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INTRODUCTION

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

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

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

dose modelling; the use of transfer coefficients or equilib-
rium modelling has been adequate for purposes of the
Committee. Data compilations have been generalized to
allow widespread use in both time and space. Although
projections were needed to obtain committed doses, there
has been little emphasis on prognostic modelling. In
general, data-based methods of assessment with more
direct and simpler dose estimation procedures have
provided results of reliable accuracy and allowed scientists
throughout the world to understand and apply or adapt
these same methods. This historical viewpoint is
significant and important to understand the evaluations of
theCommittee. In specific circumstances, more theoretical
or more detailed models might have been more
appropriatelyconsidered, but thesehavegenerallynot been
used by the Committee, nor will they be described or used
in this Annex.

4. The Committee previously summarized its dose
estimation procedures in Annex A, “Concepts and
quantities in the assessment of human exposures”, of the
UNSCEAR 1977 Report [U7] and in Annex A, “Dose
assessment models”, of the UNSCEAR 1982 Report [U6].
These reviews are extended in this Annex with con-
sideration of dose estimation procedures used in all earlier
assessments of theCommittee. The selection ofmodels and
the values of the parameters have been adjusted, based on
best available estimates.

5. The procedures and models developed and used by
the Committee are believed to be reasonably accurate in
general application. They are largely based on empirical
evaluationsofavailablemeasurements. In thewidest sense,
the estimates of the average doses to the global population
from radiation sources are certainly well within the wide
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variations that are known to exist. It is clear, however, that
more regionally appropriate values of environmental condi-
tions or of human habits apply in specific circumstances.

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

I. GENERAL CONSIDERATIONS FOR DOSE ASSESSMENTS

A. DOSIMETRIC QUANTITIES

1. Definitions

6. For radiation assessment purposes, a number of
specialized quantities are used. A historical review of the
quantities used by the Committee was presented in the
UNSCEAR 1988 Report [U4]. The Committee uses the
system of radiation quantities and units adopted in 1980 by
the International Commission on Radiation Units and
Measurements (ICRU) [I8, I12] and the revised terminol-
ogy and definitions proposed in 1990 by the International
Commission on Radiological Protection (ICRP) [I1].

7. For assessments by the Committee, the fundamental
dosimetric quantity used is the absorbed dose, D, averaged
over a tissue or organ; its unit is joule per kilogram, which
is given the special name gray (Gy). The relationship of
this quantity to the risk of biological effect is described by
the weighted dose quantities. Values of weighting factors
have been recommended by ICRP for the various types and
energies of radiation incident on the body or emitted from
within the body and for selected tissues and organs [I1].
Equivalent dose, HT, is theaveraged absorbed dose in tissue
or organ T, modified by the radiation weighting factor, wR:

where DT,R is the mean absorbed dose in tissue or organ T
due to radiation R. The unit of equivalent dose is joule per
kilogram, and it is given the special name sievert (Sv).
Values of wR are given in Table 1.

8. Effective dose, E, is the sum of the weighted equiva-
lent doses in all the tissues and organs of the body. It is
calculated from the following expression, where wT is the
weighting factor for tissue T:

Effective dose has the unit joule per kilogram, which is
given the name sievert (Sv). ICRPhas selected values ofwT
to assess health detriment arising from the irradiation of
various organs and tissues. The recommended values ofwT
are given in Table 2. The values have been selected for a
reference population of equal numbers of both sexes and a
wide range of ages. They apply to workers, to the general
public and to either sex.

9. The above definition of effective dose replaces a
previous similar definition of effective dose equivalent, HE:

which was promulgated by ICRP in 1977 [I11]. The
difference between HE and E is in the values of the weight-
ing factors, wT. In equation (3) this is noted by appending
(1977) to the wT expression. Values of wT(1977) are also
indicated in Table 2. Normally, this now outdated concept
would not be used by the Committee, but some very
extensive calculations of external dose coefficients have
been performed and reported as values ofHE rather than E,
and there is no unambiguous way to convert from one
value to another without access to the original calculations.
It is presumed that eventually these calculations will be
repeated so that values of E can be used in those few
circumstances where it is not now possible. For high-
energy gamma radiation the numerical values of E and HE
should be approximately the same. However, for low-
energy gamma radiation, bremsstrahlung, and electrons,
the dose to the skin is typically much higher than the dose
to any other organ, and the skin was specifically excluded
from consideration in HE. To simulate the value of E where
complete recalculation of E from HE is not possible, the
value of 0.01 Hskin has been added to HE. This practice of
adding a weighted component of skin dose to HE was
suggested by ICRP [I14] in 1978 and was first used by the
Committee in the UNSCEAR 1982 Report [U6] to calcu-
late doses from fission noble gases released from nuclear
reactors.

10. The term exposure is often used in the general
sense of being exposed to a radiation source, inferring
that a dose is received, but it also has a more specific
definition. Exposure is the total electrical charge of ions
of one sign produced in air by electrons liberated by x or
gamma rays per unit mass of irradiated air at NTP. The
unit of exposure is coulomb per kilogram. An old unit,
the roentgen, R, is still used, as noted, for example, in
reporting after the Chernobyl accident. One roentgen is
equal to 2.58 10�4 C kg�1. In this sense, the term expo-
sure applies to ionization of air by x or gamma rays, but
the more common usage is also prevalent. Another
dosimetric quantity is the kerma, which is the initial
energy of charged particles liberated by uncharged
particles in a unit mass of material. The unit is joule per
kilogram, given the name gray (Gy). Under the assump-
tion that charged particle equilibrium exists within the
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volume ofmaterial, the kerma and absorbed dosemaybe
assumed to be equivalent. This assumption is used by
the Committee in most circumstances in specifying
absorbed dose rates in air or tissue.

11. When radionuclides are released to the environment,
they persist until they are lost through radioactive decay,
causing radiation exposures into the future. To compare
doses delivered over different time periods, the Commit-
tee introduced the concept of the dose commitment. The
dose commitment, Hc,T or Ec, is defined as the time integral
of the average individual dose rate (per caput dose rate)
delivered as a result of a specific practice:

The integral is taken over infinite time to account for
exposures occurring during all future time and may thus
involve the average individual dose rates over generations.
The dose commitment from one year of a practice is
numerically equal to the equilibrium dose rate, if the
practice continues indefinitely at constant rate. If the
integration is carried out only to a specified time, this is
then termed a truncated dose commitment.

12. When prolonged exposure toa single individual from
a single intake of a radionuclide is being considered,
committed dose quantities are used. The time distributions
of the absorbed dose rates varywith the radionuclides, their
form, mode of intake, and biokinetic behaviour. The
committed equivalent dose, HT (τ), is defined as the time
integral of the equivalent dose rate, where τ is the integra-
tion time in years:

The value of τ is taken to be 50 years for adults and from
time of intake to age 70 years for children. The committed
effective dose, E(τ), is the sum of the committed equivalent
doses to tissues and organs multiplied by the appropriate
tissue weighting factors, wT. In general, the Committee
considers doses to adults; doses to children are considered
onlywhen such doses are significantly different. ICRP has
developed age-dependent models for the respiratory and
gastrointestinal tract and for the systemic biokinetic
behaviour of radionuclides that are of importance in the
environment. These models have been used to compute
values of committed effective dose per unit intake by
members of the public by inhalation and ingestion. These
values are compiled in ICRP publications [I2, I3, I4, I5],
and general use of these values is made by the Committee.

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

population size. The collective equivalent dose, ST, is the
average equivalent dose in an exposed group of individuals
multiplied by the number of individuals in each group:

where Ni is the number of individuals in population
subgroup i receiving mean organ equivalent dose HT,i . The
collective effective dose, S, is defined in a similar manner.
The population and the time period over which the dose is
determined should be specified. The collective dose commit-
ment may become rather uncertain if applied to very long
time periods in which future environmental conditions and
the populations affected cannot be reasonably anticipated.

2. Age groupings

14. In many instances, the effective doses in populations
have been estimated by the Committee for the adult
individual. Data on concentrations of radionuclides in
tissues have not always been widely available for other age
groups. In some cases, the uncertainties have been as great
as the possible differences. For certain radionuclides and
pathways, however, the differences may justify separate
dose estimates. This is particularly true for 131I. The
availability of dose per unit intake estimates for other age
groupsmeans that calculated dose estimates can be derived
frommeasured concentrations in foods, andmoreextensive
reporting of age-specific results can be expected in the
future.

15. Earlier estimates of doses from fallout 131I were made
for infants, using the age of 6 months as representative of the
0�1 year age group [U7, U8]. For releases of 131I from nuclear
reactors, parameters were given in the UNSCEAR 1977
Report [U7] for the ages 6 months, 4 years, 14 years and
adult. For assessment of exposures from the Chernobyl
accident, dose estimates for 131I were made for 1-year-old
infants and adults [U4]. In the UNSCEAR1993 Report [U3],
food consumption amounts were indicated for infants,
children and adults. In that report age-weighted annual
intakesofnaturallyoccurring radionuclideswerethenderived,
assuming the fractional distribution of adults, children and
infants in the population to be 0.65, 0.3, and 0.05,
respectively. An age-independent dose per unit intake (the
adult value) was applied [U3]. Age-dependent dose
coefficients are now available from ICRP, and the number of
age groups considered could be expanded to six: 3 months
(from 0 to 1 years), 1 year (from 1 year to 2 years), 5 years
(>2 years to 7 years), 10 years (>7 years to 12 years), 15 years
(>12 years to 17 years), and adult. For most purposes, the
Committee will consider the age categories of infants,
children, and adults and use the available dose coefficients
corresponding to 1�2 years, 8�12 years, and >17 years,
respectively, for thesecategories. The fractionaldistribution of
the population within these categories is that mentioned
above, namely, 0.05, 0.3, and 0.65 for infants, children and
adults, respectively.
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B. ENVIRONMENTAL BEHAVIOUR OF
RADIONUCLIDES

1. Transfer processes

16. Radionuclides are generally released in trace
quantities to the environment. They are then physically
transported in the air or water media in which they are
located. The measurements of radionuclide transfers from
past releases have been used to study and infer large-scale
atmospheric andhydrologicalmovements on theearth. The
fallout radionuclides 90Sr and 137Cs have been used to infer
material removal or renewal times (residence times) in
environmental regions. Tritium is a tracer for the world
hydrological cycle and 14C for the global carbon cycle. The
specific removal or transfer processes of the various
exposure pathways have been extensively studied.

17. Radioactive materials, either particles or gases, may be
transported great distances by local and large-scale air
movements. The time periods that the materials remain
airborne depend on the latitude, time of year and height of
injection into theatmosphere. Thedepletion processes include
gravitational settlement anddryimpaction, incorporation into
rain drops and washout by falling precipitation. The physical
and chemical characteristics of thematerials themselves, such
as particle size and chemical and physical forms, may
influence the removal rates.

18. The predominant features of large-scale mixing
processes and air movements in the atmosphere were
presented in the UNSCEAR 1982 Report [U6] in
connection with discussion of exposures from nuclear
explosions. They were used to describe the occurrence of
fallout. Themeasured deposition of 90Sr could, however, be
used as a starting point for the dose assessment, obviating
the need to evaluate the deposition from the uncertain
input amounts.With improved estimates recentlyavailable
of the input of fission radionuclides to the atmosphere from
nuclear tests, quantitative aspects of the general model can
be pursued with seasonal values of residence times
assigned to the various compartmental regions and
latitudinal deposition estimated. This exercise is discussed
in Annex C, “Exposures to the public from man-made
sources of radiation”.

