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NOTE TO READERS OF THE CRITERIA DOCUMENTS 

- 	 While every effort has been made to present information in the 
criteria documents as accurately as possible without unduly delaying 
their publication, mistakes might have occurred and are likely to 
occur in the future. In the interest of all users of the environmental 
health criteria documents, readers are kindly requested to com-
municate any errors found to the Division of Environmental Health, 
World Health Organization, Geneva, Switzerland, in order that they 
may be included in corrigenda which will appear in subsequent 
volumes. 

In addition, experts in any particular field dealt with in the 
criteria documents are kindly requested to make available to the 
WHO Secretariat any important published information that may 
have inadvertently been omitted and which may change the evalua-
tion of health risks from exposure to the environmental agent ander 
examination, so that the information maybe considered in the event 
of updating and re-evaluation of the conclusions contained in the 
cri tori a documents. 
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ENVIRONMENTAL HEALTH CRITERIA FOR SELECTED RADIONUCLIDES 

At the request of the United Nations Environment 
Programme (UNEP) , the United Nations Scientific Committee on 
the Effects of Atomic Radiation (UNSCEAR) prepared a paper on 
the Environmental Behaviour and Dosimetry of Radionuclides. 
In accordance with the UNEP proposal, the paper, which was 
prepared during the 27th - 29th sessions of the Committee and 
was completed and approved at the 30th session in 1981, is now 
being published in the WHO/UNEP Environmental Health Criteria 
series. The EHC document, which is entitled "Selected 
Radionuclides", comprises the integral report prepared and 
edited by UNSCEAR, together with an annex consisting of 
excerpts taken from "Basic Safety Standards for Radiation 
Protection 1982 Edition", Safety Series No 9, a document 
prepared jointly by IAEA/ILO/NEA(OECD)/WHO, and published by 
the International Atomic Energy Agency, to give guidance to 
the appropriate national authorities on the establishment of 
limits for radionuclides. The selected radionuclides 
discussed in the Environmental Health Criteria document are 
those of environmental importance for the general population 
and radiation workers. 

or E. Komarov, Environmental Health Division, World 
Health Organization, was responsible for the final layout of 
the Environmental Health Criteria document. 

The assistance of Dr B.C. Bennett (Monitoring and 
Assessment Research Centre, MARC) in the scientific editing of 
the Environmental Health Criteria document is gratefully 
acknowledged. 

The contents of the 1982 UNSCEAR report to the General 
Assembly of the United Nations were taken into account during 
the preparation of the paper on the Environmental Behaviour 
and Dosimetry of Radionuclides, but the report was not quoted 
as it had not been issued at that time. 
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ENVIRONMENTAL BEUAVIOUR AND DOSIMETRY OF RADIONUCLIDES 

1. PREFACE 

1 . The release of radioactive materials to the environment 
potentially exposes populations to ionizing radiation and 
increases the risk of incurring deleterious health effects. 
The associations of released amounts to effects establish the 
health criteria for radionuclides, i.e., the quantitative 
relationships that would be required to establish release 
limits governing the management of radioactive materials used 
by man. 

This report has been prepared by the United Nations 
Scientific Committee on the Effects of Atomic Radiation 
(UNSCEAR) for the United Nations Environment Programme (UNEP) 
to provide background infornation in estab1ihing such health 
criteria. In this report the more general considerations of 
environmental 	behaviour 	of 	several 	radioouclides 	are 

discussed, including sources, transport to man and dosimetry. 
The radionuclides discussed are those most frequently released 
from natural 	and man-made 	sources 	and 	the 	greatest 
contributors to population radiation exposure under normal 
circumstances. 

The compilation of the relevant information is based 
largely on the detailed presentations and evaluations of the 
sources of ionizing radiation by UNSCEAR in its reports to the 
United Nations Ceneral Assembly. 	The reader is referred to 
these reports for general concepts and for assassmenta of the 
dose commitments to man from exposures to sources such as 
natural 	radioactivity, 	fallout 	from atmospheric 	nuclear 
testing, releases from nuclear power production, occupational 
and medical irradiacions. 

Further information to be considered in establishing 

health criteria for radiomuclides is that on health effects of 
irradiations. 	The relationships between radiation dose and 
risks of health effects in man have recently been re-evaluated 
based on the available data. This information can he found in 
the 1977 report of UNSCEAR. 	Only a brief summary of the 
general aspects of radiation effects and of radiation 
protection considerations is presented here. 

The establishment of release limits for radionuclides in 
particular situations cannot be acconplished without rather 
more detailed considerations of the local and regional 
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environment and the special pathways of transfer to man. With 
this in mind, it is recognized that the material given here 
can only serve as background guidance. 

6. 	The following scientists have contributed 	in 	the 
preparation of this report; Dr. W.J. Bair, Dr. D. Beninson, 
Dr. B.C. Bennett, Dr. A. Bouville, Dr. P. Patek, Dr. C. Silini 
and Dr. J.O. Snihs. 
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I. INTRODUCTION 

1. 	Radionuclides are a special class of environmental 
substances. They are the unstable configurations of chemical 

-  elements which undergo radioactive decay, emitting radiation 
in the form of alpha or beta particles and x or gamma rays. 
The interaction of radiation with biological materials causes 
energy to be released to these materials which may result in a 
variety of harmful effects. Radiation is thus a potential 
hazard to man, although it may also be used in many beneficial 
ways, as in nedical diagnosis and treatment, in industrial and 
consumer products and in the generation of electricity with 
nuclear reactors. 

The realization of the harmful potential of ionizing 
radiation, which was dramatically brought to the attention of 
the public by the atomic bombing of Hiroshima and Nagasaki in 
1945, was the cause of considerable attention that has been 
paid throughout the years to the effects of radiation. As a 
result of these studies, a great deal is now known about 
radionuclide behaviour in the environment and in man and about 
the somatic and genetic consequences of irradiation. 	This 
information surpasses by far that relating to any other class 
of environmental pollutants. 

considerable experience has been gained in environmental 
radiation measurements, particularly in tracing the movement 
of fallout radionuclides produced in atmospheric testing of 
nuclear weapons. 	Much of this information has in turn 
contributed to the general knowledge of atmospheric and 
oceanic transport processes and of bin-geochemical cycles of 
elements. Extensive studies of radiation effects in animals 
and numerous epidemiological surveys of exposed population 
groups have by now been conducted. They have considerably 
enlarged our understanding of the biological effects of 
radiation on man and the environment, although uncertainties 
still remain, particularly regarding the basic mechanisms of 
action and the risk evaluations at low doses and dose rates 
{Ul-U7] 

A few definitions and general concepts should be 
introduced before the detailed presentation of radionuclido 
assessnents. The basic unit of radioactivity is the becquerel 
(Bq), corresponding to one disintegration per second. 	The 

previously used unit was the curie (Ci), one Ci corresponding 
to 3.7 10 10  Bq. 
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The basic measure of radiation interaction in irradiated 
materials is the absorbed dose (D). This quantity is also the 
basis of health risk estimates, under the assumption of a 
linear relationship between dose and risk. The absorbed dose 
is defined as the mean energy (joules) imparted to the 
irradiated material per uot mass (kg) at the point of 
interest. 	The unit of absorbed dose is called the gray (Cy) 
which corresponds to I J/kg. 	The unit of absorbed dose 
previously in use, the rad, is one huodred times smaller than 
the Gy. 

Radiations of different types and energies have different 
effectiveness for producing effects, depending on the amount 
of energy transferred per unit length (LET) along the path of 
the charged particles. 	In order to quantify this differing 
effectiveness, use is made of a nornalizing quantity called 
the quality factor (Q). For general purposes of radiological 
protection the assumed values of Q are: 	1 for x and gamma 
rays and for electrons; 10 for neutrons and protons; 20 for 
alpha and multiply charged particles. 

The product of the absorbed dose, D, and the quality 
factor, Q, is termed the dose equivalent (H). 	The unit of 
dose equivalent is the sievert (Sv). The previously used unit 
was the rem 0 rem 0.01 Sv). Use of the dose equivalent 
allows the summation of doses from all types of radiation of 
different hiological effectiveness. 

The exposure of an individual to a source of radiation 
may be expressed in terms of the absorbed dose or dose 
equivalent during the period of exposure. 	In the natural 
radiation environment the exposure is continuous and it is 
sufficient to give the annual average dose or dose rate. 
There are important spatial variations to he considered, for 
example, as a function of the altitude in case of exposure to 
cosmic radiation or as a function of the geographical location 
due to the different radionutlides present in soi1. 

For specific releases of radioactive materials into the 
environment (atmospheric nuclear rests, operation of nuclear 
reactors) there are also important temporal variations in the 
exposure. 	In order to account for the exposures which will 
occur in the future from specific sources, use is made of the 
close commitment (). 	 This quantity is the infinite time 
integral of the average individual dose rate. Dose 
comnitments may not represent doses to specific individuals. 
For example, if the radionuclide released has a very long 
half-life, the dose commitment is derived from the doses to 
successive generations in the population. 
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The collective haroi to a population resulting from the 
oxposure of all individuals is related to the collective dose 
in the population, particularly if the linearity of the 
relationships between dose and effects may be assumed for the 
exposures involved. 	The collective dose (5) in a given 
population is the summation of products of the average 
individual doses and the number of individuals in each range 
of doses. The summation may become an integral for continuous 
variations over the entire range of doses. 	The unit of the 
collective dose is man Gy  and the corresponding unit of 
collective dose equivalent is man Sv. 

The measure of the total exposure of a population from a 
specified source or release practice is the collective dose 
commitment (5c) 	defined as the infinite time integral of 
the collective dose rate. The relevant units are man Gy, or 
man Sv in case of the collective dose equivalent commitment. 

In radiation exposure assessments, it is often necessary 
to account for the different sensitivity of individual organs 
of the body with respect to each other or to irradiation of 
the whole body, particulsrly in the case of internally 
deposited radionuclides. 	Weighting factors for the relevant 
organs may be derived for this purpose from relative risk 
estimates. 	These factors will be listed in the section on 
radiation effects with some additional discussion. 

The summation of the products of the weighting factors 
and the dose equivalents for individual organs gives a single 
measure to be used as an index of health detriment, called the 
effective dose equivalent (Fit). 	The concepts of collective 
and committed doses may also be used with this quantity. Thus 
a final quantity for health assessments may be the collective 
effective dose 	equivalent 	commitment, 	(S) which 	is 	a 
collective dose, weighted for the effects of doses within the 
body and dose distributions within the population. 

The chain of events leading from the release of 
radioactive materials into the environment to the irradiation 
of human tissues may be expressed schematically as a series of 
compartments connected by transfer pathways. Such models are 
necessarily amplifications of the actual transfer pathways. 
The following diagram illustrates the transfer stages most 
usually considered in assessments by UNSCEAR. 
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INHALATION 

	

INPUT -0. ATMOSPHERE  -3. EARTH'S SURFACE -0 DIET  -9.. TISSUE  -0. DOSE 	- 
101 	 (2) 	 131 	 (4) 	 (5) 

EXTERNAL IRRADIATION 

The basic task in the assessment process is to evaluate 

the transfer factors (Pi,) which relate the appropriate 
quantity of radioactivity amount or dose in step i of the 
sequence to the appropriate quantity in the subsequent step j. 
Since the desired quantity in the final step is the time 
integrated dose rate, the dose conmiitnent from a specific 
source, the quantities in the other steps are the time 
integrated activity concentrations. 	The transfer factor is 
the quotient of time integrated quantities in successive 
compartments. The total transfer factor for steps in series 
is the product of the transfer factors involved. 	The total 
transfer factor of several parallel pathways is the sum of the 
transfer factors of the individual pathways. 

There are many comnon features of the behaviour of 
different radionuclides in the environment and their transfer 
to man- For example, the physical dispersion of radionuclidea 
in the environment following release from a source is largely 
the same for broad classes of material, such as particulates 
and gases. Several models used to describe the transfer of 
radioactive material within an environmental mediun or from 
one medium to the next have general applicability. A review 
of such general behaviour and modelling procedures can be 
Found in the 1982 report of UNSCEAR [U8J. Therefore, in the 
presentations which follow only the rather more specific 
aspects of environmental behaviour and dosimetry of the 
radionuclides are considered. 
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II. TRITIUM 

A. INTRODUCTION 

Tritium, 'H, is a radioactive isotope of hydrogen which 
decays into the stable nuclide The. 	Tritium is a pure 
beta-emitter with a half-life of 12.3 a, a maximum energy of 
18 keY and an average energy of 5.7 keY. Tritiun is produced 
naturally in the atmosphere, where it results from the 
interaction of cosmic ray protons and neutrons with nitrogen, 
oxygen, and argon. Man-nade tritium, in amounts substantially 
larger than the natural inventory, has been injected into the 
stratosphere by 	thernomuclear explosions. 	In addition, 

tritium is produced during the operation of nuclear reactors. 

There are many applications of tritiun in industry. 	It 

is widely used in consumer products, such as radioluminous 
timepieces and also as a tracer in biomedical research. 
Environmental tritium is mainly found as tritiated water. As 
such, it follows the hydrological cycle and penetrates into 
all components of the biosphere, including man. 

This document is mainly based on the 1977 UNSCEAR report 
[UI], but makes also extensive use of the contents of recent 
reviews or symposia on tritiun [14, Jl, M7, NI, N21. 

B. SOURCES 

1. Natural tritium 

Natural tritium is produced by nuclear reactions in the 
atmosphere and, to a much smaller extent, in the hydrosphere 

and in the lithosphere. 	In addition, some tritium may be 
created in the extra-terrestrial environment and enter the 
atmosphere along with cosnic rays. 	Most of the natural 
tritium is found in the environment as tritiated water, 

generally designated as EITO. 

In the atmosphere, natural tritium is produced by the 
interaction of high energy cosmic rays with atmospheric 
nitrogen and oxygen. The estimates of the number of atoms of 
tritium produced per dnit time and per unit area of the -

earth's surface range from 0.1 to 1.3 cm' 	[Ul]. 	In 

the UNSCEAR 1977 report [UlJ, a production rate of 0.25 cm 2  

s 	was adopted; 	this corresponds to a production rate of 

3.6 lO' 	Bq a' in each hemisphere and to a global 	- 

inventory of 1.3 10 10  Bq at equilibrium. 
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It has been suggested that tritium might be ejected from 
the sun during solar flares [Li] and from stars [Fl]. Flamm 
et al. [F2] estimated that the solar flares could account for 
an additional production rate, averaged over the solar cycle, 
of 0.1 cm" s-'. 

In the lithosphere and in the hydrosphere, tritium is 
produced by interaction of neutrons with 'Li nuclides. 	The 

production rates have been assessed at 10" cm" a" in 
the lithosphere and at 10" cm" 5 in the hydrosphere 
IF1, Kl]. 

2. Nuclear exolosions 

Nuclear tests have been conducted in the atmosphere since 
1945 and have produced tritium in amounts that greatly exceed 
the global natural activity. 	The tritium activity arising 
from atmospheric nuclear tests can be estimated from the 
fission and fusion yields or from environnental measurements. 

Bennett [Bl] has published an estimate of the total and 
fission yields for each reported atmospheric test from 1945 to 
1978, according to that compilation, 422 nuclear tests were 
conducted in the atmosphere up to 1979, with cumulative yields 
of 217 Mt and 328 Mt for fission and fusion, respectively. 
The tritium activity produced per unit yield depends on the 
characteristics of the device, as well as on those of the 
explosion site, but is in any case much greater for fusion 
than for fission [Ml]. 	Miskel [Ml] estimated the yield for 
fission explosion to be 2.6 10" Bq Nt" and that for 
fusion to be 	typically 7.4 	10 1 ' Bq Mt - 	The 	total 
tritium activity produced by atmospheric tests is thus 
assessed at 

328 Mt (fusion) x 7.4 10" Bq Nt" = 2.4 1020  Bq 

Most of this activity was produced during the large yield test 
series which took place during 1954-1958 and 1961-1962; the 
contribution of the nuclear tests carried out since 1964 is 
less than 5% of the total. 

Almost all the tritium produced by fallout occurs as RTO 
in the atmosphere and the hydrosphere, and thus follows the 
hydrological cycle. The total activity injected can therefore 
be conceivably derived from measured concentrations in water 
samples. From the study of Schell et al. [Sl] on the tritium 
concentrations in precipitation at stations in the IAEA 
network, it can be estimated [UlJ that the total production 
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was about 1.7 1020 Eq. 	other estimates, using vertical 
profiles of 3H in the oceans as a basis, lead to injections 
of 1.2 10 20  Eq (in the oceans only) [01}, 1.3 1020 Eq [B2, 
UI], and 2.0 lO' °  Bq [M21. 

All the estimates presented above are in fairly good 
agreement, as they lie in the limited range from 1.2 10' °  to 
2.4 1020  Eq. 	In its 1977 report UNSCEAR adopted a value of 
1.7 1020  Bq for the total globally dispersed activity of 
tritium produced in atmospheric tests up to 1976 [til] 

3. Nuclear fuel cycle 

Tritium occurs in nuclear reactors by ternary fission in 
the fuel and also by neutron activation reactions with lithium 
and boron isotopes dissolved in, or in contact with, the 
primary coolant as well as with naturally-occurring deuterium 
in the prinary coolant (Figure 11.1). 

r 
ternary fision) 

1Jj1 7 1JDi2 

ATOMIC MASS 

rigure II.' 	Ma en nuclear reactions eivins rise to 3hin reactors. 
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Most of the fission product tritium produced in the fuel 
rods is usually retained within the fuel and is not released 
into the enyironnent at the reactor site; it is instead 
released during fuel reprocessing, if that practice is carried 
out. 	The activity produced in the coolant is partly or 
entirely released in the effluent streams according to the 
waste management practices at the plant. 

Releases into the environment are mainly in the fort, of 
ff0 in reactors that use water as prinary coolant, as well as 
in fuel reprocessing plants. 

(a) Nuclear reactors 

Four types of reactors have been considered (PWR, EWE, 
HWR, OCR), the emphasis being on PWRs and EWRs which currently 
represent the largest share of nuclear capacity. 	Estimated 
generation rates and appearance of tritium in effluent streams 
of reactors are summarized in Table 11.1. 

The annual production of fission product tritium in the 
fuel rods of a pressurized water reactor (PWR) is in the range 
of 6 to 9 10" Bq per NW(e)a [Ml]. 	A small percentage, 1% 
or less, is expected to be released into the coolant through 
defects in the cladding, currently made of zirconium alloy. 
In contrast, the use of stainless steel cladding in earlier 
PWRS resulted in the release to the coolant of most of the 
tritiurn produced in the fuel. 

Tritium generation in the primary coolant (water) of a 
PWR is mainly due to reactions with boron (2.6 10 1 ' Be per 
NW(e)a) which 	is 	dissolved 

	
as 	boric 	acid 	to control 

reactivity; in addition, the maintenance of 2 ppm lithium 
hydroxide for pH control 11,21 results in the formation of 
about 7 10 8  Eq per MW(c)a. 

Environmental tritium discharges from PWRs depend on 
waste management practices as well as on the materials used in 
the reactor. 	Average normalized releases of tritium were 
shown in the UNSCEAR 1977 report [tilJ to he about 7 10" Sq 
per MW(e)a in liquid effluents and 7 10' Bq per MW(e)a in 
airborne 	effluents 	for 	the 	reactors 	in 	operation 	in 
1973-1974. However, large differences between PWRs are due to 
the type of fuel cladding. For an old reactor using stainless 

steel Kahn et al. 11<31 measured 'H releases of about 4 
10" Sq per MW(e)a in liquid effluents and 4 10'' Eq per 
MW(e)a in airborne effluents, whereas the combined releases of 
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9 PWRs with zirconium alloy clad fuel (current practice) were 
reported by NCRP [Ni) to be about 3 10" and 10' Eq per 
MW(e)a in liquid and airborne effluents, respectively. 

In boiling water reactors (BWR5) tritium is produced by 
ternary fission in the fuel at about the same rate as in PWRs 
(6 to 9 10" Eq per MW(e)a). 	The generalized use of 
zirconium alloy cladding limits the tritium release into the 
coolant to less than 7 10' Eq per MW(e)a. 

Tritium can be generated by neutron activation in the 
coolant and in the control rods. Prior to 1971, control rods 
of boron carbide were used in BWRs [S21; the production of 
tritium by activation of these control rods has been estimated 
to be about 3 10'' Eq per NW(e)a. However, tritiun has not 
been shown to diffuse through the boron carbide matrix [TI]. 
In the coolant itself, tritium is generated by activation of 
deuterium at a rate of about 4 10 8  Be per MW(e)a. 

Tritium activities discharged 	from BWRs 	into the 
environment are lower than those of PWRs because less tritiun 
is produced in or diffuses into the primary coolant. UNSCEAR 
[Ui] reported the average discharge rates to be 4 10' and 2 
10' Eq MW(e)a in liquid and airborne effluents, respectively. 

The amount of tritium generated in fuel of heavy water 
reactors (HWR) by ternary fission is approximately the sane as 
in light water reactors, but it is largely exceeded by the 
production in the 020 coolant and moderator by neutron 
activation, which has been estimated to be about 2 10'' Eq 
per NW(e)a [1<2]. 

Environmental discharges depend upon the D20 leakage 
which is kept as small as possible for economical and 
radiological reasons, and upon the tritium activity in the 
coolant and moderator, which builds up with the irradiation 
time. 	Annual losses of from 0.5% to 3% are anticipated in 
HWRs IU1]. 	For the optimal loss of 0.5% per year, the 
normalized tritium release rate ranges from 10'' Eq per 
MW(e)a in the first year of operation to about 7 10" Eq per 

NW(e)a in the tenth year. 	Based on the latter value as 
representative of the reactor life, the nornalixed 'H 
release rates are estimated to be 6 10" and 1.5 10" Eq 
per MW(e)a in airborne and liquid effluents, respectively 
[Cl]. Reported releases roughly agree with these estimates: 
they are 6.3 10" and 2.6 10" Eq per MW(e)a for the 
Pickering A station in Canada, in airborne and liquid 
effluents, respectively whereas the Atucha reactor in 
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Argentina releases about 8 10'' Eq per MW(e)a both in 
airborne and in liquid effluents. 

In gas-cooled reactors (con), tritium is produced by 
ternary fission (about 7 10'' Eq per MW(e)a) and by 
activation of lithium in the graphite moderator. Based on the 
experience with UK reactors (mainly Magnox reactors), the 
tritium release is about 7 10' Bq per MW(e)a in liquid 
effluents and ranges from 10' to 1010  Eq per MW(e)a in 
airborne effluents fui]. 

(b) Fuel reprocessing plants 

At the tuel reprocessing stage of the nuclear fuel cycle 
(if it is undertaken) the elements uranium and plutonium in 
the irradiated nuclear fuel are recovered for reuse in fission 
reactors. When the fuel elements are reprocessed, the uraniun 
is first taken out of its cladding material and then dissolved 
in nitric acid. Most of the tritium released from fuel during 
dissolution appears in the liquid waste stream while some is 
carried out in the dissolver off-gas stream and a portion is 
immobilized as a solid zirconium compound in the cladding. 

In 1980, 	the 	only reprocessing 	plants 	operating 
commercially in the world were at Windscale (U.K.) and La 
Hague and Marcoule (France); their combined capacity was much 
lower than the amount of fuel discharged from reactors 
worldwide. Luykx and Fraser [1,3] have expressed the reported 
releases from the three reprocessing plants during the 
1974-1973 time period in terms of activity discharged per unit 
of electricity generated. The average figures for each plant 
are given in Table 11.2. 

Table IT.? 

Aver.nee uornalized trationi sotivities doscli.u - cod into 

the eI:aironnlent by fuel roiroces.siug plcrts 

(10" 14 per 9ili(e)a) {L31 

Plant 	 Airborne 	 L i q u i d 	 Total 
'orati)n 	 etfiuen Is 	ebbluants 

Wiucscale 	 17 	 55 	 72 
La Hague 	 04 	 28.5 	 29 
Marcoule 	 5.2 	 41 	 46 
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As there is no retention system for tritium in the 
currently operating reprocessing plants, the activity released 
corresponds to that which is contained in the fuel elements 
(with the exclusion of cladding) at the time of reprocessing. 
The production rate of tritium in reactors being about 75 
lots Bq per MW(e)a (Table 11.1), approximately half of the 
theoretical fuel content seems to be unaccounted for at the La 
Hague and Marcoule plants. 

(c) Summary 

In 1980, the installed nuclear capacity was 1.25 10' 
l4W(e) on a worldwide scale [IlJ. 	Assuming an average load 
factor of 0.6, the energy produced was 7.5 10 	MW(e)a. 
Using the average figures given previously for production and 
release in the types of reactors considered, the global 
production and release of tritium at the reactor sites in 1980 
are estinated to be about 1.5 10 1 ' Eq and 4 lots Eq. 
respectively. Table 11.3 provides a breakdown of the 
environmental discharges from reactors according to reactor 
type. 

Table IL] 

her. Hated global clischorgeofrririum 

frcnunuc I ear power 	tati.ons in 1980 

Estimated tririum discharges in 1980 (Bq) 
i(ocIclor 	Number 	Capacity 
type 	 IMW(e) I 

Airborne 	Liquid 	 Total 
effluents 	effluents 

PWR 96 64239 3.9 10 1
' 1.2 10" 1.2 	10" 

11315 62 35170 4.2 10' 8.4 10" 1.3 10" 
1129 14 5963 5.4 10" 2.1 10" 2.6 10" 
OCR 30 7086 1.3 10' 3.0 10'' '.3 	10" 
Other 33 12527 - - 

Total 241 124985 6.3 10' 3.4 10" 4.0 10" 
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In comparison, the tritium releases reported for the 
three currently operating coumiercial fuel reprocessing plants 
were about 2 10'' Eq in 1978. 	All together, the current 
tritium production rate in the nuclear fuel cycle is 
comparable to the natural production rate, whereas the release 
rate is about 20 times less. 

4. Tritium production plants 

Artificial production of tritium on an industrial scale 
is 	necessary 	to 	provide 	an 	essential 	component 	of 
thermonuclear weapons. In addition, relatively small amounts 
of tritium are used for other industrial and scientific 
applications. The most economical way to produce tritium is 
the irradiation of lithium metal, alloys or salts in a nuclear 
reactor [Jl]. The tritium is isotopically separated from 
other hydrogen isotopes and is processed in tritium-handling 
plants [Cl]. 

Tritium airborne release rates from Savannah River Plant, 
which is the primary production source of tritium in the 
U.S.A., have ranged from 1.4 10" Eq a 	to 9.9 10 1 ' Eq 
a' from 1974 to 1977 with an average of 4.1 10" Eq a' 
[M4]. 	Under normal operating conditions, the releases are 
about 201 ET and 801 HTO. 	However, accidental airborne 
releases, which seem to be essentially in the gaseous HT form, 
have raised the contribution of HT to the total activity 
released to 60% in 1974 and 57% in 1975 (M4]. The activity of 
tritium released in the liquid effluents appears to be about 
10% of that in the airborne effluents [NI]. 

Data on releases from other tritium production plants 
have not been found in the literature. 	However, an indirect 
estimate of 7 10" Eq for the worldwide release of NT in 
1977 has been made by Mason and dstlund [M3] on the basis of 
their measurements of the atmospheric HT content. 

5. Consumer products 

Tritium has been used extensively in the dial-painting 
industry for the illumination of timepieces, the radiation 
emitted by 'Ii being converted into light by a scintillator 
which is usually zinc sulfide containing small amounts of 
copper or silver. 	In recent years, this illumination system 
has been in competition with the tritium gas-filled glass 
tubes, coated internally with phosphor, which are used to 	- 
illuminate some types of LCD (liquid crystal display) 
watches. Exit signs and electronic tubes are other types of 
consumer products containing tritium [C2, <4, UI, WI]. 
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In luminous compounds, the fractional release rate of 
tritium, in the form of HTO, MT and short-chain organic 
radicals of the styrene type, is about 5E annually [ic4, KS] 
while it is negligible from gas-filled glass tubes. 	It has 

been estimated that about 7 10 1 ' Bq was processed in 1978 
in the worldwide production of timepieces and that the 
activity released is probably under 10" Bq a' for 
luminous compounds and 2 10 1 ' Bq a' for gas-filled glass 
tubes [KS]. 	Environmental releases due to breakage through 
accident or disposal could be more important [C2, Wl]. 

led thermonuclear reactors 

Large-scale use of controlled thermonuclear reactors for 
heat or power generation seems quite unlikely in the next 25 
years. However, if thermonuclear reactors come into use, they 
will contain substantial inventories of tritium and will pose 
considerable tritium management problems [Nil. The production 
of tritium in a nominal 1000 MW(e) controlled thermonuclear 
reactor is anticipated to be about 5 10 1 ' Bq d' and the 
inventory of the order of 10" Bq [Cl, C3, P1]. In order to 
prevent massive releases of tritium into the environment, an 
extraordinary degree of control will be required. 	However, 
conceptual designs for fusion power plants show that the 
effluent release rate can be limited to 4 10" Bq a' by 
applying present-day tritium technology [0]. 

C. BEHAVIOUR IN THE ENVIRONMENT 

1. Natural and fallout tn 

Natural and fallout tritium are mainly produced in the 
stratosphere where they are essentially found in the HTO 
form. 	Tritiated water vapour is transferred from the 
stratosphere to the troposphere with a half-time of about one 
year, then from troposphere to the earth's surface through 
rainfall and molecular exchange with a half-time of about ten 
days. Tritiated water then follows the hydrological cycle. 
Water deposited on the ocean surfaces is diluted in the mixed 
layer. Part of it evaporates back to the atmosphere, with a 
much lower concentration, while a smaller 	fraction is 
transferred to the deep ocean. Tritiated water deposited on 
land surfaces is partitioned partly to surface rum-off 
(leading to a pond, a lake, a stream, or an ocean) and partly 
to infiltration in the soil from where it can be absorbed by 
plants, evaporate, or move with groundwater to a surface 
strean or to an ocean. 
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Part of the tritiated water deposited on soils finds its 
way into vegetable and animal products and thus contaminates 
dietary 	foodstuffs. 	Tritiun 	incorporated 	into 	those 
biological materials, and in soil and sediments as well, is 
found to be present in at least two separable fractions, one 
easily exchangeable, that is available by freeze—drying (free 
water tritium fraction) and one less easily exchangeable, 
available by combustion ("organically bound" fraction) [B61. 
The analysis of soil, water, and various components of the 
diet in the New York area in 1978 [B5] revealed that water, 
soil and diet were in equilibrium with respect to free water 
tritium; 	however, 	the 	specific 	activities 	(activity 
concentration per unit mass of hydrogen) of the "organically 
hound" tritium in various foodstuffs were higher by a factor 
of 2 to 4 than those of the water tritium. 	It is suggested 
that tritiun was incorporated uniformly into biological 
materials during the period of highest deposition rates in the 
early 1960s and that differences in specific activities 
developed due to longer biological residence half—time of the 
"organically bound" fraction compared to the free water 
tritiun fraction [B61. 

2. Industrial releases 

Industrial releases consist mainly of HTO and HT, and 
probably tritiated methane, CH3T [87]. 	The residence times 
of HT and CH 3T in the atmosphere are not known with 
certainty but the estimates point to average values of 5 to 10 
years ff71. The main removal processes are bacterial action 
and photochemical oxidation for HT and phntochenical oxidation 
alone for CH3T [B?]. In both cases, the resulting product 
is presumably iTO. As HTO is much more biologically active 
than HT and CH3T, it is this tritiurn compound that is of 
most concern in the case of industrial releases. 

Industrial releases may be to the atmosphere or to water 
(river or sea). 	In addition, releases to ground water have 
taken place but they are of little consequence as the movement 
of water in suitable aquifers is very slow. The environmental 
behaviour of UTO released by industry is not different from 
that from natural or fallout sources. 

D. TRANSFER TO MAN 

Transfer to nan of environmental HTO takes place via 
inhalation, diffusion through skin and ingestion of beverages 
and foodstuffs; 	in the case of HT, inhalation is the only 
meaningful 	pathway 	to man. 	Exposure 	to an atmosphere 



contaminated with tritiated water vapour results in total 
absorption of the inhaled activity through the lungs and 
absorption of about 50% of that anount through the intact skin 
[12]. Ingested tritiated water is completely absorbed from 
the gastro-intestinal tract. 

Absorbed 	tritiated 	water 	is 	rapidly 	distributed 
throughout the body via the blood. Tritiated water in blood 
equilibrates with extracellular fluid in about 12 minutes. 
However, in poorly vascularized tissues, such as bone and fat, 
equilibrium with plasma water may take days to weeks [N2, 
P21. 	The biological half-life of tritium in the body 
following intake of tritiated water has been found to range 
from 2.4 to 18 days among 300 individuals [B3, W31. 	The 

experience from observations of human cases of accidental 
tritium exposures with 	intakes 	large 	enough 	to allow 
relatively long-term monitoring shows that the excretion rate 
can he represented as the sum of three exponentials with 
half-times of residence of the order of 10 days, one month, 
and one year [L4, M5, M6, S31. 	The first component is 
believed to reflect the turnover of body water while the 
second and the third components are likely to represent the 
turnover of tritium incorporated into organic compounds. 

E. DOSIMETRY 

1. Dose per unit intake 

(a) Tritiated water 

External irradiation from tritiun does not need to be 
considered as the range of the electrons emitted by decay (at 
most 6 tmi in soft tissue) is shorter than the depth of the 
basal cells in the epidermis. Following a chronic imtake of 1 
Bq 1' of tritium (as HTO) in air, water and food the 
equilibrium dose rate in active wet tissue (the totality of 
soft tissues with the exclusion of fat) is 2.6 10' Gy 
a'. 	Of that dose, 16% is calculated to be due to tritium 
contained in organic pools of the body. 	These results were 

derived by Bennett [B4] based on human retention data. 

When all the sources of intake (air, water and food) are 
assumed to he contaminated at the same level, use can be made 
of the specific activity model which consists in assuming that 
the specific activity of tritium (activity concentration per 

-  unit mass of hydrogen) in the body is the same as that in the 
intake. A chronic intake of tritium at a concentration of 
I Bq per litre of water would thus give rise to an absorbed 
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dose averaged over the whole body of 

10-1 
1 Eq 	

1 H0 	 H 
2  0 
	_____ 

x18 - xO.l 
'H20 	g0 	 gn 	 gbody 

x 5.7 10 	
Dy body Me V  

' 	x 3.16 10' 	x 1.6 10' °  
Bq S 	 a 	 Hey 

= 2.6 10 	Dy a 	per Bq U' 

This result is numerically equal to that of Bennett [B41. The 
doses 	in individual 	tissues 	depend 	on 	their hydrogen 

concentrations. According to the values adopted for the 
Reference Nan of ICRP [12], the hydrogen concentration per 
unit mass is the same (10%) in total body and in total soft 
tissues and is, as a first approximation, uniform in the soft 
tissues. Hydrogen content is lowest in nineral hone (about 
4%) and highest in adipose tissue (12%). Since the range of 
the beta—particles emitted by tritiun, decay is very snail, it 
can be assumed that all the energy emitted in a given tissue 
is absorbed in the same tissue. The effective dose equivalent 
is therefore numerically equal to the absorbed dose averaged 
over the whole body and is 2.6 io Sv a' per Bq U'. 
Assuming a rate of intake of 3 litres of water (in beverages 
and in food) per day and a water vapour atmosphere 
concentration of 8 g m', the effective dose equivalent per 
unit intake is found to be 2.2 lD' Sv Bq while the 
effective 	dose 	equivalent 	rate 	per 	unit 	atmospherir 

concentration would be 2.1 10' Sv a' per Sq m'. 

(b) Tritiated hydrogen 

The doses from inhalation of HT are much lower than those 
from UTO for a given atmospheric concentration of tritiun. 
The dose rate to the lungs per unit concentration of HT in air 
is about 10" Dy h' per Eq m 3  [13), while the doses 
in tissues from the absorbed gas are 60 to 150 tines smaller 

[13]. 	The corresponding effective dose equivalent rate per 
unit concentration in air is therefore 1.1 10_lI Sv a' 

per Sq rir'. 

2. Dose Der unit release 

(a) Natural tritium 

Doses from natural tritium can be estimated from the few 
tritium measurements in environmental nateriais that were 
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carried out before the contamination with fallout (or that had 
been preserved from contamination). Activity concentrations 
of continental surface waters were then found to be in the 
range from 0.2 to 0.9 Eq 1' [K]]. The production rate of 
natural tritium being constant in time and relatively uniform 
on the global scale, the concentrations in all the components 
of human intake (air, water and food) of natural tritium are 
in steady-state equilibrium with the concentrations In 
continental surface waters. Using the specific activity 
approach, it is assumed that the specific activity of natural 
tritiun is the same in the continental surface waters, in all 
the components of human intake and in the body. The effective 
dose equivalent rate is thus found to range from 
0.2 Eq l' x 2.6 10' Sv a 	per Be 1 	= 5.2 10' Sv a 	to 
0.9 Eq 1' x 2.6 10" Sv a s per Eq 1 = 2.3 10" Sv a', 
being therefore of the order of 10" Sv aS'. The effective 
dose equivalent commitment per unit release would then be 

10" Sv a 	- 
" 1.4 10' Sv per Eq 

7.2 10 " Be a" 	- 

Taking the world's population to be 4 10' people, the global 
collective effective dose equivalent commitment per unit of 
activity produced is about 5 10"' nan Sv per Eq. 

(5) Nuclear explosions 

The doses from fallout tritium can be estimated in the 
same way as those from natural tritium. On the basis of the 
variation with time of the tritiun activity concentration in 
surface waters [E5] and of the latitudinal distribution of the 
fallout deposition [51], UNSCEAR [UI] estimated the effective 
dose equivalent cnmmitnents to the populations of the northern 
and southern hemispheres to be 2 lOS' and 2 10-6  Sv 
respectively. 

The effective dose equivalent comnitment from fallout 
tritium was also estimated indirectly, using the relationship 
obtained for natural tritiun between the production rate and 
the dose rate 

Hc 	14 
- 

where He is the effective dose equivalent commitment (Sv) 
- fron production of fallout tritiun in a given hemisphere; 

YO is the effective dose equivalent rate from natural 
tritium = 10" Sv a"); 14 is the activity of 
tritiun released by nuclear explosions (1.5 120 Eq in the 
northern hemisphere and 0.2 1020  Be in the southern 
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hemisphere); 	and B is the natural rate of production (3.6 
10" Bq a' in each hemisphere). 	The effective dose 
equivalent commitments thus derived are 4.2 io -  Sv for the 
population of the northern hemisphere and 5.6 10 	Sv for 
the population of the southern hemisphere. These results are 	- 
higher than the direct estimates by a factor of 2 to 3. The 
global collective effective dose equivalent commitments per 
unit activity released are estimated to be 9 10 6  and 4 
10 6  nan Sv Eq' using the latter and the former method, 
respectively. UNSCEAR lull used an intermediate value of 8 
10 6  man Sv per Eq. 

(c) Nuclear installations 

While the production of natural and fallout tritium 
brings about a relatively uniform contamination of the whole 
biosphere, the releases from nuclear installations occur at 
discrete points on the earth's surface giving a highly 
heterogenous spatial distribution of concentrations. 

UNSCEAR's practice is to divide the collective doses into 
two components: 	the local and regional collective doses, 
which are due to the first passage of the plume, over 
distances of 100 to 1000 km from the point of release, and the 
global collective doses, which arise from the mixing of 
tritium in the whole biosphere. 	As the doses per unit 
concentration of tritium in air are nuch higher for HTO than 
for UT, tritiated water will be the only compound considered 
in the estimate of the local and regional collective doses. 

(i) Local and regional collective dose 

A distinction is nade between airborne and liquid 
effluents. 	Tritium 	present 	in 	airborne 	effluents 	can 
contribute to the local and regional collective doses through 
inhalation, absorption through skin and ingestion. 	As the 
contribution from the ingestion pathway is quite variable from 
site to site owing to differences in local hydrology and water 
usage, IJNSCEAR lull has not taken this pathway into account in 
its assessment of the local and regional collective doses. 
Assuming an atnospheric dispersion factor of 5 10 	s 
at 1 km from the release and a reduction in concentration 
inversely proportional to the 1.5 power of the distance 
expressed in kilometres, the local collective dose per unit 
activity released can be assessed by integration over the 
local area. 	Integrating from 1 to 100 km for a population 	- 
density of 100 km 2 , UNSCEAR [ul] estimated the local 

collective dose from airborne tritium per unit activity 
released to be about 5 10' man Sv per Eq. 
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The collective dose commitment from the input of 'H to 
water bodies, normalized per unit activity released, can he 
estimated [tii], using the expression 

SC 	
X Nk Tk k 

= 	v(x + l/T) 

where V is the volume of the receiving waters, r is the 
turnover time of receiving waters, A is the decay constant 
of 3 H, N, is the number of individuals exposed by pathway 
k, Tk  is the individual consumption rate of pathway item k, 
fk  is the concentration factor for the consumed item in 
pathway k, and ç is the collective dose per unit activity 
ingested collectively by the exposed group. 

The quantity v(x + 1/i) is the infinite time integral 
of the water concentration per unit of activity released, 
while the quantity multiplied by fk  is the infinite time 
integral of the concentration in the consumed item k. 	For 
radionuclide inputs into small volumes of water, the 
concentrations in water and in fish will be high, but the 
population which can be served with drinkimg water or by fish 
consumption will limited. For inputs into larger volumes of 
water, the concentrations will be smaller, but the populations 
involved will be correspondingly larger. It is reasonable, 
therefore, to assume as a first approximation that the 
quamtities Nk/V  are relatively constant, independent of V. 
The values for these quantities as well as values for the 
other parameters of the above expression have been extensively 
discussed [Ul]. 

A summary of the values used in the assessment, based on 
UNSCEAR [UI],  and the evaluation of the collective dose 
commitments for a release of 1 Bq of 'H in liquid effluents 
are given in Table 11.4. 

