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2 REPORT TO THE GENERAL ASSEMBLY

INTRODUCTION

1.  Over the past few years, the United Nations Scientific
Committee on the Effects of Atomic Radiation® has under-
taken a broad review of the sources and effects of ionizing
radiation. In the present report,? the Committee, drawing on
the main condusions of its scientific assessments, summar-
izesthe devel opmentsin radiation sciencein theyearsleading
up to the new millennium.

2. The present report and its scientific annexes were
prepared between the forty-fourth and the forty-ninth
sessions of the Committee. The following members of the
Committee served as Chairman, Vice-Chairman and
Rapporteur, respectively, at the sessions: forty-fourth and
forty-fifth sessions: L. Pinillos-Ashton (Peru), A. Kaul
(Germany) and G. Bengtsson (Sweden); forty-sixth and
forty-seventh sessions: A. Kaul (Germany), L.-E. Holm
(Sweden) and J. Lipsztein (Brazil); and forty-eighth and
forty-ninth sessions: L.-E. Holm (Sweden), J. Lipsztein
(Brazil) and Y. Sasaki (Japan). The names of members of
national delegations who attended the forty-fourth to the
forty-ninth sessions of the Committee as members of
national delegations arelisted in Appendix I.

3. The Committee wishes to acknowl edge the help and
advice of a group of consultants and contributors who
helped in the preparation of the scientific annexes (see
Appendix I1). The sessionsof the Committee wereattended
by representatives of the World Health Organization and
the International Atomic Energy Agency. The Inter-
national Commission on Radiation Units and
Measurements and the International Commission on
Radiological Protection were also represented. The
Committee wishes to acknowledge their contributions to
the discussions.

4. In carrying out its work, the Committee applied its
scientific judgement to the material it reviewed and took care
to assume an independent and neutral position in reaching its
concdlusions. The results of its work are presented for the
genera reader in this report to the General Assembly. The
supporting scientific annexes are aimed a the generd
scientific community.

5. TheUnited Nations Scientific Committeeon the Effects
of Atomic Radiation, a scientific committee of the General
Assambly, is the body in the United Nations system with a
mandate to assess and report levels and effects of exposure to
ionizing radiation. The fact that the Committee holds this
specific mandate from such an authoritative body grestly
enhances its ability to provide an effective and independent
servicetotheworld. TheUnited Nations, through the General
Asambly, can take credit for providing that service. The
information provided by the Committee assists the Generd
Asambly in making recommendations, in particular those
relevant to international collaboration in the hedlth fidd, to
sugtainable development and, to some extent, to the
maintenance of international peace and security.

6. New challenges as regards global levels of radiation
exposure continueto arise and new biological information
on the effects of radiation exposure is becoming available.
For exampl e, largeamountsof radioactive waste have built
up as aresult of both peaceful uses of nuclear energy and
military nuclear operations, and radiation sources used in
military and peaceful operations have been abandoned,
creating a situation that is pronetoillicit trafficking and
other criminal activities. Moreover, thepotential risksfrom
low-level radiation exposure, that is, exposureto radiation
comparable with natural background radiation, are the
cause of lively debate and controversy. The Committeeis
responding to those challenges and will do so further with
new initiatives to be included in its future assessments of
radiation sources, levels and effects..

7. Governmentsand organizationsthroughout theworld
rely on the Committee's evaluations of the sources and
effects of radiation as the scientific basis for estimating
radiation risk, establishing radiation protection and safety
standards and regulating radiation sources. Within the
United Nations system, those estimates are used by the
International Atomic Energy Agency in discharging its
statutory functions of establishing standards for the radia-
tion protection of health and providing for their appli-
cation. The Committeeisproposing arenewed programme
of work to fulfil its obligations to the General Assembly.

. OVERVIEW

A. THE EFFECTS OF RADIATION
EXPOSURE

8. Radiaion exposure can damage living cdls, causing
desth in someof them and modifying others. Most organsand
tissues of the body are not affected by the loss of even
considerable numbers of cdls. However, if the number logt is

large enough, there will be observable harm to organs that
may lead to death. Such harm occursin individuals who are
exposed to radiation in excess of a threshold level. Other
radiation damage may also occur in cdls that are not killed
but modified. Such damageisusualy repaired. If therepair is
not perfect, the resulting modification will be transmitted to
further cdls and may eventudly lead to cancer. If the cdls
modified are those trangmitting hereditary information to the
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descendants of the exposed individual, hereditary disorders
may arise.

9.  Radiation exposurehasbeen associated with most forms
of leukaemiaand with cancers of many organs, such aslung,
breast and thyroid gland, but not with certain other organs,
such as the progate gland. However, a small addition of
radiation exposure (eg. about the global average leve of
natural radiation exposure) would produce an exceedingly
small increase in the chances of developing an attributable
cancer. Moreover, radiation-induced cancer may manifest
itself decades after the exposure and does not differ from
cancers that arise spontaneoudy or are attributable to other
factors. The magor long-term evaluation of populations
exposed to radiation isthe study of the approximatey 86,500
survivorsof theatomic bombingsof Hiroshimaand Nagasaki,
Japan. It has revedled an excess of a few hundred cancer
desthsin the population studied. Since approximately half of
that population is gill aive, additional sudy is necessary in
order to obtain the complete cancer experience of the group.

10. Radiation exposure also has the potential to cause
hereditary effects in the offspring of persons exposed to
radiation. Such effects were once thought to threaten the
future of the human race by increasing the rate of natural
mutation to an inappropriate degree. However, radiation-
induced hereditary effectshave yet to be detected in human
popul ations exposed to radiation, although they are known
to occur in other species. The Committee is preparing a
comprehensive report on hereditary effects of radiation
exposures to be submitted to the General Assembly at its
fifty-sixth session.

B. LEVELS OF RADIATION EXPOSURE

11. Everyoneis exposed to natura radiaion. The natural
sources of radiation are cosmic rays and naturally occurring
radioactive substances exigting in the Earth itsdf and insgde
the human body. A sgnificant contribution to natura
exposureof humansisduetoradon gas, which emanatesfrom
the soil and may concentrate in dwellings. The level of
natural exposure varies around the globe, usualy by afactor
of about 3. At many locations, however, typica leves of
natural radiation exposure exceed the average levels by a
factor of 10 and sometimes even by a factor of 100.

12.  Human activities involving the use of radiation and
radi oactive substances causeradiation exposurein addition
to the natural exposure. Some of those activities simply
enhance the exposure from natural radiation sources.
Examples are the mining and use of ores containing natu-
rally radioactive substances and the production of energy
by burning coal that contains such substances. Environ-
mental contamination by radioactive residues resulting
from nuclear weapons testing continues to be a global
source of human radiation exposure. The production of
nuclear materialsfor military purposes has | eft alegacy of
large amounts of radioactive residuesin some parts of the

world. Nuclear power plantsand other nuclear installations
release radioactive materias into the environment and
produce radioactive waste during operation and on their
decommissioning. The use of radioactive materias in
industry, agriculture and research isexpanding around the
globe and people have been harmed by mishandled radia-
tion sources.

13.  Such human activities generdly give rise to radiation
exposuresthat are only a small fraction of the global average
levd of natural exposure. However, specific individuas
resding near ingtalations releasing radioactive material into
the environment may be subject to higher exposures. The
exposure of members of the public to regulated rdeases is
restricted by internationally recognized limits, which are st
at somewhat less than the global average leve of naturd
exposure. It isto be noted that, should some of the Steswith
high levels of radioactive resdues be inhabited or
re-inhabited, the settlerswould incur radiation exposures that
would be higher than the global average level of natura

EXPOSUres.

14. The medica use of radiation is the largest and a
growing man-made source of radiation exposure. It incudes
diagnostic radiology, radiotherapy, nuclear medicine and
interventional radiology. Large numbers of people (in
developing countriesin particular) cannot yet take advantage
of many of thosemedical procedures, which are not available
worldwide. For thetime being, therefore, those peoplereceive
lessradiation exposure from medical diagnosisand treatment
than people living in countries benefiting from advanced
medical procedures, a Situation that is expected to changein
the future and will need to be followed by the Committee.

15. The average levels of radiation exposure due to the
medical uses of radiation in developed countries is equi-
valent to approxi mately 50% of the global average level of
natural exposure. |n thosecountries, computed tomography
accounts for only a few per cent of the procedures but for
almost half of the exposureinvolved in medical diagnosis.
Severe radiation-related injuries have occurred as a result
of poor practice of someinterventional techniques (such as
radiological proceduresto monitor thedilation of coronary
arteries) and radiotherapy.

16. Radiation exposure aso occurs as a reult of
occupationa activities. It isincurred by workersin industry,
medicine and research using radiation or radioactive sub-
stances, as wdl as by passengers and crew during air travel.
It isvery significant for astronauts.

17. The average level of occupational exposures is
generaly similar to the global average level of natura
radiation exposure. However, a few per cent of workers
receive exposures several times higher than the average
exposure to natural radiation. The exposure of workersis
restricted by internationally recognized limits, which are
set at around 10 times the average exposure to natural
radiation.
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C. THE RADIOLOGICAL CONSEQUENCES
OF THE CHERNOBYL ACCIDENT

18. The accident at the Chernobyl nuclear power plant
wasthemost seriousaccident invol ving radiation exposure.
It caused the deaths, within a few days or weeks, of 30
workers and radiation injuriesto over ahundred others. It
also brought about the immediate evacuation, in 1986, of
about 116,000 people from areas surrounding the reactor
and the permanent rel ocation, after 1986, of about 220,000
people from Belarus, the Russian Federation and Ukraine.
It caused serioussocial and psychological disruptionin the
lives of those affected and vast economic losses over the
entire region. Large areas of the three countries were
contaminated, and deposition of rel eased radionuclideswas
measurable in all countries of the northern hemisphere.

19. There have been about 1,800 cases of thyroid cancer
in children who were exposed at the time of the accident,
andif thecurrent trend continues, there may be more cases
during the next decades. Apart from thisincrease, thereis
no evidence of amajor public health impact attributableto
radiation exposure 14 years after the accident. Thereisno
scientific evidenceof increasesin overall cancer incidence
or mortality or in non-malignant disorders that could be
related toradiation exposure. Therisk of leukaemia, one of
themain concerns owing toitsshort latency time, does not
appear to be elevated, not even among the recovery opera-
tion workers. Although those most highly exposed
individualsareat an increased risk of radiation-associated
effects, the great majority of the population are not likely
to experience serious health consequences as a result of
radiation from the Chernobyl accident.

Il. SOURCES OF RADIATION EXPOSURE

20. lonizing radiation represents el ectromagnetic waves
and particles that can ionize, that is, remove an dectron
from an atom or molecule of the medium through which
they propagate. lonizing radiation may be emitted in the
process of natural decay of some unstable nuclei or
following excitation of atoms and their nuclei in nuclear
reactors, cyclotrons, x-ray machines or other instruments.
For historical reasons, the photon (eectromagnetic)
component of ionizing radiation emitted by the excited
nucleus is termed gamma rays and that emitted from
machines is termed x rays. The charged particles emitted
from the nucleus are referred to as al pha particles (helium
nuclel) and beta particles (el ectrons).

21. Theprocessof ionization inliving matter necessarily
changesatomsand molecules, at least transiently, and may
thus damagecells. If cellular damage does occur and isnot
adequately repaired, it may prevent thecell from surviving
or reproducing or performing its norma functions.
Alternatively, it may result in a viable but modified cell.

22. The basic quantity used to express the exposure of
material such asthe human body isthe absorbed dose, for
which the unit is the gray (Gy). However, the biological
effects per unit of absorbed dose varies with the type of
radiation and the part of the body exposed. To take account
of thosevariations, awel ghted quantity called the effective
dose is used, for which the unit is the sievert (Sv). In
reporting level sof human exposure, theCommitteeusually
uses the effective dose. In the present report, both the
absorbed dose and the effective dose are usually smply
called “dose’, for which the units provide the necessary
differentiation. A radioactive source is described by its
activity, whichisthe number of nuclear disintegrationsper
unit of time. Theunit of activity isthe becquerel (Bg). One
becquerel is one disintegration per second.

23. To evauate the effects of exposing a defined
population group, the sum of al doses acquired by the
members of the group, termed the “collective dose’ (in
units of man Sv), may be used. The value of the collective
dose divided by the number of individualsin the exposed
population group isthe per caput dose, in Sv. The general
procedures used by the Committee to evaluate radiation
doses are presented in Annex A of this report, “Dose
assessment methodologies’.

A. NATURAL RADIATION EXPOSURES

24. All living organisms are continually exposed to
ionizingradiation, which hasalwaysexisted naturally. The
sources of that exposure are cosmic rays that come from
outer space and from the surface of the Sun, terrestria
radionuclides that occur in the Earth’s crust, in building
materials and in air, water and foods and in the human
body itself. Some of the exposures are fairly constant and
uniform for all individuals everywhere, for example, the
dose from ingestion of potassum-40 in foods. Other
exposuresvary widely depending on location. Cosmicrays,
for example, are more intense at higher altitudes, and
concentrations of uranium and thorium in soils are
elevated in localized areas. Exposures can also vary as a
result of human activities and practices. In particular, the
building material sof housesand the design and ventilation
systems strongly influence indoor levels of the radioactive
gas radon and its decay products, which contribute
significantly to doses through inhalation.

25. Thecomponentsof theexposuresresulting from natural
radiation sources have been reassessed in thisreport based on
new information and data from measurements and on further
analysis of the processes involved. The results are presented
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in Annex B, “Exposuresfrom natural radiation sources’. The
exposure components have been added to provide an estimate
of the global average exposure. The average global exposure
does not pertain to any one individual, Snce there are wide
digributions of exposures from each source and the con-
sequent effective doses combine in various ways at each
location, depending on the specific concentration of radio-
nuclidesin the environment and in the body, thelatitude and
atitude of the location and many other factors.

26. The annua worldwide per caput effective dose is
determined by adding the various components, as summar-
ized in Table 1. The annual global per caput effective dose
due to naturd radiation sources is 2.4 mSv. However, the
range of individua dosesiswide. In any large population
about 65% would be expected to have annual effective doses
between 1 mSv and 3 mSv, about 25% of the population
would have annual effective doses lessthan 1 mSv and 10%
would have annual effective doses grester than 3 mSv.

Table 1
Average radiation dose from natural sources

Source Worldwide average annual effective dose (mSv) Typical range (mSv)

External exposure

Cosmic rays 0.4 0.3-1.0 ?
Terredrial gammarays 0.5 0.3-06 "
Internal exposure

Inhalation (mainly radon) 12 0.2-10 ¢
Ingestion 0.3 0.2-0.8 ¢

Total 24 1-10

Range from sea leve to high ground elevation.

Depending on radionuclide composition of soil and building materials.
Depending on indoor accumulation of radon gas.

Depending on radionuclide composition of foods and drinking water.

o0 T o

B. MAN-MADE ENVIRONMENTAL
EXPOSURES

27. Releasesof radioactive materials to the environment
and exposures of human populations have occurred in
several activities, practicesand eventsinvolving radiation
sources. Assessment of theresulting exposuresispresented
in Annex C of this report, “Exposures to the public from
man-made sources of radiation”. The main man-made
contribution to the exposure of the world's popul ation has
come from the testing of nuclear weapons in the
atmosphere, from 1945 to 1980. Each nucl ear test resulted
in unrestrained release into the environment of substantial
guantities of radioactive materials, which were widely
dispersed in the atmosphere and deposited everywhere on
the Earth’s surface.

28. The Committee has given specia attention to the
evaluation of the doses from nuclear explosions in the
atmosphere. The worldwide collective effective dose from
that practicewas evaluated in the UNSCEAR 1982 Report
based on numerous measurements of the global deposition
of ®Sr and **Cs and of the occurrence of those and other
fallout radionuclidesin diet and the human body that were
made at the time the testing was taking place.

29. New information has become available on the
numbers and yields of nuclear tests. Those data were not
fully revealed earlier by the countries that conducted the

tests because of military sensitivities. An updated listing of
atmospheric nuclear tests conducted at each of thetest sites
isincluded in thisreport (see Annex C). Although thetotal
explosiveyiddsof each test havebeen divulged, thefission
and fusion yiddsarestill mostly suppressed. Somegenera
assumptions have been made to make it possibleto specify
the fisson and fusion yields of each test in order to
estimate the amounts of radionuclides produced in the
explosions. The estimated total of fisson yieds of
individual testsisin agreement with the global deposition
of the main fisson radionuclides ¥Sr and 'Cs, as
determined by worldwide monitoring networks.

30. With improved estimates of the production of each
radionuclide in individual tests and using an empirical
atmospherictransport model, it ispossibleto determinethe
time course of the dispersion and deposition of
radionuclides and to estimate the annual doses from
various pathways in each hemisphere of theworld. In that
way it has been calculated that the world average annual
effective dose reached a peak of 150 uSv in 1963 and has
since decreased to about 5 uSv in 2000, from residua
radionuclides in the environment, mainly **C, *Sr and
B’Cs. The average annual doses are 10% higher in the
northern hemisphere, where most of thetesting took place,
and lower in the southern hemisphere. Although therewas
considerable concern at the time of testing, the annual
doses remained relatively low, reaching at most about 7%
of the background level from natural radiation sources.
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31. The exposures of local populations surrounding the
test sites have also been assessed using available
information. The level of detail is still not sufficient to
document the exposures with great accuracy. Attention to
the local conditions and the possibilities of exposure was
not great in the early years of the test programmes.
However, dose reconstruction efforts are proceeding to
clarify this experience and to document the local and
regional exposures and doses that occurred.

32. Underground testing caused exposures beyond the
test sites only if radioactive gases leaked or were vented.
Most underground tests had much lower yields than
atmospherictests, andit wasusually possibleto contain the
debris. Underground tests were conducted at therate of 50
or more per year from 1962 to 1990. Although it is the
intention of most countriesto agreeto ban all further tests,
both atmospheric and underground, the Comprehensive
Nuclear-Test-Ban Treaty (see General Assembly resolu-
tion 50/245) has not yet come into force. Further under-
ground testing has occurred. Thus, it cannot yet be stated
that the practice has ceased.

33. During the time when nuclear weapon arsenals were
being built up, especidly in the earlier years (1945-1960),
there were releases of radionuclides exposing local popula-
tionsdownwind or downstream of nuclear ingtallations. Since
there was little recognition of exposure potentials and
monitoring of releases was limited, the assessment must be
based on the reconstruction of doses. Results are ill being
obtained that document the experience. Practiceshave greetly
improved and arsenals are now being reduced. Exposures
from the military fue cycle have thus diminished to very low
leves.

34. A continuing practiceisthe generation of electrical
energy by nuclear power reactors. Assuming this practice
of generation lasts for 100 years, the maximum collective
dose can be estimated from the cumul ative dosesthat occur
during the period of thepractice. The normalized 100-year
truncated figureis 6 man Sv per gigawatt year. Assuming
the present annual generation of 250 gigawatt years
continues, thetruncated coll ective dose per year of practice
is 1,500 man Sv to the world population, giving an
estimated maximum per caput dose of lessthan 0.2 uSv per
year.

35. Exceptin the case of accidents or at Steswhere wastes
haveaccumulated, causing localized areasto be contaminated
to significant levels, there are no cther practicesthat resultin
important exposures from radionuclides rdeased into the
environment. Estimates of releases of isotopes produced and
used in indusgtrial and medica applications are being
reviewed, but these seem to be associated with rather
inggnificant level sof exposure. Possiblefuturepractices, such
as dismantling of weapons, decommissioning of ingtallations
and wase management proects, can be reviewed as
experienceisacquired, but these should all involvelittleor no
rdease of radionuclides and should cause only negligible
doses. For medical practice, the highest individual doses,

averaging about 0.5 mSv, may be received by family members
who may comeinto close contact with patients undergoing
B treatments.

36. When accidentsoccur, environmental contamination
and exposures may become significant. Theaccident at the
Chernobyl nuclear power plant wasanotableexample. The
exposures were highest in the local areas surrounding the
reactor, but low-level exposures could be estimated for the
European region and for the entire northern hemisphere.
In the first year following the accident, the highest
regionally averaged annual doses in Europe outside the
former Union of Soviet Socialist Republics wereless than
50% of thenatural background dose. Subsequent exposures
decreased rapidly. The higher doses and possible health
consequences in the region of the accident are being
investigated.

37. There are several industries that process or utilize
large volumes of raw materials containing natural
radionuclides. Discharges from those industrial plants to
air and water and the use of by-products and waste
materials may contribute to enhanced exposure of the
general public. Estimated maximum exposuresarisefrom
phosphoric acid production, mineral sand processing
industries and coal-fired power stations. Although annual
doses of about 100 puSv could be received by a few local
residents, doses of 1-10 uSv would be more common.

C. MEDICAL RADIATION EXPOSURES

38. Theusedf ionizing radiation for medical diagnosisand
therapy is widespread throughout the world. There are
significant country-to-country variationsin national resources
for and practice in medical radiology. In general, medical
exposures are confined to an anatomical region of interest and
dispensed for specific clinical purposes so as to be of direct
benefit to the examined or treated individuals. Diagnogtic
exposures are characterized by fairly low dosesto individua
patients(effectivedosesaretypically in therange 0.1-10 mSv)
that in principle are just sufficient to provide the required
clinical information. The resulting per caput doses to
populations are given in Table 2. In contrast, therapeutic
exposuresinvolve very much higher dosesprecisely delivered
tothetumour volumes (prescribed dosestypicaly intherange
20-60 Gy) to eradicate disease, principally cancer, or to
alleviatesymptoms. Relatively small numbersof diagnostic or
therapeutic exposures are conducted on volunteers in
controlled gudies for the purposes of research. Medicd
radiology is conducted systematically and radiation accidents
arefairly infrequent.

39. The Committee has assessed the exposures from
medical radiation proceduresbased oninformation obtained
from questionnaires distributed to al Member States. Four
levels of hedlth care have been distinguished based on the
number of physicians available to serve the inhabitants of a
country. They rangefrom onephysician per 1,000 population
at the highest level (health-careleve | to one physician for
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Table 2

Radiation exposures from diagnostic medical x-ray examinations

Annual number of examinations per Average annual effective dose to
Health care level Population per physician 1,000 population population (mSv)
| <1000 920 12
1] 1 000-3 000 150 0.14
1l 3000-10 000 20 0.02
\% >10 000 <20 <0.02
Worldwide average 330 04

more than 10,000 population (health-care level 1V). The
available data have been averaged to obtain representative
frequencies of procedures or exposure within countries at
each level. These werethen extrapolated to the popul ation
of al countries within each level and the total population
of the world and are presented in Table 2. The detailed
results of the Committee's evaluation are presented in
Annex D, “Medical radiation exposures’.

40. Tempora trends in the estimates of the number of
procedures in medica radiology from the various reviews
undertaken by the Committee indicate a steady increase.
Further increase in the use of medical radiation and resultant
doses can be expected following changes in the patterns of
hedlth care that are being facilitated by advances in
technology and economic developments. For example,
increaseislikey in theutilization of x rayswith, in particular,
agrowth in importance for computed tomography and inter-
ventiona procedures. Practice in nuclear medicine will be
driven by the use of new and more specific radiopharmaceuti-
cals for diagnosis and therapy, and there will be increased
demand for radiotherapy owing to population ageing. In
addition, further growth in medical radiology can be expected
in developing countries where present facilities and services
are often lacking.

41. Accordingly, there is a need for the Committee to
undertakefurther authoritativereviewsof global practice, with
the systematic compilation of new nationa survey data, in
particular from regions where knowledgeis presently sparse,
and the exploration of improved mode ling in order to provide
refined assessments of worldwide exposures. This major task
will help monitor and inform on levels and trends in dose
from therapidly evolving and important practice of medica
radiology and will aso stimulate further assessments and
critical review of practices by individual countries.

D. OCCUPATIONAL RADIATION
EXPOSURES

42. Thereareanumber of occupationsinwhich workersare
exposed to man-made sources of radiation, such asat nuclear
ingalationsor medicd dinics, and someworkersareexposed
to enhanced levels of natural radiation. The Committee uses
the term occupational exposure to mean exposures at work
that are directly due to the work. Occupational radiation

exposures have been assessed from data submitted to the
Committee by national authorities in response to question-
naires. The data summarized in Annex E, “Occupationa
radiation exposures’, are quite extensve. Five-year average
data for various occupations are reported for 1975-1994. The
exposures from man-made sources are given the most
attention; countries usually record such data for regulatory
purposes. Where average exposures over a workforce are
needed, the number of workersis taken to be the number of
workers monitored.

43. The estimates of occupational radiation exposurein
thisreport have benefited from amuch moreextensiveand
complete database than was previoudly available to the
Committee. The effortsby countriesto record and improve
dosimetric data were reflected in the responses to the
Committee's survey of occupational radiation exposures
and have led to improved estimates of occupational doses.

44. The Committee’s current estimate of the worldwide
collective effective dose to workers from man-made sources
for the early 1990s, 2,700 man Sy, is lower by a factor of
about 2 than that made by the Committee for the late 1970s.
A ggnificant part of the reduction comesin the nuclear power
fuel cycde in particular in uranium mining. However,
reductionsareseen in al themain categories: indudtrial uses,
medical uses, defence activities and education. Thistrend is
also reflected in the worldwide average annual effective dose,
which hasfallen from about 1.9 mSvto 0.6 mSv. Theaverage
annual doses to workersin the various occupations are given
in Teble3.

45. No attempt has been made to deduce any trend in the
estimates of dose from occupational exposure to enhanced
natural sources of radiation, as the supporting data are
somewhat limited. The UNSCEAR 1988 Report madeacrude
egtimate of about 20,000 man Sv from that source, which was
subsequently revised downward to 8,600 man Sv in the
UNSCEAR 1993 Report. The comparable figure for 1990-
1994 is 5,700 man Sv; however, an important new element
hasbeen added for this period, namely, occupational exposure
to devated leves of radon and its progeny, bringing the
overall etimate of collective dose to 11,700 man Sv. Thisis
il consdered to be a crude estimate, and much better data
arerequired. Thiswill beachalengefor the next assessment
by the Committee.
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Table 3
Occupational radiation exposures

Source/ practice Number of monitored workers (thousands) Average annual effective dose

(mSv)

Man-made sources
Nuclear fuel cycle (including uranium mining) 800 18
Industrial uses of radiation 700 0.5
Defence activities 420 0.2
Medical uses of radiation 2320 0.3
Education/veterinary 360 0.1
Total from man-made sources 4600 0.6
Enhanced natural sources
Air travel (crew) 250 3.0
Mining (other than coal) 760 2.7
Coal mining 3910 0.7
Mineral processing 300 1.0
Above ground workplaces (radon) 1250 4.8
Total from natural sources 6 500 18

E. COMPARISON OF EXPOSURES

46. Radiation dosesfrom the various sources of exposure
received by theworld population are compared in Table 4.
Two quantities are appropriate for comparisons. For a
sourcethat isconstant, or that changesonly astheresult of
natural processes, the annual global per caput effective
doseisused. That quantity isalso used for a source that

delivers al its exposure in a short time. For sources that
continue to cause exposure over long periods, it is
necessary toindicatethetrend over time. Thevalues given
in Table 4 are the annual doses averaged over the world
population, which are not necessarily the doses that any
oneindividual would experience. Because of considerable
variations in exposures, depending on location, personal
habits, diet, and so on, doses to individuals differ.

Table 4

Annual per caput effective doses in year 2000 from natural and man-made sources

Source Worldwide annual Range or trend in exposure
per caput effective dose (mSv)
Natural background 24 Typically ranges from 1-10 mSv, depending on circumstances at
particular locations, with sizeable population also at 10-20 mSv.
Diagnostic medical examinations 04 Ranges from 0.04-1.0 mSv at lowest and highest levels of health care
Atmospheric nuclear testing 0.005 Has decreased from a maximum of 0.15 mSv in 1963. Higher in
northern hemisphere and lower in southern hemisphere
Chernoby! accident 0.002 Has decreased from a maximum of 0.04 mSv in 1986 (average in northern
hemisphere). Higher at locations nearer accident site
Nuclear power production 0.0002 Has increased with expansion of programme but decreased with
(see paragraph 34) improved practice

47. Byfar thegreatest contribution to exposure comesfrom
natural background radiation. The annual per caput doseis
2.4 mSv and the range in typica circumstances may be
between 1 mSv and 10 mSv. There are, however, small
groups of personswho may be exposed to much higher levels.
In some places, the natural radionuclide content in the soil
creates high external exposure levels, these are known as
high-background areas. Much more significant and wide-
spread isthevariability in thelevels of radon concentration in
indoor air.

48. The second largest contribution to exposures of
individuals worldwide is from medical radiation
procedures. Thereisan increasing trendin such exposures,
reflecting the more widespread use and availability of
medical radiation services throughout the world.

49. Theexposure of theworld's popul ation from nuclear
test explosions in the atmosphere was considered to be
quite dramatic at the time of the most intensive testing
(1958-1962), when it was realized how widespread it had
been. The practice resulted in the unrestrained release of
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large amounts of radioactive materials directly into the
atmosphere. Of all man-made practices or events, atmo-
spheric nuclear testing involved the largest releases of
radionuclides into the environment. The annual doses

reached, on average, 7% of the natural background at their
maximum in 1963. Residual levels of longer-lived
radionuclides till present in the environment contribute
little to the annual exposure of the world popul ation.

I1l. RADIATION-ASSOCIATED CANCER

50. Radiation effects are caused by the damage inflicted
in cels by the radiation interactions. The damage may
result in cell death or modifications that can affect the
normal functioning of organsand tissues. Most organsand
tissues of the body are not affected by the loss of even
considerable numbersof cells. However, if the number lost
becomes large, therewill be observable harm to the organ
or tissue and therefore to the individual. Only if the
radiation dose is large enough to kill alarge number of
cellswill such harm occur. Thistype of harm occursin all
individuals who receive an acute dose in excess of the
threshold for the effect and is called “deterministic”.

51. If the cdl is not killed but only modified by the
radiation damage, the damagein the viable cell isusually
repaired. If the repair is not perfect, the modification will
betransmitted to daughter cellsand may eventually lead to
cancer in the tissue or organ of the exposed individual. If
the cellsare concerned with transmitting genetic informa-
tion to the descendants of the exposed individual,
hereditary disorders may arise. Such effects in the
individualsor in their descendants are called “ stochastic”,
meaning of a random nature.

52. In short, deterministic (acute) effectswill occur only
if the radiation dose is substantial, such as in accidents.
Stochastic effects (cancer and hereditary effects) may be
caused by damagein asinglecdl. Asthedoseto thetissue
increases from a low level, more and more cels are
damaged and the probability of stochastic effectsoccurring
increases.

53. Over the 45 years that the Committee has been
reviewing information relating to the biological effects of
radiation, substantial scientific advances have taken place
and an improved understanding has resulted. The present
knowledge of radiation effects and the main results of the
Committee’ s assessments are summarized bel ow.

A. RADIOBIOLOGICAL EFFECTS
AFTER LOW DOSES OF RADIATION

54. The Committee has reviewed the broad field of
experimental studiesof radiation effectsin cellular systems
and in plants and animals. Many of those responses and
the factors modifying them form abasisfor the knowledge
of human radiation effects and can often be evaluated in
more detail than studies of humans. Furthermore, funda-

mental radiobiology nowadays includes the field of
molecular radiobiology, which is contributing to an under-
standing of the mechanisms of radiation response.

55. Damagetodeoxyribonudecacid (DNA) in thenudeus
is the main initiating event by which radiation causes long-
term harm to organs and tissues of the body. Double-strand
bresksin DNA are regarded as the most likely candidate for
causing critical damage. Single radiation tracks have the
potential to cause double-strand breaks and in the absence of
fully efficient repair could result in long-term damage, even a
the lowest doses. Damage to other cdlular components
(epigenetic changes) may influencethefunctioning of the cell
and progression to the malignant state.

56. Numerous genesareinvolved in cellular responseto
radiation, including thosefor DNA damagerepair and cell-
cycle regulation. Mutation of those genes is reflected in
several disorders of humans that confer radiation
sensitivity and cancer proneness on the individuas
concerned. For example, mutation of oneof many so-called
checkpoint genes may allow insufficient time to repair
damage, because the cedl loses its ability to deay
progression in the cell cyclefollowing radiation exposure.

57. Cellshaveanumber of biochemical pathwayscapable
of recognizing and dealing with specific forms of damage.
This subject is reviewed in Annex F, “DNA repair and
mutagenesis’. One genethat playsakey roleisthetumour
suppressor TP53, which is lost or mutated in more than
half of all human tumours. The p53 protein produced by
the gene controls both arrest of the cell cycle and one
pathway of apoptosis (the programmed cell death that is
instrumental in preventing some damaged cells from
progressing to the transformed, malignant growth stage).
Some such biochemical pathways are also implicated in
stress response or adaptation processesthat act to limit the
extent or outcome of damage. Even with such protective
processes induced and acting, it is clear that misrepaired
radiation damage gives the potential for progression to
cancer induction or hereditary disease.

58. Proto-oncogenes (genes that may be activated
inappropriately and then participatein tumorigenesis) and
tumour-suppressor genes control a complex array of
biochemical pathways involved in cellular signalling and
interaction, growth, mitogenesis, apoptosis, genomic
stability and differentiation. Mutation of those genes can
compromise those controls and contribute to the multi-
stage development of cancer.
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59. Proto-oncogene activation by chromosomal trand oca-
tion isoften associated with early stagesin thedevel opment of
leukaemias and lymphomas, although gene loss also occurs.
For many solid tumoursthereis a requirement for aloss-of-
function mutation of tumour-suppressor genes that contral
cdlular proliferation in specific tissues. The subsequent onset
of genomic ingtability through further mutations in clones of
cdlsmay beacritical event in thetransformation from benign
tomalignant sate. Loss of apoptotic control isalso believed to
be important throughout tumorigenesis.

60. Themulti-gagenatureof tumorigenesisisconsideredin
Annex G, “Biological effects at low radiation doses’. Much
knowledge about the processremainsto be learned. Although
the concept of sequential, interacting gene mutations as the
driving force for tumorigenesis is more firmly established,
there is a lack of understanding of the complex interplay
between those events and the consequences for cdlular
behaviour andtissuehomeostass; uncertainty al soexistsabout
the contribution made to malignant development of non-
mutational (epigenetic) cdlular events such asgenesilencing
and cdlular communication changes.

61. Direct evidenceon the nature of radiation-associated
initiating events in human tumours is sparse, and rapid
progressin the area should not be anticipated. By contrast,
good progress is being made in resolving early eventsin
radiation-associated tumours in mouse models. Those
molecular observations strengthen the view expressed in
the UNSCEAR 1993 Report that radi ati on-induced tumori-
genesis will tend to proceed via gene-specific losses; a
contribution from early arising epigenetic events should
not, however, be discounted.

62. Muchinformation pointstothecrucial importance of
DNA repair and other damage-response functions in
tumorigenesis. DNA damage-responsefunctionsinfluence
the appearance of initial eventsin the multi-stage process
and reduce the probability that a benign tumour will
spontaneously acquire the secondary mutations necessary
for full malignant development. Thus, mutations of DNA
damage-response genesin tumours play an important role
in the spontaneous devel opment of genomic instability.

63. Therepair of sometimescomplex DNA double-strand
lesions is largely error-prone and is an important
determinant of dose, doserate and radiation quality effects
incdls. Uncertai ntiescontinueto surround thesignificance
to tumorigenesis of adaptive responses to DNA damage;
the mechanistic basis of such responses has yet to be well
characterized, although associations with the induction of
biochemical stressresponsesseemslikely. Recent scientific
advances highlight the differences in complexity and
reparability between spontaneoudly arising and radiation-
induced DNA lesions. Those data argue against basing
judgements concerning low-dose response on comparisons
of overall lesion abundance rather than their nature.

64. The research findings on the adaptive responses to
radiation in cdls and organisms were reviewed in the

UNSCEAR 1994 Report, and the typical expression of an
adaptive response is described there. The phenomenon has
been interpreted as being the result of an initid small
(priming) dose activating arepair mechanism that reducesthe
response to a subsequent larger (challenge) dose. Apparently,
the range of priming dosesis limited, thetimefor presenting
the challenge dose is critica and the chalenge dose needs to
be of a reasonable magnitude. The response varies greetly
between individual donors of lymphocytes. Nevertheless, the
adaptive response has been seen in many systems, including
human lymphocytes, a variety of mouse cdls and with some
chemical agents such as hydrogen peroxide and bleomycin as
wdl aswith radiation. However, so far there appearsto be no
generadly reproducible reduction in tumour induction
following low-doseirradiation.

65. The basic premises of radiation response are that any
radiation interaction with DNA results in damage that if not
repaired or if incorrectly repaired may represent an initiating
event in the tumorigenes's pathway. The mutation of genes
commonly resultsin modulation of their expression, with loss
of gene products (proteins) or alteration in their properties or
amounts. The biochemical balance of the cel may then be
disrupted, compromising the control of cell sgnalling or the
proliferation and differentiation schedules. In that way,
mutated cdls, instead of being checked or killed, may be
alowed to proceed to clona growth. Some non-mutational
(epigendtic) events or damage may be involved or contribute
to those changes. In some cases the genome may be
destabilized, allowing further mutationsto accumulate, which
may promote the progression of tumorigenesis.

66. Thejudgement astowhether theremight beathreshold
leve of exposure below which biological response does not
occur can be guided by mechanistic consderations.
Specificaly, there is a need to know whether at very low
doses the repair processes are more efficient and perhaps
enhanced by the adaptive response, preventing any damageto
the cdllular components. Such athreshold could occur only if
repair processss were totally effectivein that doserange or if
a sngle track were unable to produce an effect. The absence
of congstent indications of sgnificant departures from
linearity of tumorigenic response at low dosss in cdlular
endpoints (chromosome aberrations, gene mutation, cell
transformation), theactivity of well characterized error-prone
DNA repair pathways and the evidence on the nature of
spontaneous DNA damagein mammalian cellsargue against
adaptive or other processes that might provide for a dose
threshold for radiation effects. The cdlular processes such as
apoptoss and cdlular differentiation that can protect againgt
later phases of tumorigenesisarejudged to beefficient but can
be bypassed; there is no reason to believe that those defences
act differently on spontaneous and radiation-induced tumours
or have specific dose dependencies.

67. It may therefore be concluded that, asfar asis known,
even at low doses radiation may act as a mutationa initiator
of tumorigenesis and that anti-tumorigenic defences are
unlikely to show low-dose dependency. In general, tumori-
genic response does not therefore appear to be a complex
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function of increasing dose. The smplest representation isa
linear relationship, which is consgent with most of the
available mechanigtic and quantitative data. There may be
differences in response for different types of tumour and
datigtical variationsin each data set are inevitable. A depart-
ure from linearity is noted for leukaemia data, for which a
linear-quadratic function is used. Skin cancer and some
cancers induced by apha emitters may have virtual thres-
holds. Because of the multi-step nature of the tumorigenesis
process, linear or linear-quadratic functionsareused for repre-
sentational purposes only in evaluating possible radiation
risks. The actual response may involve multiple and compet-
ing processes that cannot yet be separately distinguished.

B. COMBINED EFFECTS

68. Combined exposurestoradiation and other physical,
chemical or biological agents in the environment are a
characteristic of life. The characteristics and effects of
combined exposuresarereviewed in Annex H, “Combined
effects of radiation and other agents’. Although both
synergistic and antagonistic combined effects are common
at high exposures, there is no firm evidence for large
deviations from additivity at controlled occupationa or
environmental exposures. This holds for mechanistic
considerations, animal studies and epidemiol ogy-based
assessments. Therefore, in spiteof thepotential importance
of combined effects, results from assessments of the effects
of single agents on human health are generally deemed
applicabletoexposuresituationsinvol ving multipleagents.

69. Deviation from additivity depends on the specificity
of theagentsfor thedifferent stepsin thesequenceleading
to clinical effect. Such effects are, however, only to be
expected in cases where both agents are responsible for a
largefraction of thetotal transitionsthrough the sequence.
For agents acting independently and through different
mechanisms and pathways, simple additivity is predicted.

70. Because exposure to both cigarette smoke and radon
is so prevalent, that combined effect is of special import-
ance. Cigarette smoke is a complex mixture of chemical
and physical agentsand thereistill no clear picture of the
interaction mechanisms. Epidemiological data clearly
indicate that the interaction at intermediate to high
exposurelevel sleadsto more-than-additiveeffectson lung
cancer. For example, enhanced radiation risks (morethan
additive but less than multiplicative) to smokers are
evident in the radon miner studies.

71. With the exception of radiation and smoking, there is
littleindication from epidemiological datafor aneed to adjust
for strong antagonigtic or synergistic combined effects. The
lack of pertinent data on combined effects does not imply per
sethat interactions between radiation and other agentsdo not
occur and havenoinfluenceon theradiation risk at low doses,
Indeed, substances with tumour promoter and/or inhibitor
activitiesare found in the daily diet and cancer risk therefore

depends on lifestyle, in particular eating habits. Not only can
those agents modify the natural or spontaneous cancer
incidence, but they may aso modify the carcinogenic
potential of radiation. Such modificationswould influencethe
outcome in particular when radiation risks were projected
relative to the spontaneous cancer incidence.

72. In generd, it can be concluded that genotoxic agents
with smilar biological and mechanistic behaviour and acting
a the same time will interact in a concentration-additive
manner (isoadditive). This means that concurrent exposures
to ionizing radiation and other DNA-damaging agents with
no specific affinity to those DNA sequences which are
critically involved in carcinogenesis will generaly result in
effects not far from isoadditive.

C. CANCER EPIDEMIOLOGY

73. Radiation-associated cancer in humans is udied in
population groups that have been exposed to radiation doses
such that cancer cases in excess of the normal background
incidence may beidentified. Estimates of risk may be derived
from populations for whom individua doses can be
reasonably estimated. Those populations indude survivors of
the atomic bombings, medicaly irradiated patients, those
occupationally exposed, individuals exposed to radionuclides
rel eased into the environment, and people exposed to devated
levesof natural background radiation. Sincethe Committeg's
assessment of the risks of radiation-induced cancer in the
UNSCEAR 1994 Report, additional important information
has become available from epidemiological sudies. Those
dataaresummarizedin Annex |, “ Epidemiol ogical evaluation
of radiation-induced cancer”.

74. It isnow known that radiation can cause cancer in
almost any tissue or organ in the body, although somesites
are much more prone than others (see paragraph 77). A
clearer understanding of physiological modifying factors,
such as sex and age, has developed over thelast few years.
Although differences in the absolute risk of tumour
induction with sex are not large and vary with site, for
most solid cancers the absolute risk is higher in women
than in men. People who were young at the time of
radiation exposure have higher relative and absolute risks
than older people, but again this varies by site.

75. Further follow-up of radiation-exposed cohorts has
demonstrated that excess cancers continue to occur at long
times after radiation exposure and, therefore, large un-
certaintiescan arisein theprojection of lifetimerisks. Datafor
the Japanese atomic bomb survivors are consstent with a
linear or linear-quadratic dose response over awide range of
doses, but quantifying risksat low dosesisless certain because
of the limitations of datigtical precison, potentia residua
biases or other methodological problemsand the possibility of
chance findings due to multiple statistical testing. Longer
follow-up of cohortswith awide range of doses, such asthe
atomic bomb survivors, will provide more essentia informa
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tion at low doses, but epidemiology alone will not be able
to resolve the issue of whether there are low-dose
thresholds. It should be noted, however, that the inability
to detect increased risks at very low doses does not mean
that those increases in risk do not exist.

76. Thestudiesof the Japanesesurvivorsare particularly
important because the cohort includes a large exposed
population of both sexes, awide distribution of doses and
the full range of ages. The results of that research provide
the primary basis for estimating the risk of radiation-
induced cancer. Among the 86,572 individualsin the Life
Span Study cohort of survivors of the atomic bombings,
there were 7,578 deaths from solid tumours during 1950-
1990. Of those cancer deaths, 334 can be attributed to
radiation exposure. During the same period, 87 of 249
leukaemia deaths can be attributed to radiation exposure.
In 1991, at the time of the latest evaluation, some 48,000
persons (56%) were still living. It is projected that 44% of
the population will still beliving in 2000.

77. The Life Span Study cancer incidence and mortality
data are broadly smilar, demongtrating satistically signifi-
cant effects of radiation for all solid tumours as a group, as
wdl as for cancers of the ssomach, colon, liver, lung, bress,
ovary and bladder. The incidence data a so provide evidence
of excessradiation risksfor thyroid cancer and non-melanoma
skin cancers. Statigtically sgnificant risks were not seen in
ether the incidence or the mortality data for cancers of the
rectum, gall bladder, pancress, larynx, uterine cervix, uterine
corpus, prodate gland and kidney or renal pelvis. An
associ ation with radiation exposureis noted for most types of
leukaemia, but not for lymphoma or multiple mydoma

78. Thenumbersof solid tumours associated with radiation
exposure are not sufficient to permit detailed analysis of the
dose response for many specific sites or types of cancer. For
al solid tumours combined, the dope of the dose-response
curveis linear up to about 3 Sv, but the dose-response curve
for leukaemiais best described by alinear-quadratic function.
Statitically significant risksfor cancer in the Life Span Study
are seen a organ doses above about 100 mSv.

79. Studiesof populationsexposed tomedical, occupational
or environmental radiation provideinformation on issuesthat
cannot be addressed by the atomic bomb survivor data, such
as the effects of chronic low doses, apha doses to the lung
from radon, highly fractionated doses and variability among
populations. For some cancer stes, including leukaemia,
breast, thyroid gland, bone and liver, very useful results come
from invettigations other than the Life Span Study. Risk
estimates derived from those studiesgenerally agreewel | with
those from the Life Span Study.

80. Large studies of occupationally exposed persons are
also contributing valuable data on low-dose effects. A
combined analysis of data for a large number of nuclear
workersindicatesthat therisk of leukaemiaincreaseswith
increasing dose. However, the statistical precision of such
studiesis still low in comparison with the results at high-

doserate from the atomic bomb survivors. Asaresult, itis
difficult to arrive at adefinitive conclusion on the effects of
dose rate on cancer risks, in particular since those effects
may differ among cancer types. However, the conclusions
reached in the UNSCEAR 1993 Report, based on both
epidemiological and experimental evidencethat suggested
areduction factor of lessthan 3 when extrapolating to low
doses or low-dose rates, still appear to be reasonable in
general.

81. Information on the effects of internal doses, from both
low- and high- linear energy transfer (LET) radiation, has
increased since the time of the UNSCEAR 1994 Report. In
particular, an eevated risk of thyroid cancer in parts of
Bearus, the Russian Federation and Ukraine contaminated as
a reault of the Chernobyl accident shows a link with
radioactive iodine exposure during childhood. However, risk
estimation associated with those findings is complicated by
difficultiesin dose estimation and in quantifying the effect of
screening for the disease. Other studiesin the former Soviet
Union have provided further information on internal doses,
for example, an increased risk of lung cancer among workers
at theMayak plant. Leukaemiawaseevated in the population
living near the Techa River. However, the different sources of
radiation exposure (both external and internal) and, in the
caxe of the Techa River dudies, the potentid effects of
migration, affect the quantification of risks. Results from
several case-control studies of lung cancer and indoor radon
have been published in recent yearsthat, in combination, are
consigtent with extrapolations from data on radon-exposed
miners, athough the satistical uncertaintiesin thosefindings
aredill large.

82. Particular attention hasbeen paidin Annex | torisksfor
specific cancer sites. Again, the new information that has
become available in recent years has heped in the
examination of some risks. However, for some cancer sites
there remain problems in characterizing risks, owing to the
low statistical precision associated with moderate or small
excess numbers of cases. This can limit, for example, the
ability to estimate trends in risk in relation to factors such as
age a exposure, time snce exposure and gender. An
exception isbreast cancer, where a comparison of dataon the
Japanese atomic bomb survivors and women with medical
exposures in North America points to an absolute transfer of
risks between populations. There are some cancer sSites for
which thereislittle evidence for an association with radiation
(eg. non-Hodgkin's lymphoma, Hodgkin's disease and
multiple myeloma). Whilethe eval uationsfor the lymphomas
are affected in part by the smal numbers of casesin several
studies, they should be contrasted with the evaluations for
leukaemia(excluding chroniclymphocyticleukaemia), which,
whilealso arare disease, has clearly been related to radiation
in many populations.

83. Lifetimerisk estimates are senditive to variationsin
background tumour rates and the variability can lead to
differences that are comparable to differences associated
with thetransport method acrosspopul ationsor the method
of risk projection. The variability in such projections
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highlights the difficulty of choosing a single value to
represent the lifetime risk of radiation-induced cancer.
Furthermore, uncertaintiesin estimates of risk for specific
types of cancer are generally greater than for al cancers
combined.

84. Based on the available epidemiologica data, the
Committee has derived risk estimates for radiation-induced
cancer. For apopulation of al agesand both genderswith an
acutedoseof 1 Sv (low-LET), it issuggested that lifetimerisk
estimates for solid cancer mortality might be taken as 9% for
men and 13% for women. The uncertaintiesin the estimates
may be a factor of about 2, higher or lower. The estimates
could be reduced by 50% for chronic exposures, as discussed
in the UNSCEAR 1993 Report, again with an uncertainty
factor of 2, higher or lower. Solid cancer incidence risks can
be taken as being roughly twice those for mortality. Lifetime
solid cancer risks estimates for those exposed as children
might be twice the estimates for a population exposed at all
ages. However, continued follow-up in studies of such groups
will be important in determining lifetime risks. The
experience of the Japanese atomic bomb survivors provides
compelling evidencefor linearity in estimating excessrisks of
solid cancers, therefore, as a firs approximation, linear
extrapolation of the estimates a& 1 Sv could be used for
estimating solid cancer risks at lower doses.

85. The egtimates of lifetime risks for leukaemia are less
variable. The lifetime risk of death from leukaemia may be
taken as 1%, for either gender, following an acute dose of
1 Sv. Theuncertainty in the estimate may be about a factor of
2, higher or lower. In view of non-linearity in the dose
response, decreasing the dose tenfold, from 1 Sv to 0.1 Sy,
will resultin @ 20-fold decreasein the lifetimerisk if the dose
isacute. Therisks of solid cancer and leukaemia are broadly
similar to those estimated in the UNSCEAR 1994 Report.

86. One radiation-associated cancer of particular import-
ancein children iscancer of thethyroid gland. Thereisstrong
evidence that the risk of thyroid cancer decreases with

increasing age a exposure, so that therisk in children under
15 years of ageis subgtantially larger than in adults. Among
children, those aged 0-5 years are five times more sensitive
than those aged 10-14 years. In view of that sengtivity, it is
not surprising that largeincreasesin thyroid cancer incidence
have been observed in children in Bdarus, the Russan
Federation and Ukraine following the Chernobyl accident in
1986. The incidence rate of thyroid cancer in children from
regions of those countries was ten times higher in 1991-1994
than in the preceding five years. About 1,800 cases of
childhood thyroid cancer had occurred as at 1998. The topic
is reviewed extensvely in Annex J of this report, “ Exposures
and effects of the Chernobyl accident”.

87. Cancer may be induced by prenatal exposure. In
humans, theinduction of childhood cancers, leukaemiaand
solid cancers as a result of exposure to x rays was first
reported in 1958, when the Oxford Survey established an
increased incidence of childhood tumours in the first 15
years of life for those exposed to x rays in utero compared
with those who were not exposed. The attribution of that
increase to radiation exposure has been criticized by some
on the grounds that the exposed women may have had
medical or other conditions that were responsible for the
increased cancer rates. Support for the causal role of
radiation is found in some other studies, and the risk, if
genuine, was estimated to be about 5 % per Sv. No such
effects were observed in survivors of the atomic bombings
irradiated in utero.

88. Risks of induced cancer expressed in adulthood
among those exposed in utero are more difficult to
evaluate. Nevertheless, the fact that relativerisksincrease
with decreasing age at exposureamong the survivorsof the
atomi c bombingscausesconcern about apotential ly greater
sensitivity to cancer induction for those exposed in utero
than for those exposed at young ages. The atomic bomb
survivors exposed in utero are now 55 yearsold. Thusitis
especialy important to evaluate their cancer risk
experience later in life.

1. THE CHERNOBYL ACCIDENT

89. The Committee has given specid attention to the
accident at the Chernobyl nuclear reactor that occurred on 26
April 1986. It was the most serious accident ever to occur in
the nuclear power industry. The reactor was destroyed in the
accident, condderable amounts of radioactive materials were
rel eased to the environment and many workers were exposed
to high doses of radiation that had serious, even fatal, hedlth
conseguences(seebe ow). Amongtheresidentsof Bearus, the
Russian Federation and Ukraine, well over athousand cases of
thyroid cancer (about 1,800) have been reported in children.
Notwithstanding problems associated with screening, those
cancers were most likdy caused by radiation exposures
received at the time of the accident. Many other hedlth

problemshavebeen notedin thepopulationsthat arelesslikdy
to berdated to radiation exposures. From a scientific point of
view, thereis aneed to evaluate and understand the technical
causes and effects of the accident. From a human point of
view, there is dso an obligation to provide an objective
analyss of the health consequences of the accident for the
people involved. The Committee has prepared a further
assessment of the accident with both objectivesin mind.

90. Soon after the accident, the depostion of dispersed
radionuclides and the exposures that resulted were measured
and evaluated throughout the region affected. The Committee
made use of those data to evaluate the average individua and
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population dosesfor the various regionsand countriesand for
the northern hemisphere as a whole. The results were
presnted in the UNSCEAR 1988 Report, Annex D,
“Exposures from the Chernobyl accident”. The experience
gained in treeting theimmediate radiation injuries of workers
and firefightersinvolved in controlling the accident were also
reviewed in the Appendix to Annex G, “Early effectsin man
of high doses of radiation”, of the same report.

91. Evaluating the exposures received by the people who
were evacuated or who gill residein the areas mogt affected
by the accident hasrequired much time and effort. Theinitial
measurements must be supplemented by information on such
things as the location and diet of the people in each
settlement. The accumulation of dataon late hedlth effectshas
aso required further time. Only now, some 15 years after the
accident, can an initial assessment of thelocal exposures and
effects of the accident be made. The detailed results of the
Committeg' s assessment are presented in Annex J of this
report, “Exposures and effects of the Chernobyl accident”.

A. RELEASE OF RADIONUCLIDES

92. Theaccident at the Chernobyl reactor happened during
an experimental test of the dectrical contral system as the
reactor was being shut down for routine maintenance. The
operators, in violation of safety regulations, had switched off
important control systems and allowed the reactor to reach
unstable, low-power conditions. A sudden power surgecaused
a seam explosion that ruptured the reactor vessd, allowing
further vident fud-steam interactions that destroyed the
reactor core and severdly damaged the reactor building.

93. Itisnoteworthy that an earlier accident in 1979 at the
ThreeMileldand reactor in the United Statesof Americaaso
resulted in serious damage to the reactor core but without a
steam exploson. In that case, however, the containment
building surrounding the reactor prevented the release of al
but trace amounts of radicactive gases. The Chernobyl reactor
lacked the containment feeture. Following the explosions, an
intense graphite fire burned for 10 days. Under those
conditions, large rel eases of radioactive materials took place.

94. The radioactive gases and particles released in the
accident wereinitially carried by thewind in westerly and
northerly directions. On subsequent days, the winds came
from all directions. The deposition of radionuclides was
governed primarily by precipitation occurring during the
passage of the radioactive cloud, |eading to a complex and
variable exposure pattern throughout the affected region.

B. EXPOSURE OF INDIVIDUALS

95. Theradionudidesredeased from the reactor that caused
exposuredf individualswere mainly iodine-131, caesium-134
and caesum-137. lodine-131 has a short radioactive hdf-life
(eight days), but it can be transferred to humans reatively
rapidly from the air and through milk and leafy vegetables.

lodine becomes localized in the thyroid gland. For reasons
rdated to theintake of thosefoods by infants and children, as
wdl asthe size of their thyroid glands and their metabolism,
the radiation doses are usualy higher for them than for
adults.

96. Theisotopesof caesum haverdativelylonger half-lives
(caesium-134 has a hdf-life of 2 years while tha of
caesium-137 is 30 years). These radionuclides cause longer-
term exposures through the ingestion pathway and through
external exposurefrom their deposition on the ground. Many
other radionudlides were associated with the accident, which
have also been considered in the exposure assessments.