19. Releases of radionuclides from nuclear fuel cycle
installations occur at ground level or through stacks of
assumed representative heights of 30 or 100 m. The long-
term, sector-averaged Gaussian plume model can be used
to calculate air concentration for limited distances
following airborne releases. Estimates can be obtained
directly from the model or from a simple analytical
expression that gives a good fit to the model results. The
air concentration at one kilometre per unit release is
typically 5 10�7 s m�3 and decreases as a result of further
dispersion at a rate inversely proportional to distance,
expressed in kilometres, raised to the power 1.2�1.4.
Derivation of these quantities is discussed in Section I.B.3.

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

20. Global modelling of atmospheric releases will be
describedwith respect to the specific radionuclides.Mixing
occurs first within the latitude band, then within the
hemisphere.Gradual interhemispheric exchangeoccurs for
gases such as 85Kr, for which removal processes are
minimal. Tritium and 14C enter the global cycles of the
respective elements.

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

22. UNSCEARhasneededhydrological transport estimates
to evaluate the exposures from releases of radionuclides from
nuclear fuel cycle installations. For fuel reprocessing plants,
use has been made of dispersion estimates surrounding the
plants at Sellafield and La Hague. In the general case for
reactor releases, the Committee made use of relationships
between water volumes, water usage and potential intake to
estimate collective doses. Thewater uses considered included
drinking water, fish and seafood production and irrigation.
Someminor pathwaysmight be involved in the local regions,
such as immersion and exposure to shoreline contaminants.
Some general considerations with regard to aquatic models
and suggestions about which models to use have been
published, e.g. [S2]. Details of the procedures used by
UNSCEAR will be presented later in connection with
ingestion exposures.

2. Parameters for dose estimation

23. The basic parameters used in models to describe
environmental behaviour and transport of radionuclides
and to make dosimetric calculations are transfer
coefficients, Pij. Thesedescribe the relationshipsof integrated
concentrations or dose in successive environmental
compartments, e.g. movement from compartment i to
compartment j. The pathways of transfer of radionuclides
through the environment commonly evaluated in UNSCEAR
dose assessments are illustrated in Figure I along with
designations of the transfer coefficients. As an example, P34 is
the time-integrated activity concentration of a radionuclide in
the body divided by the time-integrated concentration of the
same radionuclide in the diet. This methodology for deriving
relationships between measured quantities has been used by
the Committee since 1962.
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Figure I. Terrestrial pathways of transfer of radionuclides and dose to humans.

24. For a particular environmental transfer pathway, the
amount of radionuclide released to the environment
multiplied by the intervening transfer coefficients gives an
estimate of the resulting effectivedose. Ifmeasurement results
are available at any point in the chain, the calculation may
begin at that point. This minimizes the uncertainties that may
exist in determining transfer coefficients for earlier steps in
the transfer pathway. Thus, assessments of dosederivedbythe
Committee have started with integrated concentrations of
radionuclides in air, deposition densities, measured
concentrations in foods or body burdens.

25. The measurements used to evaluate transfer
coefficients have been made over a number of years by
research and monitoring organizations in many locations.
The transfer coefficients derived for estimation of effective
doses from atmospheric nuclear testing were summarized
in the UNSCEAR 1993 Report [U3] for a long listing of
radionuclides for the pathways of external irradiation,
inhalation and ingestion. The many measurement results
acquired following theChernobyl accident have shown that
more seasonal or locallycharacteristic conditions should be
taken into account in evaluating exposures from specific
single releases of radioactive materials. Several programmes
to compare results and validate models were instigated
following the Chernobyl accident. Those activities are
contributing results useful for deriving specific values for
many transfer coefficients, e.g. [I16, I17].

26. Tritium and 14C are modelled differently than other
radionuclides, since they are mobile in the environment
and are readily incorporated into living organisms. The
transfer of tritium and 14C is not modelled using transfer
parameters but by a specific-activityapproach. For tritium,
it is assumed that the tritium to hydrogen atom ratio in the
various environmental compartments is simply pro-
portional to the ratio in moisture in air. For carbon, the 14C
activity per gram carbon in all compartments is assumed to
be the same as that in air.

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

3. Atmospheric dispersion
from a near-surface release

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

29. Average air concentrations close to a specific source are
traditionally calculated using the long-term sector-averaged
Gaussian plume model [I15]. In this model, the plume is
assumed to spread uniformly across a sector subtended by an
angle Δθ (usually chosen to be 30o). Air concentrations at a
given distance downwind are calculated for each of six
atmospheric stability classes using average values of wind
speed, inversion height and vertical dispersion parameter for
each class. The long-term mean concentration is found by
summing over classes, taking into account the frequency of
occurrence of each class and the frequency with which the
wind blows towards the site of interest. The model is able to
account for reductions in air concentration due towet and dry
deposition. A general discussion of the processes governing
atmosphericdispersionwas presented in theUNSCEAR1982
Report [U6].

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

where Ca,j is the long-term average air concentration
(Bq m�3) in sector j; fj is the frequencywith which the wind
blows into sector j; Q is the release rate (Bq s�1); x is the
downwind distance (m); Δθ is the sector width (radians);
fi is the frequency of occurrence of stability class i;
F(σzi,H,hi) is the vertical shape function; σz,i is the vertical
dispersion parameter for stability class i (m); H is the
effective release height (m); hi is themixed layer height for
stability class i (m); λ is the radioactive decay constant for
the radionuclide in question (s�1); Dd,i is the depletion
factor for dry deposition; Dw is the depletion factor for wet
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deposition; and ui is the average wind speed for stability
class i at the release height (m s�1).

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

which accounts for reflection from the ground and from an
elevated inversion through the method of virtual sources.
The summation index n in equation (8) represents the
number of reflections that the plume has undergone. The
summation converges slowly in some applications. To
simplify the calculation, Yamartino [Y1] proposed
approximations as follows: for σz,i / hi � 0.63, truncate
equation (8) at n = 0, ± 1; for 0.63 < σz,i/hi � 1.08, F(σz,i,
H,hi) = (2π)½ σz,i/hi (1 � k2)[1 + k2 +2k cos(πH/hi)] where k
= exp[�½ (π σz,i/hi)2]; for σz,i/hi > 1.08, F(σz,i, H,hi) = (2π)½
σz,i/hi. These approximations result in minimal error in
evaluation of equation (8).

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

where αi = (2/π)½ vd/ui and vd is the dry deposition velocity
(m s�1). The depletion factor for wet deposition is given by
Dw = exp (�Λts), where Λ is the washout coefficient (s�1)
and ts (s) is the time over which precipitation occurs during
the travel of the plume from source to receptor.

33. A number of investigators [B13, P6, V1] have
suggested forms for the vertical dispersion parameter. The
following scheme of Smith [S1] and Hosker [H8] is used,
since it is able to take account of the surface roughness,
z0(m), of the site:

where g(x) = axb/(1+cxd) and F(x,z0) = ln[pxq[1+(rxs)�1]]
when z0>0.1 m and F(x,z0) = ln[pxq(1+rxs)�1] when
z0�0.1 m. The parameters a, b, c, and d depend on the
atmospheric stability class, and the parameters p, q, r, and
s depend on the surface roughness. Representative values
are given in Table 3.

34. Equations (7) to (10) providea relativelysimplemethod
for calculating long-term average air concentrations due to a
specific source.Wherever possible, site-specific values should

be used for the meteorological and release parameters
appearing in theequations. In the absence of site-specificdata,
the representative values listed in Table 4 give reasonable
estimates of air concentrations. Values of λ, vd and Λ should
be chosen for the radionuclide of interest.

35. One aim of applying the above method is to derive
long-term average dilution factors, Ca/Q, for downwind
distances between 1 and 2,000 km from the source. The
results of the calculation are given in Table 5. A long-lived
radionuclide was assumed so that radiological decay could
be neglected. The parameter values in Table 4 were used
and the deposition velocity vd and washout coefficient Λ
were set to representative values of 0.002 m s�1 and
0.0001 s�1, respectively. Precipitation was assumed to
occur 500 hours per year, 80% of the time during class D
conditions and 20% during class C, at an average rate of
1.5 mm h�1. The washout time ts was assumed to be equal
to the travel time tt between source and receptor for tt < 4
hours and equal to tt/2 for tt >24 hours; in the range 4 < tt
< 24, ts was assumed to vary linearly between tt and tt/2.

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

where D1 is the dilution factor at 1 km (s m�3) and x is the
downwind distance (km). Figure II shows that equation
(11) gives a very good representation of the detailed results
of Table 5 and can therefore be used to estimate air
concentrations in place of equations (7) to (10) if, for
example, site-specific data are not available. The best
approximation to the calculated results is obtained with
values for D1 and n of 5.3 10�7 s m�3and 1.42, respectively.
The value for n is similar to the value of 1.5 used in
previousUNSCEARassessments. The value for D1 is lower
by a factor of 6 than the value of 3 10�6 s m�3 suggested in
the UNSCEAR 1982 Report [U6]; this value reflects
concentrations at a location toward which the wind blows
about 50%of the time,whereas thecurrentlyrecommended
value of 5 10�7 s m�3 assumes a uniform wind rose at the
point of release.

37. The variability in calculated results has been
investigated by altering the parameter values used in
equations (7) to (10). The meteorological parameters were
varied to cover the range of conditions that could occur
from time to time. The variability in deposition velocity
and washout coefficient reflects the values associated with
different radionuclides. Each parameter was varied in
turn, holding all other parameters at the values given
above. Results are shown in Table 6 in terms of D1 and n,
the parameters required to implement equation (11). D1 is
relatively insensitive to changes in the values of the
parameters except for wind speed and release height; n is
sensitive to these parameters, as well as to deposition
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Figure II. Dilution factor for estimation of air con-
centrations at distances from a surface release
determined from Gaussian plume model calculation
(points) compared to power-function representations
of the form 5 10-7 r-n.

velocity and inversion height. Release heights can vary
from low-level building vents to stacks of 100 m or more.
Building entrainment may reduce the effective release
height to some extent. The representative height of 30 m
has been retained as in earlier UNSCEAR assessments for
estimating collectivedoses following releases from nuclear
installations. Individual dose evaluations could depend
more critically on the release height assumption. As an
example, calculations indicate that for release from a stack
of 150 m height, the collective dose in the local and
regional area per unit release would be about 25% of that
estimated for a 30 m stack. The model is not very sensitive
to roughness length, washout coefficient, or the frequency
of stabilityclasses. Thus, adequateestimations can bemade
using the representative values suggested for these
parameters without the need for site-specific data.
Although wet deposition is very effective at removing
material from the plume, precipitation occurs less than
10% of the time and has little effect on long-term average
air concentrations. However, reliable values of thewashout
coefficient are needed to calculate accurately the amount of
material deposited on the ground and on vegetation bywet
deposition.

38. The results in Table 6 can be used to interpolate the
values of D1 and n that most closely represent meteoro-
logical conditions at the site and the radionuclides of
interest. Equation (11) can then be used to estimate air
concentrations at the downwind distance in question. For
noble gases, which do not deposit, a value of n equal to
about 1.2 should be used as long as other parameter values
remain near the representativevaluesdefinedhere. Tritium
should also be assigned a value of 1.2, since most tritium
deposited under dry conditions is quickly re-emitted to the
atmosphere. Carbon-14 is efficiently deposited and part-
ially returned to the atmosphere through plant and soil
respiration. On balance, it is recommended that the index

value of 1.4 be used for this radionuclide. For calculation
of radionuclide concentrations at a specific site, values of
D1 taken from Table 6 should be modified to reflect the
frequency with which the wind blows towards the location
of interest. For the purposes of calculating representative
population doses using themethod presented in thisAnnex,
a uniform wind rose was assumed, with a frequency of 1/12,
or 0.083, averaging over 12 sectors.

