plant 1987 < 0.001 0.02
Capacity: 1050 1 of ursnium as [£133 < 0.001 0.02
uo, 1989 < 0001 0.02
Port Hape fuel fabrication plant 1987 0.001 0.01
Capactty: Y00 ¢ of wramum as 1988 0.001 0.01
U0, 1989 0.001 0.0]
Airborne discharges (GBg) Liquid discharges (GBg)
Uranium Uranic u Uranic |} Uranic « Uranic B
Republic of Korcu
Koxea Nuclear Fuel Company 1488 007 03 [(XF L) 0.013
{fabrication) 1989 u.3 0.1 003 0.013




138

UNSCEAR 1993 REPORT

‘Tuble 23 (continued)

Airborne discharges (Glig) Liquid discharges (GBq)
Instullation
Uranium Uranic u Uranic B Uraric a Uranic
United Kingdum
Capenhurst (eanichment) 1985 0.006 0.9 09
1986 0.0} 2 2
1987 002 3 3
1988 0402 1.7 L7
1989 < 09 <09
Springficlds (conversion, fabrication) 1985 | 1 700 160000
1986 | 1 600 115000
1987 ! 1 500 77000
1988 1 ! 400 110000
1989 ! 2 400 114000

Table 24

Normualized releases of rudionuclides from model fuel conversion, enrichment and fabrication facility

Atmaspheric discharges [MBg (GW a)"/ Jrom

Agquatic discharges [MBq (GW o)’} from

Radio-

nuclide Conversion Enrichment Fubrication Comversivn Enrichment Fabrication
Ra:226 0.11

Th-228 0.022

Th-230 0.4

Th-232 0.022

Th-234 130 1.3 0 170
U-234 130 1.3 0.33 a4 10 170
U-235 6.1 0.00 0.0014 4.3 0.5 1.4
11228 130 1.3 0.34 94 10 170
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Tuble 25
Worldwide Installed capacity nnd electrical energy generated
(19]
Startup Capucity Elecirical energy generated (GW a)
Couniry Reactor . i
year (cw 1085 1086 1087 1958 1989
PWRs
Beigum Docl 14 197485 27 1.893 .23 2.062 2275 2.079
Tihange 14 1975185 2791 1.440 2026 2,483 2.386 2388
Brazl Angra 1 1982 0.620 0.362 0.015 0.104 0.065 0.194
Bulgaria Kazloduy-1-2 1974178 0.816 0.677 0.606 0.639 0.548 0.555
Kozloduy-3-4 1980/82 0.816 0.712 0.669 0.659 0.687 0.601
Kozloduy-5 1987 0.953 - . 0.016 0.449 0.383
China, Taiwan Province Maanshan 1 1984 0.89 0.355 0.190 0.541 0.587 0.619
Maanshan 2 1985 0.89 0.484 0.308 0.735 0.619 0.603
Czechoslovakia Bohunice 14 197885 1.632 0.993 1.242 1.220 1.217 1.290
Dukovany 14 1985/87 1.632 0.228 0.654 1.139 1.261 1327
Finland Lowviisa 1-2 19780 0.89 0.816 0.765 0.819 0.794 0.814
France Belleville 12 1987/88 2.62 - - 0.071 0.955 1.559
Blayais 14 1981/83 3.04 2921 2.887 2.509 2.228 2704
Bugey 2-5 1978779 3.64 2.605 2.658 2,140 1.952 2273
Catenom }-2 1986/87 26 - 0.025 0.998 1.532 0.978
Chinon Bi-B4 1982187 3.55 1.257 1.499 1.674 2125 2340
Chooz-A (Ardennes) 1967 0.305 0.193 0.156 0.094 0.198 0.186
Cruas 1-4 19884 3.555 2547 2541 2.392 2025 2555
Dampierse §-4 198781 3.560 2742 2762 2.295 2.118 2655
Fessenheim 1.2 M 1.76 1.366 1.2717 1.276 1,168 1.016
Pamanville 1.2 1985/86 2.66 0 0.792 1.631 1.630 1.552
Gravelines 1-0 1980785 5.46 3952 4.098 3.617 3.694 3.882
Nogent 1-2 1987/88 2.62 . - 0.055 0.886 1.215
Piluel 1-4 1984486 5.32 1.586 4.5717 5.537 4.836 5.667
St. Alban 1.2 1985/86 267 0.147 0.891 1.490 1.113 1.473
St. Laurent BI-2 1081 1.795 1.247 1.2712 1.168 1.236 1.329
Tricastin 14 198L/8 1 3.66 2946 2 2.587 2309 2575
Germany, Fed. Rep. of Biblis A-B 1974776 2.386 1.752 1.563 1.494 1.322 1.324
Brokdorf 1486 1.326 - 0.034 1.082 0.980 1.026
Emsland lys8 1.242 - - - 0.650 1125
Grafenthainlzd 198} 1.235 1112 0.995 0.954 1,005 1073
Greifswald 7371 1632 1.117 L 1.117 1117 1.129
Grohnde 1984 1.3 1.241 1.165 1.101 1.165 1.173
Isar 2 1988 1.31 - - . 0.688 0.882
Milheim-Karhich 1986 1.219 - 0.155 0.332 0.688 0
Neckarwestheim 1-2 1970/89 202 0.703 0.474 0.616 0.602 1.449
Obrighaim 1968 0.34 0.296 0.304 0.283 0.299 0.292
Philippsburg 2 1984 1.268 1068 1.168 1.098 1109 1.10§
Stade 1972 0.04 0.555 0.573 0.506 0.507 0.478
Unterweser 1978 1.23 1.134 0.831 0.990 1.040 1.055
Hungary Paks 1-4 1982/87 1.66 0.696 0.797 1.179 1.441 1.490
Italy Enrico Fermi 1964 0.26 0.148 0.230 0.018 0 0
Japan Genkui 1-2 1975/80 1.058 .793 .856 0.872 0.665 0.619
lkats 1.2 197781 1.076 0.841 0.961 0.965 0.808 0.835
Mihsma §.3 196 1.57 1.154 1.468 1124 1.09) 1.178
Ohi 1.2 1977778 223 1.443 1.712 1.788 1.072 1.435
Scndat J-2 198385 1.692 0.994 1.379 1.392 1.495 1.413
Takshama 14 1974/84 N 1471 2.485 2.391 2.215 2472
Tomari-1 1988 0.55 . - - 0.006 0.412
Tsurugn-2 1986 LS 0.177 0.999 0.906 0.857
Netherlands Borssele 1973 0.481 0.372 0.408 0.337 0.346 0.391
Republic of Korea Kori 1 197 0.556 0.361 0.374 0.520 0.254 0.312
Kori 2 1983 0.605 0426 0.450 0.487 0.514 0.578
Kori 34 JUBS 1L.7Y 0.20) 1.218 1332 1.373 1.458
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Tubie 25 (continucd)

. . Llecirical energy gen W g
Couniry Reactor Sari-up C“'/’f"'"." c £y generated (GW a)
year fiw) 1985 1986 1087 1988 1989
Republic of Korea Uichin 1.2 1988789 1.84 - . 0.114 0.831
(continued) Yongpwing 1.2 1986 1.8 0.282 1.172 1.425 1.388
South Africa Kocherg 1-2 1984/8S 1,844 0.616 1.008 070 1,201 1.269
Spain Almaraz 1-2 1981/83 1.86 1.263 1,284 1.552 1.449 1.496
Asco | 1983 0.93 0.506 0.586 0.730 0.761 0.771
Asco 2 1985 0.93 0.030 0.613 0.680 0.784 0.768
José Cabrera | 1968 0.153 0.032 0.120 0.125 0.130 0.129
Tiillo 1 1988 Lo+ . - - 0.179 0.816
Vandcllos 2 1987 0.996 - - 0.005 0.582 0.670
Sweden Ringhals 2 1971 08 0.440 0.453 0.48]1 0.481 0.413
Ringhals 3 1980 0915 0.695 0.712 0.704 0.702 0.665
Ringhals 4 1982 0915 0.676 0.641 0.647 0.758 0.632
Switzerland Beznau 122 1969771 0.7 0.603 0.60] 0.572 0.593 0.579
Gisgen 1979 0.94 0.770 0.771 0.789 0.783 0.785
USSR Asmenia 1-2 1976/79 0.752 0.601 0.343 0.540 0.550 0.150
Balakovo 1-3 198588 2.85 0.006 0.504 1.090 2230 2150
Kalinin 1.2 1954/86 1.9 0.543 0.657 1.522 1.400 1.500
Khmelnitsks 1 1987 0.95 . . 0.005 0.450 0710
Keln 14 1973/84 1.644 1.239 1.355 1.460 1.430 1.430
Novovoronezh 3-5 1971780 1L.72 1.907 1.380 1.710 1.310 1.280
Rowno 1-3 1980/R0 1.69S 1.210 0.696 1.302 1.380 1.440
South Ukruine 1-3 1982/RY 285 1.503 1.408 0.916 1.240 1.000
Zaparorzhe 1-5 19849 4,75 0.559 1.279 2236 2.850 2430
United States Arkinsas One-) 1474 0.836 0.593 0.410 0.544 0.452 0.386
Arkansas One-2 1978 0.858 0.537 0.607 0.754 0.565 0.625
Beaver Valley 1-2 197687 1.643 0.674 0.546 0.726 1.309 0.953
Braidwood 1 1987 112 - - 0,166 0.391 0.531
Braidwood 2 1988 112 - B - 0.154 0.815
Byron 12 198587 221 0.194 0.844 1.054 1,445 1.714
Calliway | J984 1118 0.918 0.822 0,722 0.930 0.953
Calvert Cliffs 1-2 1975776 1.68 1.138 1.465 1.153 1.343 0.319
Catawba 1 1985 1129 0.293 0.594 0.731 0.872 0.888
Catiwba 2 1986 1.129 . 0.151 0.818 0.620 0.745
Crystal River 3 1977 0.521 0.327 0.303 0.413 0.658 0.334
Davis-Besse 1 1977 0.86 0.222 0 0.578 0.133 0.536
Diablo Canyon 1.2 YRS 216 0.659 1.378 1.600 1.31§ 1.60S
Donald Cook 1-2 1975778 208 0.890 1.254 1.148 1.118 1.381
Farley 1 w77 0.824 0.670 0.655 0.736 0.674 0.688
Farley 2 1981 0.53 0.625 0.680 0.561 0.748 0.642
Fort Cathoun | 1973 0.478 0.350 0.412 0.349 0.300 0.376
1L 3. Robinson 2 1970 0.665 0.508 0.548 0.484 0.363 0.319
1{addam Neck 1967 0.565 0.529 0.244 0.290 0.378 0.338
Indian Point 1-2 1962773 0.864 0.701 0.437 0.588 0.692 0.511
Indian Poim 3 1976 0.965 0.540 0.631 0.554 0.766 0.567
Kewaunce 1974 0.503 0.422 0.440 0.458 0.447 0.427
Maine Yankee 1972 0.81 0.611 0.713 0.462 0.526 0.792
McGuire ] 198 1129 0.774 0.593 0.839 0.845 0.891
McGuire 2 1983 1.129 0.630 0.710 0.865 0.920 0.847
Mulbstone 2 1978 0.663 .40 (.590 0.787 0.655 0.544
Milistone 2 14986 1,142 - 0.669 0.770 0.877 0.809
North Anni 1-2 1978730 153 1.440 1.408 1.053 1.687 1.164
Oconee 1-2-3 1973773 2538 1039 1.902 1.567 2134 2.088
Palisades 1971 0.73 0.608 0.09¢ 0.301 0.392 0.415
Palo Verde | 1985 L2214 0.129 0718 0.601 0.761 0.205
Palo Verde 2 1986 1.221 - 0.303 0.93S 0.770 0.536
Palo Verde 3 1987 1221 . - . 1,146 0.152
Poinl Beach 1-2 1970772 0.97 0.794 0.82) 0.819 0.862 0.810
Praine Island 1-2 1973774 1.003 0.832 0.876 0.919 0.850 0.945
R. .. Ginna 1969 0.47 413 0.412 0.434 0.403 0.351
Rancho Seco | 974 0.873 0.221 0 1} 0.326 0.165
Salem ) 1976 1,106 1.028 0.809 0.710 0,647 0.709
Salem 2 1981 1106 0.575 0.607 0.708 0.683 0.893
San Onolre | 1467 0.436 0.281 0.101 0.309 0.158 0.135
San Onofre 2-3 1982783 2,18 1017 1.499 1.572 1.729 1.607
Sequoyah -2 1980781 2.296 1307 0 0 0.464 1.783
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Table 25 (continued)
& i ; W
Start-up Capacity Elecirical encrgy generated (GW a)
Counmry Reactor e

veur GH) 1985 1956 1987 1988 1989
United States Shearon llarsis 1 1987 0.80 - 0.386 0.610 0.644
{continued) South Texas 1 1988 1.25 - - - 0.319 0.720
South Texas 2 1989 1.25 - . - - 0.346
St Luae | 1976 0.839 0.670 0.805 0.653 0.714 0.793
St. Lude 2 1983 0.839 0.697 0.702 0.679 0.846 0.621
Surry 1-2 1972112 1.562 1.106 1.026 1.076 0.714 0.464
Three Mile Itand | 1974 0.808 0.093 0.550 0.575 0.624 0.524

Three Mile Istand 2 1978 0 0 0 0 0 0
Trojan 975 1095 0.789 0.810 0.498 0.724 0.633
Turkey Point 3 1972 0.666 0.39) 0.515 0.101 0.396 0.412
Turkey Point 4 1973 0.666 0.591 0.199 0.303 0.373 0.241
Virgil C. Summer | 1982 0.885 0.598 0.817 0.590 0.579 0.618
Vogtle 1, 2 1987/8Y 2.166 - - 0.447 0.776 0.994
Walcrford 3 1985 1.075 0.317 0.834 0.849 0.748 0.869
Wolf Creek 1985 1.135 0.435 0.795 0.742 0.762 1.108
Yankce NPS 1960 0.167 0.135 0.159 0.130 0.128 0.149
Zion 1-2 1973 208 1.138 1300 1.278 1.484 1.449
Yugoslavia Krsko 1981 0.62 0.439 0.436 0.458 0.449 0.508
Total annual clectrical cnergy generated (GW a) 199.54 95.01 106.94 119.15 130.10 137.79

BWRs

China, Taiwan Province Chin Shan 1 1977 0.604 0.431 0.469 0.456 0.401 0.318
Chin Shan 2 1978 0.604 0.490 0.433 0.427 0.426 0.349
Kuosheng 1 1981 0.951 0.677 0.833 0.729 0.638 0.608
Kuosheng 2 1982 0.951 0.708 0.717 0.741 0.685 0.597
Finland ™GO 1-2 1978780 0.71 1.236 1.290 1.297 1312 1.242
Gcermany, Fed. Rep. of Brunsbiuel 1976 0.771 0.642 0.643 0.597 0.581 0.468
Gundremmingen B,.C 1984 2.488 2.089 1.863 1.798 1.659 2.002
Isar | 1977 0.87 0.723 0.818 0.644 0.594 0.594
Krimmel 1983 1.26 1.062 1.083 1.048 1.052 0.941
Philippsburg 1 1974 0.863 0.699 0.596 0.741 0.708 0.703
Wirgassen 1971 0.64 0.530 0.551 0.540 0.531 0.432
India Turapur-1,2 a6y 0.30 0.212 0212 0.155 0.217 0.140

ltaly Caorso 1981 0.86 0.454 0.605 0 0 0
Japan Fukushima Daiichi 1-6 1970779 4.536 2.930 3,260 .27 3.296 3173
Fukushim:: Daini 1-4 1981/86 4.286 2.426 2474 3.067 3.309 2718
Hamaoka 1-3 1974/86 231 1.008 0.856 1.813 1.475 1.724
Kashiwazak Kanwa 1.5 1984/89 2134 0.566 0.765 1.050 0.794 0.854
Onugawa-1 1983 0.497 0372 0.3584 0.361 0.389 0.344
Shimane 1-2 1973788 1.3 0.433 0.243 0.344 0.419 0.967
Tokai 2 1978 1.08 0.794 0.662 0.804 0.695 0.963
Tsurugn 1 1969 0.341 0.194 0.261 0.268 0.254 0.281
Mexico Laguna Verde (Mark) 1989 0.65 - - - - 0.036
Netherlands Dodewaard 068 0.05 0.049 0.046 0.047 0.049 0.041
Spain Confrentes 1084 0939 0.701 0.761 0.786 0.815 0.805
S. Mariu de Garong N 0.46 0.198 0.390 0.293 0.307 0.401
Sweden Barsebeck 1 1975 0.6 0.468 0.499 0.520 0.501 0.494
Barscheck 2 1976 0.0 0.492 0.471 0.508 0.501 0.480
Forsmark | 1980 0.97 0.638 0.835 0.741 0.782 0.701
Forsmark 2 1981 0.97 0.655 0.798 0.748 0.796 0.678
Farsmark 3 1985 1.06R 0.474 0.921 0.804 0.852 0.841
Oskarshamn 1 1971 0.442 0.314 0.358 0.369 0.327 0.363
Oskarshamn 2 1974 0.605 U.455 0.488 0.483 0.504 0.452
Oskarshamn 3 1988 1.16 0.439 0.957 0.806 0.838 0.889
Ringhals | 1974 0.7s 0.590 0.510 0.556 0.536 0.554
Switzerland Leibstadt 1984 099 0.773 0.713 0.823 0.842 0.799
Miihleberg 1972 0.322 0.285 0.24) 0.28 0.285 0.262
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Table 25 (continucd)

. . Elecirical energy generated (GW g
Country Reactor Nart-up Cap?clry ca e { )
year (@ 1085 1086 1987 1988 1989
United States Big Rock Paint 1962 0.067 0.0:41 0.058 0.043 0.044 0.048
Browns Ferry 1-3 1973176 3.195 0.387 0 0 0 0
Brunswick 1.2 1975776 1.58 0.798 1.017 1113 0.957 0.958
Qlinton |} 1987 0.946 . - 0.186 0.669 0.327
Cooper 1974 0.764 0.122 0.463 0.630 0.480 0.547
Dresden 2-3 1920171 1.548 0.857 0,703 0.886 0.970 1.127
Duane Amnold-} 1974 0.538 0.222 0.364 0.29] 0.402 0.359
Enrico Fernu 2 1986 1.093 . 0 0.159 0.463 0.597
Fitzpatrick 1975 0.757 0.476 0.687 0.479 0.497 0.703
Grand Gulf 1 1984 1.142 0.493 0.468 0.882 1.095 0.596
Haich 1-2 1974778 1.525 1.157 0.829 1.237 0.956 1.213
Hope Creck 1 1986 1.031 - 0.118 0.834 0.739 0.755
Humboldt Bay 2 1963
Lacrosse 1968 0.048 0.037 0.018 0.015
Lasalle 1-2 1952/84 2072 0.948 0.894 0.991 1.269 1.448
Limerick 1 1985 1.055 0.133 0.823 0.010 0.762 0.599
Millstone ) 1970 0.654 0.524 0.599 0.500 0.632 0.530
Monlicelio 197} 0.536 0.489 0,386 0.404 0.522 0.303
Nine Mile Point 1 1969 0.61 0.563 0.359 0.527
Nine Mile Point 2 1987 Lon - . 0.030 0.290 0.490
Opyster Creck 1969 0.62 0.428 0.150 0.355 0.405 0.275
Peach Bottom 2-3 1973 2.086 0.651 1.342 0.355 0 0.471
Perry | 1986 1.14] - - 0.095 0.826 0.612
Pilgrim | 19N 0.67 0.565 0.117 0 0 0.195
Quad Cities -2 1972 1.538 1.214 1.045 1.074 1123 1.144
River Bend 1985 0.936 0.003 0.342 0.567 0.828 0.546
Susquchanna 1-2 1982/84 207 1.439 1.290 1.682 1.635 1.514
Vermont Yankec 1972 0.504 0.342 0.235 0.404 0.470 0.412
WPPSS-2 1984 1.095 0.591 0.592 0.685 0.685 0.700
Tolal annual clectrical encrgy generated (GW a) 73.56 37.65 40.00 42,95 44.09 43.98
1IWRs
Asgentina Atucha-! 1974 0.335 0.168 0.252 0.160 0.092 0
Embalsc 1983 0.6 0.431 0.350 0.522 0.521 0.532
Canada Bruce |3 1971178 3.394 2.558 2.447 2.167 2008 1.830
Bruce 58 198487 3.371 1.297 2.061 2.592 2.698 3.005
Gentilly-2 1982 0.64 0.364 0.433 0.532 0.603 0.556
Pickening 1-4 1971/73 2.00 0.710 0,783 0.919 0.872 1.205
Pickering 5-8 1982780 2064 1.227 1.670 1.786 1.934 1.719
Point Lepreau 1982 0.635 0.619 0.596 0.583 0.609 0.601
India Kalpakkam }-2 1983 0.44 0.094 0.176 0.247 0.217 0.096
Rajasthan 1-2 197280 0.414 0.135 0.123 0.137 0.184 0.159
Pakistan Karuch 1971 0.125 0.030 0,060 0.035 0.022 0.0080
Republic of Korea Wolsong 1 1982 0.629 0,599 0.505 0.589 0.504 0.577
Total annual clectncal energy gencrated (GW ) 14.58 8.20 9.40 10.24 10.24 10.28
GCRs
France Bugey | 72 0.8 0.317 0.179 0.211 0.289 0.203
Ghinon A2-3 1965466 0.54 0.081 0 0.012 0.109 0.150
St. Laurent AL-2 1969774 0.84 0.40] 0.514 0.492 0.628 0.316
Japan Tokai-1 1968 0.159 (L.0VE 0.099 0.092 0.116 0.053
Spain Vandellos 1 1972 0.48 0.334 0.338 0.346 0.349 0.280
United Kingdom Berkeley 1962 0.138 0118 0.091 0.109 0.142 .050
Bradwell 1962 0.245 0213 0.181 0213 0.194 0.092
Calder 11all 1950 0198 0.104 0.161 0.153 0.149 0.159
Chapelcross 1958 0192 0.163 0.166 0.168 0.164 0.156
Dungeness A 1968 0.424 0.381 0.300 0.349 0.238 0.251
Dungeness B1-2 19B3/8S 0.7 0.278 0.277 0.111 0.260 0.100
Hanlepool Al-A2 1983/84 .54 0.150 0319 0.24) 0.221 0.464
Heysham 1A-B, 2A-B 19RASS 207 0.254 0.272 0.467 0.665 1.322
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Tuble 25 (continucd)
. ? g ;W
Sart-up Capacity Llccirical energy generated (GW a)
Couniry Reactor A Gw)

year (@ 1985 1986 1987 1988 1989

United Kingdom (continued) | 1linkley Point A 1965 0.47 0.401 0.406 0.423 0.416 0.315
Hinkley Point B, A-B 1976 1.12 0.855 0.764 0.549 0.819 0.763

THunierston Al 1964 0.3 0.256 0.261 0.259 0.227 0.231

lunterston B1-2 1976717 1.15 0.931 0.935 0.901 0.868 0.878

Oldbury-A 1967 0.434 0.379 0.278 0.368 0.385 0.333

Sizewell-A 1966 0.42 0.307 0.22 0.315 0.305 0.296

Torness A-B 1988/89 1.28 - - - 0.261 0.662

Trawsfynydd 1965 0.39 0.368 0.334 0.353 0.230 0.297

Wylfa 9 0.84 0.763 0.468 0.514 0.705 0.755

Total annuzl clectrical encrgy generated (GW a) 13.76 .28 6.67 6.64 1.74 8.13

LLWGRs

USSR Beloyursky 2 1967 0.146 0.174 0.117 0.100 0.081
Bilibino 14 1974776 0.034 0.040 0.039 0.040 0.035 0.033

Chernobyl 1-4 1977581 2775 3.335 0.240 1.549 2240 2310

Ignulina 1-2 108387 2.76 1.082 1.128 1.540 1.460 1.900

Kursk 1-4 197685 37 2.370 2.776 2.950 3.270 2940

Leningrad 1-4 1973581 33 3.200 3.356 3.273 3.170 3.110

Smotensk 1-3 1982489 1.85 1.207 1.198 1.577 1.650 1.620

Total annual clectrical cnergy penerated (GW a) 14.98 11.41 8.74 11.08 11.93 11.994

FBRs

France Creys-Malville 1985 1.2 [} 0.106 0.093 0 0.201
Phenix 1973 0.233 0.132 0.173 0.178 0.168 0.069

USSR Beloyarsky 3 1980 0.56 0.435 0.392 0.445 0.429 0.422
United Kingdom Dounseay 1975 0.25 0.102 0.102 0.096 0.070 0.119
Total annual electrical energy generated (GW a) 2243 0.669 0.773 0.811 0.668 0.810

a

A dash indicates thal the reactor is nol yet in operation.
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Tuble 26 (continucd)
Release (GBq)
Country Reactor
1985 1986 1987 1988 1989
South Africa {C20) Kocberg 1-2 207000 33700 55000 50800
Spain [C2]] Almaraz -2 169000 270000 6590 29500 3950
Asca | 4760 10800 9650 57100 §4900
Asco 2 1590 18500 14400 62100 60600
José Cabrera 1 41500 141000 142000 99300 96900
Tello 1 - - - 300 2990
Vandellos 2 . - 0 17600 26300
Sweden [N14] Ringhals 2 3600 106100 14000 15000 5400
Ringhals 3 9100 63200 31000 620 6800
Ringhals 4 440 206400 76000 57300 6000
Switzerland [DS, Dé] Beznau 1-2 14500 32000 18000 18000 44000
Gésgen 15000 7000 4200 6800 12000
USSR [G2, 114} Armenia 1-2 66000 55400 577000 57700 62200
Balakovo 1-3 0 66200 173000 173000 60500
Kalinin 1-2 270000 270000 248000 56700 51300
Khmelnitski 1 - - - 119000 96200
Kola 14 1040000 534000 564000 415000 423000
Novovoronerh 3-5 43000 41000 27200 29700 32400
Rowvno 1-3 88100 59900 55500 241000 136000
South Ukraine 1-3 200000 123000 41400 47100
Zaporozhe 1-5 110000 407000 275000 110000 78700
United States [T3] Arkansas One-| 300000 63300 12100 45900 86200
Askansas Onc-2 330000 128000 7620 79900 102000
Beaver Valley 1-2 1450 25800 8330 3480 S800
Braidwood ] - - 10.4 1550 43200
Braidwood 2 . - - 1410 18800
Byron 1-2 10320 23500 48100 65900 30200
Callaway 1 61800 192000 107000 25500 26700
Calvert Cliffs 3-2 147000 283000 168000 211000 121000
Catawba 1 10200 50300 89200 57700 11700
Catawba 2 - 50300 §9200 57700 11700
Crystal River 3 38900 102000 40700 126000 167000
Davis-Besse ! 4370 0.02 14100 4030 14000
Diablo Canyon 1-2 21200 85900 26400 12100 12400
Donald Cook 1-2 183000 12200 32400 9550 4300
Farley 1 62900 47400 ' 48100 35500 3700
Furley 2 23500 68100 26700 21900 5900
Fort Calhoun ! 54800 21000 15700 29000 6100
H. B. Robinson 2 19200 24400 28500 38500 1000
Haddam Neck 102000 86200 132000 94300 633000
Indian Point 1-2 69600 75900 173000 8400 32
Indian Point 3 57000 71400 67300 11500 11600
Kewaunee 1840 2420 1180 1080 2400
Maine Yankee 16300 39600 28500 2660 750
McGuire 1 71400 38900 75500 72200 26600
McGuire 2 71400 38900 75500 72200 26600
Milistone 2 14800 3700 14700 23500 9100
Milistone 3 - 884 3890 3120 11000
North Anna 1.2 298000 211000 38900 17900 53300
Oconee 1-2-3 870000 899000 389000 958000 332000
Palisades 136000 64000 64800 89900 5600
Palo Verde 1 9360 98800 47000 68100 23700
Palo Verde 2 - 72900 202000 110000 15900
Palo Verde 3 - - 0.93 5030 30600
Point Beach 1-2 4290 1030 1780 2990 560
Prairie lsland 1.2 1700 1120 324 525 6400
R. E. Ginna 15000 7730 6550 1910 18600
Rancho Scco 1 173000 3440 0.80 56200 74000
Salem | 62200 51400 135000 19600 51400
Salem 2 42600 21700 39200 43700 2700
San Onofre | 142000 15200 36300 111000 33500
San Onalre 2-3 936000 305000 807000 189000 91000
Sequoyah -2 169000 4.8 0 8330 142000
Shearon Harris 1 . - 83300 42600
South Texus 1 . - 31700 16500

South Texas 2

4300
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Tuble 26 (continucd)