97. Average doses to those persons most affected by the
accident were about 100 mSy for 240,000 recovery operation
workers, 30 mSv for 116,000 evacuated persons and 10 mSv
during the firs decade after the accident to those who
continued to resde in contaminated areas. Maximum vaues
of the dose may be an order of magnitude higher. Outsde
Bdarus, the Russan Federation and Ukraine, other European
countries were affected by the accident. Doses there were at
most 1 mSv in the first year after the accident with pro-
gressively decreasing doses in subsequent years. The dose
over a lifetime was estimated to be 2-5 times the first-year
dose. These doses are comparable to an annua dose from
natural background radiation and are, therefore, of little
radiological sgnificance.

98. The exposures were much higher for those involved
in mitigating the effects of the accident and those who
resided nearby. Those exposures are reviewed in great
detail in the assessment of the Committee.

C. HEALTH EFFECTS

99. The Chernobyl accident caused many severe radiation
effectsalmost immediatdy. Of 600 workers present ontheste
during the early morning of 26 April 1986, 134 received high
doses (0.7-13.4 Gy) and suffered from radiation sickness. Of
these, 28 died in the first three months and ancther 2 soon
afterwards. In addition, during 1986 and 1987, about 200,000
recovery operation workersrecei ved doses of between 0.01 Gy
and 0.5 Gy. That cohort is a potentia risk of late con-
seguences such as cancer and other diseases and their health
will befollowed closdly.

100. The Chernobyl accident also resulted in widespread
radioactive contamination in areas of Belarus, the Russian
Federation and Ukraine inhabited by several million
people. In addition to causing radiation exposure, the
accident caused long-term changes in the lives of the
people living in the contaminated digtricts, since the
measures intended to limit radiation doses included
resettlement, changes in food supplies and restrictions on
the activities of individuals and families. Later on, those
changes were accompanied by the major economic, social,
and political changes that took place when the former
Soviet Union broke up.
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101. For the last 14 years, attention has been focused on
investigating the association between exposure caused by
radionuclides released in the Chernobyl accident and late
effects, in particular thyroid cancer in children. A mgority of
the studies completed to date are of the descriptive type, in
which average population exposures are corrdated with the
averageratesof cancer incidenceover specific periodsof time.
Aslong asindividual dosmetry isnot available, it isdifficult
to determinewhether the effectsareradiation-reated and it is
alsoimpossibleto makereliable quantitative estimates of risk.
The recongtruction of individual doses is a key dement for
future research on radiation-associated cancers related to the
Chernoby! accident.

102. The number of thyroid cancers (about 1,800) in
individualsexposed in childhood, in particular in the severdly
contaminated aress of the three affected countries, is
considerably greater than expected based on previous know-
ledge. The high incidence and the short induction period are
unusual. Other factors may be influencing the risk. If the
current trend continues, additional thyroid cancers can be
expected to occur, epecialy in those who were exposed at

young ages.

103. Apart from the increase in thyroid cancer after
childhood exposure, no increases in overall cancer incidence
or mortality have been observed that could be attributed to
ionizing radiation. The risk of leukaemia, one of the main
concerns (leukaemiais the first cancer to appeer after radia-

tion exposure owing to its short latency time of 2-10 years),
does not appear to be devated, even among the recovery
operation workers. Neither is there any proof of other non-
malignant disorders that are related to ionizing radiation.
However, there were widespread psychological reactions to
the accident, which were due to fear of the radiation, not to
the actual radiation doses.

104. Thereisatendency to attribute increasesin the rates of
all cancersover timeto the Chernobyl accident, but it should
be noted that increases were al so observed before the accident
intheaffected areas. Moreover, agenera increasein mortality
has been reported in recent yearsin most arees of the former
Soviet Union, and this must be taken into account when
interpreting the results of Chernobyl-related studies.

105. The present understanding of the late effects of
protracted exposure to ionizing radiation islimited, since
the dose-response assessments rely heavily on studies of
exposure to high doses and animal experiments; extra-
polations are needed, which aways involves uncertainty.
TheChernobyl accident might shed light on thelate effects
of protracted exposure, but given thelow dosesreceived by
themajority of exposed individuals, any increasein cancer
incidence or mortality will be difficult to detect in
epidemiological studies. One future challenge will be to
develop individual dose estimates including estimates of
uncertainty, and to determine the effects of doses
accumulated over along period of time.

Notes

1  The United Nations Scientific Committee on the Effects of Atomic
Radiation was established by the General Assembly at its tenth
session, in 1955. Its terms of reference are set out in resolution
913 (X) of 3 December 1955. The Committee was originaly
composed of the following Member States: Argentina, Australia,
Belgium, Brazil, Canada, Czechodovakia, Egypt, France, India,
Japan, Mexico, Sweden, Union of Soviet Socialist Republics, United
Kingdom of Great Britain and Northern Ireland and United States of
America. The membership of the Committee was subsequently
enlarged by the Assembly in its resolution 3154 C (XXVIII) of
14 December 1973 to include the Federal Republic of Germany,
Indonesia, Peru, Poland and the Sudan. By itsresolution 41/62 B of
3 December 1986, the General Assembly increased the membership
of the Committeeto a maximum of 21 membersand invited Chinato
become amember.

2 For the previous substantive reports of the United Nations Scientific
Committee on the Effects of Atomic Radiation to the Genera
Assembly, see Official Recordsof the General Assembly, Thirteenth
Session, Supplement No. 17 (A/3838); ibid., Seventeenth Session,
Supplement No. 16 (A/5216); ibid., Nineteenth Session, Supplement
No. 14 (A/5814); ibid., Twenty-first Session, Supplement No. 14
(A/6314 and Corr.1); ibid., Twenty-fourth Session, Supplement
No. 13 (A/7613 and Corr.1); ibid., Twenty-seventh Session,

Supplement No. 25 (A/8725 and Corr.1); ibid., Thirty-second Session,
Supplement No. 40 (A/32/40); ibid., Thirty-seventh Session, Supplement
No. 45 (A/37/45); ibid., Forty-first Session, Supplement No. 16 (A/41/16);
ibid., Forty-third Session, Supplement No. 45 (A/43/45),ibid., Forty-eighth
Session, Supplement No. 46 (A/48/46); ibid., Forty-ninth Session,
Supplement No. 46 (A/49/46); ibid. Fifty-first Session, Supplement No. 46
(A/51/46). These documents are referred to asthe 1958, 1962, 1964, 1966,
1969, 1972, 1977, 1982, 1986, 1988, 1993, 1994 and 1996 reports,
respectively. The 1972 report, with scientific annexes, was published as
lonizing Radiation: Levels and Effects, Volume |: Levels and Volume I1:
Effects (United Nations publication, Sales Nos. E.72.1X.17 and 18). The
1977 report, with scientific 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 lonizing
Radiation: Sources and Biological Effects (United Nations publication,
Sales No. E.82.1X.8). The 1986 report, with scientific annexes, was
published as Genetic and Somatic Effects of lonizing Radiation (United
Nations publication, Sales No. E.86.1X.9). The 1988 report, with scientific
annexes, was published as Sour ces, Effectsand Risks of lonizing Radiation
(United Nations publication, Sales No. E.88.1X.7). The 1993, 1994 and
1996 reports, with scientific annexes, were published as Sour ces and Effects
of lonizing Radiation (United Nationspublication, SalesNos. E.94.1X.2,No.
E.94.1X.11 and E.96.1X.3, respectively).
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INTRODUCTION

1. The estimation of exposures of human populations
from the various sources of radiation is an important and
continuing goal of the Committee. In its previous assess-
ments, the Committee took many different approaches to
dose estimation, depending mainly on the availability of
data These methods have been documented in the
UNSCEAR reports. To ensure that the methods are
relevant for continued use, theassumptionsand parameters
must be reviewed from time to time and, if necessary,
updated for improved accuracy. The objective of this
Annex is to provide such a review of dose estimation
procedures.

2. Theinitia work of the Committee involved eval uat-
ing the doses from natural background sources and from
the testing of nuclear weapons in the atmosphere. In each
case, the starting point of the calculations was where the
fewest steps or assumptionswould be needed, for example,
the concentrations of radionuclides in the body or the
deposition of radionuclides on the ground. To evaluate the
exposures from nuclear power production, generic models
had to be used to estimate the dispersion of radionuclides
in the environment, the transfer to humans and the doses
from various pathways, sincethe concentrationsor deposi-
tions were not measurable at the point of interest. To
evaluate the exposures resulting from the Chernobyl
accident, some of the dose estimation procedures were
modified to account for seasonal and other features indi-
cated by available measurements.

3. In most cases, the Committee has been interested in
evaluating the average annual doses from the naturally
occurring levels of radionuclides in the environment and
from the releases due to man-made practices or events.
There has been little need for detailed, time-dependent

dose modelling; the use of transfer coefficients or equilib-
rium modelling has been adequate for purposes of the
Committee. Data compilations have been generalized to
allow widespread use in both time and space. Although
projections were needed to obtain committed doses, there
has been little emphasis on prognostic moddling. In
general, data-based methods of assessment with more
direct and smpler dose estimation procedures have
provided results of reliable accuracy and allowed scientists
throughout the world to understand and apply or adapt
these same methods. This historical viewpoint is
significant and important to understand the eval uations of
the Committee. In specific circumstances, moretheoretical
or more detailed models might have been more
appropriately considered, but thesehavegenerally not been
used by the Committee, nor will they be described or used
in this Annex.

4. The Committee previousy summarized its dose
estimation procedures in Annex A, “Concepts and
guantities in the assessment of human exposures”, of the
UNSCEAR 1977 Report [U7] and in Annex A, “Dose
assessment models’, of the UNSCEAR 1982 Report [U6].
These reviews are extended in this Annex with con-
sideration of dose estimation proceduresused in all earlier
assessmentsof the Committee. The sel ection of model sand
the values of the parameters have been adjusted, based on
best available estimates.

5. The procedures and modes devel oped and used by
the Committee are believed to be reasonably accurate in
general application. They are largely based on empirical
eval uationsof avail ablemeasurements. In thewidest sense,
the estimates of the average doses to the global population
from radiation sources are certainly well within the wide
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variations that are known to exist. It is dear, however, that
more regionally appropriate values of environmental condi-
tions or of human habitsapply in specific circumstances.

Thus, the calculational procedures described here should
be used in other applications only with caution, and site-
specific data should be used where appropriate.

|. GENERAL CONSIDERATIONS FOR DOSE ASSESSMENTS

A. DOSIMETRIC QUANTITIES
1. Definitions

6. For radiation assessment purposes, a number of
specialized quantities are used. A historical review of the
quantities used by the Committee was presented in the
UNSCEAR 1988 Report [U4]. The Committee uses the
system of radiation quantitiesand unitsadopted in 1980 by
the International Commission on Radiation Units and
Measurements (ICRU) [18, 112] and the revised terminol-
ogy and definitions proposed in 1990 by the International
Commission on Radiological Protection (ICRP) [11].

7.  For assessments by the Committee, the fundamental
dosimetric quantity used isthe absorbed dose, D, averaged
over atissueor organ; itsunit isjoule per kilogram, which
is given the special name gray (Gy). The relationship of
this quantity to therisk of biological effect is described by
the weighted dose quantities. Values of weighting factors
have been recommended by | CRPfor the varioustypesand
energies of radiation incident on the body or emitted from
within the body and for selected tissues and organs [11].
Equivalent dose, H, istheaveraged absorbed dosein tissue
or organ T, modified by theradiation weighting factor, wg:

H, = %: WeDop D

where D isthe mean absorbed dose in tissue or organ T
dueto radiation R. Theunit of equivalent doseisjoule per
kilogram, and it is given the special name sievert (Sv).
Values of wg aregiven in Table 1.

8. Effectivedose, E, isthe sum of the weighted equiva-
lent dosesin all the tissues and organs of the body. It is
calculated from the following expression, where w; isthe
weighting factor for tissue T:

E = 21: W'r%: WRDT’R (2)

Effective dose has the unit joule per kilogram, which is
giventhenamesievert (Sv). ICRP has selected val ues of w;
to assess health detriment arising from the irradiation of
variousorgansand tissues. The recommended val ues of wy
aregiven in Table 2. The values have been selected for a
reference population of equal numbers of both sexesand a
wide range of ages. They apply to workers, to the genera
public and to either sex.

9. The above definition of effective dose replaces a
previoussimilar definition of effective dose equivalent, He:

H, = Z w., (1977) Z WRDT,R @
o R

which was promulgated by ICRP in 1977 [I11]. The
difference between He and E isin the values of the weight-
ing factors, wy. In equation (3) thisisnoted by appending
(1977) to the w; expression. Values of w(1977) are also
indicated in Table 2. Normally, this now outdated concept
would not be used by the Committee, but some very
extensive calculations of external dose coefficients have
been performed and reported as val ues of He rather than E,
and there is no unambiguous way to convert from one
valueto another without accesstotheoriginal calculations.
It is presumed that eventually these calculations will be
repeated so that values of E can be used in those few
circumstances where it is not now possible. For high-
energy gamma radiation the numerical values of E and He
should be approximately the same. However, for low-
energy gamma radiation, bremsstrahlung, and e ectrons,
the dose to the skin istypically much higher than the dose
to any other organ, and the skin was specifically excluded
from consideration in He. Tosimulatethevalue of E where
complete recalculation of E from H is not possible, the
value of 0.01 Hg, has been added to Hc. This practice of
adding a weighted component of skin dose to He was
suggested by ICRP[114] in 1978 and wasfirst used by the
Committee in the UNSCEAR 1982 Report [U6] to calcu-
late doses from fission noble gases rel eased from nuclear
reactors.

10. The term exposure is often used in the general
sense of being exposed to a radiation source, inferring
that a dose is received, but it also has a more specific
definition. Exposureisthetotal electrical chargeof ions
of onesign producedin air by electronsliberated by x or
gamma rays per unit mass of irradiated air at NTP. The
unit of exposure is coulomb per kilogram. An old unit,
the roentgen, R, is still used, as noted, for example, in
reporting after the Chernobyl accident. Oneroentgenis
equal to 2.58 104 C kg™. In this sense, the term expo-
sure appliestoionization of air by x or gammarays, but
the more common usage is also prevalent. Another
dosimetric quantity is the kerma, which is the initial
energy of charged particles liberated by uncharged
particlesin aunit mass of material. Theunitisjoule per
kilogram, given the namegray (Gy). Under the assump-
tion that charged particle equilibrium existswithin the
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volumeof material, thekermaand absorbed dose may be
assumed to be equivalent. This assumption is used by
the Committee in most circumstances in specifying
absorbed doseratesin air or tissue.

11. Whenradionuclidesarere eased to the environment,
they persist until they are lost through radioactive decay,
causing radiation exposures into the future. To compare
dosesdelivered over different time periods, the Commit-
tee introduced the concept of the dose commitment. The
dose commitment, H, ; or E,, isdefined asthetimeintegral
of the average individual dose rate (per caput dose rate)
delivered as aresult of a specific practice:

H. = fH,I,dt or E = E(t)dt (4)
0

ot

The integra is taken over infinite time to account for
exposures occurring during al future time and may thus
involvetheaverageindividual doseratesover generations.
The dose commitment from one year of a practice is
numerically equal to the equilibrium dose rate, if the
practice continues indefinitely at constant rate. If the
integration is carried out only to a specified time, thisis
then termed a truncated dose commitment.

12.  When prolonged exposuretoasingleindividual from
a single intake of a radionuclide is being considered,
committed dose quantitiesare used. Thetimedistributions
of theabsorbed doseratesvary with theradionuclides, their
form, mode of intake, and biokinetic behaviour. The
committed equivalent dose, H; (1), is defined as the time
integral of the equivalent dose rate, wheret istheintegra-
tion timein years:

to+t

Hi(@) = [ H(odt ©)

The value of 7 is taken to be 50 years for adults and from
time of intaketo age 70 yearsfor children. The committed
effectivedose, E(t), isthe sum of thecommitted equival ent
doses to tissues and organs multiplied by the appropriate
tissue weighting factors, wy. In general, the Committee
considers doses to adults; dosesto children are considered
only when such doses are significantly different. ICRP has
devel oped age-dependent models for the respiratory and
gastrointestinal tract and for the systemic biokinetic
behaviour of radionuclides that are of importance in the
environment. These models have been used to compute
values of committed effective dose per unit intake by
members of the public by inhalation and ingestion. These
values are compiled in ICRP publications [12, 13, 14, 15],
and general use of these val ues is made by the Committee.

13. Collective dose quantities have al so been used by the
Committee. These are aggregate quantities of dose and

population size. The collective equivalent dose, S;, isthe
averageequivalent dosein an exposed group of individuals
multiplied by the number of individualsin each group:

S, = X HLN, (6)

where N; is the number of individuals in population
subgroup i receiving mean organ equivalent doseHy; . The
collective effective dose, S, isdefined in asimilar manner.
The population and the time period over which thedoseis
determined should be specified. The collective dose commit-
ment may become rather uncertain if applied to very long
timeperiodsin which future environmental conditionsand
the populations affected cannot be reasonably anticipated.

2. Age groupings

14. Inmany instances, the effective dosesin populations
have been estimated by the Committee for the adult
individual. Data on concentrations of radionuclides in
tissues have not always been widely availablefor other age
groups. In some cases, the uncertainties have been as great
as the possible differences. For certain radionuclides and
pathways, however, the differences may justify separate
dose estimates. This is particularly true for 1. The
availability of dose per unit intake estimates for other age
groups meansthat cal cul ated dose estimatescan bederived
from measured concentrationsin foods, and moreextensive
reporting of age-specific results can be expected in the
future.

15. Earlier estimates of doses from fallout **1 were made
for infants, using the age of 6 months as representative of the
0- 1 year agegroup [U7, U8]. For rdeasesof | from nuclear
reactors, parameters were given in the UNSCEAR 1977
Report [U7] for the ages 6 months, 4 years, 14 years and
adult. For assessment of exposures from the Chernobyl
accident, dose estimates for **!1 were made for 1-year-old
infants and adults[U4]. In the UNSCEAR 1993 Report [U3],
food consumption amounts were indicated for infants,
children and adults. In that report age-weighted annua
intakesof naturally occurring radionuclideswerethen derived,
assuming the fractional digtribution of adults, children and
infants in the population to be 0.65, 0.3, and 0.05,
repectively. An age-independent dose per unit intake (the
adult value) was applied [U3]. Agedependent dose
coefficients are now available from ICRP, and the number of
age groups considered could be expanded to six: 3 months
(from O to 1 years), 1 year (from 1 year to 2 years), 5 years
(>2yearsto 7 years), 10 years (>7 yearsto 12 years), 15 years
(>12 years to 17 years), and adult. For most purposes, the
Committee will consder the age categories of infants,
children, and adults and use the available dose coefficients
corresponding to 1-2 years, 8-12 years, and >17 years,
respectively, for these categories. Thefractional digtribution of
the population within these categories is that mentioned
above, namely, 0.05, 0.3, and 0.65 for infants, children and
adults, respectively.
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B. ENVIRONMENTAL BEHAVIOUR OF
RADIONUCLIDES

1. Transfer processes

16. Radionuclides are generally released in trace
guantities to the environment. They are then physically
transported in the air or water media in which they are
located. The measurements of radionuclide transfers from
past rel eases have been used to study and infer large-scale
atmosphericand hydrol ogical movementson theearth. The
fallout radionuclides *Sr and **’Cs have been used to infer
material removal or renewal times (residence times) in
environmental regions. Tritium is a tracer for the world
hydrological cycleand *C for theglobal carbon cycle. The
specific removal or transfer processes of the various
exposure pathways have been extensively studied.

17. Radicactive materids, either particles or gases, may be
transported greet distances by loca and large-scde air
movements. The time periods that the materials reman
airborne depend on the latitude, time of year and height of
injection intotheatmosphere. Thedepl etion processesinclude
gravitational settlement and dry impaction, incorporation into
rain drops and washout by falling precipitation. The physical
and chemical characterigticsof the materialsthemsdlves, such
as particle sze and chemica and physcal forms, may
influence the removal rates.

18. The predominant features of large-scale mixing
processes and air movements in the atmosphere were
presented in the UNSCEAR 1982 Report [U6] in
connection with discussion of exposures from nuclear
explosions. They were used to describe the occurrence of
fallout. Themeasured deposition of ¥Sr could, however, be
used as a starting point for the dose assessment, obviating
the need to evaluate the deposition from the uncertain
input amounts. With improved estimatesrecently available
of theinput of fission radionuclidesto theatmospherefrom
nuclear tests, quantitative aspects of thegeneral model can
be pursued with seasonal values of residence times
assigned to the various compartmental regions and
latitudinal deposition estimated. Thisexerciseisdiscussed
in Annex C, “Exposures to the public from man-made
sources of radiation”.

19. Releases of radionuclides from nuclear fud cycle
installations occur at ground level or through stacks of
assumed representative heights of 30 or 100 m. The long-
term, sector-averaged Gaussian plume model can be used
to calculate ar concentration for limited distances
following airborne releases. Estimates can be obtained
directly from the model or from a smple analytical
expression that gives a good fit to the model results. The
air concentration at one kilometre per unit release is
typically 5107 s m™ and decreases as a result of further
dispersion at a rate inversely proportiona to distance,
expressed in kilometres, raised to the power 1.2-1.4.
Derivation of these quantitiesisdiscussedin Section |.B.3.

Integration to 50 or 100 km defines the local exposures.
Further integration to a distance of 2,000 km defines the
continental or regional component of exposure. Most
particles from near-surface releases are deposited within
this distance. Only fine aerosols and gases may become
further dispersed in the troposphere.

20. Globa modeling of atmospheric releases will be
described with respect tothe specificradionuclides. Mixing
occurs first within the latitude band, then within the
hemisphere. Gradual interhemi spheric exchangeoccursfor
gases such as ®Kr, for which removal processes are
minimal. Tritium and *“C enter the global cycles of the
respective elements.

21. Radioactive material released to the aquatic
environment istransported and di spersed by advectiveand
turbulent processes occurring in the water body.
Interactions of radionuclides with suspended matter and
sediments may remove radionuclides from the solution.
Methods for modelling hydrological transport have been
developed and applied, usually for specific categories of
water bodies; lakes, rivers, estuaries, coastal seas and
oceans.

22.  UNSCEARhasneeded hydrol ogical transport estimates
to evaluate the exposures from rel eases of radionudidesfrom
nuclear fud cycle ingallations. For fue reprocessng plants,
use has been made of dispersion estimates surrounding the
plants at Sdlafidd and La Hague. In the genera case for
reactor releases, the Committee made use of relationships
between water volumes, water usage and potentid intake to
egtimate coll ective doses. Thewater uses considered included
drinking water, fish and seafood production and irrigation.
Someminor pathways might beinvolved in thelocal regions,
such asimmersion and exposure to shoreline contaminants.
Some general considerations with regard to aguatic modds
and suggestions about which models to use have been
published, eg. [S2]. Detals of the procedures used by
UNSCEAR will be presented later in connection with
ingestion exposures.

2. Parameters for dose estimation

23. The basic parameters used in models to describe
environmental behaviour and transport of radionuclides
and to make dosmetric caculations are transfer
coefficients, P;. Thesedescribethere ationshipsof integrated
concentrations or dose in sSuccessve environmenta
compartments, eg. movement from compartment i to
compartment j. The pathways of transfer of radionuclides
through the environment commonly evaluated in UNSCEAR
dose assessments are illugrated in Figure | aong with
designations of thetransfer coefficients. Asan example, Py, is
thetime-integrated activity concentration of aradionudidein
the body divided by the time-integrated concentration of the
sameradionuclidein the diet. This methodology for deriving
rel ationships between measured quantities has been used by
the Committee Since 1962.
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Figure I. Terrestrial pathways of transfer of radionuclides and dose to humans.

24. For a particular environmenta transfer pathway, the
amount of radionuclide released to the environment
multiplied by the intervening transfer coefficients gives an
estimate of the resulting effectivedose. If measurement results
are available at any point in the chain, the calculation may
begin at that point. This minimizestheuncertaintiesthat may
exig in determining transfer coefficients for earlier gepsin
thetransfer pathway. Thus, assessments of dosederived by the
Committee have started with integrated concentrations of
radionucdlides in ar, depostion densties, measured
concentrations in foods or body burdens.

25. The measurements used to evaluate transfer
coefficients have been made over a number of years by
research and monitoring organizationsin many locations.
Thetransfer coefficientsderived for estimation of effective
doses from atmospheric nuclear testing were summarized
in the UNSCEAR 1993 Report [U3] for along listing of
radionuclides for the pathways of externa irradiation,
inhalation and ingestion. The many measurement results
acquired followingthe Chernobyl accident haveshown that
moreseasonal or locally characteristic conditionsshould be
taken into account in evaluating exposures from specific
single reeases of radicactive materials. Severa programmes
to compare results and vaidate modds were instigated
following the Chernobyl accident. Those activities are
contributing results useful for deriving specific values for
many trandfer coefficients, eg. [116, 117].

26. Tritium and *C are modelled differently than other
radionuclides, since they are mobile in the environment
and are readily incorporated into living organisms. The
transfer of tritium and *C is not modelled using transfer
parameters but by a specific-activity approach. For tritium,
it isassumed that thetritium to hydrogen atom ratioin the
various environmental compartments is simply pro-
portional totheratioin moisturein air. For carbon, the*“C
activity per gram carbon in all compartmentsisassumed to
be the same asthat in air.

27. The specific methods used by the Committee to
estimate dosesto humans caused by rel eases of radioactive
material stotheenvironment aredescribed in thefollowing
Chapters. The rationale for the selection of the various
parameters is presented, so that it will be clear when
alternative selections might be desirable for specific local
conditions. The methods are intended to be widey
applicable, and since they are largely empirically based,
they should provide realistic estimates of doses in most
general circumstances of release of radionuclides.

3. Atmospheric dispersion
from a near-surface release

28. Radionuclide concentrations in the environment
downwind of an isolated source such as a nuclear reactor
are usually undetectable at distances greater than a few
kilometres. In such cases, the air concentrations needed as
the starting point for dose assessments to the public must
be estimated using a mathematical model.

29. Averageair concentrationsdoseto aspecific sourceare
traditionally calculated using the long-term sector-averaged
Gaussan plume modd [115]. In this modd, the plume is
assumed to spread uniformly across a sector subtended by an
angle A0 (usually chasen to be 30°). Air concentrations at a
given distance downwind are caculated for each of Sx
atmospheric stability classes using average values of wind
speed, inversion height and vertical digoersion parameter for
eech dass. The long-term mean concentration is found by
summing over classes, taking into account the frequency of
occurrence of each class and the frequency with which the
wind blows towards the site of interest. The modd is able to
account for reductionsin air concentration duetowet and dry
deposition. A general discussion of the processes governing
atmospheric disperson was presented in the UNSCEAR 1982
Report [U6].

30. Themathematical statement of the long-term sector-
averaged Gaussian plume model is asfollows:

1 £.QD 6
Cay = [3) <80 2
XA ™

f,F(o,,H,h)exp (-Axu)D

(Ul i Oz,i)

di

where C,; is the long-term average air concentration
(Bgm™) in sector j; f; isthefrequency with which thewind
blows into sector j; Q isthe release rate (Bq s'Y); x isthe
downwind distance (m); A0 is the sector width (radians);
f, is the frequency of occurrence of sability class i
F(o4,H,hy) isthe vertical shape function; a,; isthe vertical
dispersion parameter for stability class i (m); H is the
effectiverdease height (m); h;isthemixed layer height for
stability classi (m); % isthe radioactive decay constant for
the radionuclide in question (s!); Dy, is the depletion
factor for dry deposition; D,, isthe depletion factor for wet



ANNEX A: DOSE ASSESSMENT METHODOL OGIES 25

deposition; and u; is the average wind speed for stability
classi at therelease height (m s™%).

31. For ground-level concentrations, the vertical shape
function is given by

oo

F(Oznyhi) = Z exp

n=-o

- (H +2n hi)z (8)

2
zi

20

which accountsfor reflection from theground and from an
elevated inversion through the method of virtual sources.
The summation index n in equation (8) represents the
number of reflections that the plume has undergone. The
summation converges slowly in some applications. To
smplify the calculation, Yamartino [Y1] proposed
approximations as follows; for o,; / h; < 0.63, truncate
eguation (8) at n = 0, £ 1; for 0.63 < ,;/h; < 1.08, F(c,;,
H,h) = (2r)* o,,/h; (1 - k?)[1 + k? +2k cos(zH/h;)] where k
= exp[-% (= 6,/h)¥; for o,,/h; > 1.08, F(c,;, H,h) = (2r)*
o,i/h. These approximations result in minimal error in
evaluation of equation (8).

32. Plume depletion due to dry deposition is normally
treated using the source depletion method, in which case
the depletion factor takes the form

H 2
;l exp [ B 202i2(x)) . (g)
-0 - X

zi

whereo; = (2/z)” v/u; and v, isthe dry deposition velocity
(ms™). Thedepletion factor for wet deposition isgiven by
D,, = exp (- Aty), where A is the washout coefficient (s)
andt (s) isthetime over which preci pitation occursduring
the travel of the plume from source to receptor.

33. A number of investigators [B13, P6, V1] have
suggested formsfor thevertical dispersion parameter. The
following scheme of Smith [S1] and Hosker [H8] is used,
since it is able to take account of the surface roughness,
zy(m), of the site;

0, = g(x) F(x,z,) (10)

where g(x) = ax®/(1+cx®) and F(x,z,) = In[px[1+(rx9) ]
when z>0.1 m and F(X,zp) = In[px%(1+rx%)*] when
2,<0.1 m. The parameters a, b, ¢, and d depend on the
atmospheric stability class, and the parametersp, g, r, and
s depend on the surface roughness. Representative values
aregivenin Table 3.

34. Equations(7)to(10) provideardatively smplemethod
for calculating long-term average air concentrations dueto a
specific source. Wherever possible, ste-specific values should

be used for the meeorological and release parameters
appearingin theequations. In the absence of Ste-specific data,
the representative values ligted in Table 4 give reasonable
estimates of air concentrations. Valuesof %, v, and A should
be chosen for the radionudlide of interest.

35. One am of applying the above method is to derive
long-term average dilution factors, C/Q, for downwind
distances between 1 and 2,000 km from the source. The
resultsof thecalculation aregivenin Table5. A long-lived
radionuclidewas assumed so that radiol ogical decay could
be neglected. The parameter values in Table 4 were used
and the deposition velocity v, and washout coefficient A
were set to representative values of 0.002 m st and
0.0001 s%, respectively. Precipitation was assumed to
occur 500 hours per year, 80% of the time during class D
conditions and 20% during class C, at an average rate of
1.5mmh . Thewashout timet, was assumed to be equal
to thetravel time t, between source and receptor for t, < 4
hoursand equal tot/2 for t, >24 hours; intherange4 <t,
< 24, t, was assumed to vary linearly between t, and t/2.

36. The variation of air concentration with downwind
distance beyond 1 km can be approximated by the
following smple function, which was used in previous
UNSCEAR assessments:

C(x) =D,Ox™ (11)

a

where D, isthedilution factor at 1 km (s m™) and x isthe
downwind distance (km). Figure Il shows that equation
(11) givesavery good representation of the detailed results
of Table 5 and can therefore be used to estimate air
concentrations in place of equations (7) to (10) if, for
example, site-specific data are not available. The best
approximation to the calculated results is obtained with
valuesfor D, and n of 5.3 107" sm™3and 1.42, respectively.
The value for n is similar to the value of 1.5 used in
previous UNSCEAR assessments. Thevaluefor D, islower
by afactor of 6 than the value of 3 10® sm™ suggested in
the UNSCEAR 1982 Report [U6]; this value reflects
concentrations at alocation toward which the wind blows
about 50% of thetime, whereasthecurrently recommended
valueof 510" sm™3 assumes a uniform wind rose at the
point of release.

37. The variability in calculated results has been
investigated by altering the parameter values used in
equations (7) to (10). The meteorological parameterswere
varied to cover the range of conditions that could occur
from time to time. The variability in deposition velocity
and washout coefficient reflects the val ues associated with
different radionuclides. Each parameter was varied in
turn, holding all other parameters at the values given
above. Results are shown in Table 6 in terms of D; and n,
the parameters required to implement equation (11). D, is
relatively insensitive to changes in the values of the
parameters except for wind speed and release height; nis
sensitive to these parameters, as well as to deposition
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Figure Il. Dilution factor for estimation of air con-

centrations at distances from a surface release
determined from Gaussian plume model calculation
(points) compared to power-function representations
of the form 5107 r™.

velocity and inversion height. Release heights can vary
from low-level building vents to stacks of 100 m or more.
Building entrainment may reduce the effective release
height to some extent. The representative height of 30 m
has been retained asin earlier UNSCEAR assessments for
estimating coll ectivedosesfollowing rel easesfrom nuclear
installations. Individual dose evaluations could depend
more critically on the release height assumption. As an
example, calculationsindicatethat for releasefrom astack
of 150 m height, the collective dose in the local and
regional area per unit release would be about 25% of that
estimated for a30 m stack. The model isnot very sensitive
to roughness length, washout coefficient, or the frequency
of stability classes. Thus, adequateestimationscan bemade
using the representative values suggested for these
parameters without the need for site-specific data
Although wet deposition is very effective at removing
material from the plume, precipitation occurs less than
10% of thetime and has little effect on long-term average
air concentrations. However, reliabl eval ues of thewashout
coefficient areneeded to cal culate accuratel y the amount of
material deposited on the ground and on vegetation by wet
deposition.

38. Theresultsin Table 6 can be used to interpolate the
values of D, and n that most closely represent meteoro-
logical conditions at the site and the radionuclides of
interest. Equation (11) can then be used to estimate air
concentrations at the downwind distancein question. For
noble gases, which do not deposit, a value of n equal to
about 1.2 should be used aslong as other parameter values
remain near therepresentativeval uesdefined here. Tritium
should also be assigned a value of 1.2, since most tritium
deposited under dry conditionsis quickly re-emitted to the
atmosphere. Carbon-14 is efficiently deposited and part-
ialy returned to the atmosphere through plant and soil
respiration. On balance, it is recommended that the index

value of 1.4 be used for this radionuclide. For calculation
of radionuclide concentrations at a specific site, values of
D, taken from Table 6 should be modified to reflect the
frequency with which thewind blows towardsthe location
of interest. For the purposes of calculating representative
popul ation doses using the method presented in thisAnnex,
a uniform wind rose was assumed, with a frequency of 1/12,
or 0.083, averaging over 12 sectors.

39. The long-term, sector-averaged Gaussian plume
model hasbeen extensively tested at local distances. When
used with site-specific meteorological data, the
uncertainties in its predictions are less than a factor of 2
within 10 km of the source and less than a factor of 4
between 10 and 100 km of the source [C10, H6, R4]. Use
of the model is therefore adequate for local assessments.
Validation of themodel on regional scalesismoredifficult.
Few point sources are strong enough or emit a unique
enough contaminant to be detected unambiguoudy at
downwind distances greater than 100 km. Thus few data
from routine releases can be used to test the model.
Regional-scale tracer studies have been carried out, but
only over short periods of time. These must be considered
case studies that provide information only for the
meteorological conditions prevailing at the time of the
release. They cannot beused toinfer long-term average air
concentrations.

40. The problem of acid precipitation has driven the
devel opment of anumber of modelsthat simulatethelong-
range transport of air pollutants [J3]. These models are
much more sophisticated than the Gaussian model
described abovein their treatment of plume transport and
deposition and can track pollutants through space- and
time-varying meteorological conditions. They are
moderately successful in predicting the broad features of
the concentration field on regional scales. However, they
require considerable expertise, computer resources, and
input data to run and are therefore unsuited to the types of
assessments performed by the Committee. Comparisons of
their predictions with those of the Gaussian model would
help to establish the validity of the latter, but such studies
have not yet been done.

41. Although the accuracy of the predictions of the
Gaussian model beyond 100 km is difficult to quantify, a
number of factorssuggest that themodel overestimatestrue
concentrations at this range:

(& The model assumes that the plume travels in a
straight line from source to receptor. In redlity,
variations in wind direction will generally lead to
quitecomplicated trgjectoriesthat increasethetravel
time between source and receptor and provide the
opportunity for enhanced mixing.

(b) Themode assumesthat the stability classin effect at
the start of the release remains in effect until the
plume reaches the receptor. In reality, a plume
travelling over hundreds or thousands of kilometres
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will experience several diurna cycles and a full
range of atmospheric stabilities. A plume that has
undergone one or more unstable periods will be
mixed through a deep vertical layer. It will remain
well mixed through subsequent night-time stable
periods and not be confined beneath a low capping
inversion, asis assumed in the model;

(c) The model assumes that the plume is transported
with thewind speed at the effectiverdease height. In
reality, as the plume mixes to greater heights, the
effective transport velocity must be averaged over
deeper layers. Sincewind speeds generally increase
away from theground, theresult isextradilution and
lower concentrations;

(d) The model assumes that the terrain over which the
plume passesis flat, a supposition unlikely to hold
over regional distances. Complex topography will
tend to increase turbulence levels and deflect the
plume trajectory, thereby reducing concentrations.

42. In contrast to the model features mentioned above,
the procedure for estimating plume depletion due to dry
deposition is not conservative. Material is assumed to be
lost uniformly over the entire depth of the plume when in
reality it islost only at the deposition surface. Horst [H7]

showed that this approach underestimates airborne
concentrationsby an amount that increaseswith increasing
atmospheric stability, greater downwind distances, and
larger deposition velocities.

43. Thus, theaccuracy of the Gaussian model at regional
scales is unknown, and uncertainties are large, but
probably within a factor of 10 for reatively simple
situations. The uncertainties would be somewhat smaller
for population doses sincethe concentration averaged over
all distances and directions is probably better known than
the concentration at a point.

44, In summary, the value of the dilution factor, D,, of 5
107 sm™3is assumed by the Committee to be represen-
tative for evaluating collective doses per unit release when
site-specific data are not available. The value is not very
sensitivetovariationsin meteorol ogical or deposition para-
meters. Thereleaseheight can be of greater influence and,
if known to be different from the representative value of
30 m, should be taken into account. Theindex parameter,
n, is more variable than the dilution factor with respect to
meteorol ogical and deposition conditions, but avalueof 1.2
for noble gases and tritium and 1.4 for other radionuclides
should provide reasonable estimates of air concentrations.

ll. EXTERNAL IRRADIATION

45, Externa irradiation from radionuclides naturally
present in the environment or released from man-made
practices or events is usually an important component of
theexposureof human popul ations. Theseexposuresderive
primarily from gammaradiation arising from the decay of
these radionuclides at locations outside the human body.
Secondarily, exposuresto the skin from betaradiation may
be considered. The methods used by the Committee to
estimate external exposures from the various sources are
reviewed in this Chapter.

A. COSMIC RAYS

46. Cosmic rays originate in outer space; they consst
primarily of protons and apha particles. Interactionsin the
upper layers of the earth’s atmosphere create secondary
components; the more important secondary particles from a
dose-assessment  view are muons, neutrons, eectrons,
positrons, and photons. Exposure to cosmic rays is strongly
dependent on altitude and weakly dependent on latitude. Dose
assessmentsare based on both measurementsand cal culations
of the radiation transport to infer the dependence on altitude.
At lower levels of the atmosphere and at sea levd, the
dependence on the 11-year solar cycdeissmal compared to
the uncertainty in the estimates and is currently ignored.

47. The method used by the Committee to assess doses
from thephoton and directly i onizing component of cosmic
radiation at sealevel hasnot changed substantiallyin many
years. In the UNSCEAR 1977 Report [U7] the basic value
was considered to be the ion-pair production rate, for
which avalue of 2.1 cm™ s™* was adopted. This value was
converted to a dose rate of 32 nGy h'* and has been
assumed to be numerically equal to the effective dose rate
[U3, U4]. A mean shidding factor of 0.8 has been applied
to derive an indoor effective dose rate of 26 nSv h™*. With
the further assumption that the average fraction of time
spent indoors is 0.8 [U3, U4], the annual effective dose
from theionizing component of cosmicraysat sealevel is
judged to be 240 pSv. Estimates of cosmic ray doserates at
€levations above sea level are obtained using a procedure
published by Bouville and Lowder [B12]:

E(z) = £0)[0.21e % +0.79 ¢ 4] (12)

where E ,(0) isthe doserate at sea level, 240 uSv a'?, and
zisthe altitude in km. The dose rate from the photon and
ionizing component isknown to vary with latitude, but the
variation is small. The doserateis about 10% lower at the
geomagnetic equator than at high latitudes.
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48. For the neutron component of the cosmic radiation
exposure, the radiation fidd and the estimates of effective
dose have been more uncertain owing to a lack of
measurements. Recent measurements and calculations are
beginning to provide darification. Because earlier
insrumentation had alow response to high-energy neutrons,
which are an important component of the spectrum, some
increases in the fluence rate and effective dose are being
suggested. Measurements made using a Bonner sphere
spectrometer [R3, S8] at thetop of the Zugspitze mountainin
Germany (dtitude 2,963 m, atmospheric depth 718 g cm?)
and associated caleulations give afluencerateof 0.126 + 0.01
cm? s [S9]. Attenuation with altitude was described using
the function %72 where p (g cm is the atmospheric
depth. From this, a fluence rate a sea level (p = 1,033 g
cm?) of 0.013 + 0.001 cm 2 s™* can bederived. Measurements
alsowith Bonner sphere spectrometers gave avalue of 0.0133
+0.001 cm2 st at about sealeve for ageomagnetic latitude
of 53°N near Braunschweig in Germany [A6], and avalue of
0.0123 cm™ s a sea leve for a geomagnetic latitude of
45°N in Hampton, Virginia in the United States [G3]. The
effective dose (isotropic) corresponding to a fluence rate of
0.013 cm2 s* obtained by applying a neutron fluence energy
distribution weighting factor of 200 pSv cm? [S9] (equal to
720 nSv h™* per neutron cm™ s°%) is9 nSv h. Birattari e al.
[B14], using an extended range remmeter, reported avalue of
9nSv h'* (¥5%) in agreement.

49. The shape of the neutron energy spectrum at
habitable altitudesis considered to be relatively invariant,
and therefore the fluence to effective dose (isotropic)
conversion coefficient isexpected tobegenerally valid. On
this basis, the annual effective dose rate from neutrons at
sea level would be estimated to be 80 uSv a. This is
substantially larger than the value of 30 uSv a * used inthe
UNSCEAR 1993 Report [U3] and is till subject to great
uncertainty; the main factor in the increase in the
calculated dose is the inclusion of high-energy neutrons.
With the application of a shielding factor of 0.8 and an
occupancy factor of 0.8, the annual average effective dose
at sea level is estimated to be 65 pSv at geographic
latitudes between about 40° and 50°.

50. For calculations of outdoor cosmic ray neutron dose
rates at other altitudes, the relation between height, h,, in
km, above sealevel and atmospheric depth [R3] is, for p>
230 gcm?,

h =4434-1186p°"° (13)

V

Both altitude and latitude variations in the cosmic ray
neutron dose rate must be known to determine the
population-weighted average exposure of the world
population. Calculations of dose from cosmic rays to
airline crews and passengers are based on measurements
and on detailed calculations using radiation-transport
codes tailored to follow the altitude and latitude of a
particular flight.

51. Thefluence of neutrons, which arise from collisions
of high-energy protons within the upper atmosphere, is
strongly influenced by geomagneticlatitude. Thisvariation
at habitable altitudeshas not been satisfactorily quantified,
as measurements at different latitudes have not aways
been comparable. Recent measurements at high altitudes
have shown a variation by a factor of about 4 [G3], with
thelower valuesnear theequator. Theseresultssupport the
calculationsof Florek et al. [F3], who used the Los Alamos
Lahet Code System (LCS) to smulate neutron fluence as
afunction of latitude. Their results are expressed in terms
of k,, alatitude coefficient, as follows:

Elat) = E((90)k,(lat) (14)

with k, ranging from 1.0 at 90° to 0.8 at 477, 0.6 at 42°,
0.4 at 35° and 0.2 at the equator. The application of this
relationship to available measurement resultsis discussed
in Annex B, “ Exposures from natural radiation sources’.

B. NATURALLY OCCURRING
RADIONUCLIDES

1. Exposure processes

52.  Many radionuclides occur naturally in terrestria soils
and rocksand in building materials derived from them. Upon
decay, these radionuclides produce an externa radiation fied
to which all human beings are exposed. In terms of dose, the
principal primordia (half-lives comparable to the age of the
earth) radionudides are K, #2Th, and #®U. Both #*Th and
28U head saries of radionuclides that produce significant
human exposures. Thetwo seriesarelisted and discussed fully
in Annex B, “Exposures from natural radiation sources’.

53. The decay of naturally occurring radionuclides in soil
producesagammearbetaradiation field in soil that also crosses
the soil -air interface to produce exposures to humans. The
main factors that determine the exposure rate to a particular
individual are the concentrations of radionudidesin the soil,
the time spent outdoors, and the shidding by buildings.
However, as the materials of which most buildings are built
also contain radionuclides, the shielding by buildings of the
outdoor radiation field is often more than offset by the
presence of additional radionuclidesin thebuilding materials.

2. Methods for estimating exposures

54. Two methods of evaluating external exposures from
naturally occurring radionuclides have been used by the
Committee. The first is smply to summarize directly
measured external gamma dose rates in air outdoors and
indoors, subtracting the dose rate due to cosmic rays. The
second isto calculate the external gammadoseratesin air
from measurements of the concentrations of the relevant
radionuclides in soil. The two methods have provided
generally consistent estimates of exposure.
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55. Surveyswith direct measurements of doseratein air
from naturally occurring terrestrial radionuclides have
been made in most inhabited regions of the world. In the
UNSCEAR 1993 Report [U3], data were included for
countries or regions in which three fifths of the world
population resides. Country averagedoseratesranged from
24 t0 160 nGy h™*, with a population-weighted average of
57 nGy h™*. Thepopul ation-weighted averagederived from
thislarge sample was assumed to provide a representative
global value of outdoor external exposure.

56. Surveys to determine the concentrations of radio-
nuclidesin soil have also been made. These results can be
related to exposures by using estimates of thedose ratesin
air per unit concentration of radionuclide in soil. The
Committee has relied on the cal cul ations of Beck [B8] for
many years. Extensive Monte Carlo cal cul ations of kerma
in air and of organ dose for terrestrial gamma rays have
been reported by Petouss et al. [P4], Saito et al. [S5], and
Eckerman and Ryman [E7]. Results from three separate
calculations are included in Table 7; the values are quite
similar and can be considered equal. Uncertainty in the
assumed average composition of soil could lead to
differences of greater magnitude [E7].

57. Absorbed dose rates in air indoors have also been
extensively measured. The values reported in the
UNSCEAR 1993 Report [U3] covered areasin which over
a third of the world population lives. Country averages
ranged from 20t0 190 nGy h™*, with apopul ation-weighted
average of about 80 nGy h™. The population-weighted
average of the ratio of indoor to outdoor dose was 1.4.
Some of the outdoor measurements may have been
influenced by the presence of buildings nearby. The value
of the indoor-to-outdoor ratio is very sensitive to the
structural properties of buildings (materials and thick-
ness). Thebuilding material sact assourcesof radiation and
also as shidds against outdoor radiation. In wooden and
lightwel ght houses, the source effect is negligible, and the
walls are an inefficient shield against the outdoor sources
of radiation, so that the absorbed doseratein 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 a result of the change in source geometry, with
the indoor-outdoor ratio of absorbed dose rates in air
between 1 and 2.

58. The Committee has used a coefficient of 0.7 Sv Gy *
to convert absorbed dosein air to effective dose equival ent
and effective dose. Thisresult was based on an analysisin
the UNSCEAR 1982 Report [U6], and more recent
calculations have confirmed the validity of this value for
adults. However, newer calculations[P5, S11] usngMonte
Carloradiation-transport codesindicatethat higher values

should be used for infants and children. These values,
given in Table 8 for average energies of gamma rays, are
0.9 Sv Gy * for infants and 0.8 Sv Gy * for children.

59. In order to combineindoor and outdoor doserates to
compute total doses, the Committee continues to use an
indoor occupancy factor of 0.8, which implies that people
spend 20% of the time outdoors, on average, around the
world. The estimated 80% of time spent indoors is
considered likely to be low for industrialized countriesin
temperate climates and high for agricultural countriesin
warm climates.

C. RADIONUCLIDES IN AIR:
CLOUD SHINE AND IMMERSION EXPOSURE

1. Exposure processes

60. Following the release of radionuclides to the
atmosphere and before their deposition onto the ground,
human beings may receive external exposure. Two
situationsareusual ly distinguished: external exposurefrom
the cloud passing overhead (referred to as “cloud shing”)
and external exposure from radionuclides in air
surrounding the human body (referred toas“immersion”).
Theradiation dose from immersion isnearly always much
larger than that from cloud shine. The dose from
immersion can be readily calculated from the measured,
integrated concentrations of radionuclidesin air. Thedose
from cloud shineisrarely calculated; itsimportance woul d
be significant only if other exposure pathwayswere absent.
One such example would be for persons underneath an
elevated, passing plume.

61. Effective doses from immersion are typically
calcul ated for gamma-emitting radionuclides, but betaand
even alpha particles can also produce external dosesto the
skin. Someradionuclides, notably ®Kr, which emitsaweak
beta particle, produce nearly al of their dose via the
pathway of immersion.

2. Methods for estimating exposures

62. Because of their relative insignificance, the
Committee has seldom considered external exposuresfrom
cloud shine or immersion. Exceptions were made for the
Chernobyl accident and for the rel ease of noblegasesfrom
reactor operations. Sinceinitial estimatesof such exposures
were made, tissue-weighting factors and terminology to
describe equivalent and effective doses have changed [11],
and newer calculations of dose rates from immersion have
been published [E7]. The net changes in the calculated
numbers appear to be small.

(&) Atmospheric nuclear testing

63. Although the potential pathways of cloud shine and
immersion were considered in the first report of the
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Committee, the UNSCEAR 1958 Report [U13], the doses
from these pathways for radionuclides released from
explosions of nuclear weapons have not been evaluated.
The conclusion was reached that, except at theimmediate
site of the explosion, external irradiation from airborne
material is negligible in comparison with external
irradiation from fission products deposited on the ground.
As much of the material from nuclear explosions was
injected into the stratosphere or high troposphere, most of
theshort-lived radionuclidespotentially responsiblefor the
majority of dose from cloud shine or immersion would
have decayed before reaching the earth’s surface.

(b) The Chernobyl accident

64. Doses from “externa irradiation during cloud
passage’ were calculated for the releases of radionuclides
fromtheChernobyl accident[U4]. Although exposurerates
could in theory be measured directly, in practice it is
generallyimpossi bleto distinguish thissmaller component
from radiation arising from material deposited on the
ground. Doses can, however, easily be calculated from
measured air concentrations or inferred from measured
deposition densities.

65. Thecloud-gammadosefor radionuclidei isevaluated
from the formula

B, = C(:i dc,i(liFO) + Ci:i dc,i FO Fs (15)

1

where E isthe effective dose (Sv) from externa radiation
during cloud passage; C, istheintegrated concentrationin
outdoor air (Bq d m3); d, is the effective dose coefficient
per unit integrated air concentration (Sv per Bgd m™3); F,
is the indoor occupancy factor (the fractional time spent
indoors); and F; isthe building shielding factor (theratio
of indoor to outdoor dose rate).

66. The first term in equation (15) is the component
received while the individual is outdoors, and the second
term isthe component received indoors. At thetime of the
Chernobyl assessment, values from Kocher [K7] were
used; these values were for Hg + 0.01Hg,, rather than E.
The values used then and the newer recommended values
of Hez + 0.01Hy;, from Eckerman and Ryman [E7] are
listed in Table 9.

67. For the Chernobyl assessment, an indoor occupancy
factor of 0.8 and a building shidding factor of 0.2 were used
for al countries. The values of these factors had been used
previoudy by the Committee [U6, U7]. It was noted, how-
ever, that measurements aswell as calculations of the shield-
ing factor afforded by buildings showed a large variation,
depending on the type of building [C8, M6, S5, U4].

68. To make the above calculation, it is necessary to
know theintegrated concentrationin air of the many short-
lived radionuclides. In some countries, complete datawere

available. In others, data for only one or a few radio-
nuclideswereavailable. In thelatter case concentrationsof
other radionuclides wereinferred from ratios measured in
nearby countries. In some cases, no measured air con-
centrations were available, sotheintegrated air concentra-
tion of *'Cs was inferred from its ground-deposition
density and a nominal quotient of ground deposition to
integrated air concentration of 1,000 m d* [U4]; the
integrated air concentrations of other radionuclides were
then inferred from the ratios to *Cs measured at other
locations.

(¢) Nuclear installations

69. During the operation of nuclear reactors, severa
fisson noble gases are released, as is the activation
radionuclide “*Ar. Among the more prominent fission
noble gases are **X e from pressurized water reactors and
BKr, Kr, BKr, 13X e, X e, X e and X e from bailing
water reactors [U6]. Much of the dose from these (and
other) radionuclides is delivered by the pathway of cloud
shine and immersion. Later reports [U3, U4] of the
Committee refer to the mode's developed in the UNSCEAR
1982 Report [U6]. Thus, while the absolute amounts and the
reative mixture of radionuclides have changed, the dose-
assessment methods have not. As most of the fission-product
noble gases and the activation gas are short-lived, attention
has been focused on exposures to nearby residents.

70. Whentheradionuclideisuniformly distributedinthe
atmosphere or the photon energy is sufficiently low that
this is a reasonable approximation over the volume of a
plume, then the simplest cal culational method isthe semi-
infinite cloud model. This method assumes that the
radiation from the cloud is in eectronic equilibrium, so
that the energy absorbed by a given volume element equals
that emitted by the same element. For a point at ground
level, only half the space contributesto the dose, sothat the
energy absorbed is divided by two. The absorbed dose rate
in air isthen given by

D - 05K .Y rE (16)
pa i=l

where D, is the absorbed dose rate (Gy h'Y); C, is the
average activity concentration of the radionuclide in the
cloud (Bq m™); p, isthe massdensity of air (kg m=); F, is
the fraction of photons of initial energy E; (MeV) emitted
per disintegration; and k is a conversion coefficient from
energy deposition per unit mass and unit time to absorbed
dose rate equal to 5.76 10 Gy h* (MeV kgH™ A
modified version of this model, where F, and E; pertain to
beta emissions, is used for betairradiation of the skin.

71. If thedistribution of the activity concentration in the
plume is sufficiently non-uniform to invalidate the above
approach, then afinite cloud model must be used. Such a
condition arises near the source, when persons are not in
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the cloud but receive dose from an overhead plume. In this
model, the cloud issimulated by anumber of small-volume
sources, and integration is performed over these sources.
The calculation proceeds by finding the photon flux
density, summing over all the decay energies for the
radionuclide of interest and then converting to absorbed
dose. The basic expression for the photon fluence due to
the fraction F, of photons of energy E; emitted per
disintegration is [N2]

0

\

X F B X

V=i en

(Ei’uix) e (17)

47x? av

where ¢, is the photon fluence; X, is the concentration of
theatoms of each radionuclidein volumeeement dV; | is
thelinear attenuation coefficient, x isthedistancefrom the
volume element dV; and B,,(E;, 14X) is the energy absorp-
tion build-up factor at adistance x for aradiation of initial
energy E;, having an attenuation coefficient . This
integral is evaluated numerically.

72. In genera terms, the Committee has considered
0.7 Sv Gy * to bethe most appropriate average value of the
quotient of effective dose rate to absorbed dose ratein air
for males and females for environmental exposures to
gammarays. However, when the absorbed dosein air isthe
result of a calculation such asisdescribed in this Section,
then there are sufficient data on the photon energy
spectrum to use more precise conversions. These
conversion coefficients have been derived for infants,
children, and adults by Saito et al. [S5, S11], based on a
semi-infinite cloud model. These age-dependent results
have not been used by the Committee, but the energy-
dependent variations for the adult have been incorporated
into the radionuclide-specific results [E7].