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

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

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

(a) The model assumes that the plume travels in a
straight line from source to receptor. In reality,
variations in wind direction will generally lead to
quite complicated trajectories that increase the travel
time between source and receptor and provide the
opportunity for enhanced mixing.

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

(c) The model assumes that the plume is transported
with the wind speed at the effective release height. In
reality, as the plume mixes to greater heights, the
effective transport velocity must be averaged over
deeper layers. Since wind speeds generally increase
away from the ground, the result is extra dilution and
lower concentrations;

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

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

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

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

44. In summary, the value of the dilution factor, D1, of 5
10�7 s m�3 is assumed by the Committee to be represen-
tative for evaluating collective doses per unit release when
site-specific data are not available. The value is not very
sensitive to variations inmeteorological or deposition para-
meters. The release height can be of greater influence and,
if known to be different from the representative value of
30 m, should be taken into account. The index parameter,
n, is more variable than the dilution factor with respect to
meteorological anddeposition conditions, but a value of1.2
for noble gases and tritium and 1.4 for other radionuclides
should provide reasonable estimates of air concentrations.

II. EXTERNAL IRRADIATION

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

A. COSMIC RAYS

46. Cosmic rays originate in outer space; they consist
primarily of protons and alpha particles. Interactions in the
upper layers of the earth’s atmosphere create secondary
components; the more important secondary particles from a
dose-assessment view are muons, neutrons, electrons,
positrons, and photons. Exposure to cosmic rays is strongly
dependent on altitude andweaklydependent on latitude.Dose
assessments arebased on both measurements and calculations
of the radiation transport to infer the dependence on altitude.
At lower levels of the atmosphere and at sea level, the
dependence on the 11�year solar cycle is small compared to
the uncertainty in the estimates and is currently ignored.

47. The method used by the Committee to assess doses
from thephoton and directly ionizing component of cosmic
radiation at sea level has not changed substantially in many
years. In the UNSCEAR 1977 Report [U7] the basic value
was considered to be the ion-pair production rate, for
which a value of 2.1 cm�3 s�1 was adopted. This value was
converted to a dose rate of 32 nGy h�1 and has been
assumed to be numerically equal to the effective dose rate
[U3, U4]. A mean shielding factor of 0.8 has been applied
to derive an indoor effective dose rate of 26 nSv h�1. With
the further assumption that the average fraction of time
spent indoors is 0.8 [U3, U4], the annual effective dose
from the ionizing component of cosmic rays at sea level is
judged to be 240 µSv. Estimates of cosmic raydose rates at
elevations above sea level are obtained using a procedure
published by Bouville and Lowder [B12]:

where E� 1(0) is the dose rate at sea level, 240 µSv a�1, and
z is the altitude in km. The dose rate from the photon and
ionizing component is known to varywith latitude, but the
variation is small. The dose rate is about 10% lower at the
geomagnetic equator than at high latitudes.
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48. For the neutron component of the cosmic radiation
exposure, the radiation field and the estimates of effective
dose have been more uncertain owing to a lack of
measurements. Recent measurements and calculations are
beginning to provide clarification. Because earlier
instrumentation had a low response to high-energy neutrons,
which are an important component of the spectrum, some
increases in the fluence rate and effective dose are being
suggested. Measurements made using a Bonner sphere
spectrometer [R3, S8] at the top of the Zugspitzemountain in
Germany (altitude 2,963 m, atmospheric depth 718 g cm�2)
and associated calculations give a fluence rate of 0.126 ± 0.01
cm�2 s�1 [S9]. Attenuation with altitude was described using
the function e�0.00721p, where p (g cm�2) is the atmospheric
depth. From this, a fluence rate at sea level (p = 1,033 g
cm�2) of 0.013 ± 0.001 cm�2 s�1 can bederived.Measurements
alsowith Bonner sphere spectrometers gave a value of 0.0133
± 0.001 cm�2 s�1 at about sea level for a geomagnetic latitude
of 53�Nnear Braunschweig in Germany [A6], and a value of
0.0123 cm�2 s�1 at sea level for a geomagnetic latitude of
45�N in Hampton, Virginia in the United States [G3]. The
effective dose (isotropic) corresponding to a fluence rate of
0.013 cm�2 s�1 obtained by applying a neutron fluence energy
distribution weighting factor of 200 pSv cm2 [S9] (equal to
720 nSv h�1 per neutron cm�2 s�1) is 9 nSv h�1. Birattari et al.
[B14], using an extended range remmeter, reported a value of
9 nSv h�1 (±5%) in agreement.

49. The shape of the neutron energy spectrum at
habitable altitudes is considered to be relatively invariant,
and therefore the fluence to effective dose (isotropic)
conversion coefficient is expected to be generally valid. On
this basis, the annual effective dose rate from neutrons at
sea level would be estimated to be 80 µSv a�1. This is
substantially larger than the value of 30 µSv a�1 used in the
UNSCEAR 1993 Report [U3] and is still subject to great
uncertainty; the main factor in the increase in the
calculated dose is the inclusion of high-energy neutrons.
With the application of a shielding factor of 0.8 and an
occupancy factor of 0.8, the annual average effective dose
at sea level is estimated to be 65 µSv at geographic
latitudes between about 40� and 50�.

50. For calculations of outdoor cosmic ray neutron dose
rates at other altitudes, the relation between height, hv, in
km, above sea level and atmospheric depth [R3] is, for p >
230 g cm�2,

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

51. The fluence of neutrons, which arise from collisions
of high-energy protons within the upper atmosphere, is
stronglyinfluencedbygeomagnetic latitude. This variation
at habitable altitudes has not been satisfactorily quantified,
as measurements at different latitudes have not always
been comparable. Recent measurements at high altitudes
have shown a variation by a factor of about 4 [G3], with
the lower values near the equator. These results support the
calculations of Florek et al. [F3], who used the Los Alamos
Lahet Code System (LCS) to simulate neutron fluence as
a function of latitude. Their results are expressed in terms
of k�, a latitude coefficient, as follows:

with kφ ranging from 1.0 at 90� to 0.8 at 47�, 0.6 at 42�,
0.4 at 35� and 0.2 at the equator. The application of this
relationship to available measurement results is discussed
in Annex B, “Exposures from natural radiation sources”.

B. NATURALLY OCCURRING
RADIONUCLIDES

1. Exposure processes

52. Many radionuclides occur naturally in terrestrial soils
and rocks and in building materials derived from them. Upon
decay, these radionuclides produce an external radiation field
to which all human beings are exposed. In terms of dose, the
principal primordial (half-lives comparable to the age of the
earth) radionuclides are 40K, 232Th, and 238U. Both 232Th and
238U head series of radionuclides that produce significant
human exposures. The twoseries are listed anddiscussed fully
in Annex B, “Exposures from natural radiation sources”.

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

2. Methods for estimating exposures

54. Two methods of evaluating external exposures from
naturally occurring radionuclides have been used by the
Committee. The first is simply to summarize directly
measured external gamma dose rates in air outdoors and
indoors, subtracting the dose rate due to cosmic rays. The
second is to calculate the external gamma dose rates in air
from measurements of the concentrations of the relevant
radionuclides in soil. The two methods have provided
generally consistent estimates of exposure.
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55. Surveys with direct measurements of dose rate in air
from naturally occurring terrestrial radionuclides have
been made in most inhabited regions of the world. In the
UNSCEAR 1993 Report [U3], data were included for
countries or regions in which three fifths of the world
population resides. Countryaveragedose rates ranged from
24 to 160 nGy h�1, with a population-weighted average of
57 nGyh�1. Thepopulation-weighted averagederived from
this large sample was assumed to provide a representative
global value of outdoor external exposure.

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

57. Absorbed dose rates in air indoors have also been
extensively measured. The values reported in the
UNSCEAR 1993 Report [U3] covered areas in which over
a third of the world population lives. Country averages
ranged from 20 to 190 nGyh�1, with a population-weighted
average of about 80 nGy h�1. The population-weighted
average of the ratio of indoor to outdoor dose was 1.4.
Some of the outdoor measurements may have been
influenced by the presence of buildings nearby. The value
of the indoor�to�outdoor ratio is very sensitive to the
structural properties of buildings (materials and thick-
ness).The buildingmaterials act as sourcesof radiation and
also as shields against outdoor radiation. In wooden and
lightweight houses, the source effect is negligible, and the
walls are an inefficient shield against the outdoor sources
of radiation, so that the absorbed dose rate in air could be
expected to be somewhat lower indoors than outdoors. In
contrast, in massive houses made of brick, concrete or
stone, the gamma rays emitted outdoors are efficiently
absorbed by the walls, and the indoor absorbed dose rate
depends mainly on the activity concentrations of natural
radionuclides in the building materials. Under these
circumstances, the indoor absorbed dose rate is generally
higher as a result of the change in source geometry, with
the indoor�outdoor ratio of absorbed dose rates in air
between 1 and 2.

58. The Committee has used a coefficient of 0.7 Sv Gy�1
to convert absorbed dose in air to effective dose equivalent
and effective dose. This result was based on an analysis in
the UNSCEAR 1982 Report [U6], and more recent
calculations have confirmed the validity of this value for
adults. However, newer calculations [P5, S11] usingMonte
Carlo radiation-transport codes indicate that higher values

should be used for infants and children. These values,
given in Table 8 for average energies of gamma rays, are
0.9 Sv Gy�1 for infants and 0.8 Sv Gy�1 for children.

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

C. RADIONUCLIDES IN AIR:
CLOUD SHINE AND IMMERSION EXPOSURE

1. Exposure processes

60. Following the release of radionuclides to the
atmosphere and before their deposition onto the ground,
human beings may receive external exposure. Two
situationsareusuallydistinguished: external exposure from
the cloud passing overhead (referred to as “cloud shine”)
and external exposure from radionuclides in air
surrounding the human body (referred to as “immersion”).
The radiation dose from immersion is nearly always much
larger than that from cloud shine. The dose from
immersion can be readily calculated from the measured,
integrated concentrations of radionuclides in air. The dose
from cloud shine is rarely calculated; its importance would
be significant only if other exposure pathwayswere absent.
One such example would be for persons underneath an
elevated, passing plume.

61. Effective doses from immersion are typically
calculated for gamma-emitting radionuclides, but beta and
even alpha particles can also produce external doses to the
skin. Some radionuclides, notably85Kr,which emits aweak
beta particle, produce nearly all of their dose via the
pathway of immersion.

2. Methods for estimating exposures

62. Because of their relative insignificance, the
Committee has seldom considered external exposures from
cloud shine or immersion. Exceptions were made for the
Chernobyl accident and for the release of noble gases from
reactor operations. Since initial estimatesof such exposures
were made, tissue-weighting factors and terminology to
describe equivalent and effective doses have changed [I1],
and newer calculations of dose rates from immersion have
been published [E7]. The net changes in the calculated
numbers appear to be small.