Release (GBq)
Country Reactor
1085 1956 1987 1988 1989
United States (continued) St Lucdie } 1880000 1230000 230000 52500 168000
St. Lucie 2 353000 369000 318000 339000 82100
Sunry 1.2 76600 73600 11400 13500 5100
‘Ihrec Milc Island | 000 141000 29200 69200 7700
Three Mile Island 2 0 10,4 0 16.3 0
Trojan 40700 34900 9440 15700 2000
Turkey Point 3 48800 135000 34700 46300 62600
Turkey Point 4 66600 37400 29100 48500 63300
Virgl C. Summer 1 5180 514 23500 12300 67300
Vogile 1-2 - . 3960 4260 20200
Watetford 3 304000 414000 208000 196000 20700
Wolf Creek 6300 1170 6400 29300 23700
Yankee NT'S 54400 18900 14200 7620 4500
Zion 1-2 144000 118000 4370 48500 41400
Yugoslavia [F1] Krsko 0 0 0 0 0
Total release {(GBQ) 12900000 12000000 8320000 7640000 6970000
Normalized release {GBq (GW a)"] 137000 112000 70600 58700 50600
Average normalized relcase 1985-1989 {GBq (GW a)"] 81000
BWRs
China, Taiwan Province [T2] Chin Shan 1-2 499000 254000 84000 62200 46900
Kuosheng 1-2 407 136 4510 7840 5330
Finland [F2] TVO -2 0 5800 6000 180 195000
Germany, Federal Republic of Brunsbiiel 19000 820 6600 23000 7900
[B4, B9) Gundremmingen 8,C 21 4800 19000 3900 15000
Isar 1 27000 1900 860 860 360
Kslimmel 950 210 14000 9700 1000
Philippsburg 1 35 29 760 480 10
Wirgassen 11000 9300 2900 3100 1400
India Tarapur-1,2
haly [C22] Caorso 420 1360 3370 5550 1060
Japan [J1] Fukushima Daiichi 1-6 740 290 190 4.1 0
Fukushima Daini 1-4 0 0 0.0034 0 )
Hamaoka }-3 0 0 0 0 0
Kashiwazald Kariwa 1§ 0 0 0 0 0
Onagawa-1 0 0 0 0 0
Shimane 1-2 0 0 0 0 0
Tokai 2 0 0 150 0 0
Tswugs 1 1.6 3.1 1.7 1] 0.26
Mexico [C19] Laguna Verde (Mark 1I) . . - . 0
Netherlands [MS5) Dodewaard 2800 11000 4300 3200 5400
Spain [C21] Confrentes 49500 59200 113000 97500 49500
S. Maria de Garona 70500 76400 58600 68200 74700
Sweden [N14] Barsebeck 1 160 640 630 530 5800
Barsebeck 2 290 80700 980 528000 1560000
Forsmark | 70800 81 330 740 304000
Forsmark 2 232000 205000 199000 2718000 721000
Forsmark 3 660 24600 4850 11500 10300
Oskarshemin 1 533000 S08000 301000 305000 201000
Oskarshamn 2 30400 25000 14500 15900000 2410000
Oskurshamin 3 17200 265000 49000 106000 131000
Ringhals } 1280000 1240000 482000 490000 132000
Switzerland [DS, D6} Letbatadt 12 1800 160 13000 63000
Miihleberg 83000 62000 1400 200000 120000
United States | T3] g Rock Point 2320000 2320000 309000 287000 262000
Browns Ferry 1-3 977000 83600 11.9 0 0
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‘T'able 26 (continucd)
Release (GRq)
Country Reactor
1985 1986 1087 1988 1989
United States (continued) Bruaswick 1-2 648000 1670000 977000 58500 50300
Clinton | - - 253 161 450
Cooper 51300 63600 44400 67000 12700
Dresden 2-3 109000 16200 10200 6220 1360
Duanc Arnold-] 9290 11500 8100 26100 1620
Enrico Fermi 2 - 0 0 411 6070
FFuzpatrick 540000 98100 175000 144000 20700
Grand Gulf 1 5590 4960 7100 3490 5330
Hateh 1-2 466000 733000 781000 128000 18600
Hope Creck 1 . 1410 44000 6510 12400
Humboldi Bay 3 0 0 0 2400 240
Lacrosse 317000 131000 86200 0 0
Lasalle 1.2 7220 110000 241000 140000 40000
Limerick 1 0 13.7 892 6250 9550
Millstone | 41100 122000 216000 32400 6700
Monticello 138000 131000 146000 - 218000 147000
Nine Mile Point | 26400 18200 7300 666 0.006
Ninc Mile Point 2 - - 22 1490 3120
Oyster Creek 1530000 2840000 125000 187000 12000
Peach Bottom 2-3 4770000 1030000 426000 44000 97700
Perry 1 - 45.5 392 46300 7100
Pilgim 1 121000 4660 0 0 25100
Quad Cities 1-2 109000 54800 13800 139 10600
River Bend | 62900 514 759 3070
Susquehunna 1-2 19100 8700 4550 2680 4400
Vermont Yankee 127000 57720 0 1] 38100
WPPSS-2 7840 6130 19800 33400 202000
Total release (GBq) 15300000 13000000 5020000 19600000 6880000
Normalized reiease [GBq (GW 2)}) 409000 328000 117000 446000 157000
Average normalized relcase 1985-1989 [GBq (GW a)°!) 290000
ITWRs
Aspentina [C15, C18) Atucha-] 5500 6200 1400 3500 600
Embalse 150000 420000 310000 96000 130000
Canada [A6] Bruce 14 789000 555000 519000 1500000 491000
Bruce 58 106000 127000 139000 154000 106000
Gentilly-2 120000 50000 49000 83000 0
Pickering 1-4 192000 183000 289000 233000 340000
Pickering 5-8 176000 269000 231000 215000 218000
Point Lepreau 800 5000 100 300 0
India Kalpakkam 1-2
Raasthan 1-2 Not reporied
Pakistan Karach Not reported
Republic of Korea [M3) Woisong | 137900 125400 151300 171800 91000
Toral release (GBq) 1650000 1740000 1690000 2460000 1380000
Normalized releasc [GBq (GW 2)™') 210000 192000 172000 250000 137000
Average normalized reicase 1985-1989 [GBg (GW a)"!) 191000
GCK»
France |E4) Bugey | 130000 - 122000 37000 53000 96000
Chinon AZ:3 25000 0 5000 36000 63000
St Laurent Al-2 243000 256000 118000 179000 140000
Japan [J1] Tokai-1 280000 250000 230000 260000 210000
Span [C21] Vandetios | 45200 16600 29500 27600 12000
United Kingdom Berkeley 00 240000 290000 380000 70000
[N6, P1. S4) Bradwell TN 630000 730000 680000 320000
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Release (GBg)
Country Reactor
1985 1986 1987 1988 1989

United Kingdam (continued) Calder Hall 2530000
Chapeleross 3000000 J000ON0 3100000 3000000 3000000
Dungeness A 1200000 1000000 1100000 760000 830000
Dungeness B1-2 20000 50000 10000 20000 7200
Hartlepool A1-A2 10000 20000 10000 10000 20000
lHeysham 1A-B, 2A-B 10000 10000 10000 10000 7600
linkley Point A 3100000 3100000 3700000 3200000 2400000
Ibnkley Point B. AB 70000 140000 120000 110000 69000
{lunterston A} 725000 735000 730000 640000 650000
{lunterston B1-2 56000 32000 46000 59000 37000
Oldbury-A 130000 70000 160000 180000 150000
Sizewell-A 1700000 1400000 1900000 1800000 1800000
Torness A-B - - - 4300 4600
Trawsfynydd 5000000 5000000 5000000 900000 1600000
Wylfa 70000 70000 5000 70000 70000

Total release (GBq) 16900000 16200000 17300000 12400000 14100000

Normalized release [GBq (GW a)')) 2370000 2480000 2670000 1630000 1730000

Average normalized relcase 1985-1989 [GBq (GW a)'}] 2150000

LWGRs

USSR (G2, 114] Beloyarsky 2 12700000
Bilitvno 14 307000
Chernobyl 1-4 2550000 3120000
Ignalina 1-2 4900000 3170000 1170000 2460000 2260000
Kursk 1-4 2330000 8510000 6970000 6200000 7030000
Leningrad 1-4 7830000 4700000 4440000 3510000 2930000
Smolensk 1-3 2910000 3490000 3940000 2130000 3250000

Total release (GBg) 20500000 19900000 16500000 14300000 31600000

Normalized release [GBq (GW 2)°') 1800000 2300000 1800000 1500000 2600000

Average normalized release 19651989 (GBq (GW a)!} 2000000

FliRs

France [S6] Creys-Malville 5000 38000 29000 31000 36000
Phenix 5200 6300 6100 5100 4600

USSR Beloyarsky 3

United Kinpdom Dounreay

Total release (GBq) 10200 44300 35100 36100 40600

Normalized release [GBq (GW 8)}) 71000 160000 130000 210000 150000

Average normalized release 1985-1989 [GBq (GW a)!] 150000

A dash indicates that the reactor was not yet in operation.




Table 27

Isotopic composition of noble gases released from PWRs In the United States, 1988 [T3]

Reacior

Release (TBq)

pp e g, Emp, L 82y, 1Blmy, 3y, 133my, 1Sy, 135y, 138y, b
Arkansas One | ¢ 0.119 0.137 . - 0.0618 429 0.0374 2.96 -
Askansas One 2 0.00073 0.00066 0.00907 0.00043 0.00321 1.42 66.2 0.0833 122 -
Beaver Valley 1-2 0.0112 2.35 0 . . 0.139 0.858 0.00107 0.125 0.00087 -
Braidwood | 0.0122 0.0066 0.00069 0.00002 0.0006 0.0197 1.49 0.00999 0.0141 - .
Rraidwond 2 0.0290 0.00054 0.00044 0 0.00002 0.0327 1.35 0.00403 0.00138 - -
Byron 1.2 0.024} 0.392 0.0147 01.00021 0.00936 0.249 64.0 0.463 0.633 - -
Callaway | 0.0226 3.03 0.0925 . 0.0269 0.0888 20.7 0.0947 1.38 -
Calvert Qiffs 1.2 0.00228 1.6 1.65 0.3 0.165 0,944 181 1.44 118 0.00012 -
Catawha | 0.222 0,0770 0.0342 0.00485 0.038} 0.45] 55.9 0.574 0.666 0.00021 0.00013
Catawbo 2 0.222 0.0770 0.0342 0.00485 0.0381 0.45) 55.9 0.574 0.666 0.00021 0.00013
Crystal River 3 0.907 0.255 - - 1.59 121 0.150 267 - -
Davis-Besse | . 0.182 . . 0.0269 0.0007) an 0.00588 0.0414 - -
Diablo Canyon 1.2 0.0766 0.332 0.00281 0.00006 0.00429 0.577 10.7 0.0339 0,433 0.00016 0.00004
Nonald C. Cook 1-2 0.0144 0.0562 0.00537 0.0047 0.0261 0.0299 9.07 0.0463 0.300 0.005 0.00385
Fort Calhoun 0.0640 0.225 0.00027 . - 0.633 279 0.126 0.0599 - -
H.B. Robinsen 2 0.176 4.26 0172 0.00577 0.0102 0.166 310 0.244 2.23 0.00287 -
Haddam Neck 0.0264 7.8 0.128 0.114 0.168 0.150 84.0 0.288 201 0.0202 0.0502
Harris 1 00131 - 1.80 0.59%9 200 - 718 1.20 4.18 - 0.599
Indsan Paint 1.2 0.0274 . 0.00799 0.00169 0.0106 . 7.59 0.0161 0.418 0.0185 0.00013
Indian Point 3 0.0133 0.121 0.0054 0.00219 0.0077 0.308 10.6 0.0747 0.205 0.00049 0.00012
Joseph M. Farley 1 0973 25.4 0.0226 0.00232 0.00747 0.0426 6.77 0.0807 223 0 0.00302
Joseph M. Farley 2 1.32 16.9 - - - . 2.74 0.00703 0.881 - 0.00197
Kewaunee 0.0028 0.00696 0.00007 - 0.00005 0.238 0.00053 0.00184 -
Maine Yankee . 0.0577 0.00013 - 0 0,00334 248 0.0183 0.101 - .
McGuire | 0.324 1.37 0.182 0.0261 0.172 0.39 66.2 0.903 2.62 0.00051 0.00004
McGuire 2 0,324 1.37 0.182 0.0261 0.172 0,39 66,2 0.903 2,62 0.00051 0,00004
Millstone 2 . 0.157 0 . . 0.0907 27.1 0,0633 4,77 -
Millstone 3 . . 0.00008 - - 0.00751 2.87 0.0186 0.22 - .
North Anna 1-2 0.00003 0.135 0.0011 0.00001 0.00002 0.0722 12.5 0.0216 0.0962 - -
Oconee 1-3 0.189 62.5 0.357 0.0566 0.325 13.8 866 6.92 692 0.0466 .
Patisades 0.0337 0.098) 0.0298 0.0662 0.0766 0.0257 88.8 0.0264 0.179 0.242 0,164
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Table 27 (continued)

Release (TBq)

Reacior

IIA' a GiK’ H}nK, H7’\»’ GSKr IJlm'\r‘ I.U'\-‘_ IJJM.‘re l'".\'c 135-.‘»‘ I.‘JX‘ b
Palo Verde 1 0.0208 0.955 0.0158 0.00003 0.00129 0.259 58.1 0.230 2.54 - 5.88
Palo Verde 2 0.0640 1.62 0.037 0.00067 0.0925 2.04 104 0.411 1.54 - 0.00129
Palo Verde 3 0.29} 0.00244 0.00403 - 0.00114 0.00899 4.58 0.00411 0.154 - 0.0000)
Point Beach 1.2 0.0725 0.0364 0.0271 0.0548 0.0625 - 2.1 0.0124 0.131 0.0940 0.266
Prairie lsland 1-2 - 0.00458 . - - - 0.0007 0 0.00002 - -
R.E. Ginna 0.0440 . 0.00264 0.00592 0.00798 0.00729 1.28 0.00104 0.466 0.0655 0.0240
Rancho Seco | 0.00088 0.0744 0.100 0.0001R 0.0881 0.566 540 0.357 0.936 0.00001
Salem | 0.00028 0.0407 0.0133 . - 0.290 8.5 0.0366 0,703 0.00001 -
Salem 2 0.00057 0.0673 0114 0.0209 0.154 0.0981 414 0.225 1.27 0.185
San Onofre 1 0.0002) 0.426 0.13? 0.004 0.0426 0.145 108 0.988 a7 0.00004¢ -
San Onofic 2-3 0.640 0.592 1.21 0.223 0.6 0.570 174 0.23% 1.8 0.120 0.0346
Stquo_\'.\h 1.2 0.00021 0.0744 (.G 48 . 0.00055 0.0403 7499 0.0788 0.126 - -
South Texas 1 2R 0.00633 G.O0R14 0.0119 - .54 0.00218 0.0474 0.00172 -
St. Lucie | 0112 . 0.195 0.00618 0.248 0.00042 444 0.202 1.51 . .
St Laae 2 0.06006 00158 2.76 0.0117 1.18 0.128 296 3.2 5.2 - -
Summer | 00128 0.151 0.0751 0.00019 0.108 0.0562 1.0 0,0392 0.840 - -
Surry 1.2 0.0451 0.153 0 0.00034 0.00055 0.0729 13.1 0.0223 0.169 0.00024 -
Three Mile Island ) 0.120 0.320 0.0496 0.00002 0.00407 0.437 66.2 0.533 133 0.00001 -
Thiee Mile Island 2 - 0.0163 - . - - - - - - -
Trojan 0.0313 0.101 0.0131 0.0036 0.00433 0.0929 14.2 0.0503 0.239 0.0264 0.0094
Turkey Point 3 0.0212 0.0511 0.0221 0.00031 0.00148 0.577 44.4 0.257 0.692 - -
Turkey Point 4 1.08 0.0559 0.0235 0.00027 0.00284 0511 45.5 0.278 0.718 - -
Vogtle | 1.17 0 0 - 0.00001 - 287 0.00201 0.232 - -
Waterford 3 0.0195 0.477 0.0133 - 0.00581 0.648 188 0.189 6.96 - -
Wolf Greek 1 0.0260 0.04213 0.0283 0.00001 0.0407 0.151 28.0 0.283 0.696 - -
Yankee Rowe 1 0.0320 0.152 0.0718 0.0625 0.131 0.0407 m 0.0766 1.44 1.76 0.0303
Zion 1-2 0.00385 0.126 0.00042 - 0.00048 0.0238 51.4 0.0132 2.05 - -
Total release (TBq) 6.1 145 10.1 1.66 6.80 28.9 3400 22.2 147 2.59 7.07
Normalized activity 0.87 35 0.24 0.040 0.16 0.69 82 0.53 3s 0.062 0.17

(TBq (GW a))

«

Discharge of 3’Ar from ooe reactor (Yankee Rowe 1): 0.0263 THq, tesulting in 3 normalized activity of 0.00063 TBq (GW 3)’'.
Discharpas of 137X¢ from two reactars (Haddam Neck: 0.0135 THq; Trojan: 0.00762 TBq), resulting in a normalized activity of 0.00051 TBq (GW l)‘l.

A dash indicates no value reported.

0s1

LU0 g661 YVIOISNN

PRI



‘Fable 28

Isotopic composition of noble gases released from BWRs

in the United States, 1988 [T3)

Release (THq)

freactr Tar Blopy By, S3mpy ke LN 8%y 2 Imye Py, 133my, Bye 135mye H7ye aych
Big Rock Poum - - . 418 20.8 13.1 - 1.58 - 19.7 339 - 140
Browns Ferry 1-3 - - - - . - - . - . - - -
Brunswick 1-2 0802 - 262 0.296 226 - 16.1 0.0418 22.6 313 8.51 1.87
Chnton 1 . . - - . . - - - 0.161 . . -
Couoper 0.511 282 0990 1?7 327 14.1 - 485 0.0426 488 1.75 17.0 138
Dresden 1-2 0 00048 0.0320 0 0.0607 - - 0.833 - 4.14 0.272 - 0.866
Duane Arnald - 0.00028 0.581 0.781 1.19 - - 8.47 0.0270 13.4 0.547 - 0.762
FEdwin I, Hatch 1.2 0.496 326 677 RN 6.66 2.52 R7.2 0.0925 9,99 4.44 0.0121 ERY)
Fermi 2 . 0.MSK . . - - - - 0.0253 . . .
Grand Gulf ) 00747 . 0.023 0.0422 0,025] 216 - 0.00105 . 0.0400 0.034] - 0.0947
Hope Creek | 0.0651 - 0.0651 0.261 0.261 1.76 - 0.120 - 0.229 0.392 2.02 1.24
Humboldt Bay 2 - 2.40 - - - - - - - - - . .
James A. Fitzpatrick 0496 - - 15.4 6.14 20.7 . 0.466 52.2 2.19 38.9 1.91 - 5.58
Lacrosse - . - . - . . . . . . . - -
lLasalle 1-2 0.307 - 0.0017 19.4 0.0503 24.2 - - 89.5 - 6.73 - .
Limerick 1 0 - - - - - 2,96 0.00265 1.57 0.75) . -
Millstone | - - 1.36 0.178 1.17 0.0929 - - 15.0 . 1.97 1.3 - 5.40
Monticello 0.470 625 0.470 227 1.54 41.1 0.304 59.9 0.295 229 319 537 40.0
Nine Mile Pam 1 - - 0,00001 . - - - - 0.544 - 0.122 . . -
Ninc Mile Poim 2 0.221 0.0000] 00122 0.0280 0.0176 - - 0 - 0.0214 0.110 0.310 0.75¢
QOyster Creek 1 . - 12.6 280 2.8 . 333 . 66,2 5.96 - 7.55
Peach Bottom 2-3 - . . . . . . . . - - - -
Perry 1 0.0381 - - 1.95 0.105 0.655 - 0.0984 29.2 0.540 9.21 .07 0.0295 0.247
Pilgrim 1 B - - - - . . . R R . . .
Quad-Cities 1-2 - - - - - 0.0625 - - 0.0636 0.0132 - -
River Bend 1 - - - - - - - - - - 0.0759 - - -
Susquchanna 1-2 - . . - - - - - 2.68 - - - - -
Vermont Yankee - - - - - - - . - . . . . .
WNP-2 0.0229 - 0.00126 1.62 0.614 1.92 - 0.231 20.9 1.48 4,26 1.67 - 0.611
Total release (TBqg) 2.46 1.08 221 66,9 67.5 19 601 361 427 471 207 63.7 81.5 21
Normalized activity 0,15 0.063 1.3 4.0 4.0 6.5 36 0.22 26 0.28 12 38 49 13

[TBq (GW a)]

<

Discharge of ®Kr from one reactor (Monticello): 1.3875 TBq, resulting in a normalized activity of 0.08299 TBq (GW a)'!.
Discharge of 139 ¢ from one reactor (Mouticello): 4.107 TBq, resulting in a normalized activity of 0.24566 TBq (GW a)'.

A dash indicates no value reparted.
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Tuble 29
Tritium relensed from reactors in alrborme eMuents

Release (GBq)
Country Reactor
1985 1986 1987 1988 1989
PWRs
Belgium [M6) Docl 14 540 $80 630 1580 1410
Tihange 14 0 0 0 0 0
Brazil [C1] Angra | 8.4 479 299 82 160
Bulgaria [C16) Kazloduy-1-5 Not reported
China, Taiwan Province T2} Maanshan }-2 .4 184 22 740 947
Czechoslovakia [N11] Bohunice 1-4 370 3400 2400 1600 1480
Dukovany 14 37 190 404 404 409
Finland {F2) Loviisa 1-2 2900 1800 1800 1700 1100
France {[4) Belleville 1-2
Blayais 14
Bugey 2-5
Catienom 1-2
Chinon 13-4
Chooz-A (Ardennes)
Cruas 1-4
Dampicrre 1-4 Included with noble gases
Fesseahaim 1-2
Famanwille 1-2
Gravelines 1-6
Nogent 1-2
Puluel 1-4
Si. Alban 1-2
St. Lauremt B1-2
Tricastin 14
Germany, Federal Republic of Biblis A-3 3640 1800 720 670 1000
|B4, BY, S7) Brokdoef - 4 89 180 100
Emsland - - - 230 500
Grafenrheinfeld 640 700 710 500 500
Graifswald
Grohnde 45 200 340 580 500
Isar 2 - B - 20 400
Milheim-Karlich - 3 48 520 300
Neckarwestheim 1.2 420 1200 980 610 1000
Obrighcim 310 200 170 160 200
Philippsburg 2 140 400 1000 1100 1100
Stade 830 1100 1600 760 800
Unterweser 1700 1800 1300 1300 800
Hungary {F3) Paks 1-4 760 570 1000 610 680
haly [C22) Ensico Fermi (Trino) 370 00 180 43 31
Japan [J1] Genkai 1-2
Ikia 1-2
Mihama -3
Oh 1.2 Not measured
Senda 122
Takahama 14
Tomari-1
Tsuruga-2
Netherlands [MS5} Dorssele 330 S00 390 480 340
Republic of Korea [M3) Kori | 5 2
Kon 2 6S 167 10 87
Kori 34 3260
Ulchun -2 - - - 2 98
Yonggwang 1-2 - 48 593 1260 650
South Africa [C20] Koeberg 1-2 1190 2330
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Table 29 (continued)
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Release (Glig)

Couniry HKeoctor
1985 1956 1087 1988 1689

Spain {C21] Almaraz 1-2 100 160 1050 1360 2070
Asco 1 280 3su 480 1370 1680
Asco 2 4 230 250 200 270
José Cabrera | 510 270 580 260 1530
Trillo 1 - - - 20 0
Vandclios 2 - - 0 2 70

Sweden [N14] Ringhals 2
Ringhals 3 Not measured
Ringhals 4

Switzestand [DS, D6) Beznau -2 Not measured
Gosgen

USSR [G2, 114] Armenia 1-2
Balakovo 1-3
Kalinin 1.2
Khmelnitski 1
Kala 14 Reporied to be « 0
Novovoronczh 3-5
Rowno 1-3
South Ukraine 1.3
Zaporozhe 1-5

United States [T3] Arkansas One-) 355 223 250 128 600
Arkansas One-2 127 81.4 177 185 450
Beaver Villey 1-2 570 733 2630 1600 2980
Brardwood | - - 1.64 101 320
Bruidwood 2 - - - 98.4 140
Byron 1-2 315 98 36.3 59.9 6810
Caliaway | 190 59 825 566 1440
Catvert Cliffs §-2 121 137 355 1160 750
Catawba | 574 105 551 1120 880
Catawba 2 - 105 551 1120 880
Crystal River 3 762 614 544 367 1270
Dawis-Bessc | 607 381 344 1850 700
Diablo Canyon 1-2 366 574 788 2420 1410
Donuld Cook 1-2 8§03 247 426 223 650
Fatley 1 4292 3411 1469 4290 4260
Fatley 2 12210 4551 4107 2210 3450
Fort Calhoun ) 353 511 113 142 140
H. B. Robinson 2 3218 127 514 283 620
Haddam Neck 3286 357 2327 3400 5070
Indisn Point §-2 64.8 114 314 62.5 11
Indian Paint 3 67.0 137 121 169 82
Kewaunee 218 1939 1340 265 370
Maine Yankee 101 24 113 238 470
McGuire | 932 1130 928 888 980
McGuite 2 932 1130 925 888 980
Millsionc 2 4630 4290 4920 3850 2420
Millstone 3 - 30600 2330 2650 680
Nocth Anna 1-2 330 2710 640 3490 4510
Oconee 1-2-3 1580 1600 2960 1700 4370
Palisades is8 116 118 154 410
Pido Verde } 151 16900 9880 15700 5770
Pulo Verde 2 - 3620 13800 10300 132300
Palo Vcrde 3 - . 115 14100 6770
Poant Bruch 122 2480 4330 4370 4660 5250
Praine [sland 1-2 70 4180 2280 5590 4370
R. E. Ginna RN ] 2850 6730 6220 3200
Rancho Sceo 1 1230 910 485 648 1390
Salem  } 937 2360 7360 14800 7360
Salem 2 1110 5770 18200 13700 8070
San Onolre | 1070 63 559 759 1250
S.un Onolre 2-3 295 559 3120 099 1500
Secquoyah 1.2 3620 1040 544 507 2080
Sheuron Harris ) - - 0 0 0
South Texas | - - - 636 230
South Texas 2 - - - - 440
St. Luae } 13800 1510 2830 5400 11500
St. Luce 2 5990 1490 2530 3160 2880
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Table 29 (continucd)
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Release (GBg)

Couniry Reactor
1985 1986 1987 1988 1989
United States (continued) Sunry 1-2 1210 1070 1130 1030 1020
‘Theee Mile Island | .87 410 36.1 223 180
Three Mile Island 2 733 1480 1310 22 530
Trojan 884 1090 1040 2380 2700
Turkey PPaint 3 8440 11000 15100 7440 160
Turkey Paint 4 S810 11000 15100 7440 160
Virgl C. Summer | 10.2 0.00 20.1 559 39
Vogtle 1-2 - - 2090 3080 33700
Watcrford 3 0 4480 22800 9100 4660
Waolf Creek 1530 1950 2770 5400 4550
Yankee NPS 195 381 3130 169 250
Zion 1.2 688 2600 3070 13700 2560
Yugoslavia {F1] Krsko 2200 1530 2470 345 590
Total release (GBy) 110000 156000 191000 203000 201000
Normalized relcase [GBq (GW a)°!) 2230 2920 3140 2850 2620
Average normalized release 19585-1989{GRq (GW a)'l] 25800
BWRs
China, Taiwan Province [T2) Chin Shun 1.2 1280 1650 1260 237 334
Kuosheng 1-2 353 259 323 5110 1100
Finland [F2] VO 1.2 140 200 150 150 110
Germany, Federal Republic of Brunsbanel 470 240 230 150 140
[B4, B9) Gundremmingen B.C 7% 120 140 140 220
Isar | 520 520 230 320 410
Kriimmel S0 730 260 230 100
Philippsburg 1 120 9 3 51 69
Wirgissen 1000 410 450 660 920
India Tarapur-1,2
laly [C22] Caorso 545 40 20 8 2
Japan {J1] Fukushima Daiichi 1-6
FFukushima Daini 1-4
[amaok: 1-3
Kashiwazaki Kariwa 1S Not measwed
Onagawa-1
Shimane 1-2
Tokat 2
Tsurugn |
Mexico [C19] [aguna Verde (Mark 1) - - . 1120
Netherlands [M5] Dodewaard 130 180 100 140 140
Spain [C21]) Confrentes 43 70 190 170 80
S. Mana dec Garona 250 190 210 30 620
Sweden [N14] 13arsebeck |
Barsebeck 2
Vorsmark )
Forsmark 2
Forsmark 3 Not measwed
Oskarshamn |
Qskarshamn 2
Oskarshamin 3
Ringhals 1
Switzerland DS, D6 leibstadt Not measured
Mihleberg
United States [T3) 1hg Rock Point 937 as2 56 196 190
Browns Ferry 1.3 277 JOR 43.7 21.9 7.4
Brunswack 1-2 141 262 224 205 340
Qunton | - . 9.69 326 32

-t
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Table 29 (continued)
Release (GBy)
Counmy HKeactor
1988 1986 19587 1088 1989
Uniled States (continued) Couper 18.6 14.4 0 0 0
Dresden 2-3 1800 344 696 962 530
Duune Arold-) 79 533 562 881 610
Ennico Fermi 2 - 0 0 0 0
Fuzpatrick 87.0 350 396 411 470
Grand Gul(' 1 8.1 103 121 138 120
Hatch 1-2 984 1230 2620 1810 2000
Hope Creck 1 - 170 170000 6030 1020
Humboldt i3ay 3 1.47 1.47 1.46 1.47 1.50
Lacrosse 1290 448 529 47.4 39
Lasaile 1-2 85.1 296 1240 0.12 pas
Limenck { o 0 5660 2370 660
Millstone 1 3070 2420 6920 2670 4260
Monlicello 2710 2170 4480 3020 3420
Nin: Mile Point 1 1220 2950 1720 147 290
Ninc Mile P'oint 2 - - 0.91 320 370
Opyster Creck 45) 714 291 463 380
- Peach Bowom 2-3 1420 973 1100 260 210
Perry 1 - 55.1 710 174 0
Pilgrim | 240 175 213 5.92 180
Quad Cities }-2 1930 2510 2510 1670 2890
River Bend 1 226 157 107 220
Susguchunna 1-2 2880 1580 1730 759 2130
Vermont Yaunkee 327 105 418 1624 2050
WPPss-2 286 192 810 318 620
Total release (GBq) 26100 22800 207000 32600 28400
Normalized release [GGBq (GW a)"] 1130 950 §200 1230 1080
Average noemalized release 1985-1989 {GBq (GW 1)) 2500
IIWRs
Argentina [C15, C18] Atucha-l 250000 320000 460000 810000 700000
Embalse 30000 27000 33000 49000 86000
Canada {AS6] Bruce 14 1481000 1809000 2116000 2120000 2324000
Bruce 58 98000 163000 462000 480000 760000
Gentilly-2 49000 137000 123000 117000 137000
Pickering -4 285000 346000 654000 962000 1184000
Pickering 5-8 144000 187000 231000 196000 278000
Paint Lepreau 110000 200000 220000 220000 210000
India {B14] Kalpukkum -2 167000 653000 727000 1338000 1148000
Rujusthan 1-2 637000 667000 1123000 1032000 1476000
Paldstan [P3] Karachi 235000 183000 199000 117000 1430000
Republic of Korea [M3| Wolsang 1 89720 241600 313300 299000 225600
Total release (GBq) 2680000 4930000 6660000 7740000 9960000
Normalized release (GBg (GW a]"] 446000 522000 649000 754000 968000
Average normalized release 1985-19689 [GBy (GW n)"] 480000
GCRs
France [E4] Bugey 1
Chinon A2-3 Included with noble gases
St. Laurent AL-2
Japan {J1] Tokai-1 Not measured
Spain {C21] Vandellos | 25000 7310 9 16 18
United Kingdom Berkeley
(N6, P1, $4] Dradwell
Culder Hail 2500
Chapelcross
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Country

Reactor

Release (GBg)

19085

1986 1987 1988 1989

United Kingdom (continucd)

Dungeness A
Dungeness B1-2
1lanlepod A1-A2
Jeysham 1A-B, 2A-18
Hinkiey Point A
1linkley Paint B, A1
HHunterston Al
Hunterston B1-2
Oldbury-A
Sizewell-A

Torness A-B
Trawsfynydd

Wylfa

1200
5500
400

1500 2000 4100 1000
8200 6000 5500 5400

- . 1000 3200

Total release (GBg)

32100

17000 8010 10600 12100

Normalized release [GBg (GW a)}]

16900

11100 5320 6230 5480

Average normalized release 1985-1989 [GBg (GW a)}]

9020

LWGRs

USSR (G2, 114]

Beloyarsky 2
Bilibino 14
Chernobyl 1-4
Tgnalina 1.2
Kursk 1-3
Leningrad 1-4
Smolensk 1-3

Only average normalized release reporied

Total release (GBq)

Normalized releasc [GBq (GW 4)°']

Average normalized relcase 1985-1989 [GBg (GW a)! 26000
FRRs

France Creys-Mulville

Phenix
USSR Deloyarsky 3
United Kingdom [N6] Dounreay 13600 190 23000 350
Total release (GBq) 1600 | 190 23000 350
Normalized reicase [GBg (GW a)™}] 130000 2000 330000 2900
Average normalized release 1985-1989 [GBq (GW a)!) 96000

o

A dash indicates 1hat the reacior was not yel in operation,

Ry
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‘Table 30

Carbon-14 discharged ws CO, from resctors into the atimosphere

Reiease (Glig)
Country Reacior
FLAN 1986 1087 1088 10890
I'WRs
Finland [F2) Loviisa 1,2 320 300 320 83 300
Germany, Federal Republic of Biblis A-13 2 53 44 a5 46
|B4, B9} Brokdor! - - 12 86 180
Emsland - - . 29 100
Grafentheinfeld 91 95 92 75 230
Grohnde 17 - 58 61 88
Isas 2 . - - 370 380
Milheim-Kiirlich - 10 20 % 1.4
Neckarwestheim 1.2 30 32 49 63 93
Obrigheim i3 20 13 99 9.1
Philippsburg 2 5.6 69 54 48 n
Stade 49 55 12 46 19
Unerweser 75 26 28 46 33
Hungary {F3] Paks 1. 2, 3, 4 65 59
Yugoslavia [F1] Krsko 529 270 454 208 356
Total release (GRq) 1160 930 1160 1260 1960
Normalized release [GBq (GW a)°}) 130 130 120 99 140
Average normalized release [GBq (GW a)?) 120
BWRs
Germany, Federal Republic of Brunsbittel 260 720 420 590 280
(B4, B9] Gundremmingen 70 750 810 740 940
Isar 320 350 330 390 400
Kahl 0 0 0
Kriammel 190 410 40 320 n
Lingen 0 1] 0
Philippsburg 1 S0 270 320 350 &9
Wi gassen 360 340 180 190 170
Total release (GBq) 215 2840 2500 2580 1940
Normalized release [GBq (GW a)']] 370 510 470 500 380
Average normalized release [GBq (GW a)"] - 450
HWR,
Aspentina [C15, C18] Atucha 370 381 268 146 0
Embalse 355 318 472 458 467
Canada [A6] Pickenng A 13300 13000 11800 4400
Pr. Lepresu 234 443 kXX 36 43
Totai release (GBq) 990 14400 14100 12400 4910
Normalized release (GBq (GW a)''] 810 300 6400 5900 2100
Average normalized release [GBq (GW a)'] 4800
GCR.
United Kingdom |N6, $4] Heysham 1A-13, 2A-B 76 528
Hunterston Al TI
Hunterston B1-2 1000
Total reiease (GBq) 76 1610
Normalized release [GBq (GW 1)} 110 660
Average normalized release [GBq (GW a)"] 540
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Tuble 31