(ii) Global collective dose 

For HTO releases, the global collective effective dose 
equivalent commitment established for fallout tritium (S 
10 -16  man Sv per Bq) can be applied without change. 	With 
respect to HT releases, if it is assumed that the conversion 
to HTO takes place on average 5 years after the discharges, 
the global collective effective dose equivalent commitment is 
estimated to be 

-0.693 x 5/12.3 
8 10 - 6 e 	 6 10' 6  man Sv per Eq. 
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Table 11.4 

Colt ectsvedo.se factors for 'II in liccuid effluents 

Fresh water Salt water 

Activity released, 	A 1 	Sq 1 	Bc1 

Turnover 	tame 	of 	receiving water, 10 	a 1.0 	a 

Sedi;ccaot 	removal 	correction 	factor, 	5 1.0 1.0 

Time 	integral 	of activity 	in water, 

w 6.36 	B9 	a 0.946 BY a 

Water 	utilization, 	V/N 3 	10' i/man 3 	10' i/man 

FECSHWATER PATHWAYS 

I 	Drinking water 
Treatment removal 	factor, 	f1 1.0 
Consumption, 	Ii 438 1 
Collective dose 	commitment 

NI 
Is 	f()D 2 	10" ear, Sv 

2 	Fish 
encecs iration 	factor, B .0 

Caosueptioo, 	33 1 	kg 	a 

Collective 	dose 	corm,itment 

W 	f 2 (- --t )D 5 	10 1 ' man iv 

SAlT hAtER PATHWAYS 

Concontratioo 	factor, 	f3 1.0 
Cunsui,ptiao, 	33 6 	kg 	a 1  

Collective dose commitmeo 

Ni 
5 3 	W 	f 3 l) 3 0 

iv 
 

4 	10 -2 	man 

i. 	Shellfish 

Concentration 	factor, 	f4 1.0 

Consumption, 	34 1 	kg 	a' 

Collective dose commitment 

S 	W 	f 4 ( t ) 4 D 7 	10' I man iv 
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(iii) Summary of collective dose commitments per unit 
activity released 

77. Table 11.5 summarizes the values obtained above for the 
collective effective dose equivalent commitments per unit of 
3H activity released. With respect to the local and 
regional component due to industrial releases, the largest 
collective effective dose equivalent commitment per unit 
activity released is obtained for a river discharge and the 
smallest for a sea discharge while an intermediate value is 
found for the airborne discharge. 

Table 11.5 

SLiertlary of collective effective dose eguival cot cUrse' 

per aol t trititira activity released (man Sv per lq) 

Origin 	 Local and regional 	Global coeporient 
coopooeot 

Natural 	 5 10" 
Nuclear tests 	 S 10' 

tr' 
Airborne discharge 	S 10" (bTO) 
River discharge 	2 to's 	 S 10 	(}]rO) 

Sea charge 	 S 10
1

° 	 6 10 	(NT) 
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III. CARBON-14 

A. INTRODUCTION 

Carbon-14 has always been present on the earth. 	It is 
produced by cosmic ray interactions in the atmosphere. This 
nuclide is a pure beta-enitter, with a half-life of 5730 
years, a maximum energy of 185 key and an average energy of 
49.47 key IN1I. 

carbon is one of the elements that are essential to all 
forns of life and is involved in most biological and 
geochemical processes on the earth. 	Associated with the 
stable isotopes of carbon ( "C and about 1.IZ' 3C), there 
is a very small amount of "C formed in the atmosphere and 
which has subsequently entered in the carbon cycle. 	The 
specific activity of biological carbon, as measured in wood 
samples grown in the nineteenth century, was 0.227 ± 0.001 
Bq per gram of carbon [Tlj, corresponding to an atnospheric 
inventory of 1.4 10" Be. 	During the present century the 
specific activity of I kC has decreased due to the diluting 
effect of releases into the atmosphere of carbon dioxide from 
the combustion of fossil fuels. 	This effect (the Suess 
offect) accounts for a reduction of a few percent. 

In addition to its natural production, carbon-14 is also 
produced by the detonation of nuclear explosives and by the 
operation of nuclear reactors. 	The assessment of the 
collective dose commitments from the releases of man-made 
carbon-14 is facilitated by knowledge of the production rate 
of natural carbon-14. 

B. SOURCES 

1. Natural carbon-14 

Carbon-14 is produced by the action of cosmic ray 
neutrons on nitrogen atoms, both in the stratosphere and in 
the upper troposphere. UNSCEAR [U3] has estimated the natural 
production rate to be about io' Bq per year, a value vhich 
has been derived from assessments of the natural 	"C 
inventory. 	The production rate has also been estimated 
directly from assessments of cosmic ray neutrons and the 
values obtained by different authors range from I to 1.4 
10'' Bq per year [U31. Considering the uncertainties 
involved in determining both the direct production rate and 
also the total "C inventory of the earth, the estimates are 
in reasonable agreement. 
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2. Nuclear explosions 

Carbon-14 is formed in nuclear explosions through the 
capture of excess neutrons by atnospheric nitrogen. 	After 
large atmospheric nuclear explosions, most of the "C is 
transported into the stratosphere, from where it equilibrates 
with the troposphere with a half-time of I to 2 years (U3]. 

The inventory of '"C from nuclear explosions has been 
estimated from measurements of excess specific activity in the 
troposphere and in the surfsce ocean waters, and models 
representing the exchange of '"c between the atmosphere, the 
biosphere and the ocean. 	UNSCEAR 1U31 has estimated that 
nuclear explosions up to 1972 have injected into the 
atmosphere 2.1 lOs'  Bq, while subsequent injections have 
increased this amount by about l. 

For the past pattern of atmospheric nuclear explosions, 
the production mentioned above corresponds to about 3.7 10" 
Bq per megaton. This value, however, is not representative of 
any given nuclear explosion, because the production of "C 
will depend on the type of nuclear device exploded and also on 
whether the explosion took place on the surface of the earth 
or high in the atmosphere. 	A "surface" test will produce 
approximately 50% of the "C that would be produced by the 
same device in an "air" test, because about one half of the 
escaping neucrons will be captured in the soil or water rather 
than in the ataosphere. 

3. Nuclear fuel cycle 

Carbon-14 is produced in nuclear reactors and is released 
to the environment at the reactor itself or at reprocessing 
plants where spent fuel is reprocessed. 	Onlyrecently has 
attention been given to the production and release of this 
radionuclide at nuclear fuel cycle installations. 

(a) Nuclear reactors 

The production of carbon-14 in nuclear power reactors is 
due 	to several nuclear 	reactions 	in 	the 	fuel, 	core 

construction materials and moderator. Figure 111.1 summarizes 
the relevant reactions. 
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Figure 111.1 Nod ear reactions giving rise to the production of carbon-1. 

Production rates depend upon the neutron flux, the shape 
of the respective neutron spectra and the resulting effective 
cross sections, on the amount of the target elements present 

in different reactor conponents and on the abundance of the 
target isotopes in the target elements. 	The target elements 

are uranium, nitrogen, oxygen, and also carbon in the case of 
graphite moderated reactors. 	Nitrogen is present as an 
impurity in the fuel, as dissolved gas in the coolant, as 
nitrogen compounds sometimes used for pH control in the 
coolant, and as an impurity in structural materials. Oxygen 
is 	present 	in water moderators 	and 	coolants, 	in CO2 
coolants, and in oxide fuels (e.g., 1102). 

The place of origin of "C within a nuclear reactor has 
a strong influence on the discharge pathway. 	One can 

basically 	distinguish 	between 	three 	locations 	of 	"C 

generation, nanely, "C in the fuel, "C in structural 
materials of the core (and solid moderator, if applicable) and 

"C in the reactor coolant (and liquid moderator, if 

applicable). 

The "C produced in liquid or gaseous coolants will he 
present in different chemical compounds (to 2 , CO, methane), 
depending on the chemical environment. Under the influence of 
intensive radiation fields several chemical reactions may 
occur, influencing the chemical form of carbon-14. 	The 
compounds in the coolant are released mainly together with 
off—gas and waste water from the coolant purification and 

0 

a 
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treatment system. Part of the carbon-14 also leaks from the 
primary coolant circuit into the plant ventilation system and 
is released with ventilation air. 

Significant reactions for the production of "C in 
light water reactors (LWR) are: 	(m) reactions with 170 

present in the oxide fuel and in the moderator; (n, p) 
reactions with "N present in the fuel as impurities; and 
ternary fissions. Ternary fission production per unit 
electrical energy generated is practically independent of 
reactor design, while the normalized production of "C by 
the other reactions depends on the enrichment of the fuel, the 
relative masses of the tuel and noderator, the concentration 
of mitrogen impurities in the fuel and the temperature of the 
fuel and moderator, 

In boiling water reactors (BWR), the gaseous "C is 
transported with the steam until it arrives at the turbine 
condenser. There the gases are continuously withdrawn over a 
catalytic recombiner to burn the hydrogen and oxygen produced 
by radiolysis of the primary water. Measurements have shown 
that one half or more of the total "C produced in the 
coolant will be discharged in the form of CO2 together with 
the filtered gases from the turbime condenser. 	There are 
other pathways of release of "C, mainly caused by leakage 
from the primary circuit into the reactor building and the 
turbine hall. These releases are also mainly in the form of 
CO2. A part of the "C remains dissolved in the primary 
water purification and treatment systems, causing smaller 
sources of release, for example in the auxiliary building and 
finally in the waste water system. 

The primary circuit water of a pressurized water reactor 
(PWR) contains hydrogen in excess to recombine the oxygen 
produced by radiolysis. 	Under such reducing conditions 
compounds like methane will be formed. Therefore, contrary to 
the BWR, a PWR will release most of the "C bound in 
hydrocarbons. The main release pathways for gaseous compounds 
of "C in PWRs are leakages of the primary water circuit 
into the containment air and the degasification of the primary 
water. The escaping or withdrawn gases may be stored in decay 
tanks prior to release, and the gaseous "C compounds can be 
oxidized to CO2 or released through charcoal beds. Leakages 
may also arise in the auxiliary building from the primary 
water purification and treatment systems by way of degasing. 
Also, a part of the LIIC  compounds stays dissolved in the 
water and is released at the different steps of the waste 
water treatment. 
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The total environmental release of carbon-14 at the 
reactor, expressed as a fraction of the production rate, is on 
the average about 50% in BWRs and 30% in PWRs, but the value 
is quite variable, as has been shown by several recent 
monitoring programmes IR1, Li]. 	UNSCEAR sunnarized the 	- 

estimates of production in LWRs from several authors, the 
values being in the range 0.5 to 1.9 10' Eq per NW(e)a, and 
also derived an independent value of about 0.7 iO' Eq per 

MW(e)a [U3J. 

Carbon-14 is generated in heavy water reactors (HWR) 
through reactions similar to those described for LWRs. Owing 
mainly to the large moderator mass, the production rate of 
"- 'C in HWRs is expected to be considerably larger than in 
LWRs [U3]. The production rate in pressure vessel reactors is 
estimated to be 1.7 1010  Bq per MW(e)a, with 90% generated 
in the moderator. The production of ''C in CANDU reactors 
is estinated to be 1.6 1010  Eq per NW(e)a, 95% being 
produced in the moderator. 

In gas-cooled graphite-moderated reactors (GCR), the 
major source of "C production is the graphite moderator, 
due to 	'C(n, y) ''C reaction and also to the ''N(n, p) ''C 
reaction based on the incorporated nitrogen impurity. 
Production rates have been estimated to be about 0.7 10" Bq 
per MW(e)a in Magnox reactors and 1.1 1010  Eq per MW(e)a in 
advanced gas-cooled reactors (ACR) [U3]. Production of '"C 
in the carbon dioxide coolant, mainly from activation of 
nitrogen impurities and from the ''O(n, a) 1C reaction, 
is a smaller source estimated to be about 10 a  Eq per MW(e)a 
for Magnox reactors and 4 10 8  Eq per MW(e)a for ACRs. 

Carbon-iA discharges from Magnox reactors and ACRs result 
from coolant leakage and include ''C released to the coolant 
from corrosion of the moderator. The fraction released at the 
reactor is about 3% in Nagnox reactors and about 6% in ACRs, 
of the total production rate of ''C in these reactors [U3]. 

(b) Fuel reprocessing plants 

While the ''C produced in the reactor coolant and 
moderator has a potential for immediate release at the nuclear 
reactor, the "C produced in the fuel will be released only 
later during nuclear 	fuel 	reprocessing. 	Depending on 
reprocessing plant operation characteristics the release may 
be continuous or discontinuous. There are few measurements of 
"C releases from reprocessing installations [Si], but it 
seems reasonable to assume that almost all the inventory of 
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the fuel elements is released during the chemical dissolution 
of the fuel. In the case of the Purex process the "C is 
released in the form of CO2. 

(c) Summary 

98. A very rough estimate can be made of the total production 
and release of 'C from nuclear fuel cycle installations, 
based on the average values given above. Installed nuclear 
capacity worldwide in 1980 was 1.25 10' GW(e) [121. 
Assuming an average load factor for reactor operation of 0.6, 

the energy produced was 7.5 104 Gw(e)a. Global production 
and release of '"C from reactor sites are thus estimated to 
be about 1.4 10" Sq and 6 10" Bq, respectively. 	The 

estimated discharges by reactor types are given in 	Table 
111.1. There are no estimates of production and release from 
other reactor types representing 10% of the total installed 
capacity. The difference between production and reactor 
discharge estimates will largely represent the release from 
reprocessing plants, to the extent that the fuel is eventually 
reprocessed. 

Table 111.1 

Estimated global discharge of carbon-IO 

from nor lear power sta lions in 1980 

Reactor 	Reactor Capacity Product,on rate 	Release 	Estimated 

type 	number 	[MW(e) ] 	JB, per Xlq(e)l 	traction (1) carbon-14 
discharge (Bq) 

ERR 	 96 	64239 	7 10' 	 30 	 8 loll 

ERR 	 62 	35170 	 7 106 	 50 	 7 10 1 1 

HER 	 14 	 5963 	1.5 10' ° 	 70 	 4 10" 

OCR 	 36 	 7086 	 9 10' 	 5 	 2 1012 

Other 	 33 	12527 	 - 	 - 	 - 

Total 	241 	124985 	 6 10" 
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C. BEHAVIOUR IN THE ENVIRONMENT 

Carbon-14 is present in atmospheric carbon dioxide, in 
the biosphere, and in the bicarbonates dissolved in the 
ocean. 	The specific activity of natural 	"C in the 
terrestrial biosphere, as measured in vood grown in the 
nineteenth century, was 0.227 ± 0.001 Eq per gran of 
carbon. 	The Suess effect, accounting for a few percent 
decrease of specific activity at present, could reach a figure 
of the order of 20% in the year 2000 [U2], but is of little 
importance in the long range, when fossil fuel resources are 
e xh a us ted, 

Leaving aside the Suess effect, it has been suggested, 
however, that the present-day inventory does not correspond to 
the equilibrium value, 	but 	is 	increasing. 	In 	fact, 
measurements of wood samples of knowm age show that only 
cyclic variations of atmospheric "C, amounting to a few 
percent, have occurred in the past 6000 years tU21. Two types 
of variations have been recognized; one, with a time scale of 
the order of 100 years, has been explained by the solar wind 
modulation of the cosmic-ray flux density; the other, with a 
time constant of more than 1000 years, may largely be due to a 
variation of the geomagnetic shielding of the earth, 

Contrary to the case of natural carbon-14, the levels of 
man-made carbon-14 are not at steady state in the different 
compartments of the environment. Due to the very long mean 
life of carbon-14, continuing practices are not expected to 
last long enough to allow the environmental levels to reach 
the steady state. 	The predictions of the time-evolution of 
"C levels in the atmosphere, biosphere and ocean after a 
release into the environment require, therefore, the use of 
compartment models. 

Many models describing the dispersion of released "C, 
and the subsequent exchange between the different compartments 
involved in the carbon cycle, have been proposed [Cl, P1, N2, 
Yl, N31. UNSCEAR [U31 also developed a dynamic model for the 
assessment 	of 	doses 	from 	It 	released 	by 	nuclear 
explosions. 	This model 	includes 	compartments 	for 	the 
atmosphere and short-tern biosphere, the terrestrial 
biosphere, the surface ocean and the deep ocean, and 
represents the thermocline layer in the ocean as a thick 
diffusion barrier. 
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D. TRANSFER TO MAN 

Carbon-14 released to the environment enters the carbon 
cycle, giving rise eventually to increased levels in man. 
From measurements of fallout carbon-14, it was noted that the 
specific activity in human tissue comes into equilibrium with 
that of atmospheric CO2 with a delay time of about 1.4 years 
[N5J. 

Intake of carbon by man is primarily from diet. 
Ingestion intake is of the order of 300 g d' with nearly 
conplete absorption, whereas inhalation intake is about 3 g 
d 	with only 1% retained in the body [031. 	The total 
carbon content of the body is 1.6 10" [Il]. The quotient of 
this with the intake rate gives an estimated mean residence 
time of carbon in the human body of 53 days. 

Man comes, therefore, into fairly rapid equilibrium with 
carboo-14 in his immediate environment. 	It is generally 
sufficient in carbon-14 dose calculations to adopt a 
steady-state model which assumes that the specific activity of 
carbon in tissues is in equilibrium with that in air and in 
the diet. 

F. DOSIMETRY 

1. Dose per unit intake 

An intake of carbon-14 at a specific concentration of 
0.23 Eq per gram of carbon, corresponding to the present 
value for natural carboo-14, gives rise to the following 
absorbed dose rate averaged over the whole body 

0.23 	1.6 10" 	L_& 	0.049 21eV/Eq 
g 	 MeV 	7 l0"g 

3.15 10' s/a 1.6 10" g 	= 13 iCy a' 

The dose rates in individual tissues depend on their carbon 
concentrations. The carbon content per unit mass averages 23% 
for the whole body, but ranges from 9% in gonads and 10% in 
lungs to 41% in red bone marrow and 67% in adipose tissue 
[11]. The annual absorbed doses are 5 iCy in gonads, 6 
iCy in lungs, 20 uCy in bone-lining cells and 22 jfy in 
red bone marrow [U3). The tissue-weighted annual effective 
dose equivalent from natural carbon-14 is 12 pSv. 

This dose is due almost entirely to ingestion intakt of 
carbon-14. 	If the carbon intake rate is 300 g d' at the 
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specific activity of 0.23 Eq g ', the intake rate of 
is 69 Bq d'. 	The effective dose equivalent per unit 
ingestion intake of 1 C is 

12 io "  Sv/a 	1 a 	- 
69 Bq/d 	365 d 	

- 5.2 10' Cy 8q' 

The dose factor for inhalation intake is less by a factor of 
10_2, since absorption into the body is that much less by 
this pathway. 

2. Dose per unit release 

The doses given above for natural carbon-14 correspond 
to the annual global production of 10" Eq. This production 
is essentially constant in time and uniform over the world. 
Therefore, equilibrium has become established. The effective 
dose equivalent comnitment per unit release is 

12106Sv/a 	
= 1.2 10-20  Sv 8q' 

The collective dose equivalent rate from natural carbon-14 to 
the world population of 4 10 people is 4.8 10' mar. 
Sv a. 

The assessment of the dose commitment from a given 
release of man-made carbon-14 is carried out by direct analogy 
with natural carbon-14, 	Once the released carbon-14 enters 
the global carbon cycle, 	the effective dose equivalent 
commitment per unit release is 1.2 10 2 ' Sv Eq'. 

It is difficult to assess with precision the collective 
dose commitment per unit release of carbon-14, because the 
projected increase in the world population is very uncertain. 
Assuming that it will attain an equilibrium value of 10" 
persons, in a time short compared with the mean effective life 
of 	"C 	[U3] , 	the collective effective 	dose 	equivalent 
commitment per unit released is approximately 1.2 10 10  man 
Sv per Eq. 

In order to calculate the complete collective dose 
commitment [U31 required for assessments of maximum future 
mean annual doses from a continuing but finite practice 
releasing 	lkC 	it 	is necessary to use dynamic models 
predicting the 	time evolution of environmental 	levels. 
Assuming that power production by nuclear fission will last 
for a few hundred years (for example, 500 years), the 
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incomplete collective dose commitment can be calculated using 
the model with diffusion barrier already mentioned. The 
incomplete collective dose commitment, incegrated over 500 
years, is about 2.3 10" man Sv per Eq released. This 
value is somewhat higher than a value of about 1.4 10" man 
Sv per Eq which can be deduced from a recent assessment of the 
environmencal significance of "C [NJ], but in view of the 
uncertainties involved, the difference is probably 

insignificant. 

112. The contribution of local and regiomal exposures to the 
collective dose commitment is very small, of the order of a 
percent, and can he neglected [NJ]. The assessment of 
individual doses at some selected locations, however, is 
necessary for radiation protection purposes. Its calculations 
can be carried out by the use of specific activity methods. 
One simple model assumes that the specific activity of "C 
in air is equal to that in the body. A more sophisticated 
calculation assumes that the specific activity in the 
vegetation at the location of interest is equal to that of 

air. 	The dose can them be assessed from knowledge of the 
relative proportion of contaminated food in the diet. 	Both 
methods require the use of microneteorological models to 
assess quantitatively the dispersion of 't from the release 
point to the locations of interest. Some publications [U4, 
N4, C21, present improvements to the classical formulations 
describing the local atmospheric dispersion. 
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IV. IKRYPTON-85 

A. INTRODUCTION 

Krypton is element number 36 in the periodic table. It 	- 
belongs to the group of inert gases together with helium, 
neon, argon, xenon and radon. 	It occurs naturally in the 
atmosphere to an estimated extent of I to 2 10-6  by volume. 

The naturally occurring stable krypton isotopes and 
their atom percentage abuodances aret 	' °l(r (0.35%), 	"Kr 
(2.27%), 	"Kr 	(11.56%), 	83 Kr 	(11.55%), 	BkKr 	(56.9%), 
66Kr (17.37%) [fl. The radioactive isotopes of krypton 
include mass numbers of 74-77, 79, 79m, 81, 81m, 85, 85111, 
87-95 and 97. Some of these occur naturally in low trace 
amounts as a result of cosmic ray induced reactions with 
stable krypton isotopes and by spontaneous fission of natural 
u ran i u m. 

The radioactive isotope iSKr  is produced in nuclear 
fission. With a half-life of 10.7 years, it can become widely 
dispersed in the atmosphere following release. 	The average 
fission yields differ by about a factor of 2 for 239Pu and 

	

u, being about 0.6 and 1.3 a toms per 100 	fissions, 
respectively (Table IV.1). 

ToOls TV.' 

dI 

[ 	a 

Fission sin 'ci 

Niiclii{e 	 rhcr'csi 	 fast 

4.14 

'V 	 2.2b 	 2.12 

1.32 	 1.33 

0.62 

llh. 	The decay scheme of "Kr is presented in Figure TV.I. 
Two beta particles and a single gamma photon are emitted, 
along with several low-energy conversion electrons and x rays. 
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65 K 	 — 
36 	

11 	

0.514 

	

stable 	Rb 

	

37 	500 53177 

Pscliation type 	Energy 	 Intensity 
Cccv) 	 (1) 

nez. 173.0 
1 	 avg. 47.5 	 0.437 

687.0 
82 	 avg. 251.4 	 99.563 

514.0 	 0.434 

Ii gnre IV. I. Decay scheme for krypton-IS 

Being chemically inert, krypton and other inert gases 
are not usually involved in biological processes. 	They are, 
however, dissolved in body fluids and tissues following 
inhalation. Krypton is characterized by low blood solubility, 
high lipid solubility and rapid diffusion in tissue [El]. The 
biological involvement of inert gases has been noted in 

numerous studies [Xl]. 

B. SOURCES 

Krypton-85 is produced by cosmic cay interactions in the 

atmosphere, 	in 	nuclear 	power 	reactors, 	and 	nuclear 

explosions. 	The main release source is the dissolution step 

in the reprocessing of nuclear fuel. 

Concentrations of "Kr in the atmosphere increased 
sharply after 1955 due to the production and testing of 
nuclear weapons and the development of the nuclear power 
industry. 	More recently the input rates of 55Kr into air 
have decreased [U2]. There have been reductions in plutonium 

production 	for military 	purposes 	and 	in 	nuclear 	fuel 

reprocessing. 
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A review of "Kr measurement data for 1950-77 has been 
prepared by Rozanski [Ri]. The most recent data indicate that 
concentrations in air have stablized at about 0.6 Bq/m 3  in 
the northern hemisphere and 0.4 Bq/m' in the southern 
hemisphere [Ri]. 	The major sources are in the northern 
hemisphere, 	accounting 	for 	the higher 	levels 	in 	that 
hemisphere. 

I. Natural krypton-85 

Krypton-85 	is 	present 	in 	small 	amounts 	in 	the 
environment as a result of spontaneous fission of natural 
uranium and interactions of cosmic 	ray neutrons with 
atmospheric 	"Kr. 	The 	steady 	state 	environmental 
inventories 	of 	5Kr 	from 	these 	sources 	have 	been 
calculated: 7.4 10" Eq in the upper 3 m of the total land 
sod water surface due to spontaneous fission of natural 
oraniun, 3.7 10I Eq in the atmosphere from cosmic ray 
productionand 3.7 10 Eq in the oceans from the atmospheric 
source [Dl]. These estimates, in comparison with the 
estimates of man-made sources of 	15Kr to 	follow, 	are 
negligihle 	in contributing 	to 	the 	world's 	total 	"Kr 
inventory. 

2. Nuclear explosions 

Since "Kr is produced during fission, it has been 
generated by nuclear weapon tests. The total amount of "Kr 
produced in nuclear testing can he calculated from the ratio 
of "Kr/' ° Sr fission yield of 0.08, giving an activity 
ratio of 0.22 [02]. Measurements of "Sr activity have been 
reported and discussed in the reports of UNSCEAR [ill-U]]. 
There have been 6 1017 Bq of "Sr produced in weapon 
testing through 1976 [(171, corresponding to about 1.3 10' 
Eq of "Kr. 

Another source of 	5Kr associated with nuclear weapons 
is in the production of plutonium in military reactors. 	The 
amount of "Kr released from this source is estimated to be 
two tiaes higher than that from the weapon tests [Dl].  Naval 
propulsion reactors also contribute to the 11Kr inventory 
with an annual product ion in the region of 1 .1 to 1.9 10 l 
Bq El]. Including all sources, the total amount of ° 5Kr 
produced in operations for military purposes is still rather 
soiatl in comparison to the prospectivo generation of "Kr by 
the nuclear power industry. 



- 55 - 

3. Nuclear fuel cycle 

Krypton-85 is produced by fission in the fuel of nuclear 
reactors and in very low trace amounts in the moderator or 
coolant, due to contamination with fissile material. 	The 

rates of ''Kr production are related to the type of fuel and 
degree of burn-up. 	Production and emission rates may be 
conveniently normalized to unit electrical energy generated 
(for power reactors) or to the electrical energy generated by 

the reactors serviced (for fuel reprocessing plants). 

The amounts of "Kr produced vary according to reactor 
type. For thermal reactors, the range of estimated production 
is about 1.1 to 1.5 10 31  Bq/NW(e)a. 	For FOPs the values are 
about 25% smaller [El, Nl] , for liTeRs 50% higher [B31 . 	A 

production rate of 1.4 10 13  Bq/MW(e)a has been correlated 
with some measurements from reprocessing plants [U?] and this 
value can be taken for general evaluations. 

An estimate of "Kr annual generation from reactor 
operation can be obtained from the installed capacity of 
nuclear reactors of 1.25 10' t4J(e) worldwide in 1980 [II], 
with the assumptions of 60% utilization and average ''Kr 
generation rate of 1.4 10 13  Bq/MW(e)a; 

- 	 1.25 10' MW(e)a x 0.6 x 1.4 10 13  Bq/MW(e)a = 1 10" Bq/a 

The actual release rste is less, since delays occur beforc 
reprocessing and not all fuel is reprocessed. 

Reported releases of 	''Kr and other fission noble 
gases were listed in the 1977 report of UNSCEAR [07]. 	There 
are large differences in the release values of the various 
plants. 	Although the relevant data are not very extensive, 
there are indications of inproved retention of 	"Kr at 
reactors in recent years due to the installation of additional 
hold-up tanks or adsorption columns. 

In the reprocessing plant the spent fuel elements are 

dismantled and the nuclear material dissolved. 	Procedures to 
separate "Kr from gaseous effluents and to provide 
long-term retention are under study, but current practice is 
to allow controlled release to the atmosphere. 

C. BEHAVIOUR JN THE ENVIRONMENT 

Krypton-85 discharged to the environment disperses in 
the atmosphere and largely remains there until decay. 	It can 
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become washed out by rain and diffuse into surface layers of 
soil and oceans, but these processes account for very little 
transfer of "Kr from the atnosphere. 

1. Dispersion in the atmosphere 

Materials released to the atmosphere are transported 
dowiiwind and dispersed according to atmospheric mixing 
processes. 	The estimation of this dispersion is commonly 
approached by using a diffusion-transport equation. 	Several 
models have been developed for this purpose, using a variety 
of boundary conditions and simplifying assumptions. Most of 
them are based on the Gaussian plune diffusion model [Si, 12], 
which has been shown to be adequate in many practical 
situations. The krypton concentrations in air at various 
distances for a release from a 30 m high stack are shown in 
Table IV.2 [cS]. 

(stocO FnirHc .30 (II, )os3t:iLI c.itoyor- v u) 

Uts Lcioco 	 Cc L]cc;itt- ct ion 

1 •-1.b 	10' 
10 .3 	10' 

to - 

1000 3.2 	10' 

For estimation of dispersion at greater distances, some 
shortcomings in the Gaussian model are evident in the 
assumptions that the meteorologic conditions and the direction 
of the wind remain constant throughout the transit of the 
plume. To overcome these difficulties, long-range models have 
been developed [Al, D3, M2J, which follow the trajectories of 
masses of air passing over the release point and take into 
account the changing meteorologic conditions with time. 	A 
survey of several diffusion models and of their applications 
is given in [CS]. 
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The global circulation of "Kr can be approxinated by 
a simple compartment model, consisting of single compartments 
representing the atmosphere in the northern and in the 
southern hemispheres. Following a single release, equilibrium 
concentrations in the atmosphere are achieved after about two 
years. 	Further decrease 	in 	concentrations 	is 	due 	to 
radioactive decay. In applying this model, Kelly et al. [K31 
determined that the integral concentration in air would be 5.3 
10'' Bq a m' per Bq released. The atmospheric mass was 
assumed to be 3.8 lozI g, equivalent to 3.1 10'' n' at 
STP. 

The dispersion calculations of Nachta et al. [N2] are 
based on detailed meteorological considerations and allow 
population-weighted exposures to be determined. 	Table jv.3 
lists the average surface air concentrations of 	''Kr in 
latitude bands following release of I Bq in the 30-50 	N 
latitude band. 	Uniform concentrations are achieved after two 
years, after which the integral concentration until complete 
decay is 

a 

	

22 10_ 20  Bq/m' 10.73 
In 2 	

= 3,4 	Bq aim 3  

Adding the contributions from the first two years gives 
3.9 lOS" Bq a/rn 3  for the population weighted integral 
concentration of ''Kr in air from a release of 1 Bq. 

2. Removal from the atmosohere 

There 	is very 	little 	removal 	of 	''Kr 	from 	the 

atmosphere, except by radio-active decay. The low solobility 
of krypton in water limits the accumulation of 	''Kr in 
rainwater. 	Adsorption of "Kr on particulate matter in air 
and subsequent deposition of the particles provides a removal 
means of very low efficiency INI]. 

The transfer of "Kr to soil can occur by diffusion 
processes; 	however, estimates of this transfer can account 
for only about 0.05% of the total krypton in the atmosphere 
[Nh. Therefore, soil in general is not an important removal 
sink for ''Kr.  



- 58 - 

I e2V.3 

Aeera7e surface air cune.erl rratinn nI krypton-SI 

(I Sn or.yirred tniifnrrily over one year in 30-50' N is rir,idn band) 

I 52] 

Rrvp tin-h 5 concern tray. ion 
110'°iiq/m 3) 	 Fupulat ion 

La t'tnue band 	 ci is rrihu 

Year 1 	Year 2 	Year 3 

70 - 90' 	N 23 22 22 - 

5 0 - 	70' 	N 25 31 22 52.6 
31) 	

- 	
•50' 	N 23 20 22 32.0 

10 - 30' 	N 19 27 22 29.0 
50' 	N- 	10' 	S II 22 22 11.5 
10- 	20' 	5 6.3 72 72 3.4 
30- 50' 	S 5.5 20 22 1.5 
50 - 	70' 	S 4.3 19 22 0.05 
70 	- 	 90' 	5 3.5 19 22 - 

In pu is S ion wei0in ted 
criregral 	c nnc entratann 
(10' 'Sq 	a/rn') 19.5 27.6 22.0 

The efficiency of the oceans as a sink for °'IKr can be 
determined from the natural krypton content of the atmosphere 
and of the mixed layer of the ocean. From estinates of the 
krypton concentration in air, the atmospheric volume and the 
density krypton (STP), a cotal mass of about 1.64 10 16g of 
krypton in the atmosphere is calculated [Ni]. 	Assuming that 
the mixed layer of the ocean extends to 100 m depth and an 

area of 3.6 10" cm', and using the measured average 
krypton concentration in this layer of seawater of 5 10B by 
volume [B4], a total nass of 6.7 10''g of krypton in the 
mixed layer of the ocean is obtained. 	This corresponds 
approximately to 0.04% of the atmospheric mass of krypton. 

An estimate of the total mass of krypton in the oceans 

as a whole is obtained using an average concentration by 
volume of krypton in the oceans of 9 10' (MI, a total 
ocean volume of 1.4 10 2 . cm', and a krypton density of 
3.73 10'g/cn' at 	STP. 	This 	calculation results 	in a 

total ocean inventory of about 4.7 10 "g of krypton, or 
approximately 3% of the total atmospheric krypton [Ni]. These 
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figures clearly indicate that the oceans can serve only as a 
minor sink for "Kr discharged into the atmosphere. 

D. TRANSFER TO MAN 

Following release to the atmosphere 	"Kr becomes 
widely dispersed. Exposure of man occurs by external 
irradiation from the passing cloud or the dispersed gas and by 
internal irradiation following inhalation of "Kr and 
absorption in tissues. 

After intake, "Kr is distributed in the body by blood 
and lymph fluids and is absorbed in the various tissues. A 
person 	inmersed 	in 	an 	atmosphere 	of 	"Kr 	at 	low 

concentration would rather quickly come into equilibrium with 
it. 	The concentrations in body tissues are determined by 
multiplying the concentration in air by a partitioning factor, 
called the Ostwald's coefficient. The relevant values reflect 
the rate at which tissues are perfused with blood, the 
solubility of the gas in the several tissues and the velocity 

of diffusion of krypton across anatomical boundaries. 	The 
concentration of ''Kr in the body is not uniform, the 
concentration in the adipose tissue being nearly 50 times 
higher than that in other parts of the body. 

As a first approximation, one may only account for a 
difference in the absorption behaviour of krypton in fat and 
non-fat tissues, with values of the Ostwald coefficient of 
0.45 for fat and 0.01 for non-fat tissue [NI]. 	Other more 
elaborate models use weight-related coefficients, where the 
density of the absorbing tissue is taken into account [62]. 

The total body retention of "Kr has been subjected to 
exponential analysis. 	Several clearance rates have been 
recognized. Recent work has suggested a model for krypton in 
the body consisting of five compartments [c6]. 	The fastest 
component probably represents the clearance from circulating 
blood, particularly blood plasma (T112 = 21.5 ± 5.7 s). 
The 	second 	component 	(4.74 	± 2 	mm) 	appears 	to be 

representative of haemoglobin clearance. 	The next slower 
component (19.8 ± 6.6 ala) is most likely related to 
clearance of krypton from muscle. The two components with the 
slowest clearance rates can be related to body fat 
compartments. A half-time of about 2.4 h is attributed to a 
fat compartment not located in adipose tissue. The retention 
half-time of krypton in adipose tissue is the slowest 
component and is correlated significantly with the total body 
fat content. The relationship is T1/2(h) = 0.17 (percentage 
fat) + 0.75 [c6]. 
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E. DOSIMETRY 

Krypton-85 released to the environment causes 	a 
radiation dose to man through external irradiation from 
amounts in air and through internal irradiation from amounts 
within the body. 	Tissues are irradiated both from the 
activity in the organ itself and from the activity present in 
the surrounding organs 

1. Dose per unit exposure 

The equilibrium absorbed dose rates to body organs per 
unit concentration of krypton-85 in air are summarized in 
Table IV.4 [Ni]. 	For comparison, the recently published 
values of the ICRP are also listed [13]. 	The ICRP values 
represent ninor adjustments, except for the lungs, for which 
the beta dose due to "Kr in the airways of the lungs has 
been disregarded. 

The dose equivalent rates in various organs are listed 
in Table IV.5. 	These are the ICRP values [13]. The quality 
factor for "Kr radiation is one. 	Therefore the dose 
equivalent rates are numerically equal to the absorbed dose 
values. 	When combined with the tissue weighting factors 
suggested by the ICRP to account for varying incidence of 
health effects, 	the effective dose equivalent 	rate 	is 	- 
obtained, which for "Kr is 8 10' Sv/a per Eq/rn3. 
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Table Tv-S 

eguistrltart rates from submers ion 

fir semi -infini to cloud of "Kr 

10' 95/ a pot iiq/m) tT3I 

Doaccc1uivalenrt 
rate 

Weighting 
factor 

Effective 	doso 
errrtval eat 	rare 

c:otr,ncjs .6 0.25 1.1 
freast 3,9 0.15 0.6 
Red Loire marrow 5.0 0.12 0.0 
Lungs 3.8 012 0.46 
lone surface 5.4 0.03 DES 
Srrtoen 4.0 0.06 0.24 
SmaEl 	intestinal 	wall 3.8 0.06 0.23 
Kidneys 3.5 0.06 0.21 
Adrenal 	glands 3.5 ODe 0.21 
Liver 3.3 0.06 0.30 
Skirt 410.0 DOE 4.1 

Total 8.1 

2. Dose per unit release 

145. The collective effective dose equivalent commitment per 
unit- release of "Kr into the atmosphere, S, can be 
determined, based on the procedures previously used by UNSCEAR 
[u)]. In the local region of the release, the following 
formula can be applied 

100 km 
r 	-1.5 

= 	km 	 2sr or 

A dispersion 	factor, 	x/Q, 	of 5 	10' 	s/mi 	is 	assumed, 
which agrees with the data of Table IV.2. 	The population 
density, 	d8 is assumed to be 100 man/km 2  in the local 
region extending to 100 km distance. 	The dose factor, t is 
8 10 	Sv/a per Bq/m' as given above. 	The concentration 
of "Kr in air is assumed to decrease as a function of the 	-- 
distance, r, from the release point. 	The integral of the 
distance dependence over the local region times the dispersion 
factor, the population density, and the dose factor gives the 
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couective effective dose equivalent commitment per unit 
"Kr activity released. The result is 

(local) = I 10"  an Sv/Bq 

The collective dose equivalent commitment per unit 
release of "Kr to the global population can he determined 
from the following formula U7J 

S C 
= 	f 0(t) N(t)dt 

where 15(t) is the per caput dose rate per unit activity 
released and N(t) is the population size. 

After uniform mixing in the global atmosphere, the per 
caput dose rate from ''Kr is equal to the product of the 
concentratiom in air, C O3  which decreases due to radioactive 
decay of ''Kr, and the dose factor, t. 	The population is 
assumed to increase at a rate, v, of 2% per year. 	The 
collective effective dose equivalent commitment is, thus, 

	

C 	 -At 	 t N 0  

	

S 	= 	ICe 	Ne dt 

	

1 	o 	 o 	 A-v 
0 

The population-weighted surface air concentrations of 
Table IV.3 can he used to estimate the global collective 
dose. An initial world population of 4 10' is assumed. The 
following contributions are obtained in the first two years 
following the release of 65  Kr to the atrnosphere 

S (1st year) = 4 10' man 19.5 1020 Bq a/rn3 8 lo' Sv/a 
1 	 Sq 	 Eq/rn 

6 10'' man Sv/Bq 

5c (2nd year) = 4.08 10' man 27.6 10° 
Bq a/rn3 8 10' Sv/a 

Sq 	 Sq/rn 

= 9 10'' man Sv/Bq 

Thereafter, the formula in the preceding paragraph can be 
applied. 

4.16 10' man 22 10.20 Sq a/m' 8 10' Sv/a 

(>2 years) 	
in 2 	

Sq 	 Bq/m 

- 0.02 1/a 10.73 a 

1.6 10'' man Sv/Sq 
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The total global collective dose equivalent commitment per 
unit 'Kr activity released is 

S (global) = 1.8 10 1 ' man Sv/Bq 

A more approximate estimation, namely assuming instant 
mixing of the "Kr in the global atmosphere of 4 10 18 

a', gives the same result. 	The initial concentration is 
then 25 1020 Bq/m'. 	Using the formula in paragraph 147, 
with an initial population of 4 10', gives the value of 1.8 

nan Sv/Bq for the global collective dose equivalent 
commitment per unit "Kr activity released. 

It is seen by comparison that the local contribution to 
the collective dose equivalent commitment per unit release of 
krypton-85 is negligible. Therefore, the total dose estimate 
is independent of the location of the release. 
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V. STRONTIUI4-90 

A. INTRODUCTION 

Strontium is element number 38 in the periodic table. 	- 
It is an alkaline earth element and is therefore similar to 
calcium, barium and radium. 	It follows calcium through the 
food chains from environment to man, but some degree of 
discrimination exists against strontium. 	Both strontium and 
calcium are retained in the body largely in bone. 