(a) Atmospheric nuclear testing

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

(b) The Chernobyl accident

64. Doses from “external irradiation during cloud
passage” were calculated for the releases of radionuclides
from theChernobyl accident [U4].Although exposure rates
could in theory be measured directly, in practice it is
generallyimpossible to distinguish this smaller component
from radiation arising from material deposited on the
ground. Doses can, however, easily be calculated from
measured air concentrations or inferred from measured
deposition densities.

65. Thecloud-gamma dose for radionuclide i is evaluated
from the formula

where E is the effective dose (Sv) from external radiation
during cloud passage; Ca* is the integrated concentration in
outdoor air (Bq d m�3); dc is the effective dose coefficient
per unit integrated air concentration (Sv per Bq d m�3); F0
is the indoor occupancy factor (the fractional time spent
indoors); and Fs is the building shielding factor (the ratio
of indoor to outdoor dose rate).

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

67. For the Chernobyl assessment, an indoor occupancy
factor of 0.8 and a building shielding factor of 0.2 were used
for all countries. The values of these factors had been used
previously by the Committee [U6, U7]. It was noted, how-
ever, that measurements as well as calculations of the shield-
ing factor afforded by buildings showed a large variation,
depending on the type of building [C8, M6, S6, U4].

68. To make the above calculation, it is necessary to
know the integrated concentration in air of themany short-
lived radionuclides. In some countries, complete data were

available. In others, data for only one or a few radio-
nuclides were available. In the latter case concentrations of
other radionuclides were inferred from ratios measured in
nearby countries. In some cases, no measured air con-
centrations were available, so the integrated air concentra-
tion of 137Cs was inferred from its ground-deposition
density and a nominal quotient of ground deposition to
integrated air concentration of 1,000 m d�1 [U4]; the
integrated air concentrations of other radionuclides were
then inferred from the ratios to 137Cs measured at other
locations.

(c) Nuclear installations

69. During the operation of nuclear reactors, several
fission noble gases are released, as is the activation
radionuclide 41Ar. Among the more prominent fission
noble gases are 133Xe from pressurized water reactors and
85Kr, 87Kr, 88Kr, 133Xe, 135mXe, 135Xe and 138Xe from boiling
water reactors [U6]. Much of the dose from these (and
other) radionuclides is delivered by the pathway of cloud
shine and immersion. Later reports [U3, U4] of the
Committee refer to the models developed in the UNSCEAR
1982 Report [U6]. Thus, while the absolute amounts and the
relative mixture of radionuclides have changed, the dose-
assessment methods have not. As most of the fission-product
noble gases and the activation gas are short-lived, attention
has been focused on exposures to nearby residents.

70. When the radionuclide is uniformlydistributed in the
atmosphere or the photon energy is sufficiently low that
this is a reasonable approximation over the volume of a
plume, then the simplest calculational method is the semi-
infinite cloud model. This method assumes that the
radiation from the cloud is in electronic equilibrium, so
that the energy absorbed by a given volume element equals
that emitted by the same element. For a point at ground
level, only half the space contributes to the dose, so that the
energy absorbed is divided by two. The absorbed dose rate
in air is then given by

where D� a is the absorbed dose rate (Gy h�1); Ca is the
average activity concentration of the radionuclide in the
cloud (Bq m�3); ρa is the mass density of air (kg m�3); Fi is
the fraction of photons of initial energy Ei (MeV) emitted
per disintegration; and k is a conversion coefficient from
energy deposition per unit mass and unit time to absorbed
dose rate equal to 5.76 10�10 Gy h�1 (MeV kg�1)�1. A
modified version of this model, where Fi and Ei pertain to
beta emissions, is used for beta irradiation of the skin.

71. If the distribution of the activity concentration in the
plume is sufficiently non-uniform to invalidate the above
approach, then a finite cloud model must be used. Such a
condition arises near the source, when persons are not in
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e ��x/u (19)the cloud but receive dose from an overhead plume. In this
model, the cloud is simulated bya number of small-volume
sources, and integration is performed over these sources.
The calculation proceeds by finding the photon flux
density, summing over all the decay energies for the
radionuclide of interest and then converting to absorbed
dose. The basic expression for the photon fluence due to
the fraction Fi of photons of energy Ei emitted per
disintegration is [N2]

where φi is the photon fluence; XV is the concentration of
the atoms of each radionuclide in volume element dV; µi is
the linear attenuation coefficient, x is the distance from the
volume element dV; and Ben(Ei, µix) is the energy absorp-
tion build-up factor at a distance x for a radiation of initial
energy Ei, having an attenuation coefficient µi. This
integral is evaluated numerically.

72. In general terms, the Committee has considered
0.7 SvGy�1 to be the most appropriate average value of the
quotient of effective dose rate to absorbed dose rate in air
for males and females for environmental exposures to
gamma rays. However, when the absorbed dose in air is the
result of a calculation such as is described in this Section,
then there are sufficient data on the photon energy
spectrum to use more precise conversions. These
conversion coefficients have been derived for infants,
children, and adults by Saito et al. [S5, S11], based on a
semi-infinite cloud model. These age-dependent results
have not been used by the Committee, but the energy-
dependent variations for the adult have been incorporated
into the radionuclide-specific results [E7].

73. Based on the types of calculations indicated above,
the Committee has estimated values of the collective
effective doses from immersion exposure per unit release
of fission noble gases and the activation gas 41Ar [U6].
These calculations are updated in Table 10. On the
assumption of a semi-infinite cloud and uniform
concentrations over the mean paths of gamma rays in air,
the effective dose rates to the adult per unit concentration
of the radionuclide in air, di, have been calculated [E7].
The collective dose over the local and regional areas is
evaluated as follows:

where di is the dose factor for radionuclide i, N is the
number of inhabitants per unit area, and x is the downwind
distance. The concentration of radionuclide i at distance x,
Ca,i(x), can be determined from equations (7�10). For
short-lived radionuclides, radioactive decay during the
dispersal time must be taken into account. In this case the
concentration is

where Ca,j was defined in equation (7), λ is the radioactive
decay constant (s�1), and u is the wind speed (m s�1) for a
given stability class. Since noble gases do not deposit, the
wet and dry depletion factors Dw and Dd in equation (7) are
set equal to 1 in these calculations.

74. Analytical evaluation of the integral, equation (18),
with the expression of equations (7�10) is not possible, so
a numerical integration is required. The results are given
in Table 10. The radionuclide releases apply to the model
site with the meteorological conditions given in Table 4.
The release height was 30 m and the population densities
were taken to be 400 inhabitants km�2 in the local area
(1�50 km) and 20 inhabitants km�2 in the regional area
(50�2,000 km). A similar method could be used to obtain
the immersion dose from radon released frommill tailings,
but the result is of much less significance than that due to
inhalation.

75. The composition of noble gas releases from
reactors is variable, depending on the reactor type and
discharge delay features. If the composition is not
known specifically, representative compositions may be
assumed, such as used previously by the Committee and
as listed in Table 11. For PWRs, the long-lived noble
gas 133Xe predominates with secondary release of 135Xe.
For BWRs, the composition includes several short-lived
components. For GCRs, the noble gas release is assumed
to comprise wholly 41Ar. The dose factors derived in
Table 11 to be applied in the general case to noble gas
releases are 0.11 man Sv PBq�1 for PWRs, 0.43 man Sv
PBq�1 for BWRs, and from Table 10 (41Ar) 0.90 man Sv
PBq�1 for GCRs. Because of changes in the parameters
and calculational procedure, these values are slightly
different from those previously derived [J1, U6].

76. For discharges from fuel reprocessingplants, theonly
radionuclide of interest in terms of cloud dose is 85Kr [U6].
TheCommitteeassessed thedose resulting fromdischarges
of 85Kr from theWindscale plant (Sellafield) between 1975
and 1979 using themethodologyprovided for theEuropean
Community [N2]. The average annual release of 85Kr was
35 PBq and the resulting local and regional collective
absorbed dose commitments were as follows: gonads,
0.058; breast, 0.078; red bonemarrow, 0.095; lungs, 0.074;
thyroid, 0.065; bone lining cells, 0.095; liver, 0.074; skin,
19; and remainder tissues, 0.078 man Gy. The collective
effective dose equivalent commitment was estimated to be
0.074 man Sv from the cloud gamma irradiation using the
conversion coefficients of Poston and Snyder [P3]. A
further contribution from the beta irradiation to the skin is
0.19 man Sv, for which a skin-weighting factor of 0.01 is
applied. Thus, the normalized collective effective dose
commitment, HE + 0.01 Hskin, for this site is 0.0075
man Sv PBq�1.
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(d) Globally dispersed 85Kr

77. Themodel used to calculate the global collective dose
commitment from 85Kr released at fuel reprocessing plants
is given in the UNSCEAR 1982 Report [U6]. A two-
compartment model similar to that proposed byKelly et al.
[K3] is used in which the released krypton is assumed to be
instantaneously dispersed throughout the troposphere of
the northern hemisphere, which is assumed to have a
height of 10 km and a mass of 1.9 1018 kg (1 m3 of air
corresponds to 1.2 kg). Exchanges take place between the
troposphere of the two hemispheres with a half-time of
about two years. Within a few years the 85Kr becomes
uniformly dispersed, and the sole removal mechanism is
radioactive decay.

78. The whole-body absorbed dose commitment per unit
time integral of air concentration of 85Kr was estimated to
be 4.3 10�9 Gy (Bq a kg�1)�1 [N2], and the dose
commitment to the skin from the beta irradiation was
5.4 10�7 Gy (Bq a kg�1)�1. These values were restated in the
UNSCEAR 1988 Report [U4] to correspond to a collective
effective dose equivalent commitment from 85Kr of 0.17
man Sv PBq�1, assuming a world population of 4 109. This
value was then scaled to a value of 0.2 man Sv PBq�1 for
the world population of 4.6 109 during the 1985�1989
period. Newer calculations [E7] indicate a value for
effective dose equivalent, HE, of 4.51 10�9 Sv (Bq a kg�1)�1
and for skin, Hskin, of 5.00 10�7 Sv (Bq a kg�1)�1, or 7.92
nSv (Bq a m�3)�1 (HE + 0.01 Hskin). With this slight change
and for a world population of 6 109, the normalized
effective dose commitment becomes 0.22 man Sv PBq�1.

D. RADIONUCLIDES DEPOSITED ON SOIL

1. Exposure processes

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

80. Followingthedeposition ofradioactivematerial fromthe
Chernobylaccident, severalgroupsobserved that themeasured
external gamma exposure rate decreased more rapidly over
urban surfaces than over grass surfaces [J2,K6, S7].Although

varied, these resultswere consistent with the loss of half of the
material with a half-time of seven days and the other half
being firmly fixed on urban surfaces. This urban runoff effect
was reflected in the Chernobyl assessment in the UNSCEAR
1988Report [U4] byapplying thesecoefficients to that portion
of a country’s population considered to be urban. Such an
effect was not considered in the Committee’s assessment of
dose from nuclear weapons fallout.

2. Methods for estimating exposures

81. TheCommitteehas traditionallyused twoapproaches
to estimate the external doses that result from the
deposition of radionuclides on soil surfaces: direct
measurements and calculations based on radionuclide
deposition densities, which are the same procedures as
used to evaluate exposures from naturally occurring
radionuclides. As the calculational approach ismore easily
applied and as it is not always possible tomeasure very low
dose rates, it is results of this approach that are more
generally available.