Tlodine-131 refeased from reactors In nirborne ¢Muents

Release (GBq)
Country Keactor
1085 1986 1087 1988 1989
PWRs
Belgium |M6] Doxl 14 0.56 0.22 0.042 0.15 0.18
Tihange 14 0.16 0.6 0.14 1.36 0.31
Brazil [C1] Angra | 0 0 0 0 0
Bulgaria [C16] Kozloduy-1-2 5.08 3.08 13.7 4.58 107
Kozloduy-3-4 K2} 273 4.92 232 1.67
Kozloduy-5 - 0.60 1.38
China, Taiwan Province T2 Maanshan 1-2 0.0057 0.00004 0 0.024 0
Czechoslovakia [N11] Bohunice 1-4 2.2 2.4 1.8 1.4 1.48
Dukovany 14 .09 1.7 1.7 0.93 211
Finland [F2] Loviisa 1-2 0.0067 0 0.038 0.08 0.24
France [E4] Belleville 1-2
Blayais 14
Bugey 2-5
Canenom 1-2
Chinon [31-134
Chooz-A (Asdenncs)
Cruas 1-4
Dampierre 1-4 Included with particulates
Fessenheim -2
Flamansille 1-2
Gravelines 1-6
Nogent 1-2
Paluel 1-4
St. Alban 12
St. Lauremt B1-2
Tricastin 14
Germany, Federal Republic of Biblis A-B ¢ 0.1 0.037 0.055 0.078 0.021
[B4, B9, S7) Brokdoe! - 0 0 0
Emsland - - - 0 0
Grafenthanfeld 0.00007 0.13 0.00002 0 0.011
Graflswald 39 5.7 8.6 103 6.7
Grohnde 0.0042 0.0029 0.00091 0.0082
Isar 2 - . - 0 0
Midheim-Karhich - 0.084 0.00012 0.00091 0
Neckarwestheim 1.2 0.018 0.16 0.00014 0.00013 0.012
Obrigheim 0.008 0.000:44 0.00004 0.00019 0
Philippsbutg 2 0.003 0.00035 0.00092 0.00047 0.00065
Siade 0.039 0.008 0.072 0.01 0.033
Unterweser Q.0008 0.011 0.004] 0.0056 0.003
Hungary [F3] Paks 1-4 0.1 0.12 0.22 0.2 0.22
haty [C22] Enrico Fermi (Trnino) 0.00019 0.0015 0.00099
Japan [J1} Genkai -2 [} 0.0085 0 0 0
Ikata 1-2 0.(K)X058 0.034 0 0 0
Mihama -3 0.027 0.007 0.0037 0.0013 0.0025
Ohs 1-2 0.0059 0.23 0.0016 0.056 0.0012
Sendar 1-2 0 0.011 0 0 0
Takahama 1< 0.02] 0.11 0.0027 0.02 0.00022
Tomari-1 - . - 0 0
Tsurug-2 0.033 0.001 0 0
Netherlands [MS5) Borsscle L0028 0.011 0.002 0 0.0085
Republic of Korea [M3} Kori 1 1.5] 0.54 [} 0.013
Kon 2 0004 0.002 0.013
Kon 34 0.028 0.052 0.2 0.174 0.096
Wichin 1-2 - - - 0.0007
Yonggwang 1-2 . 0.00004 0.013 0.0004
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Table 31 (continucd)

Release (GBy)
Country Reacror
1985 1086 1957 1988 1989
South Africa [C20] Kocherg 142 0.18 0.38 1.5 1.183
Spain [C21) Almaraz 1-2 0.295 0.315 V] 0.004 0.002
Asco 1 0.114 0.04 0.015 0.1 0.183
Asco 2 0.006 0.003 0.003 0.013 0.019
José Cubrera | 1.18 0.199 0.393 0.234 0.848
Trillo 1 . - - 0.015 0.027
Vindelios 2 - - 0 0.2 0.09
Sweden [N14] Ringhals 2 0.053 0.097 0.29 0.48 0.09
Ringhals 3 0.0024 0.53 0.57 0.063 0.01
Ringhals 4 0.0036 0.1 L1 1.6 0.03
Switzerland {DS5, D6) Beznau 1-2 0.0093 0.021 0.024 0.07 0.6
Gosgen 0.078 0.0093 0.0034 0.007 0.029
USSR [G2, 114] Armenia 1-2 1.5 4.05 111 5.51 5.55
Batakovo 1-3 0 0.44 1.89 203 0.22
Kalipin 1-2 .13 0.95 3.38 0.27 135
Khmclnitski 1 - - 0 0.078 0.30
Kola 14 0.5 0.77 1.60 1.13 6.35
Novovoronezh 3-5 0.67 12.2 0.068 0.14 0.027
Rowvno 1-3 0.085 0.20 3.1 4.18 123
South Ukzuine 1-3 0.047 0.17 0.021
Zaporozhe 1-5 0.141 0.052 4.07 0.23
United Siates [T3) Askansas One-| 0.12 0.14 0.0088 0.030 0.02
Askansas One-2 0.11 0.0060 0.0009 0.0098 0.017
Beaver Valley 1-2 0.016 0.18 0.45 0.046 0.0014
Braidwood | - - 0.0003 0.012 0.0085
Braidwood 2 - - - D.0028 0.0081
Byron 1-2 0.078 2.01 0.34 . 047 0.028
Caliaway | 0.011 0.043 0.015 © 0.0007 0.0057
Calvert Qs 1-2 1.92 322 3.39 4.63 1.776
Catawba 1 0.021 0.095 0.047 0.028 0.025
Calawb: 2 - 0.005 0.047 0.028 0.025
Crystal River 3 0.015 0.025 0.081 0.037 0.075
Dasis-Besse | 0.019 0.040 0.018 0.11
Diabio Canyon 1.2 0.008Y 0.05) 0.068 0.026 0.034
Donald Cook 1-2 a8l 0.60 1.97 0.25 0.024
Fatley 1 0.21 0.027 0.0098 0.044 0.0013
Farley 2 0014 0.050 0.0054 0.00009 0.00002
Fort Calhoun 1 0.26 0.052 0.19 0.011 0.0047
1. B. Robinson 2 0.50 0.36 0.77 0.040 0.00011
Haddam Neek 0.028 0.29 0.021 1.35 0.53
indian Point 1-2 0.047 0.069 0.065 0.0015 0.046
Indian Point 3 0.067 0.18 0.076 0.13 0.05
Kewaunee 0.0014 0.0013 0.0023 0.013 0.46
Maine Yankee 0.011 0.U80 0.048 0.016 0.007
McGuire | 0.30 0.17 0.30 0.21 0.13
MeGure 2 030 0.17 0.30 0.21 013
Millstone 2 022 0.20 0.24 1.88 1.4
Millstone 3 - 0.0093 0.071 0.35 0.45
North Anna 1-2 0.99 0.7 0.47 0.058 0.14
Oconee 1-2-3 0.4 0.80 0.51 207 0.83
Palisudes 0.76 0.032 .77 0.78 047
Palo Verde | 0.053 0.29 249 0.058 0.022
P'alo Verde 2 - 0.1 0.50 1.68 0.11
Palo Verde 3 - - 0.0046 0.2
Point Beuch 1-2 0.13 0.041 0.1 0.020 0.012
Prassie istund 1-2 0.27 0.08! [\l 0.00004 0.00017
R. Ii. Ginna 0.036 0.010 0.084 0.0016 0.017
Rancho Seco 1 0.24 0.055 0 0.0073 0.0098
Sulem | 0.20 0.043 0.061 0.025 0.13
Salem 2 0.017 012 0.058 0.033 0.003
Sun Onalic | 0.052 0.0074 0.015 0.38 0.077
Sun Onolre 2-3 16.4 5.88 15.1 277 17.8
Scquoyuh 1-2 W8S [} O 0.0013 0.011
Sheuron Harns |} - 0 0.00003
South Texus | - 0.030 0.13
South Texas 2 - - -
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Release (GBg)
Country Reuctor
1985 1986 1987 1988 1989
United States (continued) St. Ludc 1 6.70 9.95 1.46 0.24 0.21
St. Ludie 2 3.96 1.55 2.04 1.05 0.31
Surnry 1.2 0.94 0.65 0.67 0.35 0.014
Three Mile Island 1 0 0.0012 0.0047 0.047 0.3
Three Mile Island 2 0 0.0002 0
Trojan 0.19 0.24 0.068 0.11 0.1576
Turkey Point 3 0.26 0.64 0.42 0.14 0.011
Tuwkey Point 4 0.26 0.072 0.47 0.14 0.01055
Virgl C. Summer 1 0.0007 0.0011 0.017 0.084 0.06
Vogtle 1-2 - - 0.0005 0.0004 0.003
Waterford 3 0.13 0.19 0.031 0.032 0.024
Wolf Creck 0.00006 0.0078 0.0008 0.0021 0.00065
Yankee NPS 0.026 0.0070 0.0010 0.0019 0.0033
Zion 1-2 0.070 0.11 0.0082 0.043 0.075
Yugoslavia [F1} Krsko 109 13 10.5 16.3 12
Total release (GBq) 7.2 B1.3 93.5 7.5 n2
Noarmalized release [GBq (GW 2)7) 1.1 1.0 11 0.80 0.71
Average normalized refease 1985-1989 [GBq (GW a)"] 0.93
HWRs
China, Tsiwan Province [T2} Chin Shan 1-2 30.3 209 574 7.14 3.96
Kuosheng 1-2 0.0044 0.00033 0.0047 033 0.26
Finland {F2] TVO 1-2 0.0030 0.078 0.036 0.0025 0.12
Germany, Federal Republic of Brunsbiitel 0.2 0.044 0.04 0.088 0.076
B4, B9) Gundremmingen B.C 0.003 0.46 0.11 0.0j8 0.012
Isar 1 0.011 0.54 0.12 0.15 0.0083
Kriimmel 0.011 0.0057 0.092 0.13 0.08
Philippsburg 1 0.019 0.011 0.00092 0.12 0.0063
Wirgassen .8 0.4 0.25 0.16 0.3
India Tarapur 1-2 Not reporied
ltaly {C22) Caotso 0.20 0.50 0.02 0.03 0.007
Japan [11) Fukushima Daiichi j-6 0.13 0.37 0.035 0.041 0.0096
Fukushims Daini 1-4 1] 0.089 0.0000] 0 0.00001
Hamaoka 1-3 0.0029 0.093 0.00067 0.00048 0
Kashiwazalka Kaniwa 1,5 0 0.063 0 0 1]
Onagawa-1 [} 0.015 0 0.00037 0
Shimane -2 0 0.035 ] 0 0
Tokm 2 [} 0.018 0.07 0 0
Tsurugn 1 0.0002 0.011 0.00026 0 0
Mexico [C19] Laguna Verde (Muck I - - - - 0.0001
Netherlands [MS5] Dodewaard 0.08 0.04 0.03 0.04 0.0
Spain [C21) Conlienles 0.118 .17 1.6} 1.83 0.14
S. Marnia de Gurona 0.013 .14 0.12 0.16 0.03
Sweden {N14] Barsebeck 1 0.03 0.030 0.012 0.034 0.05
Bursebeck 2 0.0 0.067 0.008 0.037 0.2
Forsmark | 0.0} 0.18 0.023 0.017 0.03
Forsmark 2 0.66 0.21 0.053 0.081 0.16
Forsmark 3 0.03 2.40 0.64 0.86 1.1
Oskarshumn | 0.20 0.24 0.082 0.14 0.1
Oskarshamn 2 0.05 0.45 0.055 5.60 1.6
Oskarshomn 3 0.002 2.80 0.13 32.00 0.88
Ringhals 1 5.70 0.86 0.31 0.4) 0.47
Swizerland | D35, D6J Leibsindt 0.00 0.70 0.00 0.52 2
Maihleberg 0.06 5.40 0.04 0.57 0.46
Ursted Srates [ T3] Big Rock Point 2.50 1.00 0.16 0.08 0.096
Browns Ferry 1-3 0.44 0.06 0
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Release (Glig)

Country Reaclor
1985 1986 1987 1088 1989
United States (continued) Brunswick 1-2 1.48 0.56 1.85 0.84 0.56
Qlinton | - . 0.00 0.0t 0.0062
Cooper 0.09 0.28 0.19 0.36 0.19
Draaden 2.3 229 0.47 0.67 4.03 0.17
Duane Amold-1 0.03 0.26 1.67 0.25 0.0068
Enrico Fermi 2 - 0.00 0.00 0.01
Fitzpatrick 1.73 0.44 1.09 0.62 0.023
Grand Gulf | 0.01 0.00 0.11 0.00 0.023
Ilateh 1-2 0.22 0.87 13.10 0.35 0.12
Hope Creck 1 -
Humboldt Bay 3 0.00 0.00 0.00
Lacrosse 0.18 0.20 0.07
Lasalle 1-2 0.31 242 0.58 0.29 0.21
Limerick 1 0.00 0.00 0.21 0.13
Millstone 1 0.43 0.40 0.69 0.11 0.087
Monticello 249 213 5.85 1.59 3.36
Ninc Mile Point 1 083 0.28 025
Nine Mile Point 2 . - 0.00 0.00 0.017
Opyster Creck 109 243 4 1.95 1.49
Peach Bottom 2-3 220 3.20 0.56 0.032
Perry | - . 0.00 1.67 031
Pilgnim 1 1.78 0.30 0.01 0.19
Quad Gities 1-2 1.78 0.76 0.76 (V2] 0.096
River Bend 1 0.00 0.00 0.02 0.001
Susquchanna 1.2 0.04 0.00 0.00 0.03 0.019
Vermont Yankee 0.01 0.00 0.37 0.13 0.2
WPPSS-2 0.07 0.15 0.24 13 1.43
Total retease (GBq) 167 754 41.1 66.6 0.9
Normalized release |GBq (GW 1)) 4.5 1.9 0.98 1.5 0.49
Average normalized release 1985-1989 [GBq (GW a)) 1.8
HWRs
Argentina |C1S, C18] Atucha-1 0.59 0.59 0.06S 0.3 0.0013
Embalse 023 25 0.0019 0.37 0
Canada (A6) Bruce 14 0 0.1 .01 0.1 0
Bruce S8 0.1 0.1 0.1 0.1 0.1
Gennliy-2 0 0.2 0 0 0
Pickenng 1-4 0.4 0.1 0.1 0.9 L1
Pickenng 5-8 0 0.1 0.1 0.1 0.1
Point Lepreau 0 0 0 0.1 0
India Kalpakkam 1-2
Ragasthan 1-2 Nol reported
Palastan [P3] Karachi 0.015 0.04)
Republic of Kotea [M3] Wolsong 1 0.00004
Total release (GBq) 1.04 ENE] 0.47 1.90 130
Normalized release [GBq (GW 1)) 0.14 0.43 0.050 0.20 0.13
Average normalized release 1985-1989 [GBg (GW a)}) 0.19
GCRs
France [EA4] Bugey 1
Chinon A2-3 Included with pariiculates
St Laurent A)-2
Japan |11) Tokai-1 0.0017 0.016 0.0031 0.00081 0
Spain [C21) Vandellos 1 0.002 0.017 0.011 0.047 0.099
United Kingdom Berkeicy
[N6, P1, 83) Bradwell
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Table 31 (continucd)

Release (GHq)

Country Reacior
1985 1986 1987 1988 1989
United Kingdom (conlinucd) Calder Nall 0.63
Chapeleross
Dungeness A
Dungeness B1-2 1.9 1.9 1.9 1.9 1.9
Hantlepoot Al-A2 0.2 0.3 0.3 03 03
Heysham 1A-B, 2A.DB 0.9 1.2 1.2 1.2 1.2
Hinkley Point A
thnkley Point B, AB 0.4 0.4 0.4 04 0.4
Hunterston Al
Hunterston B1-2 2.3 0.1 0.1 0.1
Oldbury-A
Sizewell-A
Torness A-B . - -
Trawsfynydd
Wylfa
Total release (GBq) 5.70 393 3.91 3.95 4.53
Normalized release [GBq (GW 3)™] 20 1.3 1.4 12 L1
Average normalized release 1985-1989 [GBq (GW a)”] 1.4
LWGHKs
USSR (G2, 114] Deloyarsky 2 17.2
Bilitino 14 0
Chemobyl 1-4 8.10 13.4
Ignalina 1-2 80.0 149 11.9 73 263
Kursk 1-4 64.8 35.1 39.2 16.2 5.4
Leningrad 1-4 459 29.7 210 13.5 27
Smolensk 1-3 4.3 13.5 18.9 8.17 4,2
Total release (GBq) 203 227 97.0 115 45.5
Normalized release [GBq (GW 2)™') 18 27 10 12 3.8
Average normalized release 1985-1989 |Gliq (GW a)'!) 14
FRRs
France [S6] Creys-Malville Not reported
Pheix
USSR (114] Beloyarsky 3 Not reported
United Kingdom {N6} Dountcay Not reported

Total retease (GBq)

Normalized telcase [GBq (GW a)!)

Average normalized release 1985-1959 |GBq (GW a)™!)

A dash indicates that the reactor was not yet in operation.
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Table 32
Isotopie composition of fodine refeased from reactors In the United States, 1988
(T3]
HRelease (Glig)
Reactor
IJII IJJI l-ul ”/I IJS,
I'WRs

Arkansas One 1 0.030 0.00016 0.00111 - .
Arkansas One 2 0.00981 0.00008 0.00142 - -
Beaver Valley 1.2 0.0459 ‘ 0.00659 - 0.00079
Braidwood 1 0.0119 - 0.0047 0.888 -
Braidwood 2 0.00252 - 0.00058 . 0.00012
Byron 1-2 0.474 0.0165 0.138 0.00093 0.0414
Callaway 1 0.00069 - . - -
Catvert Cliffs 1-2 4.63 - 4.33 - 0.00332
Catawba 1 0.0282 0.00009 0.0167 0.00005 0.00007
Catawba 2 0.0282 0.00009 0.0167 0.00005 0.00007
Crystal River 3 0.0365 - 0.00269 . .
Davis-Besse 1 0.0176 . 0.00607 - .
Diablo Canyon 1-2 0.0259 - 0.0134 - -
Donald C. Coock 1-2 0.251 - 0.0301 . 0.00246
Fort Cathoun 0.0114 - 0.0847 - .
H.B. Robinson 2 0.0396 - 0.0252 - B
Haddam Neck 1.35 - 0.0944 - 1.44
Hamis 1 - 0.00013 - - -
Indian Point 1-2 0.00149 - 0.110 - .
Indian Point 3 0.126 - 0.0202 - .
Joseph M. Farley 1 0.0437 0.0000S . .
Joseph M. Farley 2 0.00009 - 0 - -
Kewaunee 0.0128 0.196 0.00093 - -
Maine Yankee 0.0164 - 0.004 - -
McGuire 1 0.206 0.0444 0.0677 0 0.00003
McGuire 2 0.206 0.0344 0.0677 0 0.00003
Millstone 2 1.88 - 0.966 . .
Millstone 3 0.350 - 0.1647 . -
Noeth Anna 1-2 0.0577 0.00025 0.448 - 0.00044
Oconee 1-3 3.07 0.0540 0.707 0.00692 0.174
Palisades 0.747 0.0263 0.172 - 0.0187
Palo Verde 1 0.0577 - 0.0188 - 0.0258
Palo Verde 2 1.68 0.0001 0.0247 . 0.00042
Palo Verde 3 0.00455 0.00025 0.00474 - 0.00041
Point Beach 1-2 0.0201 0.0177 0.0566 - 0.0034
Prairie Island 1-2 0.00004 0.00074 - .
R.E. Ginna 0.0016 - 0.104 . -
Rancho Seco | 0.00733 0.00155 - -
Salem 1 0.0249 - - .
Salem 2 0.0326 - - - -
San Onofte 1 0.38) 0.144 0.0396 - 0.0198
San Onofre 2-3 oM 0.0167 0.599 . 0.0692
Sequoyzah 1.2 0.0013+ - - - -
South Texas | 0.0303 - 0.00947 - -
St. Luge 1 0.237 1.584 1.58 - -
St. Luac 2 1.055 - 1.44 . .
Summer 1 0.0834 0.00851 0.0418 0.00008 0.00389
Surry 1-2 0.383 0.0403 0.174 0.00034 0.0154
Three Mile Island 1 0.0460 0.00012 0.0285 - 0.0414
Three Mile Island 2 . - - - .
Trojan 0.107 0.00001 0.0377 - 0.00026
Turkey Point 3 0334 - 0.157 - 0.0729
Tuwkey Point 4 0.142 - 0.156 - 0.0729
Vogic 1 0.00035 0.00179 . .
Waterford 3 0.0322 0.0002 - -
Wolf Creek 1 0.06209 - - -
Yankee Rowe 1 0.00186 - 0.0006 . 0.00006
Zion 1-2 0.0426 0.0611 0.0151 0.00973 0.00673
Total release (GBg) 20.1 228 11.1 0.93 201
Normalized acuvity {GBg (GW 2)'!) 0.50 0.054 0.29 0.022 0.048
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Table 32 (continucd)

Release (GRy)

Reacior
IJI, U.’I IJJ, lJl, IJ),
BWHs

Big Rock Point 0.0796 - 0.759 - 0.929
Browns Ferry 1-3 - - - - -
Brunswick 1.2 0.840 141 L6l 0.840 1.69
Qlinton 1 0.00007 - 6017 0.00285 -
Cooper 0.365 0.00342 0.0747 - 0.0414
Dresden 1-3 4.03 - 1,447 - 249
Duanc Amold 0.246 - 0.0725 . 0.0117
Edwin 1. Hatch 1 -2 0.347 - 0.995 - 0910
Formi 2 0.015 0.00037 0.236 - 0.00312
Grand Gulf 1 0.00225 . 0.0109 . .
Hope Creek ) - - - - -
Humboldt Bay 3 . . - - -
James A Fitzpatrick 0.622 - .77 . -
Lacrosse - - - - -
Lasalle 1-2 0.2589 0.588 14.9 0.115 1.43
Limerick 1 0.208 - 0.136 - .
Millstone 1 0.110 0.537 - .
Monticello 1.59 7.84 - 114
Nine Mile Point 1 - - - -
Nine Mile Point 2 0.00094 0.00858 - -
Oyster Creek | 1.95 8.66 . 14
Peach Bottom 2-3 - - - . -
Perry 1 1.67 0.00246 1.24 - 0.0182
Pilgrim 1 - - - - -
Quad-Gities 1-2 0225 1.32 - 3.38
River Bend 1 0.0177 0.176 - -
Susquehanna 1.2 0.0262 - - - -
Vermont Yankee 0.128 - 0.184 - -
WNP-2 3.33 0.249 1.49 - 0.0503
Total relcase (GBg) 16.1 2.54 43.5 0.95 255
Normalized activity [GBq (GW a)}] 0.96 0.15 26 0.057 1.5

A dash indicates no value reported.
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Table 33
Particulates released from reactors in airborne cfMucents
Release (GBg)
Country Reactor
1085 1986 1987 1988 1989
PWRs
Belgium [M6] Docl 14 0.33 0.53 0.18 0.12 0.03
Tihange 14 0.025 0.073 0.062 0.095 0.071
Brazil [C1) Anga 1 0.0007 0 0 1] 0
Bulgaria [C16) Kozloduy-1-2 1.56 121 5.28 1.96 132
Kozioduy-2
Kozloduy-3-4 1.74 3.16 0.90 0.74 0.74
Kazloduy-4
Kozloduy-5 - - 0.41 119
China, Taiwan Province [T2) Maanshan 1-2 0.038 0.0030 ] 0.018 0.033
Czechoslovakia [N11) Bohunice 1-4 1713 0.44 Q.16 0.2 0.38
Dukovany 14 0.031 0.06 0.08 0.04 0.172
Finland [F2] Loviisa 1-2 0.043 0.091 0.068 0.058 1.8
France {E4] Belteville 1-2 - - 0.013 0.082 0.13
Blayais 14 25 26 0.33 0.41 072
Bugey 2-5 0.7 1.5 0.84 0.85 0.69
Cattenom 1-2 - 0.0041 03 0.19 0.18
Chinon B1-B4 0.3 1.1 1.5 0.36 0.56
Chooz-A (Ardennes) 0.07 0.26 0.096 0.1 0.19
Cruas -4 0.07 0.28 0.093 0.069 0.09
Dampicrre 1-4 1.5 7.1 0.59 0.41 0.75
Fessenheim 1-2 0.12 0.17 0.11 0.026 0.025
Flamanvilie 1-2 0.089 0.097 0.29 0.1
Gravelines 1-6 1.9 2.1 1.7 0.69 1.1
Nogent 1-2 - - 0.0047 0.084 0.096
Paluel 1-4 0.26 0.48 0.59 0.43 0.51
St. Alban 1-2 0.033 0.18 0.11 0.083 0.11
St. Lawent Bi-2 0.7 1.5 0.6 0.52 0.44
Tricastin 14 0.6 0.7 0.22 0.18 0.23
Germany, Federal Republic of Biblis A-B 0.31 0.1 0.17 0.32 0.077
[B4, B9, §7) Brokdorf - 0 0.00003 0.00023 0
Emsland - - . 0 0.00032
Grafenrheinfeld 0.002 0 0.0017 0.0014 0.00096
Greifswald 0.5 0.5 . 05 0.6 0.6
Grohnde 0.00054 0.00069 0.00065 0.00088
Isar 2 - . 0.00014 0.00005
Milheim-Kirlich - 0 0 4] 0
Neckarwestheim 1-2 0.014 0.022 0.032 0.0063 0.0044
Obrigheim 0.024 0.032 0.012 0.014 0.013
Philippsburg 2 0.00005 90.0001 0.00013 0.0011
Stade 0.028 0.026 0.0i3 0.031 0.052
Unterweser 0.008 0.0056 0.0076 0.0028 0.0014
Hungary {F3] Paks 1-4 0.12 1.02 221 1.57 4.12
lialy [C22] Enrico Fermi (Trino) 0.00067 0.0045 0.0017 0.0009 0.0006
Japan [§1) Genkai 1-2
Ikata 1-2
Mihama 1-3
Ohi 1-2 ,
Sendai 1-2 Not measured
Takahama 14
Tomarn-1
Tsuruga-2
Netherlands [MS] Borssele 0 0.004 0 0 0
Republic of Korea [M3] Kori 1 0.13 0.14 0.015 0.009 0.034
Kori 2 0.002 0.003 0.003 0.001 0.0002
Kori 34 0.002 0.0i6 0.0001 0.001
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Release (GBq)
Country Reacior
1985 1986 1987 1988 1989
Republic of Korea (continued) Uichin -2 - - - 0 0.139
Yoaggwang 1-2 . 0.00007 0.001 0.007 0.002
South Africa [C20] Koeberg 1-2 0005 0.0007 0 0.0002
Spain [C21] Almaraz 1-2 247 0.67 0.003 0.04 0.05
Asco 1 0.06 224 4.45 0.04 0.04
Asco 2 0.007 0.01 0.02 0.03 0.03
José Cabrera | 0.23 0.1 0.08 0.12 0.18
Trillo 1 - - - 0.005 0.005
Vandellos 2 - - 0 0.0002 0.01
Sweden [N14) Ringhals 2 0.008 0.006 0.005 0.012 0.0045
Ringhals 3 0.004 0.002 0.011 0.006 0.0034
Ringhals 4 0.001 0.002 0.012 0.008 0.0058
Switzeriand [DS5, D6] Beznau 1-2 0.0009 0.0007 0.00085 0.011 0.00065
Gispgen 0.01 0.0057 0.00078 0.0023 0.0014
USSR {G2, 114] Armenia 1-2 7.50 7.48 243 324 319
Balakovo 1-3 0 104 0.43 0.49 0.15
Kaliain 1-2 0.009 0.088 0.059 0.19 0.05
Khmelnitski 1 - - 0.063
Kola 14 0.22 0.43 0.91 0.89 11.3
Novovoronezh 3-§ N8 28.1 3.10 5.31 132
Rowvno 1-3 0.74 0.84 0.14 0.20
South Ukraine 1-3 0.19 2.43 0.16
Zaparozhe 1.5 0.00072 0.04] 0.044 0.067 0.19
United States [T3) Arkansas One-1 0.012 0.0067 0.0024 0.0080 0.01
Arkansas One-2 0.010 0.0027 0.0010 0.0058 0.005
Beaver Valley 1-2 0.043 0.11 0.052 0.085 0.4086
Braidwood 1 - - 0.0002 0.89089 0.0009
Braidwood 2 - - . 0.0007 0.0029
Byron 1-2 0.0026 0.01} 0.0048 0 0.001
Callaway 1 0.0006 0.0011 0.0014 0.012 0.0004
Calvert Chifts 1-2 0.059 0.0074 0.0037 0.4] 0.004
Catawba 1 0 0.15 0.23 0.12 0.003
Catawba 2 . 0.15 0.23 0.12 0.003
Crystal River 3 0.012 0.0i3 0.048 0.0097 0
Divis-Besse | 0 0.0059 0 0.003
Diablo Canyon 1-2 0 0.0026 0.019 0.022 0.002
Donaid Cook 1-2 278 0.25 0.41 0.079 1.246
Farley | 0.0004 0.0029 0.0043 0.016 0
Farley 2 0.0003 0 0.0002 0.00001 0.00001
Fort Calhoun | 0.0081 0.0026 0 0.0001 0
. B. Robinson 2 0.0074 0.0078 0 0.0011 0.00509
Haddam Neck 0.014 0.056 0.029 0.019 0.03
Indian Point 1-2 210 309 0.52 0.34 0.094
Indian Point 3 0.0033 0.0033 0.0007 0.0004 0.0003
Kewaunee 0.0089 0.21 0.45 0.38 0.19
Maine Yankee 0.0042 0.020 0.044 0.0010 0.0018
McGuire ] 0.18 0.96 1.95 0.021 0.01
McGuire 2 0.18 0.96 1.95 0.021° 0.01
Milistone 2 0.020 0.0026 0.0004 0.019 0
Millstone 3 - 0.0044 0.12 0.016 0.02
North Anna 1-2 227 0.052 0.17 0.027 0.02
Oconee 1-2-3 0.044 0.75 4.89 2.96 0.49
Palisades 1.06 0.080 0.25 0.23 0.17
Palo Verde 1 0.0004 0.0022 0.056 0.0096 0.006
Palo Verde 2 - 0.015 0 0.048 0.002
Palo Verde 3 - - 0.00004 0.02
Point Beach -2 0.21 0.021 0 0.062 0.108
Praine Island 1-2 0.00)1 0.0007 0.0086 0.0028 0.00061
R. E. Ginna 0.0003 0.0046 0.24 0.000S 0.014
Rancho Seco 1 0.053 0.0004 0.00006 0.010 0.0002
Salem ) 1.44 0 [¢] 0.054 0.004
Salem 2 320 0 0.0019 0.0041 0.029
San Onofre 1 0.001) 0.0004 0.0003 0.019 0.005
San Onofre 2-3 0.19 on 0.4] 0.096 0.001
Sequoyah -2 0.022 0.058 0.019 0.0057 0.005
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Table 33 (continucd)
Release (Glig)
Couniry Reacior
1985 1986 1987 1088 1989
United States (conlinued) Shearon llarris 1 - - 0.0002 1.00 0.00003
South Texas 1 - - - 0 0.02
South Texas 2 - - . - 0.053
St. Lude | 2.6 0 0 0 0.003
St. Lude 2 315 0.0074 0.0037 0.0037 0
Suny 1.2 0.044 0.13 0.10 0.39 0.046
Three Mile Island } 0.0011 0.013 0 0 [\]
Three Milc Island 2 0.0017 0.0060 0.0027 1.00 0.00013
Trojan 0.016 0.017 0.028 0.040 0.0014
Tuwkey Point 3 0.030 0.074 0.041 0.034 0.099
Turkey Point 4 0.030 0.019 0.041 0.034 0.00051
Virgl C. Summer | 0.0002 0 0.0095 0.0019 0
Vogtle 1-2 - - 0.0003 0.0003 0.043
Walesrfoed 3 0 0.0059 0.0068 0.014 0.004
Wolf Creck 0 0 0.0072 0.001 0.0002
Yankee NP'S 0.0020 0.0005 0.0005 0.0003 0.0034
Zion 1-2 0.87 1.54 0.14 0.48 0.013
Yugosiavia [F1] Krsko 0.535 0.102 0.396 0.1 0.073
Total release (GBgq) 303 487 154 60 65
Normalized release (GBq (GW a)™!) 36 5.0 14 0.50 0.51
Average normalized release 1985-1989 [GBq (GW a)"] 20
BWRs
China, Taiwan Province [T2) Chin Shan 1.2 1.51 8.21 0.63 0.60 0.37
Kuosheng 1-2 0.036 0.0056 0.0027 0.027 0.021
Finland [F2} TVO 1-2 1.1 0.95 0.2 0.2 0.18
Germany, Federal Republic of Brunsbattel 0.021 0.008 0.03 0.023 0.052
B4, B9 Gundremmingen B.C 0 0.031 0.0034 0.0031 0
lsar 1 0.15 0.23 0.019 0.028 0.0085
Krammel 0.052 0.035 0.022 0.0025 0.0054
Philippsburg 1 0.11 0.029 0.02 0.017 0.013
Wirgassen 0.22 0.22 0.21 0.24 0.28
India Tarapur-]
Tarapur-2
haly [C22) Caorso 0.08 0.33 0.069 0.03 0.036
Japan [J1} Fukushima Daiichi 1.6
Fukushima Daimi 1-4
Hamaoka 1-3
Kashiwazaki Karniwa LS Not measured
Onagawa-]
Shimane 1-2
Tokai 2
Tsuruga 1
Mexico [C19) Laguna Verde (Mark 1) - . . - 00122
Netheslands [MS]) Dodewaard 0.062 0.028 0.019 0.038 0.041
Span [C21} Conlrentes 0.16 0.13 0.07 0.15 0.1
S. Maria de Garona 0.27 0.15 0.23 0.14 0.05
Sweden {N14}
Barscbeck 1 3.96 0.45 0.3 0,066 0.2
BRarsebeck 2 0.2 0.22 0.087 0.124 48
Forsmark | 15.4 1.4 0.54 0.25 0.2
Forsmark 2 5.21 17 23 0.94 0.6
Forsmark 3 0.45 103 156 112 61
Oskarshamn 1 6.15 7.9 bl 45 7.3
Oskarshamn 2 1.5 0.32 1 179 64
Oskarshamn 3 0.013 1.7 0.026 n 14
Ringhals 1 0.93 4.19 0.35 1.95 87
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Table 33 (continucd)