73. Based on the types of calculations indicated above,
the Committee has estimated values of the collective
effective doses from immersion exposure per unit release
of fission noble gases and the activation gas “Ar [U6].
These calculations are updated in Table 10. On the
assumption of a semi-infinite cloud and uniform
concentrations over the mean paths of gammaraysin air,
the effective dose rates to the adult per unit concentration
of the radionuclide in air, d, have been calculated [E7].
The collective dose over the local and regiona areas is
evaluated as follows:

S, = f Ca’i(x)diN 2T x dx (18)

where d, is the dose factor for radionuclide i, N is the
number of inhabitants per unit area, and x isthedownwind
distance. Theconcentration of radionuclidei at distancex,
C.i(x), can be determined from equations (7-10). For
short-lived radionuclides, radioactive decay during the
dispersal time must be taken into account. In this casethe
concentration is

C (X) - C e -Ax/u (19)

al aj

where C,; was defined in equation (7), % isthe radioactive
decay constant (s'%), and u isthewind speed (m s™) for a
given stability class. Since noble gases do not deposit, the
wet and dry depletion factorsD,, and Dy in equation (7) are
set equal to 1 in these calculations.

74. Analytical evaluation of theintegral, equation (18),
with the expression of equations (7-10) is not possible, so
anumerical integration is required. The results are given
in Table 10. The radionuclide rel eases apply to the model
site with the meteorological conditions given in Table 4.
Therelease height was 30 m and the population densities
were taken to be 400 inhabitants km2 in the local area
(1-50 km) and 20 inhabitants km™ in the regional area
(50-2,000 km). A similar method could be used to obtain
theimmersion dosefrom radon released from mill tailings,
but the result is of much less significance than that dueto
inhalation.

75. The composition of noble gas releases from
reactorsis variable, depending on the reactor type and
discharge delay features. If the composition is not
known specifically, representative compositions may be
assumed, such asused previously by the Committee and
as listed in Table 11. For PWRs, the long-lived noble
gas X e predominates with secondary release of **Xe.
For BWRs, the composition includes several short-lived
components. For GCRs, thenoblegasrel easeisassumed
to comprise wholly “Ar. The dose factors derived in
Table 11 to be applied in the general case to noble gas
releasesare 0.11 man Sv PBg* for PWRs, 0.43 man Sv
PBqg *for BWRs, and from Table 10 (*Ar) 0.90 man Sv
PBqg* for GCRs. Because of changes in the parameters
and calculational procedure, these values are slightly
different from those previously derived [J1, U6].

76. Fordischargesfromfuel reprocessing plants, theonly
radionuclide of interest in terms of cloud doseis®Kr [U6].
TheCommitteeassessed thedoseresulting from discharges
of ®Kr from the Windscal e plant (Sellafield) between 1975
and 1979 using themethodol ogy provided for the European
Community [N2]. The average annual release of ®Kr was
35 PBq and the resulting local and regional collective
absorbed dose commitments were as follows: gonads,
0.058; breast, 0.078; red bonemarrow, 0.095; lungs, 0.074;
thyroid, 0.065; bone lining cells, 0.095; liver, 0.074; skin,
19; and remainder tissues, 0.078 man Gy. The collective
effective dose equivalent commitment was estimated to be
0.074 man Sv from the cloud gammairradiation using the
conversion coefficients of Poston and Snyder [P3]. A
further contribution from the betairradiation totheskinis
0.19 man Syv, for which a skin-weighting factor of 0.01 is
applied. Thus, the normalized collective effective dose
commitment, Hz + 0.01 Hg, for this site is 0.0075
man Sv PBq™.
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(d) Globally dispersed ®Kr

77. Themodd usedtocalculatetheglobal collectivedose
commitment from ®Kr released at fuel reprocessing plants
is given in the UNSCEAR 1982 Report [U6]. A two-
compartment model similar tothat proposed by Kelly et al.
[K3] isusedinwhich thereleased krypton isassumed to be
instantaneously dispersed throughout the troposphere of
the northern hemisphere, which is assumed to have a
height of 10 km and a mass of 1.9 10 kg (1 m® of air
corresponds to 1.2 kg). Exchanges take place between the
troposphere of the two hemispheres with a half-time of
about two years. Within a few years the ®Kr becomes
uniformly dispersed, and the sole removal mechanism is
radioactive decay.

78. Thewhole-body absorbed dose commitment per unit
timeintegral of air concentration of ®Kr was estimated to
be 4.3 10° Gy (Bq a kg%)™ [N2], and the dose
commitment to the skin from the beta irradiation was
5.410 "Gy (Bgakg™) ™ Thesevalueswererestated in the
UNSCEAR 1988 Report [U4] to correspond to a collective
effective dose equivalent commitment from ®Kr of 0.17
man Sv PBg™, assuming aworld population of 4 10°. This
value was then scaled to a value of 0.2 man Sv PBq* for
the world population of 4.6 10° during the 1985-1989
period. Newer calculations [E7] indicate a value for
effective dose equivalent, Hg, of 451 10° Sv (Bqakg )™
and for skin, Hg,, of 5.00 107 Sv (Bgakg™)™, or 7.92
nSv (Bgam™)! (Hg + 0.01 Hg,,). With thisdight change
and for a world population of 6 10° the normalized
effective dose commitment becomes 0.22 man Sv PBq ™.

D. RADIONUCLIDES DEPOSITED ON SOIL
1. Exposure processes

79. Radionuclides released to the atmosphere undergo
decay in transit or are deposited on the earth’ s surface by
wet or dry deposition within relatively short periods. There
follows a generally longer period in which the radio-
nuclidesontheterrestrial surfacewill eventually decay and
produce external radiation exposure and dose to the
population living in the areas. Radionuclides are initially
deposited on the upper surface of the sail, but they quickly
weather into the first centimetre of soil, especialy if they
are deposited viarainfall. This weathering effect and also
the fact that the soil surface is not a smooth plane (soil
roughness) reduce theradiation field at the generally used
reference height of 1 m above the soil surface. Other
mechanisms, such as plowing and countermeasures, can
reduce the exposurerate, but such processes have not been
considered in assessments of the Committee.

80. Followingthedeposition of radicactivematerial fromthe
Chernobyl accident, several groupsobserved that themeasured
external gamma exposure rate decreased more rapidly over
urban surfacesthan over grasssurfaces[J2, K6, S7]. Although

varied, theseresultswere consstent with theloss of half of the
material with a half-time of seven days and the other half
being firmly fixed on urban surfaces. This urban runoff effect
was reflected in the Chernobyl assessment in the UNSCEAR
1988 Report [U4] by applying these coefficientstothat portion
of a country’s population considered to be urban. Such an
effect was not considered in the Committee's assessment of
dose from nud ear weapons fallout.

2. Methods for estimating exposures

81. TheCommitteehastraditionally used twoapproaches
to estimate the external doses that result from the
deposition of radionuclides on soil surfaces. direct
measurements and calculations based on radionuclide
deposition densities, which are the same procedures as
used to evaluate exposures from naturally occurring
radionuclides. Asthecal culational approachismoreeasily
applied and asit isnot always possibleto measurevery low
dose rates, it is results of this approach that are more
generally available.

(&) Atmospheric nuclear testing

82. The evaluation of radiation doses from fallout of
radionuclides onto the earth's surfacefollowing thetesting
of nuclear weapons in the atmosphere was one of the
earliest problems to be addressed by the Committee and
one that has been regularly considered. The genera
method of assessing radiation doses from fallout from
nuclear testsisindicated in Figurel. Within thismodel the
external effective dose commitment, E., for a specific
radionuclide released in an atmospheric test is

A, =P F (20)

E,=P,P,P ”

[« o 1225

where A, is the amount released, P, is the integrated
concentration of aradionuclidein air at aspecified|ocation
divided by the amount released, P,, is the quotient of the
deposition density and theintegrated air concentration, and
P, isthe quotient of the effective dose commitment and the
deposition density. The second part of the equation
represents a more direct method of evaluation, namely
beginning with the measured deposition density F (also
equal to PyP,A) and multiplying this by the transfer
coefficient Pys.

83. The P, transfer coefficients for external irradiation
have been calculated by multiplying the doserate
conversion coefficients for radionuclides deposited on the
ground, derived from Beck [B9], by the mean lifetime of
the radionuclide and by an average factor accounting for
air-to-tissue dose conversion, indoor occupancy in
buildings (80% assumed) with a shielding factor of 0.2.
The latter factor is 0.7 Sv Gy * (effective dose 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
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building shielding). For short-lived radionuclides (all
except ¥'Csfor fallout from nuclear testing) the dose-rate
conversion coefficient applying to a plane source has been
used. For ¥'Cs, the dose-rate conversion coefficient apply-
ing to an exponentia concentration profile in the ground
of mean depth 3 cmisused. Theindoor occupancy, aswell
as the shielding factor, can vary a great deal among
different populations and is a source of uncertainty in the
calculations of external dose. Also, thedifferent behaviour
of radionuclidesdepositedin urban and rural environments
has not been taken into account for estimates of dose from
nuclear weapons fallout. This difference was, however,
considered for the assessment of doses from the Chernobyl
accident (see below).

84. TheP,transfer coefficientsthat are used to estimate
external doses from deposited radionuclides from fallout
from nuclear testing are presented in Table 12. Transfer
coefficients for many other radionuclides can be derived
fromthebasicdataof Beck [B9]. In earlier assessmentsthe
Committee assumed a plane source to be appropriate for
short-lived radionuclides, however, to account for ground
roughness, it ismore realistic to assume an exponentially
distributed source with a relaxation depth of 0.1, 1, and 3
cm for radionuclides of half-lives <30 days, 30- 100 days,
and >100 days, respectively. Thischangereducesthedoses
by about 15%-50%, but it does not have a significant
impact on the calculated total dose from nuclear weapons
fallout, which is dominated by the dose from *¥'Cs.
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Figure Ill. External exposure following unit deposition
(1 Bg m™) of radionuclides.

85. Anindication of annual contributions to doses from
external exposure following a single deposition event may
be of interest, although the analysisissimple, asit depends
only on the radioactive decay of the radionuclides. The
time course of contributions to dose from unit deposition
density of theradionuclidesisillustrated in Figurelll, and
the annual average doses are listed in Table 13. Severa
short-lived radionuclides (**11, °Ba, “*'Ceand ®Ru) make
no contributionsto external exposure beyond thefirst year
following deposition. The values in Table 13 have been

calculated from decayed monthly deposition density,
averaged over theyear and multiplied by the absorbed dose
ratein air per unit deposition density (Table 12, column 3)
and by the shieding/occupancy factor of 0.36 and the
conversion factor 0.7 Sv Gy . The sum of the annual
contributions to dose is equal to the dose commitment.

(b) The Chernobyl accident

86. Themethods used to cal culate external doses caused
by the Chernobyl accident were basically those applied to
estimatethe external dosesfrom radionuclidesproducedin
atmospheric nuclear testing, although several modifica-
tionswereintroduced to account for the shorter term of the
release, urban-rural differences, and an improved
assessment of themovement of radionuclidesinto soil. The
resultsof cal cul ations of dosesfrom the Chernobyl accident
were presented in the UNSCEAR 1988 Report [U4].
During thefirst month after deposition, a number of short-
lived emitters, including **Te, ¥, ¥, Ba, °La, and
1%Cs, were important components of the total external
gamma exposure rate (or dose rate in air). For several
months, *®Ru and *®Ru made contributions, but sincethen
only **Cs and **'Cs have been of significance. Exposure
from ¥Cs remains significant for several years and must
be projected into the future.

(i) First month

87. The outdoor exposure X, (C kg™) during the first
month was assessed by four different methods, with the
choice dependent on the data available. If continuous or
daily data were provided, the exposure rates were
integrated. If incomplete data were provided, an attempt
was madetofit a power function of theform at’ to the data,
where t is time (days) and a and b are constants to be
determined. X, isthen the integral of this function from
arrival day 1 to day 30.

88. If measurements of external gamma exposure rate
were not available, two approaches were used. If data on
the ground deposition of the radionuclides were provided,
the exposure rate from each radionuclide was computed
using the coefficients published by Beck [B9] for a
relaxation depth of 1 mm to account for surfaceroughness.
In several cases only data on the deposition of **'Cs were
available, and X, was evaluated on the basis of the
relationship of the exposure to **'Cs deposition density as
measured at a specificlocation, e.g. Neuherberg, Germany
[G2].

89. The effective dose during the first month, E,, (Sv)
was calculated from X, by:

_ 21
E, = AX,(1-F) + AX,F F (21)

where A isthe conversion coefficient (23.6 Sv per C kg™,
i.e. 33.7 Gy per Ckg®* x 0.7 Sv Gy Y, F, is the indoor
occupancy factor, and F; is the building shielding factor.
Thelast two valuesweretaken as0.8 and 0.2, respectively.
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(ii) One month to one year

90. The calculation of external gamma dose beyond one
month was based on the measured total deposition of ***Cs
and ¥'Cs and, although less important, *®*Ru, *®*Ru, and
331, Theconversi on coefficientsfor long-term deposition to
dose rate depend on the penetration of these radionuclides
into soil. Change with time is accounted for by using
coefficients appropriate for a relaxation depth of 1 cm
during thefirst year and 3 cm thereafter. Also, the effect of
more rapid removal of radionuclides from urban surfaces
was considered.

91. The equation for the calculation of external gamma
effective dose, E, (Sv) for the time period between one
month and one year for radionuclidei is as follows:

F i -Am/12 -Am
Eoi = [T} [dcz,i(e -e )] 22)

[1 -F, (1 fFS)Hl “F,( fFu)]

where F, is the deposition density (Bq m?); dy; is the
deposition density to effective dose conversion coefficient
during the period between one month and one year
(relaxation depth of 1 cm) (Sv per Bq m™); 1, is the
radioactivity decay constant (a); misa constant equal to
oneyear; F, istheurban fraction of acountry’s popul ation;
F, is the fraction of the deposition that remains fixed on
urban surfaces (assumed to be equal t0 0.5); and F, and F;
are as defined previoudy. Effective dose equivalent
conversion coefficients are listed in Table 14.

(iii) Periods beyond one year

92. External effective dose, E;, (Sv) for periods beyond
one year were evaluated according to the equation

SR
R e !
e3i )\, e3i (23)

[1 -F, (1 fFS)Hl -F, 0 fFu)]

where dg; isthe deposition density to effective conversion
coefficient for periods greater than one year. This
coefficient is based on arelaxation depth of 3 cm. Values
of this coefficient are also listed in Table 14.

(¢) Nuclear installations

93. Releases from nuclear installations of radionuclides
that contribute to external exposures are, in general, too
low to bemeasuredin air or deposition at distances beyond
theinstallation site and point of release. As was discussed
in Section 1.B.3, long-term average dispersion of radio-
nuclidesin air may be estimated using a formulation that
combinesadilution factor at 1 km and a power function of

distance from the release point. With use of an effective
deposition velocity that accounts for both wet and dry
deposition, thedeposition densitiesof radionuclidesmay be
estimated. This method is appropriate for routine
continuous and near-surface rel eases from sources such as
nuclear installations. Thelocal areaof exposureistaken to
be 1-50 km surrounding the point of release, and the
regional area extendsto 2,000 km.

94. In the dispersion estimation method, equation (11),
an average dilution factor is assigned at 1 km, namely
5107 Bgm per Bq s rleased, and further dispersion
reduces the radionuclide concentration in air in inverse
proportionality to the 1.4 power of the distance. The air
concentration may be related to the deposition density by
multiplying by the effective deposition velocity. The
general formula for application of the transfer factor
method is

50
S = 5107 v, Py [Nl fx'1'427txdx
1

(24)
2000

+ N, f X_1'427'EXdX]
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where § is the collective effective dose per unit release of
radionudide i (man Sv BqY); v, is the effective deposition
velocity (m s%); Py is the transfer factor from deposition
density to dose (Sv per Bg m™2); N, isthe population density
in the local area (inhabitants km™3); N, is the population
densty in the regional area (inhabitants km); and x is the
distance from the point of release (km). The parameter x **
should actually be expressed as (x/1 km)** to rectify the
units. The quantity in brackets has the unit number of
persons. The population densities applied are those assumed
for mode reactor site; N, = 400 inhabitantskm™2 and N, = 20
inhabitants km™2 The value of the effective deposition
velocity is taken to be 0.002 m s* for annual average
deposition, which is the value for dry depostion aone. In
reality, more materia is deposited under wet conditions than
under dry, and an effective deposition veocity for point
sources that includes both wet and dry contributions would
range from 0.005 to 0.013 m s, depending on downwind
distance. However, use of alarger valuein conjunction with
the power law expression for the air concentration (equation
11) resultsin agrester estimated activity amount deposited in
the loca and regiona areas than was rdeased to the
atmosphere. The most probable explanation for this is that
eguation 11 overestimates air concentrations, for the reason
given in paragraph 41. Although larger (more negative)
values of the exponent in the power function could be sdlected
to offsat a higher effective deposition veocity, the values of
1.4 and 0.002 m s * presarve the mass bal ance to distances of
2,000 km and ensure that doses from airborne and deposited
activity are not underestimated. Therefore, these values are
used on local and regiona scales for purposes of etimating
average deposition.
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95. Edtimates of normalized collective effective doses
from external exposure from radionuclides released as
particles in airborne effluents from reactors are listed in
Table 15. The transfer coefficients P,; from deposition
density to effective dose were derived from the basic data
of Beck [B9]. Thecollective effective doses per unit rel ease
werethen estimated using equation (24). Other fission and
activation products could be added to Table 15 by applying
this method.

96. A representative composition of radionuclides in
particulates released in airborne effluents is not easly
established because of the large number and varying
amounts of radionuclidesthat may beinvolved. An earlier
approach of the Committee [U6] was to assume equal
activity distribution across 18 radionuclides that were

commonly reported to be present. A dight variation would
be to recognize two groups of radionuclides, one of more
dominant contributors to the total activity release and a
secondary group. Consistent with reported data[U5, U6] is
to assume 90% of the activity of release present as >*Mn,
®Co, ®Co, ¥sr , BCs, ¥'Cs, and “’Ba (including *°La).
The radionuclides of the second group, contributing 10%
of the activity total, are 5'Cr, ®Fe, ®Zn, %S, ®Y, %Zr
(including ®Nb), *Sh, ¥*Cs, 'Ce, and *Ce. Assuming
equal contributions to the activity release within each
group, weighted average values of the local and regional
collective effective doses per unit total (representative)
release of particulates are obtained. These results are
included in Table 15. Adjusted weightings could be made
in specific circumstances, if the exact composition of the
release is known.

1. INHALATION EXPOSURE

97. There are two main processes that contribute to
internal exposure, the general term used to describe
exposures that involve the intake of radionuclidesinto the
body as opposed to external exposure, which isconsidered
in Chapter Il above. The two processes are inhalation of
contaminated air and ingestion of contaminated foodstuffs.
For inhalation, if the time dependent concentration of a
radionuclidein air isknown, it is a straightforward matter
to calculate committed dose by multiplying by a breathing
rate and by a dose-conversion coefficient. The ingestion
pathway involves additional steps of transfer to plantsand
animals, from which are derived the foods consumed by
humans. For convenience, inhalation exposures are
considered in this Chapter and ingestion exposure in the
following Chapter.

98. Many of the Committee's past calculations of
inhal ation doseswere performed usinganominal breathing
rate of 20 m®* d%, or 7,300 m® a™. This generally reflects
the concern of the Committee with the collective dose,
which is substantially determined by the intake of the
adultsin the population. For calculating inhalation doses
from the Chernobyl accident, inhalation rates of 22 m*d?
for adults and 3.8 m® d™* for infants were used [U4]. The
latter values are the same as those used for naturally
occurring radionuclides and are derived from the same
source [17].

99. The Committee has generally used the dose
coefficients published by ICRPfor itsevaluations. Initially
such values were available only for adult workers, but
starting in 1989 age-dependent values have been made
available for members of the general public. The latest
compilation of values for both ingestion and inhalation is
provided in [15]. The breathing rates now used by ICRP

[14] areindicated in Table 16. An indication isalso given
in Table 16 of the fraction of the population in each of the
six age categories and the age-weighted average breathing
rate. The age-weighted value corresponds to 19 m® d ™%
Considering the uncertainty of the age distribution of the
population and the differences between countries, a
rounded value of the nominal breathing rate of 20 m® d*
would seem to be appropriate for usein most applications.
In assessments of the Committee, the population groups
specified as infants, children, and adults are assumed to
correspond with the ICRP age categories of 1-2 years,
8-12 years, and >17 years, respectively.

A. NATURAL RADIONUCLIDES

100. Naturally occurring radionuclides are present in the
atmosphere owing to their production by cosmic ray
interactions, the emanation of gases from soil or building
materials and the resuspension of soil particles from the
ground surface. The main cosmogenic radionuclides, *H
and *C, are fairly uniformly dispersed in the atmosphere.
Inhalation exposures from these radionuclides are,
however, almost completely negligible compared with the
ingestion exposures.

101. Soil-derived radionuclides are present in air in
variable amounts, depending on local soil, wind, and
moisture conditions. In earlier assessmentsby UNSCEAR
[UB, U7], a dust loading of 50 ug m was assumed and
applied to typical concentrations of natural radionuclides
in soil. Some portion of the solid matter in air may not
come from the soil, however, but from organic matter,
building dusts, smoke, and fly ash from coal burning.
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102. A veryimportant contribution toinhalation exposure
ismade by radon and its decay products. The gasemanates
from soil and can enter and attain high concentrationsin
indoor spaces. Becausethi sexposurecomponent dominates
that from al other pathways, it is important that the
dosimetry for radon be well established.

103. The ICRP has not provided values of the doses per
unit intake for 22Rn and 2°Rn and their decay products
from application of therespiratory tract model [14, 15], and
the dosimetry for these mixturesisvery complex. Because
lung cancer has been observed and studied extensively in
miners exposed to 2?Rn, the ICRP [113] has adopted a
conversion convention for radon exposuresthat isbased on
equality of detriments from epidemiological
determinations. The detriment per unit effective dose for
members of the public is 7.3 10° per mSv, and the
detriment (to miners) per unit exposureto 2?Rn progeny is
8.0 10° per (mJ h m™). Thus, an exposure to *?Rn
progeny of 1 mJh m3isequivalent to an effective dose of
1.10 mSv. As1 mJh m2isequal to 1.80 10° Bq h m™3 of
22Rn in equilibrium with its short-lived progeny, a dose
coefficient of 6.1 nSv per (Bq h m™®) can be derived and
applied to equivalent equilibrium concentrations (the
activity concentration of radon, in equilibrium with its
short-lived progeny, which would have the same potential
alphaenergy concentration astheexisting non-equilibrium
mixture). Thedosimetric eval uationsgivedosecoefficients
in therange 6-15 nSv (Bq h m™%). The value previously
used by the Committee in earlier evaluations [U3, U4],
9nSv (Bgh m=)™, iswithin thisrange and would seem to
be ill appropriate for use in dose evaluations. An
epidemiologically based conversion convention is not
available for 2°Rn. However, by analogy with the risk
determined for ??Rn and by comparing the dose
coefficients for 2°Rn and #?Rn calculated on a dosimetric
basis [118], a dose-conversion convention of 40 nSv per
(Bg h m™®) equilibrium equivalent concentration of 2°Rn
can bederived; thisvalueisintended to include the dose to
organsother than lung dueto thetransfer of 22Pb from the
lung. The half-life of 22Phissufficiently long (10.64 h) for
thiseffect to be significant, whereasnone of the short-lived
progeny of 22Rn is sufficiently long-lived to merit similar
consideration.

B. RADIONUCLIDES RELEASED TO THE
ATMOSPHERE

104. In its various assessments, the Committee has used
the best available estimates of dose per unit intake of
radionuclides by inhalation; whenever possible, the values
provided by ICRP have been used. The ICRP values have
been updated [14, 15] based on a revision to the ICRP
model of the respiratory tract [16], and age-dependent
valuesfor thegenera public arenow provided. Thevalues
for radionuclides used by the Committeein its assessments
aregivenin Table 17.

1. Exposure processes

105. Inhalation of radionuclidesin air can result from a
short-term or continuous release processes. Inhalation is
rarely theprimary pathway of exposureif radionuclidesare
released to the atmosphere, but there are some notable
exceptions. Theimportance of radon and itsdecay products
was mentioned in the preceding Section. Ancther
exception involves radionuclides of extremely low
biological availability. Such radionuclides pass readily
through the gut following ingestion intake, but they can be
deposited in the lungs following inhalation intake and be
retained for long times. The most notable exampl e of such
aradionuclide is **py,

2. Methods for estimating exposures
(&) Atmospheric nuclear testing

106. According to the general model developed by the
Committeeto describe environmental transport processes,
the equation for committed effective dose, E., (Sv) via
inhalation is

E =P P, P

C 01" 14~ 45

A, =P F (25)
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where Py, A, istheintegrated air concentration (Bqam™),
P, is the breathing rate (m® a') and P, is the dose-
conversion coefficient (Sv Bg®) for inhaation. To
determinetheintegrated air concentration, measurements
must be made for theentiretimethat radionuclidesremain
in air. Since thisis not always achieved in practice, the
second part of the equation isthe more common approach,
inwhich theintegrated air concentration isestimated from
the deposition density, F. In this case, the transfer
coefficient for theinhalation pathway isdetermined as P,,5
= PyP/P,.

107. Theaverage value of P,,, which isalso the effective
deposition velocity, varies with the precipitation rate at
different locationsand also with the chemical and physical
nature of the radionuclide considered. The average value
of P, for particulate material deposited following
atmospheric nuclear testing has been estimated to be
1.76 cms?, or 5.56 10° m a*[B2]. Although thisvalueis
based on observationsin New Y ork City over several years,
measurements in the United Kingdom [C7] and Sweden
[B10, D5] arein reasonabl e agreement after normalization
to the same annua precipitation. Furthermore, since the
annual rainfall in New York City is fairly close to the
popul ation-wei ghted averagefor thewholeworld, the New
York value is considered adequate for global average
calculations.

108. Values of the transfer coefficient, P, for the
inhalation pathway arelistedin Table 18. These updatethe
listing in the UNSCEAR 1993 Report (Table 8, page 127
[U3]). The values arefor the adult with a breathing rate of
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7,300 m® a't and P,s valuesfrom Table 17. Thesetransfer
coefficients are applicable to the release and deposition
conditions of radionuclides in fallout from nuclear tests.

(b) The Chernobyl accident

109. For the Chernobyl accident assessment, a somewhat
modified approach was used to account for a filtration
effect that reduces the concentrations of radionuclides in
indoor air [U4]. The calculation of the inhaation
committed effectivedose, E;,; (Sv) for radionuclidei wasas
follows:

_ * * 26
Eh,i B Ca,i B d (lfFo) + Ca,i B dh,i Fy F, (26)

hi

where C',; is the integrated activity concentration of
radionuclidei in outdoor air, B isthe breathing rate, d,; is
the committed dose per unit intake from inhalation, F,is
theindoor occupancy factor and F, isthe ratio of indoor to
outdoor air concentration. The latter parameter was
assigned avalue of 0.3 for al countries[C9, R2, U4].

110. If theintegrated concentration in air is known, then
the calculation is very smple as indicated above.
Furthermore, if an average concentration over a one-year
period is known, then the calculation is aso quite
straightforward. It is, however, rather rare that
measurements of integrated activity in air are available
following accidental rel eases, especially over ashort period
of time. In that case the integrated concentration in air is
usually estimated on the basis of the deposition density for
a particular radionuclide and the effective deposition
velocity, as mentioned above. The deposition density
divided by the deposition velocity gives the integrated
concentration in air.

111. If therelative amounts of the radionuclides released
at thetime are known and if these rel eases are concurrent,
then the measurement of the deposition density for only
one radionuclide in the mixture can be considered
sufficient to define the deposition densities of all radio-

nuclides at the time of deposition, if the deposition
velocities of the radioelements do not differ significantly.
In fact, measurements of the deposition density of along-
lived radionuclide can be made many years after the
deposition occurred and used to define the origina
deposition densities of all radionuclides, provided that the
soil is undisturbed and the sampling is degp enough to
encompass all of the original deposition.

112. Other methods can be used to define the deposition
densities and the integrated air concentrations of
radionuclides. Although subject to more error and in need
of more sophisticated interpretation, measurements of the
external gamma-dose rate in air, of concentrations of
radionuclides in foodstuffs, and even of radionuclides in
people can be used to estimate the original deposition
densities and integrated air concentrations.

(¢) Nuclear installations

113. Estimates of inhalation exposure from releases of
radionuclides from nuclear installations may be made
using the dispersion model presented in Section |.B.3 and
thetransfer coefficientsP,,.. Theresults of thiscalculation
arelistedin Table19. Theseestimatesapply tolonger-term
releases, asthe meteorol ogical conditionsfor therepresen-
tative site have been averaged over an annual period. The
deposition velocity appropriatefor near-surface rel eases of
0.002 m s'* has been used. This is determined mainly by
dry deposition, since precipitation can be expected to occur
only during a small fraction of the time of plume passage.

114. As discussed above with regard to external exposure
(paragraph 96), arepresentative composition of radionudides
in particulatesre eased in airborne effluentsfrom reactorsmay
be assumed. A weighted average of the collective dose from
inhalation exposure per unit release of particulates may then
be derived for general application. The values pertaining to
the local and regiond aress are induded in Table 19. The
transuranium radionuclides are not normally reported in
routine releases from reactors, however for reference
purposes, the values are included in Table 19.

IV. INGESTION EXPOSURE

115. Ingestion exposure occurs when radionuclidesin the
environment enter food chains. This component and that
of external exposure are usualy the significant and
continuing sources of exposure following releases of
radionuclidesto the environment. Radionuclidesreleased to
the atmosphere may deposit onto both terrestrial and aguetic
surfaces, for which different calculational methods are
required. The terrestrial and aquatic food pathways are
considered in separate Sections of this Chapter.

116. Ingestion exposures have been evaluated by
UNSCEAR for natura radionuclides present in the
environment and for several cases of radionuclide release
totheenvironment, including atmospherictesting, releases
from nuclear fuel cycle installations and the Chernobyl
accident. For the most part, annual average values have
been considered with the aim of evaluating committed
exposures. Thisisadequate for longer-term or continuous
releases. Short-term releases at particular times, such as
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wasthecasefor the Chernobyl accident, requiretakinginto
account some seasonal variations.

A. NATURAL RADIONUCLIDES

117. In the genera case, doses from the ingestion of
natura radionuclides in foods and drinking water have
been estimated from measured concentrations of the
radionuclidesin body tissues or organs. For K, metabolic
balance maintains body levels irrespective of intake
amounts. For uranium- and thorium- series radionuclides,
however, this is not the case, and the concentrations in
foods, water and total diet have been useful for determining
geographic variations in the body burdens.

118. Beginning with the UNSCEAR 1993 Report [U3],
representativedietary intakesof natural radionuclideswere
compiled; these could be used with age-dependent
estimates of dose per unit intaketo extend thelimited data
on tissue concentrations and to obtain more broadly based
dose estimates.

119. Estimatesof dose per unit intake of radionuclidesare
provided by the ICRP [I5]. These are the committed
effective doses to age 70 years, based on recent metabolic
data and models. The values used in UNSCEAR
assessments are summarized in Table 20. The age
categoriesareinfants (1- 2 years), children (>7 yearsto 12
years), and adult (>17 years). Values for age categories
from O to 1 year, >2 yearsto 7 years, and >12 yearsto 17
years are also provided by ICRP[15].

B. RADIONUCLIDES RELEASED TO THE
TERRESTRIAL ENVIRONMENT

120. An extensive database of deposition and diet
measurements from the yearswhen there was atmospheric
testing hasallowed empirical relationshipsto bederived to
evaluate transfer coefficientsfor radionuclidesreleased in
this practice. Empirical model s describing the time course
of annual transfersfrom deposition to diet and from diet to
the body have been the basis of the Committee's
evaluations of doses from ®Sr and **'Cs, and this method
was also applied to transuranic radionuclides. Fewer data
have been available from which to derive ingestion
pathway transfer coefficients for !, Ba, #Sr and *Fe.

1. Transfer processes

121. Plants are the primary recipients of radioactive
contamination to the food chain following atmospheric
releases of radionuclides. Vegetation may be subject to
direct and indirect contamination. The direct
contamination of terrestrial vegetation refers to the
deposition of radioactive materials from the atmosphere
onto the above-ground parts of plants. Indirect

contamination refersto the sorption of radionuclidesfrom
the soil by the root system of plants. Secondary recipients
of food chain contamination are animals that consume
plants or other animals. Both plant and animal products
enter the diet of humans.

(a) Direct deposition on plants

122. Direct deposition on plants may play an important role
in the contamination of plant products for some
radionudlides, induding those characterized by low root
uptake and short-lived radionudides, especially **I, that can
transfer relatively rapidly through the food chain. The direct
contamination of plants may be of two types: primary, which
involvesdirect trangfer from the source via the atmosphere to
the plants, and secondary, by which activity al ready deposited
on the ground may be resuspended, e.g. by thewind, and thus
transferred to the plants. The resugpension process is not
usually asubstantial factor, except for radionuclideswith very
small uptake through the roots. Primary direct deposition
involves three processes. depostion, interception and
retention. Direct contamination of the plants depends on the
devel opment stage of the plantsat the time of contamination.
This, in turn, depends on the season of the year when the
contamination occurs.

123. Radionuclidesin theatmosphere may bedeposited as
either dry or as wet deposition. Dry deposition occurs
continuously, while wet deposition occurs when rain or
someother form of preci pitation intervenes. Dry deposition
isusually described by applying the deposition velocity, v,
= F/C [C1], where F is the fallout rate of the depositing
radionuclide to a unit area of land (Bqm2s?), and Cis
the concentration in ground-level air over the area of land
considered (Bq m™). The unit of v, is thus m s The
deposition velocity varies with the aerodynamic diameter
of the particles deposited. Particles with a diameter
between 0.1 and 1 um have a deposition velocity of about
0.02 cm s*; those between 1 and 10 um have values
ranging from 0.02 to about 5 cm s [H1]. This magnitude
also varies with the type of surface and with the chemical
and physical characteristics of theradioelementsinvolved.

124. Wet deposition occurs during precipitation. The
wash-out ratio, W, is defined as the ratio of the
radionuclide concentrationsin precipitation (Bql™) andin
ground-level air (Bq m™) [E3]. Experience from global
fallout studies has shown that around 90% of the total
deposition of S and **'Cs occurs as wet deposition. Inan
accident, most of the deposition usually takes place within a
few days. The Chernobyl accident demondtrated that high
rainfall during the cloud passageresultsin depostion ratesan
order of magnitude higher than those observed for dry
conditions [E5].

125. Interception is the fractional deposition of radio-
nuclides on the plant surfaces. It depends on both the
physical characteristics of the deposit and the growth form
of the plants. The subsequent fate of the deposit, i.e. the
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retention, isinfluenced by these factors and by the rate at
which the material is removed by precipitation and other
processes, called weathering or field loss.

126. The fraction of material intercepted by the crop
canopy was studied by Chamberlain [C2], who derived an
empirical parameter dependent on the physico-chemical
properties of the deposit, the manner of deposition, the
morphol ogy of the crop and the meteorol ogical conditions.
The quotient of the fraction retained and the dry weight
biomass usually fallswithin therange 0.2-4 m?kg™* [C3].
The normalized specific activity is defined as the
concentration in the crop (Bq kg™ dry weight) divided by
the deposition density rate (Bq d* m™) [C2]. The
normalized specific activity is thus a rate factor with the
unit m? kg* d. Values between 20 and 40 m? kg™ d have
been observed for ¥Cs and ®Sr for herbage in good
growing conditions [E4]. Chamberlain found that winter
grass had normalized specific-activity values 2-3 times
higher than summer grass.

127. Theweathering or field lossis expressed by M/M, =
e’", where M, and M are the quantities retained on the
crop initially and after time t and t is an empirical
constant. During thegrowing season, t i sabout two weeks;
in the winter period, it increases to about eight weeks.
When thereisrain, the field half-time may be short.

128. Resuspension of radionuclideson thesoil surfacemay
result in secondary direct contamination of the crops. The
resuspension factor RF is defined as the radionuclide
concentration in air (Bqg m™®) divided by the ground
contamination (Bg m-2). The resuspension factor thus has
theunit m™. Theresuspension factor measured at locations
in Denmark for 100-3,000 days after the Chernobyl
accident decreased according to a power function of the
time, t, in days (RF=9.3 10°°t 1% [A3].

129. It appearsthat resuspended *"Csisless availabletothe
plant than primarily deposited amounts[A1], i.e thetransfer
factor for primary direct contamination ishigher than that for
secondary direct contamination. Theremay betwo reasonsfor
thelower availability of resuspended particles compared with
directly deposited fallout. First, a higher fidd loss can be
expected for resuspended particles than for global fallout.
Secondly, **’Cs adheresto minerals, especially day, alowing
the radiocaesum to be less available for absorption by the
crops and thus for trandocation to the grain.

130. A special case of secondary direct contamination of
cropsisrain splash, which may occur during heavy showers,
when the recoil from rain drops carries contaminated soil to
the surface of the vegetation. Secondary contamination is
expected to belessefficient with respect totrand ocation tothe
plants than the initial, direct contamination route.

131. Seasonal variation in direct contamination is of
particular importance for cereals. This feature was first
studied by Middleton [M2]. It appears that the two

important factors influencing contamination of grain are
the initial retention and the translocation from the
vegetative part of the seeds. Initia retention is largely
independent of the radionuclide, whereas transocation
depends strongly on the radioelement and its solubility.

132. Timeof year was observed to affect thetransfer factor
of ¥"Cstograin at thetime of the Chernobyl accident [U4].
Transfer factorswerehigher in southern Europe, wherethe
crops were more developed when the deposition from
Chernobyl occurred than in northern Europe, where the
growth of crops had not yet begun. Seasonality also
affected total diet intakes.

(b) Root uptake

133. In thefirst period after a radioactive contamination
event, direct deposition on plant surfaces is the dominant
pathway, but in the long term, the contamination of the
human diet will depend on absorption through the roots of
plants. The extent to which plant roots absorb radio-
nuclidesfrom the soil dependsnot only on their physiology
but also on processesin the soil.

134. Theuptakeof radionuclidesby plantsfromthesoil is
normally described by the transfer factor B,, the ratio of
radionuclide concentrationsin vegetation and soil (Bgkg™
dry weight plant to Bq kg™ dry weight soil). Observed
values of B, vary widely, mainly asaresult of different soil
and vegetation types and environmental conditions. In
addition, management practicessuch asploughing, liming,
fertilization andirrigation greatly affect uptake. Variability
can also result if uptake into the whole plant is compared
with uptake into parts of the plant, such as grain. The
transfer factor B, is not constant in time. Decreases occur
as radionuclides in soil become less available to plants
through changes in physical or chemica forms or in
moving below the rooting zone. In some cases, the rate of
uptake increases in time, when physical weathering or
transformation of the chemical form takes place or when
theradionuclidereachesan optimum depth for root uptake.
Databases for root uptake transfer parameters have been
published [19, N7].

135. Themain soil characteristicsaffecting thetransfer of
radionuclides from soil to plants through root uptake are:
clay and organic matter content, pH and cation exchange
capacity. These soil characteristics interact causing
variability in thetransfer in different circumstances, sothat
generalizations are not always valid. A high clay content
in the soil provides binding for caesium and reduces root
uptake. A high organic matter content often enhances the
root uptake of caesum but may also have the opposite
effect; an excess of potassium dilutes caesium ions, which
decreases uptake, but may also cause the desorption of
fixed caesium, which increases uptake.

136. Theroot uptake of **'Cs usually decreaseswith time,
in the beginning quite rapidly, later more slowly. The



40 ANNEX A: DOSE ASSESSMENT METHODOL OGIES

decreaseis seen particularly in clay soilsand isdueto the
fixation of caesum by clay minerals such as illite and
vermiculite. In organic soils the decrease is mainly dueto
redistribution of caesium within and transport out of the
rooting zone. Strontium is less firmly fixed to the soil
matrix and is thus more available for root uptake than
caesium. The higher mobility of **Sr also means that this
radionuclide migrates faster than *’Cs through the soil
column. Neverthel ess, root uptakeof ®Sr generally remains
significantly greater than that of *"Cs over periods of
several years, and for terrestrially produced foods a
generally increasing ®Sr/*"Cs ratio will occur with time
after deposition.

137. Under special circumstances the root uptake,
especially of ¥Sr, may increase with time after contamina-
tion. Thishasbeen observed, for example, in thenear zone
around the Chernobyl reactor where some of the ¥Sr was
imbedded in uranium fuel particles. Weathering
throughout the years has dissolved these fuel particles,
making the®Sr availablefor del ayed root uptake by plants.

(¢) Animal pathways

138. Several important pathwaysfor thetransfer of radio-
nuclidesto the diet of humansinvolveanimal food chains,
including milk and eggs from living animals and meat or
flesh from animals and fish. Depending on the radio-
nuclide and the metabolism in the organism, the
concentrations may be enhanced or reduced compared with
the earlier steps of the food chain. Some parts of the animal
are not consumed, eg. bones, shells, skin and feathers, and
this prevents the tranfer from animal products of bone-
seeking radionudlides such as®Sr and plutonium. Bonetissue
might, however, reenter the food chain as bonemed in
variousfodder products, and it might alsoappear infertilizers.

139. The main anima pathway to humans of the
radiol ogicallyimportant radionuclides such as*Sr, **| and
B’Cs is milk consumption. All three radionuclides are
readily transferred from animal fodder to the milk. Other
radionuclides such as the transuranic e ements are absent
or secreted to only avery small extent in milk. Caesiumis
transferred with its chemical congener potassium to the
soft tissues of animals, particularly muscle. Strontium is
preferentially transferred to bone, like its congener
calcium.

140. Fishand shellfish receiveradionuclidesboth directly
from the water and from their food. Some radionuclides
that are of no concern in theterrestrial animal food chains
may be concentrated in aquatic animals. Thisis the case,
for example, for plutonium, which is concentrated in
crustaceans, and for polonium in fish and seafood. A
substantial part of the marinefish catch isused for making
fishmeal, which isused asfodder for pigsand poultry and
for fish produced in fish farms. In this way, marine
pathways may interact with terrestrial and freshwater
animal food chains.

(d) Losses in food preparation

141. Knowledge of the effects of processing and culinary
preparation on radionuclide contents in foods is needed
when assessing the radiation dose to humans from the
ingestion of contaminated foodstuffs. Appropriate
allowances might be madefor the reductions brought about
by food processing to ensure that doses are not
systematically overestimated [N1]. However, the
Committee has not specifically considered this for its
calculations. In some cases, losses via food processing are
considered implicitly, if the assessment is based upon
nuclide content in people.

142. Food-processing retention factors, i.e. the fractiond
amount of the radionudide remaining in the food after
processing, are quite variable, depending on the food and the
processing procedure. Drying foods increases the
concentrationsin the dried products, typically by afactor of 5
compared with the fresh foods. Boiling meat consderably
reduces the radionuclide content. It should, however, be kept
in mind that some of the water used for the boiling may be
consumed as soup or sauce. In dairy products, radionuclides
areretained lessin cream, thus affecting the levdsin various
milk products. Radionuclide contentsin vegetables and fruits
are a0 ggnificantly affected by washing, peding, and
cooking. In particular, the reduction of *'Cs by various
trestments is sgnificant. If crops have been contaminated
only by direct deposition, the effect of washing and peding
will be even higher, because the contamination in that caseis
confined to the outer parts of the crops. Some translocation
may eventually take place.

143. The process of milling cereal grains apportions the
radionuclide content of the whole grain to significantly
lower radionuclide concentrations in the flour and
correspondingly higher concentrations in the bran. The
intakes of *"Cs and particularly *¥Sr are thus higher for
consumersof wholemeal bread than for consumersof white
bread. The concentrations of ¥Sr and **Csin white bread
are 20% and 40% of the concentrations in the wheat,
respectively. In rye bread, the percentageis 75% of that in
the grain for both radionuclides. There is essentially no
transfer of *°Sr or **'Cs to alcohol from grain or potatoes
nor to sugar made from beets.

144. Conversion of foods, e.g. milk to cheese, may also
changetheradionuclide concentrations. Theconcentration
of ¥Sr in cheeseisthustypically 5- 10 timeshigher thanin
milk, while the concentration of *’Csin normal cheeseis
only about 70% of that in milk. Butter contains essentially
none of the ¥Sr and **'Cs present in the milk.

145. Assessments by UNSCEAR have not specifically
accounted for losses in food preparation. Rather, it has
been assumed that dietary intake estimates reflect actual
amountsin prepared and consumed foods. When it appears
that thisis not the case, theintake estimateswill need to be
adjusted.
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(e) Behaviour of tritium and carbon-14

146. The radionuclides tritium and *C require special
consideration because of their high mobility in the
environment and the fundamental nature of hydrogen and
carbon cyclesin the biosphere.

147. Carbon is highly mobile and is distributed throughout
theenvironment. A small fractionation effect reducesenviron-
mental concentrationsof “C by about 5% rel ativeto stable®C,
but this difference is usualy disregarded in the modds.
Carbon-14 released into the environment via the atmosphere
enters the carbon cycle and becomes dispersed in the
atmosphere, terrestrial biosphere, and moregradualy intothe
ocean, ocean sediment and sedimentary rocks. Much of the
carbonin plantshasashort resdencetime, athough carbonis
held longer in woody plant parts and is released only on
decomposition. Turnover time of carbon in humans is
generdly of the order of a few days or weeks. The most
important form of carbon from the point of view of doseis
CO,, sincethisistheformin which carbon becomesbound in
plantsand ingestion contributes 99% of thedosefrom *“C. The
remaining fraction of dosecomesfrominhdation of “Cinair.

148. Tritium released to the atmosphere occurs in two
forms: tritiated hydrogen (HT) and tritiated water vapour
(HTO). HTO is subject to the samewet and dry deposition
processes as other nuclides, but it can also diffuseinto the
soil pore space and the leaf stomates[B7, G1]. If theHTO
gradient isreversed, however, (for example, if awind shift
blows the plume away), tritium will rapidly be lost from
the soil and plants to the atmosphere by evaporation and
transpiration, generating asecondary airborneHTO plume.
HT can diffuseintothe soil and be converted to HTO by an
enzyme-mediated reaction [D2, T2]. Tritium not returned
to the atmosphere by evaporation moves through the soil
primarily by the mass flow of liquid water.

149. Like other radionuclides, tritium enters plants via
root uptake. Under steady conditions, the concentration in
the plant lies between the concentrationsin thesoil and the
air, with a magnitude that depends on atmospheric
humidity and the air/leaf temperature difference [M4].
Some of the tritium that enters plants can be incorporated
into organic compounds to form organically bound tritium
(OBT) [D3]. Tritium bonded to carbon forms non-
exchangeable OBT, which has a much longer retention
timein plantsand animalsthan HTO and so can contribute
significantly to the total dose. Organically bound tritium
makes up only a small percentage of the total tritium
activity in most plants, but up to 90% in grains, which
have a high organic content.

150. Tritiumistakenintothebodiesof animals(including
humans) by thenormal mechanisms, and HTO equilibrates
with body fluids within minutes. For the most part, the
retention time of tritium in the body is about 10 days,
although for the organically bound form it increases to
about 40 days[T3].

2. Food and water consumption

151. The consumption of foods and water by individuals
varieswidely around theworld, depending on climate, food
availability and cultural dietary preferences. Locally
produced or gathered foods are now usualy greatly
supplemented by foods imported from other regions or
countries. Moreover, it is difficult to obtain accurate
estimates of food consumption: there are considerable
individual variations, and many foods are of a seasonal
nature. Averageratesin countriesmay beindicated by food
balance analysis, taking into account local production,
imports, and exports [F1]. These will be overestimates,
however, if losses from wastage or preparation are not
taken into account.

152. When UNSCEAR has needed dietary intake
information, it has used values reported from a few
countries. For example, the analysis of fallout *°Sr transfer
to humans was based on measurements in Argentina,
Denmark, and New Y ork City. For lack of more extensive
data, these results were averaged and assumed to be
generally applicable. Milk consumption has been reported
for many other locations. For general assessment purposes,
the Committee has used an average dietary intake of
500 kg a™.

153. For theanalysisof exposuresfollowing theChernobyl
accident, the Committee compiled consumption datafor al
countriesreporting first-year measurements. These values
were as assessed by scientists of the various countries or,
secondarily, derived from food bal anceconsiderations. The
consumption rates, asgiveninthe UNSCEAR 1988 Report
[U4], are listed in Table 21. This ligting is relatively
extensive, allowing regionaly relevant estimates to be
derived. Some variations within geographic regions are
fairly wide. Some of these differences might be explained
by local habits. Other differences may result from
inconsistencies in the definitions of the food categories,
especialy for leafy and other vegetables. Population-
welghted average valuesfrom thislisting [U4] aregivenin
Table 21. These may be taken to be reasonable
representativefor very broad geographicregions. Changing
dietary habits, however, require such food consumption
data to be periodically updated.

154. Although many regional differencesin consumption
can be noted, the data seem to separate only very broadly
into western and eastern countries. The western diet
contains greater amounts of dairy products and meat.
Thesefoodsarereplaced by grain products, vegetabl es, and
fishin Asian countries. The average val ue of consumption
for the world would not apply to any individual and could
only be used in some generic dose assessments. The
consumption rates of children are lesswell known. In the
UNSCEAR 1993 Report [U3], milk consumption was
assumed to be 120 kg a* for infants and 110 kg a'* for
children. Other foods were assumed to be consumed at the
rate of two thirds (children) or one third (infants) of the
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adult values [C5]. This gives consistent and reasonable
values to be used in dose assessments (see Table 13 of
Annex B, “Exposures from natural radiation sources”).

155. Drinking water intake has been estimated for
reference individuals. For both water and beverages, the
estimatesare 500 | a* for adults, 3501 a* for children and
1501 a*for infants[17]. Sincethewater balanceis affected
by ambient temperatures, regional estimates of these
quantities should be established, if possible.

156. The consumption of foods from semi-natural and
natural ecosystems, such as mushrooms and game, varies
widely and is, in general, poorly known. Although these
foods may comprise only afew percent (5-10kga™) of an
individual’ stotal annual dietary intake, such intake could
be important for some radionuclides in certain times and
places such as the arctic food chain (lichen-caribou/
reindeer-human) for both natural and fallout radionuclides
and for consumers of game and forest mushrooms and
berriesfor *¥Csfollowing the Chernobyl accident. Usually
only avery small portion of acountry’s population will be
significantly affected, so collective doseestimatesarelittle
modified. For further analyses of these situations, better
data on the consumption of these foods are needed.

3. Methods for estimating exposures
(&) Atmospheric nuclear testing

157. To make reliable assessments of doses through the
ingestion pathway of radionuclides released in atmospheric
nuclear testing, extensiveempirical datawerecompiled onthe
concentrations of therelevant radionudidesin different types
of food and the diets of different population groups. The data
were analysed in previous reports of the Committee,
especialy for *Sr and **'Cs, which together with *C, arethe
main contributors to the ingestion dose commitments from
this practice [U6, U7]. To evaluate the transfer coefficients,
regression analyseswere applied to modd s rel ating measured
radionuclide concentrations in diet to the annua deposition
density rates and the measured concentrations in relevant
organs. Information on diet and deposition levels of other
radionuclidesareincomplete, so the P, coefficients estimated
for such radionuclidesarelessrdiablethan thoseavailablefor
903- and 137CS.

158. The empirical model used to relate the deposition
density of aradionuclide, specifically °Sr or *'Cs, to the
integrated concentration in components of the diet or in
total diet isthe following

¢ = bIFi * bZFi—l * ba Z e _}mFi—n @)

n=1

where G is the concentration of the radionuclide in a food
component or in the total diet in the year i due to the

deposition density rate in the yeer i, F, in the previous year,
F_,, and in all previous years, reduced by exponential decay.
The exponential decay with decay congtant . reflects both
radioactive decay and environmental loss of theradionuclide.
The coefficients Iy and the parameter ) are determined by
regression analysis of measured deposition and diet data.

159. The transfer coefficient from deposition to diet is
given by

Py =
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From the above modd, the transfer coefficient can be
expressed as

Pzg _ bl +]O2 +b36 _}Ll‘n/(lie —M‘n) (29)

where b, are the transfer components per unit annual
deposition: b, is the transfer in the first year, primarily
from direct deposition; b, isthetransfer in the second year
from lagged use of stored foods and uptake from the
surface deposit; and b; isthetransfer viaroot uptake from
the accumulated deposit. The units of P,; and b, are
Bg akg™ per Bgm. In the exponential term, the unit for
) isa*andmisaconstant equal to oneyear. The values of
the parameters used are given in Table 22.

160. Results of regression fitting of this fallout mode to
monitoring data were presented in previous UNSCEAR
Reports [U6, U7, U8]. Relatively minor adjustments in
parameter values were needed in the fits to extended
monitoring data, indicating, in particular, that the
projections of long-term transfers are confirmed.

161. Adequaterepresentations of transferstothetotal diet
or to separate components of the diet are obtained for
relatively uniform deposition during the year, as occurred
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
timeof deposition and on short-term restrictionson certain
foodsin the diet that may have been imposed.

162. If P, is multiplied by the individual annual
consumption of food (kg a'?), the transfer coefficient Py,
which relatestotheintake of the radionuclide, is obtained.
Thetrandfer coefficients P, then relate the intake amount to
thedose (Sv Bg'%). Thisisacommitted dosethat accountsfor
longer-term retention of the radionuclide in the body.

163. The Committee's earlier evaluations of transfer
coefficients related the integrated concentration of the
radionuclide in the body to the dose [U6]. For ®Sr, the
empirical relationship was as follows:
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where C,; and C; are the concentrations of *¥Sr in bone
and diet in the year i and the parameters c and g may be
related to short- and longer-term components of *Sr
retention in bone. The exponential term accounts for
radioactive decay and removal from the body. Average
values derived for the parameters are listed in Table 22.
This formulation is useful for determining the annual
components of dose from a specific deposition occurrence.

164. The results of transfer coefficient evaluations for a
number of radionuclidesarelisted in Table 23. For ¥Sr and
BCs, the values are the same as those previoudy derived
[U3]. It should be stressed that thetransfer coefficients P,
P,, and P, are all calculated for an even distribution of
the deposition throughout the year, as was the case for
global falout from atmospheric nuclear testing. If the
deposition occurs during the winter season, the transfer
coefficients are lower, and for a summer deposition they
are higher than the value for the even distribution.

165. The transuranic radionuclides considered by the
Committee in dose evaluation from atmospheric testing
were Z8Pu, Z%Pu, 2°Pu and #*Pu together with its decay
product *Am. The empirical model described above,
equation (27), has been used to relate the deposition
amount to the integrated levels in diet. The lag term,
however, was not included (b, = 0).

166. As the number of measurements of the annual
ingestion intake, I;4, of plutonium radionuclides were very
few and covered only 11 years, the determination of % is
very uncertain; large variationsin the value of i result in
only small variationsin thevalue of ;. Taking % to bevery
small, Bennett [B2] found the average solutions for b, and
b,tobe3.3102Bqper Bgm2and 3.5 10* Bq per Bqm?,
respectively, for 2Py, The estimation of P, dependson
the real value of . It could be as low as 5 1072 Bq per
Bg m2 if the availability of plutonium decreases with a
mean residence time of 50 years (. = 0.02a ") and as high
as about 10 Bq per Bq m2 for 2°Pu and 3 Bq per Bq m™
for 2°Py, if the availability of plutonium decreased only as
aresult of radioactivedecay (. =310°a*and110*a™?).
Aarkrog [A4] estimated thetransfer of 2°2°Pu to bread, an
important component of diet, to be 2 102 Bq per Bq m™2
Until additional information becomes available, the
geometric mean of the extremes for transfer to total diet
can be assumed for the transfer coefficient P,g,, namely,
0.7 Bq per Bq m2 This result corresponds to a mean
residence time of 2Py in soil of about 100 years, the
value that was al so adopted in Annex C of the UNSCEAR
1982 Report [U6] for the mean residence time in soil of
long-lived natural radionuclides released from industrial
plants.

167. For Z®Py, theabove estimate of P,,, Using the50- year
residence time in soil is appropriate, considering the
similar radioactive half-life of thisisotope. Given the short
half-life of *'Pu (14.4 a), the value of Py, is dominated by
the rate effect and is taken to be equal to 4 102 Bq per
Bg mZ In the case of 2Am, the formulation is
complicated by the need to take the decay of #'Pu into
account. Using the equivalent of equation (29) and taking
s to be very small and b, to have the same value as that
obtained for 2°20py, Bennett [B11] estimated b, to beequal
to 8 10 Bq per Bg m™2 Thisvalueis very uncertain, as
only one measurement of the annual dietary intake of
21Am has been reported, but it pointstothe possibility that
americium contained in the soil may be dightly more
availableto plantsthan plutonium. Thevalue of P,,can be
roughly assessed to range from 6 1072 Bq per Bg m™2for a
residence time of 2?Am in soil of 50 years to 0.7 Bq per
Bg m2 if the availahility of *’Am decreases only by
radioactive decay. The geometric mean of this range is
0.2 Bq per Bqm™

168. Theegtimated values of the transfer coefficients for the
transuranic radionudlides are lisged in Table 23. These
etimates are about 20 times higher than those used
previoudy by the Committee because of the higher values of
the dose factors that have since been recommended by ICRP.
The total dose from plutonium will, however, not be
influenced by thischange becausethe dominating pathway for
plutonium isinhalation, and herethe dosefactorsare reduced
by a factor of 4 (for dass Y = type S). The transfer
coefficients for *Am are aso listed in Table 23.