Since the early days of atmospheric nuclear testing the 
importance of 	"Sr as a contributor to the radiation 
exposure of man has been recognized. 	Strontium-90 is a 
radionuclide forned in the process of nuclear fissiom. It has 
a radioactive half-life of 29.1 years and decays by beta 
emission. Its daughter, 90Y, is also radioactive with a 
half-life of 64.0 hours, and decays by beta emission to the 
stable isotope "Zr. 	The decay schene for ''Sr and ' °Y 
is given in Figure V.I. 	A summary of fission yields for 
"Sr is given in Table V.I. 

9t Sr 	29.12y 

I1 

	

°c y 	64.Oh\ 
\' D2 

\ 	

8 

90 Zr 	stable 	
WHO 83178 

 

itaci ation vpc 	Fnergy 	 in D:nsi Cy 
(IceV) 

° Sr a, 	 546 

	

avg. 596 	 100 

'V Ig 	 max. 2284 
:ivg. 	935 	 99.954 

12 	 max. 523 	 0.956 

Figure V.I. 	Decay scheme snforsiston for 	Q5 and ''v. 	[83) 
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Table V.1 

101(15 1,! 5 trontinm-90 

tc3l 

F Isslon yield (2) 

Nuclide 	 Thersial 	 Fast 

2 35 	 5.84 	 5.21 

1 Pu 	 2.12 	 2.05 
'LI 	 3.20 

1  "Tb 	 7.66 
Averago for 
nbc tear tests a! 	 3.50 

a! From cc feronc e [Ill) 

153. 	Large amounts of "Sr were released in nuclear tests 
and dispersed throughout the world. 	Strontium-90 is also 
produced in the nuclear fuel cycle, but only small amounts are 
released to the environnent. Strontium-90 in the environment 
is efficiently transferred to human diet. The absorption of 
"Sr by the body is relatively high and it has a long 
biological retention time. 

— 	154. Because of the correspondence in behaviour of strontium 
and calcium in the environment and in man, it has been the 
practice to express measurement results in diet and bone as 
quotients of "Sr to Ca concentrations. Discrimination is 
reflected as ratios of strontium to calcium quotients in 
samples to those in precursor samples in the transfer chain. 
Expressing results in terms of the strontium to calcium 
quotients has the practical advantage that for nany 
environmental transfer processes, such as absorption into the 
body, secretion into milk and deposition in bone, the ratios 
remain relatively constant and predictable. However, since 
the average levels of calcium in diet and nan are nearly 
constant, assessments of "Sr can also be made on the basis 
of amounts per unit mass or volume of material. 

B. SOURCES 

1. Nuclear explosions 

155. 	Strontium-90 is produced in nuclear explosions in the 
amount of approximately 3.7 10 15  Bq per Mt of fission 
energy. Measurements of the fission debris from large nuclear 
tests gave a "Sr fission yield estimate of 3.5% [HI]. 
Assuming 1 kt of fission energy corresponds to 1.45 1023 
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fissions [nil and using the current best estimate of the 
"Sr 	half—life 	(29.12 	± 	0.24 	a) 	[N3], 	the 	"Sr 
production yield is estimated to be 3.8 ± 0.1 10'' Sq per 
Mt fission energy. 	Large deviations are possible for 	- 
individual tests. 

Approximate fission energy yields of nuclear weapons 
tests conducted in the atmosphere have been published. The 
total for tests through 1962 was 194 Mt of fission energy [Fl, 
113]. This would correspond to a production of about 74 106 
Sq of "Sr. An additional 9 1016 Sq have been produced in 
atmospheric tests to the end of 1980. A portion of the total 
amount of ''Sr was local fallout, deposited in the irmuediate 
vicinity of testing regions. 	Local fallout is important 
especially for lower yield tests detonated on the land or 
water surface. The best estimates of the activity of globally 
distributed 	"Sr 	come 	from 	measurements 	of 	"Sr 
deposition. 	This amounts to 6 10 1 ' Sq for all tests 
conducted through 1980. 

2. Nuclear fuel cycle 

(a) Nuclear reactors 

Strontiun-90 is produced by fission in the fuel of 	- 
nuclear reactors. The amounts produced vary depending on the 
fuel composition, reactor type, and degree of fuel burn—up 
achieved. The yields for various fission processes were given 
in Table V.I. 	In fairly high burn—up fuel (33000 MW(t)d 
t') of a PWR, the "Sr production is estimated to be 2.83 
10'' Eq per tonne of fuel, corresponding to 9.5 10 1 	Bq 
per MW(e)a of electricity generated [011. 

Snall amounts of ''Sr produced in the fuel in nuclear 
reactors may reach the coolant through defects in the fuel 
cladding. 	In coolant purification or following coolant 
leakage, ''Sr may reach the gaseous and liquid effluent 
streams. 	In controlled amounts, some of the effluents are 
released to the environment. 

The activity releases of ''Sr were listed in the 1977 
report of UNSCEAR [u61, Average discharges were of the order of 
0.01 to 4 10' Sq per NW(e)a in PWRs and BWRs, respectively, 
with most of the release in liquid effluents. Somewhat larger 
releases of 	''Sr 	in liquid effluents 	from CCRs arise 	- 
primarily from spent fuel storage pools. There are 
considerable variations in the release amounts from individual 
reactors per unit electricity generated. 

Assuming for each reactor type that the limited data of 
the ''Sr activity released per unit of electrical energy 
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generated are representative, it is possible to obtain a very 
rough estimate of the total anount of "Sr released from 
reactors worldwide. Using the installed capacities of the 
various reactor types in 1980 (Il] and assuning a reactor 
utilization of 60%, the estimated annual release from all 
reactors is about 2 10" Bq (Table V.2). In this 
calculation, it is assuned for the reactor types for which no 
data are available, that the releases are similar to those 
fron BWRs. 

Tai)I e V.2 

botimateLth)hzljioC]33irceocittto0t 0m'Th 

from_nut-.IOs 	ower stations in 1980 

Reactor 	Reactor 	C:aracity 	Procloc t].on ro te 	Lot friar rod 

rrorr.rlror 	[irri(o)aj 	[liq per 7:ftio)a 	a trori turin—SO 
arge. (hq) 

PWR 96 04739 9 	10 0.3 	10" 

801 62 35170 4 1 0 8 	10' 

6CR — 36 7056 4 	10 170 10" 

Other 47 15490 6 	10' 4 	10'' 

Total 	 241 	 320985 	 2 10 

There have not been many reports on "Sr measurements 
in the environment surrounding nuclear reactors that can be 
attributed to reactor operation. In fact, "Sr would not he 
a likely radionuclide to be investigated, and furthermore 
results of measurements could hardly be made independent of 
fallout "Sr. 	The much more readily detectable '"Cs, for 
example, is released in activity amounts up to several hundred 
times that of 	"Sr [u6]. 	Caesium-134 is released from 
reactors in amounts about 60% less than 7Cs and, in 
addition, it would not be confused with weapons fallout in the 
environment. For these reasons, estimates of "Sr levels in 
the environment from reactor release must generally be based 
on neasured releases and environmental dispersion calculations. 

(b) 	Fuel reprocessing plants 

In fuel reprocessing plants the fuel is dissolved to 
recover uraniun and plutonium for reuse. 	All the "Sr and 
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other fission products as well go to waste streams. 	The 
radionuclide activities in airborne and liquid effluents from 
fuel reprocessing plants have been recorded by UNSCEAR Rio] 
The data for ''Sr are summarized in Table V.3. 

Table V.) 

iVeree normal las) dischs,,-  es of strontium - ill 

Ce rile one - n'irsent frn ,iin,-.ei roprore.nsl:lq niants 

(Fe per MW(e)s) [[161 

Fran t 	 Airborne 	Liquid 	Total 
effluents 	effluents 

Ojuiscale 	nitediiirrdnn) 	 5 10 6 	 2 1 0 ' ' 	2 10'' 

S n clear Fuel Services (U.S.A.) 	2 [1)' 	 5 ii)' 	 0 10' 

Strontium-90 is released from fuel reprocessing plants 
primarily in liquid effluents. Relative to the total amounts 
of "Sr in spent fuel, the release amounts are not large. 
The fractional releases in liquid effluents are approximately 
2 10 - 	from the Windscale plant in the United Kingdom and 
were about 5 10' from the small Nuclear Fuel Services plant 
in the U.S.A., which is no longer in operpation. 

The fractional release of "Sr in airborne effluents 
is about 3 10-6, compared to the amounts present in spent 
fuel. 	The experiences at Windscale and at Nuclear Fuel 
Services are similar in this regard. 

The releases of radioactivity into the Irish Sea from 

the Windscale plant and the corresponding levels in the 
environment have been closely studied [NlJ. 	Estimates of 
inventories of activity in the sea and sediments and of 
movements of the activity in its passage into the North Sea 
are being made [Ml]. 	Some results of environmental surveys 
around the reprocessing plant at La Hague have also been 
published [51]. Most of the attention, however, is focused on 
the greater quantities of other fission products released. 	 — 
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C. BEHAVIOUR IN THE ENVIRONMENT 

I. Movement in soil 

- 	166. 	The downward penentration of "Sr in soil is slow, 
although it is more rapid than for " 7Cs or 	'Pu. 	Even 

after several years "Sr remains in the upper few 

centimetres in undisturbed soil. The rate of movement varies 
with soil type; a low content of clay and humus, a high 
content of electrolytes and a rapid movement of water increase 

penetration fU21. The mechanism of movement is thought to 

involve both leaching and diffusion. 

2. Transfer to plants 

plants acquire "Sr by direct deposition onto foliage 
and by root uptake of "Sr in the soil. Absorption into the 
leaves is relatively slow and superficial material is readily 
lost by weathering. 	The translocation of "Sr from plant 
leaf or grain surfaces to other parts of the plant is small. 

Capture of "Sr on inflorescences of plants is of 
importance for entry to grain. Concentrations in husked grain 
will be higher than in the milled product during periods of 
deposition. 

Uptake from soil is normally the primary mode of ''Sr 
entry into plants. The quantity of absorbable calcium in soil 
is an important factor in determining the extent of "Sr 
absorption by plants. 	Uptake is greatest from soils of low 

calcium content. 	Uptake is thus reduced by the addition of 
lime, but usually not by a factor exceeding 3 1U21. 	When 
soils contain adequate calcium for growth and the exchange 
capacity is largely saturated with calcium, the addition of 
lime has little or no effect. 

70. Other factors which affect root uptake of "Sr include 
the clay and humus content of the soil, pH, the concentrstion 
of electrolytes other than calcium and the moisture content. 
The addition of organic matter and fertilizers to soil may 
have varying effects on plant uptake, which are, however, 
usually not large when these materials are applied at normal 

agricultural levels. 

Ill. 	Plant-base absorption of "Sr has been noted to be 
- quite efficient. The "Sr trapped in the surface root mat 

is relatively undiluted with the calcium in the soil and is in 
a particularly favourable position for absorption. This would 
help to explain the higher concentrations of ''Sr in grain 
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in periods shortly after deposition and would be an important 
process in permanent pastures. 

Transfer to mtlk 	 - 

172. 	The total quantity of ingested "Sr secreted into the 
milk of cows is variable, depending on the milk yield. Values 
range from 0.5 to 2% of a single oral administration fU21 
With continuous ingestion under normal conditions of feeding, 
several investigations have shown that about 0.08% of the 
amount given daily is secreted per litre of milk. The 
transfer to goats milk may be more than ten times greater, 
corresponding to a higher proportion of dietary calcium 
secreted into the milk as well. 

Transfer to diet 

113. 	The transfer of fallout "Sr to diet has been 
extensively studied. Assessments by UNSCEAR have been based 
on application of generalized transfer models 1U61. The 
transfer from deposition to diet is quantitatively described 
by meane of the transfer factor P23 defined as the 
time—integrated "Sr/Ca quotient in the diet divided by the 
"Sr integrated deposition density. The integrals may be 
replaced by summations if the relevant quantities are assessed 
over discrete intervals of time. In fact, annual values are 
the most generally available information. The transfer factor 
'23 is usually expressed in mBq a/gCa per Bq fir 2 . 

174. The transfer to diet from a specific deposition occurs 
over an extended period as long as "Sr remains in soil 
available for root uptake. The model used by UNSCEAR to 
describe the transfer of "Sr from deposition to diet is 

C(n) = b 1  f(n) + b 2  f(n—l) + b3 m1  f(n—m)e 

where C(n) is the "Sr/Ca quotient in total diet, in a food 
group, or in an individual food item, in the year n; f(n) is 
the annual deposition density in the year n, and b1, b2, 
b3, and p are factors which can be derived from reported 
data by regression analysis [US, U61. The first term in the 
equation represents the contribution to dietary "Sr per 
unit deposition density in the current year, while the second 
term expresses separately the contribution from deposition in 
the previous year, reflecting also the use in the current year 
of stored food produced in the previous year. The third tern - 
expresses the contribution to dietary "Sr from the 
deposition density in all previous years, resulting from root 
uptake and taking into account decay and loss of availability 
due to downward movement in soil or to other physical or 
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chemical changes which may occur. The inverse of p is the 
mean life of available "Sr in soil, which varies for 
individual foods and soil conditions. 

The transfer factor P23 describes the cumulative 
transfer of "Sr to diet per unit deposition density. 	Using 

the model described above, the expression of the transfer 
factor is 

P23 	b 1  + b 2  + b3 !l e °  = b1  + b2  + b3 e 

The transfer factor P23 can therefore be estimated from the 
parameters b1, b 2 , b3 and p obtained by regression 

analysis from reported data. 

The values of the parameters obtained from the 
regression fits to "Sr deposition density and diet data 
from the fallout measurement programmes in New York and 
Denmark for dietary components and for the total diet have 
been reported by UNSCEAR [U6]. For total diet, the values of 
the 	parameters 	(b1 	= 	1.0, 	b2 	a 	0.9, 	b3 	= 	0.3, 
p = 0.1) give estinates of the initial transfer (b 1  + 

b2) of 1.9 mBq a (gCa)' per Eq m 2  and of the long-term 
transfer (last term of equation above) of 2.9 mEq a (gCa) - ' 

per Sq m 2 . The total transfer, the value of P23, is 4.8 
mBq a (gca) - ' per Eq m 2 . 

Similar data from Argentina have also been evaluated, 
with reasonable agreement found for all three areas for 
individual foods and for total diet. 	Some differences are 
noted which are due to the different definition of the food 
groups or to different soil conditions and agricultural 
practices in the three countries. 

The long-term transfer of "Sr to diet from a single 

input to the environnent can be illustrated from the values of 
the transfer parameters obtained from component groups of 

diet. 	For example, it is determined that 905 of the 
cumulative transfer from a single release of 	"Sr is 

completed within 9 years for meat, fish and eggs, 12 years for 
grain products, 14 years for milk, 32 years for vegetables and 
77 years for fruit. More rapid transfer indicates that direct 
deposition processes are more important. Slow transfer 
represents primarily uptake from the slowly decaying deposit 

- of "Sr in soil. Since the exponential decreases of the 
transfer for the various groups differ, a direct fit to total 
diet data with a single exponential transfer function is 
expected to be less accurate than the summation of fits for 
the individual conpoments 
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The transfer of "Sr from deposition density to some 
individual foods, particularly to milk, has been studied for a 
number of different areas of the world. 	These results are 

listed in Table V.4. The transfer factors range from 2.1 to 
7.6 mBq a/gCa per Bq m. 

Milk has been used as an indicator of the levels of 
"Sr in total diet in areas where fooda other than milk were 
not analysed. This must be done, however, with some caution. 
It is usually the case that following a period of "Sr 
deposition, the "Sr/Ca quotient in milk declines somewhat 
more rapidly than the "Sr/Ca quotient in total diet. Where 
data are available, it is seen that the exponential factor is 
greater in nilk than in total diet. 	This means that the 
diet-milk ratio of "Sr/Ca values changes with time during 
and after the period in which the ''Sr deposition occurs. 

The diet-milk ratios at particular times also show 

considerable variation from one country to another [u61. 	In 

most countries where milk is an important component of the 
diet, the diet-milk ratio has averaged ahout 1.4 for most of 
the fallout years. A trend to increasing ratios in the future 
is expected if the deposition density rate remains at a very 
low level. In countries where milk is not an important 
component of diet, the diet-milk ratio will have a much higher 
value. 

5. Aquatic behaviour 

Strontium, like calcium, appears mainly in ionic form in 
water and is not strongly sorbed by suspended particulate 
materials. The fraction of strontium found in the particulate 
phase in several freshwater systems ranged from I to 10% [VI]. 

It has been of interest to determine the behaviour of 
''Sr in aquatic environments in the vicinity of nuclear 

installations. 	A 	number 	of 	determinations 	of 	the 

concentration factors (ratios of integrated concentrations or 
of equilibrium concentrations in organisms and in the water) 
have been performed in recent years for various marine biota 
by measurements of stable and radioactive strontium under 
laboratory and field conditions [Cl, F2, N2, U4, Ill]. 	Typical 
values are 100 for algae, 2 to 10 for crabs and lobster, about 
I for the flesh of ocean fish and 5 for fresh water fish. 

The primary uptake of strontium and also calcium by fish 
occurs directly from the water. 	Therefore, accumulations in 
organisms are little dependent on trophic level (V1J. 	The 

concentration factor for fish depends inversely on the 
concentration in the water. 	vanderploeg et al. [vlI have 
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suggested a quantitative relationship. 	The concentration 
tactors for fish bone are about two orders of magnitude 
greater than for flesh. 

The UNSCEAR aquatic model can be used to estimate the 	- 
transfer of "Sr from the aquatic environment to diet for 
generalized discharge situations [U6]. Further discussion of 
this is presented in the section on dosinetry. 

D. TRANSFER TO MAN 

Strontium-90 is acquired by man primarily through 
ingestion of "Sr contaninated food. 	Terrestrial pathways 
are gemerally more important than aquatic pathways in 
transferring Sr to man. From fallout experience it Is 

noted that "Sr in drinking water always contributes less 
than 5% of the total ingestion intake and "Sr in fish is a 
minor contributor even in countries where consumption of fish 
is high. For example, it is estimated that only about 3% of 
the fallout "Sr intake by man in Japan between 1966 and 
1971 came from fish (Ul]. 

Correlations of fallout "Sr in diet with measurements 
of "Sr in bone have provided a relationship which is used 
to evaluate the transfer to man. The transfer function used 
by UNSCEAR [115, U61 is: 	 — 

C (n) = c C (n) + g 	C (n-m)e b 	 d 	ueo d 

where Cb(n) is the "Sr/Ca quotient in bone in the year m, 
Cd(n) is the dietary "Sr/Ca quotient in the year n, and 
C, g, and 	p are constants determined from regression 
analysis of the bone and diet data. 	The parameter can be 
associated with that portion of 	"Sr intake which as 
retained for a short term on bone surfaces and is readily 
exchanged with plasma, and the parameter g with that portion 
more tightly retained in bone. The exponential term describes 
the effective removal rate of "Sr from bone due to 

radioactive decay and bone remodelling. 

The transfer factor P34 linking diet and bone, is 
defined as the ratio of the time integrated "Sr/Ca quotient 

in bone to that in diet. It may also be thought of as the 
cumulative transfer and retention 	Sr in bone per unit 
intake in diet. The expression for the transfer factor using 
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the above function is 

Pc+g S e ° 	c+ 	
g 

34 	 mo 	
1- -p 

- 	Data are available for regression analysis applying this model 
only for "Sr in vertebrae. It is recognized that there is 
greater initial retention in cancellous bone such as vertebrae 
than in compact bone, but there is also more rapid turnover. 
Therefore, the time integrated results are expected to be 
representative of the skeleton as a whole. 

The results of regression fits of fallout "Sr diet 
and adult vertebrae data for various localities have been 
given in UNSCEAR reports [U5, U61. 	Representative values of 
the parameters are 0.02 Bq a (gCa)' inbone per Eq a 
(gCa) - ' in diet for both c and g and about 0.2 a' for 

P. 	The values determined for P34 range from 0.12 to 0.16 
Bq a (gCa)' in bone per Eq a (gCa)' in diet. 

From the values of the exponential parameter p it is 
possible to infer the mean residence time of "Sr in bone. 
This ranges from 3.4 to 6.7 years, corresponding to bone 
turnover rates of 12 to 23% per year. There is no reason to 
expect that the netabolic behaviour should differ in the 

- 	various areas of the world, and as far as is known, dietary 
composition of usual foods does not affect "Sr 
availability. Therefore, the differences in the estimate are 
attributed to variations in the survey measurements. 

To account for the bone "Sr/Ca quotients in children, 
Bennett [B21 has used age-dependent parameters in the above 
transfer function. For children under 9 years the paraneter 
was found to be zero, consistent with a single exponential 
transfer model as originally proposed by Rivera [RU. 	The 
best fit was obtained with a turnover rate of "Sr varying 
from about 100% per year down to about 40% per year in the 
pre-teenage years and then falling with age to about 20% per 
year for adults. 	Beninson [El] had reported a similar 
variation in turnover rate with age in Argentina. 	The 

fractional retention of strontium, the fraction of dietary 
intake incorporated into the skeleton, was also found by 
Bennett [B2] to vary with age being five to seven times higher 
for infants than for adults. Additional considerations of 
"Sr metabolism as a function of age have been presented by 

Papworth and Vennart [P1]. 

The initial "Sr concentration in the newborn must be 
deternined from an enpirical relationship with the mother's 
diet. The 90  Sr/Ca quotient in bone of newborn varies from 
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0.1 to 0.2 times the "Sr/Ca quotient in diet of the mother 
during the year prior to the birth. An average of about 0.15 
is obtained from the survey data [El, B21. 

E. DOSIMETRY 

1. Dose per umit intake 

It is useful for radiological assessments to have 
expressions for the dose per unit ingestion intake and per 
unit inhaled amount. The absorbed doses in bone narrow and in 
bone-liming cells per unit integrated activity of ''Sr in 
bone have been evaluated based on the work of Spiers [52]. 
These are the transfer factors P45 relating activity in bone 
to the doses [115, 1161. 	The values are P45  (bone marrow) = 
0.38 mGy per Eq a (gCa)'; 	P45  (bone-lining cells) = 0.53 
nCy per Eq a (gCa)'. If it may be assumed that the dietary 
calcium intake rate is 1 g daily (355 g/a), the transfer 
factor to bone per unit intake, P34, is 0.14/365 Eq a 
(gCa)' per Eq. This nultiplied by the factor P4 5  gives 
the absorbed doses in bone narrow and bone-lining cells. The 
results are given in Table V.5. 

Table Vs 

Absorbed dose per unit in take of tract ins-SO I Gy/ ISp 

Lone 	 Sons marrow 	Bone - i ining 
cells 

Ingestion 	 - 	 1.5 10' 	 2.0 10' 

Inhalation 	 0.5 10' 	 6.9 10' 	 6.9 10_ I  

The ICRP Task Group lung model gives guidance regarding 
the disposition of inhaled radioactivity [13, 141 in the 
respiratory tract. The respiratory system is divided into the 
nasopharyngeal region (NP), the tracheobronchial region (TB), 
and the pulmonary region M. 	For the present dosimetric 
assessments it will be assuned that the "Sr is associated 
with typical ambient aerosols of average diameter 0.5 tin. 	— 
The "Sr conpounds are grouped in Class D, retention in the 
lung being in the order of days, specifically 0.5 d for the 
portion deposited in the pulmonary region. 
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Fractional deposition of 0.5 in particles in the NP, 
TB, and P regions are 0.14, 0.08, and 0.30 and subsequent 
fractional transfers to blood for the Class 0 conpounds are 
0.5, 0.95, and 1.0, respectively. Total transfer to blood is 
thus 0.446 of the inhaled amount. 	Fractional transfer from 

blood to bone is 0.3 [12]. 

The lung dose as a function of the inhaled activity can 
be calculated from the expression 

k A E f 1.44 T 

B 	- 
lung 	 N 

where k is a dosimetric constant, A is the activity inhaled, E 

is the average energy per disintegration, f is the fraction of 
the activity retained in the lung, T8 is the retention 
half—time in the lung, and N is the mass of the lungs. The 
lung dose per unit activity of ''Sr inhaled is therefore: 

B 	= 13.8 10 -6 	—1.13 	
0.52 1.44 0.5d 

lung 	 NeV 	dis 	 1000 g 
g dis 

5.8 10' Gy/Bq 

Assuming that the mean residence time of "Sr in bone 
is 10 years, applicable to the skeleton as a vhole, the 
integrated concentration of ''Sr in bone per unit inhaled 
amount is 0.446 c 0.3 x 10 years 4 100 gCa = 1.3 10' Eq 
a/gCa per Eq inhaled. The absorbed doses in bone marrow and 
bone lining cells are obtained by multiplying the values of 
the transfer factor P45 given above. The results are listed 
in Table V.5. 

2. Dose per unit release 

(a) Nuclear explosions 

The dose commitnent from ''Sr released by nuclear 
explosions can be assessed using the environmental compartment 
model outlined in the introduction. The transfer factor of a 
sequence of steps in series is the product of the transfer 
factors of each step. 	The dose commitment, 

DC,  is related 
to the integrated deposition density of "Sr, F, by the 
following express ion: 

DC =p23  p34 P45F 

where 	p23, 	p34 	and 	P45 	are 	the 	transfer 	factors 
discussed previously. 	Average values for these transfer 
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factors, as assessed in the 1977 UNSCEAR report [U6], are 
= 5 mtq algCa per Bq m, P34 = 0.14, and P45 as 

given previously. 

The dose commitment from "Sr ingestion per unit of 
widespread deposition density of "Sr such as from nuclear 
explosions is thus 0.3 iCy per Eq m 2  for bone marrow and 
0.4 icy per Eq m 2  for bone lining cells. 

The dose commitment from "Sr via the inhalation 
pathway 	can 	be 	estimated 	from 	the 	time 	integrated 
concentration of "Sr in air. Multiplying the dose 
conmiitment per unit inhalation intake (Table V.5) by the 
inhalation intake rate of 22 m 3  d' gives the value of 1.3 
10' Gy per Eq d m' for the dose commitment to lungs per 
unit integrated concentration of "Sr in air. 

The dose commitment to lungs can also be referred to 
measured values of the integrated deposition density. 
Dividing the integrated deposition density (Eq m 2  by the 
average deposition velocity (m 5') gives the time 
integrated concentration in air. From long-term measurements 
of fallout "Sr, the average deposition velocity is 2.2 rn/s 
in New York, 2.0 cm/s in Argentina, and 1.5 cm/s in Denmark 
Al, C2, El]. The values determined from annual measurenents 
at all three sites range from 1.2 to 2.9 cm/s. The value of 2 
cm s' can be taken as representative. One Eq n' 
integrated deposition density thus corresponds to 5.8 10 
Eq d m') in air. The dose commitment to lung per unit 
integrated deposition density of ''Sr is thus 7.5 1011  Gy 
per Eq m'. 

The total amount of "Sr released to the environment 
by nuclear tests, 6 10" Bq, has given a population-weighted 
integrated deposition density of 1940 Eq m 2  in the world as 
a whole [U6]. 	The world population is 4 lo'. 	With these 
values the collective dose commitments per unit activity of 
''Sr released may be estimated. 	The results, vhirh are 

sunnarized later, apply to the geographic pattern of past 
nuclear tests. 

(b) Nuclear instatlations 

The activity 	of 	''Sr 	in 	airborne 	effluents 	is 
dispersed by turbulent air movement and is eventually 
deposited on the ground. 	It then enters the ingestion 
pathway. The average situation over several years of routine 
discharges will result in a nearly completed deposition within 
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a region with a radius R. The average integrated deposition 
density, for a discharged activity A is F = A/n R 2 . The 
number of individuals exposed to that mean integrated 
deposition density, on the other hand, is N =6N ¶ R', 

provided the population density 6N  can be assumed to be 
constant over the relevant ares. 

It follows that the collective dose commitment per unit 
activity released, S, can be assessed by the expression 

S1 = 23 p34  p45 6N 

Using the values for the transfer factors given previously, 
and assuming a population density of 25 man km', the 
collective dose commitments per unit activity released are 
estinated to be about 7 10_12  man Cy per Bq for bone marrow 
and about 9 10 12  nan Gy per Be for bone—lining cells. 
These values apply provided that food is locally produced and 
that the production suffices for the population density under 
consideration. The estinates would probably be lower in 
actual circunstances. 

The contribution of inhalation to the collective dose 
commitment, for effluent releases over many years, can be 
estimated by integration of the functions describing the 
atmospheric 	dispersion, 	assuming 	complete 	depletion 	by 

deposition within 100 km. The collective dose commitnent 
contribution per unit activity released would be given by the 
expression 

100 km 
r 	- 

= 	km 	6n cp 
	

1 km 	km 	
1.5 2'c r dr 

where 	( X ) 	is the dispersion factor at 1 km from the 
1 km 

release point, I is the individual intake rate of air, 6N 
is the population density, y is the dose per unit activity 
inhaled of ''Sr and r is the distance from the release point 

[06] 

The collective dose commitment may also be estimated 
using the deposition velocity, thus avoiding the need to 
specify the deposition area. 	That is, 	the 	integrated 
deposition density from a discharged activity A is A/u R'. 
Dividing by the deposition velocity gives the integrated 
concentration 	of 	"Sr 	in 	air. 	Multiplying 	by 	the 
population, 	6N u R', 	removes 	the 	areal 	dependence. 
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Using a population density of 25 man kn 2 , an air intake 
rate of 22 m 3  d, a depnsition velocity of 0.5 cm s 
appropriate for particulates from near surface releases, and 
the dosimetric factors given in Table V.5, estimates of the 
collective r dose commitments per unit release are obtained. 
The results are listed in the summary Table V.6. 

The collective dose conmitment frnm the input of "Sr 
in water_bodies, normalized per unit activity released, can be 
estimated [US] using the expression 

c 	XkNklkfkP 

= 	V(A + l/t) 

Here V is the volume of receiving waters, r is the turnover 
time of receiving waters, A is the decay constant of 90Sr, 
Nk is the number of individuals expnsed by pathway k, 1k 
is the individual consumption rate of pathway item k, fk is 
the concentration factor for the cnnsumed item in pathway k, 
and is the collective dose per unit activity ingested 
collectively by the exposed group. 

The quantity V(A + lIT) is the infinite-time integral 
of the water concentration per unit of activity released, 
while the quantity multiplied by fk is the infinite-time 
integral of the concentration in the consuned item k. 	For 
radionuclide inputs into small volunes of water, the 
concentration in water and in fish will be high, but the 
population which can be served with drinking water or by fish 
consumption will be limited. For inputs into larger volume of 
water the concentrations will be smaller, but the pnpulation 
involved will be correspondingly larger. It seems reasonable 
to assume, as a first approximation, that the quantities 
Nk/V are relatively constant and independent of V. 

A summary of the values used in the assessments 
presented by UNSCEAR [U6} is given in the following listingt 

Parameter fresh water sea water 
T, 	turnover 	time 	of 10 a 1 	a 
receiving water 
Correction 	factor 	for 0.78 1.0 
sediment removal 
V, 	water 	utilization 	factor 3 	10 	1/man 3 10' 1/man 	- 
N 
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Parameter fresh water sea water 
4. 	fi<. 	concentration 	factor 

for item k 
drinking water 0.5 
fish 5 
shellfish 

• 	'k, consumption rate 	for 
item k 

drinking water 440 1/a 
fish I kg/a 6 kg/a 
shellfish 1 kg/a 

Using these values and the dosimetric factors giveo in Table 
V.5, the collective dose commitments per unit activity 
released in liquid effluents are estimated to be about 9 
10" man Gy/Bq for bone marrow and 1 10 man Cy/Bq for 
bone lining cells for discharges into fresh waters, and a 
rounded value of 4 10 - " man Gy/Bq for both tissues for 
discharges into the sea. The values for sea discharges 
underestimate the collective dose commitment because they 
neglect the contribution from large-scale mixing with a longer 
residence time. However, due to the relatively short life of 
''Sr this contribution can only have a small effect on the 
estimates. 

3. Sumnary 

Table V.6 summarizes the values obtained above for the 
collective dose commitments, normalized per unit activity 
released, for releases by atmospheric nuclear explosions and 
in effluents of the nuclear power industry. 	In both cases 
they are the result of generalized assessments and substantial 
variations should be expected in site-specific cases. 

For ''Sr and ''V radiations, the quality factor is 
one, and the weighting factors are 0.12 for lung and for bone 
marrow and 0.03 for bone lining cells. 	The effective dose 
equivalent commitment per unit intake of ''Sr is thus 2.4 
10 -8  Sv/Bq 	(ingestion) and 8.0 	10' 	Sv/Bq 	(inhalation). 
The collective effective dose equivalent commitments per unit 
release from nuclear installations and from nuclear tests are 
imcluded in Table V.6. 
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Table V.6 

Summary of collective close commi talents per 

iron tcum-90 ic tiviryr eleased 

(lO 	mangy per 

Long 

Nor lear explosions 
Ingest ion 
Inhalation 	 0.1 

Nod ear aDs tallations 
Release to air 

Ingestion 
Inhalation 	 0.7 

Release to fresh water 
Drinking water 
Fish 

Release to saltwater 
Fish 
She it f i S h  

Bone 	Bone lining 	Effettive 
marrow 	cells 	 a! 

400 	 500 	60 
8 	 10 	 t 

700 900 100 

60 90 10 

900 1000 tOO 
20 30 3 

0.03 0-04 0.005 

0.005 0.007 0.0008 

a! Collective effective dose equival ent tocmmitmen I 	man Sv/Bq). 

b/ Assumes population density of 25 man/km 2  which is folly sustained by 
local food production. 
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VI. IODINE 

A. INTRODUCTION 

Iodine is a volatile element which is very mobile in the 	- 
environment. It is non-uniformly distributed in nature, its 
abundance in the lithosphere being about 5 times higher than 
in the ocean waters. The iodine in the sea apparently 
originates from erosion of the land iaasses. Recycling to the 
terrestrial biosphere occurs through evaporation of sea water 
and decomposition of substances of marine origin. 

There are at least 25 iodine isotopes with mass numbers 
ranging from 112 to 141. 	All except 'r are radioactive. 
Omitting the very short-lived 	" ° J and 	"'I, 	thirteen 
isotopes are produced by fissiont 
1271 	(stable), 	129j 	(25mm), 	8251 	(1.57 lO 7 m), 	' ° r 
(12.4 h), 	''I 	(8.06 d), 	1321 	(2.3 h ) , 	''I 	(21 h), 
13k]1 	(52.8 mm), 	"i 	(6.7 h), 	1381 	(83 s), 	"'I 
(23 ), 'I (5.9 s) and "I (2 s). From the point of 
view of environmental contamination and resulting doses to 
man, the most important isotopes of iodine are 131 1 and 

91 They are the only radioactive isotopes of iodine 
produced by fission with half-lives longer than one day. 
Iondine-131 is a beta-emitter with a half-life of 8.06 days 
and a maximum beta energy of 0.81 14eV emitting also gamma rays - 
of 0.36 and 0.64 14eV and other energies. 	Iodine-129 has a 
very long half-life (1.57 io 7  a), 	it is a beta -emi tter 
(maximum energy: 0.15 14ev) with an accompanying gamna ray of 
0.09 14eV in 8% of the disintegrations 101). The two isotopes 
are mainly found in the environment as a result of nuclear 
explosions and releases from nuclear reactors and fuel 
reprocessing plants. Only these two isotopes of iodine are 
considered in this report. 

Iodine enters the metabolism of living organisms and is 
selectively taken up and concentrated in the thryoid gland; 
it plays a major role in the synthesis of the thyroid hormone 
and is secreted in milk. 	Owing to its decay properties, 
13Ij has been 	extensively used in the medical field for 
diagnosis and treatment of thyroid abnormalities. 

B. SOURCES 

1. 	Natural oroduct]on 

Like any other fission product, 	1291 and 	131 j are 
present in the environment as a result of spontaneous fissior, 
of natural uranium. 	In view of its very long half-life, 
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In liquid effluents from LWRs, 131j is found in amounts 
comparable to the airborne releases from BWRs (100  Bq per 
MW(e)a) [Ill]. It is not reported in the liquid effluents from 
other types of reactors. 

In 1980, the installed nuclear capacity was 1.25 10' 
MW(e) on a worldwide scale [12]. 	Assuming an average load 
factor of 0.6, the energy produced was 7.5 10' Mw(e)a. 	The 
global production and release of l31j  at the reactor sites 
in 1980 are estimated to be about 7 1021  Bq and 2 10'' Bq, 
respectively, using the figures given previously for 
production and release, and assuming that the releases are 
imilar to those from BWRs for the reactor types for which no 

data are available. The estimate of the global release is 
very crude, but nevertheless shows that only a tiny fraction 
of the order of 10' of the 1311  produced in the reactors 
is discharged into the environment. Table V1.1 provides a 
break-down of the releases from reactors according to reactor 
type. 

Being a volatile elenent, iodine is readily released to 
the atmosphere in the case of a reactor accident. 	The two 
reported reactor accidents which have caused measurable 
irradiation of the public occurred at Windscale (U.K.) in 
October 1957 and at Three Mile Island in March 1979. 	The 

- 	release of 1311 to the atmosphere was about 7 1014 Be in 
the Windscale accident [LlJ and 6 101 1  Bq in the Three Mile 
Island accident [H]]. 

The activity of 1291 produced in a nuclear reactnr is 
much lower than that of ''1. 	The production of 1291 per 
unit energy generated is approximately 5 10' Bq per MW(e)a 
[Ill] corresponding to an inventory of 1.5 10 °  Bq per NW(e) 
after three years of fuel irradiation. Iodine-129 has not 
been identified in routine discharges of nuclear reactors. A 
rough estiaate of the activity of '"I discharged per unit 
energy generated can be calculated assuming that the ratio of 
the release rate to the inventory in reactor fuel is the same 
for 22  i and 1 11, 	As the activity of 12 'i in fuel is 
at least 2 	times lower than that of 1311,  the release 
rate of 1291  per unit energy generated is at most 0.1 Bq per 
MW(e)a; activity of 1291 discharged from nuclear reactors in 
1980 would thus be of the order of 10" Bq. 
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has accumulated in the earth's crust and also in the 
ocean waters from where it is available to disperse in the 
whole biosphere. 

- 	216. 	In 	1962, 	Edwards 	[El] 	predicted 	the 	natural 
1291/ 1171 atom ratio in sea water to be about 3 10-I4 

from spontaneous fission of uranium-238 and estimated that 
comtributions of the same order of magnitude would arise from 
spontaneous fission of "'U and from production in the upper 
atmosphere by interaction of energetic protons, neutrons and 
photons on isotopes of xenon. Experiments later confirmed the 
validity of Edwards' estimate, the 1291/2271 atom ratios 
derived from measurements in iodine-rich minerals ranging from 
2 10 15 to 10 [Ml, Si]. Taking the concentrations of 
127j in sea water to be 0.064 ug g and the global 
volume of sea water to be 6 1017  m 1 , a natural activity of 
1191 of 7 lo' Bq in the oceans is obtained from an 
1191/1271 atom ratio of 3 10 14

. 

2. Nuclear explosions 

The activity of 	"'I (or of 129 1) generated in 
nuclear explosions can be derived from the measurements of 
"Sr deposition [Ull and from the ratios of the fission 
yields of 1h1j  (or 129j) and of "Sr for nuclear weapons 

- 	tests [[42] 

The total activity of 	'°Sr 	produced in nuclear 
explosions through 1976, which has been globally distributed, 
is estimated to be 6 io' 7  Bq [111]. 	This does not include 
the local fallout, which is deposited in the vicinity of the 
test area and which can be important for the lower yield tests 
detonated near or on the land surface. 

On the basis of measured fission product yields of 
individual nuclides obtained by analysis of debris from 

megaton weapons, the yields for '*Sr, 	1291 and 	1I  are 

estimated to be 0.035, 0.0126 and 0.029, respectively [112J. 

The activities of 129j and "'i produced in nuclear 
tests through 1976, which gave rise to globally distributed 
fallout, are thus found to be 4 10" Sq and 6 10 20  Bq. 
Owing to the half-lives of the two nuclides, practically all 
of the activity of 1291  is still present in the environment 
where it will remain for millions of years whereas practically 
all of the activity of 1311  has decayed. 
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3. Nuclear fuel cycle 

(a) Nuclear power plants 

Iodine-131 and iodine-129 are produced by fission in the 	- 
fuel of nuclear reactors. The equilibrium activity of 131j 

per unit of electrical power is established after a few weeks 
of irradiation in uranium fuel at about 3 10" Sq per NW(e) 
[Ul] and increases slightly from the beginning of the fuel 
irradiation to the end, as the result of the larger fission 
yield of plutonium which contributes increasingly to power 
production as the burn-up proceeds. The corresponding 
activity of "'I produced per unit energy generated is about 
9 10" Sq per NW(e)a. 

Small amounts of I311 produced in the fuel may reach 
the coolant of the nuclear reactor through defects in the fuel 
cladding. 	In coolant purification or 	following coolant 
leakage, x3 	may reach the gaseous and liquid effluent 
streams. 	The reported 1311 releases in airborne effluents, 
as summarized by UNSCEAR [Ill], show an extremely wide 
variability due mainly to different waste treatment systems. 
The overall activity discharged per unit energy generated is 
of the order of 10  Sq per NW(e)a from PWRs and 10 6  Bq per 
NW(e)a fron BWRs [11, UlJ while the limited data from CCRs and 
HI4Rs indicate that the average airborne releases are 
comparable to those from PWRs [U1J. 

Airborne iodine can occur in various chemical forms in 
the airborne effluents. 	Elemental 	iodine 	(i 	and 	12), 
organic iodine with methyl iodide (CH3I) as the simplest 
organic compound and hypoiodous acid (HOT) may be present in 
significant proportions, iodine is also to some extent bound 
to particulates. 