(a) Atmospheric nuclear testing

82. The evaluation of radiation doses from fallout of
radionuclides onto the earth's surface following the testing
of nuclear weapons in the atmosphere was one of the
earliest problems to be addressed by the Committee and
one that has been regularly considered. The general
method of assessing radiation doses from fallout from
nuclear tests is indicated in Figure I. Within this model the
external effective dose commitment, Ec, for a specific
radionuclide released in an atmospheric test is

where A0 is the amount released, P01 is the integrated
concentration of a radionuclide in air at a specified location
divided by the amount released, P12 is the quotient of the
deposition densityand the integrated air concentration, and
P25 is the quotient of the effective dose commitment and the
deposition density. The second part of the equation
represents a more direct method of evaluation, namely
beginning with the measured deposition density F (also
equal to P01P12A0) and multiplying this by the transfer
coefficient P25.

83. The P25 transfer coefficients for external irradiation
have been calculated by multiplying the dose-rate
conversion coefficients for radionuclides deposited on the
ground, derived from Beck [B9], by the mean lifetime of
the radionuclide and by an average factor accounting for
air�to�tissue dose conversion, indoor occupancy in
buildings (80% assumed) with a shielding factor of 0.2.
The latter factor is 0.7 Sv Gy�1 (effective dose rate in the
body per unit absorbed dose rate in air) times 0.36 (0.2
outdoor occupancy plus 0.8 indoor occupancy times 0.2
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building shielding). For short-lived radionuclides (all
except 137Cs for fallout from nuclear testing) the dose-rate
conversion coefficient applying to a plane source has been
used. For 137Cs, the dose-rate conversion coefficient apply-
ing to an exponential concentration profile in the ground
of mean depth 3 cm is used. The indoor occupancy, as well
as the shielding factor, can vary a great deal among
different populations and is a source of uncertainty in the
calculations of external dose. Also, the different behaviour
of radionuclidesdeposited in urban and rural environments
has not been taken into account for estimates of dose from
nuclear weapons fallout. This difference was, however,
considered for the assessment of doses from the Chernobyl
accident (see below).

84. The P25 transfer coefficients that are used to estimate
external doses from deposited radionuclides from fallout
from nuclear testing are presented in Table 12. Transfer
coefficients for many other radionuclides can be derived
from the basic data of Beck [B9]. In earlier assessments the
Committee assumed a plane source to be appropriate for
short-lived radionuclides, however, to account for ground
roughness, it is more realistic to assume an exponentially
distributed source with a relaxation depth of 0.1, 1, and 3
cm for radionuclides of half-lives <30 days, 30�100 days,
and >100 days, respectively. This change reduces the doses
by about 15%�50%, but it does not have a significant
impact on the calculated total dose from nuclear weapons
fallout, which is dominated by the dose from 137Cs.

Figure III. External exposure following unit deposition
(1 Bq m-2) of radionuclides.

85. An indication of annual contributions to doses from
external exposure following a single deposition event may
be of interest, although the analysis is simple, as it depends
only on the radioactive decay of the radionuclides. The
time course of contributions to dose from unit deposition
density of the radionuclides is illustrated in Figure III, and
the annual average doses are listed in Table 13. Several
short-lived radionuclides (131I, 140Ba, 141Ce and 103Ru) make
no contributions to external exposure beyond the first year
following deposition. The values in Table 13 have been

calculated from decayed monthly deposition density,
averaged over the year and multiplied by the absorbed dose
rate in air per unit deposition density (Table 12, column 3)
and by the shielding/occupancy factor of 0.36 and the
conversion factor 0.7 Sv Gy�1. The sum of the annual
contributions to dose is equal to the dose commitment.

(b) The Chernobyl accident

86. The methods used to calculate external doses caused
by the Chernobyl accident were basically those applied to
estimate the external doses from radionuclides produced in
atmospheric nuclear testing, although several modifica-
tions were introduced to account for the shorter term of the
release, urban-rural differences, and an improved
assessment of themovement of radionuclides into soil. The
results of calculations ofdoses from theChernobyl accident
were presented in the UNSCEAR 1988 Report [U4].
During the first month after deposition, a number of short-
lived emitters, including 132Te, 132I, 131I, 140Ba, 140La, and
136Cs, were important components of the total external
gamma exposure rate (or dose rate in air). For several
months, 103Ru and 106Rumade contributions, but since then
only 134Cs and 137Cs have been of significance. Exposure
from 137Cs remains significant for several years and must
be projected into the future.

(i) First month

87. The outdoor exposure X1 (C kg�1) during the first
month was assessed by four different methods, with the
choice dependent on the data available. If continuous or
daily data were provided, the exposure rates were
integrated. If incomplete data were provided, an attempt
wasmade to fit a power function of the form atb to the data,
where t is time (days) and a and b are constants to be
determined. X1 is then the integral of this function from
arrival day 1 to day 30.

88. If measurements of external gamma exposure rate
were not available, two approaches were used. If data on
the ground deposition of the radionuclides were provided,
the exposure rate from each radionuclide was computed
using the coefficients published by Beck [B9] for a
relaxation depth of 1 mm to account for surface roughness.
In several cases only data on the deposition of 137Cs were
available, and X1 was evaluated on the basis of the
relationship of the exposure to 137Cs deposition density as
measured at a specific location, e.g. Neuherberg, Germany
[G2].

89. The effective dose during the first month, Ee1, (Sv)
was calculated from X1 by:

where A is the conversion coefficient (23.6 Sv per C kg�1,
i.e. 33.7 Gy per C kg�1 × 0.7 Sv Gy�1), F0 is the indoor
occupancy factor, and Fs is the building shielding factor.
The last two values were taken as 0.8 and 0.2, respectively.
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(ii) One month to one year

90. The calculation of external gamma dose beyond one
month was based on the measured total deposition of 134Cs
and 137Cs and, although less important, 103Ru, 106Ru, and
131I. Theconversion coefficients for long-term deposition to
dose rate depend on the penetration of these radionuclides
into soil. Change with time is accounted for by using
coefficients appropriate for a relaxation depth of 1 cm
during the first year and 3 cm thereafter. Also, the effect of
more rapid removal of radionuclides from urban surfaces
was considered.

91. The equation for the calculation of external gamma
effective dose, Ee2, (Sv) for the time period between one
month and one year for radionuclide i is as follows:

where Fi is the deposition density (Bq m�2); de2,i is the
deposition density to effective dose conversion coefficient
during the period between one month and one year
(relaxation depth of 1 cm) (Sv per Bq m�2); λi is the
radioactivity decay constant (a�1); m is a constant equal to
one year; Fp is the urban fraction of a country’s population;
Fu is the fraction of the deposition that remains fixed on
urban surfaces (assumed to be equal to 0.5); and F0 and Fs
are as defined previously. Effective dose equivalent
conversion coefficients are listed in Table 14.

(iii) Periods beyond one year

92. External effective dose, Ee3,i, (Sv) for periods beyond
one year were evaluated according to the equation

where de3,i is the deposition density to effective conversion
coefficient for periods greater than one year. This
coefficient is based on a relaxation depth of 3 cm. Values
of this coefficient are also listed in Table 14.

(c) Nuclear installations

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

distance from the release point. With use of an effective
deposition velocity that accounts for both wet and dry
deposition, thedeposition densities of radionuclidesmaybe
estimated. This method is appropriate for routine
continuous and near-surface releases from sources such as
nuclear installations. The local area of exposure is taken to
be 1�50 km surrounding the point of release, and the
regional area extends to 2,000 km.

94. In the dispersion estimation method, equation (11),
an average dilution factor is assigned at 1 km, namely
5 10�7 Bq m�3 per Bq s�1 released, and further dispersion
reduces the radionuclide concentration in air in inverse
proportionality to the 1.4 power of the distance. The air
concentration may be related to the deposition density by
multiplying by the effective deposition velocity. The
general formula for application of the transfer factor
method is

where Si is the collective effective dose per unit release of
radionuclide i (man Sv Bq�1); vg is the effective deposition
velocity (m s�1); P25 is the transfer factor from deposition
density to dose (Sv per Bq m�2); N1 is the population density
in the local area (inhabitants km�2); N2 is the population
density in the regional area (inhabitants km�2); and x is the
distance from the point of release (km). The parameter x�1.4
should actually be expressed as (x/1 km)�1.4 to rectify the
units. The quantity in brackets has the unit number of
persons. The population densities applied are those assumed
for model reactor site: N1 = 400 inhabitants km�2 and N2 = 20
inhabitants km�2. The value of the effective deposition
velocity is taken to be 0.002 m s�1 for annual average
deposition, which is the value for dry deposition alone. In
reality, more material is deposited under wet conditions than
under dry, and an effective deposition velocity for point
sources that includes both wet and dry contributions would
range from 0.005 to 0.013 m s�1, depending on downwind
distance. However, use of a larger value in conjunction with
the power law expression for the air concentration (equation
11) results in a greater estimated activity amount deposited in
the local and regional areas than was released to the
atmosphere. The most probable explanation for this is that
equation 11 overestimates air concentrations, for the reason
given in paragraph 41. Although larger (more negative)
values of the exponent in the power function could be selected
to offset a higher effective deposition velocity, the values of
1.4 and 0.002 m s�1 preserve the mass balance to distances of
2,000 km and ensure that doses from airborne and deposited
activity are not underestimated. Therefore, these values are
used on local and regional scales for purposes of estimating
average deposition.
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95. Estimates of normalized collective effective doses
from external exposure from radionuclides released as
particles in airborne effluents from reactors are listed in
Table 15. The transfer coefficients P25 from deposition
density to effective dose were derived from the basic data
of Beck [B9]. The collective effective doses per unit release
were then estimated using equation (24). Other fission and
activation products could be added to Table 15 by applying
this method.

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

commonly reported to be present. A slight variation would
be to recognize two groups of radionuclides, one of more
dominant contributors to the total activity release and a
secondary group. Consistent with reported data [U5, U6] is
to assume 90% of the activity of release present as 54Mn,
58Co, 60Co, 89Sr , 134Cs, 137Cs, and 140Ba (including 140La).
The radionuclides of the second group, contributing 10%
of the activity total, are 51Cr, 59Fe, 65Zn, 90Sr, 90Y, 95Zr
(including 95Nb), 124Sb, 136Cs, 141Ce, and 144Ce. Assuming
equal contributions to the activity release within each
group, weighted average values of the local and regional
collective effective doses per unit total (representative)
release of particulates are obtained. These results are
included in Table 15. Adjusted weightings could be made
in specific circumstances, if the exact composition of the
release is known.

III. INHALATION EXPOSURE

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

98. Many of the Committee’s past calculations of
inhalation doseswereperformedusing a nominal breathing
rate of 20 m3 d�1, or 7,300 m3 a�1. This generally reflects
the concern of the Committee with the collective dose,
which is substantially determined by the intake of the
adults in the population. For calculating inhalation doses
from the Chernobyl accident, inhalation rates of 22 m3 d�1
for adults and 3.8 m3 d�1 for infants were used [U4]. The
latter values are the same as those used for naturally
occurring radionuclides and are derived from the same
source [I7].

99. The Committee has generally used the dose
coefficients published by ICRP for its evaluations. Initially
such values were available only for adult workers, but
starting in 1989 age-dependent values have been made
available for members of the general public. The latest
compilation of values for both ingestion and inhalation is
provided in [I5]. The breathing rates now used by ICRP

[I4] are indicated in Table 16. An indication is also given
in Table 16 of the fraction of the population in each of the
six age categories and the age-weighted average breathing
rate. The age-weighted value corresponds to 19 m3 d�1.
Considering the uncertainty of the age distribution of the
population and the differences between countries, a
rounded value of the nominal breathing rate of 20 m3 d�1
would seem to be appropriate for use in most applications.
In assessments of the Committee, the population groups
specified as infants, children, and adults are assumed to
correspond with the ICRP age categories of 1�2 years,
8�12 years, and >17 years, respectively.