169. Curiumischemically very smilar to americium, and it
may be assumed that the transfer coefficients for the various
curium isotopes can be calculated as for 22Am, taking the
half-lives of the curium isotopes into consideration.
Curium-244, which has a half-life of 18.1 years, can thus be
assumed to have a P, coefficient equal to 0.04 Bq per Bgm 2
and with thedosefactor 1.2 1077 Sv Bq %, Py isestimated to
be 5 nSv per Bqm2

170. Less complete data are available for deriving transfer
coefficients for !, Ba and **Fe. Radioiodine can be
transferred rather quickly via the pasture-cow—milk chain to
humans. Hence, although ! is a short-lived radionudide
(half-life 8 days), it may contribute significantly to the dose
in thefirst weeks after ardease. Py, for 1| was calculated to
be 0.07 Bq per Bq m2 from a P, coefficient for milk of
0.63 mBg al™* per Bg m2 and an average milk consumption
rate of 0.31 d™*. The dose factor for **!| ingestion by adultsis
2.210°8 Sv Bq'?, S0 P, becomes 1.5 nSv per Bqm for 4.
For the age group 0- 1 year, daily milk consumption is0.9 |
and the dose factor is 1.8 107 Sv Bq™?, s0 in this case Py
becomes 37 nSv per Bqm™2. A weighted average of Py for all
age groups for ingestion is 4.3 nSv per Bq m™ for 4.
Similar considerations were applied for °Ba. The estimates
areincluded in Table 23.
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171. Thetransfer coefficient P, for ®Fewas estimated in
the UNSCEAR 1993 Report [U3] to be 10 Bq per Bq m™.
For adults, P,;is3.3107° Sv Bq* for ®Fe, and P, for the
ingestion of *Fe becomes 3 nSv per Bq m2 It should be
noted that P,,, for ®Fe also includes a contribution from
consumption of fish, which are known to concentrate *Fe
from seawater [110]. Hence P, for ®Fein the terrestrial
environment is overestimated. Values of 6 Bg per Bgm™
for Py, and 2 nSv per Bg m 2 for Pagys, assumed applicable
for terrestrial pathways, have been inserted in Table 23.

172. Although not previoudy considered in exposure
evaluationsfrom ingestion, somelimited datamay be used
to derive rough estimates of transfer coefficients for >*Mn
and *Ce. From measurements of *Mn in grain in
1962- 1966 in localized areas in the northern hemisphere
[A5], the transfer coefficient from deposition density to
concentration in grain was estimated to be 0.025 Bq a
kg per Bg m2 Assuming an annual consumption of
grain products of 80 kg and that all *Mn in the diet comes
from grain products, P, becomes 2 Bg per Bq m™2. For
adults, Py is 7.1 107%° Sv Bg* for *Mn, and Py, for
ingestion of *Mn becomes 1.4 nSv per Bgm™.

173. Cerium is rdatively unavailable to plants. Assuming
that a firg-term component smilar to that of plutonium
applies and that there are no other terms because of the short
half-life of 4‘Ce, the transfer coefficient P,;, would have the
value0.1 Bqper Bqmr2 Thefurther transfer coefficientshave
been added in Table 23.
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Figure IV.Ingestion exposurefollowing unit deposition
(1 Bg m™) of radionuclides.

174. The above analyses have been made to derive dose
commitmentsper unit deposition density, but annual values
of contributionsto dosefrom asingle deposition event may
be useful and can also be provided. These values are given
in Table24. Because of the short half-lives of **| and °Ba,
the dose is delivered within a few weeks of deposition and
for #Sr, within a few months. All of the doseis delivered
within oneyear of thedeposition. Thereisnomode for the

transfer of *Feto diet, but an approximation may be made
on the pattern of transfer of longer-lived radionuclides to
diet, namely significant transfer within the first two years
following deposition and residual transfer over the
remaining mean life of the radionuclide (see footnote to
Table24). The empirical modelsfor ¥Sr and *¥'Cs provide
the time course of transfer to dose for annua periods
following deposition of these radionuclides. The annual
contributions to dose from ingestion for a period of 10
yearsfollowing deposition areillustrated in FigurelV. The
contributions beyond 10 years, which are significant only
for ¥Sr and *¥'Cs, are given in Table 24. The total of all
annual contributionsis equal to the dose commitment.

(b) Nuclear installations

175. Radionuclides released to the atmosphere from
nuclear installations may contribute to exposures from
ingestion in the local and regional areas surrounding the
site. The concentrations of the radionuclides in the
environment and the doses are too |ow to be measured, but
they can be estimated with calcul ational methods.

176. Thedisperson eimation method described in Section
I.B.3 and applied to the externa exposure pathway is also
applicabletoingestion exposure, subgtituting in equation (24)
the P, transfer coefficients for ingestion intake. A more
specific designation of the ingestion transfer coefficients is
P,ss. Thevaluesin Table 23 are applicable also to the case of
routine continuous or long-term averaged releases of radio-
nucdides from nucdear ingalations. Several additiona
radionuclides not normally included in analysis of weapons
fallout but present in releases from nudear ingtallations such
as *Fe, ®Co, ®Co and **Cs have been added to Table 23.

177. The estimates of local and regional collective dose
from ingestion per unit release of radionuclides from
nuclear installationsare presented in Table 25. Theresults
should be adjusted if it is known that some portion of the
diet is derived from non-local foods. Also the represen-
tative population density may not apply to specific sites.
The representative values of population densities for
various steps of the fuel cycle are given in Table 26.

178. Specific values given in Table 25 of the collective
doseper unit releaseare needed in exposure eval uationsfor
releases from separate fuel cycle installations. For the
general category of particulates released from reactors, a
representative composition may beassumed (seeparagraph
96). The weighted average collective doses from ingestion
per unit rel ease of particulates areincluded in Table 25. Of
course, the specific radionuclide weightings should be
adjusted, if the exact composition of the release is known.

179. Analternativemethod, thespecific-activity approach,
is used to estimate doses from tritium and *C. In this
approach the specific activity of C, for example, in
ingested food and water (activity per gram carbon) is
assumed to be the same as the activity per gram carbon in
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air at the point of interest. Thisisagood approximation for
situations where rapid exchange occurs, such as between
atmosphere and terrestrial biota, and the specific-activity
model provides a good estimate of **C doses for chronic
releases from nuclear facilities. However, itisnecessary to
know the carbon content of plants and animals to apply
this approach rigoroudy. The specific activity in air is
reflected in humans after about one year.

180. Thespecific-activity mode for tritiumisexpressedin
terms of the tritium to hydrogen atom ratio. For agueous
compartments (air moisture, plant water, soil water and so
on), the constancy of thisratio is equivalent to assuming
that the HTO concentration in Bql*isconstant. However,
a grict specific-activity approach overestimates doses for
tritium, since it assumes a level of equilibrium between
tritium in the environment and in the atmosphere that is
rarely achieved. Concentrations in precipitation, and
therefore in soil, are lower than those in air, because the
airborne plume is not always present when precipitation
occurs. Concentrations in plants will be lower than those
in air by an amount that depends on the transpiration rate.
Concentrationsin drinking water tend to bemuch lessthan
air concentrations because of thelarge dilution that occurs
in most drinking water sources. Concentrationsin animals
and humans reflect the concentrationsin thefood products
and drinking water they ingest.

181. Thegeneral formulafor thespecific-activity approach
to evaluate the collective doseis as follows:
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where |, isthe ingestion intake rate of the stable form of
element n (kg a*); C,, is the concentration of the stable
form of element nin air (kg m™3); d,; is the effective dose
per unit intake by ingestion of radionuclidei (SvBg™); and
N, and N, are the population densities in the local and
regional areas. For tritium, the exponent in the power
function of distance should take the value 1.2 rather than
1.4 because of lesslocal retention of deposited tritium.

(i) Tritium

182. Application of equation (31) for tritium requires
edimates of the intake rates of both water-bound and
organically bound hydrogen in foods and drinking water. To
account for the fact that tritium concentrationsin the various
foodgtuffs ingested are lower than the concentrations in
moisturein air, 1, is determined as follows:

Ig,n - z‘: fiUi (32)

where U; is the intake rate of hydrogen from ingestion of
food type i and f; is the ratio of tritium concentration in
food typei to the concentration in moisturein air.

183. Representative intake rates of plant foods, animal
foods, and drinking water may be assumed to be 370, 170,
and 500 kg a™*, respectively. With typical water content of
plant foods of 85% and of animal foods of 78% [D6] and
the hydrogen content of water being 11.1%, the intake
rates, U;, of water-bound hydrogen are 35 kg a* in plant
foods (370 x 0.85 x 0.111), 15 kg a* in animal foods
(170 x 0.78 x 0.111), and 56 kg a'* in drinking water (500
x 0.111).

184. In the organic matter of foods, the hydrogen content
is, on average, 5.8% in plant foods and 8.4% in animal
foods [D6]. The intake rates, U,, of organically bound
hydrogen are thus 3.2 kg a* in plant foods (370 x 0.15 x
0.058) and 3.1 kg atinanimal foods (170 x 0.22 x 0.084).

185. Thevauedf f; for plant foodsis about 0.8 or less[D1,
H3, H4, M4]. For drinking water the value of f; is variable,
depending on local conditions. At siteson largewater bodies,
wheretritium entersonly from the atmosphere, f; tendsto be
lessthan 0.1 [L2, N6]. Larger values of f;, even approaching
1.0, might apply to small water bodies, but thelow volume or
flow rate of such sourceswould limit the suitability of the site
to supply drinking water. Larger values of f; could also apply
to stes downstream of liquid discharges of tritium [N6] or if
groundwater had been contaminated. Both of these cases,
however, do not pertain to atmospheric rdeases. For the
present calculations, f; for drinking water isassumedto be0.1.
The vaue for specific stes should be based on local
conditions. For animals, it may be assumed that 40% of water
intakeis derived from drinking water [R1]. Thevaue of f; for
animal foods s thus estimated to be 0.5 for combined intakes
of drinking water and plants (0.4 x 0.1 + 0.6 x 0.8).

186. It will be assumed that the concentration of organically
bound tritium (Bq |* water equivalent) is the same as the
concentration of water-bound tritium in both plants and
animals so that the same values of f; apply to the agqueous and
organic phases. The value of Iy, is then estimated to be
40kg atin water-bound form (0.8 x 35+ 0.5 x 15+ 0.1 x 56)
and4kgain organically bound form (0.8 x 3.2+ 0.5 x 3.1).

187. The annua average content of water vapour in air is
assumed to be 8.1 g m3 [U6], implying that C, for hydrogen
1910 * kg m3. Popul ation densities surrounding the point of
release are given above. The dose per unit intake, dy, was
previoudy taken to be 22 10 Sv Bg* for water-bound
tritium [U4, U6], but the value now recommended is 1.8 10
Sv Bg* [15]. The dose coefficient for organically bound
tritiumis4.2 10 Sv Bq * [15]. Applying these parametersin
eguation (31), recalling that for tritium the exponent in the
power function is 1.2, and summing the water- and
organically bound doses, the result is 2.1 man Sv PBg*
(local plusregiona exposure) (Table25). Thedilution factor
and the dose per unit intake are lower than in previous
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assessments by the Committee, and theallowancehasbeen
madefor reduced environmental concentrationsrelativeto
moisturein air. Thesereductions are partially offset by the
use of a smaler exponent for the decrease in air
concentration with downwind distance and the separate
consideration of organically bound tritium. The net result
is a dose lower by about a factor of about 4 than the
previously derived value of 9 man Sv PBg ! [U4, Ug].
Organically bound tritium contributes about 20% of the
dose but would contribute more for diets high in grain or
rice, which have high organic fractions.

(i) Carbon-14

188. The dose from local and regional exposure to *“C
released to the atmosphere represents only a small
proportion of the total dose commitment. The main
significance of *C stems from its global dispersion and
entry into the carbon cycle, leading to long-term exposure
(see Section V.B). Thelocal and regional collective dose
commitment was previously assessed by the Committee
using the specific-activity approach. The Committee
assumed in its 1982 Report [U6] that the release of “C is
in the form of CO, and the concentration of carbon in the
atmosphere, C,, is0.16 g m™3. A morerecent, revised value
is0.18gm3[T1]. Theintakerate of carbonis300gd* by
men and 210 g d* by women, averaging 93 kg a * intake
by ingestion, I, The dose per unit intake of *C by
ingestion is5.8 10" Sv Bq ™ [15]; the value formerly used
was 5.6 107 Sv Bq™ [U6]. It is assumed that, unlike
tritium, all components of the diet attain the specific-
activity level of air at the location of interest downwind
from the source. Substituting these parameters into
equation (31), the result is 270 man Sv PBq* (local plus
regional exposure) (Table 25).

189. For both tritium and **C, the approximations of the
specific-activity method are recognized. The assumption
for *C that all intake attains the specific activity at the
point of calculation is not realigtic. For tritium, the
concentrations in the environment, although allowed to
differ from the concentration in air, are probably
overestimates. For both radionuclides, thetimedistribution
in the delivery of the dose must be ignored. The approach
thus probably leads to overestimates of the doses.
Nevertheless, the method has the advantage of being a
simple approach that can be easily adjusted for alternative
parameters that might more accurately reflect actual local
conditions.

190. Significant doses from a short-term *C release will
berecelved only in theyear of therelease. Carbon-14 doses
ariseonly fromingestion and oncethefood crop of the year
of release is consumed, there are no significant pathways
for further exposure. Small amounts of *C deposited in the
soil during the release may be re-emitted and taken up by
plants, but concentrations would be very low and doses
imparted by eating the plants would be insignificant
compared with those received in the year of release.

C. RADIONUCLIDES RELEASED TO THE
AQUATIC ENVIRONMENT

191. Radioactive contamination of the aguatic environment
may result in ingestion doses by three pathways: drinking of
freshwater from both surface and ground sources,
consumption of biota living in the water, typically fish, and
consumption of terrestrial foods that have been contaminated
by the use of freshwater for irrigation, by the application of
sedimentsas soil conditioners, or by theapplication of aguatic
plantsasfertilizer. Water consumed by animalsmay alsoform
apathway for the transfer of radionuclides to the human diet.
Shoreline deposits of contaminated sediments can contribute
to external exposures.

1. Transfer processes

192. Radioactive material released to the aquatic
environment istransported and dispersed by advectiveand
turbulent processes occurring in the water body.
Interactions between radionuclides and suspended matter
and sediments may remove radionuclides from the
solution. It isconvenient to consider separate categories of
water bodies for modelling the behaviour of radioactive
material: lakes, rivers, groundwater, coastal seas, and
oceans.

(&) Lakes

193. Contaminantsin lakes may occur in solution in the
water phase or in the sediments. Most radionuclides occur
in both phases, and the distribution factor K, describes
thelr partition between water and sediments. Lakesreceive
water from rivers, soil run-off and rainfall and lose water
by outflows and evapori zation. Themean residencetime of
thewater in alake depends on thisin- and outflux of water
to and from the lake. The mean residence time of the
radionuclide in the water phase of a lake depends
furthermore on the K, for the radionuclide and its
radioactive decay. The water chemistry of the lake (pH,
mineral and organic matter content, and redox) influence
K¢ Thesefactorsal soinfluencetheuptake of radionuclides
in biota. Lakes that are low in nutrients usually show
higher concentration factors from water to biota than
nutrient-rich lakes.

(b) Rivers

194. Riversmay beconsidered aslakeswith ahighin- and
outflux of water. Thus, the mean residence time of
radionuclides in water in a river is usually significantly
shorter than that in alakefor asimilar volume of water, so
lower concentrations are usually found in rivers than in
lakes for the same input of radionuclides to the two
systems. The amounts of water carried by ariver may vary
considerably throughout the year. In the spring, when the
snow melts, the river may cover an area severa timesthat
covered in thedry season of theyear. Theflood land along
ariver may retain radionuclides carried by theriver water,
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and this contamination may be released to theriver again
in subsequent years. Accordingly, it ismorecomplicatedto
model the behaviour of radionuclidesin river systemsthan
in lakes. Sedimentsin the river bed may, during flooding
conditions, also betransported to new locationsin theriver
system and eventually be carried tothe sea. Sediments may
also be disturbed by dredging and other activities.

(¢) Groundwater

195. Lakes and rivers contain 0.3% and 0.003%,
respectively, of thetotal freshwater inventory of the world
[U14]. Ice sheets and glaciers contain 75% and
groundwater theremaining part, i.e. about onefourth of all
freshwater is present as groundwater. Groundwater is, in
general, well protected against atmospheric radioactive
contamination, because adsorption, chemical precipitation
and ion exchange prevent or delay the migration of many
radionuclides, such as *Sr, *¥'Cs, and #92°Pu. But some
radionuclides, especially those of a noncationic form, e.g.
tritium, *Tc, and I are not completely retained by the
soil. Tritiumintheform of HTO isparticularly mobileand
isreadily measurablein young groundwaters (less than 30
years). Groundwater may be contaminated in connection
with underground waste disposal. This has been seen, for
instance, at the Hanford site in the United States, where
liquid waste has been discharged to the ground,
contaminating the groundwater, first of all with tritium.
Underground nuclear explosions at, for example, the
Nevada test site, contaminated groundwater with tritium
[M9]. The contamination of groundwater by long-lived
radionuclides may be of interest in connection with the
permanent disposal of high-level waste in underground
depositories.

(d) Marine waters

196. The total volume of the water in the ocean is
1.37 10 | [K1], which is four orders of magnitude more
water than found in rivers and lakes together. However,
most of the water in the ocean belongs to the deep ocean
which is not used by man for food production. Fish and
other marinefoodsaremainly produced in the coastal seas,
which have a mean depth of about 50 m and a volume of
1.37 101, or 0.1% of thetotal water volume of the ocean.

197. Some coastal seas are much like closed systems, and
theresidencetime of thewater in such systemsisrelatively
long. Other coastal waters have a more direct connection
to the open ocean, and the mean residence time there is
shorter. In the present context, the North Sea has been
taken asatypical coastal sea, and the mean residencetime
of the water of the North Sea has been taken as
representative of all coastal seas.

198. Unlikefreshwater systems, wherethe composition of
the water shows great variation, marine waters generally
have the same mineral composition. The increase in
salinity in the transition from river to sea causes a

desorption of radionuclidesfrom sediments. Thedecreased
fixation in estuaries is partly counterbalanced by a lower
uptake by biota.

2. Methods for estimating exposures

199. Dose assessments for radionuclides released to the
aquatic environment require, in general, information on
theactivity of each radionucliderel eased, thevolumeof the
receiving water into which the radioactive material is
diluted, the concentration levels reached in fish and
shellfish, the factors regarding removal to sediments and
exchange rates of water bodies, and the number of
individuals who use the water for drinking purposes and
who consume fish.

200. Thelocal and regional collective dose commitments
from radionuclides in liquid effluents can be estimated
using the expression

Ai
V(t+a)

c _
i

Y N L d, (33)
- :

where A, (Bq) isthe activity of radionuclidei released to
water; V (liters) is the volume of the recelving water; t
(@) is the reciprocal of the mean residence time of a
radionuclide in the receiving water assuming no decay
(removal to sediments is incorporated implicitly in this
value); % (a?) is the radioactive decay constant for
radionuclidei; N, isthe number of individuals for pathway
k; f; (Bq kg per Bql™) isthe concentration factor for an
item in pathway k for radionuclide i; I, (kg a?) is the
individual consumption rate of pathway item k; d
(Sv Bg'h) isthe effective dose per unit activity ingested.

201. The quantity A/V(z + %) (Bq a ™) is the integral
concentration in water for release of an activity A (Bq) or,
alternatively, the equilibrium concentration in water, C,;
(Bql™), for aconstant continuing releaserate (Bqa'?). The
equilibrium concentration in fish or shellfish is C,f,;
(Bg kg ), where f,; is the appropriate freshwater or salt-
water concentration factor.

202. For radionuclide releases to small volumes of water,
the concentrations in water or fish may be high, but the
population that can be served with drinking water or by
fish production will belimited. For releasestolarger water
volumes, the concentrations will be less, but the popula-
tions involved will be correspondingly larger. In fact, the
NJ/V relationship could be taken, in a crude
approximation, asrelatively constant, theinverse of which
indicatesthewater usewith regard to the specific pathway,
k, of each individual in the population.

203. For the drinking water pathway, a value for the
quotient V/N, of 2.2 10" | man™*isassumed for estimating
the collective dose commitments from generalized liquid
releases. Thisvalue is assumed to be a global average and
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is obtained from an estimated global total of 1.3 10" | of
freshwater in lakes (1 10% |) and rivers (annual flow
0.3 10% 1) [U7], serving aworld population of 6 10°.

204. Averagefish plusseafood consumption per individual
isabout 8 kg a'?, ranging from 4 to 6 kg a* in the Near
East and Africato 10- 14 kg atin the Far East and Europe
[17]. It may be assumed that the annual consumption is
6 kg a* ocean fish, 1 kg a* freshwater fish and 1 kg a*
shellfish. Total freshwater fish consumption by the world
population isthus6 10°kg a'*, which, when acorrection is
made for an edible weight of 50%, agrees with the
estimated annual global harvest of 10%° kg landed weight
[F2]. Dividing by the global freshwater volume given in
the above paragraph, the result is 4.6 108 man kg a* 1%,
which will be assumed to be the factor N,l,/V needed for
estimating collective doses from freshwater fish
consumption.

205. Theannual global ocean fish and shellfish harvest is
10" kg landed weight [F2], which is consistent with the
ocean fish and shelfish consumption by the world
population, 42 10° kg a. The catch mostly takes place
within the continental shelf over an area of 27.5 10° km?
and with a mean depth of approximately 50 m [K1]. The
volume of thesewatersisthus 1.4 101, Thefactor NI,/V
required for the salt-water fish and shellfish pathway is,
therefore, 3 108 man kg a* I™X. This is about 35 times
higher than the factor used in the UNSCEAR 1977 Report
[U7]. The mean residence time of the water over the
continental shelf is assumed to be the same as that
observed for the North Ses, i.e. approximately 3 years for
95r and ¥'Cs [N2] and 3.5 years for 2Py (first pass).
Experience from Chernobyl has shown the turnover time
of ¥'Csin freshwater systemsto be 0.3 a'?, i.e. similar to
theturnover observed in coastal waters. Thisturnover rate
isless by afactor of 3 than thevalue of 1 a* used in the
UNSCEAR 1977 Report [U7]. For *Sr, theturnover ratein
freshwater systemsis0.2 a%, somewhat lessthan for **'Cs,
owing to alower sedimentation rate.

206. The specific-activity concepts for tritium and *“C
discussed above apply in aqueous systems as well as in
terrestrial systems. HTO released to a water body is
transported in thesameway asother radionuclidesbut with
the additional process of evaporation, which can have a
large influence on HTO concentrations in some systems
[H5]; neglecting this evaporation will result in
overestimates of thetritium concentration. For an atmo-

spheric release, concentrationsin water bodies are usually
much lessthan in air because of thelarge amounts of water
availablefor dilution. Uptake of HTO by aquaticorganisms
is very quick: concentrations in tissue become equal to
water concentrations within minutes or hours. Aquatic
plants form organically bound tritium through photo-
synthesis. Fish and invertebrates also produce small
amounts of organically bound tritium from the HTO in
their bodiesand can directly incorporate organically bound
tritium taken up through ingestion.

207. The calculations made here of local and regiona
collective dosesfrom tritium and **C in liquid effluentsare
based on equation (33) rather than on the specific-activity
model . Becausetritium concentrationsin water and aguatic
organisms are essentially the same, f,; = 1 for tritium. On
the other hand, f,; for **C is very high, since the carbon
content of the organismsis much greater than the carbon
content of water.

208. The parameters used and the estimates of collective
dose per unit release of radionuclides to the aquatic
environment are given in Tables 27 and 28. The estimates
are the local and regional components of collective dose.
Many radionuclides have been included that might haveto
be considered in specific circumstances. For releases of all
radionuclides other than tritium in liquid effluents from
reactors, itisuseful tospecify arepresentativecomposition,
as was done for particulates in airborne effluents. The
release composition can vary widely depending on the
reactor type, the fuel integrity and the waste management
practices. A representative composition is given in Table
29, which is derived from previously reported data [U3,
U4]. Although these referred mainly to PWRs and BWRSs,
the composition can betaken to be reasonably applicableto
all reactor types. For analysis of worldwide rel eases from
reactors, the Committee has used an average of the results
for releasesto freshwater and to salt water. In thiscase, the
estimated collective dose per unit release of the
representative composition of radionuclides in liquid
effluentsis 330 man Sv PBq . Moreappropriate selections
and weightings of values can be made in applications to
actual circumstances of rel eases from specific sources.

209. For many radionuclides, sediment removal considera-
tions and radioactive half-lives limit the contributions to
global collective doses. Only a few radionuclides achieve
widespread, global dispersion, and theseare considered in
the following Chapter.
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V. GLOBALLY DISPERSED RADIONUCLIDES

A. TRITIUM

210. Estimatesof dosesfrom globally dispersedtritiumare
requiredfor three sources: natural occurrence, atmospheric
nuclear testing, and nuclear power production. The most
direct estimates of dose are obtai ned from measurements of
the environmental concentrations of tritium, which have
been made at a number of locations worldwide and from
which individual doses from natural tritium and tritium
produced in atmospheric testing may be inferred.
Collective doses can be determined from an assumed
variation of dose with latitude and the known population
distribution. Dosesfrom globally dispersed tritium arising
from nuclear power production cannot be derived in this
way, since the concentrations are undetectable beyond a
few kilometres from the release point. Instead, the doses
are estimated from model calculations.

211. The Committee based its estimate of the annual
effective dosefrom natural tritium on measurementsof the
uniform levels of tritium in surface waters (and in the
human body) prior to input from man-made sources. The
estimated effective doseto individualsis 10 nSv a* [U7].
With reference to the total annual production of natural
tritium of 72 PBg a* (see Annex B, “Exposures from
natural radiation doses’) and the present world popul ation
of 6 10°, the collective dose per unit releaseis 6 10° x 10
nSva'+72PBga’=0.8manSvPBq* Consideringthe
population of each hemisphere (89% north, 11% south),
the collective doses per hemispheric input are 1.5 man Sv
PBq* for the northern hemisphere and 0.2 man Sv PBq*
for the southern hemisphere.

212. The doses from tritium produced in atmospheric
testing were estimated initially from measurements of the
concentrationsin surface waters[B3]. The estimated dose
commitmentswere 20 uSv in the northern hemisphereand
2uSvinthesouthern hemisphere[U7]. Based on estimated
inputs of tritium into the atmosphere from the practice of
1.9 10® Bq to the northern hemisphere and 0.5 10° Bq to
the southern hemisphere [U6] and applying the natural
tritium dose/production rate ratio, the estimates of dose
commitment were adjusted to 51 pSv and 14 pSv in the
northern and southern hemispheres, respectively [U6].
Theselast valueswere derived from and correspond to the
dose coefficients given at the end of the previous para-

graph.

213. The models used to estimate the global doses from
tritium similatetheworld hydrological cycle. Calculations
are thereby made of the specific activity of tritium in the
various global water pools. Mot tritium is released to the
atmosphere as HTO, and tritium gas (HT, T, is
transformed in the soil toHTO. Tritium, therefore, follows
thelocal and global water cycles. The hydrological models
are invariably formulated in terms of compartments, in

which the tritium is assumed to be instantaneously and
uniformly mixed. Transfers between compartments are
guantified using rate constantsthat arebased on theknown
rates of water movement due to processes such as
precipitation, evapotranspiration and run-off. Tritium
concentrations in foodstuffs are assumed to equa
concentrationsin air moisture, soil water or surface water,
depending on the model. The concentration of tritium in
humansiscal culated from an average of the concentrations
in the sources of water ingested, weighted by the relative
amount that each source contributes to intake. Severa
modelsof thiskind exigt, differing primarily in the number
and size of compartments considered. The compartment
approach is sufficient to calculate mean tritium
concentrationsover longtimesand large spaces. Aswell as
providing estimates of doses from nuclear power
production, the models can be used to confirm the doses
from natural production and atmospheric testing deduced
from observations.

214. The smplest modd for estimating global tritium
doses consists of single compartments representing the
circulating waters of the hemispheres (to an ocean depth of
75 m). Themode of Kelly et al. [K3], asimplemented by
NRPB and the Commissariat al’ Energie Atomique (CEA)
[N2], used this basic approach and alowed for dow
exchanges between the hemispheres and the deep oceans.
For arelease to the atmosphere or to surface waters, the
collective dose per unit release was determined to be
0.028 man Sv PBq* relevant to a world population of 4
10°. The Committee used this result in the UNSCEAR
1982 Report [U6] and adjusted it in the UNSCEAR 1988
Report [U5] to 0.032 man Sv PBq * for a population of 4.6
10°. These results are probably underestimates of doses,
because the tritium is mixed in large compartments that
include the world's oceans and is diluted more than it
would beintheterrestrial environment normally accessible
by humans.

215. Improved estimates of the global dose from tritium
are obtained using more realistic model s devel oped by the
NCRP[N3], Bergman et al. [B4] and Killough and Kocher
[K2]. The seven compartments in the NCRP model
represent atmospheric water, surface soil water, surface
streams and freshwater 1akes, groundwater, saline lakes
and inland seas, the ocean surface and the deep ocean
(Figure V). Water volumes and mean residence times of
water in each compartment were estimated, together with
fractional transfer rates for movement among the
compartments. The volumes and transfer rates for the
hemispheres and the world are listed in Table 30. The
intake of tritium by man was cal culated from the predicted
environmental concentrations and the amount of water
taken in through drinking and food ingestion. Eighty
percent of drinking water was assumed to come from
surface streams and freshwater lakes and 20% from deep
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groundwater. Tritium concentration in plant water was
assumed equal t0 0.7 C, + 0.3 C,, where C, and C, arethe
concentrationsin air moisture and soil water, respectively.
Although the NCRP model is not divided into latitude

bands, it can be used to estimate doses from releases to
different parts of the atmosphere by adjusting the size of
the compartments to hemispheric or latitudinal water
volumes.

ATMOSPHERE
A A A A
A A
SURFACE  [SURFACE STREAMS and SALINE LAKES
SOIL. WATER > FRESH WATER LAKES and INLAND SEAs | |[OCPAN SURFACE
A | A AT A
| ¥
DEEP DEEP OCEAN
GROUND WATER

Figure V. Seven-compartment model of the hydrological cycle for global circulation of tritium [N3].

216. The mode developed by Bergman et al. [B4]
improved on the NCRP model by dividing al com-
partments into two latitude zones in each of the northern
and southern hemispheres. It included a separate reservoir
for organically bound tritium in terrestrial biota and was
ableto account for HT releases. The Killough and Kocher
model [K2] separatestheatmosphereinto stratosphere and
troposphere and further subdivided all atmosphere and
ocean compartments, allowing the model to account for
latitudinal inhomogeneities. Killough and Kocher noted
that, without the stratospheric compartments, HTO
entering the northern atmosphereisremovedtoorapidly to
permit significant interhemispheric transport, and
estimates of doses from atmospheric nuclear testing are
unreliable. The use of a diffusive ocean module improved
the ability of the model to estimate concentrations in the
surface waters of the ocean.

217. The estimates of global collective doses from
atmospheric tritium rel eases obtained with several models
are shown in Table 31, together with the estimates based
on natural tritium production. The estimates of the model
calculations arethose available in published reports, since
with the exception of the NCRP model, the codes are too
poorly documented to berun independently. Theresultsare
not easily compared sincedifferent sourcedistributionsare
used. In general, however, thereis a relatively good level
of agreement. The dose estimates for releases to the global
atmosphere are within afactor of 2, regardless of whether
latitudinal zonation is considered or not. This level of
agreement is maintained for releases to the northern
hemisphere, but differences by a factor of 10 arise for
releases to the southern hemisphere. The estimate of
Bergman et al. [B4] for release to the global stratosphere
(0.76 man Sv PBq*) agreeswell with the global dosefrom
natural production (0.8 man Sv PBq ™). The NCRPresults
tend to be lower than those of the other models. Killough
and Kocher [K4] found that the NCRP model under-
estimates observed freshwater concentrations of fallout
tritium by about an order of magnitude and overestimates

ocean concentrations by a factor of 3. Use of the NCRP
model thereforelikely leadsto underestimates of theglobal
collective doses from releases of tritium.

218. The globa collective dose from near-surface
atmospheric releases from nuclear installations is best
obtained from model estimates of releases to the 30°-50°
band of the troposphere in the northern hemisphere. The
Killough and Kocher estimate of 2.3 man Sv PBg tisthe
most reliablein thisregard. The NCRP model result is 0.7
man Sv PBq* for this case, but as noted above, thisis
probably an underestimate. The northern hemispheric
estimate from natural production, 1.5 man Sv PBq?, may
alsoreflect dosesduetoreleasesfrom nuclear installations,
although it, too, may be an underestimate because the
release is not confined to the latitude band in which the
greatest population density is found.

219. Estimates of the global collective dose arising from
rleases to the ocean from nuclear installations are
availablefrom both the NCRP and Bergman et al. models.
Both obtain estimates of doses that are about one tenth
lower than those resulting from atmospheric releases.
Taking the atmospheric result to be 2.3 man Sv PBq?, the
dosefrom rel easesto the ocean becomes 0.2 man Sv PBq .

220. Estimating theglobal distribution of tritium released
from nuclear installationsisadifficult task, and cal cul ated
doses contain an element of uncertainty. Based on a
comparison of model estimates with observations[K?2] and
on thelevel of agreement among the estimates of the more
reliable models, thetrue value of the global collective dose
is believed to lie within a factor of 3 of the values given
above. Much of the uncertainty is due to the large size of
the compartments used in the models. The average
concentrations assumed throughout these compartments
are incompatible with the rapid changes in concentration
that occur in the environment surrounding local sources
and the non-uniform population density that actually
exigts.
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221. The seven-compartment NCRP modd may be used to
demongrate the spatiad and tempora variations in the
edtimated tritium doses (Tables 32 and 33).These results
should be considered illugtrative only, sincethe NCRP modd
does not include latitudina zonation and it tends to
underestimate doses. However, it is wel documented,
transparent and accessible, and its estimates are probably
regligic in terms of trendsif not of magnitudes. Such results
from use of other moddls are unavailable to the Committee.

222. Results of the seven-compartment model [N3] for
releasesto different parts of the atmospheric compartment
are presented in Table 32. The dight difference between
the northern and southern hemispherereflectsthefact that
more of the global land surface (67%) is in the northern
hemisphere and more of the global ocean surface (57%) is
in the southern hemisphere.

223. The time course of the delivery of dose from tritium
released to the atmosphere is indicated in Table 33. In this
example, the saven-compartment model [N3] isapplied tothe
30°-50° latitude band of the northern hemisphere. The
digribution of tritium within the seven compartments is
indicated, with the decreasing tota reflecting radicactive
decay. Theconcentrations of tritium within thecompartments
may be determined by dividing by the water volumes
17 102 m® in the aimosphere, 1.4 10®° m® soil water,
56 10 m? in freshwater, 9.9 10® m® in sdine water,
1.8 10" m® in groundwater, 2.7 10" m® in the ocean surface,
and 1.3 10" m® in the dep ocean. The concentration in
humans is determined from the concentrations in the
environment, weighted for fractional daily intake: 0.991 from
the atmosphere, 0.77 | from soil water (foods), 1.22 | from
drinking water (80% from fresh water and 20% from
groundwater) and 0.02 | from the ocean surface (seafood) for
atotal daily water intake of 3 |. The effective doseis largdy
received within the first few years of reease, snce much of
the tritium is by then transferred to the oceans, from which
less than 1% of the water intake by humansis derived.

224, From the above discusson it would appear that some
consolidation of the results of tritium modeling would be
useful in order to be somewhat more certain about the best
esimates of global doses. On the whole, however, dose
estimates can be sdected that should be adequate for the
generd purposes. In summary, the estimates of the globa
collective doses per unit release of tritium from various
sources are 0.8 man Sv PBq* for natural production, 1.5 and
0.2 man Sv PBg* for northern and southern hemisphere
rel easesfrom atmospherictesting, and 2 and 0.2 man Sv PBg
for airborne and liquid discharges from nudear ingallations.

B. CARBON-14

225, After its release, carbon is distributed among the
various reservoirs of the global carbon cycle: the atmo-
sphere, the terrestrial biosphere, the hydrosphere, and the
lithosphere. The fluxes of radiocarbon and stable carbon

between the different reservoirs are governed by the same
exchange processes. Isotopic fractionation is negligibly
small, within the other uncertainties involved. The total
carbon content in the atmosphere is about 7.5 10" g, of
which the overwhelming bulk is present as CO,. Exchange
of carbon with the terrestrial biosphere and the
hydrosphereis estimated to be 2 10" g a'*, with morethan
half going to the biosphere. The largest reservoir is the
lithosphere (7.2 10% g), but the exchange rates between
this and other compartments are extremely low.

226. Because of the long hdf-life of *C, its consequences
must be evaluated through the collective effective dose
commitment, which is complete about 50,000 yeers after the
rddlease. About 70% of the collective effective dose
commitment will have been delivered by 10,000 years. Mot
modds assume that the globa population grows until the
middle of the next century and then stabilizes at 10'° people.

227. Aswith tritium, the most direct estimates of global **C
dose are obtained from environmental measurements. A
natural production rate of 1 PBq a* leads to an individual
effective dose rate of 12 uSv a*. This implies a collective
effective dose commitment of 120,000 man Sv PBq tif it is
assumed that the equilibrium population of the world of 10
is achieved within a short time compared with the mean
environmental lifetime of *C.

228. Recent interest in climate change has led to the
devel opment of many model sto study the global circulation of
stable carbon. For the most part, these models cannot be used
to cal culate global *C doseswithout major modifications. The
modds discussed bdow are those deveoped specificdly to
asess the doses from man-made sources of radiocarbon. As
was the case for tritium, they are al compartment modd s of
varying complexity. The assumption of instantaneous mixing
in compartments is invalid in the short term for C but is
aufficiently accurate for long-term dose assessment. The
modds predict activities per gram carbon in each
environmental compartment over time. Once mixing is
achieved, the specific-activity model may be used to etimate
collective dose commitments from C. It is assumed that the
specific activity of *C in the carbon ingested by humansisthe
same as that in the most relevant compartments for food
intake (ground vegetation for terrestrial foods and relevant
surface ocean compartments for marine foods).

229. Thelong time required to deliver the dose means that
details of the source location and distribution are not as
important for “C as they were for tritium. For all doses
derived from modd calculations, the rel ease was assumed to
be to a sngle compartment representing the globd
atmosphere, and the results apply equally to “C releases from
natural production, atmospheric testing and nuclear power
production.

230. The models for global carbon dose consider
radiocarbon only in the form of **CO,, as thisisthe only
form in which *C can enter the food chain. Thus, *CO, is



52 ANNEX A: DOSE ASSESSMENT METHODOL OGIES

the only direct contributor toingestion dose, which makes
up 99% of the total “C dose. Assuming that all
radiocarbon isreleased as *CO, will overestimate doses if
hydrocarbons are also present in the emissions. However,
the hydrocarbons will be oxidized to **CO, within a few
years [E6], and this can be taken into consideration.

231. The ability to make reasonable time-dependent
estimates of regiona and global **C fluxes and doses from
arbitrary release locations over thousands of years requires a
fairly sophigticated modd. It should include the atmosphere,
biosphere with multiple compartments, soil, oceans with
multiple layers (a well-mixed upper layer, ungtirred dense
thermocline, and degp water), and, possibly, ocean sediments.
Input fluxes should include both **C and *C, so that the
specific activity of the radiocarbon can be cal culated. Recent
mode sincorporatetheinflux of 2C from the burning of fossil
fues.

232. The Committee has used a variety of methods to
estimate global C doses for releases from nuclear
installations. The estimatesin the UNSCEAR 1977 Report
[U7] werecal cul ated using amodel with compartmentsfor
terrestrial biosphere, atmosphereand short-term biosphere
combined; surface ocean, thermoclinelayer in the ocean (a
diffusive layer), and deep ocean. The parameters were
adjusted to fit measurements of excess “C in the
atmosphere and surface ocean from atmospheric testing.
The incomplete (to 10* years) whole-body collective dose

commitment was found to be 120,000 man Sv PBq* for a
future world population of 10'° people. In the UNSCEAR
1982 and 1988 Reports[ U4, U], the NRPB/CEA [N2] modd
was used to etimate an incomplete collective effective dose
commitment of 67,000 man Sv PBq* asan average for both
atmospheric and aquatic releases for a population of 10%,
which was assumed congtant during theintegration period. A
model developed by Emanud e a. [E2] was used in the
UNSCEAR 1993 Report [U3] that produced estimates of the
incomplete collective dose commitment of 85,000 man Sv
PBq* for a projected world population of 10%° people.

233. Global **C modélling has been further advanced by
the work of Titley et al. [T1], and this model is
recommended for usein *C dose assessments. It contains
23 compartments (Figure VI): atmosphere, ocean
sediments, Antarctic Ocean (four layers), Atlantic Ocean
(four layers), Pacific Ocean, including the Indian Ocean
(threelayers), Arctic Ocean (two |layers), woody tree parts,
non-woody tree parts, ground vegetation, decomposers,
soil, and a compartment representing input from fossil fuel
burning. Theterrestrial portion of the model was adapted
from Emanud et a. [E1] with minor modifications to
allow the transfer of soil via rivers to the ocean surface
compartments. Exchangesbetween theatmosphereandthe
terrestrial  biosphere are based on estimates of the
photosynthetic uptake of carbon by plantsand itsrel easeto
the atmosphere by plants, animals, and soil by respiration
[C4, E1].
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Figure VI. Compartment model for global circulation of carbon-14 [T1].
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234. The ocean modd in Titley et al. [T1] takes into
account temperature changes, surface areas and varying
amounts of ice cover in winter. Photosynthesis in the
surface ocean layers and subsequent transfer of carbon
down the water column was included and found to be
important. In contrast, net sedimentation from water tothe
seabed was found to be a relatively insignificant process.
The parameter values for the oceanic compartments were
derived from several references [B6, M1, S3]. Exchanges
between the oceanic and atmospheric compartments were
based on estimates of the dissolution of CO, at the
ocean/atmosphere interface using data from Mobbs et al.
[M1] and Siegenthaler [S3]. Carbon dioxide is very
soluble, and exchangewith theatmosphereisrapidin open
aerated water. The modd wastested and validated against
stable carbon distributions and *C specific activities
arising from natural sources and atmospheric nuclear
testing [T1].

235. Themodd of Titley et al. [T1] provides an estimate
of the complete collective effective dose commitment per
unit release: 109,000 man Sv PBq . Thisissimilar tothe
estimate of Emanuel et al. (108,000-114,000 man Sv
PBg), totheestimatederived from natural **C production
(120,000 man Sv PBg™") and to previous UNSCEAR
estimates. Indeed, the C dose estimates of the many
models in the literature are al very consistent. Killough
and Rohwer [K5] found that the predictions of six models
ranged over afactor of only 1.5. A similar rangewasfound
by Titley et a. [T1] in their comparison of four other
models. Finally, McCartney et a. [M5] found less than a
15% differencein theresultsof three models. Killough and
Rohwer [K5] attribute the consistency to the long half-life
of “Crelativetoitsrate of environmental transport, which
makes the estimated dose commitments insensitive to the
detailed structure of the models or to the values of the
parameters used in them.

236. The collective dose coefficient of 109,000 man Sv
PBq* was calcul ated with the assumption that the release
is to the atmosphere, that the future world population
stabilizes at 10" people, and that the global inventory of
stable carbon does not increase from its present value.
Based on the values provided by the various models, there
is a high probability that a range of 100,000~ 140,000
man Sv PBq* will encompass the actual collective dose
under these conditions. Assuming fossil fuels continue to
be burned at the present rate of 5 10" g carbon per year
until supplies are exhausted, the best estimate of the
collective dose (from predictions of the Titley modd) is
92,000 man Sv PBq*, with a range of 80,000-130,000
man Sv PBq *. Dosesfollowing areleaseto soils or surface
oceans are about the same as those for an atmospheric
release, but doses from release to deep oceans would be
about 20% lower.

237. Thetime courseof collective dosefor arelease of ““C
to the atmosphere or to the ocean surface is shown in
Table 34. The equilibrium specific activities assuming

fixed, stable carbon inventories match those of natural *C
production, which isof the order of 1 PBga*. Estimates of
dose are given for a variable inventory of stable carbon
caused by the burning of fossil fuels. About 9% of the
complete dose commitment from a single release is
delivered within 100 years, 23% within 1,000 years and
75% within 10,000 years.

C. IODINE-129

238. Becauseof itsverylong half-life (1.57 107 a), **| may
becomewidely distributed in theglobal environment much
like stableiodine, *?I, over along time. Whether released
into the atmosphere or into the aguatic environment, *9|
will eventually reach the oceans in a time period
presumably shorter than its half-life. lodine is released
from the ocean into the atmosphere as organic iodine
(mostly as methyl iodide) [L1] as a consequence of
microbial activity. The emitted organic iodine is
decomposed by sunlight into inorganiciodine compounds.
Both the organic and inorganic forms enter the terrestrial
environment by the processes of wet and dry deposition
[W1]. The deposition velocity of inorganic iodine onto
vegetation is about two orders of magnitude higher than
that of organic forms[N4]. Theglobal iodine cycleand the
dynamic behaviour of iodine in the environment is being
further studied to improve the estimates of doses from 2
releases.

239. Doses to humans from 2| are delivered principally
by its incorporation into the body by ingestion or
inhalation. lodineaccumul atesprimarily inthethyroid, but
the low specific activity of | (6.55 MBq g™ limits the
activity of theradionuclidethat can be present in the gland
[T1]. Artificially produced I is released into the
environment from nuclear installations, and small amounts
were also released in atmospheric nuclear testing.

240. Thebehaviour of iodineintheterrestrial environment
is influenced by many factors, e.g. soil type, microbial
activity, and chemical form. It is known that stableiodine
accumulates in soil; iodine concentrations in soil are
10- 1,000 times higher than those of the parent rocks. The
levels of I in soils collected from the vicinity of nuclear
reprocessing plants are markedly higher than thelevelsin
other places [B5, M7, R6]. Vertical distribution of I in
soil showed that most of theradionuclideisretained in the
surface layer (<10 cm). These observations indicate that
the transfer of | from the terrestrial environment to the
ocean would occur only relatively slowly.

241. A mode of the global iodine cycle was developed by
Kocher [K8]. The environmental compartments assumed
inthemodel aretheatmosphere, hydrosphere, lithosphere,
and terrestrial biosphere. It is estimated that the mean
residence time of iodine in surface soil is of the order of
10,000 years and that the mixing of iodine throughout the
ocean would require 1,000 years or more. Therefore, the
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most important parameter for determining dose rates and
cumulative doses following the release of *| is the
10,000-year mean residence time of iodine in the surface
soil region. It thus appears that for a realistic long-term
population dose assessment, a progression from local to
regional to global-scale models would be required [K8].
When the released I reaches equilibrium with stable
iodine, the specific-activity method could be used in the
assessment.

242. In the specific-activity approach, the activity
concentration of *°| per unit mass of *#'| is assumed to be
thesamein seawater and in the human thyroid. Assuming
that the concentration of stable iodine per unit mass of
thyroid is 80, 180, 300, and 600 ug g * at ages 6 months,
4years, and 14 yearsand for adults, respectively, and using
the age distribution given previoudy, a specific activity of
1 Bq per gram of stableiodinein thethyroid would lead to
an age-weighted annual thyroid dose of 1.5 10 Gy. Since

the sea contains 3.8 10" g stable iodine (water mass of 6
10% g and iodine concentration in water of 0.064 ug g3,
a release of 1 PBg ®I results in a long-term specific
activity of 0.026 Bq g* The collective thyroid dose
commitment arising from the discharges of I would be
about 9 10° man Gy PBq?, assuming aworld population of
10" and no sink for iodine in the environment.

243. The compartment modd for the global circulation of
iodineisshown in FigureVII. Thisrepresentsarevison [T1]
of the modd described by Kocher [K8] and modified by
Smith and White [$4]. Theinventories of gableiodinein the
model compartments and the fluxes between them were
determined from environmental measurements and from the
requirement for mass balance. lodine-129 released into any
compartment is assumed to be transported with stableiodine,
and so the spexific activity of | can be determined for each
compartment. Intake of I occurs by inhalation and by the
ingestion of water and terrestrial and marine foods.
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ATMOSPHERE »| ATMOSPHERE | BIOSPHERE
Y )

A4 v | A
OCEAN |« solL <
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Figure VII. Compartment model for global circulation of iodine-129 [T1].

244, Important fluxesadded totheglobal iodinemodel are
from the sedimentary rock compartment to the two
subsurface groundwater compartments and to thesolid sail
compartment, and from the solid soil compartment to the
ocean mixed layer. This model includes the transfer of
iodinefrom soil tothe oceansand its subsequent movement
back to soil from sedimentary rock. Titley et al. [T1]
estimated theresidencetime of iodinein deep ocean waters
to be 350 years and the flux of iodine from the deep ocean
to the ocean mixed layer to be 2.3 10™ g a*. The amount
of iodine transferred annually from the sedimentary rock
compartment back to the solid soil compartment is
estimated to be 1.8 10" g a* [T1]. The mean residence
times of iodine in the major compartments used in the
model are 0.1 yearsin the ocean atmosphere, 0.09 yearsin
theland atmosphere, 5.9 yearsin the ocean mixed layer, 19

years in the terrestrial biosphere, 3.6 10° years in ocean
sediments, 970 years in shallow subsurface region, and
38,000 years in deep subsurface region [T1].

245. The doses to individuas and collective doses
following a release of | can be calculated using the
estimated time-dependent concentrations in the various
compartments and either a pathway or a specific-activity
analysis [K9]. The pathway analysis procedure involves
identification of a number of exposure pathways; transfer
coefficients are then used to estimate the movement of the
radionuclide from the various compartments to humans.
Thisapproach requires consi derabl e judgement because of
the possible variations in the transfer coefficients and in
the assumed intake rates, but the results are then quite
realistic. The specific-activity approach is a means of
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bypassing al the uncertainties and difficulties associated
with the pathway analysis.

246. The pathway analysis method was adopted in the 29|
model under consideration. Five exposure pathways were
assumed as follows: inhalation by humans from the land
atmosphere, the daily intake rate of iodine being
0.29 ug d*; deposition from theland atmosphere ontofood
crops ingested directly by humans or by dairy and beef
cattle and subsequently ingested by humans (6.6 g d%);
ingestion of land surface water directly by humans or by
cattle (5.3 pg d%); ingestion of marine fish and shellfish
from the ocean mixed layer (11 pg d™%); root uptake from
the surface soil region or from the soil water region into
crops consumed by humans or by cattle subsequently
ingested by humans. The intake of iodine through root
uptake considers the concentration of iodine in the
terrestrial biosphere and the ingestion of vegetables,
cereals, all other foods, meat and milk. The daily intake of
iodine through root uptake of iodine using average world
consumption ratesis 200 ug d*, and thetotal daily uptake
of iodine is 220 pug d* [T1]. The calculation of effective
dose utilized the following values. equivalent dose in the
thyroid per unit intake 1.3 uSv Bq* (inhalation) and
2.1 uSv Bg™ (ingestion) and tissue weighting factor 0.05.

247. A comparison of collectiveeffectivedosetotheworld
population arising from arelease of 1 TBq of I during
one year to the five different compartments cal culated

using thismodel [T1] isgivenin Table35. At 10° yearsthe
collective effective dose for rel ease to theland atmosphere
(727 man Sv) and to solid soil (828 man Sv) are higher
than the collective effective dose for release to the ocean
compartments, 530, 469, and 469 man Sv for releasetothe
ocean atmosphere, the ocean mixed layer and the deep
ocean, respectively. Thetrend in collective effective doses
from 50 years indicates higher amounts of iodine in the
land atmosphere with negligible amounts in the deep
ocean, but by 10° years the amounts in the deep ocean will
have increased, while the amountsin the land atmosphere
will have decreased. Thusthetransfer to the deep ocean is
much faster than the reverse process.

248. The long residence times of iodine in the solid sail
compartment and the deep ocean compartment and thefact
that a larger fraction of iodine in the ocean mixed layer
compartmentsistransported downwardsrather than to the
atmosphereimply that it takes much longer for I toreach
the soil water compartment, from which most of theiodine
intake by humans is derived. Collective effective doses
estimated assuming that ®I is discharged into the land
atmosphere compartment are generally higher because of
the direct connection between this compartment and the
soil water compartment. The long residence time in the
sedimentary rock compartment impliesthat i odineentering
the sedimentary rock compartment is trapped there for a
time of the same order as the half-life of *I before being
cycled back to the soil.

CONCLUSIONS

249. In this Annex, the procedures used by the
Committee for calculating doses from radionuclidesin
the environment are reviewed and updated. The
radionuclidesconsidered arethosepresent either because
they occur naturaly or they have been released by
anthropogenic practices. Although the calculational
procedures are well established from extensive
measurement and modelling experience, theincreasing
knowledge of transfer processes and radionuclide
behaviour and better judgement of representative
conditions allow the relevant parametersto be adjusted
and the dose estimates to be improved.

250. For the Committee’s purposes of estimating
average doses under general conditions of release or
presence of radionuclidesin the environment, relatively
simple calculational methods are sufficient. More
detailed, time-dependent or otherwise complex methods
havenot been considered. For rel easestotheatmosphere

or to the aquatic environment, such as those that occur
from nuclear ingtallations, averageannual dosesper unit
release are estimated for populations in the local and
regional areas. For longer-lived radionuclides that
become widely dispersed, the average global doses are
also evaluated. The main pathways of external irradia-
tion, inhalation, and ingestion are considered.

251. The Committee has selected representative para-
meters to reflect the various conditions of release,
environmental transport and behaviour, and thepersonal
habits of intake and metabolism of the various radio-
nuclides. These should provide reasonably accurate
estimates of dose in many applications. Alternative
selections of the parameters may lead to wide variations
in the dose estimates. Therefore, the methods presented
inthis Annex should be used with caution. In particular,
it isrecommended that site-specific data should be used
as appropriate and when available.
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Table 1
Radiation weighting factors
[11]
Type of radiation Energy range Radiation weighting factor wg
Photons, electrons, muons All energies 1
Neutrons <10 keV, >20 MeV 5
Protons >2 MeV 5
Neutrons 10-100 keV, >2-20 MeV 10
Neutrons >0.1-2 MeV 20
Alpha particles, fisson fragments, heavy nuclel All energies 20
Table 2
Tissue weighting factors
[11, 111]
Weighting factor w;
Tissue or organ
1977 1990
Gonads 0.25 0.20
Breast 0.15 0.05
Colon 0.12
Red bone marrow 0.12 0.12
Lungs 0.12 0.12
Stomach 0.12
Urinary bladder 0.05
Liver 0.05
Oesophagus 0.05
Thyroid 0.03 0.05
Bone surface 0.03 0.01
Skin 0.01
Remainder 0.30° 0.05°°¢

a Thevaue0.06 is applied to the average dose among each of the five remaining organs or tissues receiving the highest dose, excluding the skin,
lens of the eye, and the extremities.

b Theremainder is composed of the following tissues and organs: adrenals, brain, extrathoracic region of the respiratory tract, small intestine,
kidney, muscle, pancreas, spleen, thymus, and uterus.