Few data are available on the proportions of organic and 
inorganic forms of the iodine released to the atmosphere. 
Analyses at power stations in the Federal Republic of Germany 
show that only a very small fraction (usually less than 1%) of 
the iodine released in airborne effluents is in particulate 
form [Wl]. 	Recent measurements in the U.S.A. indicate that, 
in airborne effluents from PWR5, on the average 31% of 1311 

is organic, 40% HOT, 27% elemental and 2% in particulate form 
[P11, whereas in BWRs, the proportions were found to be 
somewhat different, nanely 40% organic, 20% HOT, 28% elemental 
and 12% particulate [P2]. 	These proportions, however, are 
expected to vary significantly according to the type of waste 
treatment in use. 
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(h) Fuel reprocessing plants 

At the fuel reprocessing stage of the nuclear fuel cycle 
(if it is undertaken), the elements uranium and plutonium in 
the irradiated muclear fuel are recovered for reuse in fission 
reactors. 	Before reprocessing, the spent fuel elements are 
stored under water until 	lI has decayed to insignificant 
amounts. Storage times of six nontha and one year result in 
the reduction of the activities of '"1 originally present 
in the fuel by factors of 6.5 10 and 4.3 

1013, 

respectively. 

In 	1980, 	the 	only 	reprocessing 	plants 	operating 

conesercially were at Windscale (U.K.) and La Hague and 
Marcoule (France): in addition there were several small 
experimental reprocessing facilities, such as the one at 
Karlsruhe 	(Federal 	Republic of cernany). 	The combined 

capacity of the reprocessing plants was much lower than the 
amount of fuel discharged from reactors worldwide. 

The activity of 	hI released into the environment from 
reprocessing plants depends critically on the storage time: in 
practice with the growing backlog of fuel for reprocessing a 
storage time of one year is common but even a relatively snall 
quantity of fuel with a short storage time will dominate the 
total I31j  releases. 	Luykx and Fraser [1,2] have expressed 
the reported releases of 131 1 from 	Windscale, La Hague, 
Marcoule and karlsruhe during 1974-1978 in terms of activity 
discharged per unit of electricity generated. The results 
range from less than 1.5 los to 7 10' Bq per NW(e)a and 
are presented in Table 01.2. The activities of '''I 
discharged in liquid effluents have not been reported. 

The discharges of 129k depend upon the specific waste 
treatment at the reprocessing plant. With regard to airborne 
effluents, the reported activites released 	per unit of 
electricity generated were, on average during the 1975-1978 
time period, 2.7 10' Bq per MW(e)a at Windscale and 4.8 
10' Eq per NW(e)a at Karlsruhe, representing about 4'/ and 
1%, respectively, of the fuel content [L2]. 	In a series of 
measurements from November 1975 to August 1977 the average 
values for the conponents of 1291 discharges from Karlsruhe 
were reported at 74% inorganic, 23% organic and 2% aerosol 

IBlJ 
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Table lI.2 

Average normal ized activities of 1131  and 1311 

discharged into the environaent by foist reprocess'ng ptants 

(Eq per MW(e)a) 

Iodine-129 	 Iodine-131 
Pt an t 
Lo Ca t ion 

Airborne 	Liquid 	Total 	Airborne 	Liquid 	Totat 
effluents effluenra 	 effluents effloents 

Windacale 2.7 10' 	5.6 10' 	5.9 10' 	2.6 10' 	N.A. a! 	>2.6 tO' 

La Hague 	NA. 	N.A. 	N.A. 	1.1 10' 	N.A. 	>1.1 10' 

Narcoulo 	N.A. 	N.A. 	N.A. 	7.4 10' 	N.A. 	>7.4 10' 

Karlsruhe 4.8 10 	N.A. 	N.A. 	>1.5 10' 	N.A. 	 - 

a! N.A. = Oar snot available 

S 

In recent years, the 1291 released in liquid effluents 
was only measured at Windscale. They average at 5.6 10' Bq 
per MW(e)a which corresponds fairly well with the theoretical 
fuel content [1,2]. 

The 	information 	on 	1331 	and 	12  'I 	activities 
discharged per unit electricity generated is summarized in 
Table VI.2. 	If it is assumed for the four reprocessing 
plants, that all the 1291  contained in the fuel is 
discharged into the environment, the total '' si released in 
1978 was about 3 10'' Eq 3  which is 7 orders of magnitude 
higher than the total activity estimated to be released from 
reactors. With regard to '''I, it is much more difficult to 
assess the total activity released from fuel reprocessing 
plants, as the activities discharged into liquid effluents 
have not been reported. However, using the pessimistic 
assumptions that the activity contained in the airborne 
effluents represents 1% of the activity present in the fuel at 
the time of reprocessing and that the rest of the activity is 
discharged into liquid effluents, it is found that the total — 
annual 1311 discharges from fuel reprocessing plants are 
about 5 10' Eq, which is much less than the global 
discharges from reactors. 
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C. BEHAVIOUR IN THE ENVIRONMENT 

1. Nuclear explosions 

- 	235. 	The behaviour in the environment of LILT produced in 

the nuclear explosions has been extensively studied, 
especially the air-vegetation-milk pathway which is generally 
the most significant route by which humans are exposed. Much 
of the literature has been reterenced in UNSCEAR reports [111-

U5]. Environmental concentrations of 131 1 following large 
nuclear explosions are significant; they are easily neasured 
and this allows the transfer factors to be derived from 
observations. In contrast, the environmental concentrations 
(and the resulting dose rates) of 1291 are extremely low and 
have only been measured in a few studies. Although some of 
the aspects of environnental behaviour of 	1311 following 
nuclear explosions apply also to 	the discussion in 
this section will be limited to ''I. 

Radioactive fallout is observed to circle the earth in 
20-30 days on average [El] which is approximately the mean 
residence time of an aerosol in the troposphere and is longer 
than the mean life of 1311. 	It is thus during its first 
psss around the earth that a given atom of 331 1 formed in a 

nuclear explosion will either decay in the atmosphere or 
-e deposit on the earth's surface. It is unlikely that during 

such a short period the clouds of debris hecone well mixed. 
The ground-level air concentrations of 1311  at a particular 
station fluctuate according to meteorological conditions and 
are not necessarily representative of a larger region nor of a 
latitude band [P3]. 

Information on the physical and chemical nature of 
fallout 131j is very limited. In the U.K., late 1961, an 
nverage 75% of the activity was in particulate form, the rest 
being in the gaseous state (E23 but in the U.S.A. in 1962 the 
particulate fraction was found to vary from 10 to 90% (p4]. 
These large variations may be partly explained by the physical 

and chemical transformations undergone by 1311 following its 
formation: Voiliequê (Vi] observed that the fraction of the 

total airborne 132j associated with particulates is about 
0.5 to 0.7 in the first few days following a nuclear explosion 
but that it later decreases to be approximately 0.3 after two 
months. In the gaseous fraction, the proportion of organic 
compounds was found to increase in the same two months time 
period from one fourth to about three fourths of the gaseous 
iodine ]Vl] 
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Iodine-131 deposition on the ground and on vegetation 
occurs by dry and wet deposition. The rate of dry deposition 
can be characterized by the deposition velocity on the 
vegetation which was derived to be about 2 10' n s' [C2, 
H4] from measurements performed during the series of tests of 	- 
late 1961. When precipitation occurs, fallout '''I is 
deposited at a much faster rate than in dry weather, 
essentially by rain-out, i.e., in--cloud mechanisms, rather 
than by wash-out, i.e., below the cloud processes 1U51. On 
the other hand, rain washes the surface of the leaves and thus 
renoves some of the radio-iodine. Chamberlain and Chadwick in 
the U.K. [C2] and Hull in the U.S.A. [f14] calculated on the 
basis of their measurements that in lste 1961 about 50% of the 
LIII falling out in rain was retained on herbage. 

Even though the observed ground-level air activity 
concentrations and deposited activities of 1311 vary widely 
from one area 	to another according to meterological 
conditions, it is possible to obtain a rough estimate of the 
total activity density deposited, weighted over the world's 
population, 	from the 	average ratio 	of 	the 	1311/ 14 %a 
deposited activity densities. 	Data from Argentina covering 
the years 1966 to 1973 1B2, 53, C31 reveal that the 
1hlj/1 	 ratio 	of 	the 	annual 	deposited 	activity 
densities varied from 0.4 to 1.3 with a median value of 0.6. 
Relevant 	information 	is 	also 	provided 	by 	the 	air 	- 

concentrations of I  ''1 and "'Ba which are measured in the 
stations of the global network of the U.K. Atomic Energy 
Agency [C4]. 	The annual average of the integrated air 
activity concentration 131 1/ 14 °Ba ratios of nine stations 
scattered over the world ranged from 0.19 to 3.1 with a median 
value of 0.46. 	However, the corresponding ratios of the 
deposited densities were higher as only the particulate 
fraction of 1311  was measured in the air. Assuming that the 
particulate fraction of '''I represents half of the total 
activity of that nuclide in the air, the median value would be 
approximately 0.9, which is comparable to the Argentinian 
value of 0.6. An intermediate value of 0.7 will be adopted in 
this document. 

As the average ratio of the 	'"Ba/''Zr deposited 
activity density is estimated to be 0.62 	[02) and the 
population-weighted global average deposition density of 
"Zr from all tests is approximately 2.4 10 	Sq n 2  
[02), 	the 	population-weighted 	global 	average 	deposition 
density of 	1311 is thus found to be on the order of 
l0 Sq n2. 
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Fresh milk is usually the main source of "'I in food 
because of the concentration achieved by the grazing animal 
and the short storage period of milk. Besides, milk plays an 
important worldwide role in the diet of infants. 	The 
relationship between the integrated cow's milk concentration 
and the deposition density has been derived from measurements 
in 	Argentina [82] to be 6.3 lO 	Bq a 1' per Bq n 2  
and to show little variation from year to year. 	The 
integrated milk concentrations observed throughout the world 
by the fallout network stations have been reported by iJNSCEAR 
[ui—us] 

2. Industrial releases 

The environmental behawiour of radio-iodines released 
from nuclear facilities differs in some aspects from that of 
fallout as the chemical forms are not in the same proportion 
and as the releases occur at discrete points on the surface of 
the earth both in the atmosphere and in the aquatic 
environment. As the authorities are concerned with the total 
impact resulting from the releases of radionuclides, all the 
important pathways leading to man have been investigated, 
mainly through 	laboratory and 	field 	experiments, 	and 
occasionally following unplanned releases. 	In comparison to 
1311 and to fallout, much more 	1291 is released from 

a 	industrial operations and it will be considered in this 
section, together with '''I in the discussion of the local 
and regional aspects, and on its own in the discussion of the 
global aspects. 

(a) Local and regional aspects 

(i) Atmospheric releases 

The behaviour in the atmosphere of the radio-iodines 
released from nuclear facilities is complicated by the various 
forms that iodine may take (particulate, elemental, organic, 
or as hypoiodous acid). Elemental iodine readily deposits on 
forage and enters the cow-milk-man pathway. Organic iodine is 
retained much 	less 	efficiently by vegetation and 	its 
deposition velocity is 200 to 1000 tines smaller than that of 
the elemental form [Al, H51. 	Particulate associated iodine 
and hypoiodous acid will be deposited at rates intermediate 
between those for the elemental and organic forms 1V21 
Physico-chenical transformations occurring during atmospheric 
transport may also affect the distribution of the various 
forms of iodine, since some of them are not stable in 
sunlight. On the basis of photochemical considerations, the 
atmospheric residence times for 12 are estimated to be less 
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than a minute during the day, much shorter than the residence 
times for C1131  and other organic iodides in plant effluents 
(about 60 hours in sunlight) [VlJ. The elemental form would 
be expected to become rapidly associated with airborne 
aerosols, so that deposition at distances beyond the immediate 	- 
vicinity of the release would be largely governed by the 
particulate behaviour. It must be pointed out, however, that 
the atmospheric residence 	times 	of CH3I derived from 
environmental measurements is nuch longer than that obtained 
from photochemical considerations (about 100 days to be 
compared with 60 hours in sunlight) [VU. 

Numerous field and laboratory experiments have been 
conducted to determine the deposition velocity on vegetation 
of various forms of iodine EM, 116, V21. 	Most of the 
experiments dealt with elemental iodine, for which the 
deposition velocity was found to vary with the temperature, 
the relative humidity of the air, the wind speed and the 
vegetation density. The best fit of the experimental data is 
obtained assuming that the deposition velocity on vegetation 
of elemental iodine is proportional to the wind speed and to 
the vegetation density and is an exponential function of the 
temperature and of the relative humidity of the air [A2]. 
Typical values of the deposition velocity on vegetation are 2 
10_ 2  n s 	for elemental iodine and 5 10' m s' for 
organic iodide. 	In the case of particulates, a value of 
lo 	m s' was found representative for grass, about 2 
10' m s 	for clover and about 3 	lf" in s' for 
vegetation-free soil [117]. Since the deposition velority 
varies with the vegetation density, less variability is 
encountered by normalizing the values by the mass of dry 
vegetation per unit area. UNSCEAR [Ul] adopted a normalized 
value of 5 10 it 3  kg' s' for the deposition 

velocity on grass of radio-iodine in effluents from nuclear 
installations. 

Regarding atnospheric releases of radio-iodine, the main 
pathways to man are inhalation and consumption of fresh milk 
and fresh leafy vegetables; consumption of beef is also taken 
into consideration in the case of 1 2 91 

The assessment of the transfer of iodine to milk requires 
the knowledge of the value of the following parameters in 
addition to the deposition velocity; the residence half-time 
of iodine on vegetation, the average mass of grass consumed 
per cow and per day under average agricultural conditions 	— 
during the grazing season, the fractional pasture grazing time 
and the fractional transfer of the daily ingested activity by 
the cow per unit volume of produced milk. 
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The residence half-time of '''I on grass is 3-6 days, 
most estimates lying around 5 days [E4, 65]. 	This figure 
seems to be valid irrespective of the iodine production source 
(fallout, nuclear plants, experiments) and of the climatic 
characteristics of the region 	[B41. 	The correspomding 
residence half-time of stable iodine (or of 1231) on grass 
is about 14 days. 	The depletion mechanisms imvolved are: 
transfer to the roots; volatilization; leaching by 
atmospheric precipitation; mechanical removal by wind, rain or 
other agents; death or decomposition of the leaves or of 
their surface layer [84, C21. The opinions do not agree on 
the relative importance of those mechanisms [84, C2J. 

The daily grass requirement of a lactating cow is 
estimated at 10 kg dry matter [84, 116]. The pasture grazing 
time varies according to the climatic conditions and to the 
cattle nanagement practices. An average grazing time of six 
months per year was assumed by UNSCEAR Lull. 	During the 
winter months, the cows are held in the stable and consume dry 
fodder in which the activity concentration of 13h1  will have 
decayed to insignificant levels and that of 12 r can be 
assumed to be the sane as that in herbage. 

The tramsfer of iodime is usually expressed as the 
fraction present in milk of the ingested activity under 
equilibrium conditions. This quotient was found to be around 
5 1 -3  d 1' [86, ui]. 	The value adopted by UNSCEAR in 
its 1977 report is an upper estinate of 10 	d l' [ul]. 
In the case of a simple administration of 131j to the coy, 
Lengeaann and Comar [UI observed that the maximum 
concentration is reached within one day and that it is 
followed by a rapid decreaee (half-time of about 1.5 days) in 
the first 3-4 days and a slower decrease (half-time of about 3 
days) afterwards. Anong the different factors which can have 
an influence on the grass to milk transfer of iodine, the two 
most important may be the milk productivity by animals and the 
season, a higher iodine secretion in milk occurring with a 
productivity increase and in the warm season [84, Cl]. 

Taking account of all the parameters given above, an 
integrated air concentration of 1 Eq a m' of 	:311 or 
'i would result in an integrated milk concentration for 

"'I of 160 Eq a 1' and for 1291 of 870 Eq a l. 
Transfer vis wet deposition is usually insignificant over the 
course of a year full. 

The transfer of iodine from air to fresh leafy 
vegetables has been assessed by UNSCEAR [Ui] on the basis of 
the values given above for the deposition velocity and the 
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residence time on the vegetation, and of a dry-to-wet 
vegetation weight ratio of 0.5. In addition, a fractional 
removal by washing of 0.4 [u6] and an average 7 day marketing 
delay (resulting in a decay factor of 0.55 for '''I and 1.0 — 
for 	I) 	were 	taken 	into account. 	Time 	integrated 
conditions of 340 Eq a kg' (fresh weight) for '''I and 
1740 Bq a kg 	(fresh weight) for L29j  are calculated for 
the 	case 	of 	a 	time-integrated 	air 	concentration 	of 
1 Eq a sir 3 . 

An estimate of the transfer of 1291 has also been 
carried out by UNSCEAR fufl.  Using the values given above for 
the deposition velocity on grass, residence half-time on grass 
and grass consumption rate, the resulting transfer factor is 
260 Sq a kg' per Eq a m 	of ' 291 in air if the 
fractional transfer of daily ingested activity per unit mass 
of meat is taken to be 3 10 -  d kg' [PSI. 

In the assessment of the 1291 concentration in grass 
following deposition of that nuclide, the root uptake from 
soil has not been taken into account. It has been estimated 
[571 that this pathway could contribute at equilibrium only 
about 202 of the concentration in grass arising from direct 
deposition. 

(ii) Aquatic releases 

Information on the behaviour of iodine in the aquatic 
environment is rather limited. The UriSCEAR aquatic model [ufl 
can be used to estimate the transfer of 131 1 and 1291  from 
the aquatic environment to diet for generalized discharge 
situations. 	In that model, it is assumed that iodine is not 
removed to sediments but that during treatment of drinking 
water, 20% of the activity contained in raw water is removed. 
For the two isotopes of iodine considered, the concentration 
factors are taken to be 15 1 kg' for fresh water fish, 
20 1 kg' for marine fish and 100 1 kg' for shellfish. 
Further discussion is presented in the section on dosimetry. 

(b) Global aspect 

Because of its very long half-life (1.57 10' a) and of 
the mobility of iodine in the environment, 1291  may become 
widely distributed on the global scale. Whether released into 
the atnosphere or into the aquatic environment, 1291  will 
eventually reach the oceans in a time period very short in 	— 
comparison with its half-life. 	Iodine-129 will them be 
recycled to the atmosphere and the terrestrial biosphere, 
mainly by evaporation of seawater. 	Atmospheric water is 
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exchanged within about 10 days and it follows therefore that 
there is a rapid exchange of iodine. The specific activity 
approach has been the usual method to assess the dose 
commitments and the long-term environmental concentrations 

- from 1291 discharges. According to that approach, the 
specific activity of 1291 per unit mass of stable iodine of 
any environmental material of the terrestrial biosphere 
(including air and food-stuffs) will be in the long term equal 
to that of seawater. Assuming 6 1023 g to be the mass of 
ocean waters with an iodine concentration of 0.064 g per 
gram of water [Tl], the specific activity of 1291 per unit 
mass of stable iodine obtained in sea water after a release of 
1 Eq of that radionuclide into the environment is found to be 
2.6 10' Eq g 1. If it is assumed that there is no 
environmental sink for 	iodine, 	1291 will be recycled 
throughout its nean life of 2.3 lO'a. 

D. TRANSFER TO MAN 

Iodine is an element of fundamental inportance for the 
human organism since it is an essential component of the 
thyroid hormone, which is necessary for the growth and 
metabolism of the body. The metbolic cycle of iodine in man, 
especially in the adult, is sufficiently well known in its 
fundanental behaviour, as a consequence of the large number of 

- 	clinical studies carried out 	in the last years with 
radioactive isotopes of iodine [B4]. 

The absorption by the blood from the gastro-intestinal 
tract is complete and very rapid. It is absorbed at the rate 
of about 5% per minute and it can be considered to be complete 
after two hours [B41. When inhaled in the form of inorganic 
iodide or as methyliodide, a fraction of about 70% is absorbed 
[M2} whereas more than 90% of it is absorbed when inhaled in 
the form of elemental vapour {M31 

The uptake by the thyroid of the iodine contained in 
blood as well as the size of the thyroid gland are both very 
dependent upon the daily intake of stable iodine [D2}. 	The 
model adopted by ICRP [13] for the metabolism of iodine 
applicable to adults is based on the three-compartment model 
of Riggs [R21. 	ICRP [13] assumes that 30% of the iodine 
entering the blood is translocated to the thyroid while the 
remainder goes directly to excretion. 	Iodine in the thyroid 
is assumed to be retained with a biological half-life of 120 
days and to be lost from the gland in the form of organic 
iodine. Organic iodine is assumed to be uniformly distributed 
among all organs and tissues of the body other than the 
thyroid and to be retained there with a biological half-life 
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of 12 days. One-tenth of this organic iodine is assumed to go 
directly to faecal excretion and the rest is assuned to be 
returned to blood as inorganic iodine. 

259. A quantitative assessment of the transfer of iodine to 
nan must take into consideration the variation with age of the 
various parameters involved, which are essentially the mass of 
the thyroid gland, the fractional uptake by the thyroid, the 
effective residence half-time in the thyroid, the breathing 
rate and the consumption rate of foodstuffs. The values 
adopted for '"i and "'I by UNSCEAR in its 1977 report 
[(Ill are presented in Table V1.3. It is to be noted that the 
metabolic paraneters for adults are not in complete agreement 
with those adopted by ICRP [13];  the resulting differences in 
the thyroid absorbed doses vary according to the pathway and 
the isotope considered but they are in all cases less than 50%. 

Table 71.3 

Vars.ation with age of the parameters used in the os.se sstTien 

of the transfer to ;san of 	Sj  and ''1 

Flit F 

Age 

Is months 4 years 14 years Adult 

flass of the thyroid 	(g) 
Effective half-time 
in the thyroid (8) 

Inhalati.un psthway 
Fr?•-Ct los's I uptake be the tlsyrui 
Breathing rats 	(553 a - 

ingestion pa theay 
Fractional uptake by the thyroid 
Consijiap tionrate. 

Milk 	 (1 	a) 
Leaf y  ve10otabtss 	(kg a') 
Isef 	 (kg a') 
Drinking water 	(t a - 
River fish 	 (kg a - I) 

Ocean fish 	 (kg a .1)  

Shellfish 	 (kg a - I) 

2 4 14 20 

i.0 6.3 6.9 7.6 
23 23 48 136 

0.30 0.26 0.26 0.26 
1130 3530 5440 8030 

0.40 0.35 0.35 0.35 

330 i80 130 90 
0 12 20 30 
0 8 13 27 

433 438 438 438 
1 1 1 

6 6 6 6 
I t I I 
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E. DOSIMETRY 

1. Dose per unit intake 

As iodine is selectively taken up in the thyroid gland, 
its concentration in that organ is considerably higher than in 
the other organs and tissues in the body. The stable iodine 
concentration in the thyroid tissue of an adult is of the 
order of 500 pg g 	while in the rest of the body it is 
touch less than 1 1€ g' 1S21. Since the najor 
contribution of the absorbed doses from 1291 and 122j is 
due to the emission of the beta-particles, which have a short 
range in the human tissues, the absorbed doses in the thyroid 
are about 1000 tines higher than those in the other organs and 
tissues, which will not be considered in this document. 

The significant variation with age of the metabolic 
parameters is reflected in the thyroid absorbed doses per unit 
intake. Table vI.4 presents the values of the age-dependent 
thyroid absorbed doses per unit intake adopted by UNSCEAR in 
its 1971 report [Ui). 	These values are derived from the 
metabolic parameters presented in Table VI.3 and from the 
following figures for the energy absorbed in the thyroid (MeV) 
for disintegration: 	0.18, 0.18, 0.19 and 0.19 11eV for 131j 

and 0.060, 0.061, 0.063 and 0.064 11ev for 12 	for the ages 
of 0.5, 4, 14 years and adult, respectively. 

T.shlo 01.4 

Age -c] epeodont absorbed doses 'is the thyroid gland 

per ont intake o ]"'Tand'' '1 

ICy L) 

T],yrui d oh orhec] dose 	 Age 
per unit in take 

6 noot]ss 	4 years 	14 years 	Adult 

inhalation: 	''i 	3.2 10" 	1.5 10' 	4.9 10" 	3.8 10' 

	

"'1 	4.1 iO" 	2.2 10" 	1.1 10_s 	2.3 10_ s  

Ingestion: 	'''I 	4.3 10" 	2.0 10" 	6.5 10" 	5.1 10" 

	

''I 	5.4 10" 	3.0 10" 	1.5 10" 	3.0 10" 
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2. Dose per unit release 

(a) Nuclear explosions 

262. 	The thyroid dose commitment via the ingestion (milk) 	- 
pathway from 1311 released by nuclear explosions can be 
assessed from the sequential product of transfer factors 

D" 	P23  P35  F 

where F is the integrated deposition density, P23 is the 
deposition to milk transfer factor and P 35  is the milk to 
thyroid dose transfer factor. The value of F weighted for the 
world'spopulation and that of P23 for fallout deposition 
were given above as 10k Sq ni 2  and 6.3 10 Bq a 1 -1  
per Sq n 2 , respectively. The value of P35 Can be derived 
from the age-dependent consunption rates of milk given in 
Table VI.3, the age-dependent thyroid doses per unit ingested 
activity presented in Table IV.4, and from the assumption that 
the three groups of children are representative of the age 
groups 0-1, 1-9 and 10-19 years, respectively, and that these 
groups contain respectively 2, 16, and 202 of the population 
fUlJ. 	The value ofP35 (milk) is thus found to be 1.3 
10 	Cy per Bq a 1'. The thyroid dose commitment for the 

world's population arising from "'I from global fallout of 
past nuclear explosions is therefore estimated to be about $ 
10 Gy. Most of the dose connitment was in fact delivered 
in the early 1960s. Taking the world's population at that time 
to be 3 10' persons, the collective dose commitment would be 
about 2 10' man Gy. Since 6 10 20  Sq of 111 j were 
estimated to give rise to global fallout, the individual and 
collective thyroid dose commitments per unit activity released 
are found to be 1.3 1024 Gy Bq and 3 10'' man 
Gy Bq', respectively. 

(b) Nuclear indus 

(i) Local and regional contribution 

263. 	Atmospheric 	releases. 	The 	contribution 	of 	the 
inhalation pathway to the collective dose commitments from 
effluent releases Can be estimated from the integrated 
concentrations 	of 	1311 	and 	1291 	in 	ground-level 	air. 
Assuming that all the activity released in the atnosphere will 
eventually deposit on the ground, the integrated concentration 
in ground-level air is the total amount of 1311  or 
released per unit area of the deposition region divided by the 	- 
deposition velocity, v. 	The population affected is the 
population density 6N'  tines the area of the deposition 
region. 	The collective dose commitment per unit activity 
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released 	is 	given by 	the 	expression 	Sc 	= 
	

6N 	c/v 
where p is the age-weighted thyroid dose per unit integrated 

air concentration. 

- 	264. On the basis of a figure of 5 io 	m 3  kg' s' 

for the deposition velocity on grass per unit area density of 
vegetation (see paragraph 244), using a value of 0.1 kg (dry) 
m for the mass of grass per unit area, and assuming that 
the activity deposited on grass represents one fourth of the 
total activity deposited on ground, vd would be 2 10" m 

5 - ' or 6 10½ n a". From the data contained in Tables 
VI.3 and VI.4 and the age distribution given above, the 
age-weighted thyroid dose per unit integrated air 
concentration would be 3.4 10" and 1.4 10" Gy per 
Bq a rn" for 1311 and 1291 respectively. As the 
deposition area is expected to be very large, the population 
density is assumed to be about 25 persons km 2 , that is 
2.5 10" persons rn". The collective thyroid dose 
commitments are thus estimated to be 1.4 10 - " and 5.8 

io - ' 2  man Gy Bq" for 1311  and 1291, respectively. 

The contribution of the ingestion pathway (consumption 
of milk, leafy vegetables and meat) to the collective dose 
conmitments per unit activity released can be assessed by the 

expression S 	= P13 P35 	6N 	where P13 is the air 
to dietary product to age-weighted thyroid dose trsnsfer 
factor, and 6N the population denaity. 	Using the values 
and assumptions given previously, the collective thyroid dose 
conmitments are estimated to be, for 	3j, 8.7 10 .12  and 
2.3 10 11  nan Gy Bq" for consunption of milk and fresh 
leafy vegetables, respectively, while the values for 1291 

would be 	1.2 	io", 	5.0 	10"' 	and 	6.4 	10 - " 	nan 

Gy Bq" for consumption of milk, fresh leafy vegetables and 
beef, respectively. 

Aquatic releases. The collective thyroid dose commitment 
per unit activity of 	'''1 and 	1291 discharged into the 
aquatic environment can be estinated, as in the 1977 UNSCEAR 
report [Ul], using the expression 

= 	NIfp 
V( A + 7 r) 

where V is the volume of the receiving waters, t the turn-
over time of receiving waters, A the decay constant of the 
radionuclide considered, N the number of individuals exposed, 
I the individual consunption rate of the foodstuff considered, 
f the concentration factor of the radionuclide in that 
foodstuff, and p the thyroid dose per unit activity ingested. 
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The quantity V(A + ij) is the infinite time integral 
of the water concentration per unit activity released, while 
that quantity multiplied by f is the infinite time integral of 
the concentration in the consumed item (fish, for example). 	— 
For inputs into small volumes of water, the concentrations in 
water and in fish will be high, but the populations which can 
be served with drinking water or by fish consumption will be 
limited. 	For inputs into large volumes of water, the 
concentrations will be smaller, but the populations involved 
will be larger. 	It is reasonable, therefore, to assume as a 
first approximation that the quantities V/N are relatively 
constant; 	they are taken to be 3 107 and 3 10' litre per 
man, for fresh water and sea water, respectively. 	Using the 
values given previously in the text and in the tables, the 
collective thyroid dose comnitments per unit activity of 
lllj and 12

'i can be estimated. The results are presented 
in Table VI.5. 

Table VJ.5 

Collective thyroid dose consul recurs aer aol tartivi ty 

	

Of 	'T ao 	1 ' 3 Ire leased iii theapoatic cnvirnnnlen 

(nina Gy 8q) 

Type of release 	 191 2 	 l29p 

and pathway 

Release to fresh water 
- 	Drinking water 	 3.2 1013 	 3.2 '-ll 

Fish 	 1.4 10" 	 1.4 10_Il 

Release to sea water 

- 	Fish 	 1.1 10" 	 1.1 10 1 ' 
- 	Shellfish 	 8.8 h0'' 	 1.1 10 

(ii) Global contribution 

Using 	the 	specific 	activity 	approach 	described 
previously, the activity concentration of 12 11 per unit mass 
of 127j 

is the same in the sea water and in the human 
thyroid. Assuming that the concentration of stable iodine per 
unit mass of thyroid is 80, 180, 300 and 600 pg g' at 	— 
ages 6 months, 4 years and 14 years and for adults, 
respectively and using the age distribution given previously, 
a specific activity of I Bq per gram of stable iodine in the 
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thyroid would lead to an age-weighted annual thyroid dose of 
1.5 10' Gy. Since a release of 1 Eq 1291 results in a 
long-term concentration of 2.6 10' Eq g' stable iodine 
per Eq (see paragraph 255), the collective thyroid dose 
commitment arising from discharges of 1291  would be about 9 
10 - ' man Cy Bq', assuming a world population of 10" 
and no sink for iodine in the environment. 

Most of the collective dose commitment to the thyroid is 
delivered in the far future, as the mean life of 1291 is 2.3 
10' a. 	The average dose rate per unit activity released 
would be extremely low (4 10-24 Gy a' per Eq released). 
The estimate of the collective thyroid dose commitment could 
be significantly in error if there exists a mechanism that 
efficiently removed iodine from the biosphere at a rate 
significantly greater than the radioactive decay constant of 
1291 of 4 10" a. 	Such a mechanism could be the 

retention by ocean sediments. 

(c) Sumnary 

Table VI.6 summarizes the results given above for the 
thyroid 	collective 	dose 	commitments 	per 	unit 	activity 
released, and provides also the collective effective dose 
equivalent commitments per unit activity released. The latter 
quantities are obtained by multiplying the former by 0.03. 
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Table V3.6 

Summary of collective thyroid dose commitments per unit scrivity 

released and of collective effective dose equivalent cnrm,irmente 

per unit activity released 

lIlj 	 129 15. 	151 1  

(man Cy 8q 1 ) 	 ( man Sv EqS') 

Weapon tests 	 3 lO"b 	 9 io'' k 

laduerrisl releases 

a) Atinos phere 
Inhalation 
Ingestion 
- 	Milk 1 	10'' 
- Leafy vegetables 2 	10 	11  
- Beef - 

b) Rivers 
Ingestion 
- Water 3 	10' 
- Fish I 	10" 

0) Oceans 
Ingestion 
- 	Fish I 10" 
- 	Shellfish 9 	10 

6 lOS' 3 10" 2 10" 

I 	10' 3 	10_ I ' 3 	10_Il 
5 	10 6 10" 2 10" 
6 	10'' - 2 	10'' 

3 	10' °  9 lOS" 9 10— 
3 l0" 3 	l0'' 

1 li' 	3 10' 	3 l0' 
9 lOS" 	 3 10_ Is 	3 10_Is 

5. 	First passage estimates. The long-term, global estimates for fl1 from 
all sources and by all pathways are 9 10' an Cy  Bq 	and 3 10_ s  
man Iv B R I. 

Milk consumption. 
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VII. CAESIUN-137 

A. INTRODUCTION 

Caesium is element number 55 in the periodic table. It 
is an alkali metal like potassium, and it resembles potassium 
metabolically. Whereas potassium is an essential element for 
man, there is no evidence that caesium is also an essential 
trace element. 	In fact, stable caesium, 	 is fairly 
rare in the biosphere and in geological occurrence. Average 
occurrence in the earth's crust is 3 pg g'. 	In specific 
rock types the estimated average concentration is 1 ug 
in basalts and 5 pg g' in granite. 	The K/cs ratio in 
basalts is 7500 [T2J. 	Stable caesium occurrence in fresh 
water, lakes and rivers ramges between 0.01 and 1.2 ng 
and is 0.5 ng g' in the oceam [K21. 	Stable potassium is 
more abundant, with usual concentrations of 0.2 to 10 pg 
g' in fresh waters and 380 pg g' in the ocean [VlJ. 

The radioactive isotope 17Cs is produced in nuclear 
fission and is one of the more significant fission products. 
The fission yield is relatively high, about 6 atoms per 100 
fissions, independent of the type of fission in uranium or 
plutonium (Table VII.l). 	It has a radioactive half-life of 
30.17 a and its beta decay is accompanied by a gamma ray of 
moderate energy. 	Figure VII.I shows the decay scheme and 
lists the primary transition energies. 

Table VfI.] 

Fis sloe see Ide of case ices-I37 

Pies ion yield 	(5) 

Nec 11(10 
Thersal 	 Fast 

6.21 	 6.12 

6.64 	 6.50 
2' 5.93 

6.73 
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Figure 911.3 	 Caesium-137 decay scheme inforsiation. 	1N21 

273. The chemical similarity of caesium and potassium and the 
opportunity to make simultaneous measurements by gamma 
spectronetry of '''Cs and naturally—occurring "K has 
encouraged the expression of "'Cs concentrations relative 
to the potassium concentration in a manner analogous to that 
used for strontium and calcium. However, caesium and 
potassium are not interdependent and do not behave in such a 
regular manner in biological systems as do strontium and 
calcium. As the levels of potassium in diet and man remain 
roughly constant (1.4 g per litre of milk and 2g per kilogram 
of body weight), the 	'''Cs/K quotients can be converted 
easily to "'Cs concentrations. 	Dietary intake of "'Cs 
increases in proportion to the amount of food consumed, 
however the '"Cs/K quotient in diet is relatively constant 
for adult and children diets for widespread contamination 
situations [C4J. An additional advantage of expressing 
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'"Cs levels in the body in terms of the '"Cs/K quotient 
is that age and sex differences are minimized and the values 
correlate more closely to '"Cs concentrations per unit of 
lean body nass, which seems to be a more important parameter 
for dosimetric purposes than the whole body mass. It is 
expected, however, that assessments in the future will be 
presented independently for '"Cs without so much reliance 
on the stable congener element. 

A great deal of information has accumulated on '"Cs 
in the environment, particularly the measurements of fallout 
'"Cs in air, deposition, diet and man. 	Much of the 

literature has been referenced by UNSCEAR over the years. 
Recent reviews of '"Cs data have been published by Moiseev 
and Ramzaev [N5] and the United States National Council on 
Radiation Protection and Neasurements [Nl]. This document is 
not 	extensive 	in 	terns 	of 	references 	cited. 	The 

representative references for most stater,ients can be taken as 
the starting points for the more extensive literature 
available. 

B. SOURCES 

1. Nuclear explosions 

Atmospheric testing of nuclear weapons has resulted in 

widespread distribution in the environment of radioactive 
fission and activation products. 	Extensive measurenents of 
fallout radioactivity have been conducted. The data have been 
reported and discussed in each report of UNSCEAR [U2, U3, U4, 
U5, U6, U7, US]. 	The stratospheric inventory of ''Sr has 
been measured in a long-term programme [LlJ. Global networks 

to measure fallout deposition have reported results for "Sr 
[Fl] and 	'"Cs [Cl]. 	The activity ratio of 	'"Cs to 
''Sr in long-term deposition has been found to be relatively 
constant at about 1.6 [U7], although variations for individual 

samplings are encountered [S1J. 

The total anount of "Sr produced in weapons testing 

through 1980, which has been globally dispersed, is estimated 

to be 6.0 10'' Sq [Fl]. 	Less than 1% of this anount 

remained in the stratosphere [LU. The remainder has been 
deposited on the earth's surface. 	This corresponds to 9.6 
1017 Sq of '''Cs produced in nuclear testing. 	Radioactive 

decay has reduced the cumulative deposit of '"Cs to 6.9 
10 1 ' Sq [Cl], 76% of which is in the northern hemisphere and 
24% in the southern hemisphere. 
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2. Nuclear fuel cycle 

(a) Nuclear reactors 

Caesium-137 is produced by fission in the fuel of 
nuclear reactors. The amounts produced depend on the degree 
of fuel burn—up achieved and to some extent on the type of 
fuel and the neutron spectrun in the reactor. In fairly high 
burn—up fuel (33000 NW[t]d t) of a pressurized water 
reactor, the '''Cs production is estinated to be 3.9 10" 
Bq per tonne of fuel, corresponding to 1.3 10" Bq per 
MW(e)a of electricity generated [011. 

small anounts of fission products prnduced in the fuel 
in nuclear reactors may reach the coolant through defects in 
the fuel cladding. 	In coolant purification or following 
coolant leakage, these fission products may reach gaseous and 
liquid effluent streams. 	In controlled amounts, some of the 
effluents are released to the environnent. 

Reported amounts of "'Cs released to the environnent 
from reactors have been summarized by UNSCEAR [US]. 	The 
averaged release rates for some reactor types are included in 
Table VII.2. 

Table Vli.2 

hst iinated gtoba_discLiargrS of'''Cs 

from Eo[c.Iear cowers to tionsjnl9bO 

Reactor Reactor Capacity Release rate Estimated 

type number (MW(e)al [Bq 	per 	I4e)o] diacheree 	(Bq) 

PWR 96 64239 6 	10' 2 	10'' 

ERR 62 33170 9 	10' 19 	10" 

OCR 36 7086 2 	10 9 	10'' 

Other 47 18490 9 	'0' 10 	tO'' 

Total 	241 	 124985 	 4 10'' 
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These are not necessarily the typical situation for a 
particular reactor. During a specific year it is normally the 
case that a somewhat larger release occurs from a single 
reactor with insignificant releases reported from all other 
sites. This means that there is a large range in release 
distribution, covering three or four orders of magnitude. For 
all reactor types the release of S7c is primarily in 
liquid effluents; negligible amounts, in comparison, occur in 
airborne effluents. 

Assuming the averaged normalized release rates to be 
representative for the reactor groups, it is possible to 
obtain a very rough estimate of the total amount of '"Cs 
released 	from reactors worldwide. 	Using 	the 	installed 
capacities of the various reactor types as of 1980 [14] and 
assuming a reactor utilization of 602, the estimated annual 
release from all reactors is about 4 	Bq. 	In this 
calculation, it is assumed for the reactor types for which no 
data are available, that the releases are similar to those 
from hWRs. 

(b) Fuel re]2rocessing plants 

In fuel reprocessing plants the fuel is dissolved to 
recover uranium and plutonium for re-use. 	All of the '"Cs 
and other fission products as well go to the waste streams. 
The radionuclide activities in airborne and liquid effluents 
from fuel reprocessing plants have been recorded by UNSCEAR 
[US] 

Caesium-137 is released from fuel reprocessing plants 
primarily in liquid effluents. Averaged release rates during 

the years 1971-1972 were 0.6, 90 and 520 10' Bq/NW(e)a from 
the Nuclear Fuel 	Services plant (U.S.A.) (no longer in 
operation), 	La 	Hague 	(France) 	and 	Windscale 	(U.K.), 
respectively [U8]. The release of caesium-137 in liquid 
effluents is small relative to the amount in spent fuel. The 
fractional liquid releases from the Windscale plant were 
approximately 4 10'. The only data for in airborne 
effluents is for the Nuclear Fuel Services plant, which 
corresponded to 4 10 Bq/MW(e)a [U8] , several orders of 
magnitude less than in liquid effluents. 

C. BEHAVIOUR IN THE ENVIRONMENT 

1. Fixation in soil 

Caesium is generally rather strongly fixed in soil. 
Downward migration and availability to plants is thereby 
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reduced. 	In mineral 	soils 	the movement 	of 	'''Cs 	is 
appreciably less than that of "Sr. 	Three to four years 
after deposition on the soil surface, the median depth to 
which it has penetrated is usually less than 2 cm fF51. 	Its 
mobility may be somewhat greater in organic soils. 	Much 
snakier amounts of '''Cs than of "Sr are leached out of 
the soil to enter rivers and lakes. 

There are exceptional areas, however, where caesium 
fixation in soil is much less, allowing enhanced transfer of 
caesium to plants. 	Marei et al. [N2] identified regions in 
the USSR where the soil is wet, peaty and podzolic, from which 
transfer of '''Cs into the food chain is 10 times higher 
than for other areas. Other regions of the world where the 
soils give rise to high '''Cs transfer into diet have also 
been identified, for example, in the Faroe Islands, New 
Zealand and Sweden [us]. 