Release (GBg)
Country Reactor
1985 1986 1987 1988 1989
Switzerland [DS, D6) Leibatadt 0.0012 0.00038 0.037 0.012 0.056
Mihleberg 0.07 12 0.19 0.13 0.078
United States [T3) Big Rock Point 0.49 1.80 0.93 1.80 0.084
Browns Ferry 1-3 0.48 0.039 0.066 1.07 0.0069
Brunswick 1-2 0.85 117 4.88 s 1.23
Qlinton | - - 0.0080 219 0.34
Cooper 0.76 0.15 0.80 0.39 0.0046
Dresden 2-3 3.48 216 4.70 4.66 424
Duane Arnold-1 0.30 245 3.40 0.33 0.1
Ensico Fermi 2 . 0.00001 0.32 0.088 0.62
Fizpatrick 4.45 2.76 3.94 1.97 261
Grand Gulf 1 0.020 0.013 0.048 0.016 0.017
Hatch 1-2 250 0.35 0.59 1.24 0.09
tHope Creck 1 - 0
Humboldt Bay 3 0.0028 0.0061 0.0025 1.01 0.0014
Lacrosse 0.096 0.020 0.016 1.00 0.00048
Lasalle 1-2 0.55 0.20 1.26 0.21 0.09
Limerick 1 0.28 0.043 0.038 0.15
Millstone 1 1.49 135 0.23 0.17 0.26
Monticelio 1.19 0.40 0.56 1.33 0.86
Nine Mile Point 1 0.45 0.37 0.35 1.07 0.11
Nine Mile Point 2 - - 191 0.025 0.17
Oyster Creek 3.33 155 0.60 0.40 0.39
Peach Bottom 2-3 0.34 0.21 0.185 1.06 0,098
Perry 1 - 0.00004 0.0003 0.041 0.01
Pilgrim 1 0.32 0.16 0.0175 1.01 0.2
Quad Cities 1-2 20.6 335 27 0.69 1.4
River Bend 1 0.0009 0.011 0.018 0.014
Susquchanna 1-2 0.94 0.12 0.22 0.041 0.022
Vermont Yankee 0.20 0.47 0.10 0.12 0.13
WDPPSS-2 8.92 244 261 15.02 29
Total release (GBq) 96.1 171 385 422 338
Normalized release [GBq (GW 1)) 33 5.6 12.4 13.0 103
Average normalized telease 1985-1989 {GBq (GW a)'} 9.1
HWRs
Argentina [C1S5, C18] Atucha-] 0.022 0.0044 0.014 0.0023 0.00075
Embalse 0.22 0.039 0.95 0.089 0
Canada [A6) Bruce 14 0.3 0.4 0.8 1 0.1
Bruce 58 0.2 0.3 0.3 0.2 0.2
Genully-2 0 0 0 0 0
Pickenng 1-4 0 11 11 0.8 1
Pickenng 5-8 0 0 0 0 0
Point Lepreau 0 0 0 0 0
India {B14] Kalpakkam 1-2
Rajasthan 1.2 on 0.20 0.35 0.35 0.15
Palosian Karachi Not reported
Republic of Korea [M3] Wolsong 1 0.006 0.006
Total relcase (GBq) 0.97 2.04 3.51 244 1.46
Normalized release [GBy (GW |)"] 0.12 023 0.37 0.26 0.14
Average normalized release 1985-1989 [GBq (GW )] 023
GCRs
France [E4) Bugey 1 0.2 0.15 0.13 0.12 0.33
Chinon A2-3 0.1 0.5 1.3 0.25 0.21
St. Lawent Al-2 1.2 1.3 0.5 0.4 0.26
Japan [J1] Tokai-1




WTITITTORT

ANNEX B: EXPOSURES FROM MAN-MADE SOURCES OF RADIATION

169

Table 33 (continucd)

Release (GBg)
Country Reactor
1085 1086 1087 1988 1989
Spain [C21) Vandellos 1 0.05 0.07 0.08 0.19 0.27
United Kingdom Berkeley 0 0 0 0.03 0.006
[N6, P), S4) Bradwell 0.1 0.1 0.1 0.08 0.06
Calder Hall 0.6
Chapelcross
Dungeness A 0.2 0.2 0.2 0.2 0.2
Dungeness 31-2 0.1 0.3 0.1 0.1 0.1
Hantlepool Al-A2 1] 0 0 0.04 0.04
Heysham 1A-B, 2A-B 0 0 0.1 0.05 0.05
Hinkley Paint A 0.3 03 0.3 0.3 0.3
Hinkley Point B, AB 0.5 0.6 0.6 0.5 0.5
Hunterston Al 0 0.065 0.084 0.098 0.1
Hunterston B1-2 0.2 0.2 07 0.14 0.083
Oidbury-A 0.2 .2 0.3 0.1 0.1
Sizewell-A 15 1.4 0.4 0.6 0.5
Toeness A-B - . - 0.17 0.023
Trawsfynydd 0.5 0.5 0.6 0.3 0.2
Wylfa 0.1 0.1 0.1 0.2 0.1
Total release (GBq) 425 6.01 5.16 3.87 4.04
Normalized release [GBq (GW a)°!] 0.62 0.96 0.83 0.53 0.51
Average normalized release 1985-1989 [GBq (GW ) 0.68
LWGRa
USSR [G2, 114) Beloyarsky 2 28.5
Bilibino 14 0
Chemobyl 1-4 14.8 49.7
Ignalina 1-2 38.0 8.78 3133 3.55 1.74
Kursk 1-4 153 48.6 91.8 43.2 203
Leningrad 1-4 9.45 1.29 5.40 4.05 9.45
Smolensk 1-3 4.40 12.2 8.64 11.2 4.86
Total release (GBq) 220 76.9 109 62.0 115
Normalized release [GBq (GW )™} 20 9.1 12 6.5 9.6
Average normalized release 1985-1989 [GBg (GW ) 12
FBRs
France {S6) Creys-Malville 0.002 0.04 0.007 0.007 0.008
Phenix 0.03 0.02 0.02 0.02 0.02
USSR Beloyarsky 3
United Kingdom [N6] Dounreay 0.013 0.010 0.032 0.056
Total release (GBq) 0.032 0.073 0.037 0.059 0.084
Normalized release [GBq (GW a)™'] 0.24 0.19 0.10 0.25 0.22
Average normalized release 1985-1989 [GBq (GW a)!) 0.19

A dash indicates that the reactor was not yet in operation.
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Tuble 34
Tritlum relensed from reactors in Hquid eMuents

Release (GBq)
Country Reactor
1985 1986 1987 1988 1989
I'WHs
Belgium [M6] Doel 14 46700 44300 49400 72800 56800
Tihange 14 46200 54500 58000 69200 49600
Brazil {C1} Angra 1 Not reported
Bulgaria [C16] Kozioduy 1-5 Not reported
China, Taiwan Province [T2) Maanshan 1-2 6600 4120 15400 14600 17400
Czechoslovakia [N11] Bohunice 1-4 12560 14590 13650 828D 10440
Dukovany 14 6900 2800 13700 14600 18000
Finland [F2] Lowviisa 1.2 9300 13000 13000 16000 15000
France [EA) Belleville 1.2 -7 - 200 19000 29000
Blayais 14 £0000 87000 78000 63000 60000
Bugey 2-5 79000 87000 64000 62000 51000
Catenom 1-2 - 100 12000 23000 24000
Chinon B1-B4 22000 40000 48000 50000 47000
Chooz-A (Asdennes) 98000 111000 107000 71000 110000
Cruas 14 57000 48000 50000 49000 36000
Dampierre 1-4 67000 77000 57000 54000 64000
Fessenheim 1-2 30000 38000 36000 33000 24000
Mamanville 1-2 100 7000 42000 36000 33000
Gravelines 1-6 $5000 114000 97000 §2000 91000
Nogent 1-2 . - 1000 15000 22000
Paluel 1-4 31000 68000 86000 100000 100000
St. Alban 1-2 3000 16000 29000 21000 37000
St. Laurent B1-2 30000 40000 43000 31000 43000
Tricastin 14 2000 61000 54000 55000 54000
Germany, Federal Republic of Biblis A-B 32000 29000 24000 24000 25000
[Bs, B9, §7 Brokdorf . 100 25000 940 13000
Emsland . - . 1700 13000
Grafenrheinfeld 22000 14000 16000 14000 14000
Greifswald
Grohnde 7200 8000 16000 13000 13000
Isar 2 - - - 1800 7100
Mitheim-Karlich . 1900 4900 10000 1700
Neckarwestheim 1-2 13000 11000 12000 7400 17800
Obrigheim 5300 4100 5700 3800 4400
Philippsburg 2 13000 22000 13000 13000 21000
Stade 6200 7100 6100 6000 4600
Unterweser 27000 14000 14000 12000 15000
Hungary [F3] Paks 1-4 8600 7200 11800 16400 14900
haly {C22) Enrico Fermi (Trino) 23800 69 5350 63 67
Japan [J1] Genkai 1-2 21000 32000 29000 17000 26000
Ikata 1-2 31000 33000 33000 21000 34000
Mihama 1.3 16000 22000 24000 21000 13000
Ohi 1-2 29000 41000 33000 30000 26000
Sendai 1-2 20000 27000 34000 41000 38000
Takahama 14 37000 44000 48000 70000 40000
Tomari-1 - B - 440 2100
Tsuruga-2 - 5600 23300 4070 12000
Netherlands (MS] Barssele 5700 8400 4600 6900 5700
Republic of Korea [M3] Koei 1 18900 10900 7810 16000
Kon 2 10800 14000 18300 12100 25700
Ko 34 12200 24500 26600 30300 32600
Wlchin 1-2 - - - 2430 6900
Yonggwang 1-2 - 3970 17700 7740 35100
South Africa |C20) Kocberg 1-2 15100 10800 32400 37300
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Table 34 (continucd)
Release (GHq)
Country Reactor
1985 1986 1087 1988 1089

Spain {C21) Almaraz 12 36100 15000 31100 47000 49000
Asco 1 9130 11000 13000 18400 16100
Asco 2 3180 20000 16200 18300 23500
José Cabrera 1 2540 1180 20 10 2150
Trillo 1 - - - 677 10200
Vandellos 2 - - 0.4 4680 10600

Sweden [N14] Ringhals 2 19500 13400 30500 13100 12600
Ringhals 3 10800 19600 19200 20000 23000
Ringhals 4 14600 13500 14600 19100 21700

Switzerland [DS, D6) Beznau 1-2 34000 41000 37000 22000 10000
Gosgen 23000 15000 12000 14000 12000

USSR {G2, 14) Armenia 1-2
Balakovo 1-3
Kalinin 1-2
Khmelnitski 1 Average normalized release
Kola 14 estimated to be 30000 GBq (GW o)t
Novovotonezh 3-5
Rowno 1-3
South Ukraine 1.3
Zapotozhe 1-5

United States [T3) Arkansas One-1 12100 7840 5550 9250 14097
Arskansas One-2 8920 8510 13000 9030 16280
Beaver Valiey 1-2 5550 7620 21200 15100 22977
Braidwood 1 - - 1520 10100 20646
Braidwood 2 - - - 9030 20646
Byron 1-2 9660 2480 15200 37400 47730
Callaway 1 21800 16100 16600 - 33000 22533
Calvert Cliffs 1-2 17900 27200 27300 23100 8732
Catawba 1 6480 4370 13500 13100 16465
Catawba 2 - 4370 13500 13100 16465
Crystal River 3 6510 6400 13200 18900 12728
Davis-Besse 1 2490 773 9100 1300 8843
Diablo Canyon 1-2 15800 25800 25600 15900 34595
Donald Cook 1-2 42200 25700 72900 40700 32338
Farley 1 22300 26400 23600 19100 25863
Farley 2 18600 23000 18700 27900 22496
Fort Calhoun 1 6180 6810 8440 8580 8436
H. B. Robinson 2 11400 12700 10100 196800 6068
Haddam Neck 213000 95500 117000 43700 178000
Indian Point 1-2 13000 12400 20800 16200 20720
Indian Point 3 12600 21000 12600 21200 12897
Kewaunce 14000 10900 13000 12300 12617
Maine Yankee 6810 13000 4370 10800 15614
McGuire ) 14900 16900 18200 15600 15651
McGuire 2 14900 16900 18200 19600 15651
Millstone 2 6140 10400 10600 9580 13542
Milistone 3 - 20000 21800 20200 25789
Noxth Anna 1-2 54800 57700 30900 71800 51800
Oconee 1-2-3 45900 49600 35100 26300 37740
Palisades 15900 2340 4400 10500 2982
Palo Verde 1 0 0 0 0 0
Palo Verde 2 - 0 ] 0 0
Palo Verde 3 - - 0 0 0
Point Beach 1-2 29800 30000 26200 13200 20683
Praine Island 1.2 25800 24800 16500 15000 17168
R. E. Ginna 18500 13200 20900 12900 21904
Rancho Seco ) 3330 2410 (3 3740 2697
Salem 1 34200 15200 14000 23500 22533
Salem 2 21300 16200 24500 13600 18907
San Onofre 1 88100 16800 84000 56600 35594
San Onolre 2-3 17600 27400 30300 23800 48100
Sequoyah 1-2 23400 9100 4400 7440 42550
Shearon Harris 1 - - 9180 14800 16946
South Texas 1 - - - 7360 11729
South Texas 2 - - - - 10064
St. Lude 1 10600 10300 12500 10200 14985
St. Lude 2 13500 10300 12500 10200 14985
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Table 34 (continued)

Release (GBq)
Country Reactor
198$ 1986 1987 1988 1989
United States (continued) Surry 1-2 28800 32300 30200 18300 15873
Three Mile Island 1 335 6250 7290 11200 13801
Three Mile Island 2 0.08 0.06 0.05 0.2 0.036
Trojan 9810 5290 6480 13900 11800
Turkey Point 3 16000 13500 950 11100 8473
Turkey Point 4 16000 13500 9950 11100 8473
Virgl C. Summer 1 11500 13900 27200 27900 25345
Vogtle 1-2 - - 11900 14400 33966
Waterford 3 940 15900 19400 18600 13256
Wolf Creek 6770 13900 11700 15000 21756
Yankee NPS 8440 6510 8100 7250 6216
Zion 1-2 24300 26400 24300 35900 38739
Yugoslavia [F1] Krsko 10900 13000 10500 16300 12000
Tokal release (GBq) 2350000 2350000 2650000 2580000 2970000
Normalized release [GBq (GW 2)}) 25000 24200 25100 22600 24200
Average noemalized refease 1985-1989 [GBq (GW a)"] 25000
BWRs
China, Taiwan Province (T2) Chin Shan 1-2 174 33 673 205 1720
Kuosheng 1-2 95.1 112 944 529 1150
Finland [F2} TVO 1-2 1200 1600 1900 1300 1300
Germany, Federal Republic of Brunsbiittel 870 500 500 S10 210
B4, BY) Gundremmingen B,C 1200 1200 1600 1200 1500
Isar 1 470 650 750 810 510
Krammel 760 1000 950 880 690
Philippsburg 1 900 770 620 550 480
Wiirgassen 710 490 390 410 960
India Tarapus-1
Tarapur-2
haly {C22] Caorso 1120 1200 97 29 6.3
Japan [11] Fukushima Daiichi 16 4100 3400 2300 2600 2600
Fukushima Daini 1-4 410 440 700 960 1500
Hamaoka 1-3 2400 1700 1700 1500 1300
Kashiwazaki Kariwz 1S 44 16 36 0 170
Onagawa-1 24 4] 63 110 75
Shimane -2 310 120 280 130 280
Tokai 2 590 740 520 480 1100
Tsuruga 1 350 410 350 440 240
Mexico [C19) Laguna Verde (Mark [I) - . - - 1120
Nethetlands [MS) Dodewaard 170 270 170 150 200
Spain [C21) Confrentes 540 120 70 30 70
S. Mana de Garona 250 100 160 490 60
Sweden [N14) Barsebeck 1 20 950 490 280 400
Barsebeck 2 290 950 490 280 400
Forsmark ] 580 441 630 708 760
Forsmark 2 580 441 630 705 760
Forsmark 3 150 1060 330 390 550
Oskarshamn 1 260 386 610 35 490
Oskarshamn 2 260 386 610 735 490
Oskarshamn 3 110 330 33s 430 220
Ringhals 1 525 527 533 639 665
Swizerland [DS, D6) Leibstadt 270 400 320 300 440
Miihlcberg 260 520 440 410 540
United Siates [13) Big Rock Point 47.0 13.0 217 12.8 23.6
Browns Ferry 1-3 1230 293 75.1 540 0.7
Brunswack 1-2 366 214 734 1150 259

am
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Table 34 (continued)
Release (GHg)
Couniry Reactor
1985 1986 19087 1988 1989
United States (continued) Qlinton 1 - - 69.2 107 55.1
Cooper 187 206 186 154 202
Dresden 2-3 276 470 825 636 677
Duane Amold-} 1.32 o 0 0 0
Ensico Fermi 2 - 11.1 38.9 .5 48.1
Fitzpatrick 155 185 91.8 328 27.1
Grand Gulf 1 191 544 677 496 488
Hatch 1-2 2120 1060 1040 1630 1650
Hope Creck 1 . 0.26 353 346 870
Humboldi Bay 3 40.0 247 0.03 0.03 0.042
Lacosse 4740 2130 1720 170 103
Lasalle 1-2 14.4 507 40.7 64.8 39.6
Limerick 1 42.6 76.2 223 0 999
Milistone 1 662 197 659 1400 1690
Monticello 0 o 0 0 ]
Nine Mile Point 1 0 81.0 0 0 0
Nine Miic Point 2 - - 17.1 293 300
Oyster Creek 0 396 725 599 147
Pcach Boltom 2-3 1870 1650 1720 359 740
Perry 1 - 0.1 108 272 258
Piigrim 1 289 370 119 212 §7.7
Quad Gities 1-2 126 238 256 269 1077
River Bend 1 169 256 357 592
Susquchanna 1-2 338 570 692 537 1014
Vermont Yankee 0 1] 1] . 0 0
WPPSS-2 555 4700 2080 51.1 75.1
Total release (GBq) 33500 34700 32200 28300 34200
Nermalized release [GBq (GW 1)) 900 870 750 640 780
Average normalized release 1985-1989 [GBg (GW a)'!) 790
HOWRs
Asgentina [C1S5, C18] Atucha-} 320000 280000 360000 590000 300000
Embalse 16000 79000 160000 170000 220000
Canada [A6] Bruce 14 1066000 1376000 1110000 1550000 1639000
Bruce 58 31000 42000 520000 58000 48000
Gentilly-2 31000 42000 520000 58000 48000
Pickering 1-4 333000 84000 444000 592000 592000
Pickering 5-8 377000 844000 1687000 1073000 85000
Point Lepreau 23000 110000 96000 120000 320000
India [B14] Kalpakkam 1-2 16870 30450 30410 63200 90690
Rajasthan 1-2 6470 15380 4950 28670 23550
Pakistan [P3] Karachi 36800 49000 39600 25400 10000
Republic of Karea [M3) Wolsong 1 12000 36810 50780 74520 60440
Total release (GBq) 2270000 2990000 5020000 4400000 3440000
Normalized reiease [GBq (GW &)™) 276000 316000 489000 429000 334000
Average normalized rcicase 1985-1989 [GBg (GW a)!) 374000
GCRs
France [F4) Bugey 1 17000 2000 100 9000 0
Chinon A2-3 500 300 0 3000 1000
St Laurent Al-2 5000 N
Japan [J1] Tokai-1 31 0.2 n 0.05 5.2
Spain [C21) Vandellos ] 6210 283 3530 7480 834
United Kingdom Berkeley 500 100 1200 270 3530
[N6, P, S4) Bradwl) 1300 6200 1600 790 960
Calder Hall
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Table 34 (continucd)

Release (GBq)
Country Reactor
1985 1986 1987 1088 1989
United Kingdom (continucd) Chapelcross 900 200 700 550 630
Dungeness A 800 2400 200 340 200
Dungeness B1-2 46400 29700 6800 22900 16200
Ilartlepool Al-A2 22400 45800 31900 33800 112000
Tleysham 1A-B, 2A-B 24700 58200 82900 112000 195000
Hinkley Point A 22600 2100 5400 2760 1140
Hinkley Point B, AB 336000 257000 169000 272000 266000
Hunterston Al 1900 1100 1300 2200 760
Hunterston B1-2 342000 366000 269000 292000 333000
Oldbury-A 800 900 900 890 720
Sizewell-A 9900 3100 2300 760 2100
Toeness A-B - - -
Trawsfynydd 2400 600 3500 350 490
Wylfa 7000 8700 6200 7300 3000
Total release (GBq) 848000 785000 567000 769000 937000
Normalized relcase [GBq (GW 2)}] 119000 131000 97800 115000 132000
Average normalized release 19851989 [GBq (GW a)!) 120000
LWGRs
USSR [G2, 114) Beloyarsky 2
Bilibino 14
Chemnobyl 1-4
Ignalina 1-2 Only average normalized release reporied
Kursk 1-4
Leningrad 1-4
Smolensk 1-3
Total release (GBq)
Normalized release [GBq (GW 2)°!)
Average normalized release 1985-1989 (GBq (GW a)'l] 11000
FHRs
France [S6} Creys-Malville 0 300 100 0 2900
Phenix 1] 0 0 0 0
USSR Bcloyarsky 3
United Kingdom Dounreay
Total release (GBq) [ 300 100 0 2900
Noarmalized release {GBq (GW a)™!] 0 1100 370 0 11000
Average normalized reicase 1985-1989 (GBq (GW a)!) 3000

A dash indicates that the reactor was not yet in operanon.
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Table 35
Radionuclides excluding tritium released from reactors in liquld cfTluents
Release (GHig)
Couniry Reacior
1985 1986 1987 1988 1089
PWRs
Belgium [M6] Docl 14 140 213 3.7 11.0 .S
Tihange 14 524 51.3 62.2 57.4 713
Brazil [C]] Angra 1 Not reported
Bulgzria [C16] Kozloduy-1-2 0.81 0.83 0.71 0.88 0.83
Kozloduy-2-4 0.78 0.65 0.76 0.80 0.60
Kozloduy-S . - 1.24 109
China, Taiwan Province {T2] Maanshan 1-2 33 295 101 0.23 161
Czechostovalda [N11) Bohunice -4 0.64 0.33 0.81 022 0.08
Dukovany 14 0.012 0.036 0.021 0.30 0.30
Finland [F2] Lowviisa 1-2 18 1?7 13 15 21
France [E4) Believille 1-2 - - 1 3 24
Blayais 14 87 104 75 5 56
Bugey 2-5 177 176 168 117 160
Cattenom 1-2 - 0.4 8 3 10
Chinon B1-B4 61 89 56 63 56
Chooz-A (Ardennes) 8 9 10 7 17
Cruas 1-4 26 19 12 11 11
Dampierre 1-4 22 138 212 15 35
Fessenheim 1-2 37 42 27 2 23
Flamanville 1-2 0.5 39 62 381 23
Gravelines 1-6 120 153 109 96 130
Nogent 1-2 - . 1 6 2
Paluel 1-4 98 175 160 54 57
St. Alban 1-2 6 73 88 30 23
St. Lawent B1.2 369 58 17 10 18
Tricastin 14 140 62 53 35 36
Germany, Federal Republic of Biblis A-B 24 23 3.8 0.12 126
[B4. B9, 7] Brokdorf . 0 0 0 0
Emsland - - - 0.023 0.013
Grafearheinfeld 0.035 0.15 0.071 0.054 0.068
Grafswald
Grohnde 0.11 0.011 0.084 0.082 0.25
Isar 2 - - - 0.0039 0.02
Milhcim-Karlich - 0.25 0.13 0.019 0.38
Neckarwestheim 1-2 0.3 0.16 0.1 0.033 0.07
Obrigheim 0.77 0.58 041 0.38 0.41
Philippsburg 2 0.047 0.25 0.32 0.69 0.29
Stade 1.2 1.5 13 1 0.56
Unterweser 072 0.23 0.23 0.1 0.23
Hungary [F3} Paks 1-4 1.31 1.09 319 204 291
haly [C22) Enneo Fermi (Trino) 61 42 34 36 22
Japan [J1} Genkai 1-2 0 0 0 0 0
Kkata i-2 0 0 0 0 0
Mihama 1-3 0.022 0.015 0.017 0.021 0.0065
Ohs 1-2 0.021 0.016 0.0044 0.00021 0
Sendar 1-2 0 0 0 0 0
Takahama 14 0.0081 0.013 0.0027 0 0
Tomari-1 - - - 0 0
Tsuruga-2 - 0.00013 0.0017 0.00014 0.00059
Netherlands [MS}) Borssele 5.7 2.7 1.9 20 3.7
Republic of Korea [M3] Kort 1 0.33 0.85 0.71 3.09 209
Kon 2 0.80 0.63 0.33 0.23 0.14
Kon 34 0.60 3.35 4.31 0.40 0.26
Ulchin 1-2 - - - 215 173
Yonggwang 1-2 - 0.214 1.69 209 1.34
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Tuble 35 (continued)

Release (GBg)
Country Reactor
1985 1986 1987 1988 1089

South Africa [C20] Kocberg 1-2 3.36 7.8 1.47 1.69

Spain [C2)] Almarsz 1-2 75.4 30.1 17 18.9 18.7
Asco 1 70.6 97.7 89.1 264 103
Asco 2 1.88 84.1 217 316 5.6
José Cabrera | 9.76 173 11 20 449
Trillo 1 - - - 3.5 L1
Vandellos 2 . - 0.03 8.34 246

Sweden [N14] Ringhals 2 47.5 102 102 48.8 525
Ringhals 3 2009 578 26.7 82.0 377
Ringhals 4 58.7 269 46.1 46.8 41.4

Switzerland (DS, D6] Beznau 1-2 8.9 0.00001 8 59 21
Gasgen 0.16 0.089 0.0026 0.0081 0.0096

USSR [G2, 114} Armenia 1.2
Balakovo 1-3
Kalinin 1-2
Khmeinitski 1 - -
Kola 14
Novovoronezh 3-5
Rowno 1-3
South Ukrainc 1-3
Zaporozhe 1-5

United States [T3] Arkansas One-1 131 188 90.7 138 5.5
Arkansas One-2 161 127 68.5 165 98.1
Beaver Valley 1.2 4.18 4.40 248 n 2.2
Braidwood 1 . - 1.85 317 925
Braidwood 2 . - - 112 93.2
Byton 1-2 603 150 91.8 518 235
Callaway 1 0.18 1.42 18.2 286 0.37
Calvert Cliffs 1-2 88.1 66.2 192 977 76.6
Catawba 1 46.6 14.1 242 20.1 12.7
Catawba 2 - 14.1 24.2 20.1 12.7
Crystal River 3 559 30.0 353 8.55 8.713
Davis-Besse | 6.85 228 241 6.22 6.81
Diablo Canyon 1-2 118 411 106 74 59.6
Donald Cook 1-2 83.6 124 74 16.4 29.8
Farley 1 249 3 1.88 295 27
Farley 2 1.39 3.06 Ln 3.16 2
Fort Calhoun 1 106 3.10 151 114 2038
H. B. Robinson 2 348 9.657 212 35.7 10.4
Haddam Neck 312 11.47 15.8 2854 14.4
Indian Point 1-2 68.5 134 223 105 236
Indian Point 3 15.5 1.2 128 119 219
Kewaunce 50.0 19.7 41.7 18.5 45.1
Maine Yankee 115 11.1 326 129 6.77
McGuire 1 23.0 28.6 58.1 95.1 57
McGuire 2 2.0 286 58.1 95.1 57
Millstone 2 170 166 151 329 392
Milistone 3 - 111 200 117 220
North Anna 1-2 188 48 49.2 16.0 429
Oconee 1-2-3 154 112 107 115 141
Palisades 216 5.18 3.42 127 0.14
Palo Verde 1 0 0 0 0 0
Palo Verde 2 - 0 0 0 0
Palo Verde 3 - . 0 0 0
Point Beach 1-2 703 592 7.9 5 206
Prairie Island 1-2 1.02 2 223 9.44 6.4
R. E. Ginna 19.3 239 218 1.27 3
Rancho Seco } 0.27 0.054 0.021 0.21 0.08
Salem | 107 161 123 119 115
Salem 2 104 226 151 120 132
San Onolre 1 288 315 312 26.3 254
San Onofte 2-3 414 303 19.9 429 M4
Sequoyah 1-2 537 6.1) 17.2 16.6 13.1
Shearon Harris 1 - - 336 297 8.95
South Texas 1 - - - 8.29 112
South Texas 2 - . - - 0.43
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Table 35 (continucd)