¢ Thevaue0.05is applied to the average dose to the remainder tissue group. However, when the most exposed remainder tissue or organ receives
the highest committed equivalent dose of al organs, aweighting factor of 0.025 is applied to that organ and a weighting factor of 0.025 is applied
to the average dose in the rest of the remainder.
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Table 3

Values of the parameters used to evaluate vertical dispersion in the Gaussian plume model

Stability-dependent parameters

Stability class
a b c d
A: extremely ungtable 0.112 1.060 5.38 10" 0.815
B: moderately unstable 0.130 0.950 6.52 10 0.750
C: dightly unstable 0.112 0.920 9.0510* 0.718
D: neutral 0.098 0.889 1.3510° 0.688
E: dightly stable 0.0609 0.895 1.96 10° 0.684
F: moderately stable 0.0638 0.783 1.3610° 0.672
Roughness length Roughness-dependent parameters
(m) p q r s
0.01: Lawns, water bodies 1.56 0.048 6.25 10" 0.45
0.04: Plowed land 2.02 0.0269 7.76 10* 0.37
0.1: Open grasdand 272 0 0 0
0.4: Rural areas, small villages 5.16 -0.098 18.6 -0.225
1.0: Forest, cities 7.37 -0.0957 42910° -0.60
4.0: Citieswith tall buildings 11.7 -0.128 4.59 10* -0.78
Table 4
Representative values of meteorological and release parameters
Parameter Units Value
Effective release height (H) m 30
Direction frequency (f;) Dimensionless 0.083
Sector width (A8) Radians 0.524
Roughness length (z,) m 04
Stability class
A B C D E F
Frequency of occurrence (f,) Dimensionless 0.05 0.10 0.20 0.30 0.20 0.15
Wind speed (u;) ms? 2 3 4 5 3 2
Inversion height (h;) m 2000 1500 1200 800 400 200

Table 5

Dilution factors for the representative source and long-term average conditions

Downwind distance

Dilution factor

(km) (Bq m* per B s?)
05 9.7 107
1 53107
2 25107
5 7.110°
10 2510°
20 8.710°
50 2.210°
100 7.6 1071
200 2710
500 6.7 101
1000 24101
2000 82102
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Table 6

Analysis of variability in results of the Gaussian plume model

Varied parameter

Value of varied parameter

Dilution factor

Exponent

at 1km of power function

Wind speed (u) Twice the representative value 2.6 107 1.39
Half the representative value 1.110° 1.55
Mixed layer height (h) Twice the representative value 53107 155
Half the representative value 53107 1.37
Frequency of 0.02, 0.05, 0.15, 0.55, 0.15,0.08 for classesA, B,C, D, E, F 5.0107 144

stability class(f;) (high proportion of neutral classes)
0.02, 0.05, 0.15, 0.25, 0.3, 0.23 for clasesA, B, C, D, E, F 58107 149

(high proportion of stable classes)
0.15, 0.25, 0.3, 0.2, 0.05, 0.05 for clasesA, B, C, D, E, F 44107 141
(High proportion of unstable classes)
Surface roughness (z,) 0.1m 5.1107 1.46
10m 53107 144
Effectiverdease 0 m (ground-level release) 1.210° 1.70
height (H) 60 m 22107 1.36
Dry deposition 0.01 ms? 52107 1.74
velocity (V) 410*ms? 53107 131
Oms? 53107 121
Wash-out coefficient (A) 310*%s? 53107 1.46
310°s? 53107 1.46
vgand A 0 53107 121
Table 7

Outdoor effective dose rate to the adult per unit concentration in soil for the significant naturally occurring

radionuclides

Effective dose rate per unit concentration (nSv h* per Bq kg?)
Radionuclide
(B8] * [S10, s11] (E7]°
K 0.029 0.030 0.033
22Th series 0.46 0.42 0.51
28 series 0.30 0.31 0.35
a CaculatedasE =X x 0.0087 Gy R™ x 0.7 Sv Gy™.
b Hg+0.01Hg,.
Table 8
Conversion coefficients from air kerma to effective dose for terrestrial gamma rays
[S11]
Effective dose per unit air kerma (Sv Gy™)
Radionuclide
Infants Children Adults
K 0.926 0.803 0.709
Z2Th 0.907 0.798 0.695
28y 0.899 0.766 0.672
Average 0.91 0.79 0.69
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Table 9

Effective dose factors for cloud immersion

Effective dose per unit time-integrated concentration in air
Radionuclide (nSv per Bgd m®)
[k * [E7] *
oS 0.033 0.039
oS 0.062 0.079
QSZr 29 31
QQMO b ll ll
103Ru b 18 20
106Ru b 087 099
110mA b ll 12
115Cd b 14 16
12533 b 16 18
12733 b 26 30
129mTeb 029 032
131mTeb 60 65
131| 14 16
132Teb 98 ll
133| 23 26
13405 60 66
13605 85 93
137csb 22 24
14UBa 072 076
140La 93 10
14lce 029 031
14306 10 ll
1Mceb 027 031
239Np 064 068

a CaculatedasHg + 0.01 Hg,.

b

Decay products included.

Table 10

Collective effective doses from immersion exposure to noble gases released from reactors

Effective dose rate Collective dose per unit release® (man Sy PBq™?)
Radionuclide Half-life per unit
1 a

cc():;/er;)té?gzna r[nE3;] Local Regional Total

“Ar 1.827h 2080 0.90 0.005 0.90

B r 4.48h 243 0.15 0.004 0.15
BKr 10.72a 7.92 0.007 0.007 0.014

8K r 76.3m 1340 0.47 0.001 0.47

8K r 2.84h 3260 173 0.021 1.75
By e 11.9d 138 0.012 0.009 0.021
1By e 2.188d 46.5 0.039 0.013 0.052
BXe 5.245d 50.8 0.043 0.025 0.068
1By e 1529 m 653 0.062 - 0.062
®Xe 9.09 h 385 0.28 0.016 0.30
138X e 1417 m 13850 0.16 - 0.16

a EvaluatedasHg+ 0.01 Hg,.

b Releasefrom model reactor site; population density 400 km 2in local area (1-50 km) and 20 km 2 in the regional area (50-2,000 km).

C

Negligible result.
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Table 11
Collective effective dose from immersion exposure for representative composition of noble gases released
from reactors

Fractional release Weighted collective dose per unit release @ (man Sy PBq™)
Radio- [U4]
nuclide PWRs BWRs
PWRs BWRs Local Regional Total Local Regional Total
“Ar 0.005 0.03 0.005 0.00002 0.005 0.026 0.0001 0.027
B r 0.004 0.06 0.001 0.00002 0.0006 0.009 0.0002 0.010
BKr 0.016 0.01 0.0001 0.0001 0.0002 0.00009 0.00009 0.0002
8K r 0.009 0.08 0.004 0.00001 0.004 0.039 0.0001 0.039
8K r 0.004 0.15 0.007 0.00008 0.007 0.25 0.003 0.26
By e 0.006 0.03 0.00008 0.00006 0.0001 0.0004 0.0003 0.0007
1By e 0.006 0 0.0002 0.00008 0.0003 0 0 0
BXe 0.81 0.20 0.035 0.020 0.055 0.009 0.005 0.014
1By e 0.002 0.06 0.0001 - 0.0001 0.004 - 0.004
®Xe 0.14 0.17 0.039 0.002 0.041 0.049 0.003 0.052
18X e 0.003 0.20 0.0005 - 0.0005 0.032 - 0.032
Total 1.0 1.0 0.09 0.02 0.11 0.42 0.01 0.43

a Collective dose per unit release (values from Table 10) multiplied by the release fraction. The results apply for the model reactor site.

Table 12
Transfer coefficients P, from deposition to external exposure from radionuclides produced in atmospheric
nuclear testing

Absorbed doseratein air Effective dose commitment
Radionuclide Half-life per unit deposition density * per unit deposition density
(nGy a™* per Bq m?) (nSv per Bq m?)

*Mn 312.3d 12.9 4.02
®Zre 64.02 d 45.0 2.87
1%Ru 39.26d 10.8 0.42
1%Ru 373.6d 321 1.19
1%3h 276a 6.52 6.54
= 8.02d 13.0 0.10
¥Cs 30.07 a 8.89 97.2
1Bac 12.75d 735 0.93
“ICe 325d 149 0.048
1WCec 284.9d 0.693 0.20

a Ref.[B9]; converted with 0.869 rad per R and 0.01 Gy per rad. Assumes relaxation lengths of 0.1, 1, and 3 cm for radionuclides of half-lives
<30 d, 30-100 d, and >100 d, respectively.

b Derived from absorbed dose ratein air times 0.7 Sv Gy ™ times 0.36 (occupancy/shielding factor) times mean-life (in years) of radionuclide (1.44
x half-life).

¢ Includes decay product.
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Table 13

Annual components of dose from external exposure to radionuclides following a single deposition event

Year Annual effective dose per unit deposition density (nSv per Bg m?)
following
depOSI t| on 131I 14UBa 14lce 103Ru QSZr 14406 54Mn 106Ru 12533 137Cs
1 0.10 0.93 0.048 0.42 2.82 0.12 2.23 0.59 1.45 221
2 0.001 0.054 0.05 0.99 0.30 1.13 2.16
3 0.001 0.020 0.44 0.15 0.88 211
4 0.008 0.20 0.08 0.68 2.07
5 0.003 0.09 0.039 0.53 2.02
6 0.001 0.039 0.020 0.41 1.97
7 0.0006 0.017 0.010 0.32 1.93
8 0.0002 0.008 0.005 0.25 1.88
9 0.0001 0.003 0.003 0.19 1.84
10 0.002 0.001 0.15 1.80
Total
1-10 0.10 0.93 0.048 0.42 2.87 0.20 4.02 1.19 6.01 20.0
11-20 0.001 0.001 0.49 15.9
21-50 0.04 30.6
51-100 21.0
101-c 9.69
Commitment
100 0.10 0.93 0.048 0.42 2.87 0.20 4.02 1.19 6.54 97.2
Table 14

Effective dose equivalent factors for external irradiation outdoors from deposited radionuclides

[B9, U4]

Effective dose equivalent per unit deposition density

Radionuclide (nSv per Bq m?)
30 daysto 1 year 2 After 1 year ®
1%3Ru 0.691 0.00128
1%Ru 2.09 1.65
131 0.015 0.0
Bics 18.6 36.2
B¥Cs 8.04 264

a Assumesrelaxation length in soil of 1 cm.
b Assumesrelaxation length in soil of 3 cm.
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Table 15
Estimates of collective dose from external exposure per unit release of radionuclides from nuclear
installations
Transfer coefficient Collective effective dose per unit release * (man Sv PBg™)
Radionuclide P,
(nSv per Bq m?) Local Regional Total
SiCr 0.021 0.6 03 09
¥Mn 40 120 54 170
SFe 11 33 15 48
%Co 11 32 14 46
%Co 71 2100 940 3040
%7Zn 21 63 28 92
%7y P 29 85 38 120
%Ry 0.42 13 5.7 18
%Ry 12 35 16 51
1245 23 69 31 100
B 0.10 3.1 1.4 45
BiCs 18 540 240 780
B65Cs 0.92 27 12 40
BCs 97 2890 1300 4190
140Ba® 0.93 28 12 40
“ce 0.048 1.4 0.65 21
iceP 0.20 58 26 85
1AM 44 1310 590 1890
Particul ates® 740 340 1080

a Estimated from dispersion relationship: 510 7 x™*, where x is the distance from the release point; deposition velocity = 0.002 m s *; and
population density = 400 km2in local area (1-50 km) and 20 km 2 in the regional area (50-2,000 km). Reduction due to urban runoff (factor of

0.75) also assumed.
b Includes decay product.

¢ Weighted average for assumed representative composition: 13% each of 3*Mn, %Co, ®Co, #Sr, *Cs, *¥'Cs, and **°Ba; 0.9% each of *'Cr, *Fe,
652n QUSr QUY QSZr 124sb 13605 14lce and 14406

Table 16
Age-weighted breathing rate for the world population
Age group Breathing rate ® (m* d?) Fraction of population Weighted rate (m* a?)
0-12 months 2.86 0.02 21
1-2 years 5.16 0.04 75
3-7 years 8.72 0.10 320
8-12 years 15.3 0.10 560
13-17 years 20.1 0.09 660
Adults (>17 years) 22.2 0.65 5300
Sum 1.0 6900

a Ref.[l4].
b  Estimated from [U15].
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Table 17
Committed effective doses per unit intake by inhalation of radionuclides
[14, 15]
Radio- Absorption Effective dose per unit intake (NSv Bq'?) Radio- Absorption Effective dose per unit intake (NSv Bq'?)
nuclide type® Infants® Children® Adults ¢ nuclide type® Infants® Children ® Adults ¢
“Mn M 6.2 24 15 28 series:
*®Fe M 14 0.62 0.38 =8y M 9400 4000 2900
&g M 24 9.1 6.1 =y M 11 000 4800 3500
O5r M 110 51 36 Z0Th S 35000 16 000 14 000
1y M 30 11 7.1 2Ra M 11 000 4900 3500
®Zr M 16 6.8 4.8 20pp M 3700 1500 1100
“Nb M 5.2 2.2 15 20pg M 11 000 4 600 3300
“Mo M 4.4 15 0.89
103Ry M 8.4 35 24 22Th series:
106Ry M 110 41 28 22Th S 50 000 26 000 25000
Homag M 28 12 7.6 2%Ra M 10 000 4 600 2600
Uscd M 4.8 1.7 0.98 28Th S 130 000 55 000 40 000
1259y M 16 6.8 4.8
S o) M 7.3 2.7 1.7 25 series:
12mTe M 26 9.8 6.6 =5y M 10 000 4300 3100
el M 5.8 1.9 0.94 Zlpg S 69 000 39 000 34 000
2Te M 13 4.0 2.0 2Ipne M 550 000 260 000 220 000
13 F 72 19 74
133) F 18 3.8 15 ZNp M 4.2 14 0.93
BiCs F 7.3 53 6.6 28py M 74 000 44 000 46 000
1%6Cs F 5.2 2.0 1.2 2Py M 77 000 48 000 50 000
Bics F 5.4 3.7 4.6 20py M 77 000 48 000 50 000
1“0 M 20 7.6 51 21py M 970 830 900
10 5 M 6.3 20 11 21Am M 69 000 40 000 42 000
“ice M 11 4.6 3.2
“3Ce M 39 1.3 0.75
“ice M 160 55 36

o0 T

Absorption ratesin body fluids are fast (F), moderate (M), and slow (S).
From 1 year to 2 years.

Morethan 7 yearsto 12 years.
Morethan 17 years.
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Table 18

Transfer coefficients for the inhalation pathway applicable to the deposition of radionuclides produced in
atmospheric nuclear testing

Effective dose per unit intake ® Effective dose per unit deposition density
Radionuclide P,s P,
(nSv Bg?) (nSv per Bq m?)
*Mn 15 0.020
*Fe 0.38 0.0050
g 6.1 0.080
gy 36 0.47
oy 71 0.093
SZr 48 0.063
*Nb 15 0.020
1%Ru 24 0.032
1%Ru 28 0.37
1%3h 438 0.063
B3 74 0.097
BCs 46 0.061
1Ba 51 0.067
¥Ce 32 0.042
cCe 36 0.47
=8y 46 000 610
=py 50 000 660
20py 50 000 660
1py 900 12
#Am 42 000 550

a  Absorption assumed to be Type F (fast) for **'| and **'Cs and Type M (moderate) for all other radionuclides.
b  Equal to P,,P,/P,,, where P, = 20 m? d* (adult breathing rate) and P,, = 0.0176 m s™ (the deposition velocity applicable to fallout from
atmospheric testing).
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Table 19
Estimates of collective dose from inhalation exposure per unit release of radionuclides from nuclear
installations
Transfer coefficient Collective effective dose per unit release * (man Sv PBg™)
Radionuclide P,
(nSv per Bq m?) Local Regional Total
SiCr 0.0037 0.15 0.07 0.21
*Mn 0.17 6.9 3.1 10
SFe 0.044 17 08 25
SFe 043 17 7.6 25
%Co 0.19 7.3 33 11
%Co 12 46 21 66
%7Zn 0.19 7.3 33 11
o5 0.71 28 13 41
%05y 4.2 165 74 240
oy 0.16 6.4 29 9.3
oty 0.82 33 15 47
57y 0.56 22 9.9 32
%Ry 0.28 11 50 16
%Ry 3.2 130 58 190
1245 0.74 29 13 43
B 0.86 34 15 49
BiCs 0.76 30 14 44
B65Cs 0.14 55 25 8.0
B’Cs 0.53 21 95 31
1Ba 0.13 5.0 23 7.3
“ce 0.37 15 6.6 21
Wice 4.2 165 74 240
=8py 5320 211000 95 000 306 000
=py 5790 229 000 103 000 332000
20py 5790 229 000 103 000 332000
py 100 4130 1860 5990
1AM 4860 193 000 86 700 279 000
Particulates® 23 10 33

Estimated from dispersion relationship: 510 7 x™*, where x is the distance from the release point; deposition velocity = 0.002 m s *; and

population density = 400 km 2in local area (1-50 km) and 20 km 2 in the regional area (50-2,000 km).

Weighted average for assumed representative composition: 13% each of >*Mn, %Co, ®Co, #Sr, *Cs, *¥'Cs, and **°Ba; 0.9% each of *'Cr, *Fe,

GSZn QUSr 90Y QSZr 124Sb 13605 14lce and 14406.
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Table 20
Committed effective doses per unit intake by ingestion of natural radionuclides
[15]
Effective dose per unit intake (NSv Bq'?)
Radionuclide Fractional absorption
Infants ? Children® Adults®
°H (water) 1.0 0.048 0.023 0.018
3H (organic) 1.0 0.12 0.057 0.042
Be 0.005 0.13 0.053 0.028
“c 1.0 1.6 0.80 0.58
2Na 1.0 15 55 3.2
K 1.0 42 13 6.2
28 series:
=8y 0.02 120 68 45
=y 0.02 130 74 49
20Th 0.0005 410 240 210
2Ra 0.2 960 800 280
22Rn d 23 5.9 35
20pp 0.2 3600 1900 690
20pg 0.5 8800 2600 1200
22Th series:
22Th 0.0005 450 290 230
2%Ra 0.2 5700 3900 690
28Th 0.0005 370 150 72
25 series:
=5y 0.02 130 71 47
Zlpg 0.0005 1300 920 710
2Ipne 0.0005 3100 1500 1100

From 1 year to 2 years.
Morethan 7 yearsto 12 years.
Morethan 17 years.

Ref. [N5].

o0 T
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Table 21

Food consumption rates by individuals @

Country /

Consumption rate (kg a*)

. Population .
region Milk Grain Leafy Fruit Meat Total
vegetables vegetables
North Europe
Denmark 511 173 80 18 150 66 487
Finland 4.87 263 73 6° 169 71 582
Norway 4.16 202 65 37 120 76 500
Sweden 8.35 222 77 36 121 56 512
Central Europe
Austria 7.56 145 66 71 136 99 517
Czechodovakia 15.48 134 132 25 107 86 484
Germany 77.66 109 84 28 145 63 429
Hungary 10.62 185 110 25 160 80 560
Poland 37.46 160 180 20 132 67 559
Romania 22.73 150 190 40 240 86 706
Switzerland 6.49 180 99 29 230 110 648
West Europe
Belgium 9.86 180 65 55 150 40 490
France 53.6 130 84 84 132 73 503
Irdland 354 163 68 40 69 50 390
L uxembourg 0.37 110 95 33 150 88 476
Netherlands 14.49 145 65 65 135 70 480
United Kingdom 55.87 163 68 40 100 71 442
South Europe
Bulgaria 8.89 123 179 20 76 64 462
Greece 9.83 80 100 30 250 60 520
Italy 56.91 90 110 50 150 60 460
Portugal 9.94 45 125 113 105 42 430
Spain 37.3 104 88 124 132 62 510
Yugodavia 22.49 146 146 55 128 55 530
USSR 279 332° 133 37 118 63 683
West Asa
Cyprus 0.64 83 94 87 315° 83 662
|sradl 3.87 120 130 140 190 60 640
Syrian Arab Rep. 8.98 70 190 30 340° 22 652
Turkey 52 125 200 100 150 40 615
East Asa
China 1046.4 5° 229 29 173 30 466
India 750.9 39 183 28 89 5° 344
Japan 121.0 50 193 30 180 120 573
North America
Canada 254 181 93 21 301° 130 726
United States 238.7 174 91 25 260 146 696
Average values ©
Countries of
East and West Asia 25 210 30 140 25 430
Countries of
Europe, USSR, and
North America 200 110 40 165 85 600
World 85 170 35 150 50 490
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Table 21, continued

Consumption rate (kg a*)
Country / Population
region . . Leafy Fruit/
Milk Grain vegetables vegetables Meat Total
Representative values ¢
Countries of
East and West Asa 90 210 30 140 60 530
Countries of
Europe, USSR and
North America 150 110 40 170 85 555
World 120 170 35 150 70 545
a Population and consumption rates valid for 1986 [U4].
b Unusualy high or low values.
¢ Average values are popul ation-weighted results.
d  Rounded, generic values (unusually high and low values excluded).
Table 22
Parameters of empirical models for transfer of *°Sr and **’Cs from deposition to diet to dose ?
Pathway Transfer parameter g B¥Cs
Deposition to diet b, (Bqakg® per Bqm?) 0.001 0.0038
b, (Bqakg* per Bqm?) 0.001 0.0029
b, (Bqakg® per Bqm?) 0.00011 0.000052
% (ah) 0.06 0.03
P, (Bgakg® per Bqm?) 0.0038 0.0084
Diet to body c(Bgakg® per Bgakg?) 175
g (Bgakg® per Bqakg?) 37
NCS) 0.13
P,, (Bgakg® per Bqakg?) 48 2.6
Body to dose P,s (NSv per Bq akg™?) 290 2500
Diet to intake ° P,, (Bq per Bgakg?) 500 500
Diet to dose P, (nSv per BQ) 28 13
Deposition to dose Pyass (NSV per Bgm?) 53 55

a  Annua dosein aspecific year is the deposition density of *Sr or **Csin that year times the annual component of P, times the annual
component of P,, times P, plus the contribution from intake in earlier years, which equals the residual body burden (for %Sr) reduced by
exponential decay and removal (e **) times P,g.

b Assumes consumption intake of food of 500 kg a ™.
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Table 23
Transfer coefficients for radionuclides in the ingestion pathway
Deposition to diet Deposition to intake ® Intake to dose® Deposition to dose
Radionuclide P, Pasa P,s Poass
(mBg a kg per Bq m®) (Bq per Bgq m?) (nSv BgY) (nSv per Bq m?)
SICr 7°¢ 0.56 0.038 0.02
*Mn 25¢ 2 0.71 14
*Fe 6 0.33 20
*Fe 0.76 18 14
*®Co 26°¢ 21 0.74 16
®Co 36° 29 34 2.9
%Zn 45¢ 36 39 14
g 0.03 2.6 0.08
gy 38 19 28 53
SZr 13°¢ 01 0.95 0.10
*Nb 09°¢ 0.07 0.58 0.04
1243 13°¢ 1 25 25
B 06¢ 0.07 61° 43
(O 4 2 19 38
%Cs 0.6 0.3 3 0.90
BCs 84 42 13 55
1Ba 0.005 2.6 0.013
¥Ce 09°¢ 0.07 0.71 0.05
cCe 13°¢ 0.1 52 0.52
=8y 0.05 230 12
=py 0.7 250 180
20py 0.7 250 180
1py 0.04 48 0.19
2Am 0.2 200 40
#4Cm 0.04 120 5
a May be derived from P, by multiplying by total dietary consumption of 500 kg a ™.
b To adults unless otherwise stated.
¢ Togran. To derive P,, grain consumption of 80 kg a™ has been assumed.
d  For milk. To derive P,,, milk consumption of 0.3 | d™* has been assumed.
e Population-weighted value.
Table 24

Annual components of dose from ingestion exposure to radionuclides following a single deposition event

Year Annual effective dose per unit deposition density (nSv per Bg m?)
following

depogtl on 131I 14UBa 898. 55Fe a 908. 137CS

1 4.2 0.013 0.08 1.00 6.15 24.7

2 0.0005 0.60 7.73 19.2

3 0.089 247 0.32

4 0.069 2.30 0.31

5 0.054 214 0.30

6 0.042 1.99 0.29

7 0.033 1.86 0.28

8 0.025 1.73 0.27

9 0.020 1.62 0.27

10 0.015 151 0.26

Total

1-10 4.2 0.013 0.08 1.95 295 46.2
11-20 0.049 10.7 22
21-50 0.004 10.3 3.7
51-100 19 2.0

101-c0 0.10 0.49

Commitment

100 4.2 0.013 0.08 2.0 53 55

a A transfer model does not exist. Using *¥Cs asaguide, it is assumed that 50% of commitment arisesin first year after deposition, 30% in second
year, and remainder at uniform rate over the mean life of *Fe.
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Table 25
Estimates of collective dose from ingestion exposure per unit release of radionuclides from nuclear fuel
cycle installations

Transfer coefficient Collective effective dose per unit release (man Sv PBg™?) @
Radionuclide Poass
(nSv per Bq m?) Local Regional Total
3 b 11 1.0 21
uck 190 80 270
SICr 0.021 0.8 04 12
*Mn 14 56 25 82
*Fe 20 79 36 110
*Fe 14 54 24 79
*®Co 16 62 28 89
®Co 9.9 390 180 570
%Zn 14 560 250 810
gy 0.078 31 14 45
gy 53 2110 950 3060
SZr 0.10 38 17 55
1243 25 99 45 144
= 43 170 76 250
B¥Cs 38 1510 680 2180
%Cs 0.90 36 16 52
BCs 55 2160 970 3140
1Ba 0.013 05 0.2 0.7
¥Ce 0.050 20 09 29
cCe 0.52 21 9.3 30
=8y 12 460 210 660
=py 180 6 930 3120 10 100
20py 180 6 930 3120 10 100
1py 0.19 7.6 34 11
2Am 40 1580 710 2300
Particulates® 570 260 830
a Population density: local (1-50 km): 400 persons km % regional (50-200 km) 20 persons km 2,
b Doses estimated using specific-activity model.
c Weighted average for assumed representative composition: 13% each of *Mn, %8Co, ®Co, #Sr, **'Cs, *¥'Cs, and °Ba; 0.9% each of *'Cr, *Fe,
GSZn’ QUSr' QUY, QSZr’ 1248b, 13605’ 14106, and 14406.
Table 26

Population densities surrounding nuclear fuel cycle installations

Population density surrounding nuclear fuel cycle sites (inhabitants km?)
Country / region Area
Uraniummining Fuel fabrication Reactors
World average? Local 3 400
Regional ¢ 25 25 20

a
b
c

Representative values used in UNSCEAR assessments.
0-100 km for mining; 0-50 km for reactors.
100-2,000 km for mining and fuel fabrication; 50-2,000 km for reactors.
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Table 27

Collective dose per unit release of radionuclides in liquid effluents to fresh water

Timeintegral Drinking water Concentration factor Dose per unit Collective dose per unit activity
Radio- Half- of unit activity treatment for fish ® activity released (man Sv PBg?)
nuclide life in water 2 removal factor (Bq kg fish ingested
(Bga) per Bq I™* water) (nSvBg?) Drinking Fish Total
water
°*H 12.26 a 3.90 1 1 0.018 13 0.003 13
¥c 5730a 5.00 1 50 000 0.58 54 6 690 6740
#*Na 14.36 h 0.0024 05 20 0.43 0.009 0.0009 0.010
s 87.5d 0.32 05 800 0.13 0.39 16 19
“Ca 162.2d 057 05 20 0.71 37 0.37 41
SICr 27.7d 0.11 05 200 0.038 0.038 0.038 0.075
*Mn 312.1d 0.99 05 400 0.71 6.5 13 19
*Fe 273a 2.20 05 200 0.33 6.7 6.7 13
*Co 271.8d 0.88 05 300 021 17 2.6 43
*®Co 70.8d 0.27 05 300 0.75 18 28 46
*Fe 445d 0.17 05 200 18 28 28 5.6
®Co 5271a 3.02 05 300 34 95 140 240
%Zn 244.3d 0.81 05 1000 39 29 150 180
gy 50.5d 0.19 05 60 2.6 46 14 6.0
gy 28.78 a 4.46 05 60 28 1150 350 1500
SZr 64.02 d 0.24 05 300 0.96 21 32 53
*Nb 34.98d 0.13 05 300 0.59 0.73 11 18
“Zr 16.9h 0.0028 05 300 21 0.054 0.081 0.13
“Mo 2.75d 0.011 05 10 0.6 0.060 0.003 0.063
1%Ru 39.26d 0.15 05 10 0.73 1.0 0.051 11
1%Ru 373.6d 114 05 10 7.0 74 37 77
HomAg 249.8d 0.82 05 5 28 21 053 22
g 1151d 0.42 05 3000 0.73 28 42 45
125 2.73d 0.011 05 100 17 0.17 0.084 0.25
1245 60.2d 0.23 05 100 25 5.2 26 79
1%3h 276 a 222 05 100 11 23 11 34
29 1610"a 5.00 0.8 40 110 8120 1020 9140
B 8.02d 0.032 0.8 40 22 10 13 12
%2Te 3.2d 0.013 05 400 38 0.44 0.89 13
13 20.8h 0.0034 0.8 40 43 0.22 0.027 0.24
3 6.57 h 0.0011 0.8 40 0.93 0.015 0.002 0.017
(O 2.06 a 149 0.2 2000 19 100 2620 2720
%Cs 13.16d 0.051 0.2 2000 3.0 057 14 15
BCs 30.07 a 2.81 0.2 2000 13 130 3370 3500
1Ba 12.75d 0.050 05 4 26 12 0.02 12
¥Ce 325d 0.12 0.1 30 0.71 0.16 0.12 0.28
SCe 1.38d 0.0054 0.1 30 11 0.011 0.008 0.019
cCe 284.9d 0.82 0.1 30 5.2 7.9 5.9 14
“Pm 2.623a 215 0.1 30 0.26 1.0 0.78 18
=py 24110a 3.00 0.1 30 250 1380 1040 2420

Time integrals of unit activity in freshwater were calculated from the empirically derived values of the mean residence timesin water of *Sr and

B3Cs (5 and 3 years, respectively), assuming that those radionuclides with high K , i.e. ***Ce and ZPu, behave as **'Cs and the other

radionuclides behave as *Sr, in both cases correcting for physical delay. The formulais: A , (t + A)?, where A, is unit activity (1 Bq), t isthe

reciprocal of the mean residencetime, and A isln 2/ half-life.

Ref. [19].
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Table 28

Collective dose per unit release of radionuclides in liquid effluents to salt water

Timeintegral Concentration factor ° Dose per unit Collective dose per unit activity released
Radio- Half- of unit activity | (Bq kg™ fish per Bq I water) activity (man Sv PBg’?)
nuclide life in water 2 ingested
(Bqa) Fish Shellfish (nSvBg?) Fish Shellfish Total
(crustacea) (crustacea)
°*H 12.26 a 2.56 1 1 0.018 0.0012 0.0002 0.0014
¥c 5730a 3.00 20 000 20 000 0.58 890 150 1040
#*Na 14.36 h 0.0024 0.1 01 0.43 0.000003 - 0.000003
s 87.5d 031 2 1 0.13 0.0021 0.0002 0.0022
“Ca 162.2d 053 2 5 0.71 0.019 0.0080 0.027
SICr 27.7d 0.11 200 500 0.038 0.021 0.0086 0.029
*Mn 312.1d 0.87 400 500 0.71 6.4 13 7.7
*Fe 273a 1.70 3000 5000 0.33 43 12 55
*Co 271.8d 0.79 1000 5000 021 43 36 7.8
*®Co 70.8d 0.26 1000 5000 0.75 49 41 9.1
*Fe 445d 0.17 3000 5000 18 23 6.4 29
®Co 5271a 215 1000 5000 34 190 160 350
%Zn 244.3d 0.73 1000 50 000 39 73 610 680
gy 50.5d 0.19 2 2 26 0.025 0.0042 0.029
gy 28.78 a 2.80 2 2 28 4.0 0.67 47
SZr 64.02 d 0.23 20 200 0.96 0.12 0.19 031
*Nb 34.98d 0.13 30 200 0.59 0.060 0.067 0.13
“Zr 16.9h 0.0028 20 200 21 0.0030 0.0050 0.0080
“Mo 2.75d 0.011 2 10 0.6 0.0003 0.0003 0.0006
1%Ru 39.26d 0.15 2 100 0.73 0.0055 0.046 0.052
1%Ru 373.6d 0.99 2 100 7.0 0.36 3.0 33
HomAg 249.8d 0.74 500 5000 28 27 45 71
g 115.1d 0.40 50 000 50 000 0.73 370 62 430
125 2.73d 0.011 400 400 17 0.19 0.031 0.22
1245 60.2d 0.22 400 400 25 5.7 0.94 6.6
1%3h 276 a 171 400 400 11 19 32 23
29 1610"a 3 10 10 110 85 14 99
B 8.02d 0.031 10 10 22 0.18 0.030 021
%2Te 3.2d 0.013 1000 1000 38 12 021 14
13 20.8h 0.0034 10 10 43 0.0038 0.0006 0.0044
3 6.57 h 0.0011 10 10 0.93 0.0003 0.00004 0.0003
(O 2.06 a 149 100 30 19 73 36 77
%Cs 13.16d 0.051 100 30 3.0 0.39 0.020 0.41
BCs 30.07 a 281 100 30 13 9% 47 98
1Ba 12.75d 0.050 10 1 26 0.033 0.0006 0.034
¥Ce 325d 0.12 50 1000 0.71 011 0.37 0.49
SCe 1.38d 0.0054 50 1000 11 0.0077 0.026 0.033
cCe 284.9d 0.82 50 1000 5.2 55 18 24
“Pm 2623 a 167 500 1000 0.26 5.6 19 75
=py 24110a 3.50 40 300 250 900 1120 2020

a  Obtained from estimated mean residence times in water of 3 yearsfor *Sr, *"Cs and other radionuclides and 3.5 yearsfor 2°Pu.

of unit activity is 1/(t+A), where t isthe reciprocal of the mean residencetime and A isIn2/ haf-life.
b Ref.[110].

Thetimeintegral
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Table 29
Collective effective dose for representative composition of particulates released from reactors in liquid
effluents
Collective dose per unit release Contribution to collective dose per unit total release
Radionuclide Fractional (man Sy PBg™) (man Sy PBg™)
release
Freshwater Saltwater Freshwater Saltwater
*®Co 0.20 4.6 9.1 0.92 18
“Co 0.20 240 350 47 69
SICr 0.10 0.075 0.029 0.0075 0.0029
131 0.10 12 0.21 12 0.021
B¥Cs 0.10 3500 98 350 9.8
“Na 0.05 0.010 0.000003 0.0005 -
*Mn 0.05 19 7.7 10 0.39
Zn 0.05 170 680 8.7 34
Bics 0.05 2720 77 140 38
133 0.02 0.24 0.0044 0.0049 0.00009
*Fe 0.01 13 55 0.13 0.55
®Fe 0.01 5.6 29 0.056 0.29
gy 0.01 6.0 0.029 0.060 0.0003
*Nb 0.01 18 0.13 0.018 0.0013
Homag 0.01 22 71 0.22 0.71
155p 0.01 34 23 0.34 0.23
135 0.01 0.017 0.0003 0.0002 -
1“Ba 0.01 12 0.034 0.012 0.0003
Total 10 550 120
Average 330
Table 30
Parameters of the seven-compartment model of the world hydrological cycle [N3]
Compartment Northern hemisphere Southern hemisphere World
Volume (10 m?)
Atmospheric water 6.33 6.67 13
Soil water 2 45.13 21.87 67
Freshwater 95 31 126
Saline water 100 4 104
Groundwater * 5624 2726 8 350
Ocean surface® 11568 15432 27 000
Deep ocean® 553980 739 020 1293 000
Transfer rate (10 m®a™)
Atmosphere Sail 66.85 32.45 99.3
Freshwater 0.452 0.148 0.6
Saline water 0.096 0.004 0.1
Ocean 137.1 190.3° 320
Sail Atmosphere 4591 22.59 68.5
Freshwater 19.80 9.60 294
Groundwater 17.11 8.29 254
Freshwater Atmosphere 0.75 0.25 1.0
Ocean 20.25 9.75 30.0
Saline water Atmosphere 0.48 0.02 0.5
Groundwater Sail 15.97 8.03 24.0
Freshwater 0.754 0.246 10
Saline water 0.385 0.015 0.4
Ocean Atmosphere 157.4°¢ 200.0 350
Deep ocean 685.5 914.5 1600
Deep ocean Ocean 685.5 914.5 1600
a Land surface area: 67.35% in northern hemisphere, 32.65% in southern hemisphere.
b Ocean surface area: 42.84% in northern hemisphere, 57.16% in southern hemisphere.

Transfer of 7.4 10 m? a* from ocean surface to atmosphere (northern hemisphere) and atmosphere to ocean surface (southern hemisphere)

added to achieve balance.
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Table 31

Comparison of model estimates of global collective doses from tritium released to the atmosphere

Normalized effective dose

Normalized collective dose ®

Model (nSv PBg’Y) (man Sv PBg?)

NCRP [N3] Seven-compartment model

30°-50° northern hemisphere 0.38 0.7

Northern hemisphere 0.13 0.67

Southern hemisphere 0.11 0.07

World 0.06 0.35
Bergmann et a. [B4]

0°-90° northern troposphere 0.95

0°-90° southern troposphere 0.65

Whole stratosphere 0.76
Killough and Kocher [K2]

World troposphere 0.94

Northern troposphere 14

30°-50° northern troposphere 23
Natural tritium production

Northern hemisphere 0.27 15

Southern hemisphere 0.27 0.2

World 0.14 0.8

a  World population: 6 10°.

Table 32

Results of model calculation of release of 1 PBq of tritium to the atmosphere *

Integrated concentrationsin 70-year period (Bg a m)
Region Release to Release to Release to Release to

30°-50° N latitude northern hemisphere southern hemisphere world
Atmosphere 24.3 6.5 54 3.0
Surface soil water 17.0 53 4.4 24
Freshwater 6.9 41 36 19
Saline water 0.12 0.12 0.10 0.055
Groundwater 0.83 0.26 0.22 0.12
Ocean surface 29 0.66 0.54 0.30
Deep ocean 0.059 0.014 0.011 0.0061
Man 14.7 49 43 23
Effective dose commitment (nSv) 0.38 0.13 0.11 0.06

a Obtained with use of seven-compartment model [N3].
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Table 34
Results of model calculation of the release of 1 PBq of **C to the environment
[T1]
Inventory of *C Inventory of Integrated specific activity Effective dose
(TBq) stablecarbon Baggh (TRY)
Year (102 q)
Atmosphere Ground ground Atmosphere® Ground Ground Annual Cumulative
vegetation vegetation ? vegetation® | vegetation? dose? dose?
Release to atmosphere
1 885 18.6 69 100 0.00059 0.00013 0.00013 0.0076 0.0076
2 712 404 69 300 0.0017 0.00056 0.00056 0.024 0.032
5 437 46.4 70 000 0.0039 0.0026 0.0026 0.038 0.13
10 253 28.7 70 900 0.0061 0.0053 0.0052 0.024 0.27
20 137 139 71800 0.0085 0.0081 0.0080 0.011 0.41
50 76.3 7.18 73200 0.012 0.012 0.012 0.0056 0.61
100 50.0 4.65 74500 0.017 0.016 0.016 0.0035 0.85
200 33.0 3.05 76 000 0.022 0.022 0.021 0.0023 11
500 211 1.94 78 500 0.032 0.032 0.030 0.0014 16
1000 16.3 1.50 80 400 0.045 0.045 0.040 0.0011 21
2000 13.7 1.26 82 300 0.064 0.064 0.057 0.00086 3.0
5000 9.41 0.866 84 400 011 011 0.095 0.00058 49
10 000 5.02 0.462 84 600 0.16 0.16 0.13 0.00031 6.9
20 000 143 0.131 83900 0.20 0.20 0.17 0.000088 85
50 000 0.033 0.0030 82 000 0.22 0.22 0.18 0.000002 9.2
Inventory of *C Inventory of Integrated specific activity Effective dose
(TBq) stablecarbon (Bagg?h (TRY)
Year (102 q)
Ocean Ground ground Ocean Ground Ground Annual Cumulative
surface vegetation vegetation ? surface® vegetation® | vegetation? dose? dose?
Release to ocean surface
1 977 0.124 69 100 0.00047 0.00000 0.000001 0.00005 0.00005
2 914 0.69 69 300 0.0014 0.00001 0.00001 0.00033 0.00050
5 777 32 70 000 0.0038 0.00009 0.00009 0.0016 0.0050
10 599 5.6 70 900 0.0071 0.00041 0.00040 0.0035 0.022
20 368 6.3 71800 0.012 0.0013 0.0012 0.0047 0.067
50 137 46 73200 0.019 0.0036 0.0035 0.0042 0.18
100 81 35 74 500 0.024 0.0066 0.0062 0.0031 0.32
200 53 2.6 76 000 0.030 0.011 0.010 0.0023 053
500 30 18 78 500 0.042 0.021 0.019 0.0016 1.0
1000 23 14 80 400 0.055 0.032 0.029 0.0012 15
2000 19 12 82 300 0.075 0.052 0.045 0.0009 24
5000 14 0.90 84 400 0.12 0.098 0.083 0.0007 43
10 000 7.0 0.46 84 600 0.17 0.15 0.12 0.0005 6.3
20 000 20 0.13 83900 021 0.19 0.16 0.0002 7.9
50 000 0.046 0.0030 82 000 0.24 0.22 0.18 0.00005 8.6

a Assuming variable inventory of carbon in environment as aresult of input from burning of fossil fuels.
b Assuming fixed inventories of carbon in the environment: 750 10 ** g (atmosphere); 1,050 10* g (Atlantic Ocean surface) and 69 10* g (ground
vegetation).
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Table 35

Estimates of collective dose to the world population per unit release of **°| to different environmental
compartments calculated using a global circulation model

[T1]
Collective effective dose per unit release (man Sv TBq'?)
Time
(years) Release to Release to Release to Release to Release to
land atmosphere ocean atmosphere ocean mixed layer deep ocean solid soil
1 67.1 13.9 0.00432 0.0000036 0.0292
2 81.7 19.3 0.0158 0.000032 0.0977
5 81.8 194 0.0420 0.000288 0.305
10 82.0 194 0.0649 0.00106 0.649
20 82.4 19.5 0.0804 0.00313 134
50 834 19.8 0.0908 0.00996 3.40
100 85.1 20.2 0.104 0.0216 6.80
200 88.4 21.0 0.130 0.0453 135
500 98.0 233 0.212 0.121 329
1000 113 26.9 0.361 0.259 62.9
2000 138 332 0.698 0577 115
5000 192 46.8 1.94 1.78 223
10 000 236 59.0 443 424 309
20 000 263 69.5 9.82 9.62 359
50 000 282 85.6 25.0 24.8 382
100 000 303 106 458 456 403
1 000 000 450 254 193 193 551
10 000 000 643 446 385 385 744
100 000 000 727 530 469 469 828
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INTRODUCTION

1. The exposure of human beings to ionizing radiation
from natural sourcesis a continuing and inescapable festure
of life on earth. For most individuals, this exposure exceeds
that from all man-made sources combined. There are two
main contributorsto natural radiation exposures: high-energy
cosmic ray partides incident on the earth's atmosphere and
radioactivenudidesthat originated in theearth'scrust and are
present everywherein the environment, including the human
body itself. Both externd and internal exposures to humans
arise from these sources. These exposures were reviewed in
previous reports of the Committee, the most recent being the
UNSCEAR 1993 Report [U3].

2. In asessing exposures to the natura radiation
background, the Committee has considered the properties of
the sources and the trangport of both radionudlides and
radiation in the environment. Estimates have been made of
typical exposuresto theworld population and the range of the
components of such exposures under various environmental
conditions, and note has been taken of the unusualy high
natural radiation exposuresthat occur in somelocations. This
information has been combined with relevant dosimetric
quantities to estimate the absorbed doses in tissues and the
effective doses from the various sources of exposure.

3. In this Annex, the Committee continues its generd
review of the various components of the natural radiation
background. To broaden the database, an attempt has been
made to gather representative levels of exposure in as many
countries as possible. Many scientists and representatives of
national ingtitutions have responded to the questionnaire on
natural radiation exposures, UNSCEAR Survey of Natural
Radiation Exposures, which was widdy distributed by the
Committee. Respondents to the questionnaire are listed in
Part A of the References. The Committee acknowl edges with
appreciation their useful contributions to its work.

4.  Thedatabaseon natural radiation exposureshasbecome
extensve enough to dlow quite detailed analysis. For
example, the distributions of populations within various dose
intervals from the different components of exposure can be
examined within and between countries. The processesgiving
rise to the exposures can be better described and thetimeand

geographic variations more accurately evaluated, alowing
some issues to be addressed in greater detail. There remain,
however, some quettions that are not yet satisfactorily
resolved. For example, there are difficulties in evaluating
cosmic ray exposures in aircraft because of the complex
neutron and ionizing radiaion fields, and the dosmetry of
inhaled radon is complicated by the complexities and
variations of the interacting factors and processes involved.

5. Many exposures to natural radiation sources are
modified by human practices. In particular, naturd
radionuclides are released to the environment in minera
processing and uses, such as phosphate fertilizer production
and use and foss| fud combustion, causing enhanced natural
radiation exposures. In a few cases, for example, by paving
roads or building houses over water, radiation exposures may
be decreasad, but these seem to be rather isolated cases. The
general topic of enhanced exposures from natural radiation
sources was condgdered in detail in the UNSCEAR 1982
Report [U6], and some aspects were further evaluated in the
UNSCEAR 1988 and 1993 Reports [U3, U4]. The topic is
discussed further, with updated information, in Chapter 111 of
this Annex. Many persons are also exposed to enhanced
levds of natura radiation at their places of work. Such
workersinclude underground miners, someworkersinvolved
in processng of minegas, and aircraft flight crew.
Occupationa radiation exposures from both man-made and
natural sources are consdered in Annex E, “Occupational
radiation exposures’.

6. Thebroadrelevanceof natural background exposures
to the world population makes the evaluations of this
Annex particularly pertinent. For most individuals, the
natural background exposures are much more significant
than the exposures caused by man-made sources.
Exceptions that apply to certain individuals are some
exposures caused by medical radiation procedures, through
mishandling of radiation sources, in accidents allowing
radionuclides to be released to the environment, and at
some workplaces. In al cases, however, the natural
background sourceformsthe baseline upon which all other
exposures are added, and it is a common level against
which other exposures may be compared.

. COSMIC RADIATION

7. The earth is continually bombarded by high-energy
particles that originate in outer space. These cosmic rays
interact with the nude of amospheric condituents,
producing a cascade of interactions and secondary reaction
productsthat contributeto cosmic ray exposuresthat decrease
in intensity with depth in the atmosphere, from aircraft
altitudes to ground level. The cosmic ray interactions also
produceanumber of radioactivenuclei known as cosmogenic

radionuclides. Best known of these are®*H and *C. Exposures
from cosmic rays and from cosmogenic radionuclides are
considered in this Chapter.

A. COSMIC RAYS

8. Galactic cosmic rays incident on the top of the
atmosphere condst of a nucleonic component, which in
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aggregate accounts for 98% of thetotal, and eectrons, which
account for the remaining 2%. The nucleonic component is
primarily protons (88%) and a pha particles (11%), with the
remainder heavier nuclel [G11]. These primary cosmic
particleshave an energy spectrum that extendsfrom 10° eV to
over 10° eV. Bdow 10% eV the shape of the energy spectrum
can be represented by a power function of the form E 27,
where E is expressed in eV. Above that point, known as the
knee, the spectrum stegpens to a power of -3. The highest
energy thus far measured is 3.2 10%° eV, which was inferred
from ground messurements of the resulting cascade
interactions in the atmogphere [O7].

9. Itisthought that al but the highest energy cosmic rays
that reach earth originate within the earth’s own galaxy. The
sources and accd eration mechanisms that create cosmic rays
are uncertain, but one possihility recently substantiated by
measurementsfrom aspacecraft [K 16] isthat the particlesare
energized by shock waves that expand from supernova. The
particesare confined and continually defl ected by thegal actic
magnetic fidd. They become isotropic in direction, and the
flux isfairly congtant in time.

10. Beyond 10™ eV, protons may begin to escape the
galactic confinement. This leaves relatively greater propor-
tions of heavier nucle particlesin the composition of cosmic
rays above this energy level. Protons with energies greater
than 10 eV would not be sgnificantly deflected by the
intergalactic magneticfid d. Thefact that protonsof such high
energy are also observed to be isotropic and not digned with
the plane of the galactic disk suggests that they are probably
of extragalactic origin [C7]. Only astrophysical theories can
suggest the origins of these ultra-high-energy cosmic rays.

11. Another component of cosmic raysis generated near
the surface of the sun by magnetic disturbances. These
solar particle events are comprised mostly of protons of
energies generally below 100 MeV and only rarely above
10 GeV (10% eV). These particles can produce significant
dose rates at high altitudes, but only the most energetic
affect doserates at ground level. Solar particle events can,
in addition, disturb the earth’s magnetic field in such a
way asto changethe galactic particleintensity. Theevents
are of short duration, typically a few hours, and highly
variable in intensity. They have a negligible impact on
long-term doses to the general popul ation.

12. The most significant long-term solar effect is the 11-
year cyclein solar activity, which generates a corresponding
cycle in tota cosmic radiation intensity. The periodic
variation in solar activity produces a Smilar variation in the
solar wind. The solar wind is a highly ionized plasma with
associated magneticfiedd, and it isthe varying strength of this
field that modulates theintensity of galactic cosmic radiation.
At times of maximum solar activity the field is a its highest
and the galactic cosmic radiation intensity is at its lowest.

13. The magnetic field of the earth partly reduces the
intensity of cosmic radiation reaching the top of the atmo-
sphere, the form of the earth’s field being such that only

particles of higher energies can penetrate at lower geo-
magneticlatitudes. Thisproducesthegeomagneticlatitude
effect, with minimum intensities and dose rates at the
equator and maximum near the geomagnetic poles.

14. Thehigh-energy particlesincident ontheatmosphere
interact with atoms and moleculesin the air and generate
a complex set of secondary charged and uncharged
particles, including protons, neutrons, pions and lower-Z
nuclei. The secondary nucleons in turn generate more
nucleons, producing a nucleonic cascade in the atmo-
sphere. Because of their longer mean free path, neutrons
dominate the nucleonic component at lower altitudes. As
a result of the various interactions, the neutron energy
distribution peaks between 50 and 500 MeV; a lower
energy peak, around 1 MeV, is produced by nuclear
deexcitation (evaporation). Both componentsareimportant
in dose assessment.

15. The pions generated in nuclear interactions are the
main source of the other components of the cosmic radia-
tion field in the atmosphere. The neutral pions decay into
high-energy photons, which produce high-energy € ectrons,
which in turn produce photons etc., thus producing the
€l ectromagnetic, or photon/el ectron, cascade. Electronsand
positrons dominate the charged particle fluence rate at
middle altitudes. The charged pions decay into muons,
whose long mean free path in the atmosphere makes them
the dominant component of the charged-particle flux at
ground level. They are al so accompanied by asmall flux of
collision electrons generated along their path.

16. The changing components of dose rate caused by the
secondary cosmic ray condituents in the atmosphere are
illustrated in Figurel. At ground level, the muon component
isthe most important contributor to dose; at aircraft atitudes,
neutrons, eectrons, positrons, photons, and protons are the
most significant components. At higher atitudes, the heavy
nuclel component must also be consdered.
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Figurel. Components of the dose equivalent rate from
cosmic rays in the atmosphere [O4].
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17. Thecosmicradiation intensity in theatmosphere has
been measured in increasing detail in recent years. A
complete mapping of the cosmic radiation field and the
determination of exposureconditionsand dosesthroughout
the atmosphere as afunction of time can be based on these
measurements with appropriate interpolation or by the
application of reliable radiation transport codes. Codes
have been developed for this purpose [O1, W3], and
transport codes for accelerator shielding applications have
been adapted [K18, P17, R19]. Their adequacy has been,
and is currently being, tested against the available
measurements.

18. Sincethe publication of the UNSCEAR 1993 Report
[U3], some new information has been added to the
database on which the exposure of the general population
to cosmic radiation at ground level isbased. In particular,
both thelow- and high-energy peaksin the neutron energy
distribution are recognized, and instrumentation has been
devel oped that respondstotheextended energy range. This
hasled to modified estimates of dose from this component
of cosmicradiation. There hasbeen substantial progressin
recent years in the study of the cosmic radiation fields at
aircraft altitudes [E1].

1. Exposure at ground level

19. At ground level, the dominant component of the
cosmic-ray field is muons with energies mostly between 1
and 20 GeV. These contribute about 80% of the absorbed
dose rate in free air from the directly ionizing radiation;
the remainder comes from electrons produced by the
muons or present in the electromagnetic cascade. In the
early literature, these two components of the charged
particle flux were referred to as the “hard” and “soft”
components, respectively, because the eectrons are much
more readily absorbed by any shielding. As altitude
increases, the electrons become more important
contributors to the dose rate.

20. Many measurements have been made of the altitude
profile of the charged-particle and photon ionization and
the absorbed doseratein freeair at ground level. A review
of this information in the UNSCEAR 1988 Report [U4]
indicated that a representative value for this dose rate at
sealevel is 32 nGy h™t. The geomagnetic latitude effect is
about 10%, so that avalue of 30 NGy h™*is appropriate for
latitudes below 30°. Considering that a large fraction of
the world population lives at |atitudes below 30° (50% in
thenorthern hemisphere, 85%in the southern hemisphere,
and 54% overal), the population-weighted average
absorbed dose rate from the directly ionizing and photon
componentsof cosmic radiation at sealevel correspondsto
31nGy h™, athough it is not known to this precision. The
dose rate values may be considered as averages over the
11-year solar activity cycle, with the total range of
variation about 10%. Since mostly muons are involved, a
radiation weighting factor of unity is appropriate [11],
yidding the same values for the effective doserate, i.e. 31
nSvh*or 270 uSva™.

21. It is much more difficult to estimate the neutron
contribution to effective dose rate at sea level. Although
availabledataon neutron fluences and energy distributions
are sparse, recent measurements and calculations are be-
ginningtoprovidedlarification. Becauseearlier instrumen-
tation had a low response to high-energy neutrons, which
are an important component of the spectrum, some
increases in the estimates of the fluence rate and effective
dose rate are being suggested. Measurements [R19, S10]
made at the top of the Zugspitze mountain in Germany
(altitude 2,963 m, atmospheric depth 718 g cm™) and
associated cal culations gave afluence rate of 0.126 + 0.01
cm? s [S48]. Attenuation with altitude was described
using the function %2 where p (g cm™ is the
atmospheric depth. From this, afluencerate at sealevel (p
=1,033 gcm) of 0.0122 + 0.001 cm2 s'* can be derived.
A valueof 0.0133 + 0.001 cm 2s * was determined at about
sea level for a geomagnetic latitude of 53°N near Braun-
schweig in Germany [A15] and avalue of 0.0123 cm™2 st
at sea levd for a geomagnetic latitude of 45°N in
Hampton, Virginia, in the United States [G20]. Earlier
measurement results were 0.008 cm2 s [H16, H17].

22. The €ffective dose rate (resulting from isotropic
incidence) at a fluence rate of 0.013 cm™ s%, obtained by
applying a neutron fluence energy distribution weighting
factor of 200 pSv cm? (equal to 720 nSv h™* per neutron
cm2 s, is 9 nSv h™ [$48]. The shape of the neutron
energy spectrum at habitable altitudesis considered to be
relatively invariant, and therefore the fluence to effective
dose (isotropic) conversion coefficient is expected to be
generallyvalid. Onthisbasis, theannual effectivedoserate
from neutrons at sea level and at 50° latitude is estimated
tobe80 uSva™.

23. Birattari et al. [B19], using a remmeter with an
extended range, reported a value corresponding to
80 uSv a* (x5%), which isin agreement with the estimate
derived in the preceding paragraph. From a series of
measurementsby Burgkhardt et al . [B18] and Gaborit et al.
[G16], the sea level effective dose rate from neutrons was
determined to be 60 uSv a, but these results are probably
underestimates, because the instrumentation lacked
response to the high-energy component.