It has been reported that in clay minerals the important 
factor in fixation of caesium is the ability of certain 
layered silicates such as micas, vermiculites and illites to 
adsorb or fix trace quantities of caesium [Tl]. 	Caesium ions 
are trapped in the interlayer regions of vermiculite or at the 
frayed edges of illites and micas. 	Caesium is thus more 
strongly retained in soils containing predominantly nicaceous 
minerals. 	Soils which do not contain large quantities of 
micaceous minerals, such as tropical soils, peat soils, and 
podxolic soils, exhibit less retention and allow greater 
uptake of caesiun by plants. 

Fixation of caesium by sediments in aquatic environments 
occurs in a similar fashion to fixation in soil. 	The 
preferential adsorption of '''Cs to the micaceous component 
of sediments has been demonstrated under environmental 
conditions. 

2. Transfer to plants 

Caesiun-137 may be transferred to plants by direct 
deposition onto plant surfaces or by root uptake from 
accumulated deposits in soil. 	In general, direct foliar 
absorption is the predominant mode of plant contamination when 
the deposition rate is relatively high. 	Root uptake is low 
except in those cases nentioned above, when soil conditions 
allow low fixation of caesium. 

Caesium depositing on plant surfaces is retained to the 
same extent as other particulate debris. A removsl half-time 
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of 14 days due to weathering is generally assumed. 	Once 

absorbed by the plant, caesium is readily redistributed 
through the plant. Relationships between air concentrations 
and subsequent concentrations of "'Cs in pasture plants 
have been discussed by Hawthorne et al. [H4} and Pelletier and 

Voilleque jP2J. 

289. Caesium may enter plants by plant base absorption before 
becoming fixed in soil. Thus, retention of "'Cs in the root 
mat of pastures may allow "'Cs to be relatively more 
available to plants for a period of a year or more [U3]. A 
high level of orgamic matter in soil can enhance the 
absorption of csesiuni by plants (BlJ. Sorption of organic 
molecules on clay surfaces prevents the retention of caesium 
and also of potassium by these minerals. Thus, for permanent 
pastures in temperate regions, the frequent high organic 
matter content of the upper soil layer allows shallow rooted 
grass to absorb "'Cs relatively more freely for a sonewhat 
more extended period following deposition. Mushrooms have 
been shown to concentrate very effectively '"Cs from soil 
[C2, Ml], which may be associated with the highly organic 
areas of growing. 

290. 	Uptake to plants of '"Cs from soil low in available 
potassium may be somewhat increased. 	The addition of 
potassium may decrease absorption of '''Cs in this case; 
however, this has no effect when the available potassium is 
high [N5, F4] . Root uptake of caesiun is in general included 
in the range 0.01 to 1, which is the ratio of caesiun 
concentrations in the dry plant material to that in dry soil 

[M3j. 

3. Transfer to nilk 

291. 	The fractional anount of "'Cs transferred into milk 
is slightly greater than that of potassiun. It has been shown 
that some 10% of orally ingested '''Cs is secreted into the 
nilk of dairy cows, corresponding to 1.3 to 1.5% of the anount 
ingested per litre of nilk [Cl, Il, 1,21. The transfer of 
fallout '''Cs in field conditions has been foumd to be 
somewhat less, ranging from 0.25 to 0.86% of intake per litre 

of nilk [P2, Ml, S41. 

4. Transfer to neat 

292. A correlation between 	concentration in beef and 
in nilk has been noted, the ratio of concentrations in neat 
(Bq/kg) and in milk (Bq/l) averaging about 4 for production in 
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the same locality [L5. El, J21. This would correspond to a 
transfer of about 4% of the daily intake per kilogram of meat 
[F5]. Equilibrium conditioms are reached in about 30 days in 
the cow tF5J. It cannot generally he expected that there will 
he a useful relationship between "'Cs in meat and milk, 
since animals produced for the two purposes are frequently 
provided with different diets and are reared in different 
areas. 

5. Transfer to diet 

For general contamination situations, as for global 
fallout radioactivity, the main contributions to dietary 
intake of I 'Cs are generally from grain products, meat and 

milk. Fruit and vegetables contribute much smaller amounts of 
"'Cs. This has been the pattern for western diets, such as 
Denmark [Al] and the United States [c4]. 	In Japan the nain 
contribution has been from cereals [Ul]. 	For all foods the 
transfer from a specific deposited amount seems to be rapid, 
being essentially completed within the first two years after 
deposition. 

Marine food chains are of secondary inportance in 
contributing to dietary intake of fallout "'Cs, even in 
countries where fish is widely consumed. 	In Japan between 
1966 and 1971, only about 8% of the "'Cs in diet came from 
the consumption of fish products [u]]. 	As the contributions 
from other foods decrease, however, the relative contribution 
from fish can increase. During 1976 in Denmark, 15% of the 
"'Cs intake was attributed to fish [A2]. 	It is possible 
that individuals consuming large amounts of freshwater fish 
may acquire 	"'Cs burdens 	several 	times 	greater 	than 
individuals eating more diversified diets [C3]. 

The transfer of "'Cs from deposition to diet has been 
studied quantitatively using the following transfer function 
between deposition and diet components in regression analyses 
of reported data [U81: 

C(n) = b1 f(n) + b2 f(n-1) + bj ml f(n-m) e 

where Cj(n) is the concentration of 	 in the diet 
component j during the year (n) in rrsq/gK; f(n) is the 
deposition density of '''Cs in the current year (n) and in 
previous years (n-I) in Eq/rn'; b 	are the proportionality 
factors, 	and 	p is 	the decay constant accounting 	for 

radioactive decay and reduced availability of deposition in 
all previous years. 	The first term of the equations is the 
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rate term giving the contribution to dietary level from the 
current year's deposition amount. The second tern is the long 
term contribution expressing separately the contribution from 
the previous year's deposition including storage of foods by 
narket practices. The third tern gives the contribution from 
the cumulative deposit of "'Cs in soil. 

The quotient of the time-imtegrated concentration of 
'''Cs in diet and the integrated deposition density defines 
the transferfactor P23. 	The integrals are replaced by 
summations if, as is usually the case, the relevant quantities 
are assessed over discrete intervals of time, such as annual 
averages 

C(n) 
nl 

23 	
, 

ni 

The transfer factor is usually expressed in mBq a/gK per 
Bq/m'. It may be evaluated for total diet or for dietary 
components. 

Using the nodel described above, the evaluation of the 
transfer factor reduces to 

e 
2 

P23 	
3 

= b 1 #b +b 	
1 
e" 	b +b ~ b  

2 	3n, 	 1 
1 -e 

The 	parameters of the 	transfer 	function, 	obtained by 
regression fits of the "'Cs/K quotients in milk, dietary 
components and total diet from several countries have been 
reported by UNSCEAR [U8]. Some of these results are given in 
Table VII.3. 

The lowest values for the transfer factor for milk are 
obtained for the U.S.A., Denmark and the U.K. Most of the 
transfer of 	'"Cs deposition to milk is 	from direct 
deposition. Less than 15% of the transfer is from uptake of 
'''Cs 	from 	soil. 	Intermediate 	values 	of 	p riIk 	are 
obtained from the USSR and Argentina. Transfer f r om direct 
deposition is increased and uptake 	from soil 	is more 
significant. The highest values of p,'1k are obtained for 
New Zealand, Australia, Norway and the Faroe Islands. A high 
value has also been reported for Finland, which is 15.8 mBq 
a (gK)' per Bq m' [C2]. These results can he explained 
by efficient transfer of direct deposition and soil conditions 
which allow only low fixation of '''Cs. 
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The range of values of transfer factors for milk, 
3.4 to 27.5 mBq a (gK) ' per Eq m', indicates that it is 
not easy to specify a typical transfer situation. To estimate 
the ' 37Cs transfer to milk in a particular region requires 
some indication of soil and pasture conditions. 

Using the conprehensive data from Denmark of '''Cs in 
diet [A2], values of the parameters of the transfer function 
of various conponents of diet and for the total diet have been 
determined. 	For most foods, the major contribution to the 
value of the transfer factor cones from direct deposition. 
Only a small transfer is attributed to uptake from soil. The 
values of the parameters for the fit to total diet data are; 
hl 	1.6, b2 = 2.2, b3 = 0.04 mBq a(gK) - ' per Eq m' 
p 	0.11 a' and P23 = 4.1 mBq a(gK) - ' per Eq m'. 
Short-term transfer to diet is thus estimated to comprise 93% 
of the total transfer, (b1 + b2)/P23. 

The general pattern of '''Cs transfer to diet can be 
expected to be similar to that for Denmark, although increased 
transfer can occur in specific areas, depending on soil 
conditions or particular consumption habits. UNSCEAR has used 
a rounded value of P23 of 4 mBq a(gK) ' per Bq n' to 
assess the dose commitments 	from 	'''Cs 	for 	the world 
population [U81. 

6. The lichen-caribou-nan foodchain 

A terrestrial situation which allows much greater than 
usual transfer of caesium to man is the lichen-caribou-man 
foodchain. 	Caesium depositing on lichens is retained quite 
effectively. There is a very slow decrease in activity with 
time, approxinately 5 to 10% of the "'Cs being eliminated 
annually [U5]. 	Lichens provide the food base for grazing 
caribou and reindeer during the winter. 	A proportionality 
factor of '''Cs in lichen to that in reindeer meat in 
northern Sweden during the winter averaged 4.9 ± 0.4 {1,4]. 
In summer also grass and herbaceous plants are consumed by the 
animals, and therefore the "'Cs levels in meat show marked 
seasonal variati on, 

High concentrations of '''Cs arise in Lapp and Eskimo 
populations who eat the caribou and reindeer meat. Levels of 
740-1300 Sq per kg of body weight were observed in individuals 
during 1964 from fallout [jil, M41, about a factor of 100 
greater than burdens of individuals from temperate northern 
hemisphere regions. 	Other fallout radionuclides, such as 
' *Mn 	and 	''Fe, 	and 	the 	natural 	isotopes 
are also concentrated along the lichen-caribou-man foodchain. 
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7. Aquatic behaviour 

Caesium in the aquatic environment is strongly adsorbed 

by 	suspended 	particulate 	materials, 	especially 	clays. 

Therefore, the amount of caesium in the soluble phase 
decreases with increasing suspended solid concentrations. 
Potassium is also sorbed, but to a much less degree. 

Caesium levels in fish are inversely related to the 
potassium content of the water [Kfl. 	Because of the high 
concentration of potassiun in the ocean, the transfer of 
'"Cs to fish is of primary concern in the freshwater 
environment. The activity of fresh water fish may be 100 

times 	that 	of 	ocean 	fish, 	given 	the 	same 	caesium 

concentrations in water. 

The low mineral content of fresh water also enhances the 
absorption of '"Cs by aquatic plants. Aquatic plants from 
fresh water areas, which are sometimes important in cattle 
feed, may have increased levels of '''Cs compared to '''Cs 
which may have deposited on nearby pasture ground. 

Caesium in aquatic animals is accumulated primarily from 
the food chain. 	Absorption efficiency of potaasiun and 
caesiun from food is high. In animals the excretion rate of 
potassium is about 3 times larger than that of caesiun. As a 
result, the caesium concentration per unit amount of potassium 
in tissues increases by a factor of about 3 with each trophic 

level [P1]. 

The food web also accumulates caesium from suspended and 

bottom sedinents. 	Filter feeders may accunulate caesiun 
adsorbed to particulate matter. Benthic invertebrates obtain 
caesium absorbed to ingested bottom sediments. 	Fish ingest 

those invertebrates and also some sediment particles along 
with the prey. Absorption efficiency in the fish depends on 
the caesium fixation ability of the sediment minerals. 

The concentration factors (ratio of concentration in 
organisn to that in the water) for caesium must be related to 
the potassium concentration 	in the water and to the 
turbidity. From a literature review of values for fresh water 
systems [vfl, suggested values of the concentration factors 
are 1000 for algae and plants, molluscs and invertebrates in 
all waters and 5000/K and 1500/Kw for non—piscivorous and 
piscivorous fish, respectively, in clear waters, where K. is 
the stable potassium concentration of water in gig. 	The 

factors for fish are a factor of 5 less in turbid waters 
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> 50 pg/g suspended solids). 	The concentration factors 
for caesium in the ocean are 10 for algae and molluscs, 30 for 
fish and 50 for molluscs [F6}. 

D. TRANSFER TO MAN 

1. Absorption and distribution in tissues 

As a general rule, caesium compounds are soluble in body 
fluids. 	Intestinal absorption is complete 	(100%) under 
experimental conditions {R2, 831, but from normal diets is 
probably less efficient, ranging from 50 to 80% [F5]. In man 
caesium is secreted into the gastrointestinal tract, between 
the stomach and small intestine, and is readily reabsorbed 
[12]. 	One basis for therapeutic treatment in internal 
contamination cases is to administer solutions of Prussian 
blue, which binds with caesium in the gastrointestinal tract 
preventing reabsorption [12, Dl}. 

Caesium migrates rapidly into cells of the body 
following intake and becomes relatively uniformly distributed 
in soft tissues fF2, L3, R41. 	The metabolism in mothers and 
infants has also been studied. There seems to be no placental 
discrimination, as the newborn has 	'"Cs concentrations 
about equal to that of the mother [83]. 

Concentrations of caesium and potassium are low in fat 
tissues. Therefore, for equal concentrations in 
intake, the concentrations of '''Cs (Eq per kg body weight) 
in males are higher than in females, due to the higher average 
proportion of fat tissue in the female body. However, a 
difference is also expected due to longer retention time of 
caesium in males. Expressed in Eq "'Cs per gK, the 
difference between males and females is somewhat reduced, 

It has been inconclusive for some time whether '"Cs 
concentrates 	in 	bone. 	One 	study 	reported 	that 	the 
concentration of 1 3 7CS in rib bones, which were free of 
muscle but not of marrow, was comparable to the concentration 
in soft tissues [Y2]. The results were variable, and 
subsequent studies both did and did not confirm these results 
[A3, 113, N4].  From the results of a recent study it appears 
that caesiun associated with bone is present in the marrow 
portion with only slight uptake by the hard tissue [H2]. 

A slower turnover of csesium in bone could allow 
concentrations in bone to lag behind those in tissue, causing 
higher relative concentrations in bone during periods of 
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decreasing intake. 	A longer retention half-time would 
eventually be noted in whole-body measurements. However, such 
a component has not been identified in over 1000 days of 
measurenent following an acute intake case [R4]. 

2. Retention half-time 

315. A great many investigations of the biological half-time 
in man have been conducted. Many of the references are 
collected in the discussion by Lloyd [L6]. The half-tine in 
nan varies considerably, depending on age and other factors. 
The half-tine is less in women than in men, and the half-tine 
in children and infants is less than in adults. 	Pregnant 
women have shorter caesium half -tines 	than in their 

non-pregnant conditions. 	Table VTI.4 shows the sunmnary of 

137Cs retention half-time reported recently by the NCRP 
EN1I, using the data of Lloyd et al. [L7] and Zundel et al. 
Izi). 

Table VTl.4 

Re ten lion half- tijtie of'''C s in the human body 

{Ntj 

Subjects 	 Number 	 Age 	 Half-time (d) 

Men 26 23-55 a 	 105 1  25 
Women 15 20-51 a 	 84 ± 20 
Pregnan I women 24 16-39 a 	 49 ± 16 
children 7 5-17 a 	 57 ± 20 
Infants 5 17-143 d 	 19 ± 

The biological half-time for caesiurn in man can be 
considered a function of age for juveniles and of sex for 
adults, but it is not determined by body nass [1,61. Half-time 
and body mass may, however, be dependent on some other common 
factors. The rate of caesiun turnover may be under hormonal 
influence or control or may reflect the general netabolic rate 
[L61. 

Shorter half-tine components of '''Cs in man have been 
reported, including one of only 2 to 3 hours [N3]. 	In 
general, two conponents of the '''Cs half-tine in man have 
been established: a small fraction (10 to 15%) excreted with 
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a short half-time (1 to 1.5 days) and the remainder excreted 
more slowly (50 to 150 days) !R1, R3J. 	The ICRP suggests 
representative values of retention of 10% with a half-time of 
2 days and 90% with a half-tine of 110 days. 	Integral 	-- 
retention is 143 Eq d per Eq intake, contributed almost 
entirely by the long-term component. 

3. Transfer factor 

The value of the 	transfer 	factor P34 	relating 
concentrations of '''Cs in diet and man can be derived from 
the integral retention by dividing by the potassium content of 
the body (140 g) and multiplying by the daily potassium intake 
(3.3 g d') [151. 	The result is 3.4 Eq a (gK) - ' in man 
per Sq a (gK) ' in diet. 

The relatively short biological half-time of caesium in 
the body makes it possible to assess the transfer factor P34 
from the measured 	'''Cs/K quotients 	in diet and man 
integrated over a few years. Using this procedure, an average 
value of 3 Eq a (gK) 	per Eq a (gK)' diet is derived 
[U6, U], U81. 

E. DOSIMETRY 

1. Dose per unit intake 

The dose from '''Cs in tissue is due to the beta 
particles from I ''Cs decay and to the photon, x rays, and 
conversion and Auger electrons from decay of the daughter, 
,,,m55 	A portion of the photon energy will escape from 
the body, depending on the body size. Calculations have been 
performed for uniform distributions of '''Cs in the body for 
a range of proportions and masses corresponding to infants, 
children and adults fN1, F11. 

The average dose rate within the body for a uniform 
"'Cs concentration of one Eq per kg body weight is about 
3.5 ncy/d from beta particles in both adults and infants plus 
3.2 ncy/d from photons in the adult and about 1.6 nCy/d in 
infants. The totals are 6.7 nGy/d per Eq/kg in the adult and 
5.1 ncy/d per Sq/kg in the infant. 

For 140 gK in the 70 kg adult body, the dose rate 
corresponding to 1 Sq '''Cs per gK would be 

uCy d' 	140 gK 	365 d 	- 	iCy/a 
0.0067 Sq(kgy' 	70 kg 	a 	

- 	
Eq/fl 
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Spiers [82] also obtains this result and estimates the 
corresponding dose rate in a child weighing 8 kg of 

4.1 	
iCy/a 
Eq/gM 

UNSCEAR [06, U7, U81 assessed the transfer factor 
between tissue and dose, 	P45, 	as 4.9 	iCy per Eq 	a 
(gK) - S. The value is nearly independent of age, being only 
slightly less for the child. For a single uptake of "'Cs, 
the integral retention per unit intake is 143 Bq d per Eq 
intake (paragraph 317). The average absorbed dose in the body 
per unit intake is thus 

0.0067 	
'' 	

143 Bq  d 	70 kg = 1.4 10' Cy per Eq intake. 

This result applies to intake by ingestion. 	For 
inhalation the value is less by a factor of 0.63 (for 
particles of 1 iso size) due to fractional deposition in the 
lungs of inhaled amounts. Following inhalation there is only 
a short retention in the lung (half-time = 0.5 d) for the 
soluble caesiun compounds and a small dose primarily from the 
beta 	particles 	before 	the 	1 3 Its 	becomes 	distributed 
throughout the body. 

2. Dose per unit release 

(a) 	Nuclear exolosions 

The dose commitment via the ingestion pathway from 
"'Cs released by nuclear explosions can he assessed from 
the sequential product of transfer factors 

Dc = P23 P34 P45 F 

where F is the integrated deposition density. 	The values of 
the transfer factors as derived above are: 	P =  4 10 
Eq a (gK)' per Eq n', P34 = 3 Eq a (gK' per Bq a 
(gK)', and p45 	4.9 10' Cy per Eq a (gK)'. 	The 
dose comitmerit from "'Cs ingestion per unit widespread 
deposition density, such as from nuclear explosions, is thus 
6 10' Dy per Eq m 2 . 

The total amount of "'Cs released to the environment 
by nuclear tests, 9.6 10 1 ' Eq. has given a population-
weighted integrated deposition density of 3100 Eq n' in the 
world as a whole (08]. 	The world population is 4 10 9 . 	With 
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these values, the collective dose commitment per omit activity 
of '''Cs released is estimated to he $ 10" man Cy per Eq 

(ingestion). 

327. 	The dose commitmemt via the inhalon pathway is ati 
determined from the integrated concentration of ''cs in 
air, which is estimated from the integrated deposition density 
(Eq m') divided by the depositiom velocity (m s'). As 
for ''Sr, the average deposition velocity can be taken to be 
2 cm sW'. 	Thus, 1 Eq m 2  integrated deposition density 
corresponds to 5.8 10' Eq d m' in air. 	With the above 
estimates of integrated deposition density, total amount of 
'''Cs released by nuclear tests, world population, breathing 
rate (22 m 3  d') and dose per unit intake (8.8 10' Gy 
EqS'), the collective dose commitment per unit activity of 
'''Cs released is estimated to be I 10_i 5  man Cy per Eq 

(inhalation). 

32$. For the external exposurepathway it is assumed that the 
deposited 	'''Cs becomes exponentially distributed in soil 
with a mean depth of 3 cm. This gives a dose rate in air of 
8.9 10' Cy per Eq m 2  [132]. 	The nean life of 	' 3 'Cs in 
soil is 43.5 years, determined by its radioactive decay. The 
dose to air from the integrated deposition density is, thus, 
3.9 10' Cy per Eq m 1 . 	The dose to tissue is determined 
by a factor of 0.8 to account for the change of material (air 
to tissue) and back—scatter and shielding afforded by other 
rissues of the body and a factor of 0.4 to account for 
building shielding and time spent indoors [U8]. The combined 
factor is 0.8 , 0.4 	0.32. 	The transfer factor P25 
relating integrated deposition of '''Cs to tissue dose is 
thus 3.9 10' x 0.32 = 1.2 10' Cy per Eq m'. 	Using 

the above values of integrated deposition density, total 
amount 	of 	'''Cs 	released, 	and 	world 	population, 	the 
collective dose commitment per unit activity of 
released is estimated to be 1.6 10" Gy per Eq (external 
exposure). 

(b) Nuclear installat 

329. 	The contribution of the inhalation pathway to the 
collective dose commitment for effluent releases can be 
estimated from the integrated concentration of '''Cs in 
air. This can be derived from a dispersion formula or from an 
estimate of the deposition velocity. In the latter case, the 
integrated concentration in air is the total amount of '''Cs 
released per unit area of the deposition region divided by the 

deposition velocity, va. The population affected is the 
population density 68  times the area of the deposition 
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region. The areal dependence is removed by the product of 
these quantities. The collective dose commitment per unit 
activity released is given by the expression 

- S = I 	/vd 

where I is the individual intake rate of air and 	is the 
dose per unit activity of "'Cs inhaled. 

Using a deposition velocity of 0.5 cm s' for near 
surface releases, a population density of 25 man km, an 
air intake rate of 22 n'/d and the dosimetric factor of 8.8 
10' Cy per Sq intake, the collective dose commitment for 
the inhalation pathway per unit activity released is estimated 
to be 1 10" man Gy/Bq. 

The contribution of the ingestion pathway from airborne 
effluents to the collective dose comitment per unit activity 
released, Sc, can be assessed by the expression 

Sc 
= p23  p34  p45 6N 

Using the values for the transfer factors given previously, 
and assuming a constant population density of 25 nan km 2  in 
the region of deposition, the collective dose commitment for 
the imgestion pathway per unit activity released is estimated 
to he 2 10' man Cy/Bq. This value assumes that food is 
Incally produced and that the production euffices for the 
population density under consideration. It also applies for 
the case of "'Cs becoming relatively rapidly fixed in soil 
23 = 4 mBq a IgKF' per Sq m 2 ). For other types of 

soil conditions or special consumption patterns and also for 
other population densities, the estimate should he adjusted 
accordingly. 

For the extermal exposure pathway the transfer factor 
P5 relatimg integrated deposition of '''Cs in soil to the 
tissue dose has been assessed above with regard to nuclear 
explosioms to be 1.2 10' Cy per Bq m'. 	This value is of 
general applicability. 	Similarly to the ingestion pathway, 
the collective dose commitment per unit activity released, 

can be assessed by the expression 

- 	 = P 6 
25 N 

Assuming a population density of 25 man km', the collective 
dose commitment from external exposure per umit activity 
released is estimated to be 3 10 ' man Gy/Bq. 
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For aquatic ingestion pathways from the input of '''Cs 
to water bodies the collective dose commitment, normalized per 
unit activity released, can be estimated [u8], using the 
expression 

c - 	INk 'kk S1 	
V( + lit) 

where V is the volume of the receiving waters, T is the 
turnover tine of receiving waters, A is the decay constant 
of "'Cs, Nk is the number of individuals exposed by 
pathway k, 'k  is the individual consumption rate of pathway 
item k, fk is the concentration factor for the consumed item 
in pathway k, and p is the collective dose per unit activity 

ingested collectively by the exposed group. 

The quantity V(A+l/) is the infinite time integral 
of the water concentration per unit of activity released, 
while the quantity nultiplied by fk is the infinite time 
integral of the concentration in the consumed item k. 	For 
radionuclide inputs into small volumes of water, the 
concentrations in water and in fish will be high, but the 
population which can be served with drinking water or by fish 
consunption will be limited. For inputs into larger volumes 
of water, the concentrations will be smaller, but the 
populations involved will be correspondingly larger. It is 
reasonable, therefore, to assume as a first approxination that 
the quantities Nk/V are relatively constant, independent of 
V. The values for these quantities as well as values for the 
other parameters of the above expression have been extensively 

discussed by UNSCEAR [118]. 

A listing of the values used in the assessments 

presented by UNSCEAR is given below [US] 

Parameter 	 fresh water 	sea water 
t, turnover time of 	 10 a 	 1 a 

receiving water 
Correction factor for 	 0.3 	 1.0 

sediment removal 
'1, water utilization factor 	3 10' 1/nan 	3 10' 1/man 

N 
fk, concentration factor 
for iten k 

drinking water 	 0.2 	 - 
fish 	 400 	 30 
shellfish 	 30 
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Parameter 	 fresh water 	sea water 
5. ik, consumption rate for 

item k 
drinking water 	 440 1/a 
fish 	 1 kg/a 	6 kg/a 

shellfish 	 1 kg/a 

(c) 	Summary 

336. Table VII.5 summarizes the values obtained above for the 

collective dose commitments per unit of 137Cs activity 
released in airborne and liquid effluents. These are also the 
values of the collective effective dose equivalent cormaitments 
with Sv replacing Gy, since the quality factor is one and the 
dose is assumed to be uniform in all tissues. The largest 
collective dose commitments result from airborne discharges 
due to the external exposure and ingestion pathways. These 
estimates are for a generalized release situation, and 
substantial variations could be expected in site—specific 
cases. 

Table Vl1.5 

Suinmaryof Collective dose conumitisents per 

unit 	'Cs activity released 

I 0' 0 an Cv per Sq 

All tissties 

n.S 

External exposure 	 160 
Ingestion 	 80 

Inhalation 	 0.1 

Nod ear installations 

Release to sir a! 
External exposure 	 300 
Ingestion 	 200 

Inhalation 	 I 

Release to frssh water 
Fish 	 50 

Drinking water 	 10 

Release to salt waler 
Fish 	 0.08 
Shellfish 	 0.02 

a! Assuacs population density of 25 man km2. 
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VIII. RAtJN 

A. INTRODUCTION 

Radon is element number 86, but the term generally 
refers to the isotope '"Rn, the decay product of "'Ra. 
Other isotopes of radon, 'Rn and "'Rn, are generally 
referred to by their historical names, thoron and actinon, 
respectively. Radon has a half-life of 3.82 days and decays 
by alpha-particle emission to a polonium isotope  
which by further decay through isotopes of lead, bismuth, 
polonium and thallium ends the uranium ('"U) decay chain 
with stable lead ('"Pb). 

Radon is a chemically inert gas. It arises from decay 
of radium which occurs in soil and other common materials. 
Part of the radon produced diffuses into the surrounding 
environment. 

The short-lived decay products of radon, called radon 
daughters, are '''PO (3.05 mm), 	'''Pb (26.8 nm), 	''"Bi 
(19.7 mm) and ' "Po (1.6 lO"s). They become largely 
attached to aerosols in air and if inhaled they are partly 
deposited in the human respiratory tract. The radiation doses 
caused by inhalation of radon daughters in air constitute the 
main part of the natural radiation dose to man. The radiation 
dose caused by radon itself is minor by comparison with that 
of radon daughters. 

The levels of radon and radon daughters in air depend on 
the source and on the dilution in the air. 	The levels are 
normally higher indoors than outdoors. 	Reduced ventilation 
may cause radon released from building materials to build up 
in enclosed spaces. The radon levels may be very high in 
underground mines, particularly in uranium mines. 

B. SOURCES 

1. Outdoors 

(a) 	Natural radon 

The main source of radon outdoors is radium in the 
earths crust. The concentration of uranium and radium in the 
ground varies with the types of rocks and minerals. 	The 
concentration of radium in rocks and soil is often (but not 
always) the same as that of uranium. Fractionated dissolution 
and transport of uranium-234 and/or radium can cause breaks in 
the uranium chain [S21. 
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The total amount of radium in the outer 10 km of the 
earth's crust is of the order of 10 14  Sq. Most of the radon 
produced by decay of radium is physically attached to the 
radium-bearing material and only a small part diffuses out 
into the air. 	Other relatively less important sources of 
radon in air outdoors are plants, ground water, oceans , etc. 
The sources contributing to the total amount of radon are 
given in Table VIII.l. 	It is assumed that the radon 
exhalation rate from the land (soil) is 0.02 Sq m 2  5' 

and from the oceans is 70 pBq m' s " . The total 
production rate of radon is of the order of 1020  Sq a'; 
the equilibrium inventory in the atmosphere, determined from 
the total production rate divided by the decay constant 
(66.2 a') is estimated to be 1.5 10' 8Bq. 

Table 11131.1 

Sources of radon in the global atmosphere 

[H5) 

Source 	 Radon production 

per year (Bq) 

Soil 9 	10'' 

Plants end pround water C 2 	1014 

Oceans 9 00" 
Houses 5/ 3 10` 
Natural as 3 	10s 

Coal 2 10" 

a/ The value for houses is estir.ared in this documen r assuming 10' 
reforence houses (see Table Vt13.3). The true Value nay he between 

5 10"-10` Sq a. 

(b) 	Mines and nine tailin 

Sources of radon of local interest include the tailings 
from uranium and phosphate mining and milling and from 
geothermal power stations. 	The radon exhalation rate from 
tailings depends on the radium content of the tailings, on the 
emanation factor (fractional release of radon) and on the land 
reclamation (overburden). 	The radon exhalation rate from 
uncovered uranium tailings varies from 0.5 Sq m' s' or 
less to 10 Sq m 2  s' or more (59, u41. The thickness and 
area of the tailings per unit mass of uranium in the ore can 
also vary depending on the tailings engineering and therefore 
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the radon exhalation rate varies in the range of about 
10-100 Eq s' per Mt4(e)a [59, U41. By covering the tailings 
with a few meters of soil the radon exhalation rate is reduced 
by one to several orders of magnitude. The radon exhalation 
from tailings of phosphate mining and milling also depends on 
land reclamation and the type of ore. A range of exhalation 
rates of about 0.01-1 Eq n 2  s has been reported [Ri]. 
Geothermal power stations may cause radon releases into the 
air by releases of radon from the water which is de-
pressurized at the surface. A radon release of the order of 
10" Eq per MW(e)a has been reported fM31. The radon 
release from coal-fired plants is 3 to 4 orders of magnitude 
less. 

344. The sources of radon in underground spaces like mines 
are radiun in the rock and minerals of the mine and radon in 
water. The total release of radon into the mine depends on 
many factorst the uranium-radium concentration of the ore; 
the number and size of cracks in tne ore; the isolation of 
abandoned spaces; the random concentration and amount of 
water; the isolation of water; and the ventilation system 
principles. 	By using a normal range of total ventilation 
rates (b--bOO m' 	1)  and a normal radon concentration 
(0i-10 kBo m 3)  the range of radon release into the mine 
may be 	estimated 	at 	1-10 4  kBq 	sfl'. 	 Since 	there 	is 
cormally an inverse proportionality between radon 
concentration anH ventilation rate, lower ventilation rates 
are more often related to higher radon concentrations and vice 
versa. There is also a radon release from the mine to outside 
air and it can be compared with the radon release from 
uncovered tailings. Mining of 100 tonnes uranium per year 
results in 5000-15000 m 2  of ecUings per year depending on 
the percentage of uranium in the ore and the tailings 
engineering. The radon release will be n the range of 1-10 
kBq sfl'. 	 In non-uranium mines r.n.don-rich water is often a 
significant source of radon to the mine [S51. 	The radon 
concentration of the water may be 	in 	the range of 
100-1000 kBq ui. 

2. Indoors 

(a) 	Building materials 

245. Radon in houses comes from building materials, the soil 
unoer the house, the water and the domestic gas. Radium 
conccntracions in building materials have been investigated. 
The data indicate that some materials such as aerated concrete 
with alum shale and phospho-gypsum from sedimentary ores have 
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significantly higher radiun concentrations than others and 
cause enhanced radon concentrations indoors. If these 
materials are excluded, the average concentrations of radium 
in building material is about 100 Eq kg'. Materials with 
low activity are wood, natural gypsum, sand and gravel. The 
radon exhalation rate from walls, floors and ceilings is 
dependent on the radium concentration, the emanation power, 
the diffusion coefficient in the material and the qualities 
and thickness of any applied sealant on the surfaces. 

346. 	The radon exhalation rate from uncovered building 
materials varies by several orders of magnitude from about 
10" Eq m s ' (gypsumboard, fiberboard, chipboard, 
bricks) to (0.1-10) 10" Eq n" s' for concrete of 
different origins and qualities [J5, P3, S17, M8, W31. The 
radon exhalation rate per Eq Ra/kg varies less, e.g., 
(1.6 ± 0.88) 10" Eq m" 5 "  per Bq Ra/kg for some 
building materials in the Federal Republic of Germany [w3]. 
If the same values are normalized to an emanating power of 1%, 
the radon exhalation rate is (4.4 ± 1.9) 10" Eq m" 
5" per Eq  Ra/kg per percentage emanating power. In the 
first case the standard deviation is 54% and in the last case 
it is 43%. By painting, plastering or application of 
wall-paper on the wall the radon exhalation may be reduced by 
less than a factor of 5 [W3, MB]. 

(b) 	Soil 

347. The contribution of radon from the soil into a building 
depends on the thickness and tightness of the base structure. 
The exhalation from the soil is of the order of 10" Eq 
m" s" and a concrete floor in cellars should normally 
reduce the radon exhalation from soil into the building by a 
factor of 10 or more. Even so, radon from soil may contribute 
significantly to the radon concentrations 	in a house, 
particularly in the cellar and in wooden houses. 	In some 
areas houses are built on natural uranium deposits (Canada) 
[L2, K2), on phosphate-related land (Florida, U.S.A.) [U3, 
U13] • on waste products from uranium industry (Colorado, 
U.S.A.) [C6] , and on waste products from alum production from 
radium-rich alum shales (Sweden) [S22]. In these cases the 
radon exhalation rate may be several orders of magnitude 
higher than from normal soil. 

(c) 	Water 

348. Another source of radon in a house may be radon-rich 

water. 	The relative radon release depends on the use of 
water. Boiling and splashing of the water increase releases 



- 147 - 

and consequently the highest radon releases occur 	in 
washrooms, at shower-baths and in the kitchen during cooking. 
The resultant radon concentration in a house depends on the 
amount of water used, the volume of the house and the 
ventilation. Several studies have been made to estimate the 
relative significance of radon from water [p1, C2, Nil, and a 
typical value of the air-to-water radon concentration quotient 
is about 10 . Heasurenents of radon in water are most 
often made in areas with suspected high concentrations because 
of uranium deposits and estinates of the weighted average 
radon concentration in water for a country are rare. 

349. Population-weighted average concentrations of radon in 
drinking water have been estimated for a few countries and are 
found to be 40 kBq m 3  in Finland [AS, C3], 7 kBq m 3  in 
Sweden [S8] and 0.4-4 kBç m' in the Federal Republic of 
Germany [M9]. The corresponding radon release into a house 
can be estimated by assuming a daily use of 500 1 per person 
and 10-100% relative release from the water. 

(d) 	Natural gas 

350. Natural gas containing radon may also be a source of 
radon in houses. Gas is transported as purified gas in long 
transmission lines and distributed to the hones or bottled 
under pressure as propane for sale as liquified petroleum gas 
(LPG). The radon concentrations in natural gas at the 
production wells are found to vary from undetectable values up 
to about 40 kBq rn' [1112, 561. During supply, transit, 
storage and delivery the radon concentration decreases to an 
approximate average of the order of 1 kBq m for both 
natural gas and LPG (in U.S.A.) [012, Bi, clJ. 

(e) 	Summary 

351. The relative contribution of different radon sources to 
the total radon input in a house is estinated in Table VITI.2 
with some typical values of radon concentration and releases. 
The radon in outside air is brought into the house by 
ventilation. The volume of the house is assumed to be 
200 n 3  and the inner surface area 350 m'. 
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Table 9111.2 

TOe, relative s 	rtificunco of differen tr.irinn sourceS 

rotercilce house 

Source 	 laden flux 	Comments 

Building material 	 70 10' 	Emanati on rate 2 10 	Eq tt's 

Water 	 4 10' 	1000 1 d 	and $ kBq e 5 , 1007 releaSe 

outside air 	 9 10 1 	gad on tone ent ration on tdoots 0.004 IcBq 
m' ventila tioo rate 0.5 per hour 

Natura I gas 	 3 10' 

Liqi,ified petrot Sum gas 0.2 10' 

C. 	BEHAVIOUR IN THE ENVIRONMENT 

Release from soil 

(a) 	Emanation 

352. 	The mechanism of radon rwre u• 	itue - --- - cii and 	h 
materials is not very sell tonderstoon and is robab1y not 
always the same. The main physical phenomena are recoil and 
diffusion of the radon atom through imperfections of the 
crystalline structures of the radium-bearing particle followed 
by a secondary diffusion, which depends on the porosity of the 
material [AlJ. High porosity increases the diffusion rate. 
The release rate from a material depends also on its moisture 
content: if the moisture content is very low the radon 
release is decreased by the effect of re-adsorption of radon 
atoms on surfaces in the pores. If the noisture content 
increases slightly, the radon release increases up to a 
certain moisture content, above which the release of radon 
decreases again owing to a decreasing diffusion rate in water 
filled pores [M7]. 

(b) 	Diffusion 

353. Once radon has entered the air or water surrounding the 
emanating radium-bearing particle, 	it is 	transported by 
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diffusion, earth-mechanical and convective flow, percolation 
of rain water and flow of ground water. The diffusion 
mechanism can be expressed by the equation 

— 	 Cx  = C. exp 

where Cx  is the radon concentration at distance x in air or 
water fcon the emanating surface; C 0  is the radon 
concentration at the surface; ID is the diffusion coefficient 
(gas kinetic) and A is the decay constant [C2]. The 
diffusion constant P is about 102  cm 2  s' in air and 
io cm 2  s '  in water. This means that it takes on the 
average about 13 days for a radon atom to diffuse 5 m in air 
or 5 cm in water. 	In that time the radon would decay by 
almost a factor of 10. 	Accordingly, long distance transport 
of radon in air and water mainly depends on the other 
mechanisms mentioned above, which are the transport of air and 
water itself. 

(c) 	Exhalation 

The radon concentration Cc  in soil air at depth x 
below the surface depends on the diffusion coefficient D, the 
emanating factor a (o < a < 1), the fractional pore space 
of the soil f, the radium activity concentration Cr  (per 
unit volume of soil) and the decay constant of radon 
according to the equation JI] 

a . C 
Cr 
	

- 

The exhalation rate is expressed by the equation [jl] 

d(C ) 
R 	0 [_±_ dx

] 
 x-

-  
o 

The combination of the aI 

A a C 

R = 
	r 

If a 	0.1; Cr = 0.07 
5 	 A 	= 	2 	10 	s fl ', 
Eq m' s' 

ove two equations gives 

Eq cm'; f = 0.3 and 0 	0.01 cm' 
the exhalation rate R is 3 10.2 

The diffusion rate and thereby the exhalation rate is 
influenced by meteorological factors such as rainfall, 
snowfall, freexing and variations in atmospheric pressure. An 
increase in these parameters will decrease the exhalation 
rate. Measured values of radon exhalation rate from soil vary 
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between about 0.0002 and 0.07 Eq m 2  s 	[G2, Wi]. 	The 
radon exhalation from sea water per unit area and time is 
about two orders of magnitude less. 

2. Dispersion in air 

The dispersion of radon in air is influenced by the 
vertical temperature gradient, the direction and strength of 
the wind and the air turbulance. 	The dispersion of radon 
daughters is also influenced by precipitation. 	The vertical 
distribution of radon and its daughters in air can be 
calculated from the following system of differential equations 
[32]: 

a... (K—Cl dz
- A 1  C 1  = 0 

C 
- (K-1-) + A 	

i 
C 	- (A + A) C 	= 0 

i dz 	dz 	-i 	-1 	
. 	. 

where C1 is the concentration of radon atoms in air at the 
height z; nj is the concentration of radon daughter i in 
air at the height z; A1 is the decay constant of radon; 
Ai is the decay constant of radon daughter i; A is the 
removal rate of radon daughters caused by washout and 
rainout. Boundary conditions to the above equations are 

C(z0) = 0fori>landC(z -.=) = Ofori = 1,2,3,... 

By assuming a constant radon exhalation from an infinite plane 
(ground surface) which equals the radioactive decay of the 
total radon content in the atmosphere it is possible to solve 
the first two equations in this paragraph, which in 
combination with different values of the turbulent diffusion 
coefficient K [31, 321 give the vertical distribution of radon 
and radon daughters for different atmospheric stabilities. 