Release (GBg)
Couniry Reactor
1085 1086 1987 1988 1089
United States (continued) St. Luae 1 101 93.6 2.0 9.77 9.47
St. Lucie 2 102 B9.9 20.1 9.58 9.36
Surry 1-2 316 324 191 89.2 143
Three Mile Island 1 0.23 0.52 1.63 1.72 0.6
Three Mile Island 2 0.0066 0.0069 0.0043 0.041 0.012
Trojan 17.2 92.77 7.73 7.44 5.96
Turkey Point 3 16.6 9.36 13.8 12.1 5.85
Turkey Point 4 16.6 9.36 138 12.1 5.85
Virgl C. Summer 1 26.2 12.1 18.1 279 50.7
Vogtle 1-2 - . 21.3 61.4 14.9
Waterford 3 10.7 149 47.4 522 47.4
Wolf Creek 3.5 83.6 10.7 14.0 26.8
Yankee NPS 0.63 0.50 0.58 2.63 0.18
Zion 1-2 877 59.2 58.1 132 127
Yugoslavia [F1] Krsko 13.4 4.54 1.88 jor} 0.63
Total release (GBg) 5650 5500 4320 4460 3840
Normalized release [GBq (GW 2)}] 66 s6 40 38 31
Average normalized release 1985-1989 {GBq (GW a)'l] 45
BWRs
China, Taiwan Province [T2] Chin Shan §-2 10.1 10.1 120 8.77 14.6
Kuasheng 1-2 8.84 3.8} 115 414 . 91.8
Finland {F2) TVO 1-2 14 35 36 7 33
Germany, Federal Republic of Brunsbittel 0.81 0.49 0.4 1.1 0.35
[B4, B9} Gundremmingen B,C 27 4.8 0.84 0.54 0.22
Isar 1 0.54 0.87 0.56 1.6 0.27
Krimmel 0.36 0.042 0.013 0.062 0.022
Philippsburg 1 0.78 0.97 0.56 0.5 0.44
Wirgassen 1.9 1.2 0.55 L1 0.96
India Tarapur-1
Tarapur-2
Taly [C22) Caorso 20 58 16 15 12
Japan (1] Fukushima Daiichi 1-6 0.037 0.01 0.0067 0 V]
Fukushima Daini 1-4 0 o] 0 0 1]
Hamacka -3 0.056 0.03 0.014 0.012 0.011
Kashiwazaki Kariwa 1.§ 4} 0 0 0 0.00073
Onagawa-{ 0 0 0 0 0
Shimane 1-2 0.007 0.0089 0.0081 0.0059 0.0034
Tokai 2 0.13 0.12 0 0 1]
Tsuruga 1 0.019 0.012 0.0093 0.011 0.0036
Mexien [C19) Laguna Verde (Mark M) - - - . 15.03
Netherlands {MS5} Dodewaard 15 9.6 14 11 11
Spain [C21]) Confrentes 0.96 0.63 0.38 1.26 0.24
S. Maria de Garona 8 1.13 119 2 0.32
Sweden [N14] Barsebeck 1 324 80 334 128 14.4
Barsebeck 2 324 80 334 12.8 144
Forsmark 1 180 33 122 163 185
Forsmark 2 180 233 122 163 185
Forsmark 3 20 174 14 4 4
Oskarshamn 1 30 41 29 49 149
Oskarshamn 2 30 41 29 49 149
Oskarshamn 3 2 3 2 7 13
Ringhals 1 548 63.4 429 30.4 56.5
Switzerland [DS5, D6) Leibstadt 0.6 0.0004 0.026 0.41 0.48
Mihieberg 24 13 6.6 14 4.6
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Table 35 (continucd)

Country Release (GBg)
Reactor
1985 1986 1987 19588 1089
United States |T3) Big Rock Paint 5.66 262 10.1 8.07 8.58
Browns Ferry 1-3 49.6 19.9 12,0 8.95 6.33
Brunswick 1-2 4.26 4.66 26.5 30.8 57.7
Qlinton 1 . . 0.57 4.07 0.64
Cooper 481 2738 83.3 86.2 81
Dresden 2-3 75.1 7.92 14.0 49 24.2
Duane Amold-1 0.030 0 0 0 0
Ensico Fermi 2 . 0.14 0.78 274 6.2
Fitzpatrick 6.66 0.7 2.90 1.80 20
Grand Gulf 1 7.88 111 135 147 11.8
Hatch 1-2 2715 29.2 30.2 364 9.18
Hope Creck 1 - 28.0 59.9 2.8 38.9
Humboldt Bay 3 4.63 1.74 0.44 0.28 0.31
Lacrosse 67.7 185 429 16.5 6.25
Lasalle 1.2 142 0.66 329 407 14.8
Limerick 1 0.81 0.21 276 0 4,14
Millstone 1 17.2 28.6 422 40.0 335
Monticello 0 0 0 0 ]
Ninc Mile Point | 0 0.025 0 0 0
Nine Mile Point 2 - - 48.1 114 8.14
Opyster Creek 0 0 0.25 0.9 1.85
Pecach Bottom 2-3 79.9 17.0 12.2 7.47 4.18
Perry 1 - 0.14 0.54 9.25 429
Pilgrim 1 39.2 7.81 54.4 1.32 0.92
Quad Gities 1-2 540 8.713 263 207 17.9
River Bend 1 3.92 2.95 20.6 41.1
Susquchanna 1-2 235 2.3 11.5 3.51 3w
Vermont Yankee 0 0 0 0 0
WPPSS-2 0.40 0.86 0.45 0.23 1.86
Total relcase (GBq) 1740 1750 1140 1460 1380
Normalized relcase [GBq (GW 3)!} 46 44 27 3 32
Average normalized releasc 1985-1989 [GBq (GW a)'!} 36
OWRs
Asgenuna [C1S, C18} Atucha-] 51 42 100 96 59
Embalse 1.9 7.1 4.5 27 5.8
Canads [AG6) Bruce 14 90 120 50 130 20
Bruce 5-8 7 13 3 8 9
Gentilly-2 9.7 35 12 28 11
Pickering 1-4 32 20 3 23 44
Pickering S-8 10 20 20 60 10
Point Leprcau L6 1.1 0.4 19 11
India [B14) Katpakkam 1-2 13.4 2.2 46.0 48.1 27.6
Rajasthan 1-2 2.81 3.50 0.39 3.05 4.53
Pakastan [P3] Karachi 38.1 200 40.0 4.0 13.0
Republic of Korea [M3] Wolsong 1 07 2.56 1.54 123 0.16
Total relcase (GBq) 258 276 301 421 195
Normalized release (GBq (GW 2)] 1 29 2 41 19
Average normalized release 1985-1989 [GBq {(GW ayl 30
GCRs
France [E4) Bugey 1 43 76 35 15 4
Chinon AZ-3 5 n 5 2 3
St. Lawent Al-2 57
Japan (J1] Tokai-] 0.1 0.059 0.067 0.031 0.015
Span {C21} Vandellos 1 154 133 129 97.6 12.6

- ——
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Tuble 35 (continucd)
Release (GHg)
Couniry Reacior
1985 1986 1987 1958 1989
United Kingdom Berkeley 290 320 240 330 230
[N6, P1, 84} Bradwell 1510 120 710 440 395
Calder Hall
Chapelcross 2000 86 500 170 20
Dungeness A 2190 2100 570 410 230
Dungeness B1-2 8 % 18 51 2
Hartlepool A1-A2 18 65 M 24 bl
Heysham 1A-B, 2A-B 9 15 24 3 57
Hinkley Point A 3720 450 960 500 900
ilinkley Point B, AB 50 a9 19 2% 32
Hunterston Al 3.6 16 11 1 0.62
Hunterston 131.2 9 40 30 30 40
Oidbury-A 1120 690 560 30 410
Sizewell-A 1010 760 710 460 360
Torness A-B - . -
Trawsfynydd 430 200 180 380 280
Wylfa 48 61 58 5 64
Toxal release (GBq) 12800 6840 4780 3570 32
Normalized release [GBq (GW a)"] 1800 1140 800 580 470
Avcrage normalized release 1985-1989 {GBq (GW a)‘I] 960
LWGRs
USSR [G2, 114] Beloyarsky 2
Bilibino 14
Chemobyl 1.4
Ignalina 1-2 Not reported
Kursk 1-4
Leningrad 1-4
Smolensk 1.3
Total release (GBq)
Normalized release (GBq (GW 1))
Average narmalized release 1985-1989 [GBg (GW a)!)
FBRs
France [S6] Creys-Malville 0 3 0.1 0.1 0.1
Phenix 0 0 0 0 0
USSR Beloyarsky 3
United Kingdom Dounreay
Total release (GBq) 0 31 0.1 0.1 0.1
Normalized release [GBq (GW n)"] 0 110 0.4 0.6 0.4
Average normalized release 1985-1989 [GBq (GW a)! ki)
g [GBq l

® A dash indicates that the reactor was not yal 1n operation.




Table 36
Composition of radionuclides, excluding tritium, released in liquid effluents from PWRs in the United States, 1988 (T3]

PART A
Release (GBq)
Reactor

MNa S 30Mn 33Fe Srn Sco Sco 5%Fe Co 52n s, s, 92 SN 9Szr
Askansas One | 00366 117 10.8 16,0 . 0.0659 303 0.151 3.34 0.118 0.699 0.0155 0.123 0.291 0.164
Arkansas One 2 0.588 6.18 5.96 1.712 . 0.00337 25.7 0.280 2.49 . 0.0511 0.00163 0.320 236 1.68
Beaver Valley 1-2 0.00053 0.00102 0.0216 0.562 - 0.0077 1.65 . 0.784 0.00086 . . - 0.00039 .
Braidwood 1 0.102 0.206 792 . . 0.250 297 0.213 518 . 0.0247 - . 0.0648 0.0355
Braidwood 2 0.0944 0.206 599 . . 0.130 96.9 0.0951 k%) . - . . 0.0629 0.0338
Byton 1-2 0.00048 6.99 1.08 . . 0.0385 221 1.02 1.1 0.030) . . . 1.44 0.899
Callaway | . . 0.0696 0.555 . 0.00152 0.139 0.00053 0.389 . 0.174 0.0688 . 0.0211 0.00633
Calvert Qliffs 1-2 0.0455 316 0.326 . . 0.00981 17.7 0.00799 1.22 . 0.136 0.0182 - 117 0.614
Catawba | 0.0124 1.94 0,792 6.73 . 0.0176 4.33 0.377 2.00 0.0149 0.00225 0.0005 0.00205 0.241 0.152
Catawba 2 0.0124 1.94 0.792 6.73 . 0.0176 433 0.377 2,00 0.0149 0.00225 0.0005 0.00205 0.241 0.152
Crystal River 3 . 0.0214 0.118 0.525 - - 1.62 . 1.47 . 0.156 0.00773 0321 0.0311 0.00633
Davis-Besse 1 . 0.00507 0.0336 1.428 - 0.0115 1.21 0.00028 2.09 0.00017 0.00426 0.00131 . . 0.0107
Diablo Canyon 1-2 0.0277 0.692 1.33 13.0 0o | o8 316 0.210 7.4 0.00334 0.0725 0.00514 0 . 0.360
Donald C.Cook 1-2 0.0150 0.263 0.884 1.37 . 0.0183 2.70 . 2.49 0.0659 0.0136 0.00607 - 0.0054 0.0054
Fort Calhoun - 0.0121 0.644 . - 0.00128 1.59 - 0.302 - 0.1125 0.0157 - 0.0108 0.00161
11.B. Robinson 2 0.00351 0.707 0.37 18.3 - 0.0228 596 0.0367 5.25 0.00158 - 0.0011 0.00004 0.0344 0.00585
Haddam Neck . - 0.107 2,00 - 0.00507 0.696 . 3.81 - 0.00333 0.0411 - 0.00107 0.00107
Harris | - 1.61 0.186 0.0781 . 0.00288 2.27 0.0276 0.241 . - 0.00009 - 0.0142 0.0142
Indian Point 1-2 - 7.81 0.353 24.8 . 0.0137 17.9 0.257 16.9 0.00239 0.00714 0.00083 - 0.592 0.0936
Indian Point 3 0.00268 0.662 0.0566 433 . 0.00045 1.47 0.167 0.562 . 0.00018 - - 0.0345 0.00795
Joseph M. Farley 1 0.00037 0.264 0.0187 0.364 - 0.00071 0.264 0.00551 0.511 0.00025 . 0.00064 - 0.107 0.0288
Jeseph M. Farley 2 0.00286 0.19%9 0.0253 0.755 - 0.00024 0.240 0.0100 052 0.00038 . . - 0.104 0.0214
Kewaunee 00114 0.309 0.186 293 - 00134 9.92 0.0718 2.32 . 0.0474 0.00052 - 0.0503 0.0353
Mainc Yankee - 0.548 0.0216 1.61 . 0.00309 2.32 0.00903 1.84 . 0.257 0.00455 - 0.0186 0.0186
McGuirc | 0.074 111 3.05 15.4 0.00011 0.135 38.1 0.662 13.7 0.110 0.00287 0.00035 0.0326 224 135
McGuire 2 0.074 111 308 15.4 0.00011 0.135 38.1 0.662 13.7 0.110 0.00287 0.00035 0.0426 224 1.35
Milistone 2 0.0488 126 292 9.92 - 0.381 154 0.37 71.0 . 0.255 0.0829 0.492 1.02 0.474
Millstonc 3 0.688 1.32 14.5 8.95 . 0.221 29.6 0.773 228 0.0747 0.0229 0.00466 0.525 211 0.784
North Anna 1-2 0.2446 - 0.0829 - - - 0.618 - 4.96 - - - 0.00681 0.129 0.0158
Oconee 1-3 0.0788 B.84 0310 3.12 . 0.0429 23.2 0.112 4.48 . 0.0225 0.00588 0.340 1.81 112
Palisades - 0.0212 0.0181 - - - 0.253 - 0.302 - 0.0951 0.0258 - 0.0014 -
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Table 36 (conlinued)

Release (GBq)

Reacrtor

Na Ser Hrin e 3ptn $co co e %¢co 95zn s s, 225 nb 9z2r
Palo Verde } - . . - - - - - - - - -
Palo Verde 2 - - - - - B - - - - - - -
Palo Verde 3 - - - - - - - - - - - - - - -
Point Beach 1-2 1.41 0.00196 0.0057 - - 0.00188 0.252 - 0.755 - 0.0992 0.0130 - 0.005% -
Prairie Island 1-2 0.00068 0.0607 0.0148 8.33 - 0.00008 0.313 0.114 0.148 0.00127 0.0844 0.00237 0.00041 0.0112 0.00168
R.E. Ginna 0.00999 0.00496 0.00091 - - 0.031R - 0.0596 - 0.00418 0.00167 - 0.0017 0.00171
Rancho Seco 1 - . 0.00095 - - 0.0003 - 0.0451 - - 0.00069 - - -
Salem 1 0.511 0.881 374 11.0 - 0.148 47.0 0.00984 10.2 0.0203 0.463 0.0873 0.00073 0.566 0.455
Salem 2 0.385 0.117 6.44 13.0 0.11914 0.168 48.8 0.00108 11.0 . 0.625 0.152 0.0130 0.242 0.117
San Onofre 1 - 0.157 0.0194 0.153 - 0.00145 1.91 0.0067 0.829 0.00152 0.0013 0.00374 - 0.00696 0.0115
San Onofre 2-3 0.0144 0.518 0.796 1.02 0.0248 8.73 0.0309 0.810 0.00051 0.400 0.00303 0.403 0.211
Sequoyah 1-2 . 0.00106 0.0607 2.71 0.0022 0.00296 - 9.07 - 0.0170 0.0122 . 0.00013 -
South Texas | 0.00157 0.718 0.122 - - - 5.37 0.0414 0123 - - - - 0.134 0.137
St. Lucie 1 0.00455 0.655 0.0481 1.22 - 0.00018 227 0.00121 1.82 - - 0.0303 - 0.275 0.144
St. Lucie 2 0.00455 0.65> 0.0481 1.22 - 000018 227 000121 1.82 . - 0.00099 - 0.275 0.142
Summer | 0.00984 1.02 0.636 2.26 - 0.0332 8.66 0.0677 2.65 0.0240 - - - 0.315 0.315
Surry 1.2 0.0246 5.96 0.411 10.5 - 0.0259 125 0.245 16.4 0.00329 - - 0.00022 0.448 0.229
Three Mile Island 1 - 0.0714 0.00287 0.282 . 0.847 0.00065 0.0231 - 0.00083 0.00013 . 0.0111 0.00422
Thiee Mile Istand 2 . . . . B - . . . - . 0.0224 . -
Trojan - 0.755 0.0470 2.78 - 0.00186 0.936 0.0250 1.30 - 0.0814 0.0140 - 0.223 0.121
Turkey Point 3 0.00092 0.289 0.555 1.72 - 0.00012 0.966 0.0186 6.81 0.00063 0.00722 0.00194 - 0.00825 0.0023
Turkey Point 4 0.00092 0.289 0.555 1.72 - 0.00012 0.966 0.0186 6.81 0.00063 0.00722 0.00194 - 0.00825 0.0023
Vogtle | 0.144 9.69 1.75 729 - 0.0836 35.1 1.18 1.92 00522 - . - 1.1 0.736
Waterford 3 0.0522 2.38 0278 4.70 - 0.0266 18.9 0.303 1.47 0.00622 0.0163 0.00042 0.0121 1.03 0.599
Walf Creek 1 0.00016 0.729 0.448 2.83 - 0.0261 5.44 0.322 234 0.0128 0.103 0.00117 0.00647 0.196 0.0681
Yankee Rowe 1 - 0.0374 0.00307 0.151 - - 0.00433 0.00869 0.00544 0.00932 0.0295 0.0131 - 0.00374 0.00374
Zion 1-2 0.0966 9.81 0.659 272 - 0.0659 47.0 1.06 29.7 - - - - 1.74 1.10
Total release (GBq) 483 115 78.7 232 0.12 2.27 1110 9.36 315 0.68 4,10 0.67 227 235 13.9
Normalized activity 0.12 2.8 1.9 5.6 0.0029 0.054 26.7 0.22 1.6 0.016 0.099 0.016 0.055 0.56 0.33

(GBq (GW a)')
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Table 37 (continued)

PART C

Release (GBq)

[GBq (GW a)")

Reactor 134c 134, D3, 136, 1 18, 139g,, 140g, 140, , Miq, 193¢, 144¢, 187y 295,
Big Rock Paimt 0.145 0.0102 1.37 - - . - - - - . .
Browns Ferry 1-3 1.36 - - - 3.59 - - - . - - - - -
Brunswick 1-2 1.27 0.00126 0.107 0.0105 4.48 0.0025 0.0025 - - 0.0318 0.00825 0.294
Qlinton | - - - - - - - - - -
Cooper 5.96 - - 0.0074 10.2 - - 0.0777 0.0825 - - - - .
Dresden 1-3 - - - 0.592 0.0125 - 0.00004 - . . .
Duane Arnold . - . . . . - - - - - .
Edwin I. Haiwch 1-2 9.88 0.253 0.134 0.116 149 0.0107 0.0134 0.0131 0.00603 0.00364 0.0094 0.252
Fermi 2 . - - - - - . - - - 0.0662 - -
Grand Guif | 00147 0.0007 0.0138 0.00056 . 0.00079 - - 0.00396 -
Hope Creck 1 - - 0.00005 0.00304 0.00045 0.00013 - 0.00163
Humboldt Bay 3 0.00081 - 0.240 - - .
James AL Fizpatrick 0.171 0.0022 0.418 . . . . 0.0124
Lacrosse 0.0566 - . 2.52 . . - - - - 0.00463
Lasalle 1-2 0.68) 0.0722 1.82 0.0777 0.00017 0.00017 0.0281 - - .
Limerick 1 . . . - . - - B . -
Millstone 1 0.0426 - 285 - - - - 0.00025 -
Monticdlo - - - . - - . - - - - . .
Nine Mile Point 1 - - - . - - - - - - - - - -
Nine Mile Point 2 - - - . - . - - - - - 0.0074 -
Oyster Creek 1 0.0140 - - - 0.147 - - - 0.0244 - - - - -
Peach Bottom 2-3 1.62 - - - 281 . - - - - - - -
Penty 1 - - - - 0.00411 - - - 0.0204 - - - - .
Pilgim 1 0.0140 - - - 0.588 - - - - B - . . .
Quad-Cities 1-2 0.00677 - - - 0.348 - - - 0.0018 - - - . .
River Bend 1 - - - - . . - - - - - 0.00625 0.0114 -
Susquchanna 1-2 0.015$ - - 0.0148 - - - - . - - - .
Vermont Yankee - - - - - - - - - - . - -
WNP-2 0.0107 N - - 0.0138 . - - - - - . . .
Total release (GBq) 213 0.254 0.254 0.206 49.0 0.101 0.0164 0.093 0.138 0.033 0.00013 0.119 0.0310 0.560
Normalized activity 1.3 0.015 0.018 0.012 29 0.0061 0.00098 0.0056 0.0082 0.0020 0.00001 0.0071 0.0019 0.034

A dash indicates no value reported.
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Tablc 38

Average releases of rudionuclides from reuctors per unit electrical energy generuted

Normalized release {Thy (GW :.)'l}
Years
PWRs HBWRs GCRs 1IWRs LWGRs FHhRs Towal *
Notile gases
1970-1974 530 43000 580 4800 s000 b 150 8 13000
1975-1979 430 8500 3700 460 s0m0 & 150 & 3300
1980-1984 220 2200 2300 210 5500 150 ® 1200
1985-1989 81 290 2100 190 2000 150 330
Tritium
1970-1974 5.4 1.8 9.9 680 268 96 b 48
1975-1979 1.8 3.4 76 540 2% ¢ 9 b 38
1980-1984 5.9 3.4 5.4 670 2% 96 ® a4
1985-1989 28 25 9.0 480 b 9 30
Carbon-14
1970-1974 on?t 0.52% 0.22% 63°% 138 0.12° 0.71
1975-1979 0.22 0.52°¢ 0.22% 63°% 1.3% 0.12°% 0.70
1950-1984 0.35 0.33 0.35 % 6.3 1.3% 0.12% 0.75
1985-1989 0.12 0.45 0.54 48 13 0.12° 0.52
lodine-131
1970-1974 0.0033 0.15 0.0014 ® 0.0014 0.050 ¢ 0.0033 ® 0.047
1975-1979 0.0050 0.31 0.0014 ® 0.0031 0.080 ® 0.0050 ® 0.12
1980-1984 0.0018 0.0093 0.0014 0.0002 0.080 0.0018 ® 0.0089
1985-1989 0.0009 0.0018 0.0014 0.0002 0.014 0.0009 ® 0.0018
Particulutes
19701974 0.018 ¢ 0.040 ¢ 0.0010 ¢ 0.00004 ¥ 0.015% 0.0002 ® 0.019
1975-1979 0.0022 0.053 0.0010 0.00004 0.015% 0.0002 & 0.017
1980-1984 0.0045 0.043 0.0014 0.00004 0.016 0.0002 ® 0.014
1985-1989 0.0020 0.0091 0.0007 0.0002 0.012 0.0002 0.0040
Tritium (liguid)
1970-1974 1 kXY 9.9 150 ne 29 19
1975.1979 38 14 25 350 ne 29¢% 42
1980-1984 27 2 9% 290 nt 29b 38
1985-1989 28 0.79 120 370 nt 29 41
Other (liquid)
1970-1974 020° 20°¢ 5S¢ 0.60 0.20° 020 21
1975-1979 0.18 0.29 4K 04 0.18 % 0.18% 0.70
1980-1984 0.13 0.12 45 0.026 013 0.13% 0.38
1985-1989 0.045 0.036 0.96 0.030 0.045 % 0.028 0.079

3

Weighted by the fraction of energy generaled by the reactor types.

Estimated value.

Dats available for one year only.
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Table 39
Electrical energy generated by nuclenr reactors worldwlide

Elecicical energy generated (GW a)

Year
PWRs BWKs GCHRs HIWhs LWGRs FHRs Toral
Befare 1970 5.53 3.18 18.92 0.41 0.74 0 28.8
1970 2.54 1.53 167 0.18 0.17 0 B.1
197 4.07 347 4.16 0.57 0.17 0.008 12,5
1972 5.52 5.30 S.18 0.85 0.17 0.006 17.0
1973 7.90 6.63 4.44 1.82 0.82 0.005 21.6
1974 12.12 8.20 5.28 2.02 .84 0.11 28.6
1975 20.34 10.16 S.19 1.93 1.49 0.15 39.3
1976 22,70 13.38 5.58 2,45 215 0.11 46.3
1977 29.84 14.14 5.88 21 279 0.036 55.4
1978 34.00 18.86 5.68 3.51 3.44 0.17 66.0
1979 33.37 20.89 579 4.60 4.74 02 69.6
1980 40,08 21.18 5.56 4.8) 4.74 0.55 76.9
1981 50.94 2293 5.38 5.19 6.03 0.58 91.0
1982 56.06 25.20 6.00 503 6.68 0.52 9.5
1983 63.92 26.04 6.48 6.52 8.94 0.54 1124
1984 26.80 31.27 7.00 1.29 8.87 0.61 1338
1985 94.82 37.76 2.46 8.29 11.41 0.67 160.4
1986 105.3 40.07 6.89 9.53 8.74 0.77 1713
1987 117.3 43.15 6.86 10.33 11.05 0.81 189.5
1988 128.6 4“2 793 10.77 11.93 0.67 204.1
1989 135.9 .23 8.13 10.33 11.99 0.81 2114
Total 1050 442 137 99.5 108 14 1844
Table 40
Estimaled rcleases of radionuclides from reactors worldwide
Release (THq)
Year
Noble 3 I 1 s Tritium Other
gases 17} C ! Particulates (liquid) (liquid)
Before 1970 160000 519 10.6 0.59 0.26 341 112
1970 72500 179 35 0.26 0.1 104 239
1971 161000 462 1.5 0.56 0.22 203 31.0
1972 244000 670 10.7 0.85 0.32 285 40.6
1973 312000 1360 188 Ll 0.42 490 40.5
1974 385000 1830 pagi] 1.36 0.56 587 493
19725 123000 1330 5.1 4.40 0.6] 1610 326
1976 157000 1650 315 57 0.79 1900 36.)
1977 172000 1880 36.2 6.19 0.86 2290 39.5
1978 218000 2540 47.2 8.20 .12 2830 413
1979 243000 3000 548 9.13 1.25 3110 429
1980 94200 3740 5497 0.60 1.18 3110 33.7
1981 107000 4100 68.] 0.79 1.32 3530 347
1982 118000 3030 0.7 0.88 1.46 3680 8.5
1983 135000 5160 86.3 1.08 1.56 4390 42.1
1984 151000 5780 98.] 1.18 1.86 5080 47.}
1985 59600 3700 868 0.32 0.68 6520 13.6
1986 54700 5330 4913 0.30 0.69 7150 13.5
1987 61300 5820 10 0.35 0n 7780 14.2
1988 66700 GORD a7 0.38 0.81 8360 159
1959 67800 5910 106 0.38 0.83 B410 16.4
Total release (TBg) 3160000 65800 1130 437 17.7 71700 759
Average naemahized release 1720 36 v62 0.024 0.010 39 0.41
[TBq (GW a))
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Table 41

Collective dose per unit release of radionuclides trom reactors

Iype of release

Radionuclide

Compusition for reaclor fype

Collective dose per wnit release
(man Sv f’Bq'l)

Airborne Noble gscs PWR o2t
BWR 0.26
GCR 0.011
Trtum 11
Carbon-14 1800 ¢
lodines ¢ PWR 310
BWR 520°
GCR sio®
Particulates 5400
Liquid Tritium 0.81
Other than Uitum PWR 208
BWR 170
GCR 40

N o8

a

Also assumed for LWGRs and FBRs.

Also assumed for

IIWRs.

Local and regional,
Expressed in terms of 'l releascd.

Table 42

Normalized collective elTective doses {rom radionuclides released from reactors, 1985-1989

- " . . . w ]
Elecirical Collective effective dose por unit elecirical encrgy generated [man Sv (GW o)™}
Reactor eneey Airhorne efflucnts Liguid effluonis
npe generated
(%) Noble gases ‘u Hee B3y Particulates ‘u Other
PWR 62.13 0.010 0.030 0.22 0.0003 0.011 0.020 0.0009
BWR 235 0.075 0.028 0.81 0.0009 0.049 0.0006 0.0061
GCR 3.98 0.0 0009 0.97 0.0007 0.0038 0.097 0.038
HWR 5.26 [FAR) 53 8.6 0.0001 0.0011 0.30 0.0006
LWGR 5.86 .22 0 R 0.0069 0.065 0.0089 0.0009
FBR 0.40 0.018 11 0.22 0.0005 0.0010 0.0023 0.0006
Weighted average .039 0.3 0.9 0.0008 0.022 0.033 0.004
Total 1.4

a

Local and regional compunenis only.
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Tuble 43

Collective effective dose from radionuclides relensed Irom reactors worldwide

Collective effective dvse (man Sy)
Year
Noble BN 4 1) sarticudates Tritium Other
gases Tritium C 1 Particulares (iguid) (liquid) Total
Beforc 1970 38 517 19 0.30 14 0.28 53 70
1970 18 20 6.3 0.13 0.61 0.08 13 28
1971 41 5.1 13 0.29 1.2 0.16 21 63
1972 62 7.4 19 0.44 1.7 0.23 30 94
1973 78 15 34 0.57 23 0.40 33 133
1974 96 17 40 0.70 3.0 0.48 4.0 161
1975 5 15 45 23 33 1.3 1.6 94
1976 33 18 57 0 4.3 L5 1.8 119
1977 36 21 65 3.2 4.6 1.9 20 133
1978 47 28 85 4.2 6.1 23 22 175
1979 S3 33 9 4.7 6.7 25 23 201
1980 16 41 107 0.32 6.4 2.5 L5 176
1981 18 45 123 0.39 2 2.8 1.6 198
1982 20 44 127 0.43 1.9 30 1.7 205
1983 2 57 155 0.53 8.5 3.6 1.9 249
1984 2% 64 177 0.57 10 4.1 21 283
1985 6.9 52 156 0.15 37 53 0.62 2s
1986 6.6 59 164 0.14 37 58 0.62 240
1987 215 64 182 0.16 4.1 6.3 0.65 264
1988 79 67 192 0.17 4.4 6.8 0.71 279
1989 8.0 65 190 0.17 4.5 6.8 0.72 215
Total 668 724 2085 23 9s 58 4] 3665
Table 44
Fuel reprocessing capacities in 1989
(18]
Keprocessing capacity (1 al)
Fuel reprocessing plant
Metal Oxide FBR
France
Marcoule UP§ (GCR fuel) 600
Cap de La Hague UP2 (LWR fuel) 400
Marcoule APM 5
Germany, Federal Republic of
Karlssuhe 35
Japan
Tokai-Mura 210
India
Tarapur (HWR and LWR fuel) 100
Trombay {Rescach reactor fuel) 50
USSR
Kyshtym 400
United Kingdom
Sellafield (Magnox reactor fuel) 1500
Dounrecay 1
Total 2150 1145 6
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Table 45
Munagement strutegles for spent fuel @
[18]
Indicative amounis of spent fuel generated in 1990 (1 a”’)
T N I L
Meial Oxide b Metal Oxide b

Argentina € X x 170 170
Belgium x 170 170
Brazil x 9
Bulgaria X 57 57
Canada ¢ X 2500
China X
Czechoslovakia X 10 10
Finland X X 8 8
France X 150 1200 150 1200
Germany X x 670 670
Hungary X 54 4
India ¢ x 200 200
Japan X 33 1000 33 1000
Mexico X 24
Nethertands x 14 14
Pakistan © x 23
Republic of Korea ¢ x 300
South Africa X 36
Spain x 230
Sweden x X 340
Switzerland x 100 100
USSR x 420 420
United Kingdom x 1300 140 1300 140
United States x 2900
Yugoslavia X 19

Total {rounded) 1500 11000 1500 4900

: Based on energy peneraled in 1990 and the data in Table 16.