24. Incoming protonsthat initiatethe cosmic ray neutron
field are strongly affected by the earth’s magnetic field,
with the effect that the neutron fluence rate in equatorial
regionsislessthanthat in polar regions. Investigatorshave
recognized the importance of the latitude effect, but it has
not been carefully quantified by reliable measurements.
Florek et a. [F14], quoting results of the Los Alamos
LAHET code system calculation, suggest that the
equatorial neutron fluencerate at sea level isonefifth the
polar rate and that the rate at 50° latitude is 80% of the
polar rate. Nakamura et al. [N20], combining measure-
ments made at Tokyo (24°N) with those for higher
latitudes [H16, H17], obtained a narrower range for the
poleto equator variation, i.e. the equatorial rate about one
fourth of the polar rate.
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25. An approximate analysis of the latitude effect for
cosmic ray neutrons at sea level is presented in Figure 1.
The normalization points are the measurement results of
Birattari et al. [B19] at 50°N (9nSvh*=80uSva?) and
of Nakamuraet al. [N20] at 24°N (4nSvh*=35puSva?).
The maximum valueis estimated to beroughly 11 nSvh
(9 nSv h* +0.8). Theresultant curve may be used to infer
the values for 10° latitude bands to be used in deriving a
popul ation-weighted average (Table 1). Theworld average
effective dose rate at sea level from cosmic ray neutrons
thus determined is5.5nSv h™* or 48 uSv a™.
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Figure Il. Latitude variation in dose rate from cosmic
ray neutrons at sea level.

26. For both the directly ionizing and photon component
and the neutron component of cosmic rays, there is a sub-
gantia atitude effect. Bouville and Lowder [B1] used both
measurements and calculations to derive expressons of the
altitude dependence of cosmic ray doseratesat habitableloca-
tions. Theserelationshipswere given in the UNSCEAR 1993
Report [U3] (see also Annex A, “Dose assessment method-
ologies’). Combining these altitude dependence relationships
with their analyss of the dtitude digtribution of the world
population, these investigators derived estimates of the
population-weighted average dose rates. For the directly
ionizing and photon component the popul ation-weighted
average dose rate is 1.25 times that at sea leve, and for
neutrons 2.5 times. Some two thirds of the world population
livesin coadtal regions, but because dose rates increase with
altitude, populations at high altitudes contribute proportion-
atdy moreto the weighted average. The population-weighted
average value corresponds to the dose rate that occurs at
900 m above sealevel. The calculations cited by Horek et al.
[F14] and theattenuation factor used in paragraph 21 indicate
that the effective dose rate from neutronswould increase by a
factor of 2.1 between sea levd and 900 m devation, in
genera agreement with the results of Bouville and Lowder
[B1], which were also based on analysis of calculated altitude
changesin the dose rate [O3].

27. From estimates derived above, the latitude- and
altitude-averaged cosmic ray dose rates may be derived.
For thedirectly ionizing and photon component, theworld

average effective dose rateis 340 uSva* (31 nSv h* or
270 uSv a* multiplied by the altitude factor of 1.25); for
the neutron component, the average value is 120 uSv a*
(48 uSv a* multiplied by the altitude factor of 2.5). These
results apply to exposures outdoors.

28. The rather limited data on the shidding effect of
buildings on cosmic radiation charged particles and photons
were summarized in the UNSCEAR 1988 and 1993 Reports
[U3, U4]. Observed shidding factors ranged from closeto 1
for minimal vertical shielding, e.g. asmall wooden housg, to
0.4 for lower storeys of substantial concrete buildings. Thisis
consistent with the classical ion chamber observetions that
defined the “soft” component. These observations imply that
afactor of 0.8 would be appropriate after the radiation has
passed through a substantial ceiling. In any case, vaues for
particular structures depend on both congtruction and design,
and only broad generalizations can bemade. Thereappearsto
be no need to change the representative val ue of the shielding
factor, 0.8, used in previous reports.

29. In its previous assessments, the Committee did not
apply ashidding factor to the neutron component of cosmic
radiation, because of the uncertain balance between
attenuation and secondary build-up of neutrons passing
through building materials. Although this issue gill awaits
evaluation, it seemslikdy that 10%- 20% attenuation could be
reasonably expected.

30. Fromtheabovecons derations, theCommitteeestimates
theworld averageeffectivedosefrom thedirectlyionizing and
photon component of cosmic raysto be 280 uSv a* (applying
the indoor shidding factor of 0.8 and assuming indoor
occupancy to be 80% of time). The corresponding average
value for the neutron component (applying the same
adjustment factors) is 100 uSv a*. The component estimates
have been atered dightly from the earlier estimates (300
uSv at and 80 pSv at) [U3], but the total of 380 puSv a*
remains unchanged. The average annua dose rates for the
hemispheres and theworld are summarized in Table 2.

31. Theglobal value of theannual collective effective dose
isabout 2 10° man Sv. About one half of this doseis received
by thetwo thirds of the population that lives at atitudes bd ow
0.5 km. The approximatey 2% of the population living above
3 km receives a disproportionate 10% of the collective dose.
Theaverageannual effective doses from cosmicraysfor some
high-dtitude citieswerelisted in the UNSCEAR 1993 Report
[U3]. Between sealevel and 4 km, the neutron contribution to
the cosmic radiation effective doseincreases from 8% to 35%
of the total. Overal, the range of annual average effective
doses to the world population is 300-2,000 pSv, with a
popul ation-weighted average of 380 uSv.

2. Exposures at aircraft altitudes

32. Aircraft passengers and crew are subject to cosmic
radiation exposure rates much higher than theratesat ground
levd. Tota exposure on a given flight depends on the
particular path taken through the atmosphere in terms of
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atitude (pressure rather than radar altitude) and geomagnetic
latitude, as well as on the speed of the aircraft; that is, it
depends on the duration of exposure at various atitudes and
latitudes. Complicating the stuation is the fact that the
exposure associated with any flight path may vary with time.
There are two possible approaches to dose assessment under
thesecircumstances: (a) areaand/or individua monitoring for
each flight and (b) determining the radiation fidds as a
function of time and space and calculating the effective dose
for any flight path. Both approaches are being taken, and
further measurements and results of calculations are
becoming available [E1]

33. Duration of exposureisobvioudy an important factor in
the assessment of doses to passengers and crew. Flight
durations for crew members are expressed as the time
between leaving the termina before takeoff and returning
after landing. Thustheexposureind udesthoseaccrued on the
ground and those accrued at al atitudes up to cruising
atitude. For flights of more than one hour, the exposure rate
at cruising altitudewill be the main determinant of dose. The
annual number of hours flown by crew members varies from
individual toindividua and from airlinetoairline, depending
on policy. The range appears to be 300- 900 hours per year,
with an average of about 500. For the genera population, it
can be inferred that there are three groups: non-flyers (O
hours), occasiona flyers (3-50 hours, with an average of 10),
and frequent flyers i.e busness flyers couriers, €c.
(50-1,200 hours, with an average of 100). The vast majority
of theworld's population gill fallsinto the first category.

34. Commercia subsonic aircraft generaly have cruising
atitudes of 7 to 12 km. Although many measurements have
been madein aircraft and balloons at these altitudes, thereare
two major problems in using these data to estimate doses.
First, each measurement or set of measurementsis carried out
for a particular flight path at a particular time and
generdizing such results to other paths and times is not
smple. Secondly, most detectors respond to only certain
components of the total fidd, and proper cdibration of
detector response is generally not smple. In addition,
interpreting these data in terms of effective dose requires a
knowledge of the overall properties of the complex radiation
fields at these dtitudes and this knowledge is as yet
incomplete. However, the data can be used as benchmarks to
test the ability of existing radiation transport codesto provide
riable information on fidd properties and effective doses.
Moreover, the data obtained by a number of different detector
systems on many flightsin recent years can beinterpreted in
terms of the operational quantity ambient dose equivalent, to
an estimated accuracy of about 25% [B16, E1, O9, $46, T12].

35. Estimation of dosesto passengersand crew are based
on theroute doses that are obtained from measurements or
calculations of the effective doserateas a function of flight
parameters, using, for example, the CARI programme
developed by O'Brien and Friedberg [F12, F13, O3] or a
computer programme based on measurements and cal-
culations, such as the NASA AIR modd [W3] and
EPCARD [$47].

36. A working group of the European Commission [E]]
reviewed measurements of dose equivalent rates at aircraft
atitudes mostly concentrated in the years 1974- 1976, when
therewas minimal solar activity, and 1991, during maximum
solar activity. More recent measurement results were
presented at the 1998 Dublin Conference [K19]. The results
clearly indicate the strong dependence of the dose equivalent
rates on dtitude, latitude, and the phase of solar activity. The
general pattern of measurementsis shown in Figure l1l. The
report of the working group [E1] noted that the contributions
of the high- and low-LET components are comparable at
geomagnetic latitudes of 50° and that the exposure rate
throughout the aircraft is approximately constant.
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Figure Ill. Measurement results of cosmic ray

exposure rate at aircraft altitudes [E1].

37. The reaults of recent measurements and recent
calculations are broadly cong stent. For atitudes of 9-12 km
at temperatelatitudes, the effective doseratesarein therange
5-8 uSv h'*, such that for atransatlantic flight from Europe
to North America, the route dose would be 30-45 pSv. At
equatorial latitudes, the doserates are lower and in the range
of 2-4 uSv h.

38. A small proportion of passengers and flight crews
travel at higher altitudes (~18 km) on supersonic
transports. Doses on board those flights are routinely
determined from active monitors. Results of this
monitoring were summarized in the UNSCEAR 1993
Report [U3]. Effective dose rates of 10-12 pSv h™* were
normally found. Recent measurementsat thesealtitudesare
in agreement [B24, C29, G21]. One potentia problem for
high-altitude aircraft is the possibly significant dose
contribution from solar particle events. O'Brien et al. [O4]
calculated that 13 solar particle events between December
1988 and July 1992 contributed only 2% and 7% of the
total cosmic-ray equivalent dose at 11 and 18 km altitude,
respectively. However, thereis a potential for much more
significant events such as the highly energetic event of
February 1956. Calculated dose equivalent rates for this
event at 20 km are of the order of 1 mSv h'* [AZ2].
However, no events of this magnitude have taken place
sincethen. Itrequiresboth high solar particleflux densities



ANNEX B: EXPOSURES FROM NATURAL RADIATION SOURCES 89

and high energies (1 GeV) for an event to produce high
doseratesat aircraft altitudes, and thisisarareoccurrence.

B. COSMOGENIC RADIONUCLIDES

39. The interactions of cosmicray partides in the
atmosphere produce a number of radionudlides, including *H,
Be, C, and ?Na. The radicactive half-lives and decay
modes of theseand other cosmogenic radionudlideswith half-
lives gregter than 1 day arelisted in Table 3. Essentidly all
nuclear species lighter than the target nude (primarily
nitrogen, oxygen and argon) are produced by high-energy
spallation interactions. Production is grestest in the upper
dratosphere, but some energetic cosmic-ray neutrons and
protons survive in the lower atmosphere, producing cosmo-
genic radionuclides there as well. Production is not only
altitude- but also latitude-dependent and varies as well with
the 11-year solar cydethat modul ates cosmic-ray penetration
through the earth's magnetic fidd.

40. The caculated global average production rates of
cosmogenic radionuclides per unit surface areaof the earth

and the total annua production are ligted in Table 4. The
equilibrium global inventory can be derived from the latter
value (production rate x 1.44 x half-life). These etimates are
somewhat uncertain, as they depend on the validity of the
calculationa modds. Edtimates of the environmenta
digtribution of cosmogenic radionuclides can be made based
on equiilibrium concentrations. Theaverage concentrationsin
thetroposphereareincduded in Table 4. Sincethe production,
transfer from dratosphere to troposphere, and deposition
patterns are latitude- and season-dependent, there may be
wide deviations from these average val ues.

41. Except for *H, ¥C, and ZNa, which areelementswith
metabolic rolesin the human body, the cosmogenic radio-
nuclides contributelittleto radiation dosesand are mainly
of relevance as tracers in the atmosphere and in hydro-
logical systemsafter deposition. The Committeepreviousy
assessed theannual effective dosesfrom cosmogenicradio-
nuclides to be 12 pSv from *C, 0.15 puSv from *Na,
0.01 pSv from *H, and 0.03 uSv from ‘Be [U3]. Because of
the importance of *H and **C from man-made sources of
radiation, the environmental and dosimetric aspects of
these radionuclides are reviewed in some detail in
Annex A, “Dose assessment methodologies’.

Il. TERRESTRIAL RADIATION

42. Naturaly occurring radionuclides of terrestrial origin
(also called primordia radionudlides) are present in various
degressinal mediain theenvironment, including the human
body itself. Only those radionuclides with half-lives compar-
ableto the age of the earth, and their decay products, exist in
significant quantities in these materials. Irradiation of the
human body from external sources is mainly by gamma
radiation from radionudlidesin the 22U and #*Th series and
from“K. Theseradionuclidesare also present in thebody and
irradiate the various organs with apha and beta particles, as
wdl as gamma rays. Some other terrestrial radionuclides,
induding those of the?*U series, 8Rb, **®¥La, 4’Sm, and "Lu,
exist in nature but at such low levels that their contributions
to the dose in humans are small. Physical data for terrestria
radionuclides are included in Table 3. The externd and
internal exposures from these radionuclides are evaluated in
this Chapter.

A. EXTERNAL EXPOSURES
1. Outdoors

43. Externa exposures outdoors arise from terrestria
radionuclides present at trace levelsin al soils. The specific
leves are rdated to the types of rock from which the soils
originate. Higher radiation levels are associated with igneous
rocks, such as granite, and lower levels with sedimentary
rocks. There are exceptions, however, as some shaes and

phosphate rocks haverelatively high content of radionuclides.
There have been many surveys to determine the background
levelsof radionuclidesin soils, which canin turn berdlated to
the absorbed dose rates in air. The latter can easily be
measured directly, and these results provide an even more
extensive evaluation of the background exposure leves in
different countries. All of these spectrometric measurements
indicate that the three components of the external radiation
field, namey from the gamma-emitting radionuclides in the
28 and #2Th series and “K, make approximately equal
contributionstothe externally incident gamma radiation dose
toindividualsin typica Stuationsboth outdoorsand indoors.

44, The radionuclides in the uranium and thorium decay
chainscannot beassumedtobein radioactiveequilibrium. The
isotopes 22U and**U arein approximate equilibrium, asthey
are separated by two much shorter-lived nuclides, 2*Th and
pa, The decay process itsdf may, however, allow some
dissociation of the decay radionuclide from the source
material, facilitating subsequent environmental transfer. Thus,
24U may be somewhat deficient relative to 22U in soils and
enhanced in riversand the sea. The radionudide #°Rain this
chain may have dightly different concentrations than 22U,
because separation may occur between its parent 2°Th and
uranium and because radium has greater mohility in the
environment. Thedecay products of 2°Rainclude the gaseous
element radon, which diffuses out of the soil, reducing the
exposure rate from the U series. The radon radionudlidein
this series, 22Rn, has a half-life of only afew days, but it has
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two longer-lived decay products, #°Pb and #°Po, which are
important in dose evaluations. For the #°Th series, similar
cond derationsapply. Theradionudide®Rahasasufficiently
long half-lifethat may allow some separation from its parent,
Z2Th. Thegaseousd ement of thechain, Z°Rn, hasavery short
half-life and no long-lived decay products.

45, The results of spectrometric analyses of soil samples
gathered in different countriesarelisted in Table 5. Theeare
the in Stu concentrations. If the concentrations have been
reported on adry bas's, representative values of soil moisture
of 30% by volume and soil dendity of 1.6 g cm™ have been
assumed. The converson factor (dry towet basis) isthus 0.81
(dry weight of 1 cm® 1.3 g; wet weight of 1 cm®: 1.3 g soil +
0.3gwater = 1.6 g; ratio: 1.3+ 1.6 =0.81).

46. The activity concentration of “°K in il is an order of
magnitude higher than that of U or #2Th. In its first
assessment  of representative  concentrations of  these
radionudlidesin soil, in the UNSCEAR 1982 Report [U6], the
Committee suggested the values of 370, 25, and 25 Bq kg™
for “°K,, 28U and %2Th, respectively. On thebasis of the higher
levels reported for China and the United States, the
Committee revised the values for both 28U and *?Th to
40 Bq kg* in the UNSCEAR 1993 Report [U3]. A more
recently completed country-wide survey in China indicates
somewhat lower values [P1, P16]. These and the results for
many more countries are incuded in Table 5. The median
values are 400, 35, and 30 Bqg kg*, and the population-
weighted valuesare 420, 33, and 45 Bq kg * for K, 28U, and
Z2Th, respectivdy. The results of applying the dose
coefficients rdating soil concentrations to absorbed dose rate
in air [120, $49] to these vaues are shown in Table 6. The
popul ati on-wei ghted val uesgivean averageabsorbed doserate
inair outdoorsfromterrestria gammaradiation of 60nGy h™*.

47. Direct measurements of absorbed doseratesin air have
been carried out in the last few decades in many countries of
the world. The database presented in Table 7 encompasses
70% of the world population. A number of countries have
been added since the previous evaluation by the Committee
[U3], and severa values have been revised based on new
information. The popul ation-weighted averageis59 nGy h?,
compared with 57 nGy h* in the previous assessment [U3].
The average values range from 18 to 93 nGy h™*. A typica
range of variability for measured absorbed doseratesin air is
from 10t0 200 nGy h™*.

48. Of the values reported in Table 7 of the absorbed dose
ratein air outdoors, thelowest arein Cyprus, lcdand, Egypt,
the Netherlands, Brune, and the United Kingdom, al less
than 40 nGy h™*, and the highest values are in Austrdlia,
Malaysia, and Portugd, all greater than 80 nGy h.
Exposures inferred from the soil concentration results
(Table 5) generally show reasonable agreement with the
measured outdoor absorbed dose rate in air (Table 8). A
discrepancy of 30% or moremay indicatethat oneor the other
survey was not representative for the country. Those countries
where there are consgderable discrepancies include Luxem-
bourg and Sweden, where the“K levelsin soil are rdatively

high; Syria and Albania, where al levels of radionudlidesin
s0il arelow; and Ird and, wherethe outdoor measurementsare
rather low. The surveyswere conducted by variousmeansand
with different numbers of measurements. The representative-
ness of each survey cannot be judged. The overal results
should be reasonably indicative of the global average.
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Figure IV. Distribution of population of 25 countries
with respect to the outdoor absorbed dose rate in air
from terrestrial gamma radiation.

49. A few countries have evaluated the distribution of the
popul ation exposed to vari ousranges of outdoor absorbed dose
rates in ar. These data, provided in regponse to the
UNSCEAR Survey of Natura Radiation Exposures, are
presented in Table 9. The median for the population included
(788 million persons in the 25 countries) is in the 50-59
nGy h* range. A reatively large population group in the
Russian Federation is reported to be in the 60-69 nGy h™*
range. Decreasing numbers of people arereported toresidein
areas with higher levels of outdoor absorbed doseratein air.
The digtribution of population according to this sample is
presented in Figure lV.

0.30
0.25
0.20
0.15
0.10

) J
0

6'5 4'3' 2 1'0'1'2"3"4"5"6"

Intervals of 10 nGy X centered on the average absorbed dose rate in air

FRACTION OF POPULATION

Figure V. Standardized distribution of population with
respect to decades about the average absorbed dose
rate in air.
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50. The total population distribution presented in
Figure IV is obtained by combining the data from 25
countries, each with different average outdoor levels of
absorbed doseratein air. The small sampleisresponsible
for the somewhat uneven distribution. The distributions
within countries follow a more standard pattern. Thisis
illustrated in Figure V, the dataand analysisfor which are
in Table 10. The distribution of population for each
country is centred about a central decade of dose rate
indicated as 0. In other words, thedistributionsarealigned
about the central values. Each interval of dose rate
represents a decade of dose rate values (e.g. 50-59
nGy h™Y). The average distribution is derived from the
combined distributions.
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51. The dandardized digtribution is centred about the
averagelevd of outdoor dose; 29% of the population iswithin
the 10 nGy h™* decade that encompasses the average value
(eg. is within 50-59 nGy h™* for average outdoor levels
anywhere in the range 50-59 nGy h™%). Figure V shows the
distribution to+6 decades of outdoor absorbed doseratein air.
Thedigribution isrelatively normal at levels of doselessthan
the average, i.e. the population groups are 22% and 14% of
the total at the decades of dose from 10 to 20 nGy h™* below
the average. The digtribution falls more sharply for outdoor
levdsof doseabovethe average, i.e. thepopulation groupsare
14% and 6% of thetotdl at the next two decades of dose from
10 to 20 nGy h! above the average. The digtribution is
approximately log-normal, as shown in Figure VI.
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Figure VI. Cumulative distribution of population with respect to outdoor and indoor aborbed dose rate in air
from terrestrial gamma radiation.
The data are from independent surveys in different countries (outdoors: Table 9; indoors: Table 12).

52.  Although the standardized distribution could be used to
indicate the approximate proportions of apopulation about an
average exposure level, it would be important to know
whether there are local features of geology that could lead to
understandable deviations in the extremes. Extrapolation of
the digtribution, which isbased on just over 10% of theworld
population, to the entire world population would not be
justified, since areas of unusualy low or high background
levds are probably not wel enough represented in the
standardized distribution.

53. In addition to variations from place to place, the
ambient background gamma dose rate in air at any specific
location is not congtant in time. It is subject to consderable
fluctuation, in particular from the removal of radon progeny
in air by rainfall, soil moisture and snow cover. Continuous
monitoring records show variations of +5% from the daily
average leve in 30-minute measurement intervals [K1, S6].
Washout and rainout of radon progeny from air may result in
the short-term enhancement, by 50%- 100%, of the gamma-
ray dose rate in air. The extent of the elevation depends on
rain interval [F2] aswell astherainfall amount. The devated
leve lagtsfor several hoursand isfollowed by adepression of
about 5% from the average leve, due to shidding from

increesed soil moisture. If there is no further rainfal, the
return to normal occursin hours or days asthe soil saturation
disappears. Snow cover depresses the background leve by
about 1% for each centimetre of snow [F17, H32].

54. Thereare smal areas of markedly high absorbed dose
rates in air throughout the world that are associated with
thorium-bearing and uranium-bearing mineralsin thesoil. In
those arees, absorbed dose rates in air of several hundred
nanograys per hour are not uncommon. The Committee has
noted the exigence of these areas in al of its previous
assessments of natural radiation exposures, and a series of
conferences on this topic has hdped to bring together the
available information [C30, S57, V4, W13].

55. Areasof high natural background arelisedin Table11.
There are various causes of these devated exposure leves.
Some result from monazite sand deposits, which have high
levdsof thorium, including Guarapari in Brazil, Yangiangin
China, the states of Keralaand Madrasin India, and the Nile
delta in Egypt. Some have valcanic soils such as Mineas
Geraisin Brazil, Niue Idand in the Pacific, and parts of Italy.
The central massivein France has granitic and schistic rocks
and sands, and an areain the southwest of that country isone
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of many associated with uranium mineralsin soil. The arees
of Ramsar and Mahallat in Iran and are caused by **Ra
deposited from waters flowing from hot springs.

56. It should be noted that exposures in high background
aress can vary in time as deposits or beach sands are
replenished by springs and tides. Road congtruction and
urbanization of these areas have led to moderate decreasesin
the background levels[S56, V5].

2. Indoors

57. Indoor exposure to gamma rays, mainly determined by
the materials of condruction, is inherently greater than
outdoor exposureif earth material shave been used; the source
geometry changes from half-space to a more surrounding
configuration indoors. When the duration of occupancy is
taken into account, indoor exposure becomes even more
significant. Buildings constructed of wood add littletoindoor
exposures, which may then be comparable to outdoor

EXPOSUres.

58. Surveys of absorbed dose rates in air inside dwelings
are not as complete as outdoor surveys. The reported values
areliged in Table 7. About 45% of the world population is
represented in the data that are currently available. The
population-weighted average is 84 nGy h™* with national
averages ranging from 20 to 200 nGy h™™. The lowest values
arein New Zesaland, Icdland and the United States, al beow
40 nGy h%, which probably reflects the preponderance of
wood-framehouses. Thehighest values (95-115nGy h'?) are
in Hungary, Malaysia, China, Albania, Portugal, Augtraia,
Italy, Spain, Sweden, and Iran, which must reflect wide use of
stone or masonry materialsin buildings.

59. Theratiosof indoor to outdoor exposureareindicated in
Table7. These areintended not to reflect actual conditionsat
specific locations but to give a generd, relaive idea of the
broad data gathered in different countries. The indoor and
outdoor results may have been derived in separate surveysin
locationsnot closely coordinated. Theoutdoor levesgenerally
refer to open, undisturbed ground, but sometimes street
locations may have been used. The indoor to outdoor ratios
range from 0.6 to 2.3, with a population-weighted value of
1.4. Thus indoor exposures (absorbed dose rate in air from
terrestrial gammaradiation) are, in general, 40% greater than
outdoor exposures. Valueslessthan one are determined only
for Thailand, the United States and Icdand, where wood-
frame congtruction is common. High values of theratio (>2)
result from high levesindoors (in Sweden and Hong Kong)
rdative to outdoors or from low values outdoors (in the
Netherlands) relative to indoors.

60. The digtributions of populations with respect to indoor
exposures have been assessad in several countries. The data
are presented in Table 12. The digtributions are more or less
symmetrical in severd countries, e.g. Begium, Denmark, and
Romania. Bulgariareportsardatively narrow distribution: the
population falls mostly in the centra three decades of dose
rate. By contragt, the distribution in Hungary is very wide,

athough nearly 50% of the population isin thesingle decade
jus above the mean dose rate for the country. The
digribution in Italy is also wide and approximately bimodal.
The digributions in the Russian Federation, Finland and
Lithuania are characterized by separate peaks in the
digtributionsat decades 2 or 3 above the country mean. These
various distributions can no doubt be explained by the types of
buildingsin which the populationslive. Datafrom additional
surveys in other countries will be required to indicate a
characterigtic digtribution that might be further generalized.

61. Indoor and outdoor distributions of externa
exposures are compared in Figure VII. Only countries for
which both indoor and outdoor distributions are available
(generaly the smaller countries of Europe) are included.
The comparison shows the shift to higher exposure rates
indoors and the somewhat broader distribution of
population for the indoor exposure rate. The popul ation-
wel ghted average exposureratesfor the countriesincluded
in Figure VII are 58 nGy h* outdoors and 81 nGy h™*
indoors, with an indoor/outdoor ratio of 1.4, which is
identical to the population-wei ghted average for the much
larger sample of countriesin Table 7.
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Figure VII. Comparison of indoor and outdoor exposure
rates for the total population of nine European countries.

3. Effective dose

62. To ettimate annual effective doses, account must be
taken of (a) the converson coefficient from absorbed dosein
air to effective dose and (b) the indoor occupancy factor. The
average numerical values of those parameters vary with the
age of the population and the dimate a the location
considered. In the UNSCEAR 1993 Report [U3], the
Committee used 0.7 Sv Gy * for the conversion coefficient
from absorbed dose in air to effective dose received by adults
and 0.8 for the indoor occupancy factor, i.e. the fraction of
time spent indoors and outdoors is 0.8 and 0.2, respectively.
These values are retained in the present analyss. From the
data summarized in this Chapter, the components of the
annual effective dose are determined as follows:
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Indoors: 84nGyh'x8760hx0.8x0.7SvGy =
0.41 mSv

Outdoors: 59 NGy h'*x 8,760h x 0.2x 0.7 Sv Gy ' =
0.07 mSv

The resulting worldwide average of the annual effective
doseis0.48 mSv, with the results for individual countries
being generally within the 0.3-0.6 mSv range. For
children and infants, the values are about 10% and 30%
higher, in direct proportion to an increase in the value of
the conversion coefficient from absorbed dose in air to
effective dose.

B. INTERNAL EXPOSURES
OTHER THAN RADON

63. Interna exposuresarisefromtheintake of terrestrial
radionuclides by inhalation and ingestion. Doses by
inhalation result from the presencein air of dust particles
containing radionuclides of the®U and #*Th decay chains.
The dominant component of inhalation exposure is the
short-lived decay products of radon, which becauseof their
significance are considered separately in Section 11.C.
Doses by ingestion are mainly due to “K and to the 28U
and *?Th series radionuclides present in foods and
drinking water.

64. The dose rate from “K can be determined directly
and accuratedly from external measurements of its
concentration in the body. The analysis of the content of
uranium- and thorium-series radionuclides in the body
requires more difficult chemical analyses of tissues, and
fewer data are available. The analysis of the radionuclide
contents of foods and water, along with bioassay data and
a knowledge of the metabolic behaviour of the
radionuclides, provides an alternative basis for dose
estimation. The samples are more readily obtained, and
they can reflect widely different locations. With thesedata,
doseestimatesfor children aswell asadults can be derived.
The results of both approaches are presented in
Section 11.B.2.

1. Inhalation

65. Inhalation intake of natural radionuclides other than
radon and its decay products makes only a minor
contribution to internal exposure. Broadly representative
breathing rates are listed in Table 13 for infants (1 year
old), children (10 years old), and adults. Results of
measurements of the concentrations of uranium- and
thorium-series radionuclidesin air arelisted in Table 14.
These radionuclides are present in air because of
resuspended soil particles; the decay products of radon are
present because of radon gas in air. A dust loading of
50 ug m= is generally assumed [U6, U7]. With #8U and
Z2Th concentrations in the soil of 25-50 Bq kg%, the
concentrationsin air would beexpectedtobe 1- 2 uBgm3,
and thisis generally what is observed.

66. It is important to note that the dust loading of air
contains substances other than sail, including consderable
proportions of organic matter and, epecialy in wintertime,
fly ash from coa burning [K10]. The organic content is
deficient in uranium compared to soil, but fly ash contains
much higher concentrations of uranium. At coagtal |ocations,
concentrations of uranium in sea air may be an order of
magnitude lower than in continental or industrialized areas
[K11]. Somewhat higher concentrations were measured
before 1980, as reported, for example, by Stevenson and Pan
[S8]. The subsequent reductions may reflect different fuel
supplies.

67. Inthe UNSCEAR 1993 Report [U3], representative
values of the concentrations of terrestrial radionuclidesin
air were selected. Asthe database has changed very little,
most of these values, as given in Table 14, are still
considered valid. The highest concentration is for °Ph.
The concentrations of the other radionuclides arelower by
factors of 10, 500, or 1,000 (see Table 14).

2. Ingestion

68. Ingettionintakeof natural radionuclidesdependson the
consumption rates of food and water and on the radionudlide
concentrations. The reference food consumption profiles in
Table 13 are derived from information on consumption rates
adopted by the World Health Organization (WHO) [W1] and
food balances compiled by the Food and Agriculture
Organization of the United Nations (FAO) [F1]. The values
arebest interpreted as average val uesfor adults. Consumption
rates for children and infants are taken to be two thirds and
one third, respectively, of these values, except for milk
products, which are consumed in greater amounts by infants
and children [C4]. The water intakes are based on reference
weater balance information from the International Com-
mission on Radiological Protection (ICRP) [14]. Although the
tabulated values are in reasonable agreement with cther
assessments, there are subgtantial uncertainties implicit in
their mode of derivation. Moreover, therearelarge deviations
fromthis profilein various parts of theworld, e.g. lower milk
consumption in Asia and lower |leafy vegetable consumption
in Africa[W1].

69. Concentrations of naturally occurring radionuclidesin
foods vary widdy because of the differing background levels,
climate, and agricultural conditions that prevail. There are
aso differences in the types of local foods that may be
included in the categories such as vegetables, fruits, or fish. In
the UNSCEAR 1993 Report [U3], reference vaues were
s ected for the concentrationsof uranium- and thorium-series
radionuclides in foods. Obvioudy, these values mugt be
derived from themost widely availableand representativedata
possible. The database is summarized in Table 15.

70. It isdifficult to sdect reference values from the wide
ranges of concentrations reported for uranium- and thorium-
series radionuclides in foods. An example may be made of
29Pg, which is presant in reatively high concentrations in
seafood. The importance of 2°Po to dietary intake has been
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pointed out for countries such as Japan [Y1], the Marshall
Idands[N2], Portugal [C1], and South Africa[H1]. A global
review of ?%Po in marine food [A3] has suggested that
representative concentrations are 2,400 mBq kg™ in fish,
6,000 mBq kg in crustaceans and 15,000 mBqg kg in
molluscs. Consumption of fishand shellfish varieswiddy from
country tocountry and between individual sin asinglecountry.
If representative consumption rates are 13 kg a* of fish and
1 kg a'* each of malluscs and crustaceans, the intake of 2°Po
with thesefoodswould be 52 Bq a™. If thereare processing or
digribution delays for fish products between catch and
consumption, the activity intake will be reduced owing to the
radi oactive decay of #°Po. Statistics quoted by Aarkrog et al.
[A3] indicate that 30% of seafood is eaten fresh, 30% frozen,
20% smoked, and 20% canned. For timeddaysof 0, 1, 2, and
12 months, respectively, the weighted mean time delay is 93
days, dightly less than one physica half-life of #°Po.
Application of the correction factor 0.6 suggests an annual
intake of 31 Bq in seafood and a weighted concentrartion of
2P in fish products of 2,100 mBg kg* This result
substanti ates the reference value of 2,000 mBg kg™ [U3].

71. Edimatesof uranium- and thorium-seriesradionudides
in the total diet are presented in Table 16. They are
determined from market-basket eval uations or from duplicate
diet samplings. The values derived by multiplying the
reference concentrations in foods and water and the intake
amountsfor adults are shown for comparison. The agreement
with presently available datais reasonable.
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72. The digributions of the annua intakes in various
countries of uranium- and thorium-series radionudides are
shown in Figure VIII. Each point in the Figurerepresentsthe
average value of the intake for a particular country. If only a
range of values has been reported and listed in Table 16, the
geometric mean of the extremes of the range has been taken
as the representative value. The distributions are approxi-
mately log-normal for each radionuclide and span an order of
magnitude. Lead-210 and #°Po have the highest concentra-
tions and similar digtributions, and Z°Th and #2Th have the
lowest concentrations and aso smilar digtributions,
Radium-226 and U have intermediate concentrations.
Because drinking water isimportant for theintake of uranium
and radium radionuclides, it is necessary to ascertain that this
source of ingestion intake is included in the dietary intake
edimates.

73. There are a number of crcumgtances in which the
concentrations of natural radionuclidesin ingested food and
water substantially exceed thereference concentrations or the
more typical range of variation. Examples cited in previous
UNSCEAR Reports incdude the Arctic food chain and the
high levels of uranium-series radionudides in wel water.
Sincenot al components of the diet are affected and because
of common widespread didributions of foods of many
different origins over larger regions, the dosesto individuas
inlocal populationsare not usualy so markedly devated. The
circumstances of such exposures should be better described
and the data more systematically evaluated.
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Figure VIIl. Ranked distribution of annual intakes of uranium and thorium series radionuclides in diet.
Each point represents the average result of measurements made within a country.

3. Effective dose

74. Theevaluation of theinternal doses from inhalation
is presented in Table 17. Revised dose coefficients taken
from ICRP [I9] are used. The age-weighted annual
effective dose is 6 pSv from inhalation of uranium- and
thorium-series radionuclides in air, which may be
compared to the 10 puSv derived in the UNSCEAR 1993
Report [U3].

75. Potassum is more or less uniformly distributed in the
body following intake in foods, and its concentration in the
body isunder homeodtatic contral. For adults, the body content
of potassum is about 0.18%, and for children, about 0.2%.
With anatural abundance of 1.17 107 for “°K [F6], a specific
activity of 2.6 10° Bq kg%, and a rounded dose conversion
coefficient of 3uSva* per Bgkg*[N1], theannual equivalent
dosesin tissuesfrom “K in the body are 165 and 185 uSv a*
for adults and children, respectively. The same values are
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appropriate for the effective doses, given the more or less
uniform distribution of potassum within the body.

76. The evauation of the interna doses from ingestion of
uranium- and thorium-series radionuclides is presented in
Table 18. The reference values of concentrationsin foods are
used with the consumption rates for infants, children, and
adults. The age-weighted effective dose assumes a fractiona
population distribution of 0.05, 0.3, and 0.65, respectively, for
infants, children, and adults. Some revisions have been made
to the dose coefficients snce the UNSCEAR 1993 Report
[U3]. The revisad vaues of the dose coefficients [12] give
generdly higher edimates of effective dose for these
radionuclides. Much of the doseis due to 2°Po, for which the
gut uptake valuerecommended by ICRPincreased from 0.1 to
0.5. Some of the reference concentrations of 2°Pb and 2°Poiin
foods (Table 15) have aso been dightly revised. The age-
weighted total value is 140 pSv, compared with 52 puSv
derived in the UNSCEAR 1993 Report [U3].

77. Thetota effectivedosefrom inhaation andingestion of
terrestrial radionudidesis 310 pSv, of which 170 uSvisfrom
K and 140 pSv is from the long-lived radionudides in the
uranium and thorium series. Essentially the same result is
obtained for radionuclide concentrations in body tissues.

78. The Committee reviewed the concentrations of natural
radionuclidesin tissuesin previousassessments, most recently
in the UNSCEAR 1988 Report [U4]. Because of the low
concentrations in tissues of uranium- and thorium-series
radionuclides and variationswith age and geographical loca
tion, therepresentative levelsremain somewhat uncertain. As
additiona gudies are published only infrequently, this
situationisunlikely to change. Thedatabaseissummarizedin
Table 19.

79. Uranium is retained in the body primarily in the
skeleton. It has been shown that the concentrations are
approximately similar in various types of bone (vertebrae,
rib, femur) [H23]. Fisenneand Welford [F8] reported that,
for residents of New York, concentrations of U in
vertebrae increased by a factor of 2 over the range 14-73
yearsand in lungsby afactor of 3 over the sameagerange.
There were no such variations for liver and kidneys.
Lianging and Guiyun [L1] found no variation in
concentrations of 22U in bone with age for adult residents
of Beijing, but the concentrationsin bone of children were
up to two times greater than the concentrations in adults.
Thewiderange of concentrationsin bonein samplesfrom
Beijing (94-2,600 mBqg kg™ in dry bone) illustrates the
great variations encountered. The generally higher
concentrations in Beljing are related to a high intake of
Z8 in the diet and drinking water [L1].

80. Anearlier estimatewasthat 70% of the body content
of 28U was in bone [J9, U6]. This would correspond to
500 mBq in the skeleton (assuming the reference
concentration of 2*U in bone to be 100 mBqg kg™) and
710 mBq in the body. The average concentration in soft
tissues would then be 3 mBqg kg, athough higher
concentrations are measured in the lungs and kidneys.

81. Following intake by ingestion and inhalation, thorium
is mainly deposited on bone surfaces and retained for long
periods. Metabolic modelling assumes that 70% of the body
content of thorium is retained in the skeleton [I15]. From the
reference concentrations given in Table 19 and assuming the
cortical bone massto be 4 kg and the trabecular bone massto
be 1 kg, it may be edimated that the body burdens are
210 mBg of Z°Th and 70 mBq of Z2Th.
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Figure IX. Ranked distribution of the concentrations of uranium and thorium series radionuclides in bone.
Each point represents the average result of measurements made within a country.

82. The digributions of uranium and thorium concentra-
tionsin bonein various countriesareshown in Figurel X. The
values are taken from Table 19. Because the distribution is
log-normal within a country, the geometric mean is taken to
be the most representative central value. If only a range of

values has been reported, the geometric mean of the extremes
is plotted in the Figure. The values for individual countries
are aso digributed approximatdy log-normally and extend
over an order of magnitude, with the variation being caused
primarily by differencesin intake of theradionudidesin foods
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and water. The distributions for 28U and #°Th in bone are
similar; somewhat lower concentrationsarereported for 2Th.
Based on available data, the reference concentrations of
uranium and thorium radionuclides given in Table 19 have
been revised. These dataarelimited and must beconfirmed as
representative for the countries. The concentrations of 2U in
soft tissuesreported for theformer Soviet Union, for example,
appear to be abnormdly high.

83. Data on **Ra, *°Pb and *°Po in tissues are dso
induded in Table 19 (the *°Ra data are in summary form).
Radium is retained primarily in bone, and concentrations
have been measured in many countries. In the UNSCEAR
1977 Report [U7], data from 16 countries were reported,
which gave an arithmetic mean value of about 300 mBq kg
in dry bone. With thefraction of 2’Rain the body distributed
in soft tissuestaken to be 17% [13], the average concentration
in soft tissues was inferred to be 4.8 mBq kg ™. The popula-
tion-wel ghted average of the same data gives somewhat |ower
values: 230 mBg kg *inboneand 3.6 mBg kg *in soft tissues.

84. Onthebassof an extended compilation of datafrom 26
ocountries, Fisenne[F15] determined themedian valueof °Ra
in bonefrom acumul ative popul ation frequency plot tobe 170
mBq kg in bone. This value was quoted in the UNSCEAR
1982 Report [U6] and accepted as a reference value in the
UNSCEAR 1988 and 1993 Reports[U3, U4]. From afurther
extended series of measurementsin 31 countries that include
over 60% of the world population, Fisenne [F16] more
recently reported a median vaue of 260 mBq kg in bone,
inferred from a cumulative frequency plot. The population-
weighted averages for these 26 and 31 countries are 230 and
310 mBq kg'*, respectively. Several larger countries with
relatively high concentrationsin bone have been added to the
extended list: Nigeria, 760; Russan Federation, 500; Brazil,
380; and China, 360 mBq kg *. A higher reference value for
Z8Ra in dry bone in the range 200-300 mBq kg* is thus
suggested.

85. Theonly recent dataon?°Pband?°Po concentrations
intissuesarethosefrom Japan [ T13]. Lead accumulatesin
bone; by contrast, polonium is distributed mainly to soft
tissues. Both would be present in the body in the absence
of direct intake from decay of ?*Ra, but dietary intakeis of
most importance in establishing body contents. Early
measurements showed the #°Pb/*°Po concentration ratios
tobe0.8in bone, 0.5in lungs, and generally 1in other soft
tissues [U7]. Some enhancement of ?°Po in liver and
kidneys seems substantiated by the data in Table 19. The
presence of #°Pb and #°Po in tobacco greatly increasesthe
intake of these radionuclides by smokers. The measured
29pg concentration in the lung parenchyma of smokersis
about 3 times that of non-smokers[C32, H35].

86. The annud effective dose from the reference values of
uranium-and thorium-series radionuclides in tissue was
evaluated in the UNSCEAR 1988 Report [U4]. The etimate
was adjusted with revised tissue weighting factors in the
UNSCEAR 1993 Report [U3]. Theresult was 130 uSv. Some
changes havebeen madein thereference concentrationsinthe

present evaluation, and an adjusted value of 120 pSv is
obtained. The main contributor to this dose is ?°Po. The
detailsof thiseval uation are presented in Table20. Thisresult
isin dose agreement with the estimate of 110 puSv derived
from the dietary consumption of adults and the reference
concentrations in foods and water (Table 18).

87. Further datafrom direct measurements of radionuclides
in human tissues would be needed to establish more broadly
basad edtimates of the annud effective dose from interna
radionuclides. Studies involving measurements of both
radionuclide intake and tissue contents in particular
populations would be especialy useful to better define the
sourcesand variationsin exposures and the magnitudes of the
uncertainties in the estimated doses. However, because of the
limited number of samples available and therefore the
difficulties in determining representative concentrations of
natural radionuclides in tissues, it may be necessary to put
morereiance on the morewidey based dietary intake datafor
dose estimation purposes.

C. RADON AND DECAY PRODUCTS

88. Radon and its short-lived decay products in the atmo-
spherearethemaost important contributorsto human exposure
from natural sources. While the hedlth risks associated with
high radon exposuresin underground mineshave been known
for a long time, rdativey little attention was paid to
environmental radon exposures until the 1970s, when some
scientistsbegan torealizethat indoor radon exposurescould be
quite high, in some cases comparable to the exposures
experienced by many underground miners. Since then, the
flood of informati on on radon continuesunabated. Many of the
more recent papers on the subject have appeared in the
proceedings of international conferences at Salzburg (1991),
Rimini (1993), Montreal (1995), Prague (1995), Fukuoka
(1997), and Athens (1999) [C2, E8, H2, J1, K13, S65], and a
valuable synthesis of European research on the subject has
recently been published [E2]. All of this information is
improving the understanding of the environmental processes
that affect radon exposure, but there are still many problems
associated with theaccurate assessment of exposuresand doses
toindividuals and populations.

89. It is wdl known that inhalation of the short-lived
decay products of ?2Rn, and to a lesser extent the decay
products of 2°Rn (thoron), and their subsequent deposition
along thewalls of the various airways of the bronchial tree
provide the main pathway for radiation exposure of the
lungs. This exposure is mostly produced by the alpha
particles emitted by severa of these radionuclides,
although some beta particlesand gammaradiation arealso
emitted. Thereis general agreement among scientists that
itisthealphaparticleirradiation of the secretory and basal
cells of the upper airways that is responsible for the lung
cancer risk seen in miners, although there remains some
uncertainty asto exactly which cellsaremost important for
the subsequent induction of lung cancer. It isthissituation
that is central to the problem of dose assessment. The key
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point is that apha particles emitted into the walls of the
airwayshaveashort range, tensof micrometers, andthereare
large variations in the density of ionizations and excitations
along and near the tracks. Thus, the damage to the critica
target cels of the respiratory tract depends in a sensitive
manner on the source/target geometry. It followsthat the dose
that is relevant to risk depends critically on those
environmental factorsthat affect the probability that theradon
decay products are deposited near the critical target cells after
inhalation, as well as on the overall inhaation rate of these
decay products. In the following paragraphs, the current
concept of radon exposure is described and information on
how various environmental factorsinfluence such exposureis
summarized, along with available data on exposure leves
outdoors and indoors. Absorbed dosesto the critical cdlsand
effective doses arethen determined by applying the exposure-
to-dose conversion factors.

90. Theradioactive properties of 22Rn and 2°Rn and their
respective short-lived decay products are given in Table 3.
The various half-lives of the radionudides are very important
in determining the relative contributions of the two series to
bronchia dose. The half-life of *?Rn is 3.824 d. It has four
short-lived decay products: %8Po (3.05 min), 2“Pb (26.8 min),
248j (19.9 min), and 2*Po (164 ps). Both polonium isotopes
are alpha-emitters. The rdativdy short half-life of 2°Rn
(55.6 ) meansthat it does not have much timeto travel from
its production ste to the immediate environment of human
beings. The rdatively long hdf-life of one of its decay
products, #2Pb (10.6 h), allows thisisotopetimeto deposit on
surfaces or migrate away from its source before producing the
important al pha-emitter 22Bi (60.6 min). Thereativeconcen-
trations of the various radionuclidesin thetwo seriesareaso
strongly affected by dynamic processes, induding the attach-
ment of the decay products to aerosal particlesand their sub-
sequent deposition on room surfaces or the ground aswell as
air movement in general. Thefraction of radon progeny in an
ultrafine mode (0.5-2 nm), not atached to ambient aerosol
partides, is known as the unattached fraction [H5, T16].

91. The evaluaion of exposure to radon and the decay
products must thus take account of the actual activity
concentrations of the various al pha-emitting radionuclidesin
the two seriesin the air that is bresthed. This consideration,
aswell asthefact that it isthe totd dpha particle energy yet
to be rdeased by, or following, the decay of inhaled
radionuclidesthat isimportant in determining dose, hasledto
the definition of radon exposure rate in terms of potentia
apha energy concentration (PAEC) with unit of Jm or of
WL (working level). This quantity can be readily calculated
once the activities of the individual radionuclides have been
determined from measurement. In most cases, theindividua
activities are not directly measured, so that the exposure rate
must be indirectly determined using assumptions made on
concentration ratios, i.e. equilibrium factors, leading to the
determination of the equilibrium equivalent concentration.
The essential point here is that environmental factors that
influence concentration ratiosin each of theradiocactive series
are of great dgnificance for both exposure and dose
assessments.

1. Sources of radon
(&) Entry into the atmosphere

92. Radon-222 and #Rn are the gaseous radioactive
products of the decay of the radium isotopes 2°Ra and **Ra,
which are present in all terrestria materials. Some of the
atoms of these radon isotopes are rdeased from the solid
matrix of the material by recoil when the radium decays. For
aradon atom to escape from the mineral grain into the pore
space, the decay must occur within the recoil distance of the
grain surface. The range of recoil distance for 22Rn is
20-70 nmin common minerals, 100 nmin water, and 63 um
in air [T2]. Radon atoms entering the pore space are then
transported by diffuson and advection through this space
until they in turn decay or are released into the atmosphere
(exhalation). Theprocessesof radon emanation and transport,
particularly in the soil, have been reviewed in several classic
papers by Tanner [T1, T2]. New studies have focused on the
effect of moisture, the dynamics of rdease or recoil from
minerals, radon behaviour in soils as well as on aspects of
geology and climate [G22, S50, S59, S60, W9]. Radon
generation and transport in porous materials involve solid,
liquid, and gas phases in the processes of emanation,
diffuson, advection, absorption in the liquid phase, and
adsorption in the solid phase. Most aspects of these processes
have been characterized individudly, however, practica
applications require a unified theoretical framework that
considers the processes smultaneoudly [N6, R11].

93. Thefraction of radon atoms released into rock or soil
pore space from a radium-bearing grain is cdled the
emanation coefficient, the emanation factor or the emanating
power. Factors affecting the emanation coefficient were
reviewed by Schumann and Gundersen [S50]. Typicd
emanation coefficients for rocks and soilsrange from 0.05 to
0.7[N19]. Grain sizeand shapearetwoimportant factorsthat
control the emanation of radon in soil. They determine how
much radium is near enough the grain surfaceto allow radon
to escape into pore spaces. Generally the radon emanation
factor isinversdy proportional to grain Sze. The presence of
radium in increased concentrationsin surface coatings of the
grainsincreasesthe emanating power relativetothat in which
radium is uniformly distributed throughout the grains. The
sorption or co-precipitation of radionuclideswith metal oxides
[G18] or organic compounds[G17] in grain coatingsisone of
themost important processes enhancing the radon emanation
coefficient. A dtudy of granitic esker sand showed a high
degree of radioactive disequilibrium between 2°Ra and 28U,
caused by *Ra adsorbed on the surface of mineral partides
[E5]. Microscopic fractures and fissures, called nanopores,
and pits or openings caused by previous radioactive decays
provide additional pathways for radon release. Particularly in
sand-sized and larger grains, nanopores can increase the
specificsurfaceareaof thegrain, enhancing emanation by one
or two orders of magnitude.

94. Soil moigture plays an important role in the emanation
of radon and its diffusion in soil, for several reasons. Sail
moisture, in the form of a thin film of water surrounding soil
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grains, directly affects radon emanation by capturing the
radon recoils from the solid matrix. These captures increase
thelikdihood that radon atomswill remain in the pore space
ingead of crossing the pores and imbedding themsdves in
adjacent soil grains. Both theoretica estimates [R11] and
laboratory tests show that adsorption on soil grains decreases
rapidly with increasing water content, becoming insignificant
for water contents greater than about 0.3-0.4 of saturation.
Decreased adsorption increases the emanation factor at low
water contents. Once radon entersthe pore space, its partition
between the gas and liquid phases depends on the relative
volume of water in the pore space and on temperature. The
solubility of radon in water decreases with temperature. The
partition coefficient of radon between water and gas, the
Ostwald coefficient K, gives the ratio of concentrations of
radon in water and in air [A4, C28, W9]. The vaue of K;
varies from 0.53 a 0°C to 0.23 at 25°C in water and is
typicaly 0.30 at 15°C. Both partitioning and increased
emanation cause the concentration of radon in the air-filled
pores to be higher under moist conditions than under dry
conditions [A4, W9].

95. The concentration of radon in soil gas, Cg,, in the
absence of radon transport is as follows [N19, W9:

Coy - Cauf poet@-e)(mK, -1+ 1)t (D

where Cg, isthe concentration of radium in sail (Bqkg™?),
f isthe emanation factor, p, isthe density of the soil grains
(2700 kg m™3), e isthetotal porosity, including both water
and air phases, m is the fraction of the porosity that is
water-filled (also called the fraction of saturation), and K+
isthepartition coefficient for radon between the water and
air phases. For dry soil, mis zero and the last term on the
right side of the equation can be omitted. A warm, moist
soil (25°C, K; = 0.23, m = 0.95) with typica sail
parameters (Cg, = 30 Bg kg™, f = 0.2, ¢ = 0.25) will have
aconcentration of radon in pore air of 78 kBg m™3, which
is 3.7 times higher than for the same soil under cold and
dry conditions (0°C, K; = 0.53, m = 0.05, Cg, =
21 kBg m™) [W9].

96. Radon concentrationsin soil within afew meters of the
surface of the ground are clearly important in determining
radon rates of entry into pore spaces and subsequently intothe
atmosphere. They depend on the digribution and
concentrations of the parent radium radionuclides in the
bedrock and overburden and on the permesbility of the soil.
Certain generdizations can be made about the radium
concentrationsin bedrocks of varioustypes, but there are very
large ranges within each type In genera, granites have
relatively high radium contents, sedimentary and
metamorphic rocks intermediate contents, and basalts and
most limestones low contents, athough there are many
sriking exceptionsto thisrule. Soilsare similarly variablein
their radium content, and generalizations here are even more
difficult. Thisisduein part to the often complex rlationship
between the bedrock and its overburden, especidly in those
higher latitude regions that were subject in the past to

glaciation. Radium transfers more readily to vegetation than
the parent uranium radionuclides, and the emanation from
soil organic matter is more effective than from soil minerals.
The effective permesbhilities of bedrocks and soils are also
highly variable, being rdated to degree of wesathering,
porosity, moisture content, and the presence of cracks or
fissures. Thiswasdemonstrated by Schumann and Gundersen
[SB0] for different soilsand climatesin the United States. The
regional differencesareprobably caused by climate-controlled
differences in soil weathering processes.

97. The key soil-rlated parameters characterizing radon
transport are the radon diffusion coefficient and the soil-air
permeability. The diffusion coefficient reates the gradient of
theradon concentration in air-filled porestotheflux. It can be
determined in many ways, which may cause confusion. The
pore diffuson coefficient D, isaso caled the “interdtitial” or
“effective’ diffuson coefficient. It relates the gradient of the
radon concentration in air-filled pores to the flux density
acrosstheair-filled porearea. The*bulk” diffusion coefficient
rdates the same gradient to the flux dendty across the
geometric (bulk) area. The pore volume is divided into air-
filled and water-filled parts. An approximate relationship
dates that the bulk diffusion coefficient D is equa to €D,
where ¢ is the porosty of the soil. Since the radon
concentrations in the air-filled and water-filled parts are not
the same, the parameter € must be replaced by the expression
e, + K; &, which takes into account the partitioning [A4,
N19, R11].

98. Simple modes are needed to determine the key
parameters of the diffuson coefficient and the soil-air
permesbility for radon transport calculations. Rogers and
Nielson presented a brief review of such expressions [R12)].
They aso introduced an updated corrdation for the effective
diffuson coefficient, which was based on more than a
thousand diffusion measurements. The experimental pattern
of the effective diffusion coefficient D, as a function of the
volume fraction of water saturation is given in Figure X. At
low water content, D, isalittle affected by the water content.
At high water content, the pores become bl ocked by water and
the diffuson decreases. Typical porosty values for soil
materials are 0.01-0.5, with 0.25 representing an average
value[U3]. Typical water saturation fractionsare 0.1-0.3 for
sandand 0.3-0.95for loam, silty day, or clay [N7]. Therange
of D, in sail is typicaly 107-10° m? s*. For soil with a
fractional water saturation of 0.2 and a porosity of 0.25, the
datain Figure X yield an effective diffusion constant of 2 10
m? s, which is used as the representative value for soil
benesth thereferencehouse (Table21). Inthecaseof adry soil
(with a total porosity € of 0.25), the corresponding bulk
diffuson coefficient of 5 107 m? s is the product of a soil
porasity of 0.25 and a D, of 2 10® m? s, This value of the
bulk diffusion coefficient corresponds to the representative
value given in the UNSCEAR 1988 and 1993 Reports [U3,
U4]. If the partitioning has been taken into account, e.g. a a
fraction of saturation m of 0.2 (e = 0.25,¢,=0.20 and ¢, =
0.05) and a a temperature of 15°C (K; = 0.3), the
corresponding bulk diffuson coefficient is lower, 4.3 1077
m?st.
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Figure X. Experimental pattern of the effective diffusion
coefficient of radon for soil of three different porosities as
a function of the fraction of saturation [R12].