Measured values of the relative distribution of radon in 
air are shown in Figure VII1.I. Although measured values in 
this case are found to follow the predicted vertical 
distribution fairly well, the models described above should 
only be taken to serve as rough guidance for the prediction of 
radon daughter levels. The varying radon exhalation rate on 
land and on sea and varying meteorological conditions may 
cause distribution patterns different from those predicted by 
the model, 	 — 
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Figure VIIL.I Radon concentration at different altitudes over the Yukon 
Valley in Alaska. The figure represents the average of 12 

	

ieeasureaents over the Gulf and Alaska. 	The solid curve 
represents the theoretical profits for an exh,ala non 
0.33 a tomcm' s' and a stonginvoraion. 	The broken 
curve is representative of tlseoretica 1. profiles with noraa 
conditions uf turbulence. 	[LI] 

At 	ground 	level 	the 	tine—variation 	of 	radon 
concentrations depends on the variation of the radon 
exhalation rate and of the vertical dispersion of radon. The 
effect of increased vertical dispersion of radon by turbulence 
during spring, as compared with autumn, outweighs the greater 
exhalation rate of radon during late spring and summer, as 
compared with auteunm and winter. 	The overall effect is a 
seasonal variation of the radon concentration at ground level 
with a minimum in the spring and summer and a maximum in the 
autunm and winter observed in several measurements [Ml, 82, 
R2, Me]. Diurnal variations of the radon concentration in air 
at ground level also occur because of different varying 
turbulent mixingt the concentrations are maximum in the early 
morning and minimum in the afternoon. 	The variations are 
generally less than one order of magnitude [R2, J31. 

For estimation of the dispersion of radon released from 
a point (for instance, a geothermal plant or a mine 
ventilation outlet) the most conrnonly used statistical model 
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is the Gaussian plume equation [S18, P2, G41. 	The estinated 
concentrations at different distances are therefore dependent 
on local neteorological conditions, terrain roughness, etc. 
However, in the case of a continuous release, the dail) 
variations are snoothed out and an annual average is obtained, 
which differs from place to place only according to persistent 
and substantial local differences. 

The dispersion of radon released from extended sources 
like mill tailings can be estimated from dispersion formulas, 
assuming the extended source to consist of a number of small 
point sources. The relative concentration of radon released 
from a point source is approxinately inversely proportional to 
the p-power of the distance d from the source. 	If the 

concentration Cd  at distance d is expressed relative to the 
concentration 	Cl 	at 	the 	reference 	distance 	d1 	the 

expression is 

Cd 	
(d)P c1 

The formula approximately gives the relative concentration at 
distances more than 1 km if the reference distance d1 = 1km 
and p = 1.2-1.5. 

The dispersion and relative vertical distribution of the 
radon daughters in air mainly follow the behaviour of radon. 
Owing to deviating atmospheric parameters for radon daughters 
as compared with radon (e.g., precipitation by rainout and 
washout) there is seldom equilibrium between radon daughters 
and radon and between the different radon daughters. 	The 

long-lived decay products of radon (2 I IL  'Bi and 
210po) behave in the troposphere as aerosols with residence 
times of the order of ten days and more. Because of their 
long physical half-life there is no simple correlation between 
these nuclides and radon. 

3. 	Indoor behaviour 

For closed spaces 	(e.g., a nine or a house) a 

theoretical correlation may be established between radon 
concentration in air and radon input (exhalation and transport 
by inlet air) and ventilation rate. The change of the radon 
concentration in the enclosure is given by the following 
equa t ion 

d C(t) 
R () ++ C0A - C(t) (x + A) 	 - 

dt 
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where C(t) is the radon concentration in the air at the time 
t; 	R is the radon exhalation rate from unit surface in the 
room; 	S is the emanating surface area; V is the volume of 
the space, Ak is the radon release from the source (water, 
gas); Co  is the radon concentration in the inlet air; 
A,,, is the ventilation rate (h'); and A is the decay 
constant of radon. 

At equilibrium the radon concentration in the enclosure 
is 

R) 	
Ak 	C A - +- 
V
.--+ 0 V 

A+ A 
V 

In homes 0.1 	< A, 	< 3 h', 	and since 	A = 7.6 	10' 
h' and A 5  >> A, the above equation takes the form 

s 	Ak 
RH7) + 

+ C 
A 	o 

As long as 	A 5  >> A and C,, 	is negligible, the radon 
concentration indoors increases in direct proportion to the 
decrease in ventilation rate. 	As 	the ventilation rate 
increases 	from 0 to 	0.1 	and 	to 	1 	h', 	the 	radon 

' 	concentration decreases by factors of 13 and 10, respectively. 

In view of the strong influence of the ventilation rate, 
there are great variations of the radon levels as the 
effective ventilation of a room is changed. This is caused by 
meteorological conditions (wind, pressure, temperature) and by 
human activities like opening doors and windows. There may be 
variations of the radon concentration in air caused by changes 
of the radon exhalation rate from surfaces, which in turn can 
be caused by changes of atmospheric pressure [j&J. 	Diurnal 
variation in houses have been studied in several long—term 
measurements [611, Dl, S21, 114 5  J7, 612, M6] and variations of 
the order of ten and more may occur. Maxima during the night 
and early morning and minima at noon are usually found, but 
for several reasons that is not always the case. Only a few 
studies have been reported on the seasonal variations of radon 
concentration indoors. The variations of the monthly averages 
are found to be less than a factor 3 [Fl, 613]. 	Examples of 
measured variations of radon concentration in houses are shown 
in Figure 1JUl.11 [Mb]. 
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365. 	In mines and other underground spaces there are also 
diurnal and seasonal variations of the radon concentration. 
The diurnal variations are most often minor if the ventilation 
is unchanged by the seasonal variations may be large with 
naxina during the summer and minima during the winter. This is 
caused by the change from winter to sunmer in the temperature 
gradient from outside to inside the mine (Figure VJII.III). 
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Figure VttI.III sad On concentration in the return air of Persberg Mine in 

Sweden measured once a week. ]S1) 
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4. 	Radon daughter concentrations 

(a) 	Concentration expression 

- 	366. The concentration of radon daughters can be expressed in 
terms of their activity or of their potential alpha energy, 
the latter being the total alpha energy enitted during the 
decay of the atoms present down to '"Pb. For any mixture 
of radon daughters in air the potential alpha energy is the 
sum of the potential alpha energy of all daughter atoms in the 
air. A unit of exposure which is used in mines is the working 
level (WL). It is defined as any combination of short-lived 
radon daughters per litre of air that will result in the 
enission of 1.3 10 5  MeV of alpha energy in their decay to 
2 1 °Pb. 

Another quantity of interest in connection with radon 
daughters is the equilibrium factor F defined as the ratio of 
the total potential alpha energy for the given daughter 
concentration to the total potential alpha energy of the 
daughters if they are in equilibrium with radon. If the unit 
WL is used, the equilibrium factor F can be calculated as 

F 

where C 	is the potential alpha-energy concentration in WL 
of radon daughters; C is the radon activity concentration in 
Eq l; and a is a constant (a = 3.7 Eq l'/WL). 

For a room having a known ventilation rate A 	(air 
changes per hour) it is possible to calculate the equilibrium 
factor F. 	The relationship between F and X is shown in 
Fi gure virr.rv. 

The product C x F, where C is the radon concentration 
and F is the equilibriun factor is called the equilibrium 
equivalent concentration of radon (EEC); it corresponds to a 
concentration of radon for which the radon daughters in 
equilibrium with radon have the same potential alpha energy as 
the actual daughter concentration of interest. 

(b) 	Attachment 

370. The radon daughters in air may be unattached (free atoms 
or ions) or attached to aerosols. The first daughter, 
'' °Po, is at the time of fornation an unattached ion or 
neutral atom. But within a few seconds most of the '"Po 
becones attached to an aerosol and the subsequent decay 
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products SI  Po and 114Bi are therefore to a great extent 
attached to aerosols at their formation. 

The attachment rate of a free radon daughter depends 	—. 
therefore on the number and size distribution of the aerosols 
in the air. These parameters vary in different rooms and will 
thus affect the attachment rate. 	In a house with normal 

aerosol 	concentration 	( 	10 1 	cm ° ) 	and 	size 
distribution, the attachment rate will be about lO 
i.e., the mean life of the free radon daughter will be about 
100 S. 	In a mine with higher aerosol concentration the 
corresponding values may be about 0.3 s - 	and 4 
respectively. 

Radon daughters in room air will also attach to the 
surfaces in the room. The deposition rate for radon daughters 
attached to aerosols is dependent on the diffusion rate of the 
aerosols and the proportion between the surface area and the 
volume of the room. 	If that proportion is 2 m, the meaT' 
life of the attached radon daughters (as far as deposition is 
concerned) is of the order of one hour. 	Unattached radon 
daughters have nuch higher diffusion rate than aerosols and 
therefore 	the 	deposition 	rate 	is 	also 	higher. 	The 

corresponding mean life is of the order of one minute. 

The fraction of unattached radon daughters in room air 
is also dependent on radioactive decay and ventilation rate. 
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With given values of the attachment rate of free atoms and 
deposition rate of unattached atoms, the fraction of 
unattached daughters in air increases with increasing decay 
constant and ventilation rate. This means that the fraction 
of unattached 	.lBp0  atoms 	(A = 13.6 h') 	is normally 
higher 	than, 	e.g., 	that 	of 	21 "pb 	(A 	= 	1.6 	h'). 
Measured values are in the range of 1-30Z. 

(c) 	Equilibrium variations 

ventilation and deposition to surfaces both prevent the 
radon daughters reaching equilibrium with radon in air. Only 
the dependence of the equilibrium factor on the ventilation 
rate was considered in Figure vIrT.Tv. 	However, because of 
deposition, measured values of the factor F are often lower 
than the predicted value from Figure vIII.Iv. 	The deviation 
is larger in air with low aerosol concentrations. 	An 
approximate expected value of F is obtained by multiplying the 
value in Figure VIrl.Iv by 0.5. 

Measured values of F in houses show great variation 
mainly due to differing ventilation conditions. 	In the 
UNSCEAR 1977 report [U12] an average value of F for houses of 
0.5 was adopted. 	In outdoor air the equilibrium factor is 
also dependent on meteorological factors. 	Measured values 
indicate an a\erage value of 0.6, vhich was used by UNSCEAR in 
its 1977 report. For uranium mines with good ventilation a 
factor 010.3 may be appropriate. 

	

0 	1 1<JnbFEI( 10 MAO 

Too orcsfur 1 a nan of radon and radon daughters occurs 
from the inhalation of air. A n'g1igihie amount arises from 
decay of radium in ingested food and water. From a dose 
standpoint, it is most important to know the intake amount of 
radon daughters in air. 

The amount of radon daughters inhaled depends upon the 
concentration in air and on the breathing rate. The breathing 
rate varies with different levels of physical activity and 
age. 	For the adult, the average breathing rates are 20 1 
mirr' during light activity, 7.5 1 'em' resting and 12.5 
1 min ' for intermediate activity 1ilJ. 

To compute the average air intake rate, it will be 
assumed that the time spent indoors per day (19 h) consists of 
5.5 h light activity, 8 h resting and 5.5 h intermediate 
activity. The time spent outdoors (5 h) is assumed to consist 
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of 2 h light activity and 3 h intermediate activity. 	This 
gives estimated intake rates of approximately 15 m' d' 

indoors and 5 m 3  d' outdoors. 

The deposition of radon daughters in the respiratory 
system depends on the size distribution of the aerosols to 
vhich they are attached and on the fraction of unattached 
radon daughters. 	The deposition is also influenced by the 
manner of breathing. 	The attached radon daughters are 
deposited in the pulmonary region. Rowever, the deposition is 
not 100 per cent. Some is exhaled and some is transported by 
mucus before decay. An approximate value of the fractional 
retention may be about 50'J [U12J but great variations have 
been reported. 

The unattached radon daughters are mainly deposited in 
the upper respiratory tract. 	The efficient deposition of 
unattached daughters has been experimentally verified in a 
model lung by Chamberlain and Dyson [c4]. 	However, a major 
part of the unattached daughters is removed by nasal 
deposition [1112]. 

E. 	DOSIMETRY 

Dose oer unit exposure 

The doses of radon gas in air are negligible in 
comparison with those of the daughters. 	On rare occasions, 
when there is a great disequilibriun between radon and radon 
daughters, the relative contribution from radon to effective 
dose equivalent could be significant. 

Inhalation of radon daughters leads to inhomogeneous 
irradiation of the respiratory tract. 	The maximum dose is 
received by the basal cells in the epithelium of the upper 
bronchi in the tracheobronchial region of the lungs due to 
deposition of unattached radon daughters. Normally, the 
fraction of unattached radon daughters in air is snail (a few 
per cent). Attached radon daughters are nostly deposited in 
the pulmonary region. 

Jacobi [J3] has calculated the doses from radon 
daughters to the tracheobronchial region of the lung (assumed 
mass 45 g) and to the pulmonary region (955 g) as a function 
of the unattached fraction, f, of the potential alpha energy. 
The absorbed energy fractions are 0.03 (1 + of) joule in the 
tracheobronchial region per joule inhaled and 0.38 (1 - f) 
joule in the pulmonary region per joule inhaled. Total energy 
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absorbed in the lung, reflecting deposition and clearance for 
an average aerosol size and breathing rate is of the order of 
40%. 

The value of the unattached fraction, f, of radon 
daughters in air is usually in the range 0.02 to 0.1 [U12). 
For a mean value of 0.06, the absorbed doses in the lungs are 
0.9 Cy per joule inhaled in the tracheobronchial region and 
0,4 Gy per joule inhaled in the pulnonary region. 

The dose equivalent is obtained by multiplying by a 

quality factor, which for alpha radiation is 20. 	The 
effective dose equivalent is obtained by multiplying by the 
tissue weighting factor, which for the lungs is 0.12. It 
might be appropriate to apply a weighting factor of 0.06 to 
the dose equivalent to the basal cell layer of the tracheo-
bronchial region and 0.06 for the pulmonary region. The 
contributions to the effective dose equivalent to the lungs 
per unit energy inhaled are thus 1.1 Sv J' (tracheo-
bronchial region) and 0.5 Sv J (pulmonary region). 

The dosiaetry of radon daughters in the lungs is, at the 
moment, under review. The conparisons of various dosimetric 
models may lead to recommendations for adjustnents of some of 
these results. For this report a value of 1,6 Sv per joule 
inhaled will be used for the total effective dose equivalent 
to the lungs, applicable to exposures indoors and outdoors and 
also to occupational exposures in mines. 

The potential alpha energy of an atom in the decay chain 
of radon is the total alpha energy emitted during decay of the 
atom up to 210Pb. 	Dividing by the decay constant of the 
radionuclide gives the potential alpha energy per unit of 
activity. The values for radon and its short-lived daughters 
are given in Table VIII.3. 

The measured concentration of radon in air must be 
multiplied by the equilibrium concentration (EEC). For an EEC 
of 1 Bq m 3  and a breathing rate of 20 m 3  d 	(1300 n' 
a'), the effective dose equivalent rate is 

1 	7300m3 34500 MeV 1,6 	0 13 _L 1.6 	6 10 	Sv a' m 	a 	 NeV 	3 

The 	effective 	dose 	equivalent 	per 	unit 	integrated 
concentration of radon in air is 6 10 5  Sv per Be a 
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Table VITI.3 

potential alpllneTw)iranon a n d sliortl ivoil decay prndi:ct  11 

Radionuc!ide 	 Energy pera torn 	Energy per unit 

51eV) 	 activity 01ev 59 '1 

222 Rn 19.2 0.15 	' 
21 	Po 13.7 3620 
2 	p5 7.69 17800 
2  7.69 13100 
2  7.69 0.002 

Total a/ 34500 

a! The total i.s th esurno f the ontentlat energies of toe uauehrc-s only 

389. 	In terms of WLN for occupational exposures, the 
potential alpha energy inhaled is calculated as follows: 

1.3 102 MeV1' 1200 L 170 t 1.6 ilev 

= 4.2 to 	J (WLM)' 
-yhere 6"e breathing rate is 1200 1 h' (20 1 nin') during 
an 0 cc worlcsng day. The effective dose equivalent per unit 
exposure Is 

4.2 lO 	1.6 	= 7 lO 	Sv (W121) 
WIN

The results are summarized in Table VTIT.4. 

Table VITt.4 

Effective dose eau]vatenr per unit exposure from 

shott-lived radon decay products 

public (indoors and outdoors) 	5.80 	Sv (En a  

yorkers 	 7 10' Sv (5101) - 	 — 
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The effective dose equivalent caused by inhalation of 
radon without daughters at a concentration of 1 Sq m' is 
about 7 io' Sv a' [H81. 	This is only about one per cent 
of the effective dose equivalent caused by inhalation of radon 
daughters in equilibrium with radon. 

Radon in water may cause a radiation dose to nan by 
ingestion of water and by inhalation of the radon daughters 
produced by decay of the radon released to air. Consumption 

of 0.5 1/day of radon—rich water with a radon concentration of 
1 kBq l' will lead to an effective dose equivalent of 0.5 
msv a' (by ingestion) [810]. 

The levels of radon have been neasured repeatedly in 
different places of the world. The levels found in outdoor 
air vary between about 0.1 to 10 Sq m', lower values having 
been found over oceans and islands, higher values over 
continents. For the estimation of an average dose equivalent, 
a radon concentration in air of 3.7 Bq n 3  night be used, 
corresponding to an equilibrium equivalent concentration of 
2.2 Bq m 3  (equilibriun factor = 0.6), 	If it is assumned 
that people are outdoors 20% of the time as an annual average 
(i.e., the occupancy factor is 0.2) the corresponding average 
effective dose equivalent would be 1.5 102  nSv per year 
from radon daughters. 

In houses the radon levels may be high because of 
radium—rich building materials 	and/or poor ventilation. 
However, normal values are of the order of 10 Sq n 3 . An 
inhabitant—weighted average value for countries in which 
conprehensive measurements have been carried out is an 
equilibrium equivalent concentration of radon of 14 Sq '. 
Using the effective dose equivalent per unit exposure given in 
Table VI1I.4 for the public, 0.06 msv (Sq a 3)I, and an 
occupancy factor of 0.8, an equilibrium equivalent 
concentration of 14 Be or 3  will correspond to an effective 
dose equivalent of 0.7 msv per year. A sumary of the dose 
estinates for indoor and outdoor exposures is given in Table 
VIlI.5. 

2. 	Dose per unit release 

Estimates of the dose per unit release of radon are 
quite variable, depending on the location of the release, the 
population density, and the conditions of the dispersion. The 
most generalized estinates of the collective effective dose 
equivalents to the world population (4 IO person) may be 
made by combining dose values of Table VIII.5 with the total 
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Table '/111.5 

Average effective dose equivalent from inhalation 	 - 

of radon daughters in air 

Equilibrium 	Occupancy 	Dose factor 	Effective 

equivalent 	factor 	(msv per eq 	dose 

concentration 	 a m') 	equivalent 

(eq m') 	 (msv a) 

Outdoors 	 2.2 	 0.2 	 0.06 	 0.03 

Indoors 	 14.0 	 0.8 	 0.06 	 0.7 

amounts of radon released of Table vIIl.l. For a release of 
radon outdoors (1020  Bq a 1  wordwide) the estimate is 1 
10' man Sv per Bq, and for a release indoors (3 10" Bq 
a' world-wide) the result is 9 10" man Sv per Bq. 

395. Releases of radon from nuclear installations result from 
mining and nilling operations and from the residual tailings. 
These generally occur in areas of low population density - 
from 3 nan km 2  in mining areas to about 25 man km 2  
around the mills [U12]. The local collective dose per unit 
release can be estimated by an integration over the distance 
from 1 to 100 kin, assuming an atmospheric dispersion factor of 

5 io' s m 2  at 1 km from the release and a reduction in 
concentration inversely proportional to the 1.5 power of the 
distance expressed in kilometres [U12J. Using the dose factor 
of 0.06 mSu per Bq a m 5  and population densities of 3 and 
25 nan kn 2 , the range of estimates of the collective 
effective dose equivalent conmiitment is 3 10" to 3 10" 
man Sv per Bq. This does not yet account for limited outdoor 
occupancy. Thus • an average estimate of the collective dose 
per unit release is roughly the same as the generalized 
estinate obtained above for an outdoor release, namely 1 

10" man Sv per Bq. 
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B. 	SOURCES 

1. 	Nuclear exolosions 

The major source which has introduced plutonium into the 
environment has been atmospheric nuclear testing. 	Of nearly 
1.5 10" Bq of 211, 2 'Pu activity released, about 1.2 
10 "  Bq has been dispersed and deposited world-wide fH21. 
The remainder has been deposited locally at the sites of the 
tests. The amount deposited in the northern hemisphere, where 
most of the tests were conducted, was three times that 
deposited in the southern hemisphere. 

The anounts of the globally dispersed plutoniun isotopes 
produced in all nuclear tests are listed in Table IX.2. Of 
the total mass of plutonium released world-wide (4 10' g), 
962 is comprised of 2 ' 9Pu and ''"Pu. 	These two isotopes 
are not separately distinguished in alpha spectrometry and the 
combined amounts are usually reported. 	The production data 
and also analysis of environmental samples indicate that of 
'' ''"Pu total amounts, 852 by mass or 602 by activity is 
due to "'Pu. 

Table IX.2 

Prod action of global! v dispersed p lu ton urn isotopes 

a trnos pile tic nut I ear testing 

Specific 	 Amount produced 

isotope 	Half-life 	activity  

Ia) 	 (Sq/g) 

Activity (Bq) 	Mass (t) 

'''Pu 87.74 6.3 	10" 3.3 	10'" 0.00051 

15 9
Pu 23065 2.3 	10' 7.4 	101s 3.26 

"'Pu 6537 8.4 	10' 5.2 	IO 
0.59 

14.4 3.8 	io 1.7 	10'' 0.041 

"
2
Pu 376000 1.5 	108 1.6 	10'' 0.11 

Most of the alpha activity of plutonium produced in 
nuclear 	explosions 	is 	due 	to 	's'., '"'Pu. 	'"'Pu 	is 	a 
beta-emitter which decays 	to 2 "Am. 	Little 	'"'Am was 
produced directly in the tests, but the activity amounts are 
accumulating in the environment as 	'"'Pu decays. 	The 
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activity of fallout 24 'Am in soil is currently about 25% of 
that of 	'''Pu. 	Decay of '''Pu this far and subsequent 
decay will result in a total production of 	'''Am from 
nuclear tests of 5.5 10" Eq [B41. 

2. 	Nuclear fuel cycle 

There are about 240 nuclear reactors used to generate 
electric power throughout the world. Upon fuel discharge, for 
each MW(e)a of electricity produced, it can be calculated that 
1.2 10 "  Eq of 239, '''Pu are produced, 4.0 10 1 ' to of 
'''Pu 	2.1 10" Eq of '"'Pu and 2.8 10" Bq of '''Am 
[H4, K1]. 	Generally more than half of the '''Pu produced 
during reactor operation undergoes fission, thus contributing 
to the energy produced by the reactor. Routine operation of 
the reactors probably has not resulted in the release to the 
environment, world-wide, of more than trace amounts of 
plutonium and americium. 

Discharge of plutonium to rivers and oceans from fuel 
reprocessing plants can be much more significant. It has been 
estimated that 0.1-1% of the plutonium throughput is released 
in liquid effluent from the Windscale plant in the U.K. [Ml]. 
Little plutonium is released to the air from reprocessing 
plants. 	For example, it has been estimated that future 
reprocessing activities may result in the airborne release of 
about 40 to 4000 Sq of plutonium and 4 to 40 Eq of americium 
per MW(e)a IKl]. 

3. 	other sources 

processes involved in the production of nuclear weapons 
have resulted in the release of plutonium to the surrounding 
environment. Releases occur from fabrication and particularly 
from reprocessing plants. Leakage from an oil storage area at 
Rocky Flats plant in Colorado resulted in release of about 2 
10 11  Eq of 	'''Pu, half of it offsite but in the near 
vicinity of the plant. 	At Mound Laboratory in Miamisburg, 
Ohio, 4 10" Eq of 219p,j were washed into an abandoned 
canal and another 2 10" Sq was estimated to have beer. 
released to the air. Plutonium has been released to onsite 
disposal areas at several laboratories. 

A few accidents involving nuclear weapons have beer 
reported that introduced plutonium into the environment. The 
crash of an airplane at Thule, Creenlond resulted in about 
9 10'' Sq of plutonium being deposited on the shore and in 
the bottom sediments. A much smaller quantity is believed to 
have been carried by winds away from the accident site [Fl] 
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IX. PLUTONIUM 

A. INTRODUCTION 

._. 	396. Plutonium, the element of atomic number 94, is a member 
of the actinide series of elements, those of atomic number 89 
(actinium) through 103. The actinide elements have similar 
chemical properties and are also sinilar to the lanthanide or 

rare earth elements of atomic number 57 (lanthanum) through 
71. The actinides are considered a second rare earth series. 
Elements beyond uranium (atomic number 92) in the periodic 
table are called transuraniun elenents. Some environmental 
information on another transuranium element, anericium (atomic 
nunber 95), is also available and will be considered here. 

397. Plutonium occurs naturally in very small quantities. It 
is formed continuously in uranium ores by neutron capture, the 
neutrons being produced by spontaneous fissioning of uranium. 
The uppermost layers of the earth's crust contain a few 
kilograms of '''Pu and about the same anount of primordial 
ZkkPu. Plutonium naturally occurring can only be detected 
in the richest uranium ore. 

398. 	The most important of the 15 plutoniun isotopes, 
2 "Pu, has a half-life of 24065 years and is produced from 

--- 	uraniun in nuclear reactors: 

238 	239 5 239 	9 239 
U (n,y) 	U + 	Np 	Pu 

One of the plutonium isotopes, 	'''Pu, decays by beta- 
particle emission with a 14,4 year half-life to americium-241 
which has a half-life of 432.2 years. The decay properties of 
'''Pu, 	Sp 	'"Pu, 	'"'Pu, 	and 	 are 	listed 	in 
Table IX.l. 	Anericiun is produced by successive neutron 
capture reactions by plutonium isotopes in a reactor: 

239 	240 	241 	9 241 Pu (n,y) 	Pu (n,y) 	Pu + 	An 

399. Plutonium can exist in four valence states in aqueous 
solutions: III,IV,V and VI. The IV state is the most common 
under physiological conditions where it will exist in solution 
only as a strongly complexed ion. Weak complexes of Pu(IV) in 
neutral solutions will forn polymeric hydroxides. Plutonium 
oxidizes rapidly and, thus, the very insoluble PuO2 is the 
most common forn in the environment, although Pu(VI) has been 
reported in oceans [Ni] and drinking water [Ll]. Some 
plutonium will be compiexed with biological ligands and 
incorporated in micro-organisms or in plant or aninal tissues. 
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Americium can exist in three valence states in aqueous 
solutions: III, IV and VI. The trivalent state is the stable 
forn under physiological conditions. The most common oxide is 
Ani02, which is more soluble than Pu02. 	Americium appears 
to be more readily incorporated into biological materials when 
dispersed to the environment than is plutonium. 

Plutonium isotopes, 	238pu, 239Pu and 2 ' °Pu and the 
americium isotope 2  "An emit alpha radiation. Since the x 
rays accnnpanying the alpha emissions are low energy, 
concentrations of these isotopes that night occur in the 
environment would not cause biological effects unless they are 
incnrporated in biological material. Deposition in the lungs 
and absorption from the gastro-intestinal tract following 
ingestion are the most important routes of entry into the 
bodies of aninals and hunan beings. 

Table IX.I 

Decay information for piotonium and cunericiun isotopes 

Isotope 	Half - life 	Decay mode 	Energy 5/ 	Intensity 

	

(years) 	 1MeV) 	 (7) 

87.74 a 5.59 0.716 

5.55 0.283 

5.45 0.001 

24065 a 5.24 0.739 

5.23 0.152 

5.19 0.107 

'Pu 6537 a 5.26 0.734 

5.21 0.265 

5.11 0.0009 

14.4 5 5.24 	10 1.0 

ave rage 

432.2 a 5.58 0.852 

5.54 0.528 

5.48 0.014 

5.64 0.003 

5.68 0.002 

a' Principal I ransitioiss 
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The collision of two military planes resulted in plutonium 
from two weapons being dispersed at Palomares, Spain. Much 
soil was removed in an attempt to clean up the plutonium. 
Three aberrant missiles were deliberately destroyed in flight 
and another burned on the launch pad at Johnson Island in the 
Pacific [p11. Although the launch pad was decontaminated, 
undoubtedly several kilograms of plutonium were dispersed to 
the ocean from the three accidents. It is estimated that from 
4 10" to 40 10" Bq of plutonium remain available to be 
incorporated into biological systems from these accidents [Fl]. 

The use of plutonium in thermoelectric generation 
systems of spacecraft has resulted in a relatively small 
amount of 	'''Pu 	and 	21 9p 	being 	introduced 	into 	the 
environment. Of nearly 350 10" Bq of '"Pu with an 
acconpanying 260 10" Bq of '''Pu carried into space by 19 
U.S. spacecraft, 6.3 lO''Bq of '''Pu and 4.8 1011  Bq of 

were dispersed into the environment when one 
spmcecraft re—entered the atnosphere and burned over the 
Indian Ocean. Nearly 80% of this was dispersed in the 
stratosphere of the southern hemisphere and about 20% in the 
stratosphere of the northern hemisphere [Ml, P51. Another 
16.5 10'' Bq of "'Pu and 12 10 "  Bq of '''Pu entered, 
with containers intact into the Pacific Ocean as a result of 
an aborted flight. In another aborted flight, the plutonium 

- 	source was recovered intact from the ocean floor [D41 

Large usage is now being made of smoke detectors 
containing '''Am as an ionization source, with an average of 
1 10' Eq of 14 1Am in each detector. About 28 10'' Eq of 
"'Am has been diatributed throughout the U.S.A. in this 
form [U2] . 	Since the useful life of these detectors is 
estimated to be 10 years, it can be assumed that some of these 
detectors have already been disposed of in sanitary landfills, 
by incineration, and by other means. 

other uses of transuraniurs elements are made in consumer 
or medical devices, notably 	 in heart pacemakers. 
These are sealed sources, which when handled properly in 
normal circumstances, should not allow the contents to be 
released to the environment. 

C. 	BEHAVIOUR IN THE ENVIRONMENT 

Movement in soil 

when plutoniun enters soil as fallout, or is added in 
solutions containing hydrolyzable Pu(IV), it is usually highly 
insoluble, 	regardless 	of 	soil 	type 	[W4J. 	Diffusion 
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coefficients for surface soils [01] are universally low 
(approximately 10 2  cm 2  s). Therefore, the major 
inventory nornally renains in the top cm of undisturbed soils, 
even with considerable water percolation [E6]. The relative 
immobility of plutonium in soils under these circumstances may 
be attributed to the initial low solubility of fallout 
particles and interaction of Pu(lV) hydrolysis products with 
soil, mineral and organic surfaces [w4]. 

A snail fraction (< 0.1%) of plutonium in soils is 
soluble, accounting for limited plant uptake from soil and 
chemical mobility under certain conditions in subsoils. This 
may be due to the presence of complexing agents or valence 
states 	less 	subject 	than 	Pu(IV) 	to 	hydrolysis 	and 
insolubilization. When Pu(IV) is added to soil as a synthetic 
or natural organic conpiex, solubility is initially greatly 
increased (several orders of magnitude) because of reduced 
hydrolysis; 	subsequent mobility is a function of complex 
stability, competition with other ligands, and resistance of 
the ligand to chemical and microbial degradation [W6] 
Empirical evidence suggests the presence of Pu(Ill) under 
reduced conditions in ground waters, and Pu(V)-Pu(VI) have 
been identified in certain natural waters [w4, 36]. 

Physical processes also account for some vertical 
movement in soil. 	Cultivation results in redistribution 
within the plow layer (to 30 ca) and longtera field studies 
have traced plutonium migration to 30 cm in undisturbed arid 
soil jN41. In the latter case, the increased mobility over 
that predicted by diftusion alone has been attributed to 
biological transport and particle movement. 

Since most plutonium is strongly absorbed on surface 
soils, wind and water erosion become primary environmental 
transport mechanisms [P41. 	Transport distance will generally 
be a function of the size of the particle with which plutoniurr 
is associated. Particles in the fine silt-clay size range are 
the most likely to contain the highest concentrations of 
plutonium, to be transported the greatest distance by wind and 
water, and to remain attached to hiological surfaces. 

Detailed investigations of the behaviour of americium in 
soils are lacking. 	In contrast to plutonium, disproportion- 
ation does not occur readily, and Am(III) would be the 
expected stable species 	[P4]. 	Hydrolysis reactions also 
influence the behaviour of Am(III) in soil, but the products 
of Arn(III) hydrolysis are more soluble than those of Pu(IV) 
[R3 1. 
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2. Transfer to 

Principal mechanisms 	of 	plutonium and 	americium 
transport to vegetation are foliar interception and root 
uptake. Foliar uptake is dependent upon chemical form and 
size of 	the 	particle 	intercepted, 	residence 	time 	and 
weathering reactions of the leaf. Translocation to the seeds 
and roots after deposition on the leaf of soyabeans is 
approximately 10" of intercepted amounts [W4]. 	The prinary 
mode of entry into plants is root uptake, with reported 
soil-to-plant concentration ratios for plutonium ranging from 
10" to 10" [ES]. 	Increasing evidence suggests that the 
solubility in soil, rather than discrimination at the plant 
root level, is the limiting factor in plutonium uptake by 
plants [146]. 

Evidence suggests that plutonium is transported across 
the root as Pu(IV) [146, 031. Complexed Pu(IV) is probably the 
major translocated species in plants, and several anionic and 
cationic complexes of Pu(IV) have been determined in the xylem 
of plants supplied with Pu(IV) [B3]. 	plutonium is not 
uniformly distributed in the plant. The plutonium 
concentration decreases up the stem of soyabeans, and lowest 
plutonium concentrations occur in the seeds of barley and 
soyabeans [146]. Systematic investigations of americium 
translocation and deposition in the plant after root uptake 
have not been conducted. 

3. Transfer to animals 

419. 	The primary sources of plutonium and americium to 
doaestic animals are inhalation and consumption of plant 
tissues containing plutonium in surface-absorbed particles or 
in tissues. In grazing herbivores, plutonium is primarily 
associated with the gastro-intestinal tract and pelt, and to a 
lesser degree, with the lungs [p4]. Castro-intestinal 
absorption requires the presence of soluble plutonium and 
hydrolysis/complexation reactions are likely to govern 
solubility. The reducing potential of the gut appears 
sufficient to maintain principally the Pu(IV) state, which is 
subject to insolubilization by hydrolysis. The effect is more 
pronounced in the presence of additional reducing substances, 
such as food residue [S81. The fraction of ingested amount 
absorbed and deposited in the bone and liver is approximately 
10" [146]. However, administration of Pu(VI) in solution to 
starved animals, or Pu(IV) in complexed forms (synthetic 
chelates or plant tissues) may increase gut absorption [146, 
145, B21. 
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The gastro-intestinal absorption of americium from 
gavaged solutions is slightly greater than that of plutonium 
perhaps reflecting the reduced tendency of americium for 
hydrolysis. 	Information 	on 	absorption 	of 	americium 
incorporated in plant tissues is not yet available. 

4. 	Transter to diet 

The transfer of plutonium and americiun to diet from 
fallout has not been as extensively studied as the transfer of 
"Sr and 	"'Cs. 	A complete diet sampling, conducted 
annually in New York, was analysed for '''' 2 41P u  in 1972 

[85] and 1974 LB4]. 	The 1974 samples were also analysed for 
"'Am. A few samples of selected foods from 1963 and 1964 
were also analysed for 239,2¼Opu 

The highest concentrations of 	"'Pu and "'An 

were found in shellfish, followed by grain products and fresh 
fruits and vegetables. 	The lowest concentrations were in 
meat, milk, eggs, fresh fish and in processed foods. 	The 
values indicate that external contanination is a factor in the 
occurrence of plutonium in foods. For the shellfish sample, 
comprising clams and shrimp, most of the plutonium and 
americium were found in the clams. The muscle in the fresh 
fish sample, comprising halibut, snapper and flounder, had a 
259 , '

0Pu concentration 10 times less and a 24  'Am 
concentration 50 times less than the shellfish sample. 

Based on the New York sampling, the intake by ingestion 
during 1974 was estimated to be 60 mBq a'  for 239jSkOpu 

and 16 mBq a' for "'Am. The ratio of americium to 
plutonium was 0.27 in the total diet indicating little 
increase of americium relative to plutonium compared to the 
americium and plutonium in the soil. 

A ' 39 '"'pu dietary intake record has been calculatec 

based upon the annual fallout deposition rate and the 
cumulative deposit in soil and compared with the New York food 
sample surveys conducted in 1963, 1964, 1972 and 1974 [B4]. 
Assuming no further atmospheric injections, the 
dietary intake will remain relatively constant at 0.03 Bc 
a' owing to uptake from the 81 Eq m 	cumulative deposit 
in soil. For 2 ''Am the calculation indicates that the 
uptake of "'Am from the cumulative deposit in soil is a 
factor of two greater than plutonium. The estimated "'Am 
dietary intake continues to increase as the cumulative deposit 
in soil increases owing to ingroeth from 2101Pu decay. When 
the cumulative deposit reaches its projected maximum of 
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29 Be m 2 , the dietary intake will also be at a maximum of 
0.03 Bq a'. 

The cumulative transfer of plutonium and americium to 
diet depends very much on the assumed residence times in 
soil. 	These times are no doubt shorter than the radioactive 
mean lives due to leaching and fixation in soil. Extremes of 
transfer estimates are obtained by taking the mean residence 
times to be 50 years in one case and the radioactive mean 
lives in the other case. The geometric mean of these extremes 
then gives a tentative estimate of the transfer factor P23 
from deposition density to diet. The results are 0.6, 0.3 and 

0.2 	Eq 	per 	Bq 	m 2 	for 	'"Pu, 	'"Pu 	and 	"'Am, 
respectively. For 2  ''Pu and 2 P u  the estimates of P23 
are based on the radioactive mean lives. Most of the transfer 
is attributed to direct deposition [84]. The values are 0.08 
and 0.04 Bq per Eq m' for ''' To and ZklPu  respectively. 

5. 	Aquatic behaviour 

Plutonium is mobilized off watersheds to rivers and 
coastal waters [El, 85, P3, 83, S21. 	Estimates available for 
plutonium indicate input ranges from 0.05% per year for 
heavily cultivated watersheds [85, S2] to 0,0057 per year for 
a heavily forested watershed, indicating a residence time of 

_ 	10' to 2 10' years [W4]. 

Environmental studies have shown that in a variety of 
comparatively shallow bodies of water, both fresh water and 
narine, more than 96% of the total plutonium released to or 
deposited on these environnents is rapidly transferred to 
sediment [El, L2, 85, H6, P6, SI, 82, 83, E4, P1, W3, S21. 
However, in the deep oceans there is only slow tramsfer of the 
total plutonium in the ocean water column to deposited 
sediments. 	It is estimated that this may represent about 30% 
by 1980 of deposited fallout plutonium [88]. 

(a) 	Freshwater systems 

The behaviour of plutonium and americium has been 
studied in a wide range of fresh water systems [52, E3, Dl, 
Rl, 83, W3, 87]. The concentrations of plutonium in the water 
of these systems varied by more than four orders of magnitude 
[W41. Higher concentrations of plutonium have been observed 
in lakes with low pH, lakes with high sulfate concentrations 
and other acidic lakes [wl]. 	Chemical analyses indicate that 
while the plutonium in Lake Michigan in the U.S.A. was 
predominantly in the Pu(V) and (VI) states, in all other lakes 

I?' 
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studied Pu(lll) and (iv) predominated [Ni, W2]. 	The results 
strongly suggest that the solubility of plutonium is governed 
by different complexing agents. 	In waters of high ph, the 
concentration of CO3 	and flCO3 	is relatively high, 
and carbonate complexes can form. In waters of low p11, such 	_. 
complexes cannot exist, and the solubility must be due to 
complexing with other ligands, such as natural organic 
compounds. 

A relationship has been shown between the concentration 
of plutonium in water and the concentration in sediments or 
particulate matter 	[Ni]. 	Values 	for 	the distribution 
constant, K0, vary between 10 '  and 5 10', with most 
values not varying more than fivefold. Considering the wide 
variety of the systems, including sediment types, size, source 
terms, etc., this small range in values suggests a commonality 
in the behaviour of plutonium in these systems. There is some 
evidence that the plutonium absorbed by sediment particles is 
predominantly in the (in) and (IV) states, yet on re 
equilibration of sediment with water, it has been shown that 
there is a conversion of Pu(III) and Pu(IV) back to Pu(V) or 
(Vi). This strongly supports the hypothesis that the 
concentration of plutonium in many fresh water lakes and 
rivers is controlled by an equilibrium between water and 
sediment [117] 

(b) 	Marine systems 

The behaviour and fate of transuranic elements in the 
marine environment were given very little attemtiom before the 
m1d-1960s. By far the greatest effort for the next decade was 
applied to determine the residence time of plutonium in the 
Oceans [118, M4]. 	Comparison with ''Sr and '''Cs imdicates 
that the residence time of plutonium in the water column is 
less than that of both "Sr and 	"'Cs. 	The observed 
distribution has been explained in terms of a distributiom of 
particles settling at various velocities [N21. 

in the irish Sea, the concentration of dissolved 
is only 611 as large as that of '"Cs, normalized 

to a unit discharge rate 	the value for '"Am is even lower 
at 311. 	These vslues suggest that plutonium and americium 
leave the water phase very rapidly. Measurements in the irish 
Sea indicate that plutonium is in solution predominantly as 
Pu(Vi) and on particles as Pu(IIl) and Pu(IV) [Ni], a 
situation similar to that which exists in the Great Lakes in 
the U.S.A. 
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Distribution 	coefficients, 	KD, 	between water 	and 
suspended sediments for plutonium in the oceans are similar to 
those in the Great Lakes and do not appear to be source 
related. 	Similar K0 values (10' to lo s) for sediments 
from the Irish Sea and Emewetak Lagoon suggest that similar 
chemical reactions are occurring. 	In the Irish Sea, the 
overall order of K0 values for transuranic nuclides is 

> " 2Cm and 1 44
Cm  > I I

9'"°pu [023. 