A. NATURAL RADIONUCLIDES

100. Naturally occurring radionuclides are present in the
atmosphere owing to their production by cosmic ray
interactions, the emanation of gases from soil or building
materials and the resuspension of soil particles from the
ground surface. The main cosmogenic radionuclides, 3H
and 14C, are fairly uniformly dispersed in the atmosphere.
Inhalation exposures from these radionuclides are,
however, almost completely negligible compared with the
ingestion exposures.

101. Soil-derived radionuclides are present in air in
variable amounts, depending on local soil, wind, and
moisture conditions. In earlier assessments by UNSCEAR
[U6, U7], a dust loading of 50 µg m�3 was assumed and
applied to typical concentrations of natural radionuclides
in soil. Some portion of the solid matter in air may not
come from the soil, however, but from organic matter,
building dusts, smoke, and fly ash from coal burning.
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102. A very important contribution to inhalation exposure
is made by radon and its decayproducts. The gas emanates
from soil and can enter and attain high concentrations in
indoor spaces. Because this exposurecomponent dominates
that from all other pathways, it is important that the
dosimetry for radon be well established.

103. The ICRP has not provided values of the doses per
unit intake for 222Rn and 220Rn and their decay products
from application of the respiratory tract model [I4, I5], and
the dosimetry for these mixtures is very complex. Because
lung cancer has been observed and studied extensively in
miners exposed to 222Rn, the ICRP [I13] has adopted a
conversion convention for radon exposures that is based on
equality of detr iments from epidemiological
determinations. The detriment per unit effective dose for
members of the public is 7.3 10�5 per mSv, and the
detriment (to miners) per unit exposure to 222Rn progeny is
8.0 10�5 per (mJ h m�3). Thus, an exposure to 222Rn
progeny of 1 mJ h m�3 is equivalent to an effective dose of
1.10 mSv. As 1 mJ h m�3 is equal to 1.80 105 Bq h m�3 of
222Rn in equilibrium with its short-lived progeny, a dose
coefficient of 6.1 nSv per (Bq h m�3) can be derived and
applied to equivalent equilibrium concentrations (the
activity concentration of radon, in equilibrium with its
short-lived progeny, which would have the same potential
alpha energyconcentration as theexisting non-equilibrium
mixture). The dosimetric evaluationsgivedosecoefficients
in the range 6�15 nSv (Bq h m�3)�1. The value previously
used by the Committee in earlier evaluations [U3, U4],
9 nSv (Bq h m�3)�1, is within this range and would seem to
be still appropriate for use in dose evaluations. An
epidemiologically based conversion convention is not
available for 220Rn. However, by analogy with the risk
determined for 222Rn and by comparing the dose
coefficients for 220Rn and 222Rn calculated on a dosimetric
basis [I18], a dose-conversion convention of 40 nSv per
(Bq h m�3) equilibrium equivalent concentration of 220Rn
can be derived; this value is intended to include the dose to
organs other than lung due to the transfer of 212Pb from the
lung. The half-life of 212Pb is sufficiently long (10.64 h) for
this effect to be significant, whereas none of the short-lived
progeny of 222Rn is sufficiently long-lived to merit similar
consideration.

B. RADIONUCLIDES RELEASED TO THE
ATMOSPHERE

104. In its various assessments, the Committee has used
the best available estimates of dose per unit intake of
radionuclides by inhalation; whenever possible, the values
provided by ICRP have been used. The ICRP values have
been updated [I4, I5] based on a revision to the ICRP
model of the respiratory tract [I6], and age-dependent
values for the general public are now provided. The values
for radionuclides used by the Committee in its assessments
are given in Table 17.

1. Exposure processes

105. Inhalation of radionuclides in air can result from a
short-term or continuous release processes. Inhalation is
rarely the primarypathwayof exposure if radionuclides are
released to the atmosphere, but there are some notable
exceptions. The importance of radon and its decayproducts
was mentioned in the preceding Section. Another
exception involves radionuclides of extremely low
biological availability. Such radionuclides pass readily
through the gut following ingestion intake, but they can be
deposited in the lungs following inhalation intake and be
retained for long times. The most notable example of such
a radionuclide is 239,240Pu.

2. Methods for estimating exposures

(a) Atmospheric nuclear testing

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

where P01A0 is the integrated air concentration (Bq a m�3),
P14 is the breathing rate (m3 a�1) and P45 is the dose-
conversion coefficient (Sv Bq�1) for inhalation. To
determine the integrated air concentration, measurements
must be made for the entire time that radionuclides remain
in air. Since this is not always achieved in practice, the
second part of the equation is themore common approach,
in which the integrated air concentration is estimated from
the deposition density, F. In this case, the transfer
coefficient for the inhalation pathway is determined as P245
= P14P45/P12.

107. The average value of P12, which is also the effective
deposition velocity, varies with the precipitation rate at
different locations and alsowith the chemical and physical
nature of the radionuclide considered. The average value
of P12 for particulate material deposited following
atmospheric nuclear testing has been estimated to be
1.76 cm s�1, or 5.56 105 m a�1 [B2]. Although this value is
based on observations in NewYork City over several years,
measurements in the United Kingdom [C7] and Sweden
[B10, D5] are in reasonable agreement after normalization
to the same annual precipitation. Furthermore, since the
annual rainfall in New York City is fairly close to the
population-weighted average for the whole world, the New
York value is considered adequate for global average
calculations.

108. Values of the transfer coefficient, P245, for the
inhalation pathway are listed in Table 18. These update the
listing in the UNSCEAR 1993 Report (Table 8, page 127
[U3]). The values are for the adult with a breathing rate of
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7,300 m3 a�1 and P45 values from Table 17. These transfer
coefficients are applicable to the release and deposition
conditions of radionuclides in fallout from nuclear tests.

(b) The Chernobyl accident

109. For the Chernobyl accident assessment, a somewhat
modified approach was used to account for a filtration
effect that reduces the concentrations of radionuclides in
indoor air [U4]. The calculation of the inhalation
committed effective dose, Eh,i (Sv) for radionuclide i was as
follows:

where C*a,i is the integrated activity concentration of
radionuclide i in outdoor air, B is the breathing rate, dh,i is
the committed dose per unit intake from inhalation, F0 is
the indoor occupancy factor and Fr is the ratio of indoor to
outdoor air concentration. The latter parameter was
assigned a value of 0.3 for all countries [C9, R2, U4].

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

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

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

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

(c) Nuclear installations

113. Estimates of inhalation exposure from releases of
radionuclides from nuclear installations may be made
using the dispersion model presented in Section I.B.3 and
the transfer coefficients P245. The results of this calculation
are listed in Table 19. These estimates apply to longer-term
releases, as the meteorological conditions for the represen-
tative site have been averaged over an annual period. The
deposition velocity appropriate for near-surface releases of
0.002 m s�1 has been used. This is determined mainly by
drydeposition, since precipitation can be expected to occur
only during a small fraction of the time of plume passage.

114. As discussed above with regard to external exposure
(paragraph 96), a representative composition of radionuclides
in particulates released in airborneeffluents from reactorsmay
be assumed. A weighted average of the collective dose from
inhalation exposure per unit release of particulates may then
be derived for general application. The values pertaining to
the local and regional areas are included in Table 19. The
transuranium radionuclides are not normally reported in
routine releases from reactors, however for reference
purposes, the values are included in Table 19.

IV. INGESTION EXPOSURE

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

116. Ingestion exposures have been evaluated by
UNSCEAR for natural radionuclides present in the
environment and for several cases of radionuclide release
to theenvironment, including atmospheric testing, releases
from nuclear fuel cycle installations and the Chernobyl
accident. For the most part, annual average values have
been considered with the aim of evaluating committed
exposures. This is adequate for longer-term or continuous
releases. Short-term releases at particular times, such as
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was the case for theChernobyl accident, require taking into
account some seasonal variations.

A. NATURAL RADIONUCLIDES

117. In the general case, doses from the ingestion of
natural radionuclides in foods and drinking water have
been estimated from measured concentrations of the
radionuclides in body tissues or organs. For 40K, metabolic
balance maintains body levels irrespective of intake
amounts. For uranium- and thorium- series radionuclides,
however, this is not the case, and the concentrations in
foods, water and total diet have been useful for determining
geographic variations in the body burdens.

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

119. Estimates of dose per unit intake of radionuclides are
provided by the ICRP [I5]. These are the committed
effective doses to age 70 years, based on recent metabolic
data and models. The values used in UNSCEAR
assessments are summarized in Table 20. The age
categories are infants (1�2 years), children (>7 years to 12
years), and adult (>17 years). Values for age categories
from 0 to 1 year, >2 years to 7 years, and >12 years to 17
years are also provided by ICRP [I5].

B. RADIONUCLIDES RELEASED TO THE
TERRESTRIAL ENVIRONMENT

120. An extensive database of deposition and diet
measurements from the years when there was atmospheric
testing has allowed empirical relationships to be derived to
evaluate transfer coefficients for radionuclides released in
this practice. Empirical models describing the time course
of annual transfers from deposition to diet and from diet to
the body have been the basis of the Committee’s
evaluations of doses from 90Sr and 137Cs, and this method
was also applied to transuranic radionuclides. Fewer data
have been available from which to derive ingestion
pathway transfer coefficients for 131I, 140Ba, 89Sr and 55Fe.

1. Transfer processes

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

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

(a) Direct deposition on plants

122. Direct deposition on plants may play an important role
in the contamination of plant products for some
radionuclides, including those characterized by low root
uptake and short-lived radionuclides, especially 131I, that can
transfer relatively rapidly through the food chain. The direct
contamination of plants may be of two types: primary, which
involves direct transfer from the source via the atmosphere to
the plants, and secondary, bywhich activity alreadydeposited
on the groundmaybe resuspended, e.g. by thewind, and thus
transferred to the plants. The resuspension process is not
usuallya substantial factor, except for radionuclides with very
small uptake through the roots. Primary direct deposition
involves three processes: deposition, interception and
retention. Direct contamination of the plants depends on the
development stage of the plants at the time of contamination.
This, in turn, depends on the season of the year when the
contamination occurs.

123. Radionuclides in the atmospheremaybe deposited as
either dry or as wet deposition. Dry deposition occurs
continuously, while wet deposition occurs when rain or
someother formofprecipitation intervenes. Drydeposition
is usually described by applying the deposition velocity, vg
= F/C [C1], where F is the fallout rate of the depositing
radionuclide to a unit area of land (Bq m�2 s�1), and C is
the concentration in ground-level air over the area of land
considered (Bq m�3). The unit of vg is thus m s�1. The
deposition velocity varies with the aerodynamic diameter
of the particles deposited. Particles with a diameter
between 0.1 and 1 µm have a deposition velocity of about
0.02 cm s�1; those between 1 and 10 µm have values
ranging from 0.02 to about 5 cm s�1 [H1]. This magnitude
also varies with the type of surface and with the chemical
and physical characteristics of the radioelements involved.