99. The main mechaniam for the entry of radon into the
atmosphereis molecular diffuson. An expression to estimate
the diffusve entry rate of radon into the atmosphere was
considered in the UNSCEAR 1988 and 1993 Reports [U3,
U4)]. For aporous massof homogeneousmateria semi-infinite
in extent, theflux density of radon at the surface of dry soil J,
(Bgm2s?) isgiven by the expression

L = Coaalry fp(1-8) L )

where Cg, is the activity concentration of 2’Ra in earth
material (Bq kg%, Ag, iS the decay constant of 222Rn
(2.110°%sY), fistheemanation fraction for earth material,
ps is the soil grain density (2700 kg m™), and ¢ is the
porosity of dry earth material. The diffusion length, L, is
equal to (DJig,)” With representative values of these
parameters (Cg,= 40 Bg kg™, f=0.2,D,=210°m?s %, ¢
=0.25), J,is0.033 Bgm=2s™. Equation (2) isvalid only
for dry soil. The presence of water in soil alters the
transport conditions, resulting in a modified equation for
Jo- In addition, moisture affects the emanation coefficient
and the diffusion coefficient. The egtimate of J,,
0.033 Bg m™ s, is in approximate concordance with
measured values; however, it is higher than the estimated
mean worldwide flux of 22Rn of 0.016 Bq m™2 s [W8].

100. Although diffusive entry of radon into the outdoor
atmosphereusual ly dominates, thereisal so someadvection
caused by wind and changes in barometric pressure.
Measurements of exhalation rates of radon from soil show
a variability that reflects the variability of radon
concentrationsin near-surfaceporespaces. Concentrations
of 22Rn in soil gas vary over many orders of magnitude
from placeto place and show significant time variationsat
any given site. Data have shown that there were prominent
increases in radon concentrations in outdoor air and in
ground water just before the large earthquake at Kobe,
Japan, in 1995111, Y3].

101. Under normal circumstances, thoron concentrations
in soil gas would be roughly comparable to or perhaps
somewhat |essthan the #?Rn concentrations because of the
generally similar production rates in rocks and soils and
thelr similar behaviour in the ground. This has been
observed at two locations in New Jersey, United States
[H3]. On the other hand, high thoron entry rates from the
ground are rarely encountered. Whereas fractures in the
ground and/or bedrock allow ?2Rn to be pulled to the
surface from substantial depths (and volumes), the time
frame may be such that most of the thoron present at these
depths decays before reaching the surface.

(b) Entry into buildings

102. Knowledge of the factors that influence 22Rn entry
rates into structures has considerably improved in recent
yearsasaresult of investigations of the processesinvolved
and evaluations of smplified model houses[G1, H4, N16,
N19]. Inthe UNSCEAR 1988 and 1993 Reports[U3, U4],
a model masonry building with a volume of 250 m?,
surface area of 450 m? and an air exchangerateof 1 h*
was described and cal culations carried out to illustrate the
effects of the several mechanismsof radon entry, including
diffusion and advection from the ground and the building
materials, the entry of outdoor air, and 2?Rn released from
water and natural gas. In the following paragraphs the
contributions of these entry mechanisms are reeval uated.
The representative soil and house parameters used in the
estimation aregiven in Table 21.

103. Many studieshave shown that when high rates of radon
entry into buildings are found, advection is usualy the main
factor [E2, M4]. This advection is driven by the pressure
differential between the building shell and the ground around
the foundation, produced by the higher temperatures within
the shell (the "stack" effect), mechanical ventilation, and to
some degree aso by wind blowing on the building. The
effectiveness of this pressure differential in pulling in radon-
laden soil gas through the foundation is critically dependent
on the effective permeabilities of both the building foundation
and the adjacent earth. Wind can aso cause decreases in
radon entry concentrations by its flushing effect on radon in
soil surrounding the house [R8]. Under certain conditions,
atmospheric pressure fluctuations can also represent an
important mechanism of radon entry [R13, R14]. Because of
differencesinthepressuredifferential sand permeshilities, the
advection contribution varies greatly from sructure to
sructure, at least in temperate and cold dimates. For non-
masonry buildings of smilar dimensionsin atropical dimate,
account must be teken of the usua characterigics and
conditions of board floors, cam air, balanced temperatures,
and high ventilation (2h ™). Themost important contributions
to indoor radon in this case come from outside air and
diffusion from the ground, but the total value is not much
changed.

104. The effect of anomalous subterranean air flows on
indoor radon concentrations has been observed in the United
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Sates in hilly karg terrain [G14, R22] and in Finland on
eskers [AD]. Eskers are long and narrow steep-sided ridges
formed by glacial streams. In the United States, subterranean
networks of cavities and fissures were observed to fadilitate
advective transport of radon-bearing air. In eskersthe coarse
sand facilitates underground air flows. In both cases
differencesbetween underground and outsdeair temperatures
and the accompanying differences in air density cause
subterranean air to move between the upper and lower parts
of the area. Wind may also strongly affect the sail air and
indoor radon concentrations in these areas. These flows
amplify indoor radon levesin winter or summer, depending
on the location of the house. Air flows due to thermal
differences and seasona patterns of radon concentrations,
which are comparable with the observations described above,
have been observed in caves and in mining regions dose to
the tunnels and air shafts [C27, L17, S39].

105. Modelling studies have heped in understanding the
rdlevance of factors that influence *?Rn entry rates into
sructures. The moddling results were reviewed by Gadgil
[G1]. The main entry route into the modd houseis the gap
between the foundation wall and the floor dab of concrete.
Thefirgt analytical studies demonstrated the dominant effect
of soil permesbility; they also showed that oncethegap width
exceeds0.5mm, it nolonger markedly increasestheentry rate
[M32, N8J. In later, mainly numerical modd Sudies, the
effect of a subfloor gravel layer, backfill, entry into dab-on-
grade houses, and aternative entry routesweremodelled [A4,
L4, N6, R15, R16]. The gravel layer below the floor dab
gregtly increases the radon entry rate. Typicaly, when the
ratio of gravel to soil permesability is over 100 and the soil
permeshility islessthan 10°° m? the aggregatelayer increases
the radon entry by a factor of 3-5[A4, R15)].

106. Permeshility strongly affects the convective entry of
radon into houses. Therange of soil air permesbility valuesis
very broad, more than eight orders of magnitude, from less
than 107 m? for homogeneous day to more than 1078 m? for
cleangravd. In ahousewith adab-on-grade, thegap between
the floor dab and the foundation wall is the most important
entry route for radon-bearing soil air. If thedab is otherwise
radon-tight, high radon entry rates can only occur by means
of advection, and the diffusve entry rate is of minor
importance. For moderate permeshilities (k > 1072 m?), the
entry rateis proportional to the permeability and the pressure
difference across the gap. The effect of soil permeability,
calculated for amodd house, isillugtrated in Figure X| [R15].
Of great importance is the presence of cracks or fractures of
any kind and of any scalein the solid matrix of the material.
These magnify the effects of pressure and temperature
differentialson the convective transport of radon. Fracturesin
bedrock formations, cracks in the soil, and smilar
inhomogeneities in the materials of the foundation of a
structure have been identified as direct causes of high radon
entry ratesinto many structures exhibiting high indoor radon
concentrations [E2, K14, S3].

107. To egtimate the diffusive entry rate from building
materials, the flux density from one side of a building

element, such as wall and floor, must be known. Thisis
given by the following expression, presented in the
UNSCEAR 1988 Report [U4]:

Jy = Cpylhg,fp L tanh(d/L) (3)

where L is the diffusion length in concrete, given in
equation (2), and d is the half-thickness of the dab. The
equation issimilar to that related to soil [equation (2)], the
only difference being the introduction of the hyperbolic
term. The parameters of wall materials given in Table 21
and a wall half-thickness of 0.1 m yield an estimate of
0.18 m for the diffusion length in concrete, the
corresponding radon flux J, being 0.0016 Bqgm2 s*. For
a floor dab with a half-thickness of 0.05 m and values
givenin Table 21, the corresponding diffusion length and
radon flux are 0.22 m and 0.0008 Bq m™2 s'*. Because the
diffusion lengths are greater than the half-thickness of the
wall and floor, most of the free radon will be exhaled from
the structures. Consequently, thethickness of the structure
is a dominant factor affecting the radon flux. These flux
densities estimated for building materials are about an
order of magnitude less than the flux density from the
semi-infinitive soil given above.
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Figure XI. Advective radon entry rates into a typical
basement [R15]. Assumes slab-to-wall gap of 3 mm, deep
soil radon concentration of 37 kBq m=, gravel layer beneath
basement slab of thickness of 15 cm and basement
pressure of -5 Pa with respect to the atmosphere.

108. Therateof radon entry from the building eementsin
the reference house, U (Bg m™ h™), is given by the
expression

U - 3610°S,3, / V )

where S; is the surface areas of the walls, J; is the flux
density, and V isthe volume of the house (m?). The surface
area of radon-emitting walls in the reference house is
estimated to be approximately 450 m2 Theresulting value
of U isabout 10 Bg m™ h™™. Similarly, the entry rate from
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afloor dabwith aradon flux density of 0.0008 Bqgm™2s™*
and asurface area of 100 m?is1.2 Bgm=3h*. With an air
exchange rate of 1 h%, the corresponding indoor radon
concentrations in the reference house attributable to the
materials of which the walls and floor slab are built are
about 10 and 1 Bg m™=,

109. Radon flux from concrete samples has been observed
to vary over two orders of magnitude [S40, U3]. Thisis
caused by differences in the 2°Ra content of the material,
its porosity, density, and emanation fraction. Generally,
radon diffusion from the soil through the concrete hasbeen
ignored; however, recent measurements from the United
States show that radon diffusion through concrete can be
a significant mechanism for radon entry into dwellings
[R17]. Basically, thisis because the quality of concretein
floor dabs is not as high as that of industrial concretes.
The porosities are higher, resulting in higher diffusion
constants. The measured effective diffusion coefficientsin
the extensive study in the United Statesranged from 2 10°8
to 5107 m? s'%. These values are consistent with previous
values in the literature; the upper limit of the range is
extended by afactor of about 5. The geometric mean of 1.4
107" m? stis sufficiently high to permit radon diffusion to
be a significant mechanism for indoor radon entry under
common long-term indoor pressures. The results indicate
that the diffusion constant is also related to the porosity.
The porosity corresponding to the geometric mean
diffusion constant was approximately 0.20. When radon
entry into the reference house presented in Table 21 was
estimated, 1 10 " m? s * was used for the effectivediffusion
coefficient of thefloor dlab. The corresponding estimate of
the effective diffusion coefficient, 7 108 m? s*?, presented
inthe UNSCEAR 1993 Report [U3], has been used for wall
materials.

110. For a dab lying on the ground, the radon flux
transmitted by the dab can be etimated using an empirica
formula, e.g. [U4]. With the parameter valuesof Table21, an
estimate of 0.0071 Bq m2 s'is obtained. This estimate is
higher by a factor of 6 than the estimate presented in the
UNSCEAR 1988 Report [U4], 0.0012 Bg m™ s%, owing to
differencesin dab thicknesses, diffusion lengths, and radium
concentrations in the soil. With a floor area of 100 m? and a
flux dendity, J;, of 0.007 Bqm 2 s ! inserted into equation (4),
the radon entry rate for the reference house is estimated to be
10Bgm 3 h™ (Table22). Thisresult isten times higher than
the radon flux from the dab and is comparable to the flux
from walls of the reference house. This yidds further an
indoor radon concentration of 10 Bg m™ when the air
exchange rate is 1 h™*. A comparison egtimate is available
from Figure X1l [A4], which illustratesthe entry ratethrough
both the dab and the perimeter gap, induding the diffusive
and advective components. Theparametersusedin FigureXI|
were approximately those used for the reference house,
Table 21. The diffusve entry through the dab can be
estimated from the entry rate calculated for a permesbility of
107 2. In this case, the diffusive entry predominates, and
advection through the dab makes a negligible contribution.
Figure XII yields an estimate of 0.97 Bq s, or 0.0097 Bq

m2 s, from the dab, which is consisent with the etimate
above of 0.007 Bq m2 s!, when the contribution of the
diffusive entry rate from dab material of about 0.002 Bqg
m2 s, induded in the estimate in Figure XII, is subtracted.
In practice, the cover materials to some extent decrease the
radon flux from the floor. In basement houses, diffusion of
radon through concrete block walls may be a significant
source of indoor radon [L21].
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Figure XIl. Radon entry rates for model masonry house
[A4].

111. The diffusve entry rate through the gap between the
floor dab and the foundation wall is next considered. Recent
sudies[A4, L4, N6, R15] provideimproved datafrom models
where diffusve transport is coupled with advective flow.
Generaly, the increased advective flow through the gaps of
the floor dab decreases the rdative contribution of diffusion.
The upper limit of the diffusive entry rate through the 3 mm
perimeter gap can beestimated roughly using the entry rate at
the permesbility of 107 m? s (Figure XI1). For thispermea-
bility, diffusive entry is the dominant entry mechanism. The
estimated volumetric entry rate is 4 Bqg m= h™*. This
estimate represents the upper limit for the diffusive entry
rate through the gap and has been used as the representa-
tiveentry ratefor the reference masonry house (Table 22).

112. Inthe published modelling studies, the estimates of the
soil-air leakage rate for a house with a basement and a
basement wall-floor gap length of 40 m (floor dab of 100 m?)
on soil with permeability of 10%° m? arein the range 0.8-2
m® h™* [M32, R15]. In a one-floor house with dab-on-grade
and a pressure difference of 1 Pa, the corresponding etimate
would be 0.2-0.5m* h*. When aflow rateof 0.2 m*h™* and
aleskage air concentration of 25,000 Bq m™2 are applied to
thereference house of Table 21, the advectiveradon entry rate
is20Bgmh. Theleakage air concentration is40% of the
deep-s0il radon concentration for the reference house. The
pressure difference of 1 Pa represents an indoor-outdoor
temperature difference of 20°Cin ahousewith dab-on-grade
and anatural ventilation syssem. The advective entry rate of
20 Bg m3 h™* represents a permeshility of approximately 2
10" m2 This egimate has been used as the representative
valuefor the reference house (Table 22). In the absence of the
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grave layer the permeability would have to be higher by a
factor of 2 to yidd the same entry rate.

113. The estimates of radon entry into a reference masonry
house derived in the preceding paragraphsare summarized in
Table22. Diffusiveand advective radon entry each contribute
about 40%, and the outdoor air contributes about 20%. The
numerical estimates for the various contributions are subject
to uncertainties because of the assumptions made. However,
theresultsareroughly cons stent with measurements madein
actua buildings [H4]. The radon concentration of the
reference house is approximately equa to the worldwide
average indoor radon concentration. More specific com-
parisons are made in Table 23 for typical houses in Finland
[A1], where the radon concentrations indoors are higher and
the air exchange rates are lower than assumed for the
referencehouse. Therd ative contribution of diffusion sources
is lower when the main congtruction material iswood.

114. Radon dissolved in water may enter indoor air through
de-emanation when the water is used. The water supply
contribution depends on the concentration of radon in the
water used for showering, laundry, etc., and can sometimesbe
important. The concentrations of radon in water may range
over severa orders of magnitude, generally being highest in
wdl water, intermediate in ground water, and lowest in
surface water. Reference values selected in the UNSCEAR
1993 Report [U3] were 100, 10, and 1 kBg m and reference
usage was 10%, 30%, and 60%, respectively, for water from
the three sources. The ratio of concentrationsin air and in
water was taken to be 10 [U3]. This value was aso
recommended in a national review in the United States of
experimental and modd study results[N10]. Thus, an average
concentration of radon in water of 10 kBg m™ implies a
contribution of 1 Bq m™ to radon in air; for an air exchange
rate of 1 h'%, the radon entry rate is 1 Bq m™ h* for the
reference house (Table 22).

115. Further evaluation of water as a source of radon for
indoor air (public water supplies were measured in 100
major cities of China) confirmsthese results. Therange of
radon concentrationsin water was0.04- 100 kBgm 3, with
an average value of 8 kBg m~[R9]. Measurements of the
air-water concentrationratiodid, however, show somewhat
higher values, 2-70 10 on average, in separate studies
[R9]. An analysis of al the existing published data giving
estimates of thetransfer coefficient of radon from water to
indoor air derived an average value of 1 10* [N10].

116. The results of analysing radon entry rates for the
reference house suggest at least the relative contributions of
the processes involved. The main practical result of such
moddling studies has been to identify strategies to mitigate
the high radon entry rates through the foundation that are
usually the cause of high radon exposures [A11, C25, H19,
W4]. These sudies have aso revedled how complex the
stuation is with respect to predicting entry rates for
individual houses or explaining them when they are
measured. Congdering all of thefactorsmentioned above, and
especially the design and quality of congtruction of an

individual structure, the factorsthat determine the entry rate
aremany, varied, and very site-pecific. Successful mitigation
srategies, such asidentifying and sealing alimited number of
entry pathways or effectively ventilating the soil immediately
adjacent to the foundation, tend to work because radon entry
into many structures can befairly readily prevented, or at least
subgtantially reduced, by redirecting and re-channdling air
transport away from building interiors. Radon concentrations
aretypically reduced by about 30%. Other techniquesaim at
reducing the building/ground pressure differentia that drives
the advection; the radon concentrations are then typicaly
reduced by 80%-99%. Improvements in ventilation sysems
normally change radon concentrations by less than 50%.

117. The processes that may dlow thoron to accumulate in
indoor air are difficult to assess. Because of thoron’s short
half-life, it was once thought that the only mechanisms for
significant thoron entry would be infiltration of outdoor air
and diffuson from building materias. But recent investiga-
tions have shown that entry through the foundation can aso
beimportant [L3, S2]. Thereisan absence of detailed Sudies
in a aufficiently large sample of buildings to make wide
generdizations. However, given the comparable concentra-
tions of 22Rn and thoron usually found in outdoor air, soil
gas, and building material pore spaces, it is not unexpected
that indoor air concentrations of the two gases (ground floor
leve only) are often roughly comparable.

118. Many of the studies of 2Rn and thoron source terms
have dedlt with singlefamily houses, with or without
basements and craml spaces. There is less information on
multi-storey buildings, such as apartment houses and office
buildings. The expectation that ground sources would beless
important for spaceswell abovetheground hasgenerally been
supported by lower measured 22Rn and thoron concentrations
in higher storeys [$4], but the ground source contribution
dependson air circulation patternswithinthebuilding that are
both time- and building-dependent.

119. Considerable research has been carried out in recent
years to deve op methods for defining areas wherethereisan
increased probability of finding buildings with high radon
entry ratesand indoor air concentrations. A number of modds
have been developed based on bedrock geology and soil
characterigtics that have met with only limited success,
undoubtedly because of the complications indicated in the
preceding paragraphs. Recent effortsin Finland [V 3], Japan
[F18], Sweden [A14], the United Kingdom [M1], and the
United States [G2, P2] have shown that modeds that
incorporate measured radon and radiation levels as wel as
relevant geol ogical and geophysical parametersarelikeytobe
the most effective.

2. Concentrations in air
(&) Outdoors
120. Concentrationsof radon in theoutdoor environment are

affected not only by the magnitude of the exhalation ratesin
the generd area but also by atmospheric mixing phenomena
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Solar heating during the daytime tends to induce some
turbulence, sothat radon ismore readily transported upwards
and away from theground. At night and in the early morning
hours, atmospheric (temperature) inversion conditions are
often found, which tend to trap the radon closer totheground.
This means outdoor radon concentrations can vary diurnaly
by a factor of as much as ten. There are ds0 seasonal
variations related to the effects of precipitation or to changes
in prevailing winds [B23]. These effects must be taken into
account when interpreting the avail able measurements, many
of which are daytime samples.

121. Recent results of radon measurements outdoors tend to
confirm the estimates of typical outdoor 2?Rn and °Rn
concentrations made in the UNSCEAR 1993 Report of
10 Bgm™ for each [114]. Thereis, however, awide range of
long-term average concentrations of 22Rn, from approxi-
mately 1 to more than 100 Bg m3, with the former perhaps
typica of isolated small idands or coastal regions and the
latter typical of steswith high radon exhdation over large
surrounding aress. Although data are sparse for thoron,
considerablevariability from placeto placewoul d be expected
because of thoron’s short half-life, which means that the
effective surface source, about 0.1 km? [$4], is much smaller
than that for 22Rn, emphasizing the effect of local variations
in exhaation rate. Even more important is the fact that
thoron's short half-liferesultsin avery steep vertical gradient
in its amospheric concentration a any location. A few
measurements show that concentrations a few centimeters
above the ground surface and concentrations at a height of
1 mvary by afactor of about 10 [D2, 110, N18]. Thisgradient
would be expected to vary considerably with atmospheric
conditions. Thus, pronounced time variations would be
expected at any height abovethe ground at any location. This
has obvious implications for estimating thoron exposure
outdoors and the outdoor air source term for indoor thoron.

122. Direct measurement of the concentrations of al short-
lived decay products of 22Rn and °Rn are difficult and
limited. They are estimaed from consderations of
equilibrium (or disequilibrium) between these nuclides and
ther respective decay products. An equilibrium factor F is
defined that permits the exposure to be estimated in terms of
the potential alpha energy concentration (PAEC) from the
measurements of radon gas concentration. This equilibrium
factor is defined astheratio of the actual PAEC to the PAEC
that would prevail if al the decay productsin each serieswere
in equilibrium with the parent radon. However, it issmpler
to evaluate this factor in terms of an equilibrium equivalent
radon concentration, C, in the following manner:

F=Cy/Cn
C = 0.105C, + 0.515 C, + 0.380 C, (Z2Rn series)
C = 0.913C, +0.087 C, (Z°Rn series)

where the symbols C,, C,, and C; are the activity concen-
trations of the decay progeny, namely ##Po, 2Pb, and B,
respectively, for the 2?Rn series and #2Pb and 2Bi (C, and
C,) for the thoron series. The congtants are the fractiona

contributionsof each decay product tothetotal potential alpha
energy from the decay of unit activity of the gas. In thisway,
a measured radon concentration can be converted to an
equilibrium equivaent concentration (EEC) directly propor-
tional to PAEC. Thisprovidesameasure of exposurein terms
of the product of concentration and time. The EEC can be
converted to the PAEC, when desired, by the reationships
1Bgm3 =556 10°mJm?3 =027 mWL (**Rn) and
1Bgm==7.610"°mJm = 3.64 mWL (thoron).

123. Many measurements have been made of ?Rn and
decay product concentrations, allowing estimates to be made
of the magnitude of the equilibrium factor to be estimated in
terms of both typical values and range. These were discussed
in previous reports of the Committee [U3, U4]. More recent
extensve measurements in Europe [R1, W10], the United
States [W2], Canada [B12], and Japan [H18, K9] indicate
typical outdoor 22Rn equilibrium factors of between 0.5 and
0.7. Theseresults suggest that a rounded value of 0.6 may be
more appropriate for the outdoor environment than the
previous esimate of 0.8. Thereis, of course, awide range of
values from individua messurements, which is under-
standablegiven themany environmental factorsthat influence
the various radionuclide activity ratios, induding the
exhaation rates and atmospheric gability conditions. The
range of the equilibrium factor for outdoor radon isfrom 0.2
to 1.0, indicating a degree of uncertainty in the application of
atypical valuetoderiveequilibrium equivalent concentrations.

124. The equilibrium factor approach is more difficult to
apply to etimate thoron decay product exposure because,
unlike the ?2Rn situation, the concentrations of the gas and
the decay products at any particular location, indoors or
outdoors, may not be dosdy related. Thisis primarily dueto
thehalf-livesin thedecay series, which produce very different
digributions in the atmosphere of the gas and the decay
products. A very limited amount of data on thoron decay
product concentrationsoutdoorsindicated atypical EEC of the
order of 0.1 Bqm3[4].

(b) Indoors

125. Thereis a wealth of data available on indoor ??Rn
concentrations, and new information isbecoming available
on indoor thoron. Substantial compilations of 22Rn results
appeared in the UNSCEAR 1988 and 1993 Reports [U3,
U4]. These results are supplemented with recent survey
datain Table 24. It is sometimes difficult to evaluate the
representativeness of results from published reports. New
information will be appearing from many countries in
Africa, Asia, and South America, partly as a result of the
Coordinated Research Programme on Radon in the
Environment, sponsored by the International Atomic
Energy Agency (IAEA). This will provide a better
understanding of how different climates and housing
patterns affect radon exposures. At this stage, it does not
appear that the survey results have changed markedly from
those contained in the UNSCEAR 1993 Report [U3]. In
particular, the values of 40 and 30 Bg m™ for the
arithmetic and geometric means of the distribution of
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worldwide indoor 22Rn concentrations, with a geometric
standard deviation of 2.3, still seem reasonable.

126. The geographic (latitudinal) variation in indoor
radon concentration was considered in the UNSCEAR
1993 Report [U3]. Although levels at equatorial latitudes
should reflect higher ventilation rates because of higher
average outdoor temperatures, the general scatter in the
resultsindicated that many other factorsareinvolved. The
additional data available from the present survey are
included in Figure XI11.
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Figure XIIl. Average concentrations of radon indoors
in various countriesin which measurements have been
made in relation to latitude.

127. Recent determinations of the equilibrium factor for
radon indoors generally confirm the typical value of 0.4
previously assessed by the Committee [U3, U4]. Indoor
measurements show a range from 0.1 t0 0.9, but most are
within 30% of thetypical value of 0.4 [H5, R2]. A recent
study [H5] in seven North American houses has shown that
the equilibrium factor in any building shows a significant
variation with time, typically of a few tens of percent.
Although the measurement of 2Rn gas concentration may
serve as a surrogate for direct measurement of the decay
product concentrationsin the determination of exposure, it
isimportant torecognizethat EECsor PAECsestimated in
this manner for particular structures may be in error,
frequently by several tens of percent and, rarely, by as
much as afactor of 2.

128. Recent research has considerably darified the Stuation
with respect to indoor thoron and thoron decay product
exposures. Severa authors, eg. [M2, N4, $A4], have discussed
the difficulties and uncertainties in measurements of such
exposures and summarized the avallable data. It is not
surprising, based on consderations discussed in previous
paragraphs, that thelimited data show awiderange of val ues.
This may reflect measurement problems as well as red
variations, snce various techniques are used, and there has
been much less internationa effort devoted to quality
assurance for thoron than for 22Rn. The large uncertainties
are also due to the low concentrations usually encountered.

Theconcentrationsarehighly variablein both spaceand time
and are not dosely coupled with the decay product concen-
trations at a particular location. For example, in a particular
room of a dructure, the thoron gas concentration varies
considerably with distancefrom thewallsand floor because of
its short haf-life [D1], while the decay products are
homogeneoudy digtributed in the room air. Moreover, the
decay products were produced partly by thoron present hours
earlier, the concentration of which might have been very
different. Thereis, therefore, no surrogate for decay product
measurement in the estimation of thoron exposure. This
conclusion is supported by recent experimental [M2, M27]
and calculational dudies [Y2]. Earlier measurement data
indicated that a thoron EEC of about 0.3 Bq m™ is fairly
typical of indoor atmospheres, although regional averagescan
be much higher or lower. This vaue was used in the
UNSCEAR 1993 Report [U3].

129. Although measurements of thoron in indoor air are
limited, most investigations have reported both the radon
and thoron equilibrium equivalent concentrations, so some
generalizationsfrom thederived ratios can be made. Based
on the physical characteristics of radon and thoron and
model entry rates to buildings, ICRP estimated expected
concentrationsin buildings [18]. These ranged from 10 to
100 Bg m™2 for radon and 2 to 20 Bq m™2 for thoron in
typical circumstances (3-7 Bg m™2 for both radon and
thoron in outdoor air; concreteand brick building material;
a ventilation rate of 0.7 h™Y). In terms of EEC, these
concentrations indoors are 2-50 Bg m™® (mean =
15 Bg m™) for radon and 0.04-2 Bgq m™ (mean = 0.5
Bg m™) for thoron. This corresponds to an expected
thoron-radon EEC ratio of 0.03.

130. Fromregional surveysin the United Kingdom [C26],
the ratio of the PAECs of thoron to radon decay products
ranged from 0.01 to 30. The highest value was obtained
when the ventilation rate in the house was high (2.6 h™)
and the radon concentration was unusualy low
(2.2 Bgm~3). Thedistribution of valueswas approximately
log-normal, and most values were between 0.1 and 2. For
thewider survey region in the United Kingdom, including
areas where high indoor radon concentrations occur, the
geometric mean value of the ratio was 0.5. For more
typical regions of the country, i.e. excluding the very
radon-prone areas, the mean ratio was 0.3 [C26].

131. Thisratio can also be expressed in termsof the EEC.
The relationship between PAEC and EEC is as follows
[18]: EECg, = 1.81 10° C, and EECy, = 1.32 10’ C, for
radon (*?Rn) and thoron (*°Rn) decay products,
respectively. The relationships give the EEC with units of
Bg m™3 when the potential alphaenergy concentration, C,,
for either radon or thoron is expressed in J m=. The
thoron-radon EEC ratio isthus|ower than the PAEC ratio
by a factor of 0.073, so that PAEC ratios of 0.3-0.5
correspond to EEC ratios of 0.02-0.04.

132. Availabledataonthoron EECsaregivenin Table25.
These are generally results of a few, short-term measure-
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ments and are thus far less representative than the results
for #?Rn. Because of the short half-life of 2°Rn, the
concentration of the gas varied greatly, as mentioned
above, with distance from the soil surface or the structural
material. Since such measurements cannot easily be
standardized, there is little point in presenting data on
concentrations of 2?°Rn alone. The concentration of thoron
decay products indoors are highest for wood-frame and
mud houses, found particularly in Japan [D1, G12] or with
the use of some building materials of volcanic origin, as
found in some Italian regions [B25, S62].

133. Thepreviously assumed representativeconcentrations
of thoron EEC were 0.1 Bg m outdoors and 0.3 Bq m™3
indoors[U3]. Thesevaluesare at the lower range of values
reported in Table 25, most of which were short-term
measurements, but are in good agreement with the long-
term measurements of Harley and Chittaporn [H36]. The
thoron to radon EEC ratio determined in the United
Kingdom (0.02) discussed above times the representative
radon EEC indoors of 16 Bq m™ (40 Bq m x 0.4) would
imply arepresentative val ue of the concentration of thoron
indoors of 0.3 Bg m™. It thus seems justified to retain the
above concentrations of thoron [U3] as representative.
Further data are needed on the concentrations of thoronin
air in order to provide areliable estimate of the effective
dose from thoron and its decay products.

134. Theexposuresand conseguent dosesfrom radon that
are of interest in the assessment of health risks are those
integrated over many years. It iswell known that thereare
substantial time variations in the exposure rates from the
decay products of both radon nuclides at any location, and
each individual spends time at many locations, both
indoors and outdoors, where exposure rates can be very
different. Much of the published data on indoor ?2Rn
concentrations is based on time-integrations of days (e.g.
using charcoal canisters) to 3-12 months (e.g. using
nuclear track detectors). There have been many studies of
how short-term measurements can be used to estimate
long-term exposures (see, for example, [P2]). One
promising development has been the success of modds
based on outdoor temperature variations (effectively a
surrogatefor theindoor/outdoor temperaturedifference) in
estimating and tracking the time variations of radon
concentration in afew houses[H6]. Local meteoro-logical
data can then be used to estimate long-term exposure. In
Nordic countries, measurements made indoors in winter,
when concentrationsarehigher because of strong advective
air flowsfrom soil, must be adjusted by a correction factor
of 0.8 to estimate the annual mean radon concentrations
[A12, M28, N12]. In the United Kingdom, correction
factors of smilar magnitude are needed for short-term
measurements in winter and in the opposite direction for
such measurements in summer to estimate the average
annual concentrations [P11].

135. Animportant problem in epidemiological radon sudies
istodeterminethelong-term averageradon level sthat existed
in the homes of the subjects under investigation. It has been

proposed tomeasure®°Po activitiesresulting from radon decay
on glass surfaces [L2, L19, S52] or in volume traps [O10,
S53]. Thefirg techniqueisbased on thedeposition of airborne
radon decay products onto smooth glass surfaces, followed by
their subsequent recoil implantation. The second techniqueis
based on the diffusion of radon throughout the bulk of spongy
materials. The radon decay products are directly deposited
ingde the volume traps, where they remain until they are set
free by means of aradiochemical separation procedure. Both
of these techniques are promising [F19, M33].

136. Theimportant digtinction between “dwelling exposure
assessment” and “person exposure assessment” was the
subject of a recent experimental study in Austria [S5]. The
six-month exposures of 34 individuals were measured with a
persona radon meter and estimated from the particular
exposure conditions and occupancy times a home, a work,
and dsaewhere. Results of the two assessments were found to
differ by afactor of up to 3, and the possible reasons for these
differenceswereexplored. Judicious placement of monitorsin
the dwelling, for example in a bedroom rather than in the
cdlar, may reducethe differences between the two assessment
approaches [H7].

137. In this Annex, as in previous UNSCEAR reports,
typical exposures and exposure conditions are assessed for
both indoor and outdoor environments, and doses are
estimated from these results and estimated occupancy
factors. This assessment is something like the dwelling
exposure assessment: the basic assumption is that it
reasonably describes typical exposure conditions averaged
over large populations. As the population of interest
becomes smaller, for example, cases and controls in an
epidemiological study, the uncertaintiesin the assessment
of individual and small group long-term exposures must be
better understood and quantified.

138. In previous UNSCEAR reports, long-term radon
exposures were estimated using indoor and outdoor
occupancy factors of 0.8 and 0.2, respectively. These till
seem to be reasonabl e estimates for the global population.
However, for smaller population groups and individuals,
the factors may be quite different.

3. Effective dose

139. Edimates of absorbed dose to the critical cdls of the
respiratory tract per unit 2Rn exposure gpplicable to the
general population can be derived from an anayss of
information on aerosol size digtribution, unattached fraction,
breething rate, fractional deposition in the airways, mucous
clearancerate, and location of thetarget cellsin the airways.
Such estimatesaremode -dependent and necessarily subject to
all of theuncertaintiesassociated with theinput dataaswell as
the assumptions built into the particular calculational modd.

140. For both radon-exposed underground minersand those
exposed to other carcinogenic aerosols such as cigarette
smoke, 75% of lung tumours are found in the branching
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airways of the bronchia tree and 15% in the gas exchange
region, or parenchyma[S36]. Thedosmetry of inhaled radon
and decay products is therefore directed to the cels of the
bronchia epithelium. Themost important variables affecting
the alpha dose to the nucle of these cdlls are the aerosol size
digtribution, the unattached fraction, the breathing rate, and
the depth in tissue of the target cdl nucle. Consderable
research has been conducted to determine quantitative values
of thevariousbiological and physical parametersrequired for
lung dosmetry evaluation.

141. Upon decay of 2?Rn gasor in recoil from decay of the
parent radionuclide, radon decay products are formed as
small positiveionsor neutral atoms approximately 0.5 nm
in diameter. They increase rapidly to 0.5-5 nm asaresult
of clustering on water or other molecules in the air,
depending on local conditions. The ultrafine aerosol mode
is called the unattached fraction. Most of these small
particles become attached to the local or ambient aerosol,
20-500 nm diameter, and this mode is called the attached
fraction. The degree of attachment depends on theambient
aerosol concentration. In dusty, smoky conditions the
unattached fraction will be very low, but in a very clean
environment, such as prevails with air filtration, the
unattached fraction can be much higher. Normally, only
28pg is found in the unattached form with lower
concentrations of unattached “Pb (**Pb/?%Po = 1/10).

142. The unattached fraction of radon decay products is
expressed asafraction of thetotal potential energy (f,.) [118].
Other expressions have been used involving ratios of decay
atoms, 0 care must be taken in interpreting the data. A
central value of the unattached fraction in housesisf,,, = 0.05
[H5], but it can vary by a factor of 2 depending on local
sources and air filtration.

143. Aerosol characterigticsfor theindoor environment have
been documented by several investigators [B13, H5, N17,
R18, T3, T17]. Although the ambient aerosol size in houses
isabout 100 nm on average, the diameter changeswith indoor
activities or sources. The use of dectric motors, open flames,
or electric heatersproduces smaller aerosolswith diameters of
about 50 nm [T3]. Cigarette smoke produces aerosol's about
300 nm in diameter [C23]. Thereis always a distribution of
sizes present that can be well represented by a log-norma
digtribution with a geometric sandard deviation of about 2.

144. Breathing rateisan important dosimetricfactor because
it contrals the volume of air brought into the lungs. It can
change the dose per unit concentration in air by a factor of
about 2, with lower doses derived at lower bregthing rates.
Thebresathing ratevaries, of course, with the degreeof activity
of the individual and is not easily measured. The breathing
rate of an adult male was estimated to be 0.45 m® h™* regting
(8 h per day) and 1.2 m® h™t in light activity (16 h per day)
[14]. Thevauesfor theadult female are 20% lessresting and
5% lessin light activity. The breathing rateswererecently re-
evaluated [17], and somewhat lower averages values were
derived, namdy 222 m® d! for the adult mae and
17.7 m* d * for the adult female.

145. The location of target cdl nude in the bronchid
epithelium has been measured in surgical gpecimens from
over 100 persons of different sex, smoking history, and age
[H8]. The average depth of basal and mucous cdlsimplicated
in carcinogenesiswas 27 and 18 um, respectively.

146. Deposition of aerosolsinthebronchia airwayshasbeen
investigated with replicate casts from human subjects. The
detailed dimensionsof the human bronchial airwayswerefirg
reported by Yeh et al. [Y4] and later verified by Gurman et al.
[G15]. Nasa deposition measurements of the unattached
fraction is about 15% greater than ord deposition [C24].
Nasal deposition isapproximately thesamefor both cydicand
steady air flow and for al ages. Deposition in the bronchial
region occurs by diffuson for aerosol diameters less than
200 nm and by impaction for some particles of greater Sze.
An empirical equation for deposition of aerasolsin the upper
bronchia airways was derived by Cohen et a. [C5] from
measurements using replicate cags. Equations for deposition
by impaction have a so been derived [C10, G15, R6, R7].
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Figure XIV. Absorbed dose in bronchial epithelial cells
per unit exposure (EEC) to radon.

147. Utilizing the latest and best available data for the
various physical and biological parameters, dosmetrists have
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calculated the absorbed dose per unit time-integrated EEC of
radoninair. Theresultsof Harley et a. [H8] areillustrated in
Figure XIV. Since dl particulate exposures contain a
digribution of aerosol diameters rather than a unique or
monodispersesize, it ismorerdevant to estimate the dose per
unit exposure for a given median diameter and a geometric
standard deviation o, The results in Figure XIV are for
digtributions with 6, = 2. The variation in dose with several
different breathing rates is shown in the upper portion of
Figure X1V for a specific unattached fraction f,,,, = 0.05. The
variation of dosewith other values of the unattached fraction
for atypica breathing rate (0.6 m® h™) is shown in the lower
portion of Figure XIV. Similar variations are seen for other
breething rates.

148. The dosmetric evaluation of the absorbed doseto basal
cdls of the bronchia epitheium per unit exposure gives
valuesintherange5-25nGy (Bqh m=)"%. The central value
is etimated to be 9 nGy (Bq h m™®)™* for average indoor
conditions, a breathing rate of 0.6 m* h™%, an aerosol median
diameter of 100-150 nm and an unattached fraction of 0.05.
For an apportioned tissue weighting factor of 0.08 for the
bronchia and bronchiolar regions [17] and the quality factor
of 20, the effective dose per unit EECis 15 nSv (Bqh m™3)™,
The doseto the pulmonary region of thelungsisof much less
significance.

149. ICRP has developed a more detailed lung modd [17] to
caculate the effective dose for exposure to arborne
radionudlides. Itis, nevertheess, till asmplification of actual
respiratory anatomy and physiological behaviour. This model
is not yet recommended for radon and its decay products
because of the discrepancy in results of risk derived from the
modd and from epidemiological studies. The difficulties
include the measurement and specification of aerosol
characterigtics, including size and unattached fraction. The
modd is being used to assess the influence of biological and
aerosol parameters and to characterize the uncertainties in
estimates of the human lung dose [B11, Z3].

150. The results of major dosimetric studies of the lung
dose from deposited Z?Rn decay products are compared in
Table 26. Differencesin the parameter values are evident,
but consensus is beginning to emerge on the depth of the
target cells, and the characterization of theairwaysand the
deposition measurements based on accurate anatomical
representation are greatly improving the dosimetry. With
further progress, the derived dosimetric estimates can be
expected to converge.

151. Efforts are being made to use measurement techniques
based on wire screen pendration theory to smulate the
particlecollection propertiesof thenasal and tracheobronchial
parts of the respiratory tract [H29]. Severa radon progeny
samplers for the direct determination of the lung dose have
been developed [G19, J11, 02, S54]. Dose coefficients were
derived from experimental data using both approaches [H5,
H28, R21, S54, W2, Y7]. Theresultsfor different indoor and
outdoor environments vary from 10 to 50 nSv (Bq h m™3)™,
Similar resultsareobtained in sengitivity sudiesassessing the

influence of biological and aerosol parameterson human lung
dose [B11, M25, Z3].

152. Asan dternativetoadosimetric approach, ICRP has
derived aconversion convention for radon exposures based
on the equality of detriments from epidemiological
determinations. The nominal mortality probability coefficient
for radon for males and females was taken to be 8 10°° per
mJ h m=, This value was determined from occupational
studies of miners. Although the exposure conditionsin mines
are different from those in homes, the differences are
compensating, eg. lower unattached fractions and higher
bresthing rates in mines than in homes. This coefficient was
related to the detriment per unit effective dose, chosen to be
5.6 10 ° per mSv for workers and 7.3 10 per mSv for the
public [11]. The values of the converson convention are thus
8 10° + 56 10° = 143 mSv (mJ h m3)? (5.06 mSvy
WLM™) for workers and 8 10° + 7.3 10° = 1.10 mSv
(mIh m3)" (3.88 mSv WLM™?) for members of the public.
The rounded values adopted by ICRP are 1.4 and 1.1 mSv
(mIh m3? (5 and 4 mSy WLM™) at work and at home,
respectively [I16]. The latter value corresponds to 6 nSv
(Bg h m3)%, which is different by a factor of 2.5 from the
central value derived usng the dosmetric approach. Thisis
not a big discrepancy, considering the complex physical and
biological issuesinvolved.

153. Therange of dose converson factorsfor radon, derived
from epidemiologica studies [16] and physica dosimetry,
varies from 6 to 15 nSv (Bq h m™)"%. The previous value
gpplied in the UNSCEAR 1993 Report was 9 nSv
(Bgh m™)"%. Updated and additional epidemiological studies
of 11 underground mining cohorts [C33], performed
subsequently to the calculation made in [16], suggests an
increased radon risk per unit exposure. Therefore an increase
in the epidemiol ogically based dose conversion convention is
anticipated. The domestic epidemiological radon studies do
not yet have sufficient precision to provide numerical risk
estimates that could be used in an epidemiological dose
converson convention. Given the present range of values of
the dose converson factor, the established value of 9 nSv
(Bghm™)™, used in past UNSCEAR calculations [U3, U4],
is gtill consdered appropriate for average effective dose
calculations. For the representative concentrations of radon
sdlected in Section 11.C.2, equilibrium factors of 0.4 indoors
and 0.6 outdoors, occupancy, and the dose coefficient asgiven
above, the following annual effective doses are derived:

Indoors. 40Bgm=x 0.4 x 7,000 h x 9nSv(Bqghm™3)™*
=1.0mSv

Outdoors: 10Bgm™=x0.6x1,760hx 9nSv (Bqhm™)?
=0.095 mSv

154. Lesswork has been done to derive the dose coefficient
for thoron. The values used in the UNSCEAR 1993 Report
[U3] were 10 nSv (Bg h m™)™* for exposures outdoors and
32 nSv (Bg h m™3)* indoors. Applying the new lung modd
[17] results in sgnificantly higher values. There are no
epidemiological data for lung cancer risk following thoron
exposure from which to derive a converson convention for
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thoron decay productssimilar tothat for radon decay products.
The value of 40 nSv (Bq h m3)* for equilibrium equivalent
concentrations of thoron, derived in Annex A, “Dose
assessment methodol ogies’, seems appropriatefor evaluating
exposures both indoors and outdoors.

155. The concentration of ?°Rn is about 10 Bg m™
outdoors and approxi mately the sameindoors. However, it
is not possible to use the concentration of the gasin dose
evalua-tion, since the concentration is strongly dependent
on thedistance from the source. Starting with the assumed
represen-tative equilibrium equivalent concentrations, as
discussed above, the annual effective dose may be derived
asfollows:

Indoors: 0.3Bgm3(EEC) x 7,000 hx 40nSv (Bgh m3)*
=0.084 mSv
Outdoors: 0.1 Bqm™(EEC) x 1,760h x 40nSv (Bghm™)™*
=0.007 mSv

The average annual effective dose from thoron decay
products is thus estimated to be 0.09 mSv.

156. For completeness, the contributionsto effective dose
from two relatively minor pathways of exposure to radon
and thoron can be added, namely dissolution of the gases
in blood with distribution throughout the body and the
presence of radon in tap water. The dose coefficients for
radon and thoron dissolved in blood following inhalation
intake are those used in the UNSCEAR 1993 Report [U3].
The dose estimate for radon is

Indoors: 40 Bgm™x 7,000 h x 0.17 nSv (Bq h m™3)*
=0.048 mSv
Outdoors: 10Bgm=x 1,760 h x 0.17 nSv (Bgh m™3)!
=0.003 mSv

For thoron, it is

Indoors: 10 Bgm™x 7,000 h x 0.11 nSv (Bq h m™3)**
=0.008 mSv
Outdoors: 10Bgm=x 1,760 h x 0.11 nSv (Bgh m™)!
=0.002 mSv.

157. Radon in tap water may lead to exposures from the
ingestion of drinking water and from the inhalation of

radon released toair when water isused. Theconcentration
of radon in water and the release to air were discussed
earlier. Although the cal cul ated result is shown below, this
isnhot aseparate contribution to the effectivedose, sincethe
radon source from water usage would have been included
in the measured indoor radon concentrations. The
parameters for the inhalation pathway were presented in
paragraph 114: concentration in water of 10 kBgm™, air-
water concentration ratio of 10°% indoor occupancy of
7,000 hours per year. The inhalation dose coefficient
applied isthat for the gas. The ingestion of tap water was
estimated in the UNSCEAR 1993 Report [U3] to be 100,
75, and 50| a* by infants, children, and adults. Assuming
the proportion of these groupsin the population to be 0.05,
0.3, and 0.65, the weighted estimate of consumption is
60 | a'. A conservative estimate of the ingestion dose
coefficient has recently been evaluated [N10]. The
estimated exposures from radon in water are therefore

Inhalation: 10 kBgm™x 107 x 7,000 h x 0.4 x
x9nSv (Bghm?)*? =0.025 mSv
10kBgm=3x601atx10°md|*x
x3.5nSv Bqg? = 0.002 mSyv.

Ingestion:

158. The total annual effective dose from radon is thus
1.1 mSv from inhalation of 2?Rn and its decay products
present in air from al sources, 0.05 from radon gas
dissolved in blood, and 0.002 from radon gas in ingested
tap water (total = 1.15 mSv). The estimates for thoron are
0.09 from inhalation of 2°Rn and its decay products and
0.01 from thoron gas dissolved in blood (total =0.10 mSv).

159. Consideringtherangeof radon exposuresdetermined
from survey dataand thegenerally log-normal distribution
of such exposuresin particular areas, one would expect to
find many large populations around the world (~10°
individuals) whose average exposures differ from the
above-estimated global averages by a factor of more than
2, and many smaller populations (~10* individuals) whose
average exposures differ by afactor of morethan 10. Thus
the estimates of the global averages are significant
primarily becausethey definethe normal radon and thoron
exposures and typical effective doses.

l1l. ENHANCED EXPOSURES FROM INDUSTRIAL ACTIVITIES

160. There are a number of circumdances in which
materials containing natural radionuclides are recovered,
processed, used, or brought into position such that radiation
exposures result. This human intervention causes extra or
enhanced exposures. Although any indoor exposure from
building materials surrounding the body would fdl in this
category, such an exposureis considered anormal component
of the natural radiation background. The exposures generally
included in the category of enhanced exposures are those
arisng fromthemineral processing industriesand from fossil
fuel combustion.

161. TheCommitteegenerdlyreviewsenhanced exposuresinits
evdudions of naturd radigtion sources as in the lates
asxgment in the UNSCEAR 1993 Repot [U3]. The
contribution to the totd exposureis usudly rather minimad. The
UNSCEAR 1982 Report [U6] provided more detailed review of
enhanced exposuresfromnatura sources, referringtothem a that
time astechndogically maodified exposures Therearedso some
practicesthat lead to diminished exposures such as paving roeds
and using huilding materids of low radicective content. These
dterdionsin exposures are usudly of lesssignificancethan those
that cause enhanced exposures
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162. In general, the topic of enhanced exposures is
receiving greater attention with several meetings devoted
to this subject having recently taken place and severa
publications issued, e.g. [B26, E6, E7, K20, K21, M34].
Sincethe Committee hasnot yet undertaken awider review
of this subject, the reader is referred to the topical
publications and proceedings for updated information.

163. In this Chapter, exposures of the general public arising
from emissions of naturally occurring radionuclides to the
environment from industrial activities are reviewed. Industry
uses many different raw materias that contain naturally
occurring radioactive materials, sometime abbreviated
NORM. These raw materials are mined, transported, and
processed for further use. The consequent emissons of
radionuclidestoair and water lead to the eventua exposure of
humans. Themain industries areidentified below, along with
the raw materials and by-products or wastes they generate.
Theradionudlide content of theseraw materialsand wastesis
summarized in Table 27.

164. Phosphate processing. Thisindustry may be sub-
dividedinto (a) wet processing, (b) thermal processing, and
(c) fertilizer production. Theprimary product isphosphoric
acid. In the thermal process, the product may be
phosphorus or, using nitric acid, phosphoric acid.
Phosphoricacidisusedinthemanufacture of fertilizers. In
the wet phosphate processing industry, phosphogypsum is
produced as a by-product. The thermal process (using
cokes and silica) produces a dag (CaS0,) as a waste
product.

165. Metal ore processing. Important metal ores are
cassiterite or tinstone (tin), tantalite, columbite,
fergusonite, koppite, samarskite, and pyrochlore (niobium,
iron, manganese, and others). Most of the metals are
separated using charcoal or coke. Furnace slag from the
processing isoften used in cement production. Another by-
product, tar coal, is used to produce eectrode pitch,
creosote oil, carbolineum, soot oil, and road tar mix.

166. Uranium mining. There are several locations that
contain theresidues of former uranium mining operations,
for example, in eastern Germany [B29, E9, R23]. The
procedures to deal with the landfills, waste rock and dag
piles and the radiological consequences are being
eval uated.

167. Zircon sands. Important zirconium minerals are
zircon (ZrSiO,) and baddeeyite (ZrO,). Sorting
discriminates these mineralsfrom other heavy mineralsor
simple silica. The processing involves procedures such as
sieving, washing, drying, and grinding. Theseprocessesdo
not produce any specific waste products.

168. Titanium pigment production. Titanium pigments
include titanium dioxide (TiO,) and synthetic rutile.
Processing waste products include large quantities of
cokes, oreand SIO, particles, and filter cake (classified as
chemical waste).

169. Fossil fuels. For dectric power production the most
important foss| fuels are coa, natura gas, and oil. Large
amounts of fly ash and bottom ash result from cod
combugtion. Gypsum is recovered if a desulphurization
ingalation is present.

170. Oil and gas extraction. The large voumes of
production water needed for the extraction of oil and gas may
contain natura radionuclides, mainly **Ra and its decay
products. Scalings may form as a result of precipitation at the
ail/water interface, or radon decay products (especialy ?°Po
and #°Po) may be deposited in the ingtallations.

171. Building materials. Materials used by the building
industry that may beof radiological sgnificanceincludemarl,
blast furnace dag, fly ash, Portland dinker, and anhydrate (in
the cement industry) and clay (in the ceramics indugtry). In
the cement industry, some slex is produced as a waste
product.

172. Thorium compounds. Thorium isused mainly asan
additive in other products, such as welding dectrodes, gas
mantles, and specia aloys and is retrieved from monazite,
thorite, or thorianite. The activity content of the compounds
is present mainly in the primary product, metallic thorium.

173. Scrap metal industry. Scrap metal such as tubing,
valves, and heat exchangers from various process industries
may contain scaes with enhanced levels of naturd
radionuclides. The particular radionuclides and their
concentrationswould depend on the origin of thescrap. Since
objects from nuclear industries and the uncontrolled releases
of radioactive sources may add to thismaterial, which may be
recycded, the scrap-metal industry is a source of variable and
heterogenous reeases of radionuclidesinto the environment.

174. Emissions. The natural radionuclides present in the
raw materials or wastes of these industries are those of the
8 and Z?Th series. Releases are mainly to air or water,
although landfills after dredging or wastes disposed on
land may also provide pathways of exposure.

175. Emissions of radionuclides to air and water from these
indugtriesarelisted in Table 28. Thethroughput of ore or raw
material is for a typicd ingdlation. One of the main
radionuclides rdleased to air is ?2Rn. It is rdeased by the
phosphate and cement industries, gasand oil extraction, gas-
fired power production, and, generaly, industries that burn
natural gas. For example, in the phosphateindustry, enhanced
radon concentrations between 35 and 780 Bg m™ have been
observed, depending on the working area and season [V6].
Important sources of #°Pb to air are the dementary
phosphorus and iron and sted production industries. Cement
production gives rise to much of the *°Po released. Brick and
tile ingtallations may also be of importance because they are
SO NUMerous.

176. A specia problemisimposed by thestorage of uranium-
containing minerals in museums [V6]. In a museum in
Brussds, where radium- and uranium-containing minerals
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from Katanga were stored, concentrations of radon of about
10- 15 kBg m~3were found in spite of enhanced ventilation.
Besidesradon emissions, high levelsof gammaradi ation were
alsoobserved in thevicinity of thestoragerooms. In thehouse
of the museum caretaker who lived nearby, gamma levels of
5-6 uSv h™* were found. After shielding of the minerals, the
radiation level was reduced to 1-2 uSv h™.

177. The radionuclides released to the atmosphere by large
thermal processes such as those used by dementary
phosphorus production, iron and sted production, and the
cement indugtry, are dispersed over greet distances. Smdler
thermal processes, such asthebrick and tileindustry, areaso
sources of airborne releases. For other mineral processing
indugtries, dusty conditions during handling and shipment of
ores are the main reason for the releases of radionuclidesto
ar. In those drcumstances, the rather coarse particles are
generdly rdeased mainly to the immediate surroundings of
the plant.

178. The largest releases of radionuclides to water are
from the phosphate processing, followed by oil and gas
production and primary iron and steel production. As an
example, two phosphoricacid plantsintheNetherlandsare
responsible for some 90% of all discharges of ?°Pb and
2P to water [L18]. These two plants release about
0.6-0.8 TBq of *°Ra per year [L24], which is comparable
to the estimated annual release of 2’Rawith processwater
into the North Sea by the offshore oil production industry
in the United Kingdom, Norway, the Netherlands, and
Denmark [L25]. Annual releasesintoriversof ?Raand of
Z8Ra present in diluted brines from single Upper Silesian
coal mines may be as high as20 and 30 GBq, respectively,
resulting in locally enhanced concentrations in bottom
sediments [L26, S63].

179. The large amounts of gypsum durry discharged in
phosphoric acid production may be reased into the seaasis
the case in the Netherlands, but indudria wastes are
sometimes also sored on land or in large landfills.
Radionudlides released to water in, for example, discharges
from ail and gas extraction offshore are generally diluted by
thelargevolumesof water involved. Onshore processwater is
often pumped back into the ailfidd. The treatment of
production waters before they are released may significantly
reduce the radionuclide concentration [L26].

180. Enhanced levels of radionuclidesin the environment
can come from the processing and use of scrap and
recycled metals[B28, L22]. Although in general extensive
measures are taken to ensure the continuous quality of the
scrap and the new metal that is manufactured from it,
enhanced radiation levels are sometimes found. The
number of reports on such incidents is growing, partly
because of increased awareness of the problem and partly
because more measurements are being made. The
enhanced exposures may arise from lost radium radiation
sources or from naturally occurring radionuclidesin pipes
with scale containing enhanced concentrations [T15].
Similar problems arise from man-made sources, for

example, 2Na, *Mn [W15], ®Co[C31], ®¥'Cs[B27, J12] or
92|y, leading to contaminated scrap and recycled metals.
The levels vary greatly, and the conseguences depend on
specific local circumstances.