(c) 	Bioaccumulation 

Trophic—level 	studies 	in 	freshwater 	and 	marine 
environments indicate that plutonium concentration factors for 
organisms relative to water generally decrease at higher 
trophic levels {M5, 116, 57, D2, E2, P43. 	Typical values for 
plutonium in the edible portions used for assessment purposes 
are 10 for fish, 100 for crustacea and 1000 for molluscs and 
algae [Il, 1431. Whole organisms values may be 10 to 50 tines 
higher depending upon 	the 	degree of contamination by 
sediment. Limited field data indicate increased concentration 
factors for '"'Am over plutoniun in lower trophic levels and 
in fish [P3, Wl, P4]. 

Laboratory studies indicate that marine teleost fish can 
absorb Pu(vI) by direct uptake from sea—water with limited 
absorption across the gut from labelled food or sediment. 
Marine elasmobranchs on the other hand appear to absorb 
plutonium across the gut reLatively easily [P3]. 	Crustacea, 
such as crabs, have high assimilation efficiency for plutonium 
when fed labelled food [F3, 02], and some biomagnification in 
a simple laboratory invertebrate food chain has been observed 
fF23. 

D. 	TRANSFER TO MAN 

Information on the transfer of plutonium to man is 
available from autopsy measurements on persons exposed to 
plutonium 	from weapons 	test 	fallout, 	from occupational 
sources, and from intentionally administered plutonium in 
terminally ill patients. The data from fallout plutonium are 
most pertinent to general environmental considerations. 	In 
addition, the results 	from nany animal studies provide 
supporting data on the probable magnitude of the biokinetic 
parameters that determine this transfer. 

Extensive data on the fallout plutonium content of 

persons in the general population have been published, 
including data from several areas in the U.S.A. [142, W71, from 

Finland tM31 and Japan [011. 	Although great variability was 
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noted from sample to sample, particularly where only small 
quantities of tissue were available, the average results 
agreed reasonably well with computed tissue plutoniun burdens 
[B5], based on estinated plutonium intake by inhalation 
(ingestion was shown to be insignificant relative to 
inhalation), assuming metabolic parameters as employed by ICRP. 

Considering all of the human data now available, there 
would seem to be no reason to alter the ICRP assumption of an 
equal distribution of systenic plutonium between skeleton and 
liver (45% in each) [14]. 	The deposition and retention of 
fallout plutonium in the lung seems also to be well described 
by the ICRP lung model, assuning behaviour as a Class Y 
compound [15]. The ICRP lung model appears to overestimate 
substantially 	the 	transfer 	of 	fallout 	plutoniun 	to 
tracheobronchial lymph modes. From extensive studies in 
experinental animals it is known that the extent of 
translocation from lung to lymph nodes varies widely with the 
chemical and physical form of the particles inhaled [El]. The 
human data also suggest that gonadal deposition may be 
slightly higher than the fraction of 10' g' assumed by 
ICRP [12]. More precise analytical data are required, 
however, to support such a conclusion. Studies of plutonium 
deposition in the gonads of several species of experimental 
aninals support the ICRP assunption [R21 

Based on comparative studies in experimental aninals, 
ICRP has assumed that inhaled anericiun will behave in humans 
in a nanner identical with plutonium [14), except that all 
americiun conpounds are assumed to follow Class W lung model 
kinetics [121; i.e., anericiun is more rapidly cleared from 
the lung and more efficiently translocated to bone and liver 
than is plutonium oxide. Applying these assumptions to the 
estimated intake by inhalation of fallout anericium and 
1 "Pu (which will decay to 24 'Am), estimates have ]Deen 
made of hunan americium burdens [B4]. 	These indicate a 
2X/239

1 
 2kOp1 ratio of 0.24 in 1978, which will increase 

to 0.38 by the year 2000 because of further decay of deposited 
"'Pu. Pooled samples from 18 autopsies done from 1970 to 
1974 showed a measured 2 "Am/'' °""Pu ratio, in vertebrae, 
of 0.22 [4]. 	The close agreement between neasured and 
calculated ratios lends support to the ICRP assumptions. 

Data on the gastro-intestinal absorption of plutonium 
and americium are available only from studies in experimental 
animals. Such studies were summarized by an ICRP task group 
in 1972, which led to assumed values for the fraction absorbed 
of 10" for plutonium oxide and 3 10" for other commonly 



- 181 - 

occurring compounds of plutonium [14]. It was recognized that 
a much higher absorption might be expected for complexed forms 
of plutonium. More recent data obtained in a variety of 
animal species [S4, 861 resulted in a modification of ICRP 

'  estimates to 10" for oxides and hydroxides of plutoniun, 
10" for other commonly occurring plutonium compounds, and 5 
10" for all compounds of americium [12]. Qualitative 
support for the plutonium nunbers is provided by autopsy data 
from a group of reindeer-herding northern Finns who ingest 
large quantities of plutonium-rich reindeer liver [M3]. Their 
plutonium burdens seen to be no higher than those of southern 
Finns, who do not ingest these relatively large quantities of 
plutonium. A difference should have been apparent if the 
fraction absorbed from the gastro-intestioal tract had been 
much greater than 10". 

There is evidence from animal studies that plutonium 
incorporated into alfalfa fsiJ or liver [84] may be absorbed 
to a greater extent than inorganic plutonium; the effect is 
not large, however, and is reversed in the case of americium 
[84]. Concern has been expressed that the gastro-intestinal 
absorption of plutonium in the hexavalent state, such as may 
be produced by chlorination of water supplies, may be markedly 
increased as compared to tetravalent plutonium ILl]. 	It has 
since been shown, however, that under normal conditions in the 
gastro-intestinal tract of experimental animals, no such 
increase of gastro-intestinal absorption is observed [881. 

A marked increase in the gastro-intestinal absorption of 
plutonium and other actinides has been reported in neonatal 
animmls of several species [14, 851. This increase may be as 
much as several hundredfold in the case of rats and several 
thousandfold in the case of miniature swine. 	In addition to 
increased absorption, there is a prolonged retention of the 
actinide within the mucosa of a snall intestine [S5]. 	It 
must be assumed that the human infant will also show an 
increased absorption, although the magnitude of this increase 
and its duration is unknown. 

In addition to the inhalation and ingestion routes, 
actinides may under unusual circumstances of occupational 
exposure, enter the body by absorption through the intact or 
punctured skin [14, 81].  Normally, however, intact skin is an 
effective barrier to plutoniun entry, and this route of entry 
should not be of concern for general environmental exposure. 

once deposited systenically, plutonium is tenaciously 
retained. 	This fact is qualitatively evident from extensive 
data on the excretion of plutonium by occupationally exposed 
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humans (vi]. it has also been quantitatively evaluated in a 
few human cases and in a variety of experimental animals (14, 
D51. Based on these data, ICRP has employed a biological 
half-time of 100 years for plutonium in the skeleton, and a 
half-time of 40 years for plutonium in liver; plutonium in 
gonads is assumed to be retained without loss [14, 12]. The 
sane parameters are assuned to apply in the case of americium. 

B. 	DOSIMETRY 

1. 	Dose per unit intake 

The doses to the various tissues following inhalation or 
ingestion or plutonium and americium are determined using the 
parameters and models suggested by ICRP. 	A variety of 
estimates are possible, depending on particle size of inhaled 
particles and the solubility class of both inhaled and 
ingested material. 	The values given below are for the 
representative 1 tr aerosol size and for the insoluble oxide 
or hydroxide forms of plutonium. 

The ICEP lumg model divides the respiratory system into 

three compartments. Deposition fractions in each region for 
the 1 pa particle size are 29% in the nasopharyngeal region, 
8% in the tracheo-bronchial region and 237 in the pulmonary 
region. 	Smaller particles have a progressively greater 
deposition fraction in the pulmonary region and less retention 
in the nasopharyngeal region. 

Inhaled, insoluble plutonium particles are assigned 
Class Y parameters, retention in the lumgs of the order of 
years (500 d half-time for 607, of the pulmonary deposition). 
Because of grester mobility of americiun, all of its compounds 
are assigned Class W parameters, with retention in the lungs 
of the order of weeks (50 d half-tine for 60% of the pulmonary 
deposition). In both cases, 407 of the pulmonary deposition 
is cleared with a half-time of 1 d by mucocilliary action 
through the tracheo-bronchial region. Translocation from the 
naso-pharyngeal and tracheo-bronchial region is rapid, within 
one day, with most of the material swallowed and snail amounts 
absorbed to blood. 

For both inhaled and ingested material reaching blood, 
fractional transfer to blood and liver is assumed to be 0.45 
each and 3.5 10" to gonads (testes) for both plutonium and 
americium. Uptake to blood following ingestion of insoluble 
plutonium is 10" and 5 10" for all compounds of 
aaericiun. 
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Table IX.3 

t5Lj4jsseeusvaIen rcssrnr,iitments per unit 

(Sc per Cci) 

Isotope Lung 	Liver 	Gonads 	Red bane 	hone 	Effective 
marrow 	lining 

cells 

Inhalation 

2iSp 	3.2 	10" 1.8 10" 5/ 6.6 10" 8.3 10" 8.2 	io - 

'Pu 	3.2 LU" 2.1 	10" 5/ 7.6 10" 9.5 10" 8.9 10" 

"'Pu 	3.2 10" 2.1 	10" h/ 7.6 	10" 9.5 	10" 8.9 10" 

24 'Pu 	3.2 	10" 4.4 10" 2.8 	to - ' 3.7 10" 2.1 	10" 1.6 10" 

" 2 p0 	NJ 5.5 	10" 3.2 10" 2.0 10" 2.5 10" 1.4 	10" 

inges don 

- 	'"Pu 	5/ 4.0 10" 2.3 10" 1.5 	10" 1.8 10" 1.5 	10" 

, 'I'h 	5/ 4.4 	10" 2.6 10" 1.6 	10" 2.1 	10" 1.6 	10" 

'Pu 	NI 44 	10 2.6 10" 1.6 	10" 2.1 	10" 1.6 10" 

'"Pu 	5/ 8.6 	10"' 5.7 	In"' 3.4 	10"' 4.2 10" 2.5 	10 - '' 

'''Pu 	NJ 2.3 	LU" 1.4 	10" 8.4 	10" 1.1 	10" 5.9 	10 - ' 

a! 	I ffectivc dose equLvalant coirjr'irment per 	unit 	intake (Sv per ISq). 

NJ 	Doses which contribute 1 101 to 	the effective dose equivalent commitment. 
Note: 	for plotonium- Class I and1, = 	10-5 

for amen rium-C lass P and f 1  3 	10". 
Reference 	23]. 

448. The estimates of the absorbed dose equivalents per unit 
intake are given in Table IX.3. These are computed over a 50 
year period following intake. They correspond to the transfer 
factors P25 and P35 relating intake in air and diet, 
respectively, to tissue dose. For these dose equivalent 

values, the quality factor of 20 has been used for the 
alpha-emitters and 1 for the beta-emitters ("'Pu). 
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2. Dose per unit release 

(a) 	Nuclear explosions 

The dose equivalent commitnents for plutonium and 
americium released in nuclear explosions can be assessed using 
the expressions 

DC = I'25 'a 	(inhalation) 

DC = P23 P35 F 	(ingestion) 

where In  is the cumulative intake from air (the integrated 
concentration in air (Bq a or 3 ) times the breathing rate 
(22 m °  d') and F is the integrated deposition density. 
The values of the transfer factors were discussed above. 

For 	the 	past 	pattern 	of 	nuclear 	tests 	the 

population-weighted global integrated concentration in air and 
deposition density can be determed from comparisons with 
''Sr 	[Ul], 	from 	Pu- ' °Sr 	production 	ratios, 	and 	from 
'"'Pu decay considerations [B4]. 	The results are for air: 
1.5, 37, 25, 830 and 1.7 pBq a or' and for deposition 
density: 	0.85, 21, 14, 470 and 16 Bq or' for 230Pu, 

3 pu 	'"Pu, 2 4 1puand 	'"'Mi, 	respectively. 	With 
this information, the dose equivalent conmitments can be 	' 
determined by using the above expressions, and the values per 
unit activity released Can be obtained by dividing the results 
by the estimated input amounts from nuclear testing (Table 

IX.2) 

Finally, the collective dose equivalent commitnents are 
determined 	by 	multiplying 	by 	the 	appropriate 	global 
population. For inhalation, the activity in air has by now 
been nearly depleted, so the present global population applies 
(4 10' persons). For ingestion of the short half-Life 
2 ¼Xp, the present population applies and for the other 
isotopes, the long-term transfer can be assumed to apply to 
the projected equilibrium value of 10" persons. The 
results for the collective effective dose equivalent 
connitnent per unit release are included in the summary Table 
1X.4. 

(b) 	Nuclear installation 

452. 	The contribution of the inhalation pathway to the 

collective dose commitments for plutonium and americium in 
airborne effluents from nuclear installations can be estimated 
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from the integrated concentrations in air in the dispersion 
region. It has previously been shown that the appropriate 
formula is 

lip 
= 	N 25 

where I is the air breathing rate (22 m 3  d'), 6N is 
the population density in the region (25 man km'), P25 is 
the dose per unit intake factors (Table Ix.3) and vd is the 
deposition velocity (0.5 cm 5'). The integrated 
concentration in air is determined by the amount released 
(unit activity) per unit area of the deposition region divided 
by the deposition velocity. The areal dependence is removed 
by multiplying by the population of the region (times the 
area). The results from evaluating this expression are 
suimnarixed in Table lX.4. 

Table l,x.4 

Sl3reclectJvoeffectivodoseeaivalenrcnsfflsIenrs 

rLJn,tactvitvrc'leasedof1uts1iuFrl3,ll,'erjcjL,s 

(1 0"saan lv per lq) 

"Pu 	'"l's 	'"Pu 	'Pu 	'''Am 

haul ear explosions 

Inhalation 1000 1000 
Ingestion 3 30 

haul ear 	'nets llatinns 
Release 	ro 	air 

Inhalation 10000 10000 
tngesti on 3 20 

Release 	to 	fresh water 
Drinking water 20 20 
Fish 5 5 

Release 	to saltwater 
Fish 0.01 0.01 
shellfish 0.2 0.2 

a! Per Sq  of 2 'Pu re leased. 

b/ Assumes population density of 25 can km 

1000 30 5 	a! 
10 0.01 300 

10000 200 20000 
10 0.03 300 

20 0.2 900 
5 0.06 200 

0.01 0.0001 0.4 
0.2 0.002 6 
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453. The contribution of the ingestion pathway from airborne 
effluents to the collective doae commitment per unit activity 
released, Sc , can be determined by using the expression 

= P23  P 	S 35 N 

Using the values of the transfer factors given previously and 
a population density, 8N,  of 25 man kn' in the region 
of deposition, the values summarized in Table IX.4 are 
obtained. 

454. 	For the aquatic ingestion pathways the generalized 
UNSCEAR model is utilized 101] 

c 	Nk 'k k 35 
V(A + l/t) 

to be evaluated for each pathway k. The quotient of water 
receiving volume, V, and the population involved, Nk,  is the 
water utilization factor [01], assumed to be a constant for 
each pathway. A sunenary of the values used in the assessments 
by UNSCEAR is given in the following listing 

Parameter 	 fresh water 	sea water 

t, turnover time of 	 10 a 	 1 a 
receiving water 
Correction facror for 	 1.0 	 1.0 
sediment removal 
V, water utilization factor 	3 10 1/man 	3 10' 1/man 
N 
f, concentration factor 
for item k 

drinking water 	 0.1 

fish 	 10 	 3 
shellfish 	 300 

1k, consunption rate for 
item k 

drinking water 	 440 1/a 
fish 	 I kg/a 	6 kg/a 
shellfish 	 1 kg/a 

455. 	Due to insufficient data, the values of the above 
listing will be assumed to apply to all isotopes of plutonium 
and americium. 	The values of the dose factor, P35, are 
given in Table IX.3. 	A sunnaary of the evaluated results is 

given in Table IX.4. 
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456. Assessments using the above model only account for that 
portion of the dose given during the mean residence time of 
the water in the receiving area. These are essentially 
conplete collective dose commitments for the release to fresh 
water and for the shorter—lived isotopes ( 2 ''Pu). The 
removal of the longer—lived isotopes to the sediments of the 
deep ocean will largely preclude any further contributions to 
the dose estimates. 
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X. 	RADIATION EFFECTS 

The interaction of radiation with matter results in the 
liberation 	of 	energy 	carried 	by 	the 	alpha-particle, 
beta-particle, gamma or x-rays 	and the ionization or 
excitation of the irradiated material. In biological 
material, damage may be caused directly to cell conponents by 
the radiation interactions or indirectly by the actions of 
free radicals, the charged fragments of ionization events. 
The damage may result in cell death or in cell 
transformations, which at some later time may cause harmful 
effects in the irradiated individual or in his offspring. The 
amount of damage depends on the amount of radiation, which may 
be from external irradiation or from radionuclides within the 
body, on the type of radiation and on the sensitivity of the 
tissue. 

Radiation effects in than are usually classified as 
somatic and genetic or hereditary, according to whether they 
affect somatic or germinal cells. Somatic damage is expressed 
therefore by definition within the lifetime of the irradiated 
individual, while genetic damage is expressed at some stage in 
his progeny. Somatic effects are - somewhat loosely - further 
distinguished as immediate or late depending on the time of 
their appearance. 

A. 	SOMATIC EFFECTS 

Early somatic effects 

The inmediate or early sonatic effects are expressed in 
man within a few days or a few weeks after exposure as a 
result of damage to one or more of the self-renewing tissues. 
These effects are also called functional because they are due 
to the inactivation of a great nunber of functional cells of a 
given differentiative line. Selective irradiation of a given 
tissue (as in the case of exposure to some internal emitters) 
usually leads to effects localized in that tissue; whole-body 
irradiation above a given dose results, on the contrary, in 
the appearance of generalized effects, usually under the form 
of a specific syndrome which depends on dose. 	The clinical 
severity of the immediate effects changes considerably with 
the dose, dose rate, type and energy of the absorbed radiation 
and part of the body irradiated. 

The nature of imnediate effects is non-stochastic or 
deterninistic, in the sense that these effects are expected to 
occur in an exposed individual absorbing doses in excess of a 
minimum amount of radiation referred to as the threshold 
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dose. The threshold dose is extremely variable depending on 
the effect and the tissue considered. It is of the order of a 
few tenths of a Gy for most functional effects of importance 
for radiatiom protection. 	The existence of a threshold of 
dose is an important characteristic of these effects; 	it 
makes it virtually impossible for them to appear for doses 
below the threshold, thus allowing their complete avoidance. 

Another important aspect of early effects to be 
emphasized in relation to irradiation from internal emitters 
is the variability of the dose threshold as a fumction of dose 
rate. 	Low dose rate irradiation is normally a comdition 
leading to an increase of the threshold. 	Since irradiation 
from radionuclides (particularly at the levels usually present 
in the environment) takes place at very low doses and dose 
rates it is virtually impossible, except under exceptional 
conditions of emergency, that immediate effects might be 
observed. They do not deserve therefore any more extended 
treatment. 

2. 	Late somatic effects 

Late somatic effects are those appearing in irradiated 
individuals after a latency period and are expressed mainly in 
the form of leukaemias or solid tunours. 	These effects are 
stochastic or statistical in nature, in so far as it is 
inpossible to identify a causal relationship for then in any 
given case. 	The correlation between radiation dose and 
induction of these conditions may only be shown on large 
populations of irradiated individuals as an increase of the 
above diseases over their apparently spontaneous background 

incidence. 

Since it is impossible to establish with any certainty 
the shape of the dose-induction relationship for late tutr.orous 
effects, particularly at low doses and dose rates, it is 
usually assumed that the frequency of their occurrence is 
linear with dose and without threshold. The clinical severity 
of these conditions is variable, but it is commonly assumed 
for purposes of radiation protection, that they might be of a 
uniform and maximum severity, namely the death of an 
individual. 

B. 	GENETIC EFFECTS 

Radiation-induced herecbitary effects may appear in the 
progeny of irradiated individuals within the first generation 
following irradiation - in which case the damage is called 
dominant - or within subsequent generations when the genes 
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that carry the same mutation in the male and in the female 
genetic complement happen to match in the genome of the 
zygote. 	In this latter case the genetic damage is called 
recessive. Clinically, radiation-induced hereditary 
conditions have a large spectrum of severity from the 
relatively trivial to the very harmful. 

As in the case of the somatic late effects, radiation 
protection usually makes reference to the most severe 
hereditary diseases which are either incompatible with life or 
very disabling for the individual. Radiation protection also 
assumes that for this class of effects a linear non-threshold 
induction relationship with dose may apply. 

C. 	DOSE-RESPONSE RELATIONSHIPS 

In experimental animals and in man late sonatic and 
hereditary effects may exhibit different shapes of the 
dose-effect relationships, according to a large number of 
physical and biological variables operating in each particular 
system. 	Linear, 	linear-quadratic, 	quadratic 	or 	complex 
relationships have been described in various circunstances. 
No generalization may be gained by the consideration of all 
existing experience, except perhaps that each specific system 
responds according to different kinetics of action and that 
biologically complex effects usually correspond to more 
complex types of relationships, It would be impossible to set 
up a rationale for a system of radiation protection by 
considering each case separately. To overcome this difficulty 
the assumption is made that late somatic and hereditary 
effects of irradiation follow a non-threshold linear function 
of dose. This assumption is simple and there is evidence that 
it is also a conservative assumption in most cases. 

It is important to stress the meaning of the assumption 
of non-threshold linearity. 	It postulates, on the one hand, 
that there is no dose, however snall, that may in principle be 
considered safe and no dose increment, however small, which 
could not produce a corresponding increase of effect and 
therefore of risk. The summation of doses taken as a measure 
of total risk and calculations of collective doses as 
expression of the total detriment in the exposed population 
have little meaning outside the assumption of non-threshold 
linearity. 

On the other hand, adoption of the assumption of 

linearity involves implicitly the adoption of other important 
principles. 	Actually, if there is a linear relationship 
between the dose and the induction of stochastic effects, it 



becomes possible to - use the average dose received by a given 
organ or tissue as a significamt reference quantity. Under 
these conditions it becomes unnecessary to consider the dose 
variability within the given organ or tissue because the 
response of the component cells (taken to be of uniform 
sensitivity) will in any case be linear with the absorbed 
dose. The reactions of the component cells will in any case 
sum-up to produce an overall effect corresponding to that 
expected from the mean dose in that organ or tissue. 

In case of internal irradiation there may be problems 
related to the presence of point sources. 	The following 
considerations apply in these cases. Firstly, with regard to 
non-stochastic effects, cell death resulting from high doses 
within microscopic volumes of the tissue are expected to 
produce less harm than for the same dose uniformly distributed 
within large volumes: this is because killing of transformed 
cells by high doses would be expected to lead to inactivation 
of potentially transformed cells. 	Moreover, loss of cells 
around the zones of highest dose absorption would not be 
expected to result in significant decrease in tissue or organ 
function, unless the functional reserve of the organ or tissue 
is inpaired for other reasons. 

D. RISK ESTIMATES 

UNSCEAR has extensively reviewed in its 1977 report most 
information on the subject of tumour induction in man by 
ionizing radiation. The Committee concluded that the risk for 
all fatal malignancies after whole-body irradiation at low 
doses and dose rates of low-LET radiation - as an average of 
both sexes and all ages - is in the region of 10_ 2  Sv. 
The risk of inducing non-fatal malignancies under the same 
conditions would probably fall in the sane range. 

It should be emphasized that for doses of the order of 
those received annually from natural sources no direct 
information is available. 	The above estimate is derived 
predominantly from observations conducted on people exposed to 
absorbed doses of over 1 Gy. while the rate per unit dose or 
doses in the region of the natural background would unlikely 
be higher, it could, however, be substantially lower. 	There 
is no evidence that irradiation from internal sources would 
produce rates of tumour induction differing from those from 
external irradiation, if account is taken of the mean absorbed 
doses in tissues. 	 -. 

Concerning hereditary effects, the Committee estimated 
that when a population is continuously exposed to low doses of 
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low-LET radiation at rates of the order of 10' Gy per 
generation (a generation corresponds to about 30 years) about 
50 genetic diseases might be expected to occur per one million 
first generation progeny. At equilibrium, the total genetic 
damage expressed over all generations (or the value in each 
generation reached after prolonged continuous exposure) would 
be of the order of 150 cases per million progeny. 

It is often convenient to be able to estimate the total 
detrinent to the individual 	from irradiation of specific 
organs or tissues, taking into account the various types of 
effects from various irradiations. This could be a difficult 
procedure, however, in cases when different irradiation 
modalities lead to different effects. 	Such a situation 
applies for irradiation by internally deposited radionuclides, 
when the nuclides produce different doses in tissues of 
varying sensitivity and the effects must be added to the 
effects of whole-body irradiation. 

In order to overcome this difficulty, IcRP, in its 
publication 26, has designed a system allowing combined 
estimates of risk in various organs and tissues, based on 
their susceptibility to various effects. 	These risks of 
effects of irradiations of specific tissues are weighted 
relative to the total effect from whole-body irradiation. The 
risks apply to one individual or the whole exposed population, 
making use of the hypothesis of linearity. It is realized, of 
course, that the applicability of risk estimates may vary 
according to the characteristics of the individual (genetic 
nake-up, sex, age, etc.) or to the structure of the exposed 
population. But it is also held that an acceptable level of 
precision may be reached by assuming an average risk value to 
be applied to all nembers of the population irrespective of 
the above mentioned variability. 

The mortality risks and weighting factors recommended by 
ICRP are shown in Table X,l. These factors have been derived 
for the protection of workers, but may also be applied to 
large population groups, provided allowance is made for the 
hereditary effects which would be expected to appear in all 
generations subsequent to the second. 

It must be emphasized that the risk estimates for 
induction of sonatic and genetic effects should be regarded as 
the best possible numerical conclusions to be drawn from a 
very heterogeneous data base affected by various types of 
dosimetric and epideniological uncertainties. Although it is 
felt that such estinates are reasonably precise for the 
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purpose of radiation protection they are to be interpreted and 
used in a statistical sense simply as illustrations of the 
order of nagnitude of potential risks. The actual validity of 

these estimates could not possibly be tested empirically under 
normal circumstances owing to the small levels of the risks 
conpared with the far higher "spontaneous" background of 
similar conditions in the general population. 

Table X. 

Mortal' t vris k and wni ghring factors for different organs 

(from tcRP publication 26) 

Mortality risk 	Weighting 

(Sv) 	 factor 

Breast 0.25 10 2  0.15 

Red bone marrow 0.2 10 2  0.12 

Lungs 0.2 10 2  0.12 

Thyroid 0.05 10' 0.03 

Bone mr faoe 0.05 10 2  0.03 

lemaindor 0.5 iO 0.30 

Gonads 	(hereditary effects 	in 

the 	first two generations) 0.4 10 2  0.25 

Total 1.62 10' 1.00 
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XI. 	CONCLUSIONS 

A. 	RADIONUCLIDES AND THE ENVIROt4ENT 

Radiation is a natural feature of nan's environment - 
from the high energy charged particles which make up cosmic 
radiation to the radioactive decay of radionuclides in the 
earth's crust and in the biosphere. 	Several of the 
radionuclides considered in this docunent have important 
natural sources, including tritiun, carbon-14, krypton-85 and 
radon. 	The first three are produced mainly by cosmic ray 
interactions in the atmosphere. Radon arises from the decay 
of radium present in the earth's crust. 	All of these 
radionuclides are widely dispersed in air. Tritium and "C 
enter more general bio-geochemical cycles, the hydrological 
cycle and the carbon cycle, respectively. 

Several activities of man result in the production of 
radionuclides and contribute to the radiation background. An 
important source has been the testing of nuclear weapons in 
the atmosphere. Large scale atmospheric testing was completed 
prior to the Test Ban Treaty of 1963, but additional tests by 
some countries have continued. The radionuctides produced in 
atmospheric nuclear explosions become widely dispersed in the 
atmosphere, primarily of the hemisphere in which the test was 
conducted, but with some interhemispheric mixing contribute to 
the global exposures to fallout radioactivity. Important 
fission radionuclides in terms of the doses delivered include 
1311 	 "Sr 	and 	'"Cs. 	In 	the 	long-tern, 	the 
radionuclides "C and isotopes of plutonium become important 
contributors to the radiation dose. 

The generation of electricity using nuclear power 
reactors also results in the production of radionuclides and 
in some radiation exposure of man. The radioactive materials 
are largely contained within the fuel elements in the reactor 
or in waste treatment systems at the fuel reprocessing plant. 
Releases of controlled amounts occur in liquid and airborne 
effluents from the nuclear installations. 	Accidents could 
result 	in 	potentially 	greater 	releases 	of 	radioactive 
materials. 

The natural and nan-made sources of radionuclides in the 
environment have been discussed for the various radionuclides 
considered in this document. 	The amounts of radioactive 
materials released from the various sources have been reviewed 
and the relevant values have been shown to depend very much on 
specific past practices. Even the normalized release amounts, 
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for example the amounts per Mt in nuclear explosions or per 
MW(e)a of electricity generated, have limited validity. Tne 
amounts released in atmospheric nuclear testing depend on the 
types of devices tested and on the geographic pattern of past 
testing. Releases from nuclear power installations depend on 
the efficiency and integrity of present designs and on the 
specific waste management practices currently utilized. 

The behaviour of radionuclides in the environment has 
been studied rather extensively, so that by now, 	the 
dispersion of these pollutants in the environment is fairly 
well understood. 	Values have been derived for the various 
transfer factors which describe the transport of radionuclides 
in the environment and their transfer to man. For the purpose 
of dose assessment it is necessary to consider only the more 
specific aspects of particular release situations and to 
adjust the more generally valid parameters to the local 
conditions. 

B. 	DOSE ASSESSMENTS 

Exposure of msn to rsdionuclides in the environment 
occurs by inhalation of amounts in air, ingestion of amounts 
incocporated 	into diet, 	or 	from external 	exposure 	to 
radionuclides in air or deposited on the ground. The dose 
assessments for the radionuclides considered in this document 
have been directed toward obtaining estinates of the 
collective effective dose equivalent commitments per unit 
amount of activity of the radionuclide released. This 
expression of dose gives the absorbed dose, weighted for 
radiation type and sensitivity of irradiated tissues to the 
entire population and for as long as the exposures from a 
specific release continue. This quantity is expected to be 
most directly related to the total health detrinent which may 
result. The results of the dose assessments are sumnmrized in 
Table XI.l. 

The degree of transfer of the radionuclides to man and 
thus the dose estimates vary depending on the source of 
release of the radionuclides. Natural production of tritium, 
"C and 	Kr occurs prinarily in the upper atmosphere, 
following which there is widespread dispersion, and for 'U 
and 	"C generalized cycling throughout the environment. 
Nuclear explosions conducted in the atmosphere, particularly 
large scale tests, result in injection of debris into the 
stratosphere, from where the radionuclides are globally 
dispersed. 	Releases 	of 	radionuclides 	from 	nuclear 
installations are near surface emissions in airborne effluents 
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or in liquid effluents to rivers and lakes or to the marine 
environment. Exposures are primarily to the local and 
regional populations, although the longer-lived radionuclides 
may also become more widely dispersed. 

Table 21.1 

Collective effective dose eoosvelenr snarl ts,ents 

o..:ruu, t a ctivitv rI leased 

(10'' an Sc per En) 

Source 

Pa d,o- 
miLd 	ide 

liatoral 
Moclear 

explosions 
Airborne 
rol e,-as e 

buclear 	installations 

Release 	to 	Marine 
fresh water 	release 

'H 0.0005 0.0008 0.0009 0.003 0.0008 	- 	 - 	 - 

10 120 120 120 120 120 

'Kr 0.0002 0.0002 0.0002 0.0002 0.0007 

°Sr - 0.6 1 1 0.00006 

20000 30000 30000 30000 
31  

0.00009 0.4 0.009 0.00006 
'''Os - 2  5 0.6 0.009 

" 2 Rn 0.001 - 0.001 

- 10 100 0.3 0.002 

10 100 0.3 0.002 

- 10 100 0.3 0.002 

0.3 2 O.pp3 0.00002 

- 3 200 10 0.06 

These values are o111V approximations of a very generalized nature. 	The 
text contains a full discussion of Hn,i rations and of the specific 
assumptions u°ilice-  l 
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Release of unit activity of a radionuclide to the 
environment generally results in the lowest collective 
effective dose equivalent commitment when the release is to 
the marine environment. 	In this case, for the generalized 
situation considered here, transfer of radionuclides to man 
occurs only through ingestion of fish and shellfish. There 
may, however, be important specialized pathways of transfer in 
more specific release circumstances. 

Somewhat greater collective doses result from releases 
to freshwater systems, 	particularly 	if 	the water 	is 
subsequently used for drinking. Transfer of radionuclides to 
fish may also be somewhat more in fresh water than in the 
ocean. 

The largest doses generally result from airborne 
releases. The radionuclides in air may be inhaled, although 
the contributions to the dose from this pathway are usually 
small. 	More importantly, the deposited radionuclides are 
available for incorporation into the general diet. Long-term 
transfer of the tadionuclides to nan may then occur. 

The greatest contributors to the collective dose 
commitments per unit activity released are the longest-lived 
radionuclides. 	Specifically, the very low dose rates from 
1291 result 	in 	substantial 	collective 	doses 	over 	the 	-- 
millions of years mean radioactive lifetime of this 
radionuclide. The same is true of "C and some isotopes of 
plutonium, for which the mean radioactive lifetimes are of the 
order of thousands of years. Of course, the validity of 
assessments which involve such long-tern projections must be 
questioned. These results can not be related to equilibrium 
dose rates to the world's population. For this purpose, 
limiting the integration periods to the duration of the 
practices, (for example a few hundred years at the most for 
nuclear power production) obtaining the incomplete collective 
dose commitments, has some merit. 

C. 	EFFECTS EVALUATION 

The final step in evaluating the consequences of 
releasing radionuclides into the environment, once exposures 
have been determined, is to estimate the health effects. A 
great 	deal 	of 	study 	has 	been 	nade 	of 	radiation 
exposure-response relationships and risk estimates have been 
formulated for the various effects. 	There is uncertainty, 
however, in knowing whether the risk estimates, which are 
generally only obtainable at higher doses and dose rates, will 
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Other publications in the IAEA Safety Series and those of the other 

sponsoring organizations should be consulted for practical detailed guidance in 

implementing these Basic Safety Standards. 

For IAFA operations or operations undertaken with the assistance of IAUA, 

- 	 WHO and ILO, this publication should be applied in the light of relevant national 

n.iles and regulations. 

Section I 

OBJECTIVE AND SCOPE OF THE BASIC SAFETY STANDARDS 

101 	The objective of these standards is to provide guidance for the 

protection of man from undue risks of the harmful effects of ionizing 

radiation, while still allowing beneficial practices involving exposure to 

radiation. 

102 	These standards shall apply to the introduction of sources or 

practices and to existing sources or practices involving exposure to 

ionizing radiation subject to control by the competent authority, 

Section IV 

SYSTEM OF DOSE UMITATION 

401 	Doses resulting from sources and practices involving exposure to 

ionizing radiation or to radioactive substances shall he restricted by a 

system of dose limitation wlsich shall include justification of the practice, 

optimization of radiation protection and annual dose equivalent limits. 

Justificaiiun of a practice 

402 	In order to prevent u nisecessary exposure. no practice invrilving 

exposure to ionizing radiation shall be authorized by the relevant com-

petent authorities unless the introduction of the practice prodti ees a 

positive net benefit. 

Optimization of radiation protection 

403 	The design, plan and subsequent use and operation of sources and 

practices shall be performed in a manner to ensure that exposures are as 

low as reasonably achievable, economic and social factors being taken 

into account. 
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Dose limitation 

A. GEXERAL 

Limits and reference levels 

404 	Limits and reference levels are two different concepts in radiation 
protection. A limit is the value of a quantity which must not be 
exceeded. A reference Level is the value of a quantity which is used to 
determine a particular course of action; it is not a limit. 

405 	The limits used in radiation protection are as follows: 

(I) Primary dose equivalent limits. The primary limits relate to the 
dose equivalent (para. 912.2), effective dose equivalent (para. 912.3), 
committed dose equivalent or committed effective dose equivalent 
(para. 912.5), depending on the exposure circumstances (see also 
Annex IV, paras 116-119). These limits apply to an individual or, in 
the case of exposure of the public, to the critical group (see para. 908). 

Secondary limits are needed when the primary dose limits cannot be 
applied directly. In the case of external exposure, secondary limits may 
be expressed in terms of dose equivalent index, 11 1  or H1 5  (see para. 912.7). 
In the case of internal exposure, secondary limits may be expressed in 
terms of annual limits on intake (see para. 903). 

Derived limits are related to the primary limits by a defined model 
such that if the derived limits are observed, it is likely that the primary 
limits would also be observed. 

Authorized limits 

Limits for any quantity may be specified by the competent 
authority or by the management of an installation and are 
called authorized limits. These should generally be lower than 
the primary or derived limits. When authorized limits are 
specified by the management, they are designated as operational 
limits. 

Authorized primary and secondary limits shall be specified by 
the competent authority to apply to individual persons, 
irrespective of the radiation's source. In addition, for pari.icular 
installations or practices. the competent authority may specify 
authorized limits for various quantities, relating to, for example, 
the sources of radiation, or the environment or the exposed 
individuals. Such authorized limits take precedence over 
derived limits. Operational limits shall not exceed authorized 



- 207 - 

be valid for the low level chronic exposures of environmental 
situations. 

It is not the intention of this document to provide 
detailed guidance regarding effects evaluations. This 
requires more detailed specifications of the radionuclides 
present in the sources and the amounts released and closer 
consideration of the environmental conditions and the 
consequent exposures to the population involved. Only a brief 
summary has been presented (Chapter x) of the main aspects of 
radiation effects and of the considerations involved in 
assigning risk estimates. 

In the generally accepted philosophy of radiation 
protection, all exposures are considered to increase the risk 
of harmful effects. Increased risks are only justified when 
balanced by net 	positive benefits 	from 	the radiation 
operations. The conceptual basis for measuring benefits and 
accounting for acceptability of risks are topics under review 
by national and international bodies. 

The first part of the procedure of assessing the 
consequences of releasing radionuclides into the environnent - 
the specification of sources, of environmental behaviour of 
radionuclides and of the consequent exposures - appears, in 
general, to be well founded, as shown by the reviews of 
rsdionuclide behaviour and dosimetry of this document. 	This 
contributes in a general sense to the establishment of health 
criteria for these radionuclides. The usual precautions nust 
be expressed in applying general criteria 	to specific 
situations. Considerable judgement is always required to make 
meaningful evaluations to serve as proper guides for future 
actions. It should also be appreciated that the results of 
radiological 	assessments 	are 	but 	one 	aspect 	of 	the 
considerations on which decisions must be made. The better 
knowledge that has developed on these aspects should not 
unduly condition other factors, such as socio—economic 
considerations, which are also of importance in the rational 
selection of various possible options. 
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ANNEX 

Excerpts from "Basic Safety Standards for Radiation 
Protection 1982 Edition", Safety Series No. 9, IAEA 

INTRODUCTION 

The International Atomic Energy Agency. the World Health Organization, 
the International Labour Organisation and the Nuclear Energy Agency of the 
OECD have ondertaken to provide jointly a world-wide basis for harmonized 
and up-to-date radiation protection standards- The new Basic Safety Standards 
for Radiation Protection are based upon the latest recommendations by the 
International Commission on Radiological Protection (ICRP) which are essentially 
contaiiaed in its Publication No, 26. These new Basic Safety Standards have been 
elaborated by an Advisory Group of Experts which met in Vienna from 10- 14 
october 1977, from 23-27 October 1978 and from 1-12 December 1980 under 
the joint auspices of the IAEA, ILO, WHO and the Nuclear Energy Agency of the 
OECD. Comments on the draft Basic Safety Standards received from Member 
States and relevant organizations were taken into account by the Advasory Group 
in the process of preparation of the revised Basic Safety Standards for Radiation 
Protection, which are published by the IAEA on behalf of the four sponsoring 
organizations. 

One of the main features of this revision is an increased emphasis on the 
recommendation to keep all exposures to ionizing radiation as low as reasonably 
achievable, economic and social factors being taken into account; eonsequentty, 
radiation protection should not only apply the basic dose limits but also comply 
with this recommendation. Detailed guidance is given to assist those who have 
to dccide on the implementation of this recommendation in particular cases. 
Another important feature is the recommendation of a more colaerent method 
for achieving consistency in limiting risks to health, irrespective of whether the 
risk is of uniform or non-uniform exposure of the body. 

This pubtication is intended for use by the appropriate competent authorities 
in the Member States of the sponsoring organizations and also to provide general 
guidance for organizations representang employers or workers. The main text, 
based on ICRP recommendations, has been written in the form of regulations. 
For some competent authorities it may serve as a regulatory basis for the radiation 
protection of workers and members of the public, while other competent 
authorities may wish to refer to this text and make regulations more specifically 
adapted to their particular needs and conditions. 

Annex IV to the publication has not been written in the form of regulations 
and is intended to provide supplementary information and guidance only. 

The sponsoring organizations recognize that the ICRP's recommendations 
cannot be converted into regulations without loss of flexibility in their applicallon 
to individual situations. However, this loss of flexibility should be minimized, 
both in the formulation of the regulations and in their administration, to the 
greatest extent compatible with the nature of the problem and with good 
regulatory practice. 
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limits. When a limit is expressed as an average value over some 
period of time, it is understood that the actual value of the 
limited quantity over shorrer periods of time may show 
considerable liuctuatiuns. 

406 	The reference levels used in radiation protection are as follows: 

I Recording level is a level defined by the competent authorities for dose 
equivalent or effective dose equivalent or intake above which the 
information is of sufficient interest from a radiation protection point of 
view to be worth recording and keeping. 