124. Wet deposition occurs during precipitation. The
wash-out ratio, W, is defined as the ratio of the
radionuclide concentrations in precipitation (Bq l�1) and in
ground-level air (Bq m�3) [E3]. Experience from global
fallout studies has shown that around 90% of the total
deposition of 90Sr and 137Cs occurs as wet deposition. In an
accident, most of the deposition usually takes place within a
few days. The Chernobyl accident demonstrated that high
rainfall during the cloud passage results in deposition rates an
order of magnitude higher than those observed for dry
conditions [E5].

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

126. The fraction of material intercepted by the crop
canopy was studied by Chamberlain [C2], who derived an
empirical parameter dependent on the physico-chemical
properties of the deposit, the manner of deposition, the
morphologyof the crop and themeteorological conditions.
The quotient of the fraction retained and the dry weight
biomass usually falls within the range 0.2�4 m2 kg�1 [C3].
The normalized specific activity is defined as the
concentration in the crop (Bq kg�1 dry weight) divided by
the deposition density rate (Bq d�1 m�2) [C2]. The
normalized specific activity is thus a rate factor with the
unit m2 kg�1 d. Values between 20 and 40 m2 kg�1 d have
been observed for 137Cs and 90Sr for herbage in good
growing conditions [E4]. Chamberlain found that winter
grass had normalized specific-activity values 2�3 times
higher than summer grass.

127. The weathering or field loss is expressed byM/M0 =
e�t/τ, where M0 and M are the quantities retained on the
crop initially and after time t and τ is an empirical
constant. During the growing season, τ is about twoweeks;
in the winter period, it increases to about eight weeks.
When there is rain, the field half-time may be short.

128. Resuspension of radionuclideson the soil surfacemay
result in secondary direct contamination of the crops. The
resuspension factor RF is defined as the radionuclide
concentration in air (Bq m�3) divided by the ground
contamination (Bq m�2). The resuspension factor thus has
the unit m�1. The resuspension factor measured at locations
in Denmark for 100�3,000 days after the Chernobyl
accident decreased according to a power function of the
time, t, in days (RF = 9.3 10�6 t �1.17) [A3].

129. It appears that resuspended 137Cs is less available to the
plant than primarily deposited amounts [A1], i.e. the transfer
factor for primarydirect contamination is higher than that for
secondarydirect contamination. Theremaybe tworeasons for
the lower availability of resuspended particles compared with
directly deposited fallout. First, a higher field loss can be
expected for resuspended particles than for global fallout.
Secondly, 137Cs adheres to minerals, especially clay, allowing
the radiocaesium to be less available for absorption by the
crops and thus for translocation to the grain.

130. A special case of secondary direct contamination of
crops is rain splash, which may occur during heavy showers,
when the recoil from rain drops carries contaminated soil to
the surface of the vegetation. Secondary contamination is
expected to be less efficient with respect to translocation to the
plants than the initial, direct contamination route.

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

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

132. Timeof year was observed to affect the transfer factor
of 137Cs to grain at the time of the Chernobyl accident [U4].
Transfer factorswere higher in southern Europe, where the
crops were more developed when the deposition from
Chernobyl occurred than in northern Europe, where the
growth of crops had not yet begun. Seasonality also
affected total diet intakes.

(b) Root uptake

133. In the first period after a radioactive contamination
event, direct deposition on plant surfaces is the dominant
pathway, but in the long term, the contamination of the
human diet will depend on absorption through the roots of
plants. The extent to which plant roots absorb radio-
nuclides from the soil depends not only on their physiology
but also on processes in the soil.

134. The uptake of radionuclides by plants from the soil is
normally described by the transfer factor Bv, the ratio of
radionuclide concentrations in vegetation and soil (Bq kg�1
dry weight plant to Bq kg�1 dry weight soil). Observed
values of Bv varywidely, mainly as a result of different soil
and vegetation types and environmental conditions. In
addition,management practices such asploughing, liming,
fertilization and irrigation greatlyaffect uptake.Variability
can also result if uptake into the whole plant is compared
with uptake into parts of the plant, such as grain. The
transfer factor Bv is not constant in time. Decreases occur
as radionuclides in soil become less available to plants
through changes in physical or chemical forms or in
moving below the rooting zone. In some cases, the rate of
uptake increases in time, when physical weathering or
transformation of the chemical form takes place or when
the radionuclide reaches an optimum depth for root uptake.
Databases for root uptake transfer parameters have been
published [I9, N7].

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

136. The root uptake of 137Cs usually decreases with time,
in the beginning quite rapidly, later more slowly. The
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decrease is seen particularly in clay soils and is due to the
fixation of caesium by clay minerals such as illite and
vermiculite. In organic soils the decrease is mainly due to
redistribution of caesium within and transport out of the
rooting zone. Strontium is less firmly fixed to the soil
matrix and is thus more available for root uptake than
caesium. The higher mobility of 90Sr also means that this
radionuclide migrates faster than 137Cs through the soil
column.Nevertheless, root uptakeof 90Sr generallyremains
significantly greater than that of 137Cs over periods of
several years, and for terrestrially produced foods a
generally increasing 90Sr/137Cs ratio will occur with time
after deposition.

137. Under special circumstances the root uptake,
especially of 90Sr, may increase with time after contamina-
tion. This has been observed, for example, in the near zone
around the Chernobyl reactor where some of the 90Sr was
imbedded in uranium fuel particles. Weathering
throughout the years has dissolved these fuel particles,
making the 90Sr available for delayed root uptake byplants.

(c) Animal pathways

138. Several important pathways for the transfer of radio-
nuclides to the diet of humans involve animal food chains,
including milk and eggs from living animals and meat or
flesh from animals and fish. Depending on the radio-
nuclide and the metabolism in the organism, the
concentrations may be enhanced or reduced compared with
the earlier steps of the food chain. Some parts of the animal
are not consumed, e.g. bones, shells, skin and feathers, and
this prevents the transfer from animal products of bone-
seeking radionuclides such as 90Sr and plutonium.Bone tissue
might, however, re-enter the food chain as bonemeal in
various fodder products, and itmight alsoappear in fertilizers.

139. The main animal pathway to humans of the
radiologicallyimportant radionuclides such as 90Sr, 131I and
137Cs is milk consumption. All three radionuclides are
readily transferred from animal fodder to the milk. Other
radionuclides such as the transuranic elements are absent
or secreted to only a very small extent in milk. Caesium is
transferred with its chemical congener potassium to the
soft tissues of animals, particularly muscle. Strontium is
preferentially transferred to bone, like its congener
calcium.

140. Fish and shellfish receive radionuclides both directly
from the water and from their food. Some radionuclides
that are of no concern in the terrestrial animal food chains
may be concentrated in aquatic animals. This is the case,
for example, for plutonium, which is concentrated in
crustaceans, and for polonium in fish and seafood. A
substantial part of the marine fish catch is used for making
fishmeal, which is used as fodder for pigs and poultry and
for fish produced in fish farms. In this way, marine
pathways may interact with terrestrial and freshwater
animal food chains.

(d) Losses in food preparation

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

142. Food-processing retention factors, i.e. the fractional
amount of the radionuclide remaining in the food after
processing, are quite variable, depending on the food and the
processing procedure. Drying foods increases the
concentrations in the dried products, typically by a factor of 5
compared with the fresh foods. Boiling meat considerably
reduces the radionuclide content. It should, however, be kept
in mind that some of the water used for the boiling may be
consumed as soup or sauce. In dairy products, radionuclides
are retained less in cream, thus affecting the levels in various
milk products. Radionuclide contents in vegetables and fruits
are also significantly affected by washing, peeling, and
cooking. In particular, the reduction of 137Cs by various
treatments is significant. If crops have been contaminated
only by direct deposition, the effect of washing and peeling
will be even higher, because the contamination in that case is
confined to the outer parts of the crops. Some translocation
may eventually take place.

143. The process of milling cereal grains apportions the
radionuclide content of the whole grain to significantly
lower radionuclide concentrations in the flour and
correspondingly higher concentrations in the bran. The
intakes of 137Cs and particularly 90Sr are thus higher for
consumersofwholemeal bread than for consumers ofwhite
bread. The concentrations of 90Sr and 137Cs in white bread
are 20% and 40% of the concentrations in the wheat,
respectively. In rye bread, the percentage is 75% of that in
the grain for both radionuclides. There is essentially no
transfer of 90Sr or 137Cs to alcohol from grain or potatoes
nor to sugar made from beets.

144. Conversion of foods, e.g. milk to cheese, may also
change the radionuclide concentrations. The concentration
of 90Sr in cheese is thus typically 5�10 times higher than in
milk, while the concentration of 137Cs in normal cheese is
only about 70% of that in milk. Butter contains essentially
none of the 90Sr and 137Cs present in the milk.

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

146. The radionuclides tritium and 14C require special
consideration because of their high mobility in the
environment and the fundamental nature of hydrogen and
carbon cycles in the biosphere.

147. Carbon is highly mobile and is distributed throughout
theenvironment.Asmall fractionation effect reducesenviron-
mental concentrationsof 14Cbyabout 5%relative tostable 12C,
but this difference is usually disregarded in the models.
Carbon-14 released into the environment via the atmosphere
enters the carbon cycle and becomes dispersed in the
atmosphere, terrestrial biosphere, andmore gradually into the
ocean, ocean sediment and sedimentary rocks. Much of the
carbon in plants has a short residence time, although carbon is
held longer in woody plant parts and is released only on
decomposition. Turnover time of carbon in humans is
generally of the order of a few days or weeks. The most
important form of carbon from the point of view of dose is
CO2, since this is the form in which carbon becomes bound in
plants and ingestion contributes 99%of thedosefrom 14C. The
remaining fraction of dose comes from inhalation of 14C in air.

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

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

150. Tritium is taken into the bodies of animals (including
humans) bythenormalmechanisms, andHTOequilibrates
with body fluids within minutes. For the most part, the
retention time of tritium in the body is about 10 days,
although for the organically bound form it increases to
about 40 days [T3].

2. Food and water consumption

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

152. When UNSCEAR has needed dietary intake
information, it has used values reported from a few
countries. For example, the analysis of fallout 90Sr transfer
to humans was based on measurements in Argentina,
Denmark, and New York City. For lack of more extensive
data, these results were averaged and assumed to be
generally applicable. Milk consumption has been reported
for manyother locations. For general assessment purposes,
the Committee has used an average dietary intake of
500 kg a�1.

153. For theanalysis ofexposures following theChernobyl
accident, theCommittee compiled consumption data for all
countries reporting first-year measurements. These values
were as assessed by scientists of the various countries or,
secondarily, derived from foodbalanceconsiderations. The
consumption rates, as given in theUNSCEAR1988Report
[U4], are listed in Table 21. This listing is relatively
extensive, allowing regionally relevant estimates to be
derived. Some variations within geographic regions are
fairly wide. Some of these differences might be explained
by local habits. Other differences may result from
inconsistencies in the definitions of the food categories,
especially for leafy and other vegetables. Population-
weighted average values from this listing [U4] are given in
Table 21. These may be taken to be reasonable
representative for verybroadgeographic regions. Changing
dietary habits, however, require such food consumption
data to be periodically updated.

154. Although many regional differences in consumption
can be noted, the data seem to separate only very broadly
into western and eastern countries. The western diet
contains greater amounts of dairy products and meat.
These foods are replaced bygrain products, vegetables, and
fish in Asian countries. The average value of consumption
for the world would not apply to any individual and could
only be used in some generic dose assessments. The
consumption rates of children are less well known. In the
UNSCEAR 1993 Report [U3], milk consumption was
assumed to be 120 kg a�1 for infants and 110 kg a�1 for
children. Other foods were assumed to be consumed at the
rate of two thirds (children) or one third (infants) of the
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adult values [C5]. This gives consistent and reasonable
values to be used in dose assessments (see Table 13 of
Annex B, “Exposures from natural radiation sources”).