181. Exposures. Both external and internal exposures
may result from naturally occurring radionuclidesrel eased
by industrial activities. In general, installationsarelocated
away fromresidential areas, and becauseexternal radiation
level sdecreasewith distancefromtheplant, local residents
are not significantly exposed. The workers, however, may
receive low doses in connection with ore stock piles or
waste deposits. Estimated and measured doses are in the
range 0.1-300 uSv a* from direct exposures, with the
higher values for locations near mineral-sands-handling
industries. The maximum effective doses are summarized
in Table 29.

182. Radionuclides dispersed in air may contribute to
external irradiation while airborne and after deposition.
The contributions to total dose appear to be negligible.
Inhalation and ingestion are the pathways that contribute
to internal exposure. Inhalation contributes to exposure
only in the vicinity of the plant, particularly with mineral-
sands-processing plants. Doses depend on distance and
could be up to 50 uSv a'* for office workersin a building
just outside the plant site[L18].

183. Because most food products consumed by individuals
areproduced in large agricultural regions, possible dosefrom
ingestion of radionuclides are small. For atypical situation, a
small population in the vicinity of an e ementary phosphorus
plant, the calculated dose would be of the order 100 uSv a*
[L18]. More generdly, the estimated doses would be 1-10
uSv at. Ingestion doses that could result from discharges of
wastes to water are negligible compared to those by the other

pathways.

184. IntheUnited Kingdom, the dosesfrom sintering plants
of the sted industry to critical groups of the population were
caculated to be between about 1.5 and 18 puSv a*. The
highest dose was attributed to a sinter sitewith relativey low
stacks. Inhalation contributed less than 22%, with the main
exposure route being the ingestion of food. The annua
collective dose cal culated for the population (to a distance of
3,000 km) was estimated to be between about 2.9 and 5.5 man
Sv [H33].

185. Penfold et al. [P10] made a pilot study of the
radiological impact of coal-fired stations in the United
Kingdom. Various pathways of exposure were considered.
The highest dose rate for a critical group (about 250 puSv
ah) came from the use of fly ash in building materials.
Other pathways caused dose rates for critical groups
between 0.07 and 55 uSv a ™.

186. The radiation exposure of critical groups of the
population surrounding a site with a wood-chip-burning
oven was determined in a Swedish study [H34]. The
maximum individual doseratewasfoundtobe2.4nSva™
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187. Annual per caput effective doses from process
industries documented in the UNSCEAR 1993 Report
ranged from 1 nSv to 20 uSv and for critical groups up to
about 1 mSv. Those mentioned above and other more
recent data are for very specific situations or critical
groups. On thewhol e, however, they arein agreement with
the earlier estimates, and they support the conclusions of
the UNSCEAR 1993 Report [U3].

188. Summary. The industrial activities enhancing
exposure from natural sources involve large volumes of
raw material scontaining natural radionuclides. Discharges
from industrial plantsto air and water and the use of by-

products and waste materials may be the main contributorsto
enhanced exposure of the genera public. For typica
industries and releases, exposures occur primarily in close
proximity totheplants. A completereview ismadedifficult by
thediversity of industriesinvolved and thelocal circumstances
associ ated with theexposures. Estimated maxi mum exposures
are greatest for phosphoric acid production and the mineral-
sands-processing indugtries. Although exposure rates of the
order of 100 puSv a* could be received by a few loca
residents, levels of 1-10 puSv a* would be more common.
These exposurerates congtitute a negligible component of the
total annual effective dose from al naturd sources of
radiation.

IV. WORLDWIDE AVERAGE EXPOSURE FROM NATURAL SOURCES

189. The components of exposure caused by natural
radiation sources have been reassessed in this Annex based
on new information and data from measurements and on
further analysis of the processes involved. These exposure
components can now beadded to provide an estimate of the
total average exposure. It must first be stated that the
average exposure probably does not pertain to any one
individual, since there are wide distributions of exposures
from each source and the exposures combine in various
ways at each location, depending on the specific
concentrations of radionuclidesin the environment and in
the body, the latitude and altitude of the location, and
many other factors.

190. Inafew countriesthe proportion of the population at
various levels of total exposures has been assessed. These
data are included in Table 30, and the combined
distribution is shown in Figure XV. The average annual
exposure for this distribution is 2.0 mSv. The distribution
risesin afew doseintervalsto the peak exposure and then
tails off to decreasing population at doses 2 to 3 times the
average. To smooth the distribution somewhat, most
exposure intervals have been subdivided. The general
shape of the distribution is probably fairly relevant.
Although populations living in areas of high background
exposures are not well represented in this particular
distribution, they would not be expected to be a prominent
feature, in part because not all components of their
exposure are enhanced at the same time and because there
isardatively small proportion of the population of most
countries with significantly elevated exposures.

191. Average worldwide exposure determined by adding
the various components is summarized in Table 31. The
changesfrom theearlier assessment of the Committee[U3]
arealsoindicated. Thereareonly rather minor changesfor

the exposure components. The worldwide average annual
exposure to natural radiation sources remains 2.4 mSv.
Neither the magnitude nor the precision of this estimate
should be overemphasized. As indicated in Figure XV,
based on the sample population of Table 30, a broad
distribution of exposures would be expected in any large
population.
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Figure XV. Distribution of population of fifteen

countries with respect to total annual effective dose.

192. The normal ranges of exposures to the various
components of natural radiation areindicated in Table 31.
This accounts for common variations in exposures but
excludes those individuals at the extreme ends of the
distributions. Onthisbasis, worldwideannual exposuresto
natural radiation sourceswould generally be expected to be
in the range 1- 10 mSv, with 2.4 mSv being the present
estimate of the central value.
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CONCLUSIONS

193. Since exposures to natural radiation sources are more
significant for the world's popul ation than most exposures to
man-made sources, the natural background basdinewarrants
evaluation in some detail. Efforts should continue to broaden
the database used for determining both representative values
and extremes in exposures and to improve dosmetric
procedures.

194. Because of the wide variations in natural background
exposures even within reatively small regions, more efforts
will be required to determine the detailed distributions of
populations within dose intervals for the various components
of exposure. Initial, still limited evaluations of distributions of
external exposures outdoors and indoors and of the tota
exposure have been presented in this Annex. These
eval uations seem to reveal patterns that would be expected to
be generdly valid for other countries and for the world
population as a whole. The analysis of digributions will
provide an improved basis for deriving worldwide average
exposures and their normal and extreme variations.

195. The main uncertaintiesin the assessment of dose from
natural radiation sourcesariselessfrom thelimited number of
measurements than from the complications of the dosmetric
condderations. The situation with respect to radon decay
productsiswell known, but smilar problemsexist for cosmic
radiation and ingested radionudlides. For cosmic radiation,
more information is needed on exposures to neutrons at all
atitudes and latitudes, especiadly high-energy neutrons and
high-Z nude at aircraft dtitudes, along with critical data or
improved model sto allow areasonabl e estimation of effective
doses from these components of the radiation fidd. For
ingested radionuclides, good dos metric moddsareavailable,
but the problem is to estimate representative intake amounts

of the radionuclides and associate them with relatively fewer
determinations of concentrationsin tissues of the body.

196. There are many circumstances in which individuas
receiveenhanced exposurestonatural radiation. Living insde
buildings is consdered normd in this regard, and flying in
arplanes usually involvesan insignificant proportion of most
people' s time. In the past, the Committee has reviewed the
exposures caused from the release of natural radionudlidesin
mineral processing industries, theuse of phosphatefertilizers,
and the combustion of fossi| fuds. These enhanced exposures
are usualy quite inggnificant compared with the normal
background exposurefrom natural sources. Thisconclusionis
ill valid, based on abrief review of new information in this
Annex.

197. The evaluations in this Annex of exposures from
natural radiation sources indicate that the average annual
effective dose to the world population is approximately
2.4 mSv, which isthe same asthe previous estimate of the
Committee [U3]. The value of the estimated average
exposure should not be taken to betoo precise, since broad
averaging is involved. For individuals, annual exposures
ranging from 1 mSv to two or three times the world
average are frequently encountered. It is estimated that
about 65% of individuals have exposures between 1 and
3 mSv, about 25% of the population have exposures less
than 1 mSv, and 10% have exposures greater than 3 mSv.
Although the database continues to expand and
characterization of the distributions of populations with
respect to the various components of natural background
radiation is being improved, the generaly assessed
exposure levels to which the broad spectrum of the world
population is exposed seem reasonably well substantiated.
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Table 1

Latitude distribution of cosmic ray dose rates outdoors at sea level

Population in latitude band (%) Effective dose rate (nSv h')
Latitude (degrees)
Northern hemisphere Southern hemisphere Directly ionizing component # Neutron component °
80-90 0 0 32 11
70-80 0 0 32 11
60-70 04 0 32 10.9
50-60 13.7 05 32 10.0
40-50 15.5 09 32 7.8
30-40 204 13.0 32 53
20-30 32.7 14.9 30 4.0
10-20 11.0 16.7 30 37
0-10 6.3 54.0 30 36
Total 100 100
Popul ation-weighted average
Northern hemisphere 31.0 5.6
Southern hemisphere 30.3 4.0
World ¢ 309 55
a Average measurement results.
b Fromfit to measurementsof Figurell.
¢ Population distribution: northern hemisphere 0.89; southern hemisphere 0.11.
Table 2
Population-weighted average cosmic ray dose rates
Effective dose rate (uSv a™)
Conditions Directly ionizing component Neutron component Total
North South World North South World World
Outdoors, at sealevel 272 265 270 49 35 48 320
Outdoors, altitude adjusted 339 332 340 124 87 120 460
Altitude, shielding,
occupancy adjusted 285 279 280 104 73 100 380

a Altitude-weighting factors applied to sealevel values: directly ionizing component 1.25; neutron component 2.5.
b Building shielding factor 0.8; indoor occupancy factor 0.8.
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Table 3
Physical data for radionuclides of natural origin
[F6]
Element |sotope Half-life Decay mode
Cosmogenic radionuclides
Hydrogen °H 12.33a beta (100%)
Beryllium Be 53.29d EC 2 (100%)
1B 15110°a beta (100%)
Carbon “c 5730 a beta (100%)
Sodium 2Ng 2.602a EC (100%)
Aluminium A 7410°a EC (100%)
Silicon g 172 a beta (100%)
Phosphorus 2p 14.26d beta (100%)
Bp 25.34d beta (100%)
Sulphur ) 87.51d beta (100%)
Chlorine *C] 30110°a EC(1.9%), beta (98.1%)
Argon STAr 35.04d EC (100%)
A 269 a beta (100%)
Krypton 8K 2.2910°a EC (100%)
Terrestrial radionuclides
Potassium K 12810°a beta (89.3%), EC (10.7%)
Rubidium 5Rb 4.7510%a beta (100%)
Lanthanum 1) 5 10510 a beta (33.6%), EC (66.4%)
Samarium ¥Sm 1.06 10" a alpha (100%)
Lutecium 8Ly 3.7310%a beta (100%)
28 series
Uranium 28y 44710°a alpha (100%)
Thorium Z4Th 24.10d beta (100%)
Protactinium 24mpg 1.17m beta (99.8%), IT®
Uranium 24 24510°a alpha (100%)
Thorium Z0Th 7.5410%a alpha (100%)
Radium 2Ra 1600 a alpha (100%)
Radon 22Rn 3.824d alpha (100%)
Polonium 28pg 3.05m alpha (99.98%), beta (0.02%)
Lead 214pp 26.8m beta (100%)
Bismuth 1] 19.9m alpha (0.02), beta (99.98%)
Polonium 24pg 164 us alpha (100%)
Lead 210pp 223a beta (100%)
Bismuth 210 5013d beta (100%)
Polonium 20pg 138.4d alpha (100%)
Lead 206pp sable
#2Th series
Thorium Z2Th 1.40510%a alpha (100%)
Radium 2%Ra 575a beta (100%)
Actinium 28pc 6.15h beta (100%)
Thorium 28Th 1912a alpha (100%
Radium 2°Ra 3.66d alpha (100%)
Radon 20Rn 55.6 s alpha (100%)
Polonium 26pg 0.145s alpha (100%)
Lead 212pp 10.64 h beta (100%)
Bismuth 1] 60.55 m alpha (36%), beta (64%)
Polonium 22pg 0.299 us alpha (100%)
Thalium 208T] 3.053m beta (100%)
Lead 208pp sable
Y series
Uranium 25 7.038 10°a alpha (100%)
Thorium ZITh 2552 h beta (100%)
Protactinium Zlpg 32760 a alpha (100%)
Actinium 2ipc 21.77a alpha (1.4%), beta 98.6%)
Thorium 21Th 18.72d alpha (100%)
Francium 23y 21.8m beta (100%)
Radium 2°Ra 11.44d alpha (100%)
Radon 29Rn 3.96s alpha (100%)
Polonium 25pg 1.781ms alpha (100%)
Lead 21pp 361m beta (100%)
Bismuth 21 j 2.14m alpha (99.7%), beta 0.3%)
Thalium 20T 477m beta (100%)
Lead 27pp sable
a Electron capture.
b Internal trangtion.
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Table 4
Production rates and concentrations of cosmogenic radionuclides in the atmosphere
Production rate Fractional Concentration
Radionuclide Global amount in
i i a b
Per unit area? Annual amount °© |n(\|/3eé1to)ry in troposphere trczpmogp ?ﬁ%e
(atoms m?s?) (PBg a?) q q
°H 2500 72 1275 0.004 14
Be 810 1960 413 0.11 12.5
oge 450 0.000064 230 0.0023 0.15
“c 25000 1.54 12 750 0.016 56.3
2Na 0.86 0.12 0.44 0.017 0.0021
ZA| 14 0.000001 0.71 77108 1510
g 1.6 0.00087 0.82 0.00011 0.000025
2p 8.1 73 4.1 0.24 0.27
®p 6.8 35 35 0.16 0.15
®s 14 21 7.1 0.08 0.16
%Cl 11 0.000013 5.6 610° 93108
STAr 8.3 31 4.2 0.37 0.43
SAr 56 0.074 28.6 0.83 6.5
8Ky 0.01 17108 0.005 0.82 0.0012
a References[L5, L6].
b  Assumestropospheric volume of 3.62275 10 m? inferred from [L5].
¢ Assumes surface area of world = 5.1005 10 m? [L14].
Table 5
Natural radionuclide content in soil
Data not referenced are from UNSCEAR Survey of Natural Radiation Exposures
Concentration in soil (Bq kg™)
Population
Region / country in 1996 K =8y Ra %2Th
(109
Mean Range Mean Range Mean Range Mean Range
Africa
Algeria 28.78 370 66-1 150 30 2-110 50 5-180 25 2-140
Egypt 63.27 320 29-650 37 6-120 17 5-64 18 2-96
North America
CogtaRica 3.50 140 6-380 46 11-130 46 11-130 11 1-42
United States[M7] 269.4 370 100-700 35 4-140 40 8-160 35 4-130
South America
Argentina 35.22 650 540-750
Eagt Asa
Bangladesh 120.1 350 130-610 34 21-43
China[P16, Z5] 1232 440 9-1800 33 2-690 32 2-440 41 1-360
—Hong Kong SAR [W12] 6.19 530 80-1100 84 25-130 59 20-110 95 16-200
India 944.6 400 38-760 29 7-81 29 7-81 64 14-160
Japan [M5] 125.4 310 15-990 29 2-59 33 6-98 28 2-88
Kazakstan 16.82 300 100-1 200 37 12-120 35 12-120 60 10-220
Korea, Rep. of 45.31 670 17-1500
Malaysa 20.58 310 170-430 66 49-86 67 38-94 82 63-110
Thailand 58.70 230 7-712 114 3-370 48 11-78 51 7-120
West Asa
Armenia 3.64 360 310-420 46 20-78 51 32-77 30 29-60
Iran (Idamic Rep. of) 69.98 640 250-980 28 8-55 22 5-42
Syrian Arab Republic 14.57 270 87-780 23 10-64 20 13-32 20 10-32
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Table 5 (continued)

Concentration in soil (Bq kg™)
Population
Region / country in 1996 K =8y Ra %2Th
(10°)
Mean Range Mean Range Mean Range Mean Range

North Europe

Denmark [N5] 5.24 460 240-610 17 9-29 19 8-30

Estonia 1.47 510 140-1 120 35 6-310 27 5-59

Lithuania 3.73 600 350-850 16 3-30 25 9-46

Norway 4.35 850 50 50 45

Sweden 8.82 780 560-1 150 42 12-170 42 14-94
West Europe

Belgium 10.16 380 70-900 26 5-50 27 5-50

Germany 81.92 40-1340 11-330 5-200 7-134

Irdland [M6] 355 350 40-800 37 8-120 60 10-200 26 3-60

Luxembourg 0.41 620 80-1800 35 6-52 50 7-70

Netherlands [K2] 15.58 120-730 5-53 23 6-63 8-77

Switzerland 7.22 370 40-1 000 40 10-150 40 10-900 25 4-70

United Kingdom [B2] 58.14 0-3200 2-330 37 1-180
East Europe

Bulgaria 8.47 400 40-800 40 8-190 45 12-210 30 7-160

Hungary 10.05 370 79-570 29 12-66 33 14-76 28 12-45

Poland [J7] 38.60 410 110-970 26 5-120 26 5-120 21 4-77

Romania[112] 22.66 490 250-1 100 32 8-60 32 8-60 38 11-75

Russian Federation 148.1 520 100-1 400 19 0-67 27 1-76 30 2-79

Sovakia 5.35 520 200-1 380 32 15-130 32 12-120 38 12-80
South Europe

Albania 3.40 360 15-1150 23 6-96 24 4-160

Croatia 450 490 140-710 110 83-180 54 21-77 45 12-65

Cyprus 0.76 140 0-670 17 0-120

Greece 10.49 360 12-1570 25 1-240 25 1-240 21 1-190

Portugal 9.81 840 220-1230 49 26-82 44 8-65 51 22-100

Sovenia 1.92 370 15-1410 41 2-210 35 2-90

Spain 39.67 470 25-1650 32 6-250 33 2-210
Median 400 140-850 35 16-110 35 17-60 30 11-64
Population-weighted average 420 33 32 45

Table 6

External exposure rates calculated from various concentrations of terrestrial radionuclides in soil

Concentration in soil (Bq kg™ Dose coefficient Absorbed dose ratein air (nGy h)
Radio- [120, $49]
nuclide Median Population-weighted | (nGy h™* per Bq kg™) Median Population-weighted
value ? value® value value
K 400 420 0.0417 17 18
28 series 35 33 0.462 16 15
#2Th series 30 45 0.604 18 27
Total 51 60

a Vauesfrom Table5.
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Table 7
External exposure rates from terrestrial gamma radiation
Data not referenced are from UNSCEAR Survey of Natural Radiation Exposures
Absorbed doseratein air (nGy h™)
Population Ratio
Region / country in 1996 Outdoors Indoors indoorsto
(109 outdoors
Average Range Average Range
Africa
Algeria[B4] 28.78 70 20-133 14-2100
Egypt [H9, 113] 63.27 32 8-93
Namibia[S12] 1.58
Sudan 27.29 53 26-690
North America
Canada [G3, T14] 29.68 63 43-101
Cuba[S13] 11.02 42 26-53
Mexico [C8] 92.72 78 42-140
United States[M8, O5] 269.4 47 14-118 38 12-160 0.8
South America
Chile[S14] 14.42 51 21-83 61 25-105 12
Paraguay 4.96 46 38-53
East Asa
Brunei [L20] 0.30 33 3-70
China[N3] 1232 62 2-340 99 11-420 16
— Taiwan Province [C11] 20 57 17-87
—Hong Kong SAR [W12] 6.19 87 51-120 200 140-270 23
India[N11] 944.6 56 20-1100
Indonesia 200.45 55 47-63
Japan [A7, A8] 125.4 53 21-77 53 21-77 10
Kazakstan 16.82 63 10-250 70 20-100 11
Korea, Rep. of 4531 79 18-200
Malaysa 20.58 92 55-130 96 65-130 10
Philippines[D3] 69.28 56 31-120
Thailand 58.70 77 2-100 48 2-22 0.6
West Asa
Iran (Idamic Rep. of ) 69.98 71 36-130 115 70-165 16
Syrian Arab Republic 1457 59 52-67
North Europe
Denmark [N5, S15] 5.24 52 35-70 54 19-260 10
Egtonia 1.47 59 14-230
Finland [A9] 513 71 45-139 73 22-184 10
Iceland [E4] 0.27 28 11-83 23 14-32 0.8
Lithuania 3.73 58 36-85 85 34-195 15
Norway [S16, S17] 4.35 73 20-1200 79 20-1250 11
Sweden [M9] 8.82 56 40-500 110 20-2 000 20
West Europe
Augtria[T5] 8.11 43 20-150
Belgium [D4, S18] 10.16 43 13-80 60 32-90 14
France[M10, R3] 58.33 68 10-250 75 11
Germany [B5, W11] 81.92 50 4-350 70 13-290 14
Irdand [M11, M12] 3.55 42 1-180 62 10-140 15
Luxembourg 041 49 14-73
Netherlands[J2, V1] 15.58 32 10-60 64 30-100 20
Switzerland 7.22 45 15-120 62 20-200 14
United Kingdom [G4, W5] 58.14 34 8-89 60 18
East Europe
Bulgaria[V2] 8.47 70 48-96 75 57-93 11
Hungary [N14, N15] 10.05 61 15-130 95 11-236 16
Poland [B10, M3] 38.60 45 18-97 67 28-167 15
Romania[112] 22.66 59 21-122 83 30-170 14
Russian Federation 148.1 65 12-102 74 24-147 11
Slovakia 5.35 67 24-154 79 36-180 12
South Europe
Albania 3.40 71 20-350 100 20-300 14
Cyprus 0.76 18 9-52
Greece 10.49 56 30-109 67 36-131 12
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Table 7 (continued)

Absorbed doseratein air (nGy h™)

Population Ratio
Region / country in 1996 Outdoors Indoors indoorsto
(109 outdoors
Average Range Average Range
South Europe
Italy [B6, C12] 57.23 74 3-228 105 0-700 14
Portugal [A10] 9.81 84 4-230 101 4-280 12
Sovenia 1.92 56 4-147 75 40-250 13
Spain [Q1, Q2] 39.67 76 40-120 110 57-180 14
Oceania
Augtralia[C13, L7] 18.06 93 103 11
New Zealand [R4] 36 20 1-73
Median 57 18-93 75 20-200 1.3(0.6-2.3)
Popul ation-weighted average 59 84 14
Table 8

Outdoor absorbed dose rates in air inferred from concentrations of radionuclides in soil compared with

direct measurements

Absorbed dose ratein air (nGy h)

Country
From soil concentrations From direct measurements Ratio soil/measurements
Luxembourg 72 49 15
Ireland 58 42 14
Sweden 77 56 14
India 69 56 12
China (Hong Kong SAR) 107 87 12
Norway 86 73 12
United States 55 a7 12
Switzerland 49 45 11
Kazakstan 65 63 1.0
Belgium 44 43 1.0
Portugal 86 84 1.0
Malaysa 93 92 1.0
Egypt 32 32 1.0
Slovenia 56 56 1.0
Romania 58 59 1.0
China 58 62 0.9
Poland 42 45 0.9
Estonia 54 59 0.9
Slovakia 60 67 0.9
Japan 45 53 0.8
Lithuania 48 58 0.8
Thailand 62 77 0.8
Russian Federation 52 65 0.8
Bulgaria 56 70 0.8
Hungary 48 61 0.8
Algeria 54 70 0.8
Iran (Idamic Rep. of) 53 71 0.7
Denmark 39 52 0.7
Spain 54 76 0.7
Greece 39 56 0.7
Albania 40 71 0.6
Syrian Arab Republic 33 59 0.6
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Table 11
Areas of high natural radiation background
Approximate Absorbed dose
Country Area Characteristics of area proxin rateinair * Ref.
population 1
(nGy h')
Brazil Guarapari Monazite sands; coastal areas 73000 90-170 (streets) [P4, V5]
90-90 000 (beaches)
Mineas Gerais and Goias 110-1 300 [A17, P4]
Pocos de Caldas Araxa Volcanic intrusives 350 340 average
2 800 average [V5]
China Y angjiang Monazite particles 80 000 370 average [W14]
Quangdong
Egypt Nile ddta Monazite sands 20-400 [E3]
France Central region Granitic, schistous, sandstone area 7 000 000 20-400 [33]
Southwest Uranium minerals 10-10 000 [D10]
India Keralaand Madras Monazite sands, coastal areas 100 000 200-4 000 [S19, S20]
200 km long, 0.5 km wide 1800 average
Gangesddta 260-440 [M13]
Iran (Idamic Ramsar Spring waters 2000 70-17 000 [S21]
Rep. of) Mahallat 800-4 000 [S58]
Italy Lazio Volcanic soil 5100 000 180 average [C12]
Campania 5600 000 200 average [C12]
Orvieto town 21000 560 average [C20]
South Toscana ~100 000 150-200 [B21]
Niue ldand Pacific Volcanic ol 4500 1 100 maximum [M14]
Switzerland Tessin, Alps, Jura Gneiss, verucano, °Rain kargt soils 300 000 100-200 [S51]

a

Includes cosmic and terrestrial radiation.
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Table 13
Reference annual intake of air, food, and water
[17, W1]
Breathing rate (m*a™)
Intake
Infants (1 year) Children (10 years) Adults
Air 1900 5600 7 300
Food consumption rate (kg a™)
Intake
Infants Children Adults
Milk products 120 110 105
Meat products 15 35 50
Grain products 45 90 140
Leafy vegetables 20 40 60
Roots and fruits 60 110 170
Fish products 5 10 15
Water and beverages 150 350 500
Table 14
Concentrations of uranium and thorium series radionuclides in air
Region / country Concentration (uUBgq m™)
Ref.
238U 230Th 226Ra 210Pb 210P0 232Th 228Ra 228Th 235U
North America [F3, L8, M15,
United States 0.9-5 0.6 0.6 100-1000 | 10-40 0.4 10 0.04 P5, W6]
Europe
Germany 0.3-17 0.3-17 1.2-33 28-2250 | 12-80 0.2-0.9 <0.3-15 [H31, K4, K10]
Netherlands 410 [N21]
Norway 0.02-0.06 | 0.02-0.07 0.01-0.07 [K4]
Poland 1-18 0.8-32 <40-710 [K5]
Switzerland 200-2 000 [S51]
Reference value 1 05 1(05)*° 500 50 0.5 (1)2 1 1 0.05 [u3]

a Revised value; previousvalue [U3] in parentheses.
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Table 15

Concentrations of uranium and thorium series radionuclides in foods and drinking water

Concentration (mBq kg™)

Region/ Ref
country 238 230 26Ry 210pyy 210pg 2827 28R4 28T 235 '
Milk products
North America [F3, M16]
United States 0.7 0.4 5.7 11 0.27 0.05
Asa
China 13 6 16 13 1.2 21 0.6 [21]
India 17 15 [D6, K6]
Japan 0.55 12 0.29 [S22]
Europe
Italy 3-19 [M17]
Germany 2-130 5-280 2-80 [B3, X4,
M18]
Poland 2.6 12 10 18 16 12 [P3,P7]
Romania 0.9-44 11-15 13-140 [B20,R20]
U.K. 0.1-49 <0.4-200 35-88 20-220 56 [B2]
Reference value 1 0.5 5 15 (40) ® 15 (60) 0.3 5 0.3 0.05
Meat products
North America
United States 0.8-2.3 0.5-3 20 18 0.3-2 0.02 [F3,M16]
Asa
China 10 41 140 120 43 120 0.5 [21]
India 440 [K6]
Japan 13 36 2.3 [S22]
Europe
Germany 1-20 30-220 100-1000 | 37-4 000 [B3,
G5,M18]
Poland 1.6-5.6 0.7-3.0 11-19 98-105 99-102 0.5-3.6 [P3,P7]
Romania 2-30 15-19 38-110 [B20,R20]
U.K. 4.9 2.6-74 40-3700 | 62-67 000 22-93 [B2]
Reference value 2 2 15 80 60 1 10 1 0.05
Grain products
North America
United States 3-23 0.9-10 7-100 33-81 0.1-2.8 01-13 | [F3,M16]
Asa
China 9.8 17 34 42 13 38 0.5 [21]
India 7.4-67 15-120 [D6, K6]
Japan 12 14 12 [S22]
Europe
Germany 20-400 20-2 900 40-4000 | 37-1900 [B3, G5]
Poland 47-11 14-17 80-110 110-160 90-140 2.0-21 [P3,P7]
Romania 6.1-85 30-90 49-59 20-360 1.6-33 [B20,R20]
U.K. 6.2-35 0.7-5 200 56-120 27-260 12 180-2300 [B2]
Reference value 20 10 80 50 (100) 60 (100) 3 60 3 1
Leafy vegetables
North America
United States 24 20 56 41 18 12 [F3,M16]
Asa
China 16 75 360 430 23 220 0.7 [21]
India 61-72 320 [D6, K6]
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Table 15 (continued)
i -1
Region/ Concentration (mBq kg™) et
country 238 230 26Ry 210pyy 210pg 22T 28R4 28T 235 '
Europe [B3,
Germany 6-2 200 6-1150 4-4100 4-7 400 G5,M18]
Italy 27-44 [D9]
Poland 14-15 6-9 37-43 43-51 40-67 4-7 [P3, P7]
UK. 9.8-400 80-380 2.2-170 16-3300 | 37-3300 [B2]
Reference value 20 20 50 80 (30) 100 (30) 15 40 15 1
Root vegetables and fruits
North America
United States 09-7.7 02-11 7-47 8-150 0.08-1.4 0.1 [F3.M16]
Ada
China 13 63 27 29 47 110 0.6 [21]
India 0.4-77 16-140 [D6, K6]
Japan 26 11 23 [S22]
Europe [B3,
Germany 10-2 900 5-9400 20-4900 | 22-5200 G5,M18]
Italy 14-25 [D9]
Poland 0.9-10 0.7-75 11-215 24-93 28-210 0.7-7.1 [P3, P7]
Romania 6-120 9-190 19-44 12-140 04-21 22 [B20,R20]
UK. 6 9.0-41 18-76 [B2]
Reference value 3 05 30 30(25) 40 (30) 05 20 05 0.1
Fish products
North America
United States 13-1 900 1.2-29 30-59 14-1800 | 150-55000 1.2-30 0.4-90 | [F3, M16,
S23]
Ada
China 12 39 3500 4900 13 320 05 [21]
Europe
France 37 [P6]
Germany 100-7 400 | 20-4400 | 50-5200 [G5,M18]
Poland 28-43 81-93 3100-3800 [P7]
Portugal 80-120 000 [C14]
UK. 25 852100 | 1804800 | 60-53 000 56-700 [B2]
Reference value 30 10 100 200 2000 10 100
Drinking water
North America [C15, F3,
United States 0.3-77 0.1 0.4-1.8 0.1-15 0.05 0-05 0.04 H11, M20]
Ada
China 0.1-700 0.2-120 0.04-12 [N3]
India 0.09-1.5 [D6]
Europe
Finland 0.5- 10- 0.2- 0.2-7 600 18-570 [A16,511]
150 000 49 000 21 000
France 4.4-930 7-700 0-4.2 [D8, Pe]
Germany 0.4-600 1-1800 0.2-200 0.1-200 [B3, G5,
G6]
Italy 0.5-130 0.2-1200 [S55]
Poland 7.3 14 1.7-45 16 05 0.06 [P3, P7]
Romania 0.4-37 0.7-21 7-44 7-44 0.04-9.3 [B20,R20]
Switzerland 0-1 000 0-1500 0-200 0-50 [S51]
Spain 3.7-44 <20-4 000 [S24]
UK. 0-180 40-200 [B2]
Reference value 1 0.1 05 10 5 0.05 05 0.05 0.04

a

Revised value with previous value [U3] (if different) in parentheses.
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Table 16

Annual intake of uranium and thorium series radionuclides in diet

Region / country Annual intake (Bq)
238U 230Th 226Ra 210Pb 210P0 232Th 228Ra 228Th 235U Ref
North America
Puerto Rico 9.1 [H13]
United States 55-6.2 | 22-3.7 | 10-24 16-23 22 11-22 | 13-16 | 7.3-80 [B8, F3, F5, H12,
L9, M23, M24, P8,
S31, S33, W6]
South America
Argentina 9.5 18 [B7,U8]
Brazil 40 40 [L10, P9]
Asa
China 57 12-32 | 75-110 | 68-130 9.3 66 2.6 [L16,Y5,Y6, Z21]
India 29 8.8 46 20 33 47 [C16, D5, L11,
SA1]
Japan 3.2-6.6 0.6 9-15 73-80 220 0.6-0.8 [K7,N13, S22,
S27, SA2, S45]
Europe
Belgium 16 [S28]
Bulgaria 22-28 [K8]
Czech Rep. 40 [TE]
France 4.4 14-19 18 [G7, S32, Ug]
Germany 11 34 40 62 22 17 17 [F4, G8, M22]
Italy 11-19 40 40 [C17, D9, M21]
Netherlands 27 [S28]
Poland 6.4 21 19-20 45 44 12 [P3,P7]
Romania 58 19 57 51 22 22 [112]
Russian Fed. 16 55-84 40-55 [D7,L12]
UK. 4.4 11-16 16-30 28-44 [C18, H14, H15,
S29, S30]
Reference value 2 5.7 3.0 22 30 58 17 15 3.0 0.2

a

Intake by adults, consumption rates from Table 13 and reference concentrationsin foods and water from Table 15.
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Table 17
Annual effective dose from inhalation of uranium and thorium series radionuclides
Concentration Effective dose coefficient [19] (uSvBq™) Committed effective dose ' ° (uSv)
Radio- inair
i -3
nuclide (hBgm™) Infants Children Adults Infants Children Adults Age
weighted
28y 1 9.4 4 29 0.018 0.022 0.021 0.021
24 1 11 48 35 0.021 0.027 0.026 0.026
Z0Th 0.5 35 16 14 0.033 0.045 0.051 0.048
2Ra 1 11 49 35 0.021 0.027 0.026 0.026
210pp 500 3.7 15 11 35 42 40 40
20pg 50 11 4.6 33 10 13 12 12
Z2Th 0.5 50 26 25 0.048 0.073 0.091 0.084
2%Ra 1 10 4.6 26 0.019 0.026 0.019 0.021
28Th 1 130 55 40 0.25 0.31 0.29 0.29
=5y 0.05 10 43 31 0.001 0.001 0.001 0.001
Total 50 6.0 58 58
Assumed breathing rates: infants 1,900 m® a'%, children 5,600 m* a', adults 7,300 m*a %,
Committed effective dose from the annual intake. Age distribution for weighted values: infants 0.05, children 0.3, adults 0.65.
Table 18
Annual intake and effective dose from ingestion of uranium and thorium series radionuclides
Activity intake ® Effective dose coefficient [12, 121] Committed effective dose °
Radio- (Ba) (hSvBq™) (1LY
nuclide
Infants Children Adults Infants Children Adults Infants Children Adults Age
weighted
28y 19 38 5.7 0.12 0.068 0.045 0.23 0.26 0.25 0.25
24 19 38 5.7 0.13 0.074 0.049 0.25 0.28 0.28 0.28
Z0Th 10 20 3.0 041 0.24 0.21 0.42 0.48 0.64 0.58
2Ra 7.8 15 22 0.96 0.80 0.28 75 12 6.3 8.0
210pp 11 21 30 3.6 19 0.69 40 40 21 28
20pg 21 39 58 8.8 26 12 180 100 70 85
Z2Th 0.6 11 17 0.45 0.29 0.23 0.26 0.32 0.38 0.36
2%Ra 55 10 15 5.7 39 0.69 31 40 11 21
28Th 10 20 3.0 0.37 0.15 0.072 0.38 0.30 0.22 0.25
=5y 0.1 0.2 0.2 0.13 0.071 0.047 0.011 0.012 0.012 0.011
Total 260 200 110 140

Consumption rates from Table 13 and concentrationsin foods and water (reference values) from Table 15.
Committed effective dose from the annual intake. Age distribution for weighted values: infants 0.05, children 0.3, adults 0.65.
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Table 19

Uranium and thorium series radionuclides in human tissues

Concentration (mBq kg™)

Region / country Ref.
. . Muscle and a
Lung Liver Kidney other tissues Bone
238U
Africa
Nigeria 340 [F9]
North America
Canada 120 [F9]
United States 6.2-15 15-41 48-12 11-52 [F8, $44]
South America
Brazil 130-150 [F9]
East Asa
China 27 410 (94-2 600) [L1]
India 21 3.0 4.2 53 140 [G13]
Japan 17-59 [117]
Nepal 110 [F10]
Europe
Austria 62 10 [H20]
United Kingdom 31 24 150 [H15]
Yugodavia 2.7 [P14]
Russian Federation 67-84 72-140 66-68 81-95 74-120 [D7, F10, M31]
Oceania
Augralia 23 [F10]
Median value 21 3 27 5 100
Range (6-84) (2-140) (4-68) (2-95) (3-410)
Reference value 20(15)®° 3 30(5) 5(2) 100 (50)
230Th
Africa
Nigeria 110 [F11]
North America
Canada 41 [F11]
United States 12-31 6 6-11 45-130 [H23, 115, S1]
East Asa
China 29 120 (58-220) [C3]
Japan 19 12 1 14 24 [H22]
Median value 19 9 5 1 76
Range (12-29) (6-12) (1-11) (24-120)
Reference value 20 9(7) 5(10) 1(0.3) 20-70°
226Ra
16 countries® 36 36 36 36 230 [F15, U7]
31 countries® 4.1 4.1 4.1 4.1 260 [F16]
Reference value 4.1(2.7) 4.1(2.7) 4.1(2.7) 4.1(2.7) 260 (170)
210Pb
Europe
Finland 90 170 30 2400 [K17]
Russian Federation 240 450 270 140-270 5000 [L12]
East Asa
Japan 240 560 430 30-230 2600 [T13]
North America
United States 230 340 160 140 [B22]
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Table 19 (continued)
Concentration (mBq kg™)
Region / country Ref.
. . Muscle and a
Lung Liver Kidney other tissues Bone
Median value 240 400 220 110 2600
Range (230-240) (90-560) (160-430) (30-270) (2 400-5 000)
Reference value 200 400 (200) 200 100 (200) 3000
210 PO
Europe
Finland 510 490 110 2200 [K17]
Russian Federation 330 970 760 110-220 2400 [L12]
United Kingdom 200 630 640 120 2200 [H10]
East Asa
Japan 370 1700 1200 40-310 2600 [T13]
North America
United States 190 410-540 420 130-220 2900 [B22, H30]
Median value 270 630 640 120 2400
Range (190-370) (410-970) (420-1 200) (40-310) (2 200-2 900)
Reference value 200 (100) 600 (200) 600 (200) 100 (200) 2400
232Th
Africa
Nigeria 86 [F11]
North America
Canada 15 [F11]
United States 9.3-32 22-30 19-41 21-35 [H23, 115, L15,
S1, W7]
East Asa
China 38 68 (34-140) [C3]
India 24 3.6 6.8 22 8 [J8, HA1]
Japan 22 21 1.0 0.8 11 [H22]
Europe
United Kingdom 22 62 [H21]
Yugodavia 50 [P14]
Median value 22 3 3 1 38
Range (9-53) (2-4) 1-7) 1-2) (8-86)
Reference value 20 32 3 1(0.15) 6-24°
228Ra
Africa
Nigeria 320 [F11]
North America
Canada 23 [F11]
United States 9-10 26-33 26-33 39-230 [115, S1]
East Asa
China 41 290 (140-570) [C3]
Japan 19 39 13 15 100 [H22]
Median value 19 3 2 2 100
Range (9-41) (3-9) 1-3) (23-320)
Reference value 20 (15) 3(5 2(10) 2(0.5) 100 (50)

D o0 T

Assumes 5 kg dry boneyields 2.7 kg ash per skeleton.
Revised reference value with previous value [U4] (if different) in parentheses.
First value given isfor cortical bone and the second value for trabecular bone.

Representing 30% of the world population.
Representing 66% of the world population.
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Table 20

Dose rates to adults from ingestion of uranium and thorium radionuclides estimated from reference

concentrations in tissues

Concentration (mBq kg™)
Tissue
238/234U 230Th 226Ra 210Pb/P0 232Th 228/224Ra
Bone 100 30° 260 2400° 9.6° 100
Lung 20 20 41 200 20 20
Kidney 30 5 41 600 3 2
Liver 3 9 41 600 3 3
Other 2 5 1 41 100 1 2
Absorbed dose rate per unit concentration (UGy a™* per mBq kg?*) [U4]
238/234U 230Th 226Ra d 210Pb/P0 232Th 228/224Ra
Soft tissues 0.046 0.024 0.063 0.027 0.020 0.16
Bone marrow 0.085 1.9 0.18 0.046 11 0.70
Bonelining cels® 0.008 0.005 0.022 0.005 0.003 0.056
Effective dose rate (uSv a™)
238/234U 230Th 226Ra 210Pb/P0 232Th 228/224Ra
Body 7 6 7 80 4 18
Total f 120
Intake ¢ 05 0.6 6 91 04 11
Total ¢ 110
a Includesgonads, breagt, red bone marrow, and thyroid.
b Assumes4 kg cortical and 1 kg trabecular bonein 5 kg skeleton.
¢ Concentration of 2°Po.
d  Includes dose from #?Rn and its short-lived decay products; retention factor of one third.
e Referred to concentration in bone; cellslocated 10 um from bone surface [H23].
f  Edtimated from reference concentrationsin body.
g Edimated from intake of radionuclidesin foods and water for adults (see Table 18).
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Table 21

Parameters of the model masonry house

Parameter Notation Value
Dimensions and relevant parameters
Volume 250 m?
Surface area of floor 100 m?
Length of floor to wall gap 40m
Width of floor to wall gap 3mm
Total surface areaincluding internal walls, furniture, etc. 450 m?
Air exchange rate 1nt
Subsoil
Activity concentration of **Ra Cra 50 Bgkg*
Emanation fraction f 0.2
Porosity £ 0.25
Fraction of water saturation m 0.2
Effective diffusion coefficient D, 2010°m?s?
Bulk diffusion coefficient D 5010 7" m?s?t
Soil density P 1600 kgm*®
Permeability k 210" m?
Aggregate layer thickness?® 0.15m
Aggregate layer permeability @ 510°m?
Building elements, wall and floor

Thickness of floor 01lm
Thickness of wallsand celling 0.2m
Activity concentration of **Ra Cra 50 Bgkg*
Emanation fraction f 0.1
Porosity of wall £ 0.15
Porosity of floor 0.20
Effective diffusion coefficient of wall D, 7108m?st
Effective diffusion coefficient of floor 110" m?s?
Density P 1600 kgm®

a The other specifications of the aggregate layer are smilar to the subsoil specifications.
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Table 22

Representative radon entry rates of the model masonry house

Source of radon Radon entry rate (Bq m* h™)
Building materials Diffusion, wallsand celling 10
Diffusion, floor dab 1
Subjacent earth Diffusion through the dab 10
Diffuson through gaps 4
Advection 20
Outdoor air Infiltration 10
Water supply De-emanation 1
Natural gas Consumption 0.3
Total 56
Table 23
Representative radon entry rates in low-rise residential houses in Finland compared to the model masonry
house
Radon entry rate (Bq m* h™) 2
Source of radon Mechanism
Wooden house® Masonry house © Model masonry house ®
Building elements
Wallsand ceiling Diffuson 2(3) 16 (18) 10 (18)
Floor dab Diffuson 1(2)
Subjacent earth
Through gaps Diffuson A7)
Advection 60 (86) 66 (73) 20 (35)
Through dab Diffuson 4 (6) 4(4) 10 (18)
Outdoor air Infiltration 3(4) 33 10 (18)
Water supply De-emanation 1(2) 1(1) 1(2)
Natural gas Consumption 0.3(-)
Total 70 (100) 90 (100) 56 (100)

o0 oo

Percentage in parentheses.

Radon concentration indoors 140 Bg m3; air exchangerate 0.5 h* [A1].
Radon concentration indoors 180 Bq m®; air exchangerate 0.5 h* [A1].
Radon concentration indoors 56 Bg m®; air exchangerate 1.0 h* [U3].
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Table 24
Radon concentrations in dwellings determined in indoor surveys
Data not referenced are from UNSCEAR Survey of Natural Radiation Exposures
i 3
Region Country Population Radon concentration (Bq m) Geometric et
in 1996 ] ] ] ] standard '
(10°) Arithmetic Geometric Maximum deviation
mean mean value
Africa Algeria 28.78 30 140 [C19]
Egypt 63.27 9 24 [K12]
Ghana 17.83 340 [08]
North America | Canada 29.68 34 14 1720 3.6 [L13]
United States 269.4 46 25 31 [M26, U14]
South America | Argentina 35.22 37 26 211 2.2 [G9]
Chile 14.42 25 86 [S14]
Paraguay 4.96 28 51
East Asa China 1232 24 20 380 22 [22]
—Hong Kong SAR 6.19 41 140 [T8]
India 944.6 57 42 210 22 [S37]
Indonesia 200.45 12 120
Japan 125.4 16 13 310 18 [F20, S61]
Kazakstan 16.82 10 6 000
Malaysa 20.58 14 20
Pakistan 140.0 30 83 [T9]
Thailand 58.7 23 16 480 12
West Asa Armenia 3.64 104 216 13
Iran (Idamic Rep. of) 69.98 82 3070 [S38]
Kuwait 1.69 14 6 120 [B15]
Syria 1457 44 520 [08]
North Europe Denmark 5.24 53 29 600 2.2 [S15, U15]
Egtonia 1.47 120 92 1390 [P15]
Finland 513 120 84 20000 21 [A13, C21]
Lithuania 3.73 55 22 1860
Norway 4.35 73 40 50 000
Sweden 8.82 108 56 85000 [S25]
West Europe Audtria 8.11 15 190 [S34, S35]
Belgium 10.16 48 38 12 000 20
France 58.33 62 41 4690 27 [R5]
Germany 81.92 50 40 >10 000 1.9
Ireland 3.55 37 1700 [C22]
Luxembourg 041 110 70 2500 20
Netherlands 15.58 23 18 380 16 [N22, P10]
Switzerland 7.22 70 50 10 000 [S26]
United Kingdom 58.14 20 10000 [W5]
Eastern Europe | Bulgaria 8.47 22 250
Czech Republic 10.25 140 20000 [T7]
Hungary 10.05 107 82 1990 2.7 [N14]
Poland 38.60 41 32 432 20 [B10]
Romania 22.66 45 1025 [112]
Slovakia 5.35 87 3750
South Europe Albania 3.40 120 105 270 20
Croatia 450 35 32 92
Cyprus 0.76 7 7 78 26 [Ce]
Greece 10.49 73 52 490 [G10]
Italy 57.23 75 57 1040 2.0 [B9]
Portugal 9.81 62 45 2700 2.2 [F7]
Slovenia 1.92 87 60 1330 22 [K15]
Spain 39.67 86 42 15 400 3.7
Oceania Audralia 18.06 11 8 420 21 [L7]
New Zealand 3.60 20 18 90 [R4]
Median 46 37 480 22
Popul ation-weighted average 39 30 1200 23
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Table 25

Thoron concentrations in outdoor and indoor air

Equilibrium equivalent concentration 2 (Bq m™)

20Rn/ 222Rn EEC ratio

Region / country Ref
or territory Outdoors Indoors Outdoors Indoors
North America
United States 0.5(0.03-4.7) 0.04 [T11]
0.09 (0.03-0.3) 0.2(0.1-0.3) [H36]
Eagt Asa
China 0.4 0.8 0.05 0.07 [P12]
Hong Kong SAR 0.3(0.1-0.5) 0.8(0.4-1.2) 0.04 0.06 [T10]
Japan 0.6 (0.4-0.9)° 0.1 [G12, G23]
0.5(0.1-1.0)° [Y8]
0.2(0.1-0.6)° 0.03 [z6]
3.2(1.0-6.0) °© 0.4 [G12, G23]
2.7(0.2-8.2) ¢ [Y8]
1.7(0.3-5.3) ¢ 0.2 [z6]
0.09 (0.03-0.12) 0.7 (0.04-2.1) ¢ [Y8]
15(14-1.6)¢ [G23]
Malaysa 0.5(0.3-1.8) 1.1(0.4-2.5) 0.08 0.08 €
North Europe
Norway 0.7 (0.07-1.1) 0.04 [$43]
Sweden 0.3(0.1-0.6) 0.01 [M29]
West Europe
France 0.8 (0.6-13.3) 0.03 [R10]
United Kingdom 0.3(0.07-1.1) 0.02 [C26]
Central Europe
Germany 0.5(0.1-1.0) [P13]
Rep. of Moldova 0.2 1.0(0.1-6.4) 0.04 0.05 [116]
Romania 0.3(0.1-0.6) 1.1(0.1-6.4) 0.05 0.04 [112, M30]
East Europe
Russian Federation 1.1-71 0.09 (0.02-0.24) [z4]
South Europe
Italy 12 (0.5-76) 0.11 (0.01-0.38) [B14, S7, 9]
Slovenia 0.12 (0.05-0.37) 0.013 [K3]
Range 0.09-0.5 0.2-12 0.01-0.08 0.01-0.5

OO0 T

Range in parentheses.

Concrete dwellings.

Wood frame and mud dwellings.
New materials, e.g. mortar wallboard.
Response to UNSCEAR Survey of Natural Radiation Exposures.
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Table 26
Principal dosimetric assessments of lung dose from deposited radon decay products
Parameter values Dose factor #
[nGy
i i r3)-1
y Investigator Unattached | Breathing Target region Model type (Bg hm®)4]
ear fraction rate
(m*h)
1956 | Chamberlain, 0.09 12 Averagein 45 um Cast of trachea and bronchi 11
Dyson [C9] epithelium
1959 | ICRPJI19] 0.1 12 Mean TB region Deposition retention assumptions 6.7
1964 | Jacobi [J10] 0.25 Basal cels (30 um) Findei sen/Landahl 6-region anatomical 24
model
1964 | Altshuler etal. 0.085 0.9 Basal cells (22 um) Findei ser/Landahl 6-region anatomical 32
[Ag] model
1967 | Haqgue, Collinson 0.35 Basal cells (30 um) Weibel dichotomous airway model 71
[H24]
1972 | Harley, 0.04 0.9 Basal cdls (22um) Weibel dichotomous airway model 5.7
Pasternack [H25]
1980 | Jacobi, Eisfeld 0.1 12 Mean epithelium Weibel dichotomous airway model, 8.9
[J5] correction for upper airway turbulent
diffuson [M19]
1980 | Jameset a. [J6] 0.1 12 Mean epithelium Y eh-Shum anatomical model [Y 4] 14
1982 | Harley, 0.07 11 Basal cells (22 um) Weibel dichotomous airway model, 6.4
Pasternack [H26] correction for upper airway turbulent
diffuson [M19]
1982 | Hoffman [H27] 0.2 0.9 Mean epithelium Weibd dichotomous airway mode, 11
correction for upper airway turbulent
diffuson [M19]]
1991 | National Research 0.16 12 Basal cdls(35-50 um) | Yeh-Shum anatomical model [Y 4], 21
Council [N17] correction for upper airway turbulent
diffusion
1996 | Harley etal. [H8] 0.1 12 Basal cdls (27 um) Nikiforov et a. [N9] anatomical modd, 9
airway deposition from empirical data
from human airway casts
1998 | Marsh, Birchall 0.08 0.8 Bronchial cells ICRP lung modd [17]
[M25] Basal (35-50 pm) 85
Secretary 19
(10-40 pm)
Bronchiolar cells
Secretary 14
(4-12 pm)

a  Per unit ??Rn concentration (EEC). WLM converted to Bg h m with 0.27 10° WL (Bqm®)* and 170 h per working month.
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Table 27
Typical concentrations of radionuclides in raw and produced materials and in wastes of the mineral
processing industry

Typical concentration in ore/ raw material Typical concentration in product or tailings/ wastes
Material (kBq kg% (kBq kg%

28-series 22Th-series 28-series 22Th-series

Phosphate industry

Phosphate 0.2-15 0.02 (Florida ore) 0.9-1.32 0.02 (Phosphorus dag)
1.5 (Florida ore) 100 (*°Po)
0.03 (Kovdor ore) 600 (*°Pb) in calcinate
0.11 (Palfos ore) 1 (Phosphorus dag)
Artificial fertilizer 0.3-3 0.008-0.04
0.2-1 (**Raand *°Ph)
22(TSP) 0.005 (TSP)

Rare earths, thorium compounds

Monazite 6-40 4% (by weight) 450" 3000°
8-300

Oil and gas extraction

Natural gas 0.34 kBg m (*2Rn) (Scale)
Oil 1-1 000 (scale)
8-42 kBqg m (production
water)
Metal ores
Iron ore 0.1-0.3 (codl tar)

0.15 (blast furnace dag) 0.15 (blast furnace dag)

[ zinc-rich filtercake
Cassiterite 1 0.3 1 (dag) 4 (dag)
Pyrochlore 6-10 7-80

Coal tar treatment

Coal tar 0.1-0.3 (*°Po and ?*°Pb) 0.2-0.6 (electrode pitch)

Cokes and electric power production

Cod 0.01-0.025 0.01-0.025 0.02-0.04 (cokes) 0.2 (fly dust)
0.1-0.3 (coal tar)
0.2 (fly and bottom ash)
0.4 (fly dust)

Cement industry

Marl 0.022 0.003 0.05-0.11 (cement) 0.03-0.1 (cement)
0.02 (silex) 0.003 (silex)

Schist 0.04 0.056

Portland clinker 0.08 0.05

Mineral sands handling

Zirconium sand 0.2-74 0.4-40

Bauxite 0.4-0.6 0.3-04 Rutile
IImenite 2.3(1.5: ) 1.2

Rutile 3.8 0.56

Titanium pigment production

IImenite 2.3(1.5: %) 1.2 400° upto 1 500 (scale)
Titanium ore 0.07-9 0.07-9 0.15 (VBM) 0.13 (VBM)
2.3 (filtercake) 2.6 (filtercake)
0.03 (water) 0.01 (water)

a Phosphogypsum, Central Florida ore.
b  ?®Rain sulphate precipitate.
¢ Raprecipitate.
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Table 29

Maximum effective doses from natural radionuclides released from typical installations or operations of the

mineral processing industry
[L18]

Maximum effective dose rate (USv a®)

Industry
External irradiation Air dispersion pathways Water dispersion pathways

Elementary phosphorus production 130 2 <0.4
Phosphoric acid production 8 ~2000° 2
Fertilizer production 20 <0.4 15
Primary iron and stedl production 8 <0.4 3
Coal tar processng 4 <0.4
Cokes production 4 <0.4
Coal-fired power plant 12 <0.4 4
Gasfired power plant <0.4 <0.4 -
Oil and gas extraction 22 <0.4°
Cement production 5 <0.4
Ceramic industry plant <0.4 <0.4
Mineral sands handling 60 <0.4 320
Titanium pigment production <0.4 <0.4 1

a Inhalation dose (radon) dueto land fill with harbour dudge below aresidential area.

b Rather uncertain value.
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Table 31

Average worldwide exposure to natural radiation sources

Annual effective dose (mSv)

Source of exposure
Average Typical range
Cosmic radiation
Directly ionizing and photon component 0.28 (0.30) ®
Neutron component 0.10 (0.08)
Cosmogenic radionuclides 0.01 (0.01)
Total cosmic and cosmogenic 0.39 0.3-1.0°
External terrestrial radiation
Outdoors 0.07 (0.07)
Indoors 0.41 (0.39)
Total external terrestrial radiation 0.48 0.3-0.6°¢
Inhalation exposure
Uranium and thorium series 0.006 (0.01)
Radon (??Rn) 1.15(1.2)
Thoron (*°Rn) 0.10 (0.07)
Total inhalation exposure 1.26 0.2-10¢
Ingestion exposure
K 0.17 (0.17)
Uranium and thorium series 0.12 (0.06)
Total ingestion exposure 0.29 0.2-0.8°
Total 24 1-10

Result of previous assessment [U3] in parentheses.
Range from sea leve to high ground elevation.

Depending on indoor accumulation of radon gas.

D o0 TQ

Depending on radionuclide composition of soil and building materials.

Depending on radionuclide composition of foods and drinking water.
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