LWR oxide fuel unless otherwise indicated.

-

a

HTWR fucl.

In the casc of India, about 190 t, in the case of the Republic of Korea, about 100 t1s HIWR fucl.




Table 46

Radionuclides released In efMuents from fuel reprocessing plants, 1985-1989

[B13, C17, N7, N13, S3, S9]

Electrical Release (TBy)
Reprocessing plant Year g:::flved Airborne effluents Liquid effluents
{GW) J’{ llC JSK, IN, lJl, IJ7C’ Jll Ilc oos, lOdRu 129, IJ7CJ
France 19RS 6.11 32 70300 2600 0.7 76 LEN] 0.13 29
Cap de La Hague 1986 2.52 6 29000 2300 0.7 78 470 0.13 29
1987 3.04 15 35000 3000 65 76
1988 235 21 27000 2500 48 85
19RQ 3.65 25 42000 3700 41 13
United Kingdom 198§ 1.70 268 7.0 23800 0.007 0.002 0.002 1062 13 52 81 <0.] 325
Sellaficld 1986 381 171 5.4 53300 0.03 0.003 0.007 2150 2.6 18.3 28 0.12 17.9
1987 2.43 78.3 9.5 34000 0.019 0.004 0.004 1375 21 15.0 221 0.1 11.8
1988 2.84 185.6 3.6 39800 0.024 0.002 0.005 1724 3.0 10.1 23.6 0.13 13.3
1989 3.69 677 39 51700 0.024 0.002 0.004 2144 2.0 9.2 25.0 0.17 28.6
Japan 1985 1.2 28 10000 0.0010 e 260 0.000002 : : 0.00008
Tokai-Mura 1986 1.2 27 13000 0.0023 : 240 0.000025 . . 0.00017
1987 0.93 a7 12000 0.00014 B 260 0.000009 B A 0.00015
1988 0.17 25 2700 0.00009 B 74 ¢ a a 0.00009
a
1989 11 37 9800 0.00024 240 0.00004
Total reiease (TBq) 1494 29.4 453400 0.108 0.013 0.022 23630 124 412.6 1090 0.880 483.7
Blectrical energy generated (GW a) 36.74 14.47 36.74 19.07 19.07 14.47 36.74 23.1 36.74 21.70 21.70 36.74
Normalized relcase {TBq (GW a)"] 41 2.0 12300 0.0057 0.0007 0.0015 643 0.54 11 39 0.032 13

Less than detection limit.
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Table 47
Normalized releases of radionuclides from fucel reprocessing plants

Normalized release [Thq (GW a)l] *
Years Airborne effluents

J” “C "5A'.r 120, IJI, 117(::
1970-197% 88 1.8 14200 0.002 0.098 011
1980-1984 52 34 12700 0.004 0.019 0.038
1985-1989 41 2.0 12300 0.006 0.0007 0.002

Liquid efflucnts

J” ”C 90& ’“Ru 1291 '"C.r
1976-1979 400 0.54 % 140 340 0.046 1000
1980-1984 405 054 ° 43 120 0.040 270
1985-1989 643 0.54 1n 39 0.032 13

b

Normalization is for eacrgy equivalent of fuel reprocessed.
Estimated value.




Table 48

Estimated releases of radionuclides from fuel reprocessing plants worldwide

Fuel Release in airborne effluents (TBqg) Release in liquid effluents (TBq)
Year reprocessed
(GW a) JH llC GSKr 129, IJI, l'”CJ JH IIC 90& IOGR“ 1291 I'"CJ
Before 1970 22 198 4.0 32000 0.004 0.22 0.25 898 1.2 306 753 0.10 2250
1970 0.6 56 1.1 8990 0.001 0.06 0.07 252 0.34 86 212 0.03 633
197 1.0 86 1.7 13800 0.002 0.10 0.11 389 0.52 133 326 0.04 975
1972 13 117 2.3 18900 0.002 0.13 0.15 530 071 181 444 0.06 1330
1973 1.7 149 30 2400 0.003 0.17 0.19 674 0.90 230 565 0.08 1690
1974 22 197 39 31800 0.004 0.22 0.25 891 1.2 304 147 0.10 2240
1975 48 447 R.S 68000 0.008 0.47 0.53 1810 2.6 541 1590 0.22 5260
1976 4.0 436 7.1 57000 0.007 0.40 0.45 1460 22 421 1320 0.18 4320
1977 39 m 10 SRB00 0.007 0.39 0.44 1250 2.1 500 1360 0.18 4530
1978 4.0 227 7.1 56800 0.007 0.39 0.44 1810 22 3 1610 0.18 4130
1979 48 an 84 68100 0.008 0.47 0.53 1840 2.6 367 1140 0.22 2620
1980 5.5 265 19 68900 0.03 0,10 0.21 1980 2.9 381 727 0.22 3000
1981 74 473 25 95600 0.02 0.14 0.28 2810 4.0 304 861 0.29 2400
1982 8.2 370 28 103600 0.03 0.16 031 2760 4.4 405 890 0.33 2050
1983 1.5 278 25 93800 0.03 0.14 0.28 3000 4.0 346 890 0.30 120
1984 3.1 358 17 65400 0.04 0.10 0.19 3080 2.7 182 699 0.20 464
1985 9.0 303 18 104100 0.05 0.006 0.014 3920 4.8 128 521 0.23 354
1986 1.5 180 15 95300 0.04 0.005 0.011 4690 4.0 96 498 0.25 47
1987 6.4 97 13 81000 0.04 0.004 0.010 4640 34 80 252 0.20 19
1988 5.4 209 11 68700 0.03 0.004 0.008 4300 29 58 211 0.17 22
1989 8.4 706 17 103500 0.05 0.004 0.013 6080 45 50 332 0.27 42
Total 101 5890 243 1318000 0.41 37 4.7 49100 54 5840 15900 39 39600
Average normalized release
for fuel reprocessed 58 2.4 13000 0.0040 0.036 0.047 490 054 58 160 0.038 3%
[TBq (GW a)']
Average normalized release .
for encrgy generated 32 0.13 720 0.0002 0.002 0.003 27 0.029 32 8.6 0.002 21
[TBq (GW a)"!]
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Table 49
Normalized local and regional collective effective dose from fucl reprocessing, 1985-1989

Radio- Normalized release * Collective dase Normalized collective dose [man Sv (GW a)!}
nuclide per unii release
[TBg (GW a)!} (man Sy TBq") For fuel reprocessed For energy generated *
Airborne efMuents
H-3 41 0.0027 0.11 0.004
C-14 2.0 0.4 0.81 0.033
Kr-85 12300 0.0000074 0.091 0.004
1-129 0.0057 44 0.25 0.010
1-131 0.0007 04 0.0003 0.00001
Cs-137 0.0015 1 0.017 0.0007
Total 0.05
Liquid efMuents
H-3 643 0.0000013 0.0012 0.00005
C-14 0.54 0.4 0.21 0.009
Sr-90 il 0.012 0.13 0.005
Ru-106 39 0.07 28 0.1
1-129 0.032 - - .
Cs-137 13 0.08 L1 0.042
Toral 0.17

Normalized for the energy equivalent of fuel reprocessed.
The fraction of fuel reprocessed during 1985-1989 was 0.04.




Table 50
Fstimated local and regional collective dose from radionuclides released from fuel reprocessing plants worldwide

861
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Collective effective dose (man Sv)
Year Airborne Liquid
3" e 63'\-’ 129, IJII LVCI Jl’ IJC 90& lOﬂRu 29] lJ?CS
Before 1970 0.5 1.6 0.24 0.17 0.088 27 0.002 0.5 37 53 0 180
1970 0.2 04 0.07 0.05 0.025 0.8 0.0005 0.1 1.0 15 0 51
1971 0.2 0.7 0.10 0.07 0.038 1.2 0.0007 0.2 1.6 23 0 78
1972 0.3 0.9 0.14 0.10 0.052 1.6 0.001 0.3 2.2 31 0 106
1973 04 1.2 118 0.13 0.066 2.1 0.001 0.4 28 40 0 135
1974 0.5 1.6 0.23 0.17 0.088 27 0.002 0.5 3.6 52 0 1M
1975 1.2 A4 0.50 0.36 0.19 59 0,003 1.0 6.5 111 0 421
1976 1.2 2.9 042 0.30 0.16 4.9 0.003 0.9 5.1 92 0 346
1977 08 28 0.44 0.30 0.15 48 0.002 0.8 6.0 95 0 362
1978 0.6 2.8 0.42 0,30 0.16 4.9 0.003 0.9 8.8 113 0 330
1979 1.1 34 0.50 0.36 0.19 58 0.003 1.0 4.4 80 0 210
1980 0.7 74 0.51 1.47 0.042 23 0.004 1.2 4.6 51 0 240
1981 13 10.1 0.71 0.93 0.056 3.1 0.005 1.6 36 60 0 192
1982 1.0 111 0.77 1.16 0.062 3.4 0.005 18 4.9 62 0 164
1983 0.7 10.1 0.69 1.31 0.057 3.1 0.005 1.6 4.1 62 0 98
1984 1.0 7.0 0.48 1.63 0.039 2.1 0.006 1.1 22 49 0 37
1985 08 73 0.77 2.24 0.002 0.2 0.007 1.9 1.5 36 0 28
1986 0.5 6.1 0.71 1.87 0.002 0.1 0.008 1.6 1.2 35 0 38
1987 03 52 0.60 1.59 0.002 0.1 0.008 1.4 1.0 18 0 1.6
1988 0.6 4.4 0.51 1.33 0.001 0.1 0.008 1.2 0.7 15 0 1.7
1989 1.9 6.9 0.77 210 0.002 0.1 0.011 1.8 0.6 23 0 33
Total 16 97 9.8 18 1.5 52 0.09 22 70 1110 0 3200
Total 4600
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Table §1

Normulized colleciive effective dose from globally dispersed radionuclides
for a time period of 10,000 ycars

Radi Normalized activity released {TBy (GW a)"] Collective dose per Normalized
l:': unit release collective dase
puclide Reaciors © Reprocessing planis b Total © (man Sv TBq”) [manr Sv (GW a)'I]
13 7 654 ¢ 98 0.0012 °/ 0.09
C-14 0.52 254 0.62 85 ¢ 53
Kr-85 12300 490 0.0002 0.1
1-129 0.038 0.0015 48 0.006
Total 53
?  Normalization for total energy gencrated.
b Normalization for fuel reprocessed.
¢ Normalizalion for 1otal encrgy generated; the contribution from reprocessing plants is weighted according 10 the fraction of fuel reprocessed (0.04).
4 Release to sea: 643 TBq (GW a)'!; remainder released 1o air.
¢ For release to air or fresh water; less by a factor of 10 for release to sea.
! For world population of § 107 at time of release.
& For world population of 10'C.
Table 52

10,000 years

Estimated releases of globaily dispersed radionuclides and collective effective dose for a time period of

Release (TBg)
Year
I M ‘!SKJ’ 1291
Before 1970 1960 158 32000 0.11
1970 592 5.0 8990 0.030
197 1140 9.7 13800 0.046
1972 1600 13.8 18900 0.063
1973 2670 o X 24000 0.080
1974 3210 271 31800 0.11
1975 5200 36.2 68000 0.2
1976 5460 40.8 57000 0.19
1977 5720 453 58800 0.19
1978 74¢0 56.4 56800 0.19
1979 8370 65.8 68100 0.3
1980 9050 81.2 68900 0.25
1981 10990 97.3 95600 0.32
1982 10900 103 103600 0.35
1983 12800 116 93800 0.33
1984 14300 118 65400 0.24
1985 15500 110 104100 0.28
1986 17400 11 95300 0.29
1987 18300 117 81000 0.23
1988 19000 120 68700 0.20
1989 21120 17 103500 0.32
Total release (TBq) 193000 1440 1318000 43
Dcse commitment per unit release (nGy TBq'™!) 0.0007 * 8.5 0.000043 04
Population b 101 b 10'0
Collective effecuve dose {man Sv) 180 22000 260 17
Totai collective effective dose (man Sv) 123000

2

Release 1o stmosphete or fresh water; factor of 10 Jess for 1clease 10 sea surface.

5 Global populstion in year of release (19703.7 109, 1975 4.1 10°, 1980 4,5 10°, 1985 4.9 ]00. 1989 5.2 IOQ): assuming 3.6 10° persons [or releases before 1970.
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Tuble 53

nuclear fuel cycle

Normalized collective clfective dose to members of the public from rudionuclides released in eMuents from the

Sowrce

Normalized collective
effeciive dose
[man Sv (GW o)’}

tuscul und regiunal component

Mining 1.}
Milling 0.05
Mine and mill tailings (relcases over § years) 0.3
Fucel {abrcation 0.003
Reactor operation

Aimosphernic 13

Aquatic 0.04
Reprocessing

Atmospheric 0.05

Aqualic 0.2
Transportation 0.1

Total (rounded) 3
Solid wuste disposal and global commpunent

Mine and mill tailings (reeases of tadon over 10.000 ycars) 150
Reactor operation

Low-level waste disposal 0.00005

Intermediate-level wasie disposal 0.5
Reprocessing solid waste disposal 0.05
Globally dispersed radionuclides (truncuted to 10,000 years) 50

Total (roundcd)

200
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Tuble 54
Unscaled radioisotopes vsed in Japan in 1989
(2]
Quantities of radivisotopes used (GHy)
Radio-
nuclide Hospitals Educational Research Indusiry Toral
and clinics organizations institutions and other
-3 25 334 1168 123 1650
C-14 13 16 469 118 616
p-32 24 407 543 2 95
S-35 10 111 134 8 263
Ca-45 2 11 6 1 20
Cr-51 25 114 M 8 236
Fe-59 6 0.7 1 0.3 8
Ga67 16660 0.6 0.2 1.2 16660
Se-75 10 (0.05) (0.1) - 10
Kr8lm * 813 . - - 813
K:-85 - . 14 20z 216
Te-99m © 163200 22 12 265 163500
Te-%9m 63770 1 (0.4) EA 63840
In-111 344 0.2) (0.07) (0.07) 344
1-123 8353 4 (0.5) 2 8359
1-125 273 133 174 149 729
1-131 3964 12 32 3 4011
Xc-133 32060 kX 3 3 32100
Pm-147 . - . 75850 75850
T-201 15200 (0.4) 1 2 15200
Generator.

b Solution.

Table 55
Production and dose estimates for radioisotopes used in medical, educational and industrial applications

Radio- Annual normalized Annual global production b Collective dose caq]’ﬁcicnl Annual collective effective
nuclide produciion ® aud releuse {man Sv PHq™) dose
(G8q per 1 population) (P8q) (man Sv)
H-3 80 0.13 11 1.4
C-14 30 0.0s 1800 © 86 ¢
K85 10 0.02 0.18 0.004
[-123 400 0.7 0.022 0.01
1-125 40 0.06 120 7
I-131 200 0.3 30 9
Xe-133 1600 26 0.14 0.4
Total 100

b

Developed countnies only.

Equivalent to 1.6 10° population (1.2 10° mcs 1005 usige in developed countries plus 3.7 10° nmes 10% usage in developing countries),
Local and regional (short-term) dose. Long-term coticcure dose coetficient s 85,000 man Sv PB::.]'l and annual colleclive effective dosc 1s 4,000 man Sv.
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Table 56

Callective effective dose from the Kyshiym accident

Number of ”'P,gs,'"f'" dzr.unry Average cffective dose (mSv) Collective dose
individuals of "3 in regions (man $1)
(kitg m'? External Total
Evacuated populution
1150 ° 20000 170 520 600
0% 2400 140 440 120
2000 ¥ 670 39 120 240
4200 ¢ 330 19 56 235
3100 ¢ 120 6.8 23 7
Total 1300
Non-evacuuted populution
10000 40-70 20 200
250000 4-40 4 1000
Total 1200
°  Evacualed 7-10 days after the accident.
& Evacuated 250 days after the accident.
¢ Evacuated 350 days after the accident.
¢ Evacuated 670 days after the accident.
Table 57

Estimutes of collective effective dose from re-entry to the atmosphere and burn-up of the Cosmos 954 satcllite

Core inventory Transfer Deposition * b Transfer Dase Collective
R X al re-entry coefficient cocfficient commiiment ective
Radionuclide 1767 °;{£ p Py € ‘L‘ V
T8q) (Bq m per EBg) (Bq m'3} (nSv per Hq m’z) (nSv) (man Sv)
Sr-90 31 5300 0.012 56.6 0.70 20
Zs-95 310 270 0.063 3.78 0.2¢4 0.62
Nb-95 220 270 0.045 1.02 0.045 0.12
Ru-103 120 120 0.011 0.75 0.008 0.02
Ru-106 5.4 2000 0.008 4.6 0.04 0.10
1131 180 29 0.005 4.5 0.02 0.06
Cs-137 12 5400 0.017 143 25 71
Ba-140 400 3 0.009 1.13 0.01 0.03
Ce-141 230 83 0.021 0.12 0.002 0.01
Ce-144 93 1600 0.1 1.8 0.20 0.52
Pu.239 0.27 5400 0.00] 848 0.93 5.7
Total 16

L

o

For temperate lstitudes of the northern hemisphere.
Assuming 100% of 131 2nd V7G5 and 75% of other radsonuclides in core inventory at the time of re-entry were released to the atmosphere.
From Table 8, all pathways combined.

Average value for temperale latitudes of northern hemisphere; divide by 1.5 10 obtain average for northern hemisphere; divide northern hemisphere average

value by 4 10 vbtain average value for southern hemisphere.

Assuming global popuiation of 4.3 10° distributed 89% 10 northern henusphere and 115 1n southern hemisphere; for 3%y, the global population is assumed

10 be 101
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Table 58
Estimates of radionuclide released and collective effective dose from man-made environmental sources of
rudiation

. . B
Release (PBg) Co”“m:,,znk;",; < dose
Sowrce
n o Noble g By wigs | kecaland Global
gases regional
Atmospheric nuclear testing
Global 240000 220 604 650000 910 22300000
Local
Semipalatinsk 4600
Nevada 500 %
Australia 700
Pacific test site 160 %
Underground nuclear testing 50 15 200
Nuclear weapons fabrication
Early practice
Hanford 8000 <
Chelyabinsk 15000 ¢
Later practice 1000 10000
30000 -
Nuciear power production
Milling and mining 2700
Reactor operation 140 11 200 0.04 3700
Fud reprocessing 57 0.3 1200 6.9 0.004 40 4600
Fud cycle 300000 ¢ 100000
Radioisotope production and use 2.6 1.0 52 6.0 2 80000
Accidents
Three Mile Isiand 370 0.0006 40
Chemobyl 630 70 600000
Kyshtym 5.4 0.04 2500
Windscale 1.2 0.7 0.02 2000
Palomares ’ 3
Thule 0
SNAP 9A 2100
Cosmos 954 0.003 0.2 0.003 2
Ciudad Juarez 150
Mchammedia 80
Goiania 0.05 60
Total 380000 23100000
Total collective effective dose (man Sv) 23500000

Truncated at 10,000 years.

External dose only.

From retease of 311 10 the atmosphete.

From reicases of radionuciides into the Techa River.
Long-tetm collective dose from release of 280 from tailings.

a n o o
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Figure 1.

Compartment model used to assess doses [rom releases
of radjoactive materials to the atmosphere from nuclear testing.
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Fission und fusion yiclds of atmospheric nuclear explosions.
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Figure III.
Transfer factor Pgz from production of rudionuclides in atmospheric nuclear testing
to deposition on the carth’s surface in the lemperate zone of the northern hemisphere.
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Figure IV.
Strontium-90 and caesiuvm-137 in the towl dict of Denmark
Points: measured values; lines: resulls of application of regression models
Lo the unnual deposition densities.
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Figure V.
Contributions to strontium-90 and caesium-137 in total diet per unit deposition density
derived from regression model results of measurements in Argentina, Denmark and the United States.
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Figure V1.
Environmental compartment model of the carbon cycle.
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Figure 1X,
Normalized release of radionuclides from PWRs in the United States during 1988,
averuged for reactors of the same age (slart-up year).
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Figure X.
‘Irends in releuse of noble gases in airborme effluents from reactors.
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Figure XI.
Trends in release of trittum in airborne effluents from reactors.
For LWGRs, only estimated average value is availuble.
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Figure XII,
Trends in release of carbon-14 in airborne cfMuents from reactors.



UNSCEAR 1993 REPORT

210

® [PWRs
A LWGRs

ﬁ. 6861

— 8861
- L861
~ 9861
- S861
— b8ol
— £861
— 861
- 1861
— 0861
- 6L61
- 8L61
- LL6]T
- 9L61
|- SL61
- bLoOl
- €L61
- TLOI

- 1261

A\~

A,

1

R h 3 d
> .
5 = 2 2

[1-(e mD) baD] ASVITI AFZITVINUON

oLe61

102

Figure XIII.
Trends in release of iodine-131 in airborne efTlluents from reactors.
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Trends in release of particulales in airborne cffluents from reactors.
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Trends in release of tritium In liquid efMuents from reactors.
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Figure XVI.
Trends in rvlease of radionuclides excluding tritium In liquid eMuents from reaclors.
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Figure XVIIL
Normalized release of radionuclides averaged over [live-year periods for all reactors.
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Figure XVIIL
Locul and regional collective effective dose from release of radionuclides from reactors.
The trend in the total electricsl encrgy generuled by nuclear means Is indicated
by the heavy line (numcrical values on lefl axis apply with units 0.1 GW a).
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Figure XIX.
Nuclear fuel reprocessed wordwide.
Data before 1975 are incomplete.
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Figure XX.

Trends in normalized releases of tritivm and caesium-137 in liquid ¢Muents
from fuel reprocessing plants st Cap de La Hague In France
and Scllaficld in the United Kingdom.
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INTRODUCTION

1. lonizing radiation is widely used for both the
diagnosis and treatment of injuries and discasc. As a
result of this practice, individuals and populations
receive significant exposure to radiation, although they
normally reccive in return the direct bencefits in health
care. Ncvertheless, there is a continuing neced to
analysc the frequencies, doses and trends of diagnostic
and therapeutic medical radiation procedurcs world-
wide. Such information permits the cvaluation of
regional diffcerences in medical radiation usage, com-
parisons with other sources of radiation, the identifi-
cation of arcas of concern, and the estimation of
presumed detriment. It can also be used by ministries
of hecalth and other bodies involved in optimization
and other aspects of radiation protection.

2.  The Committee has repcatedly assessed cx-
posures from the medical uses of radiation. The
available data have been evaluated and extrapolated to
worldwide usage. In the UNSCEAR 1988 Report
[U1], the Commitice estimated that medical radiation
cxposures ranged from 0.4 to 1 mSv annually per
caput, Exposures from medical radiation, which
amount to less than half the exposurc to natural back-
ground radiation, excced those from all other man-
madc sources.

3. The purpose of this Annex is to provide an
updated review and assessment of medical radiation
exposures worldwide. Within this framework, there are
specific objectives, such as to dctermine temporal and
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regional trends in doscs and praclices; 1o assess how
the introduction of new techniques, radiation protee-
tion measurcs or quality assurance programmes affect
these trends; to cvaluate the variations in dose for
given procedures and for total practices as well as the
rcasons for such variations; and to examine the age
distributions of paticats subjccted to various proce-
dures. While some of these objectives are descriptive,
they could also scrve as quantitative inputs for
analysis. c.g. risk-benefit analyses.

4. Mcdical radiation cxposures arise from the dia-
gnostic usc of x rays and other extcrnal radiation
sources and internally administerced radioisotopes as
well as from the therapeutic use of external and scaled
internal sources of radiation and radiopharmaceuticals.
The basic information needed for assessing medical
radiation cxposures is the frequency of cach type of
diagnostic or therapcutic procedurc and the doses to
all parts of the body. Since there are considerable
variations in valucs from country to country, compre-
hensive data are required to make the assessment

complete and accurate. From data assembled in a con-
sistent manner over time, important trends should be
apparent in exposures from medical radiation usage.

5. Onec impediment to the accurate assessment of
mcdical radiation cxposurcs has been the incom-
pleteness or unavailability of data for many regions of
the world. To improve this situation, the Committee
sent a questionnaire on medical radiation usage to all
States Mcmbers of the United Nations. Information
was requested on cxamination and trecatment facilitics;
the number, age- and scx-distribution of patients; and
doses from procedures. Not all countrics were able to
provide the information requested, but the responscs
received constitule a valuable databasc for the
Commitice’s evaluation, supplementing published
scientific papers and reports and permitting a more
complete and accurate analysis of medical radiation
exposures. The Commitice graicfully acknowledges the
response of so many countrics to the UNSCEAR
Survey of Medical Radiation Usage and Exposures.
The countries are listed in Part A of the References.

I. ANALYSIS OF MEDICAL EXPOSURES

6. lonizing radiation is used for two main purposes
in medicine: diagnosis and therapy. Of these, diagnosis
is much more common and is experienced by many
morc people. The doses to persons being examined are
usually quitc low. Radiation therapy, by contrast, is
uscd mainly to treat cancer patients. While a high dose
delivered to a limited, predetermined location is
required to kill malignant tissue, it is neccssary (o
resirict the irradiation of surrounding normal tissues.

7.  Radiation exposures from medical examinations
and trcatments are determined by the type and
frequency of the procedure and by the doses to tissues
in the radiation ficlds. Because of the great regional
diffcrences in the availability of medical radiation
services, it is necessary to have an extensive database
10 evaluate the radiation cxposures worldwide. Al-
though more countrics arec now collecting statistics on
medical radiation usage, the Committee is still forced
to make rather large extrapolations 1o determine the
total dosc to all pcople. The availability of medical
radiation data and the procedures for cxtrapolation and
dosc cvaluations are discussed in this Chapter.

A. MEDICAL RADIATION USAGE

8.  Not all countries are able to provide statistics on
medical radiation exposures. To supplement the data

that were available, the Committec undertook a survey
in 1990-1991 of medical radiation usage and expo-
sures worldwide. Questionnaires werc sent to 140
countries, and over 50 responded. The data contained
in these responses, combined with data in published
papers, cover more medical radiation services and
cxposures than the data available for previous Reports
of the Committee and thus permit improved worldwide
dosc estimates.

9.  An analogous survey. but limited to six common
types of x-ray examination in 24 x-ray departments in
10 European countries, was carried out by the Com-
mission of the European Communitics [M23). Hither-
to, that survey has served mainly for optimizing x-ray
examination procedures rather than for describing the
impact on the population of the doscs from the exam-
inations [M23, M26]. A survey of x-ray examinations
in the USSR is described in a preliminary report [N4).
Two related surveys, one in China [Z26] and one in
India {S40], based on sound statistical sampling have
been made available 1o the Committee.

10. The improved databasc does not obviate the necd
for extrapolation of the availabie data, especially for
the least devcloped regions of the world. In the
UNSCEAR 1988 Report [U1], a good corrclation was
shown to exist between the number of x-ray exam-
inations per unit of population and the number of
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physicians per unit of population. Accordingly, data on
diagnostic x-ray frequencies in a small number of
countrics could be extrapolated to estimate diagnostic
x-ray frequencics in all regions of the world, based on
a morc widely available statistic, the number of
physicians per unit paopulation. Countrics were
categorized as to level of health care, bascd on the
population per physician {U1]. In countries of health-
carc Ievel I, there is at least onc physician for every
1,000 population; health-care level 11, one physician
for 1,000-3,000 population; health-care level 111, one
for 3,000-10,000 population and hcalth-carc level 1V,
onc for more than 10,000 population.

11.  Although there will in future be greater reliance
on the direct reporting of examination or treatment
frequencies, the grouping of countries according to
level of health care is retained here for the analysis of
medical radiation exposures. The use of health-care
levels has scveral advantages: it gives a basis for
cxtrapolating data on medical radiation usage to the
entire world; it allows comparing trends for different
levels of hcealth care; and it is consistent with the
analysis in the UNSCEAR 1988 Report [U1].

12. The World Hecalth Organization (WHO) has
carricd out two major surveys of physician densitics
(number of physicians per 1,000 population) [U18,
W1]. The first set of data centred on the year 1977
and the second on 1984. The 1977 data were used by
the Committee to evaluate medical radiation exposures
for the UNSCEAR 1988 Report [U1]. It shouid be
nolcd that there are uncertainties in the WHO data
because physicians are defined differently in different
countries.

13. There may well also be questions of the validity
of assigning an average health-care level to an entire
country, for such a value may obscure wide variations.
As an cxample, Brazil, at level II (it has one physician
per 1,035 population), is geographically and demo-
graphically heterogencous, and its level of develop-
ment varics grealy [C14, D4]. Urban arcas such as
Brasilia (one pbysician per 500 population) are typical
of level 1, while the states of Acre and Maranhao (one
physician per 3,000 population) approach level 1II.
Large countrics at level 1 may also contain less-deve-
loped arcas, and in most countries, there are differ-
ences in the availability of medical radiation in urban
and rural arcas. Since the correlation between medical
radiation facilities and number of physicians is not
absolute, the availability of medical radiology in a
particular country may be better or worse than
indicated by its health-care level, particularly during
periods of rapid development. Ecuador moved from
level 11 1o level I between the two WHO surveys, but
the density of equipment and frequencies of examina-
lion and treatment are still typical of level 11 countries.

14.  As hcalth care improves, it can be cxpected that
the distribution of the world population in the four
health-care categorics will shilt. In the 1977 survey,
the distribution was as follows: 29%, 35%, 23% and
13% in levels 1-1V, respectively. In the 1984 survey,
it was 27%, 50%, 15% and 8%. The most significant
change was the increase in the proportion of people
living in countries at level II, as improvements in
hcalth care caused countries formerly at levels 1II and
IV to move up. Using the 1984 WHO survey to
determine a country’s health-care level and taking into
account population growth, the number of people in
cach hcalth-care level in 1990 was as follows: level I,
1,350 million; level 1I, 2,630 million; level 111, 850
million; and lcvel 1V, 460 million.

15. Table 1 indicates the lcvel of health care and the
population of the 93 countries appearing in subsequent
tables or otherwise discussed in this Annex. The table
also lists the information obtained by the UNSCEAR
Survey of Medical Radiation Usage and Exposures on
the number of radiologists and the number of x-ray
units, therapy units and nuclear medicine clinics. The
availability of medical radiation services in the four
health-care levels of the world is summarized in
Table 2, which gives the number of radiologists and
the number of facilitics per 1,000 population. Table 3
lists the numbers of diagnostic examinations and
therapeutic reatments. While some of the respondents
gave the number of patients, others may have given
the numbecr of examinations and procedures. Although
the one may be a first approximation of the other, the
two quantitics can differ by a factor of 3 or more,
depending on the procedure,

16. There are some general limitations in data
obtained in surveys of medical radiation uses and
exposures. Thus, estimates of countrywide values are
oftcn based on cxtensive extrapolations from small
samples. Some data arc very coarsely rounded, while
others may be spuriously precisc. Varying definitions
(of, for example, "radiologist", "examination" or "x-ray
unit") and dilferent ways of categorizing individual
procedures contribule to the variations and inexact-
ness of all data. In some cases, national x-ray statistics
may be confounded by statistics on ultrasound exam-
inations, entered as "radiological” procedures. These
unceriainties underlic the data -obtained in the
UNSCEAR Survey of Medical Radiation Usage and
Exposures. Although the data in the Tables are given
1o two or somctimes even three significant figurcs,
the statistical precision is obviously almost always
less.

17.  Thesc uncertaintics notwithstanding, a reasonable
degree of compilation and analysis scemed feasible.
The number of responses from level | countries and
the completcness of these responses, should give
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adcquate statistical reliability, With data available for
China and India, the representativeness of data on
level 11 countries is also quite high. For countries with
less-developed medical services the precision is lower,
but on a worldwidc basis, this has little impact on the
estimation of the per caput effective dose or the
collective dose from medical radiation usagc.