Investigation levels are defined as values of dose equivalent or 
effective dose equivalent or intake above which the results are considered 
sufficiently important to justify further investigations. 

Intervention levels are usually specified for use in abnormal 
situations (para.201 .2). Such a level is specified in advance by a 
competent authority or management of an installation. so  that if the 
value of a quantity does not exceed or is not predicted to exceed the 
intervention level. (hen it is highly improbable that intervention will 
he warranted. 

A reference level may be established for any quantity used in 
radiation protection whether or not there is a limit for the quan lit 

B. ANNUAL DOSE EQUI VA LENT LIMITS 

407 	No individual shall be exposed, as a result of controlled sources and 
practices, in excess of the limits presented in paras 411- 413 and 
417 —4 19. 

408 	The dose equivalent limits do not apply to doses incurred from 
medical exposures of patients or from natural background radiation: 

I) Except as required in para. 602 where dose equivalent limits as 
defined by the competent authority shall apply to medical exposure 
of patients in research applications of ionizing radiation or radio-
active substances, and 

(2) Except as required in para. 706 for cases of technologically enhanced 
exposure to natural sources of radiation for which the competent 
national authority gives special requirements. 

409 	There are separate limits for workers (paras 411-417), and for 
members of the public (paras 418,419). 
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410 	The limits for the control of stochastic effects (Annex IV. paras 101, 

104-- 107) are expressed in terms of effective dose equivalents (para. 912.3) 

and the limits for the prevention of non-stochastic effects (Annex IV 

paras 102, 103) are expressed in terms of dose equivalent (9122). Limits 

for the annual effective dose equivalent, and, in the case ofparticular 

organs and tissues, annual dose equivalents, are specified in paras 411 

and 412 for workers and in paras 418 and 419 for members of the public 

respectively. Where limits are expressed in terms of effective dose 

equivalent they shall apply to the sum of the effective dose equivalents 

resulting from external exposures during one year and the lifetime' 

effective dose equivalents resulting from the intake of radionuclides 

during that year. 

Workers 

411 	The limit or the annual effective dose equivalent for workers is 

50 mSv (5 rem). In addition, the annual dose.equivalent limit for the 

individual organs and tissues of workers is 500 mSv (50 rem) except in 

the case of the lens of the eye; for the lens the timit is 150 mSv (IS rem). 

Wr, nieii of reprodu rh ie eupas its 

417 	No separate provisions are required br women of reproductive 

capacity except t hat any necessary exposure should he cs unslu rio ly 

distribu ted wi in time as is practicable. The purpose of this provision is 

the protection of the enthryu before a pregnancy is known. When a 

woman is known to he pregnant she should work oitly in Working 

Condition B (para. 507.2). 

it/c P72 hers 01 the pu h/ic 

418 	The limit for the annual effective dose equivalent for mem hers of 

the poblic is 5 mSv (0.5 rem), rise annual dose equivalent limit for the 

individual organs and tissues of members of the public is 50 mSv (5 rem). 

These dose limits are to be applied to the critical group of the population. 

419 	When the same individual roe mbers of the public could otherwise be 

exposed at or near the annual effective dose equivalent limit for prolonged 

periods (inaisy years it would he prudent to take measures to restrict 

their lifetime effective dose eqoivaleist to a value corresponding to an 

annual average of I mSv (0.1 rem). 

For wotkers this period shall be taken to be 50 years. 
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C SECONDARY LIMITS FOR OCCUPATIONAL EXPOSURE 

420 	In order to demonstrate compliance with the primary limits for 
occupational exposure given in paras 411 and 412, limits of dose 

equivalent indices and annual limits on intake (ALE) may he used. 
Values of ALl are gsven in Annex Ill, 

421 	When both external and internal exposures are received in a given 

year, the annual dose hmits will not be exceeded if both the following 
conditions are met: 

Hi 

500 (mSv) 

Hid 

50 (mSv) 	'j,L 

where H15  is the shallow dose-equivalent index Hia  is the deep dose-

equivalent index, l is the annual intake of radionuclide j, and Ii,L  is the 
annual limit on intake for radionuclide j, 

D. SECONDAR YLIMITS AND QUANTITIES FOR MEMBERS OF 
THE PUBLIC 

422 	For members of the public, the effective dose equivalent can he 

estimated by use of the equation in para. 912.3 (using the same weighting 
factors IWTJ  as used for workers). In computing the dose equivalent 
incurred from intake of radionuclides accuun t shall be taken of the 
biological, metabolic parameters and other factors such as food habits. 
demographic distribution and Imid use that are characteristic of the 
critical group. 

423 	In cases invcsl ving exposure of a critical group of adults only, one- 
tenth or one tiftietha  of the relevant ALT value given in Annex III may be 
used where appropriate as the secondary quantily which corresponds to 
or is less than the dose limit given in para.418 and the value given in 

para. 419. In other cases, when the critical group involves infants or 

children, one hundred tha of the relevant AU value given in Annex Ill 

may he used where appropriate as the secondary quantity which corres-

ponds to or is less than the dose limit given in para.4 18 and the average 

annual value given in para.41 9, or special assessments shall be macIc 
(see Annex IV. para. 500). 

Tlsevalut of the fraction is aprovisional one pending the pubdcation of the ICRP 
values. 

a The factor of -j  couid be used if for some reason it is not possible to caleuiate an 
individual ALi but it should be recognized that this might be overcautious in some 
circumstances. For putpeses of optimization, such an oversimphfied ALl value should not be 
ased, as a realistic value is required. 
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424 	In the case of external exposure the dose equivalent indices may be 
used, where appropriate, as relevant quantities for the secondary limits, 
applying the annual effective dose equivalent limit to the deep dose 
equivalent index Hid  and the annual dose equivalent limit for skin to 
the shallow dose equivalent Ht. 	 — 

Section VII 

EXPOSURES OF THE PUBLIC, EXCLUDING MEDICAL EXPOSURES 

701 	Practices involving radiation exposures of members of the public shall 
only be carried out within the requirements of the system of dose limitation. 
The dose limits for members of the public shall apply to Ilte dose in "critical 
groups" (para. 908), the selection of which shall require the approval of 
the competent authority. 

702 	In the case of continuing practices, tne dose commitment from each 
year of operation shall be limited in a manner such that the future annual 
doses to critical groups (para. 908). at the time when they reach their 
maximum value s, will not exceed the appropriate dose limits. In applying 
this limitation to the dose commitment from one year of operation. 
sufficient margin shall be provided to take account of otlscr practices 
exposing the given critical groops. 

703 	The management responsible for practices which lead to exposure ot 
members of the public shall ensure that these comply with all rclevan 
requirements of the competcnt authority aimed at providing protection 
to the public 

Radiooc tire releases to the eli tiron slit itt 

704 	The release of radioactive substances to the e nvirunnl tilt at levels 
above the exemption hmits set by the competent authority shall require 
prior authorization by that autlsority. Pre-operal lonal studies shall he 
carried out to ide ntify the critical group and critical pathwys in a manner 
which satisfies the competent authority. The management of 
any installation re leasing radioactive substances to tite cnvironme nt shall 
be responsible for establishing control of the releases in orete r to respect 

See: Principles for Estabiishing Limits for the Reiease of Radioactive Matcriais 
into the EnsSronment, Safety Series No.45. IAEA. Vienna (1978) with Annex 1982. 
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the authorized limits of release. In order to show this compliance it is 

responsible for carrying out adequate monitoring and accounting of the 

radioactive substances released. Wh en the competent autliorit y so 

requires. efli oen t in onitoring shall he eomplem ented by an appropriate 

environmental monitoring programme. 

Exposure ftvrn consumer products 

705 	The eompe tent authority sisal i regulate die introd uction of eonsunier 

products involving exposure to radiation, and shalt make provisions for 

the assessment of such products even when their commercialization and 

use is exeinp ted from these standards. When authorizing the introduction 

of a new product, its future disposal shalt be taken in to account - 

Teclmnologicalir en/maciced exposures to natural radiation sources 

706 	The principles ofjustilication and optimization generally apply to 

all procedures that may influence the exposure from natural sources of 

radiation. Although the dose equivalent limits do not as a rule apply to 

doses from natural background radiation, the competent national 

all thormty may specify under which circumstances administratively 

controllable, tech nologically enhanced exposures to natural sources of 

radiation shall he subject to the dose equivalent limits mentioned in 

paras 405. 411. 412. 418 and 419. or to other, special dose limitation. 

Existing high levels of natural background should he assessed tin the basis 

of the expected net benefit of actions to reduce the exposure. The 

appropriate intervention levels should he decided by the compe tent 

authority in each ease, recognizing that lhe dose equivalent limits have 

little relevaocc in this ease 

Section IX 

DEFINITIONS AND EXPLANATION OF TERMS USED 

902 activity: The activity, A, of an amount of radioactive nuclide in a particular 

energy state at a given time is the quotient of dN by dr, where dN is 

the expectation value of the number of spontaneous nuclear trans-

formations from that energy state in the time interval dt [ICRIJ 

Report 33J: 

dN 
A= - 

of 

The special name for the SI unit of activity is hecquerel (Bq): 

I Bq 	I sl 

The special unit of activity, curie (Ci), may be used temporarily: 

I Ci = 3.7 X 10 10  Dq (exactly). 



- 216 - 

903 annual limit on intake (ALL): [he ALl is a secondary limit for occupational 

internal exposure (see para. 4052) and is the smaller value of intake of 

a given radionuclide in a year by Reference Man tICRP Publication 231 

which would result in either a committed effective dose equivalent of 

50 mSv or a committed dose equivalent in the lens of the eye of 

150 mSv or in any other organ or tissue of SOOmSv (paras 405 and 411). 

ALl values for radionuclides are given in Annex Ill, 

908 critical group: For a given source or group of sources, the group of members 

of the public whose exposure is reasonably homogeneous and is typical 

of individuals receiving the highest dose. 

909 derived air concentration (DAC): The DAC for a given radionuclide is a 

derived limit (para. 405.3) and is the activity concentration of that 

radionuclide in air (Bq/m 3 ) which, if breathed by Reference Man 

(ICRP Publication 231 for a working year of 2000 hours under conditions 

of light physical activity (breathing rate 1.2 m 3 /h), would result in an 

inhalation of one ALL, or tlae concentration which for 2000 hours of 

air immersion would lead to the irradiation of any organ or tissue tc 

the appropriate limit. 

910 derived limit: See limits, para. 405. 

912 dose: A term denoting the quantity of radiation energy absorbed by a 

medium. Although the terms 'dose' or 'radiation dose' are often used 

in a general sense, they should usually be qualified, for example as 

absorbed dose (D), dose equivalent (H), effective dose equivalent l 

effective dose-equivalent commitment HE ,C' coni ni lte d e ffec live dost' 

equivalent (' t E so or collective effective dose equivalent (SE).  etc. 

The named terms are defined below. 

912,1 	absorbed dose: The absorbed dose, D, is the quotient of dd by dos, 

where dë is the mean energy imparted by ionizing radiation to matter 

of mass dm tICRU Report 331: 

lie 
D —  

dm 

The special name for the SI unit of absorbed dose is gray (Cy): 

I Gy= I J.kg. 

The special unit of absorbed dose, rad, may he used temporarily: 

I rad = 10_I Gy. 
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912.2 	dose equivalent: The close equivalent. H. is the product of D, Q and N 

at tile point of interest in tissue, where D is the absurbed dose, Q is 

the quality factor (Sec para, 927 and Annex II), and N is the product 

of all other modifying factors [ICR 13 Reports 25, 33 

H = DQN 

The SI unit H is the same as that for I) (joule per kilogram). 

The special name for the SI unit of dose equivalent is sievert ISv I: 

I Sv= I J.kg 1 . 

The special unit of dose equivalent, rem, may he used temporarily: 

I rem 	0 -1  Sv. 

Currently ICRP assigns a value of unity to N. 

912.3 	effective dose equivalent: The effective dose equivalent, HE (see also 

Annex IV, paras 117 to 120), is defined as: 

H = 	wjHj 

where H1  is the mean dose equivalent in tissue T and w1 is a weighting 

factor representing the proportion of the detriment from stochastic 

effects resulting Irons tissue T to the total detriment from stochastic 

effects when the body is irradiated uniformly. 

The values of WT  are specified by ICRP f ICRP Publieatiun 26J 

and are 

Tissue 	 WT 	 Tissue 

Gonads 	 0.25 	Thyroid 	 0.03 

Breast 	 0.15 	 B one surtaees 	 0.03 

Red bone marrow 	012 	 Remainder 	 0.30 
Lung 	 0l2 

.4 value of w1 of 0.06 is applieahle to each of the five organs or tissues 

of the remainder receiving the highest dose equivalents, and the exposure 

of all other renlaining tissues may he neglected. (The following parts 

of the CI tract 	stomachn sniall intestine, upper large intestine and 

lower large intestine 	are to he treated as four different organs.) 

The dose equivalents in hands and forearms, feet and ankles, the skin, 

and t lie lens of the eye are not coil si tiered in coini pti tin g t lie effective 

dose equivaleni. However, to assess the detriment from exposure of 

population groups due to a small risk of fatal cancer resulting from 

exposure of the skin, a value of WT of 0.01 is assigned. 
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91 2.4 	effective dose-equivalent commitment: The effective dose-equivalent 

commitment, t-1ac from a given decision or practice is the infinite time 

integral of the per caput effective dose-equivalent rate. üe(t),  for a 

specified population: 

Hac 	I Hf dt 

The exposed population is not necessarily constant in size. 

It is also possible to define a collective effective dose-equivalent 

commitment. This may be obtained by integration of the collective 

effective dose-equivalent rate. 

	

912.5, 	committed effective dose equivalent: The committed effective dose 

equivalent, HE 50, resulting from an intake of radioactive material into 

the body is the effective dose equivalent that will he accumulated 

during the 50 years following the intake: 

is + 50 years 

Hem = I HE(fl(it 

where Heft)  is the relevant effective dose-equivalent rate from the intake 

and t 0  is the time of intake. Sometimes it may be necessary to extend 	 - 

the integration time beyond 50 years in order to assess the "lifetime 

dose". 

	

912.6 	collective effective dose equivalent: The collective effective dose 

equivalent, S, gives a measure of the total health detriment from a 

given radiation source, and is defined as 

/ HE PfHE WH E  

where PtIIE) dHE is the number of individuals receiving an effectsve dose 

equivatent between HE and HE + dHg from the given source. The units 

of SE  are man.sieverts (man Sv), 

	

912.7 	dose-equivalent indices: For the purpose of these standards, two dose- 

equivalent indices are defined: 

(a) deep dose-equivalent index, Hio. at a point is the maximum dose 

equivalent within the 28 cin diameter core of a 30 can diameter sphere 

centred at this point and consisting of material equivalent to soft tissue 
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with a density of 1 g - cm 3 . 

(b) shallow dose-equivalent index, H1 8 , at a point is the maximum 
dose equivalent within the spherical shell extending from a depth of 
0.07 man to a depth of 1 can from the surface of a 30 cm diameter 
sphere centred at this point and consisting of material equivalent to 
soft tissue with a density of I g - cm 3 . 

(For a definition of dose equivalent index, see ICRU Reports 25, 33.) 

915 exposure: As used in these Slanstards, any exposure of persons to ionizing 
radiation. A distinction is made between. 

(a) external exposure, being exposure to sources outside the body: 
hi internal exposure, being exposure to sources inside the body: 

(c) total exposure, being the suns of the external and internal cxposures. 

916 ionizing radiation: Electromagnetic radiation (e.g. X-ray or gamma-ray 
photons) or corpuscular radiation capable of producing ionization in 
its passage t Ii to ttgh matter. 

919 natural radiation exposure: Exposurc of persons resulting from natural 
radioactive substances inside the body and from sources of external 
tad iatioo including cosmic rays and sources of terrestrial origin. i.e. 
radionuclides naturally present in the crust of the earth and in air. 

920 technologically enhanced natural radiation exposure: Exposure resulting 
from natural sources of radiation whose original state has been changed 
by liunsan activity. Such cxpusures may result from the utilization of 
mineral raw materials or industrial discharge products. Exansples are 
utilization or fossil fuel, utilization of fertilizers containing phosphates, 
operation of certain ni i nes. building materials, air travel. 

921 nuclide: An atomic species cliaracierized by the number of protons and 
I he n urn her of neutrons in its nucleus, and by the energy state of the 
nucleus. 

922 occupational exposure: Exposure of a worker during a period of 
work. 

930 radiation source: Substance or apparatus producing or capable of producing 
ionizing radiation. 

931 radioactivity: For the quantity relating to this phenomenon see activity, para. 902. 

932 sievert:(Sv): St unit of dose equivalent (see para. 9112). 
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Annex III 

ANNUAL LiMITS ON INTAKES (ALI5) AND DERIVED AIR 

CONCENTRATIONS (DACsi OF RADIONL'CLI DES 

FOR OCCUPATIONAL EXPOSURE 

Introduction 

A.! 11, I 	For each radionuclide a table is given in dicating the class of the 

chemical compound which is to be used for selecting the appropriate 

AL! value (parc. 405.2). 

KIll. 2. 	The ALIs and DACs for inhalation are given for the three ICR? 

classes 1  (D. W, Y) of radioactive materials which refer to their biological 

retention in the pulmonary region 2 . This classification applies to a 

range of biological halitlives for D of less than 10 (lays, for W from 

10 100 days and for Y greater than 100 days. 

A,III3. 	The values otALIs and DACs are those given in the ICR? report 

entitled Limits for Intakes of Radionuclides by Workers, ICRP 

Publication 30, Parts I, 2 and 3. 

A.II1.4. 	The DAC values are derived limits (para. 405) 3)) intended to control 
cxposore over prolonged periods of up to one year. The relationship 

between DAC and AL! is given by 

DAC = ALI,(2000 X 60 X 0.02) 

= ALI/2.4 X 10 3  I3q m 3  

where 0.02 m 3  is the volume of air breathed at work by Reference 

Man' per minute under working conditions of "light activity" (see 

ICRP Publication 30). 

See also ICRP Publication 30, Parts I, 2 and 3, where these are described in fulb 
See: Deposition and Retention Models for Internal Dosimetry of the Human 

Respiratory Tract, a report prepared by the ICR!' task group on lung dynamics; also Health 
Physics 12 ( 1966) 173 —207, reproduced in Inhalation Risks from Radioactive Contaminants, 
Technical Report Series No. 142, IAEA (1973). Some modifications have however been 
introduced in ICRP Publication 30, Parts I, 2 and 3, and these are reflected herr. 
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AlP. 5. 	ALl and DAC values relate to intake by the specified route of 
entzy into the body of the single radionuelide named and include an 
appropriate allowance for any daughter radionticlides produced in 
the body during the decay of the parent nuclide. However, intakes 
which include both parent and daughter radionuclides should be 
treated by the general method appropriate to mixtures (see main tes 
para.421i. 

A.ill.6. 	The values of ALl or DAC do not apply chrectIN when the wort 
both ingests and inhales a radionuclide, when he is exposed to a mixi 
of radionuclides or when he is exposed to both internal and external 
irradiation (see definition of ALl in para, 903). In such a case, the 
method and summation formula specified in para.42 I of the main te 
shall apply. 

AlIt.?. 	In the special case of inhalation of the short-lived daughters of 
t 2Ro and 220Rn. t1  may be expressed in ternis of inhaled potential 

alpha energy, the annual limit for which is 

0.02 1 for the daughters of 22 Rn and 
006 1 for the daughters of 220Rn. 

Expressed as tinlc-integrated exposure. in the widely used practical 
units of working level ni on ths (WLM), the limits arc: 

5 WLM for the daughters of '' 2 Rn, all 
15 WLM for the daughters of 20Rn. 

All i8. 	The following tables give for various nuelides of each of the 
elements listed below the annual limits on intake. ALl (Bq), and 
derived air concentrations. DAC (Bq m 3), the figures being based oi 
a forty-hour week. Ta obtain the A Lt expressed in Ci the relevant 
value should be divided by 17 X 1010.  To obtain DAC expressed in 
Cl m 3  the relevant value should be divided by 3.7 X 1010. 

In the following tables, the foil owing a bhreviations have been use LI: 

LLI wall 	lower large intestine wall 
St, wall 	 stomaels wail. 
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HYDROGEN 

Radionuclide Oral 	 inhalation 

II ALl 3X10 9 	 3X10 9  

(Tritiated water) DAC — 	 8 1< iO 

ALl — 	 — 

(Elemental tritium) DAC - 	
2 X 1010 

Absorption of tritium through the skin is included in the calculations for DAC 

CARBON 

Radionuclide 
Oral 

a 

inhalation 

b 

"C ALl 2X 10' 0  2X 10' 
DAC - 6X10 6  

ALl 9 X ID' 9 X ID' 
DAC - 4X104  

a, In All labelled organic compounds of carbon except carbon monoxide and carbon dioxide. 

CARBON MONOXIDE 

Radionuclide Inhalation 

"C ALl 4X 10' 0  
mAC XI0 

ALl oX 10 
DAC ax io' 

CARBON DIOXIDE 

Radionuclide Inhalation 

ALl IX lad 
mAC lXlO 

ALl CX lO 
DAC 
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KRYPTON 

Radionuclide 
Semi-rnfinite 

cloud 
3 100Gm rOom 

3 
500 m room 3 lOOm room 

161Cr 1X10 5  lXlO 6  1X10 6  1X10 6  

(3 X 10 6 ) 
(3 X 106) (6 X 	0 6 ) 

Skin Skin Skin 

Kr 3X 105  TX io 9X 10 1  2X 10' 

'Kr IX io 2X 106 2X 10 6  2X io 
3 X 106) (4 X 	0 6 ) (TX 10 6 ) 

Skin Skin Skin 

'Kr OX io IX 10 2X 10' 3X 10' 

6t Kr 2X10' 1X10 5  lX10 6  1Xlo 5  

(5X 	10) (OX 10) (9X 10) 

Lens Lens Lens 

S3Kr51 4X lO 4X 106 4X 10 5  4X io 
(TX 10) (TX 10) (TX 10) (SX 10) 

Lens Lens Lens Lens 

Krm IX io IX lo 5X10 6  IX 106 

(TX 	0) (3X 10
7 ) (4X 10') 

Skin Skin Skin 

6 Kr IX 	06 IX 106 51< 	106 IX 106 

(IX 10') lix (IX 	10 1 ) (21< 	10 9 ) 

Skin Skin Skin Skin 

5 'lCr TX Io IX 10 IX 10 5  ix 10 5  

(IX 10) (6 X too) (IX 10 1 ) 
Skin Skin Skin 

TX 	ICO TX io °  TX 10 6  31<10 6  

(4X 106) 

Skin 

Exposure in a cloud of radioactive noble gas is nsainly determined by external irradiation 

since dose-equivalent rate from gas absorption in tissue or contained in the lungs will be 

negligible in comparison aith dose-equivalene rate to organs and tissues from external 

in ad iat son. 
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STRONTIUM 

Radio nurlide 

Oral 

a h 

I nhalatsors 

c 	 d 

StIr  ALl 2X io 2X 10 8  4X 80 8  IX 108 

DAC 2X io 2X 108  

us8 ALl 9 x lO 9 X l0 3 X io 3 X 10 

DAC IXIO6  IX IO 

ulr  AL! I X 	10 8  BXIO' 3X 108 IX 	108 

DAC I X 108 IX lIP 

StS r St ALl SX l0 IX l0 2X 80 8  3X 1010 

DAC - 9 X 10 6  I X 80' 

68 ALl 9Xl0' lXl0 IX10 8  6Xl0' 

DAC 4X io 2X 104  

AL! 2X io IX iIP IX 	IP sX io 

DAC 2X 10 6  2X 106 

StI r  ALE 2 X 10' 2 X 101 3 X 101 IX 	06 

(2 X 80') 
LLI Wall 

DAC -- IX I0 2X I0 

803r ALl IX 10 6  2X10' 2X 80 8  IX iIP 
(lX 106) (IX 108) 

Bone surface B one surface 

DAC -- -- 3X 10 IX ID' 

5'Sr ALE IX ID' fiX 10' 2X 10 6  IX to 
DAC 9X104  IX 10 

Sr AL! I X lOB I X 10 8  3 X 10' 2 X ,o 
DAC - IXIO' IX10 8  

a Soluble salts of strontium. 

I SrTiOr 
All soluble components except SrTIO3. 

it All insoluble components and SrTiO3. 
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IODINE 

- 	 Oral 	 Inhalation 

Radionuclide 
a 	 U 

1201 ALl IXIO 5  3X10' 

(3 X 10 1 ) (5 X 	01 ) 

Thyroid Thyroid 

DAC - IXIO' 

i20ifl ALl 4X IO SX l0 

(5 X 10') 
Thy roid 

DAC — 3X10' 

ni l  ALl 4X 	0' 7X 10' 

(I X 10 1 ) (2 X 10) 

Thyroid Thyroid 

DAC — 3X 10 

1231 ALl IX IO 2X to' 

(4 X 10 1 ) (7 X 	
O) 

thyroid Thyroid 

DAC 9X104 

'"I ALl 2X 10 6  3X 10' 

- - 

 

In X 10') (IX 10 ' ) 

Thyroid Thyroid 

DAC — 1X10 3  

i201 ALl IX 10 6  2X 	06 

(5 X 10 6 ) (8 X 106 ) 

Thyroid Thyroid 

DAC I X to ,  

"I ALl SXIO' IXIO' 

(3 X 10
6

) (4 X 106 ) 

Thyroid Thyroid 

DAC — 5X10' 

111 1 ALl 2X 109  4X 	0 

(2 X 10') 

SI 	wall 

DAC — 2X10' 
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IODINE (cont.) 

Radionuclide 

Oral 

a 

Inhalation 

- 

h 

129j 
ALl 2X 10 3X 10 

(7 X 	0) (IX 	106) 

Thyroid Thyroid 

DAC - IXIO 2  

idol ALl IXlO' 3X10' 

(4 X 	0
7

) (7 X 	0') 

Thyroid Thyroid 

DAC -- I X 	lo ,  

1311 AL! IX 10 6  2 X 106 

(4 X 106) (6 X 106) 

Thyroid Thyroid 

DAC 7X 102 

32! ALl IX lO 3X 10 8  

(3X 10') (6X 10) 

Thyroid Thyroid 

DAC - 1X10 5  

132151 ALl IX I0 3X io 
(4 X I0) (7 X 10) 

Thyroid Thyroid 

DAC - 1X10 5  

1331 ALl SX 10 6  IX ID' 

(2 X 10') 3 X 	0') 

Thyroid Thyroid 

DAC -- 4X 10 3  

ALl SX iO' 2X 10' 

(IX 	10') 

Thy roid 

DAC 7XI0 3  

sail ALl 3 X 10' 6 X 10' 

(9 X 	0 7 ) 12 X 	01 ) 

Thyroid Thyroid 

DAC 2X104  

a All commonly occurring Compounds of iodine-

All compounds of iodine. 
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CAESIUM 

Rid onuc tIe 

0141 Inhalation 

uSc All 21<10 1  5X10°  

LIX loll 

SI 	will 

DAC - :1<106  

AL! 21< 	10n 4X IO °  

DAC - 11<101  

'IcC, ALl 91< 	lOt '1< 	10°  

DAC - 5XIO 5  

ALl 21<101 7X lot 

141< 	101 1 

SI. will 

DAC — 31<106  

Ol co AL! 11<101 IX 	lO 

DAC - 51< 	l0 

ALl 11<101  IX 10 
DA( - 6X104  

AL! 31<101  41<101  

DAC - 2 X 	10' 

lM(,nS 
ALl 41< I OA  91< 	10°  

41< 	lol 

Sr 	will 

DAC — 21< 	IOn 

All 31<10' 41<10' 

DAC — 21< 	io 

ALl 41<10° 71<10 

DAC — 31<106  

"IC. All 21<10' 21<10' 

DAC — IX 	lC 

"C ALl 41< 	101 oX lot 

DAC 21< 	10' 

D6ç 
ALl 71< 	lot 

21< 	1119  

111< 	l0° l 

Si. wall 

DAC — 91< 	17' 

al All tomp000 d I 
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PLUTONIUM 

Oral Inhalation 

Radionuclide 

a b c d 

'eupc AL! 3X 10' 3X 10' SX 106 7X 106  

DAC - - 3X J0s  3X 10 

AL! 3 X i0 15  3 X 	0° I X loll 9 X 1010 

DAC - SX 10' 4 X 10' 

"'Pu ALl SX 101  63< IO 73< 10 IX lO 

(I 3< 	106) (IX 102) 

Bone surface Bone surface 

DAC - 3X I0 63< 	10' 

"'Pu ALl SX io IX Icts IX 10' IX '02  

DAC - 5X104  5xI0 

"Pu ALl 3X 10' 3X 10s 2X 10' 63< 102  

(S X 101 ) (33< 	10') (4 X  10') (6X 	(i) 

Bone surface B one our face Bone surface Bone surface 

DAC -- - 93<0-' 3X l0' 

Pu ALl 2X106 2X10' 2XIO' SXI(I' 

(4X 10 1 ) (3X 	06) (4X 10') (6X 10') 

Bone surface Bonrsu eface Bone surface Rune surface 

DAC - IX IC' 2X IC' 

ALl 2X10 2X10' 2X10' SXIO' 

( 4 X 	05 ) (3X 106) ( 4 X 10') (6X 101 ) 

Bone surface Bone surface Bone surface Bone surface 

DAC - - IX 10-2  2X I0 

ALl IX 10' IX 10' IX l06 2X io 

(2X '0') (23< 	106) (23< 	10) (X 	106) 

Bone surface Bone surface Bone surface Bone surface 

DAC - - 4 13<10' 

roifan ALl )X 102  3X 106 2X 102  6X 102  

(IX 	102) (X Ia') (4X 10') (63< 	102) 

Bone surface Bone surface Bone surface Bone surface 

DAC - - 9X IC' 2X IC' 

ALl 6X i0' 6X 10 IX i0' IX i06 

DAC - - 5XI02 63<102 
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PLUTONIUM (coot.) 

Oral 
	

inhalation 
Radiunsiriide 

d 

"Pu 	 AL! 	3X Ids 	3)1 lO 
	

2X103 	6)1102  
(5)1 10 5 ) 	 (3)1 102) 

	
(4)1 02) 	(6)1 102 ) 

Bone surface 	Bone surface 
	

Bone surface Bone surface 
OAF 
	

9)1 io 	2X t0 

ueapu 	 ALl 	8)1 10' 	8)110' 	2)1108 	2)1 10 8  

DAC 	 - 	 7)1 10 4 	6X 104  

a For all commonly occurring compounds of plutonium. 
For oxides and isydrosides of plutosiim. 

All commonly occnrring compounds of plutonium except those in 
d Pu0 3  

It should be noted that data are reported which indicate a much higher gastro-intestinal absorp-
tion for cecia in compounds of plutonium that areu nhleely to be encountered in occupational 
exposure, e g.  hexavatent plutonium compounds, citratea, and other oreanic complexes; 
absorption is also increased in the very young. 
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AMERICIUM 

Radio nu elide 

Oral 

a 

Inhalation 

b 

2"Am ALl 3X io IX josO 

DAC - 4X105  

anArn ALl IXLO' 1Xl08  
(2 X ba) 
Bone surface 

DAC - 4X104  

ALl 2X10' 5X105  

DAC - 2X10 5  

ALl SXIO' IXIOR 

DAC - 4X104  

an Arn ALL 5Xl04  2X102  
(9X 104) (4X 102

) 

Bone surface Bone surface 
DAC -- 8 X 10' 

3 Amm ALL 5X104  2XI0 
(9X bO) (4X 10 2

) 

Bone surface Bone surface 

DAC -- S X I0' 

2 Am ALL 2Xl05  3X106  
(3 X IO) 
Bone surface 

DAC - 1X10 3  

ALL SX 104  2X 102  

(9X l0) (4X 102) 

Bone sorface Bone surface 

DAC - BXIO °  

ALL 2X109  1X105  

(3 X ID') (2 X ID') 
Bone surface Boise surface 

DAC - 6X104 
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AMERICIUM (coot,) 

Radionuclide 

Oral 

a 

!nhalation 

It 

Am ALl 1X101  6X106  

(I >( 	to') 

Bone surface 

DAC - 3% 103  

ALl IXl0°  3%tO°  

DAC IXIO' 

AU 21(10' 61(10' 

(2% 10') 

St. wall 

DAC 31(10 °  

A. AU 11(10°  41(10' 

1AC 21(10°  

a, It All compoolida of amencium. 

It should be noted that greater gaslro-tn test' nat absorption might be expected for coniplexed 

fogniso (sIte element and that entrarseed aheorptiutr has bee nreportcd in 'cry young rats 
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EXPOSURES OF THE PUBLIC, 

EXCLUDING MEDICAL EXPOSURES 

(see also Section VI1 of main text) 

General 

A.1Y500. 	Individual members of the general public are not normally 

subject to supervision. Therefore, exposure of the members of the 

public is mainLy timited through control at the source. This diftèrs 

from control of exposure of the workers, who are subject to super-

vision. In assessing and controlling exposure of the public it is 

important to recognize that there will often he differences between 

the public and worker population with respect to age distribution, 

metabolic parameters, critical pathways, intake mechanisms, and 

so forth. Tlsus for the special cases where there is Internal exposure 

of infants or children, One to the more restrictivc biological and 

metabolic paramelers used in these cases, the intake values should 

be chosen as follows: 

One-hundredth 8  of the relevant AL] value in Annex III may 

be used where appropriate as the relevant quantity for the secondaTy 

limit (see para. 423 of main texr) in eases where the exposure is not 

likely to be repeated over long periods of tinse this fraction is 

made up of two components. One component is one-tenth and is 

to be applied to AL] values to take account of the lower dose limit 

for members of the public stated in para. 418 of the main text The 

other component is an additional one-tenth to lake aecoont of the 

smaller mass of organs of the critical infant or child. 

One hundredth 9  of the relevant AL! value in Annex II! may be 

used as the relevant quantity for the average intake value (see 

para. 423 of main I ext ) in cases where the exposure of individuals of 

the critical group is extended for long periods of time (up to the 

entire lifetime of the individual). This fMel,on is made up of 

two components. One component is one-Fiftieth and is to he 

applied to the ALL values to take account of the lower annual average 

value for members of the pubtic. The second component is one half 

and is to take account of the mass of organs averaged over a lifetime, 

as the organ masses increase as individuals become adult. 

8,9 The value of the traction is a provisional one pending the publication of the ICR? values. 

The factor of one-hundredth could be used if for some reason it is not possible to 

calculate an individual ALl but it should be eecogniaed that this might be overcautious in so me 

citcumatances. For purposes of optimization,such are oversimplified ALt value should not be used, 

as a realistic value is required 
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However, the annual effective dose equivalent limit and annual 
average values are those given in pares 418 and 419 in the main 
text, i.e. 5 mSv (0.5 rem) when exposure is limited to a short period 
of the individual's lifetime or an average of I mSv (0.1 rem) over 
the entire lifetime of the individual. 

A,IV.501. 	The basic principles of justification, optimization and individual 
dose limitation are also applicable in the limitation of exposure of 
the members of the public. Therefore, the limitation of exposure 
of the public would take into account: 

(I) Individual-related radiation protection criteria. The dose limits 
for the members of the public should be respected. 

(2) Source-related radiation protection criteria. Each source or 
practice should be justified and subject to the optimization 
principle. 

A.JV. 502. 	For source-related protection assessments it would be useful 
to develop long-term forecasts of the trends of various contributions 
to the total collective and individual dose equivalent from various 
sources of exposure. 

A. Individual-related radiation protection criteria 

A.IV.501 	The individual-related dose assessment aims at the estimation of 
the total radiation cxposurc received by given individuals from all 
sources and practices involving radiation for which the individual 
dose limits apply. 

A.IV.504. 	Dose equivalent limits for workers and for members of the 
public are not intended for design or planning purposes, but are the 
lower boundary of the range of values that is generally considered 
to be unacceptable. Values above the limits are to be specifically 
avoided, but values below the limits are not automatically permitted. 
In this sense, the limits are constraints for the optimization process. 

A.! V.505. 	When several practices are likely to contribute significantly to 
the exposure of the same exposed population, either simultaneously 
or successively, the determination of the critical groups must take 
account of these separate contributions. 
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A.tV.506. 	It must be recognized that the group which is critical for a 
multitude of sources is not necessarily identical to any of the groups 
which are critical for the individual sources. In general, the critical 
group for a given source or group of sources is the group of 
individuals whose exposure is relatively homogeneous and typical 	 - - 
of individuals receiving the highest dose. It is independent of political 
boundaries. 

A.lV.507. 	Because the dose limits appty to the combined exposure from 
many practices, they cannot be used as operational limits. In fact 
exposures at the limit from one single practice would leave no scope 
for other exposures of the same critical group. Furthermore, each 
year of a continuing practice can, in some cases, cause exposures 
which wili be delivered in the future and which add to the con-
tributions of other years. 

A.IV. 508. 	It is possible to controt the future average effective dose 
equivalent from all practices by applying practical timits to the 
effective dose-equivalent commitment per unit practice for each of 
the practices. This concept has been used in some countries to set 
authorized limits to the collective effective dose-equivalent 
commitment per MW year of electrical energy produced by nuclear 
means. 

A.IV,509. 	The use of environmental models allows the establishment of 
relationships between releases, environmental levels and resulting 
doses, making it possible to relate releases of radioactive materials 
into the environment to the resutting effective dose cquivalents in 
the critical groups. The sequence of events leading from the primary 
release of radioactive substances to irradiation of human tissues can 
be schematically represented by compartment models, in which the 
rates of transfer of radioactivity between compartments are specified 
by constants or by time functions. The use of compartment models, 
even if they are complex, implies considerable simplification of the 
real transfer process of the network of pathways linking the release 
or radioactive material to human exposure' ° . 

International Atomic Energy Agency, Generic Models and Parameters for Assessing the 
Environmental Transfer of Radionuclides from Routine Reteases. Exposures of Critical Geoups, 

Safety Series No 57, IAEA, Vienna (1982). 
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A.IV.5 10. 	For individual-related assessments, regional and world-wide 
contributions from other sources and practices have to be taken into 
account in so far as the exposure affects the same critical group. In 
addition, allowance has to be made for exposures of other types, 

- 

	

	 taking into account present and future conditions, to the same 
critical group. 

B. 	Source-rela ted radiation protection criteria 

A.IV. 511. 	Source-related assessments ideally aim at the estimation of the 
total radiation detriment from a given source or practice. This 
detriment, when it involves a small individual dose lower than the 
dose limits, is composed only of stochastic effects; under the 
proportionality assumption the health component of the total 
detriment is proportional to the collective effective dose-equivalent 
commitment. 

A.IV.5 12. 	The general methodology for assessing the collective dose- 
equivalent commitment is given in the IAEA Safety Seriesi 

C Control of exposures 

A.IV.5 13. 	Control of exposure that might result from a source or practice 
should involve the examination and testing of protective arrangements, 
including: 

(I) Examination and approval of proposals involving radiation risk. 
These should include pre-operational studies if rcquircd. 
Acceptance into service of new installations and modifications 
of existing installations with regard to protection against any 
radiation exposure or contamination liable to extend beyond 
Use perimeter of the installation, taking into account demo-
graphic, meteorological, geological, hydroiogical and ecological 
conditions. 
Checking the effectiveness of protective devices, establishment 
of authorized limits for discharges and, wherever necessary, the 
establishment of emergency plans. 

A.IV. 514. 	All releases of radioactive substances to the environment 
including the disposal of solid wastes should he suhject to 

See: Principles for Eatahiiahing Limiia for the Release of Radioactive Mamerials into 
the Eemv,eonmeni Safety Series No.45, 1AEA. Vienna (t 978). 
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authorization and control by the competent national authority untess 
specifically exempted. In setting such limits, the authorities should 
apply, with an appropriate degree of detail, the process of optimiza-
tion and should take account of present and foreseeable future 
sources of exposure. In any event the authorized limits of release as  
fixed by the national authorities should not exceed limits derived 
using the methodology outlined in para. A.tV.509 above. 

A.tV.5 15. 	Direct external exposure from sources used for industrial, 
medical or scientific purposes should he restricted. It may he 
necessary to define an area of restricted access or use in the vicinity 
of the source, 

D. 	Monitoring and surveillance progroinrne.s for the individual and 

collective do.se-equ i eaten I CO en rn/linen Is 

A. IV. 516. 	Surveillance should be established: 

To ensure comptiance with authorized limits 
To assess dose cquivalcnts of members of the public from the 
sources under consideration, and 
To evaluate trends of exposure levels in the environment. 

Monitoring of exposure of the population can be achieved by. 

(a) Monitoring of the source, which would include monitoring 
of discharges and estimating the dose rate in the case of direct 
exposure of members of the public. The monitoring of the 
source constitutes the basic control requirement in contrast to 
environmental monitoring of pathways. 

(h) Monitoring of environmental pathways, to ensure that the 
critical groups of the population are adequately protected. 
Surveillance should be carried out in all places where critical 
groups may be present. Environmental monitoring should also 
he done in other areas where people could be affected by a given 
source. It should be emphasized. however, that the levels in the 
environment are usually very low and thus primary reliance is 
based on monitoring of the source. 

A IV 517 	The results of radiation surveillance should be examined with 
a view to verifying or motlifying the assumptions and environmental 
models used in deriving release limits and estimating dose 
commitments, 
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A.IV.5 18. 	Records relating to the measurement of external exposure and 

radioactive contamination, and to the estimates of doses received 

by the population, should he properly tiled. All values of releases 

of radioactive material to the environment should he recordcd in 

conformity with the requirements of the competent national 

authorities. 

A.IV. 519. 	Before the establishment of a practice involving exposure of 

members of the public, it may be necessary to carry out appropriate 

pre-operational studies to provide the information needed for the 

relevant exposure pathway paramctcrs, and for planning the 

monitoring required during operations. 