18. Maedical radiation [acilities arc very uncvenly
distributed throughout the world. Table 2 shows that
the numbers of facilitics per 1,000 population are from
20 to 1,000 times smaller in countrics of health-care
level 1V than of level I, the numbers differing by a
factor of up to 50 between different health-care levels.
Within health-care levels there is gencrally a closer
rclationship between the number of facilitics and the
size of the population, but even here the variations are
notable.

19. The trends observed in medical radiation
facilities are uncven. At levels II-1V the availability of
facilities has generally been increasing with time. At
level T the number of medical and dental x-ray units
and therapeutic x-ray units per unit population have
decreased somewhat. Since the countries constituting
the health-care level may be different for the different
periods, some caution must be cxercised in attributing
rcal differences.

20. The data in Tables 2 and 3 can be used to
estimate the total numbers of medical radiation
facilities and usage in the world. These results are
given in Table 4. The average normalized quantitics
bave been applied to the total population of each
region. The main point to note is that level I, with
25% of the world population, accounts for some 70%
of the diagnostic x-ray examinations and for 90% of
the patients for therapy and nuclear medicine treat-
ments. There is still a far from cquitable distribution
of medical radiation scrvices in the world.

B. DOSE EVALUATION

21. Doses to tissues and organs from medical radia-
tion exposures are evaluated in terms of absorbed
dose. For x-ray examinations, the dose without back-
scatter at the entrance side of the patient is specified
by the air kerma. The effect of backscatter is inciuded
in the specification of the entrance surface dose. To
facilitate the summary of results and the comparison
with exposurcs from other sources of radiation, it has
beecn the practice of the Commitliee to cvaluate
effective doscs from the proccdures. Along with its
simplifying advantages, this quantity has limitations
when applied to medical radiation exposures.

22. Earlicr assessments by the Commitiee of medical
radiation exposures in the UNSCEAR 1958, 1962 and

1972 Reponts [US, U9, U10] stressed the genctically
significant dose. This gave some common measure for
the uncven dose distributions from various procedures
and also rccognized that the age distribution of
patients or individuals examined differed from that of
the gencral population. The doses to bone marrow
were also cvaluated. Doses to additional organs were
estimated in the UNSCEAR 1977 Report [U4]. Begin-
ning with the UNSCEAR 1982 Report {U3] and con-
linuing in the UNSCEAR 1988 Report [U1], the effec-
tive dose cquivalent was evaluated. The Committee’s
decision to express patient doses in terms of cffective
dose is bascd mainly on the potential for comparisons
this provides. Effcctive doses permit, in principle at
least, comparisons betwecen time periods, countries,
health-care levels, medical methods and sources of
radiation.

23. It is not possible 1o obtain a correct estimate of
detriment from multiplication of effective doses to
patients by the nominal fatality probability coefficients
given by ICRP [I8]. This has several reasons [D13]. In
the first place, patients are by their very nature a
group which can expect to benefit from medical
radiation exposure, Thus, for paticnts, radiation-
induced detriment cannot be computed or regarded as,
for example, an occupational hazard. Any analysis
would not be fair without consideration of the increasc
in health obtained from the medical radiation usage.
This is usually easily done in individual cases, but
there are no gencral methods to compare overall
hazards and benefits.

24, Another difficulty is that paticnts, because of
their health status, may respond diffcrently to the
radiation exposures than the base population. Mcthods
of deriving scparatc risk estimates for patients, which
would take account of their health status, have not yet
been fully developed [H17, H34]. Furthermore, the
age and sex distribution of patients will rarely match
that of the population for whom the nominal fatality
probability coefficients of ICRP [I8] were derived.
Several ways to adjust for diffcrent age and sex
distributions bave been suggested [S47, V9], but these
have not been applicd to the data in this Annex, since
the purpose of using effcclive dose here is not to
provide input for calculations of estimated detriment,
but to facilitate comparisons between exposed groups.

25. Most, but not all, of the values given in this
Annex were calculated as cffective dose equivalents.
Thercfore, throughout this Annex, a distinction is
made between effective dose equivalents, Hg [I1] and
effective doscs, E [18]. Typical values are indicated for
specific examinations. Average cffective doses or
effective dose equivalents refer to the arithmetical
average among examined patients. Per caput doses
refer to the arithmetical average in the cntire popula-
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tion (including non-examined individuals). Both of
these may refer to specific examinations or to total
doscs for an cntire medical radiation practice. When
average or per caput doses from different countrics are
combincd, this is normally done on a population-
weighted basis.

26. The rclationship between E and H is discussed
in a number of publications [H36, L22, R27, S44,
W28, Z7). The results of dose calculations are
included in Table 5. Gencerally lower values of
cffcctive dose compared to cffective dose equivalent
are oblained for examinations of the chest and skull,
for mammography and for computed tomography.
Higher values are obtained for examinations of the
abdomen and gastro-intestinal tract. The specific
valucs are not always consistent in the various
calculations. In particular, Huda et al. [H36] obtained
lower E/Hg estimates for the chest and skull and
higher estimates for the abdomen than other authors.
This difference is mainly attributable to the way the
"remainder” dose was computed for Hg [L22, H29].
Howecver, while the range of E/Hg values of Huda et
al. [H36] is widest, with individual valucs ranging
from 024 to 2.1, their average value for all
examinations of 0.9 scems similar to average E/Hg
valucs from other sources. Thus, although E/Hg values
for specific types of examination may deviate from
unity, the total effective doses for diagnostic x-ray
examinations should be fairly similar whether
computed with the 1977 or the 1990 weighting factors.
This has been vcrified for a range of typical
cxaminations in scveral countries. The E/Hg values
ranged from 0.93 10 1.13, a variation that is certainly
no greater than the variation in effective dose resuiting
from diffcrences between countries in average patient
size [G21, M43]. The average of all E/Hg values is
1.01, supporting the notion that effective doses for
entire practices, such as diagnostic x-ray examinations,
should be insensitive to the choice of weighting
factors, even if individual examinations deviate
somewhat more. It should be noted, however, that the
corrclation between energy imparted and effeclive
dosc becomes weaker with the ICRP 1990 [I8]
weighting factors [H36).

27. The situation is similar for nuclcar medicine
examinations [H36, G21, G22, J8]. The average of all
E/Hg values is, as for x-ray examinations, around 0.9
(Table 5). E/Hg values excceding 1 occur mainly
when the thyroid is exposed. Values of the effective
dose cquivalent (Hg) for most radiopharmaceuticals
are listed in ICRP Publication 53 [IS]; values of the
effective dose (E) for these substances are also
available [114, J9].

28. Since organ doses arc in most cases nol
measured but calculated, the underlying assumptions

and models used affect the numerical results for both
organ doscs and cffective doses, The influence of the
modecls for the radiation source, the human body, the
1adiation transport calculation and the definition of
dose cquivalent have been investigated in scveral
papers |B2, D2, V7, Z15].

29. When cited papers  stale  cxposure  only
{expressed in C kg™! or in non-SI units), this has been
converted to surface air kerma using the relationship
that 2.58 10 C kg™ is equivalent to 8.7 10 Gy. For
therapy, cffective doses are not easily used for
purposes of comparison. Although effective doses to
radiotherapy patients are bricfly discussed in this
Annex, the impact of therapy is primarily described by
the number of patients trcated and the age- and
sex-distribution of these patients.

C. BENEFITS AND RISKS

30. Exposures to patients in medical diagnostic
examinations and treatments are made in anticipation
of the direct benefits to be received by the patient.
Usually the risk to the individual is small in
comparison with the benefit, and it is casy to justify
the exposure. Risk can be assessed for the exposed
populations, although the procedures are not so
straightforward, The dosc quantitics to be used in
detriment evaluations were considered in the previous
Section. Some gencral considerations on benefits and
risks in medical uses of radiation are presented below.

31. In diagnostic radiography, the dose must be
sufficient to obtain the desired information. If 100 low
a dose is chosen, the image may be of unacceptably
low quality [G19]. Within a relatively nammow dose
band, the amount of information is gencrally correlated
with the dose used. This is, of course, not the case
when high doscs are simply the result of unsatisfactory
technique, for example, oo large a ficld, the incorrect
positioning of the patient or incorrect film processing
(underdevelopment) in x-ray examinations. Even quite
small deviations from satisfactory techniques can
remove the correlation [L19]. But to some extent,
there is a positive correlation between dose and
information for a given technique: doses that are 100
low permit random noise to blur the images so that
they are not clinically useful |G2]. Particularly in
fluoroscopy, images may appear to improve in quality
with increasing dose 1o the patient |B4).

32, In therapy, it is neccessary that deterministic
effects be induced in the target organ. In consequence,
the dose to the target organ must usually exceed some
threshold. Below this threshold, no benefit at all is
likely to result. Above the threshold, the dose imparted
to the target volume must be delivered within a

- o
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narrow range, since higher doses do not produce an
extra benefit but may cause serious injury or death,
This description is simplified, since the height of the
threshold can be manipulated in various ways, such as
with concurrent chemotherapy, but it indicates that the
amount of benefit is not lincarly cormrelated with the
dosc in radiotherapy. )

33, The risks associated with the diagnostic uses of
jonizing radiation arc normally limited to late stocha-
stic cffects, which are estimated to occur at a fre-
quency of perhaps 0.01% for an avcrage examination
(deterministic skin damage may occur after fluoro-
scopy in extreme cases). At the individual level, these
risks are almost always small compared to the benefit
of diagnosis and trcatment. They may also help to
avert a competing risk; for instance, cardiac fluoro-
scopy could entail entrance surface doses of several
gray, possibly even inducing deterministic skin
damage, but might obviate the need for open heart
surgery. In contrast, the risks associated with
radiotherapy treatment involve deterministic effects,
which must be induced to a sufficient extent, and also
late stochastic effects, which can occur in about 10%
of therapy courses [W10]. In fact, second cancers in
radiotherapy patients are important sources of data for
the assessment of radiation risks.

34. From a radiation protection point of view, doses
should be maintained as low as reasonably achievable.
This means that exposures above clinically acceptable
minimum doses, must be avoided. There is much
potential for reducing the risks associated with medical
radiation exposures for diagnostic or therapeutic
purposes. While radiation protection is outside the
scope of this Annecx, the considerations involved
influence the doses encountered and thercfore merit
mention here. The Annex discusses some ways of
reducing doses from specific procedures. In particular,
quality control programmes are setting targets for
facilities whose doses are excessive, thereby reducing
average doscs.

35. Mass screening programmes continue to come
under scrutiny, and in most countries mass lung
screening  programmes have been reduced or
climinated. Mammography screening programmes,
however, are expanding. Nationwide breast screening
programmes and policies are in effect in Finland, the
Netherlands, Sweden and the United Kingdom. Scveral
other European countries, Australia, New Zealand and
several provinces in Canada have decided to start such
programmes [V17]. The bencfits of such programmes
are diminished if the screening procedures sub-
sequently induce breast cancers. Since the frequency
of breast cancer increases with age and the radiosensi-
tivity of the breast decreases with age, the relative
benefit of screening is much greater in older women.

The qucstion of suitable age to start screening and
how often to repeat it (in other words, the question of
when the benefit outweighs the detriment) has been
studied by several authors [A6, A8, D3, D6, 110, M25,
V1, W11} These considerations apply only to mass
screening programmes. In clinical examinations of
women in whom breast cancer is alrcady suspected,
correctly performed mammography will  virtually
always be beneficial.

36. There is certainly merit in secking to restrict
doses when the radiological procedures are readily
available. For most of the developing countrics,
however, the more important need may be to expand
the availability of medical radiation services. Health
will improve with such an expansion, and therefore an
increased collective dose to the population due to
higher examination frequency would be justified. Even
here, however, it is important to maintain equipment
in proper order and to introduce modemn techniques to
optimize the radiation exposures that are made for
medical purposes.

D. SUMMARY

37. Medical radiation facilities are very unevenly
distributed in the world. Four levels of health care
have been defined, based on physician densities.
Level I comprises countries with fewer than 1,000
persons per physician, level Il countries have 1,000-
3,000, level 111, 3,000-10,000 and level IV, more than
10,000 persons per physician. Some 26% of the world
population resides in level I countries, 50% in level 11,
16% in level 1II and 9% in level IV countries. The
data provided in response to the UNSCEAR Survey of
Medical Radiation Usage and Exposures indicate that
in 1990, there were 210,000 radiologists worldwide,
720,000 diagnostic x-ray units, 1.6 billion x-ray
cxaminations performed and 6 million patients
undergoing some form of radiotherapy. Some 70% of
these medical radiation services were available in
countrics of health-care level 1 and the remaining 30%
to the three quarters of the world population that live
in countries of health-care icvels II-1V.

38. Medical irradiation entails benefits to the patient
as well as detriment from the radiation exposure.
Radiation protection is not in itself a subject of this
Annex, but its effect on medical exposure is discussed
where relevant. Doses to patients are described in
terms of cffective dose or effective dose equivalent,
depending on which of these quantities were available.
The quantity effective dose (or effective dose
equivalent) was chosen to facilitate comparisons, but
it is not used in any calculations aimed at assessments
of detriment to patients. Instead, effective doses have
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been supplemented, where possible, with basic data on
cntrance surface doses or administercd activity to
facilitate comparisons. For therapy patients, no single
type of dosc quantity permits a valid determination of

radiological impact, so the assessment of this practice

is based primarily on the numbers of patients recciving
various treatments, with effective dose used as supple-
mentary information.

II. DIAGNOSTIC X RAY EXAMINATIONS

39. Of the medical uscs of radiation, the examination
of paticnts with x rays for diagnostic purposes is by
far the most frequent practice. Such examinations are
performed in all kinds of health care establishments,
including hospitals and medical clinics but also, c.g.
chiropractic and podiatric clinics in many countries.

40. Although the doses from diagnostic x-ray
cxaminations are gencrally relatively low, the
magnitude of the practice makes for a significant
radiological impact. National data on diagnostic medi-
cal x-ray cxaminations, provided in response to the
UNSCEAR Survey of Medical Radiation Usage and
Exposures and supplemented with published data, are
cvaluated in this Chapter.

41. Although the frequencies of examinations and
dosc data are becoming available for many more
countries than in carlier UNSCEAR Rcports, it is
important to remember the limitations of these data.
Often, estimates in the Tables are based on quite small
and not necessarily unbiased samples. Minor differ-
cnces between countries or examinations should
therefore not be overinterpreted. In general, values for
cxaminations and procedures are given to two signi-
ficant figures, while summary data are shown with one
significant figure.

A. FREQUENCIES OF EXAMINATIONS

42. Annual numbers of diagnostic medical x-ray
cxaminations reported by different countries span
scveral orders of magnitude. They are shown in
rclation to the population of the country and its level
of health care in Figure I; data for 1985-1990 are used
for level 1 and data for 1980-1990 are used for levels
1I-IV 10 cncompass a greater number of countries.
Countries of health-care level 1 fall on the upper cdge
of the distribution; countrics of lower hcalth-care
levels show fewer cxaminations at the same relative
populations. When the same data (numbers of
examinations) are plotted against the number of
physicians, a much tighter correlation is evident Only
four countries fall somewhat below the general distri-

bution: Ecuador, Honduras, Myanmar and Peru, It
could be that the pattern of examinations is different
in these countries, but it is more likely that the number
of examinations has been underestimated. For instance,
information from private practice is often unavailable.
It could also be that the number of physicians has
becn overestimated; the definition of a physician is not
standard, so this possibility should also be considered.
On the whole, however, using the number of
physicians as the basis for extrapolating from averaged
reporicd data to the number of examinations
worldwide seems well founded.

43. The total annual frequencies (number of
examinations per 1,000 population) of all diagnostic
medical x-ray examinations performed in a country are
listed in Table 6 and illustrated in Figure II. The
distribution of frequencies at cach level is appro-
ximately log-normal. The range in level I countries is
a factor of 6 (200-1,280 cxaminations per 1,000
population) and an order of magnitude or more in
levels 1l and IIT (15-520 and 10-180 cxaminations per
1,000 population, respectively). Only one value is
available for level IV from the present survey
(Rwanda: 9 examinations per 1,000 population); this
has been supplemented in this Figure by values
available for Cote d’Ivoire and Nigeria for 1977
(40 and 25 cxaminations per 1,000 population).
Examination frequencies for individual patients or
yecars may of course deviale considerably from these
annual average values. Repcated examinations of small
subsels of the population are discussed in Section
1L.F.3.

44. Most data on cxamination frequencies were ob-
taincd by surveys or registrations that were compicte
enough lo give representative results. In some cases,
however, only small samplings were available that
may not adequatcly reflect the availability of medical
radiation services in the country. The frequency for
Turkey, for cxample, is bascd on data from a single
urban centre scrving only 1% of the population of the
country. This very likely explains why il is so
different from the frequencies in other countries of
health-care level 11, and this should be recognized in
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deriving the average values. In other cases, samples
may bec adequate in size but nol completely
representative. For example, the frequency for Brazil
scems to be based on public hospitals only.

45. There are questions about the results for other
countrics as well. According to the 1984 WHO survey
of the number of physicians in various countrics
[U18], Ecuador has moved from level II to the border-
linc of tevel 1. The frequency of examinations remains,
however, clearly typical of level I, so the classifi-
cation has not yet been changed in this analysis.

46. There is no question about the health-care level
for the United States, but the valuc for examination
frequency in 1985-1990 of 800 per 1,000 population
rests on considerable extrapolation. Some information
indicates that the estimate could be an underestimate
by up to 60% [B10, G8, M2]. Comprchensive stati-
stics on medical radiation arc often inadequate for
collective dose evaluation. Many countries emphasize
the delivery of medical services and pay less attention
to the collection of data that might be needed to
cvaluate the collective radiological impact, which is
anyway a secondary consideration. That said, however,
estimates of cxamination frequencics are more broadly
based than cver and are contributing to more reliable
estimates of worldwide values.

47. The population-weighted frequencies of exam-
inations in 57 countries are summarized in Table 6.
Since the values for some larger countries are usually
above the median values, slightly higher values are
derived for the population-weighted averages. These
values arc 890 and 120 examinations per 1,000 popu-
lation in countries of health-care levels I and II,
respectively, for 1985-1990 and 64 examinations per
1,000 population in countries of health-care levels 111
and IV combined. Average frequencies of examination
have gencrally been increasing. Data are not available
to show trends in individual countries 1o any great
extent, cxcept at level I Examinations in Thailand
(level 1IT) increased by 50% between the first period
and the successive periods, and examinations in China
increased by 30% betwcen the second and third
periods. At health-care level 1, a few countries showed
downward wends: Crzechoslovakia, Finland, the
Netherlands, Norway, Romania and Sweden. Increases
were apparent for Canada, Cuba, the Federal Republic
of Germany, France, Japan and Malta.

48. Data on specific types of cxaminations are
summarized in Table 7. The average frequencies are
the population-weighted values (i.e. the total number
of examinations divided by the total population of
reporting countrics). They arc best suited for the
evaluation of collective doses. These and other stati-
stical paramciers arc summarized in Table 8, The

standard dcviations on the unweighted average values
may be uscd 1o identify unusually high or low fre-
qucncics of examinations. For example, examinations
of the chest in the RSFSR of the former Sovict Union,
cxaminations of the abdomen and gastro-intestinal
tract and computed tomography in Japan and uro-
graphy, angiography and mammography in the Fedcral
Republic of Germany exceeded the average values in
1985-1990 by morc than two times the standard
deviations. There may be medical or other explana-
tions for the greater frequency of specific exam-
inations.

49. The trends in examination frequencies are illu-
strated in Figure IIl. These are the population-
weighted averages of available data. The composition
of the groups may vary from one period to another,
thus affecting the comparisons. Countries of health-
care level I are well represented. At level II, China
and India are represented in the more recent periods,
which helps the reliability of results. Too few data are
available for countries of health-care levels 11 and IV
10 give reliable averages.

50. The main type of examination at all levels is that
of the chest. This examination made up 60% of the
total in level I countries during 1985-1990 and 70% in
all other countrics. Examinations of extremities, the
remainder of the skelcton and the digestive system
(abdomen and gastro-intestinal tract) accounted for just
over 10% cach of the total in level I countries and just
under 10% in other countrics. This leaves about 10%
for other more specialized examinations in countrics of
health-carc level I and only a few per cent for these
examinations in all other countrics.

51. Almost all examinations are becing performed
with incrcasing frequency, especially in countries of
health-care levels II-IV. There are differences between
countries with respect 1o the most prominent trends,
however. In countries of hcalth-care level 1I-IV the
largest increase is in examinations of the chest (from
10 10 100 and from 20 to 50 examinations per 1,000
population in levels II and III-1V, respectively). In
countries of bhealth-care level I, the most notable
increases are in computcd tomography and examina-
tions of the skull and abdomen. Mammography
examinations increased threefold in level I countrics in
1985-1990, compared with carlicr periods.

52. A decreasing trend is noted for examinations of
the chest in level I countries. This could be the result
of the dccreasing emphasis on mass screening
programmes. Examinations of the extremities, the
spine and the gastro-intestinal tract and urography-
cholecystography reached stable levels during the last
two five-ycar periods.
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53. There arc wide variations in examination
frequencics between  countries, even if they are
geographically close and culturally and cconomically
similar. The total frequencies of examinations in
European countrics differ by a factor of 3. A compara-
live investigation in France, Italy and the United
Kingdom found differences which indicate that medi-
cal cxposures are not justified in the same way in
these countrics [C2]. The frequencies of x-ray exam-
inations in the Nordic countries varied by over 50% in
1982 from S00 to 800 per 1,000 population [S14],
with the highest frequency in Finland, primarily
because more radiological examinations took place
outside of hospitals at health centres and private
clinics. The frequency of colon examinations is fairly
similar in the five Nordic countrics, while stomach
cxaminations are more frequent in Norway, primarily
because endoscopy is less used. Cholecystography is
performed about twice as frequently in Sweden as in
other Nordic countries, presumably because there are
fewer radiologists who could perform ultrasonographic
cxaminations, Sweden has the highest frequency of
mammography, because the Government recommends
screening, while Denmark and Norway have no
screening apart from minor rescarch projects.

54. Statistics may be less accessible in health care
systems where medical care is largely private and thus
decentralized. They may also be less reliable; for in-
stance, the increase in the number of x-ray examina-
tions at bospitals in the United States could be due to
a shift from private clinics to hospitals, making the
change more apparent than real [N1]. While compari-
sons may be indicative, they must always be treated
very cautiously. The definitions, methods of exam-
ination, methods of measurement and other conditions
may vary greatly between studies. Thus, similarities
and differences may be spurious and conclusions may
be false, even in the rare cases where a formal
analysis of statistical significance scems technically
feasible. There may also be regional differences within
countries. The frequencies of diagnostic x-ray exam-
inations in the different republics of the former USSR
are estimated to have ranged from 500 to over 1,100
per 1,000 population in 1987 [S18]. Thus, cven with
centrally organized health care systems, differences
may occur.

55. Computed tomography is rapidly becoming a
very important diagnostic technique. The number of
compuled tomography scanners in the United States in
1980 was 6.7 per million population, while the figure
for Japan was 25 per million in 1984. In tbe United
States, the number of computed tomography scanners
in hospitals increased from 3 million in 1980 to 12.3
million in 1990 [M2]. In New Zealand, there were
about 5 per million in carly 1988, expected to be 20
per million within a few years [P11]. A study in

Manitoba, Canada, showed the number of computed
tomography scans steadily increasing, from 200 per
month in 1977 to 1,500 per month in 1987 {H4). The
number of computed lomography scanners in the
United Kingdom has increased from 1 scanner in 1972
to over 200 in 1990 [S42). The relative frequency of
such cxaminations in the United Kingdom is now
estimated to be over 20 per 1,000 population [S42),
contributing 20% of the collcctive effective dose from
X-ray examinations [S43].

56. The data in Table 8 show an unweighted average
value of 22 computed tomography examinations per
1,000 population in countries of bealth-care level I,
with morc than 30 per 1,000 population in Australia
and the Federal Republic of Germany, 50 per 1,000
population in Belgium and 97 per 1,000 population in
Japan. In the UNSCEAR 1988 Report [Ul], the
average frequency of computed tomography examina-
tions in countries of health-care level I was estimated
10 be 9 per 1,000 population. An upward revision
would, therefore, scem justified. The procedure is used
at negligible frequency in all countrics of health-care
levels 11-IV: some 2 examinations per 1,000 popula-
tion, at most, with many countries rcporting none of
these examinations.

B. AGE- AND SEX-DISTRIBUTIONS

57. The age- and sex-distribution of patients in dia-
gnostic x-ray ecxaminations, and the population-
weighted averages of these for each of the health-care
levels, are given in Table 9. Broadly speaking, patients
subjected to x-ray examinations are older than ran-
domly chosen members of the public. This does not
necessarily mean that x-ray cxaminations of children
are rare. Many examinations are in fact rather frequent
in children (in particular, those of the chest, the
extremities, the skull, the pelvis/hips and the abdomen,
and urography).

58. For level II-1V countries, the fraction of the
patients that are children is larger than for level I
countries. This difference is statistically significant.
However, the frequency of child examinations may
still be lower than in level 1 countrics, since the total
examination frequency is much lower. Although the
detail is not given in Table 9, reports indicate that the
cxamination of infants and young children is not
infrequent. The per caput cffective dose equivalent to
children in the Federal Republic of Germany in 1983
was estimated 10 be 30% of the cffective dose
cquivalent to an adult [M15].

59. These gencral conclusions from Table 9 are in
agreement with observations in the UNSCEAR 1988
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Report [U1], where it was also pointed out that the
greater proportion of children in the populations of
countrics of health-carce levels II-1V is reflected in a
higher sharc (comparcd to level 1 countrics) of
children among examined patients. The differences in
population age structure appear to be sufficient to
explain the diffcrences in patient age. The average
ages for countrics contributing data for Table 9 could
be roughly calculated to be 34 years at level I, 27
years at level 1 and 24 years at level III. Similarly,
the roughly calculated average ages for patients are 44,
36 and 38 years, Thus, the average person in a level 11
or IIl country is 7-10 years younger than the average
person in a level I country, and the average patient in
level 11 or IIT countries is 6-8 years younger than the
average patient in a level I country.

60. Thc sex distributions do not deviate widely from
the distribution of males and females in the
population. The excess of women undergoing chole-
cystography in countries of health-care level I is well
known and may possibly be related to dict. Likewise,
the excess of women in level I countries having lower
gastro-intestina) tract examinations was recognized in
the UNSCEAR 1988 Report [Ul}. The excess of
women in countries of hecalth-care level I having
pelvis/hip examinations is probably associated with
femoral fractures and bip joint replacements in older
women. The data indicate consistendy fewer female
paticnts in level IT and level IIT countries than in
level T countries, which, if correct, may reflect an
uneven distribution of medical care in different
countries.

C. DOSES IN EXAMINATIONS

61. Estimates of doses 1o patients in diagnostic x-ray
cxaminations, derived largely from the UNSCEAR
Survey of Medical Radiation Usage and Exposures,
are listed in Table 10. The primary quantity shown is
average entrance surface dose, ESD, per examination.
The dose-area product, DAP, was reported in onc or
two cases, but these values are not included in the
Table. Both quantities are readily measurable. When
reported in response to the UNSCEAR Survey of
Mcdical Radiation Usage and Exposures, effective
doses (or effective dose equivalents) are also listed in
Tabie 10. Effective dose can be calculated from ESD
or DAP if the projection, tube kilovoltage and beam
filtration are known [B23, G23, H27, J3, R23, R24,
R28, S45] and, if necessary, correcled for patient size
and anatomy |[L24, L25 S46). A reasonable
approximation of effective dose without such detailed
information is possible from DAP [L23] but difficult
from ESD. In the absence of such data, effective doses
were not calculated.

62. Population-weighted average values of cffective
dose cquivalent for specific examinations are sum-
marized in Table 11 and illustrated in Figure IV. In
line with carlicr studics, average doscs are compara-
tively high for gastro-intestinal tract examinations,
about 4-7 mSv at health-carc level 1. Angiography and
computed tomography also confer relatively high
dases, about 4-7 mSv. Urography doscs are about
3 mSv. Cholecystography and lumbosacral spinal
cxaminations give doses of 1.5-2 mSv. Effective dosc
cquivalents from examinations of the abdomen or of
the pelvis/hip are of about 1 mSv. Fluoroscopic chest
examinations arc also associated with doses around
1 mSv, while chest radiography gives average doscs of
0.14 mSv, and fluorographic mass miniaturc examina-
tions, 0.5 mSv. Examinations of the skull or extre-
mities cause average effective dosc equivalents of
0.05-0.15 mSv. The average for mammography,
1 mSv, may be spuriously high due to a very high
value (9.5 mSv) reported from Czechoslovakia (values
of about 0.5 mSv are reported from several countries).

63. The average effective dose equivalents in coun-
tries of health-care level I, illustrated in Figure IV,
indicate that, for the same examination, the doses were
consistently higher in 1970-1979 than in 1980-1990.
This does not neccessarily mean, however, that per
caput effective dose equivalents are decreasing, since
the spectrum of examination changes as wcll. Com-
puted tomography was alrcady mentioned above as
onc example of the developments that affcct collective
doses appreciably.

64. Comparison of the average doscs from exam-
ination in countries of health-care levels I and 11 in
1980-1990 is also illustrated in Figure 1V (carlicr data
are not available for level II, and data arc altogether
insufficient for ievels IIl and IV). No consistent
difference is apparent: reported doses for level II are
about twice those for level 1 for cxaminations of the
lumbosacral spine, pelvis and hip, 20% higher than
level I doses for upper gastro-intestinal tract
examinations, similar to level | doses for chole-
cystography and for skull examinations; balf the
level 1 doses for urography and for examinations of
the extremities: and less than half the level I doses for
examinations of the chest, abdomen and the lower
gastro-intestinal tract. While based on only two
countries (China and India), the averages for jevel 11
refer to a large population. Nevertheless, apparent
differences betwcen health-care levels should be
interpreted very cautiously. Some reported dilferences
between China and India arc bigger than the apparent
differences between the averages of different health-
care levels. It scems highly likely that dose differences
of similar magnitude occur within these large
countries. Conditions in China or India may also be
quite different from conditions in other countries of
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level Il or in countries of level 111 or 1V, where the
morc frequent use of fluoroscopy may cause higher
doscs.

65. Numecrous factors of technique contribute to the
dosc variation observed. Several such factors are listed
in Table 12, which compiles both general information
[N5] and information originally aimed at mammo-
graphy [R18, S56] but relevant also in a general
context. Paticnt size is not listed in Table 12, since it
is not a controllable factor of technique, but it con-
tributes appreciably to variation [L24, L25, V3], also
between countries. For instance, the weight of the
reference Japanese adult male is 61.5 kg and the
female 51.5 kg [TS], compared with 70 kg (male) and
60 kg (femalc) of the ICRP reference man [I2].

66. Variations in dose for specific procedures are
discussed in more detail below. These include (a)
fluoroscopy, because of its significant impact on pro-
cedures and per caput doses; (b) computed tomo-
graphy, because of its rapid growth; (c) chest exam-
inations, since they are so frequent; (d) mammo-
graphy, with a view to its use in screening pro-
grammes; (c) chiropractic examinations, since they are
not well known; and (f) neonatal and child examina-
tions, because these patients may be more radiosensi-
tive than adults.

1. Fluoroscopy

67. Traditional fluoroscopy (in which a fluorescent
screen receives an image) and photofluorography (in
which the image on the screen is recorded
photographically or clectronically) often cause high
absorbed doses in the patient. There are two reasons
for this: dose rates may be high and exposure times
may be long. There are wide variations in patient
cxposures, even for the same type of examination,
between patients, between equipment and between
radiologists (see, e.g. [R1]). Modermn equipment with
image intensifiers may mean that fluoroscopy and
photofluorography do not cause relatively higher
doses. The imaging properties of image intensifiers
have improved, and the input screen size can now be
large. Based on these technical developments, a dose
reduction of about one half was possible with
large-screen image intensifier photofluorography
instcad of screen/film radiography (with full-size
images) in posterior/anterior (PA) projection in
scoliosis examinations [M5]. A Swiss study of older
and newer (luoroscopy units for chest screening
purposes rcvealed a 30-fold range in dose rates.
Entrance surface doses ranging from 0.1 mGy for the
most modern unit to 2.2 mGy for an old mobile unit
were observed, the lower value being one third of the
entrance surface dose observed in the same study for

screen/film radiography [M37]. Nonctheless, modem
equipment may also have a potential for high doses,
but for somewhat differcnt reasons. For instance,
high-level fluoroscopic boost options for image
enhancement can contribute to high doses and may be
easily activated, e.g. by a simple foot pedal [C12].

68. Thus, fluoroscopy can causc a high dose to an
cxamined patient. Furthermore, its widespread use in
countrics of health-care levels TI-1V contributes to high
collective patient doses [Ul]. But where the Basic
Radiology System dcveloped by the World Health
Organization [W3] is installed, there seems to be a
potential for substantial dosc reductions, which are not
yet reflected in reported data (see Table 10). Trials at
a Swecdish hospital [H7] indicate that doses for
common examinations could be reduced by 80% [C2]
or even more in comparison with older fluorographic
systems. Trials in Colombia [W3], which show doses
less than half of those observed in the United States,
scem to corroborate these results. Furthermore, the
effective dose equivalents for specific examinations
(see Table 10) do not appear to be consistently higher
in level I countries than in level I countries. For
levels III and 1V, information is insufficient to draw
any conclusion, but higher doses may be suspected,
owing to, for one thing, the absence of stable voltage
in many countries [B18].

69. Interventional radiclogy describes procedures in
which the physician utilizes radiology for guidance
before, during or after surgery or in relation to other
examinations or treatments. Some cxamples are the
placement of cathcters for drainage, stone extraction,
recanalization, the dilatation or occlusion of vessels
and the infusion of pharmaceuticals, as well as the
needle biopsy of various lesions. The dilatation of
vessels by percutaneous transluminal angioplasty may
be peripheral (PTA) or cardiac (PTCA). Most of these
procedures require fengthy periods of fluoroscopy and
may impart high doscs to patients and staff. On the
other hand, the frequency of these often life-saving
procedures is low. The total frequency of interven-
tional radiology in Nordic countries varies from 0.3 to
0.8 per 1,000 population [S14]. Of these, the higher
values are obtained in countries with a high frequency
of percutancous nephrostomy. PTCA, with potentially
very high doses, is practiscd at a rate of 0.03 to 0.05
procedures per 1,000 population [S14]. The number of
PTCA procedures in the United States increased to an
estimated 400,000 in 1990 [K29).

70. Average effective dose equivalents in
interventional radiology were determined by Diaz-
Romero et al. [D18] for 1,389 paticnts at Tenerife,
Canary Islands. The results included an adjustment
factor of 0.85 to take account of the age distribution
of patients (see Section I.B and [H4]), After recalcula-
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tion to removce the adjustment factor, the cffective
dosc equivalents (Hg) ranged from 1.9 mSv (for
ncphro-urinary procedures) to 15 mSv (for abdominal
arteriography). Some specific dose data and other
information are given below for cardiac, cerebral and
nephro-urogenital interventional radiology, as well as
for other types of fluoroscopy. Gonad doses for somce
interventional radiology procedures are available
[V14]. Fluoroscopically guided fallopian tube recana-
lization as a treatment for infertility has been attracting
intcrest recently. Average absorbed ovarian doses of
8.5 * 5.6 mGy (corresponding to an effective dosc
equivalent of about 2 mSv) were recorded by
Hedgpeth ct al. [H45].

71. The greatest radiation dose to individual patients
in fluoroscopy is associated with the imaging of the
heart (interventional or otherwise). Skin doses in
cardiac angiography often approach 1 Gy, and during
coronary angioplasty skin doses between 1 and 5 Gy
were recorded for 31 patients in an Australian study
[H1]. A maximum skin dose of 43 Gy (for 1 hour of
fluoroscopy and 2 minutes of digital subtraction angio-
graphy) is quoted in Finland [P12], corresponding to
an cffective dose equivalent of about 1,400 mSv, This
was a unique casc, and typical skin doses were around
1 Gy (corresponding to an effective dose equivalent of
about 10 mSv). In a French study, Moroni et al.
[M30] highiighted some special situations with very
long exposure times in angiography or catheterization,
such as the sampling of pancrcatic hormone to detect
mute cancer or hepatic embolizations. Entrance surface
doses of 2 Gy and gonad doses (outside the primary
beam) of 3.2mGy were obscrved in single
examinations. A study in the United Kingdom [T9]
reported that entrance surface doses of up to 1 Gy
were in the normal range for digital subtraction
angiography (including the associated fluoroscopy).

72.  Some variations are difficult to assess. Paticnt
doscs differed significantly between cardiologists in
onc hospital in the Netherlands, but not in another one
(K1]. Digital subtraction angiography (DSA) with
pulsed high dose-rate fluoroscopy should permit
paticnt doses to be reduced to about one third of the
dose in conventional angiography. To some extent,
however, this may be offset by more liberal use of the
procedure [J6, P2]. The range of entrance surface
doses and organ absorbed doses in angiography
enumerated in two reviews [S37, V14] are sum-
marized in Table 13. For cercbral angiography during
the embolization of arteriovenous malformations,
effective dose equivalents to patients of 6-43 mSv
were recorded [B29] for entrance surface doses of
170-1,400 mGy, a range cxceeding that given in
Table 13. In another study [F3], effective dose
cquivalents in cercbral angiography ranged from 2.7 to
23 mSv (average: 10.6 mSv). Of this dose, fluoro-

scopy contributed 67%, cut films 26% and DSA 7%.
Absorbed doses to organs in the bead in conventional
and DSA in the Federal Republic of Germany were
given in [G17]. DSA caused lower orbital doscs:
conventional angiography produced lower doscs in the
cervical marrow, the cercbellum and the parotid
glands.

73. While imaging of the heart causes high indi-
vidual doses, the collective dosc is mainly influenced
by the much more {requent fluoroscopic examinations
of the gastro-intestinal tract. In the United Statces, these
causc average effective dose equivalents per examina-
tion of 2.4 mSv (upper gastro-intestinal tract exam-
ination) and 4.1 mSv (barium cnema). Due 10 the fre-
quent use of these cxaminations, they producc annual
collective effective dose equivalents of 18,500 and
19,900 man Sv, respectively. Together, this is over
40% of tbe annual collective dose due to diagnostic
x rays in the United States [N1]. Fluoroscopy time in
gastro-intestinal tract examinations is an important
source of dose variation [H33]. Screening time can be
reduced significantly with no loss of examination
quality {H14]. This, coupled with radiation protection
attention [B4, S54], means that decreasing doses per
examination are to be expected. Of course, examina-
tions causing very low doses have litle impact even if
they are frequent. Fluoroscopy of the extremities
produces absorbed doses of a few milligray [C11] and
effective dose equivalents of 0.1 mSv or less,

74. In Japan, effective dose equivalents per exam-
ination of the upper gastro-intestinal tract were found
to be 2.1 mSv for radiography and 2.8 mSv for fluoro-
scopy, with a total of 5 mSv when both procedures
were utilized. Owing to the frequent use of these
examinations, they cause annual collective effective
dose cquivalents of about 35,200 man Sv (radio-
graphy) and about 43,400 man Sv (fluoroscopy). This
is about 43% of the total annual collective effective
dose equivalent from all x-ray diagnostic examinations
in Japan [M4]. Suleiman et al. [S34] reported the
following absorbed doses for upper gastro-intestinal
tract cxaminations in the United States, apparently
indicating somewhat lower effective dose equivalents
than in Japan: thyroid, 0.2-3.5 mGy, lung, 0.9-4.2
mGy, red bone marrow, 0.8-5.4 mGy and uterus, 0.2-
1.0 mGy (all numbers refer to the sum of radiography
and fluoroscopy). In another survey in the United
States, enteroclysis caused entrance surface doses three
times higher than dedicatcd peroral small bowel study
(123 + 60 mGy as opposcd to 46 * 21 mGy) [T14].

75. In extracorporeal shock-wave lithotripsy, fluoro-
scopic x-ray imaging is uscd to localizc renal stones.
Onec estimate from the United States of a likely
surface air kerma was about 225 mGy [L1]. Other
estimates, also from the United States, gave surface
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doses of 10-300 mGy, with average female gonadal
doses of about 1 mGy [B1, G13]. The dose increased
with increasing stone burden and paticnt weight, and
stones in the ureter resulted in higher average doses
than renal stones [C8). The introduction of a radiation
control programme in the United States permitied
exposurc reductions of between 20% and 60% [GS5).
An investigation in Canada produced similar valucs,
with an average entrance surface dose of 140 mGy,
corresponding to an cffective dose cquivalent of about
0.8 mSv [HS5]. Avcrage surface doses of 30-34 mGy
were observed in Taiwan [C20]. The authors attributed
their relatively low doses to, among other things, small
average paticnt size, which permitted low current for
spot films.

76. An alternative to extracorporeal lithotripsy is
percutancous lithotomy. In this procedure, fluoroscopy
is uscd to localize the renal stones for extraction. A
Swedish study reported an average cffective dose
equivalent to the patient of 4.2 mSv (range: 0.60-
8.3 mSv) [G4]. In Finland, percutancous nephrostomy
(which is a part of percutaneous lithotripsy) generated
entrance surface doses to patients of 160 mGy [V13].
Thus, the newer technique of extracorporeal lithotripsy
does not seem to cause higher radiation exposure; if
anything it docs the reverse [V13]. An investigation in
the United Kingdom [R3] gave similar results. Extra-
corporcal renal stone lithotripsy has been much more
successful than the corresponding technique for gall-
stones [M33]. Although gallstones arc more frequent,
only a limited number of patients are suited to such
treatments [Z5], so the frequency of this procedure is
not expected to increase markedly.

77. Numerous suggestions for reducing doses in
fluoroscopy have been made. During placement of
feeding tubes, a procedure that is not diagnostic and
does not rcquire an image of high quality, order-
of-magnitude dose reductions (from entrance surface
doses of about 300 mGy) were achicved by removing
the anti-scatter grid and increasing the iris of the video
camcra [R20]. Similar reductions were possible for
nasocnteral tube placements [R13]. This is of signi-
ficance, since many of the paticnis in question are
exposed 1o these procedures repeatedly. A broader
overview of measures to reduce doses in fluoroscopy
has been published [113].

2. Computed tomography

78. In computed tomography (CT), the conditions of
exposure are quite differcnt from those in conventional
x-ray imaging. This has required the development of
specific techniques for assessing patient dose from
computed tomography. Usually, the dose in a single
CT slice is estimated using either the computed tomo-

graphy dose index (CTDI) or the multiple-scan
average dose (MSAD) [C23, C24]. CTDI is defined as
the integral along the axial, z, dircction of a single-
slice dose profile, D(z), divided by the nominal slice
width, MSAD is the average dosc across the central
slice from several contiguous slices. These two para-
meters are related, and, under certain conditions, are
identical for 7 mm thick slices. For thicker slices,
MSAD underestimates CTDI, by 10%-15% for a
10 mm slice [C23]. Entries under ESD in Table 10 are
actually such slice doscs, as indicated in a footnote.
From slice doses, organ doses and, ultimately,
effective doses can be estimated [J7, S43, Z16).
Studies in the Nationwide Evaluation of X-ray Trends
(NEXT) programme in the United States in 1990
[C23] indicated MSADs in examinations of the hecad
of, usually, 34-55 mGy, although doses as high as
140 mGy were encountered.

79. The dose per cxamination by computed tomo-
graphy varies with the type of examination. On
average, the cffective dose equivalent to patients
undergoing such examinations was 3.2 mSv in a study
in Manitoba, Canada, in 1987 [H4]. Since there were
18.2 examinations per 1,000 inhabitants in Manitoba,
computed tomography contributed 0.06 mSv to the
annual per caput dose from medical exposure. Effec-
tive doses, as well as effective dose equivalents, in
1989 for specific examinations and for all computed
tomography in the United Kingdom were compiled by
Shrimpton et al. [S43]. On average, the effective dose
is lower than the effective dose equivalent by a factor
of 0.7, with ratios for specific examinations ranging
from 0.5 to 1.5. Only for the cervical spine is the ratio
greater than unity. Their results, and associated data
on examination frequency [S42], are summarized in
Table 14. Absorbed organ doses recorded in the same
project are given by Jones and Shrimpton [J7].
Detailed information on eye lens and gonadal doses
during computed tomography were given by Rosen-
kranz et al. [R2].

80. In computed tomography, the absorbed dose for
a given examination varied by a factor of 3 in New
Zecaland [P11], and a factor of 5 in Sweden [M1] and
the United Kingdom [C9]. In Japan, the effective dose
equivalent for the same examination varicd by a factor
of up to 3.5, depending on the scanner unit [N8].
Table 15 summarizes some of the dose data obtained
in that study. Panzer ct al. [P3] noted even greater
variation, by a factor of up to 10, with 122 scanners in
the Federal Republic of Germany. Researchers in the
USSR found that some dose variability was unavoid-
able due to the clinical situation [Al], but apparently
some of the variation could be removed. This would
be important, since the general use of computed
tomography is increasing at the same time as doses
per examination are also increasing [H4). Siddle et al.
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discussed variation betwcen scanner units [S29] and
between procedures [S30] in Australia in connection
with the risk of causing cataracts in the cye lens. They
concluded that while ncither scanner variation nor
procedurc variation led 1o doses approaching the thres-
hold for cataracts in their studics, a potential for such
doscs doces exist. A low-dose technigue for computed
tomography orbital volume measurements reduces lens
doses from over 100 to 11 mGy [M24].

81. In somc cases, the dose from a computed
tomography examination is lower than the dose from
similar examinations with conventional techniques. For
instance, conventional myelography of the lumbar
spine gives effective doses equivalents that are five to
nine times higher than those for computed tomography
of the same region (Hg = 9-18 mSv compared to
1-2 mS8v), whilce cffective dose cquivalents are similar
for the two techniques for cervical spine myelography
(about 2 mSv) [H28]. However, paticnt doses from
computed tomography examinations are typically an
order of magnitude higher than those from conven-
tional x-ray diagnostic examination, as reported in the
Federal Republic of Germany [P10] and in the United
Kingdom [S43].

82. Fetal doses in computed tomography
examinations of pregnant patients were evaluated by
Felmlee et al. [F6] and Panzer et al. {P9]. Both articles
provide the necessary formulae for dose calculation.
Felmlee et al. concluded that clinically required head
scans can be performed with litle or no dose to the
fetus, and that the prudent use of body scans can be
considered.

83. Several European countries arc at present
collaborating on quality assurance measures to reduce
the variability in doscs from comparable computed
tomography scans [C9]. Such cfforts at reduction are
expected to reduce average doses (or rather, since both
the number of examinations and the dose per examina-
tion are increasing for other reasons, as detailed above,
1o limit the rate of increase). Equipment failure can, of
course, increase doses; as an example, the accidental
loss of filtration increascd cntrance surface doses in
head and body scans by some 25% [Y2].

3. Chest examinations

84. Individual doses are usually low in radiographic
chest examinations. Digital computed radiography
could permit even smaller doses than screen/film
radiograpby (although some effort might be required
1o achieve acceptable image quality) [J10, K24, L19,
M34]. As an example of doses in conventional chest
radiography, the effective dose equivalent averaged
over all chest x-ray units in Manitoba, Canada, and

over all projections in 1987 was 0.07 mSv [H24]. The
authors stressed that lateral projections (taken in
addition 1o posterior/anicrior or anterior/posterior in
70% of the Manitoba cxaminations) contributed most
to the cffective dose equivalent for a chest examina-
tion. For posterior/antcrior only, the avcrage entrance
surface dose was 0.12 mGy, corresponding to an
effective dosc cquivalent of about 0.02 mSv. For
lateral projections, an average entrance surface dose of
0.59 mGy (corresponding to an effective dose cqui-
valent of about 0.06 mSv) was calculated based on
pbantom measurements [H6].

85. A collaborative study in Sweden and the United
States [L6] found that the entrance surface air kerma
for posterior/anterior chest projections was 0.16 mGy
in Sweden and 0.14 mGy in the United States (all
Swedish facilitics and 75% of United States facilities
use scatter suppression, mostly grids and in a few
cases air gap). These similar average doses are the
result of quite different underlying conditions. Since
grids typically increase the dose by a factor of 2 or 3,
an even higher dose could have been expected in
Sweden. Slower screen/film systems in Sweden would
act in the same direction. On the other hand, in
Sweden, higher tube voitage, more appropriate total
filtration, the absence of single-phase units, over-
processing and a mandatory quality assurance pro-
gramme all act in the direction of lower doses. As a
rough approximation, the air kerma values divided by
0.75 correspond to entrance surface doses with back-
scatter. Using this approximation, the entrance surface
doses are 0.16 + 0.75 = 0.21 mGy in Sweden and 0.14
+ 0.75 = 0.19 mGy in the United States. Thus, they
are of the same order of magnitude as the doses in
Manitoba. As usual, there was considerable variation
around the averages. In Sweden, the air kerma values
ranged from 0.022 to 0.58 mGy, a 26-fold difference
[L6), while in the United States they ranged from
0.004 to 0.70 mGy, a 175-fold difference [R14].

86. Studies within the Nationwide Evaluation of
X-ray Trends (NEXT) programme of chest examina-
tions in United States hospitals in 1984 and private
practices in 1986 [R14] showed no overall difference
in doses (an entrance surface air kerma of 0.14 mGy
in both cases). Fewer private practices use scatter
suppression grids. For each technique (with or without
grid), doses were slightly higher in private practices.
One of the causes of higher doses may be that 41% of
the private practices, as opposed to 17% of the
hospitals, underprocessed their films.

87. In spite of low doses, cbest examinations con-
tribute 5,100 man Sv annually in the United States,
over 5% of the collective effective dose equivalent
from medical x-ray usage, reflecting the fact that this
is the most frequent type of x-ray examination apart
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from dental x-ray examinations [N1], Some countrics
conduct cxtensive chest screening programmes, oficn
with photofluoroscopy rather than radiography. For
conventional cquipment, photofluorography causcs
doses at Icast some five times higher than radiography
in chest cxaminations [U1], and depending on the type
of fluoroscopy, the duration ctc., it can cause doses 10
times higher [Ul].

88. Entrance surface doses in chest radiography have
been studied in Hunan Province, China (health-care
level 1) [Y1]. For photofluorography, the average
dose was 6.1 mGy, while for full-size image radio-
graphy, the dose was 0.6 mGy. The average cntrance
surface dose during fluoroscopy was 9.6 mGy.

4. Mammography

89. Mammography is used in two contexts: for
clinical examinations in order to investigate suspected
breast cancers and for the mass screening of healthy
women in order to detect such cancers. The preferred
dose quantity in mammography is the mean absorbed
dose in glandular tissue [I11, N14]. A summary of
recent results of dose studies in mammography in
countries of health-care level I is given in Table 16.
The average of mean glandular doses ranged from 0.6
to 4.8 mGy per film. Reported effective dose equi-
valents spanned an even wider range: results of the
UNSCEAR Survey of Medical Radiation Usage and
Exposures gave an average effective dose equivalent
of about 1 mSv and a range of 0.03-9.5 mSv. Since
mammography is probably subject to more quality
control and standardization than many other exam-
inations, at least in countries where there are
mammography screening programmes in effect [K16,
L10, N12, P15, T11, Z8], the degree of variation is
remarkable.

90. For a state-of-the-art screening programme,
1 mGy may be a representative breast dose (2-3 mGy
if an anti-scatier grid is used). The dose varies with
breast thickness [T20, W32] and composition [A15].
There are, as noted in the UNSCEAR 1988 Report
[U1], considerable performance variations between
systems, e.g, in Italy [C1] and the United States [K2,
P1]. Onc source of variation is lack of a quality assur-
ance programme. In the report from Italy cited in
Table 16 [R19], it is observed that with the criteria
used by the authors, 24% of the centres surveyed used
100 high a dose, 24% had a poor image quality and
14% had both high doses and poor images, illustrating
the potential for quality assurance. To meet this need,
the Commission of the European Communities has in-
troduced European guidelines for quality assurance in
mammography screening [C19]. In Washington State,
United States, 30%-70% of 131 mammography centres

were not in compliance with various quality assurance
recommendations [F7). This subject is further dis-
cussed in Section ILF.4. An important difference
exists between xcromammographic systems (typical
mean absorbed breast dose: 4 mGy) and screen/film
systems (typical valuec 1 mGy) [H42, L17, R18]. The
screen/film value is, in fact, an average of results
without anti-scatter grids (0.6 mGy) and with grids
(1.3 mGy); the latter, in turn, is an average of moving
grid (1.1 mGy) and stationary grid (1.5 mGy) [D17].

91. In astudy in Italy, low-dose plates pcrmitted the
surface air kerma to be reduced by 15%, to 4.4 mGy;
a further 15% reduction was possible with an in-
creased film-focus distance [C1]. In the United States,
15 new mammographic units of 8 different models
were tested, using identical screen/film combinations
with and without grids [K2]. The mean glandular dose
varied between 0.4 and 2.2 mGy with a grid, 0.4 and
2.1 mGy without a grid, at 28 kVp. In another study
in the United States, four different screen/film systems
were tested [P1). The mean glandular dose varied
from 0.6 to 3.2 mGy at 25 kVp and from 0.5 to
1.8 mGy at 30 kVp. Five different types of film were
tested in a study in the United States of the effects of
prolonged exposure, delayed processing and increased
film darkening [K21]. Each of these increased dose,
by 20%-30%, and optimal viewing density was
different for each film type. The Nationwide Evalua-
tion of X-ray Trends (NEXT) programme, also in the
Unjlcd States, observed average mean glandular doses
of 0.93 mGy in 1985 and 1.6 mGy in 1988 for
screen/film mammography [R12]. For xeromammo-
graphy, the values were 3.9 mGy in 1984 and
4.3 mGy in 1988. In 1985, 36% of facilities had an
unacceptable image quality, but by 1988 this
proportion had dropped to 13%.

5. Chiropractic examinations

92. X-ray examinations are also performed in con-
nection with chiropractic, ecither at the chiropractic
office or by a collaborating medical radiologist. The
main types of examination are cervical spine, thoracic
spinc and lumbar spine. In the province of Manitoba,
Canada, the entrance surface doses for these three
types of cxaminations were 0.6, 1.8 and 3.5 mGy,
respectively, corresponding to cffective dose equi-
valents of 0.03, 0.24 and 0.41 mSv pcr examination
and collective effective dose equivalents of 0.4, 0.8
and 6.2 man Sv for a population of 1 million [H8].
This averaged 0.22 mSv per patient and gave a per
caput cffeclive dose equivalent of 0.007 mSv. These
values agree closely with corresponding values for the
United States [N1] and indicate that chiropractic
examinations do not make a significant contribution to
cither individual or the collective radiation dose.
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93. Nevertheless, these averages do not reflect the
extent of the dose variation encountered among chiro-
practic offices. In the Manitoba study, the ratio of
maximum to minimum dosc was as great as 23 [H8].
This is similar in magnitude to the variations found in
medical diagnostic radiology [S23). In its responsc to
the UNSCEAR Survey of Medical Radiation Usage
and Exposures, the National Radiation Laboratory of
New Zealand pointed out that entrance surface doses
may be difficult to interpret, because chiropractors use
a complex system of planc and wedge filters and dia-
phragms to obtain cven irradiation of contrasting tissue
regions. According 1o the Laboratory, the filter and
diaphragm systems lead to doses lower than those ob-
tained in approximately equivalent medical procedures.

6. Neonatal and child examinations

94. The pattern of diagnostic examinations is such
that children may get higher doses than adults. For
instance, a study in the Netherlands reported the
highest doses per examined patient for persons under
age S years or between ages 25 and 50 years. The
recason was that the most frequent examinations were
abdomcn, lumbar spine, intravenous pyelogram and
computed tomography of the head, all of which cause
doses in the middle to upper range [V16]. Further-
more, the exposure conditions and field sizes must be
adapted, otherwise the cffective dose from exam-
inations of infants would be higher than that to an
adult. This also applics to high-dose procedures, such
as interventional cardiac catheterization, which is used
on infants with a varicty of congenital heart discases
[W16]. Phantoms [V11] and tables are available for
the determination of absorbed organ doses to children
in various x-ray examinations [T12]. With theoretical
methods, Zankl et al. [Z2, Z15] obtaincd organ doses
for an infant and a child for the most common radio-
graphic cxaminations and demonstrated the strong
dependence of organ doses on body size [V3]. Linds-
koug [L11] provided tables of suitable exposure
parameter scttings.

95. Fetal doses in computed tomography were
discussed above in Scction I1.C.2. Fetal absorbed
doses in Japan during screcning of the upper gastro-
intestinal tract ranged from 0.3 to 5.5 mGy [O2]. To
the cxtent that pelvimetry is performed by x rays
instcad of ultrasound, doses (including possible fetal
doscs) are decrcasing where computed tomography
scanners arc available, but not using their computed
tomography feature. Pelvimctry with Scan Projection
Tomography (a non-tomographic survey view with the
scanner) causes doses about one tenth of those with
conventional x rays [G9, W33].

96. For premature infants, chest examinations can be
medically very important. Weingirtner et al. [W2]

stressed the importance of suitable equipment and
careful paticnt referral for x-ray imaging for this
sensitive group of paticnts. Faulkner ct al. [F4] listed
various ways 1o reduce doscs per film but also pointed
out that nconates may be subjected to large numbers
of examinations during their stay in hospital. They
also mentioned that the average dose to the infant
paticnt is dctermined mainly by the number of
examinations, which depends on clinical symptoms. In
the UNSCEAR 1988 Report [U1], other examinations
of nconates (barium, computed tomography, angio-
cardiography) were discusscd.

97. Ruiz et al. [R22] studied entrance surface doses
to children of different age groups from frequent
simple examinations of the abdomen, hip and pelvis,
skull, spine and chest. The ranges of doses they
observed in the Madrid arca to children less than 1
year of age (AP projection) were 0.8-1.7 mGy (abdo-
men), 0.8-1.3 mGy (pelvis), 1.1-3.2 mGy (skull) and
0.1-0.5 mGy (chest). The variations observed, as well
as the fact that skull doses for some examinations
exceeded suggested reference values for adults [M38],
were said to demonstrate the need for quality assur-
ance programmes. Similar data collected from the
United Kingdom [C22] showed that some skull doses
exceeded the CEC reference dosc values.

98. A study covering 11 member States of the
European Community {S19], which considered typical
x-ray examinations performed on infants (abdomen,
skull, chest, spine, pelvis), showed large variations in
entrance surface doses, far greater than the known and
expected variations for corresponding examinations of
adults. The maximum entrance surface doses for the
abdomen, skull, chest and spine were almost 50 times
higber than the minimum doses, and for the pelvis, a
76-fold difference was found. The study had been
standardized on the size of the infant so that no
additional variation was introduced. It should be
possible to remove some of the dosc variation, which
would presumably lead 1o lower average doses to
infants in future x-ray examinations.

99. Most of the patients subjected to scoliosis
radiography are females between 10 and 16 years of
age, and many of them are cxamined repeatedly,
perbaps 20 times in all, for prolonged periods, so that
considerable doses result from the total course of
examinations. It is likely, however, that technical
improvements will reduce doses per examination. As
an cxample, the filtration systems common in
chiropractic practice can reduce doses 1o scoliosis
patients significanly |[A2]. Computed radiography
seems to rcduce doses by about an order of
magnitude, both with large-screen image intensifiers
[M5] and wilh photostimulable phosphor imaging
plates [K12, K22]. A disadvantage is that neither
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technique permits the entire cervical, thoracic and
lumbar spinc of a tall teenager to be shown on a
single image [M5, K22]. Onc study in Sweden found
that the effective dose cquivalent with state-of-the-art
tecchnique was 0.07 mSv for one examination. Other
techniques gave up to 10 times higher doses. Pub-
lished figures indicated that certain techniques could
give doses a further order of magnitude higher (H39].

100. Scveral authors have examined the utility of
filration in pacdiatric radiology. For abdominal
cxaminations of 10-year-old children, niobium
filration ncither impaired the image quality
substantially nor reduced doses significanty (J4]. Rare
carth (erbium, hafnium) filters have been received
with mixed reviews for paediatric radiology (and for
general radiology; they are discussed below with
respect to dental examinations). Although they do
permit dose reductions of 20%-25% with unimpaired
image quality, the cost is high [D12, S39, WI15].
Adams [A9] advocated rare carth filters but also
pointed out that a number of other items in a quality
assurance programme are at least as important. A
more advanced technical development, computed
radiography using photostimulable phosphor imaging
plates, permits dose reductions of 30%-50%, compared
to screen/film systems, in various examinations of
children, infants and premature babies [B24]. An
added benefit is that the findings can be highlighted
using image post-processing.

101. In computed tomography, paediatric body scans
using ceramic detectors allow 50% dose reductions
compared to xenon detectors, with a negligible
reduction of image quality [P17]. Naidich et al. [N9]
addressed the potential for low-dosc computed
tomography of children, comparing a 10 mA setting to
the more routine 140 mA (at 120 kVp) for lung
cxaminations. In spite of increased image noise and
loss of low-contrast detail, the low-dose examination
produced images of acceptabie quality.

D. DENTAL X-RAY
EXAMINATIONS

102. Although the effective dose to a patient from an
oral radiographic examination is low, the frequency of
examinations is bigh enough to warrant study of dose
distributions. Country-by-country frequencies of dental
examinations arc listed in Table 17, and the entrance
surface doses and effective doses or effective dose
equivalents per examination, mainly for intraoral films,
are listed in Table 18. Representative frequencies of
dental examination were estimated in the UNSCEAR
1988 Report [U1] to be 250 and 4 per 1,000 popula-
tion in countries of health-care levels I and I,
respectively. Since then many additional studies have

been performed, providing a wider basis for estimates.
The population-weighted average examination
frequency for countries of health-care levels I, 11 and
1T for 1985-1990 were, according to Table 17, 350,
2.5 and 1.7 per 1,000 population, respectively. Some
data were collected on age- and sex-distributions, but
these appcar too scattered to warrant formal analysis.
It is noted, however, that dental cxaminations of
children are rather frequent.

103. Inthe UNSCEAR 1988 Report [U1], the average
cffective dose equivalent for a procedurc involving
about two dental film exposures was estimated to be
0.03 mSv. The population-weighted average cffective
dose ecquivalent per examination for countries of
health-care level 1 in 1985-1990, calculated from the
data of Table 18, was about 0.03 mSv (the weighted
per caput effective dose equivalent is about 0.01 mSv).
For countries of health-care levels II-IV, the cffective
dose cquivalent per examination is probably much
higher; according 1o Table 18, the average dose per
cxamination was 0.2 mSv at level II (based mainly on
Brazil) and 0.32 mSv atlevel III (based on Myanmar).
These avecrages correspond, however, to per caput
effective dose equivalents of only 0.001 mSv at
Tevel II and 0.0003 mSv at level 111, due to the low
examination frequencies.

104, For dental x-ray cxaminations, the collective
effective dose equivalent in Sweden was estimated to
be 79 man Sv in 1984 [S1], while a similar estimate
for Finland in 1981-1985 was 15 man Sv [H2]. The
population of Sweden, 8.3 million in 1984, is twice
that of Finland. However, individual doses were
slighty higher in Finland. The results mainly reflect
differences in examination frequency; the examination
frequency in Sweden is rather high, 1.9 films per
inhabitant in 1986, duc to a national dental service
programme that provides relatively frequent exam-
inations.

105. In contrast, the dental x-ray collective cffective
dose cquivalent of 2,000 man Sv in France in 1984
[BS] cannot be explained just by the larger population
of France (54.9 million in 1984) or by the examination
frequency (0.5 films per inhabitant in 1984 [BS]).
Instead, the differ