155. Drinking water intake has been estimated for
reference individuals. For both water and beverages, the
estimates are 500 l a�1 for adults, 350 l a�1 for children and
150 l a�1 for infants [I7]. Since thewater balance is affected
by ambient temperatures, regional estimates of these
quantities should be established, if possible.

156. The consumption of foods from semi-natural and
natural ecosystems, such as mushrooms and game, varies
widely and is, in general, poorly known. Although these
foods may comprise only a few percent (5�10 kg a�1) of an
individual’s total annual dietary intake, such intake could
be important for some radionuclides in certain times and
places such as the arctic food chain (lichen-caribou/
reindeer-human) for both natural and fallout radionuclides
and for consumers of game and forest mushrooms and
berries for 137Cs following the Chernobyl accident. Usually
only a very small portion of a country’s population will be
significantly affected, so collective dose estimates are little
modified. For further analyses of these situations, better
data on the consumption of these foods are needed.

3. Methods for estimating exposures

(a) Atmospheric nuclear testing

157. To make reliable assessments of doses through the
ingestion pathway of radionuclides released in atmospheric
nuclear testing, extensiveempirical datawerecompiled on the
concentrations of the relevant radionuclides in different types
of food and the diets of different population groups. The data
were analysed in previous reports of the Committee,
especially for 90Sr and 137Cs, which together with 14C, are the
main contributors to the ingestion dose commitments from
this practice [U6, U7]. To evaluate the transfer coefficients,
regression analyseswere applied tomodels relating measured
radionuclide concentrations in diet to the annual deposition
density rates and the measured concentrations in relevant
organs. Information on diet and deposition levels of other
radionuclides are incomplete, so the P23 coefficients estimated
for such radionuclides are less reliable than thoseavailable for
90Sr and 137Cs.

158. The empirical model used to relate the deposition
density of a radionuclide, specifically 90Sr or 137Cs, to the
integrated concentration in components of the diet or in
total diet is the following

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

deposition density rate in the year i, Fi, in the previous year,
Fi�1, and in all previous years, reduced by exponential decay.
The exponential decay with decay constant λ reflects both
radioactive decay and environmental loss of the radionuclide.
The coefficients bi and the parameter λ are determined by
regression analysis of measured deposition and diet data.

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

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

where bi are the transfer components per unit annual
deposition: b1 is the transfer in the first year, primarily
from direct deposition; b2 is the transfer in the second year
from lagged use of stored foods and uptake from the
surface deposit; and b3 is the transfer via root uptake from
the accumulated deposit. The units of P23 and bi are
Bq a kg�1 per Bq m�2. In the exponential term, the unit for
λ is a�1 and m is a constant equal to one year. The values of
the parameters used are given in Table 22.

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

161. Adequate representations of transfers to the total diet
or to separate components of the diet are obtained for
relatively uniform deposition during the year, as occurred
for fallout from atmospheric weapons testing. For
deposition occurring within a much shorter time period,
such as following the Chernobyl accident, the transfer is
dependent on the particular agricultural conditions at the
time of deposition and on short-term restrictions on certain
foods in the diet that may have been imposed.

162. If P23 is multiplied by the individual annual
consumption of food (kg a�1), the transfer coefficient P24,
which relates to the intake of the radionuclide, is obtained.
The transfer coefficients P45 then relate the intake amount to
the dose (SvBq�1). This is a committed dose that accounts for
longer-term retention of the radionuclide in the body.

163. The Committee’s earlier evaluations of transfer
coefficients related the integrated concentration of the
radionuclide in the body to the dose [U6]. For 90Sr, the
empirical relationship was as follows:
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where Cb,i and Cd,i are the concentrations of 90Sr in bone
and diet in the year i and the parameters c and g may be
related to short- and longer-term components of 90Sr
retention in bone. The exponential term accounts for
radioactive decay and removal from the body. Average
values derived for the parameters are listed in Table 22.
This formulation is useful for determining the annual
components of dose from a specific deposition occurrence.

164. The results of transfer coefficient evaluations for a
number of radionuclides are listed in Table 23. For 90Sr and
137Cs, the values are the same as those previously derived
[U3]. It should be stressed that the transfer coefficients P23,
P234 and P2345 are all calculated for an even distribution of
the deposition throughout the year, as was the case for
global fallout from atmospheric nuclear testing. If the
deposition occurs during the winter season, the transfer
coefficients are lower, and for a summer deposition they
are higher than the value for the even distribution.

165. The transuranic radionuclides considered by the
Committee in dose evaluation from atmospheric testing
were 238Pu, 239Pu, 240Pu and 241Pu together with its decay
product 241Am. The empirical model described above,
equation (27), has been used to relate the deposition
amount to the integrated levels in diet. The lag term,
however, was not included (b2 = 0).

166. As the number of measurements of the annual
ingestion intake, Iig, of plutonium radionuclides were very
few and covered only 11 years, the determination of λ is
very uncertain; large variations in the value of λ result in
only small variations in the value of Iig. Taking λ to be very
small, Bennett [B2] found the average solutions for b1 and
b3 to be 3.3 10�2 Bq per Bq m�2 and 3.5 10�4 Bq per Bq m�2,
respectively, for 239,240Pu. The estimation of P234 depends on
the real value of λ. It could be as low as 5 10�2 Bq per
Bq m�2 if the availability of plutonium decreases with a
mean residence time of 50 years (λ = 0.02 a�1) and as high
as about 10 Bq per Bq m�2 for 239Pu and 3 Bq per Bq m�2

for 240Pu, if the availability of plutonium decreased only as
a result of radioactive decay (λ = 3 10�5 a�1 and 1 10�4 a�1).
Aarkrog [A4] estimated the transfer of 239,240Pu to bread, an
important component of diet, to be 2 10�2 Bq per Bq m�2.
Until additional information becomes available, the
geometric mean of the extremes for transfer to total diet
can be assumed for the transfer coefficient P234, namely,
0.7 Bq per Bq m�2. This result corresponds to a mean
residence time of 239,240Pu in soil of about 100 years, the
value that was also adopted in Annex C of the UNSCEAR
1982 Report [U6] for the mean residence time in soil of
long-lived natural radionuclides released from industrial
plants.

167. For 238Pu, theabove estimate of P234 using the 50�year
residence time in soil is appropriate, considering the
similar radioactive half-life of this isotope. Given the short
half-life of 241Pu (14.4 a), the value of P234 is dominated by
the rate effect and is taken to be equal to 4 10�2 Bq per
Bq m�2. In the case of 241Am, the formulation is
complicated by the need to take the decay of 241Pu into
account. Using the equivalent of equation (29) and taking
λs to be very small and b1 to have the same value as that
obtained for 239,240Pu, Bennett [B11] estimated b3 to be equal
to 8 10�4 Bq per Bq m�2. This value is very uncertain, as
only one measurement of the annual dietary intake of
241Am has been reported, but it points to the possibility that
americium contained in the soil may be slightly more
available to plants than plutonium. The value of P234can be
roughly assessed to range from 6 10�2 Bq per Bq m�2 for a
residence time of 241Am in soil of 50 years to 0.7 Bq per
Bq m�2 if the availability of 241Am decreases only by
radioactive decay. The geometric mean of this range is
0.2 Bq per Bq m�2.

168. The estimated values of the transfer coefficients for the
transuranic radionuclides are listed in Table 23. These
estimates are about 20 times higher than those used
previously by the Committee because of the higher values of
the dose factors that have since been recommended by ICRP.
The total dose from plutonium will, however, not be
influenced by this changebecause thedominatingpathwayfor
plutonium is inhalation, and here the dose factors are reduced
by a factor of 4 (for class Y = type S). The transfer
coefficients for 241Am are also listed in Table 23.

169. Curium is chemically very similar to americium, and it
may be assumed that the transfer coefficients for the various
curium isotopes can be calculated as for 241Am, taking the
half-lives of the curium isotopes into consideration.
Curium-244, which has a half-life of 18.1 years, can thus be
assumed to have a P234 coefficient equal to 0.04Bq per Bqm�2

and with the dose factor 1.2 10�7 SvBq�1, P2345 is estimated to
be 5 nSv per Bq m�2.

170. Less complete data are available for deriving transfer
coefficients for 131I, 140Ba and 55Fe. Radioiodine can be
transferred rather quickly via the pasture–cow–milk chain to
humans. Hence, although 131I is a short-lived radionuclide
(half-life: 8 days), it may contribute significantly to the dose
in the first weeks after a release. P234 for 131I was calculated to
be 0.07 Bq per Bq m�2 from a P23 coefficient for milk of
0.63 mBq a l�1 per Bq m�2 and an average milk consumption
rate of 0.3 l d�1. The dose factor for 131I ingestion by adults is
2.2 10�8 Sv Bq�1, so P25 becomes 1.5 nSv per Bq m�2 for 131I.
For the age group 0�1 year, daily milk consumption is 0.9 l
and the dose factor is 1.8 10�7 Sv Bq�1, so in this case P25
becomes 37 nSvper Bqm�2. Aweighted average of P25 for all
age groups for ingestion is 4.3 nSv per Bq m�2 for 131I.
Similar considerations were applied for 140Ba. The estimates
are included in Table 23.
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171. The transfer coefficient P234 for 55Fe was estimated in
the UNSCEAR 1993 Report [U3] to be 10 Bq per Bq m�2.
For adults, P45 is 3.3 10�10 SvBq�1 for 55Fe, and P2345 for the
ingestion of 55Fe becomes 3 nSv per Bq m�2. It should be
noted that P234 for 55Fe also includes a contribution from
consumption of fish, which are known to concentrate 55Fe
from seawater [I10]. Hence P234 for 55Fe in the terrestrial
environment is overestimated. Values of 6 Bq per Bq m�2

for P234 and 2 nSv per Bq m�2 for P2345, assumed applicable
for terrestrial pathways, have been inserted in Table 23.

172. Although not previously considered in exposure
evaluations from ingestion, some limited data maybe used
to derive rough estimates of transfer coefficients for 54Mn
and 144Ce. From measurements of 54Mn in grain in
1962�1966 in localized areas in the northern hemisphere
[A5], the transfer coefficient from deposition density to
concentration in grain was estimated to be 0.025 Bq a
kg�1 per Bq m�2. Assuming an annual consumption of
grain products of 80 kg and that all 54Mn in the diet comes
from grain products, P234 becomes 2 Bq per Bq m�2. For
adults, P45 is 7.1 10�10 Sv Bq�1 for 54Mn, and P2345 for
ingestion of 54Mn becomes 1.4 nSv per Bq m�2.

173. Cerium is relatively unavailable to plants. Assuming
that a first-term component similar to that of plutonium
applies and that there are no other terms because of the short
half-life of 144Ce, the transfer coefficient P234 would have the
value0.1Bqper Bqm�2. The further transfer coefficients have
been added in Table 23.

Figure IV. Ingestionexposure following unit deposition
(1 Bq m-2) of radionuclides.

174. The above analyses have been made to derive dose
commitments per unit deposition density, but annual values
of contributions to dose from a single deposition event may
be useful and can also be provided. These values are given
in Table 24. Because of the short half-lives of 131I and 140Ba,
the dose is delivered within a few weeks of deposition and
for 89Sr, within a few months. All of the dose is delivered
within one year of the deposition. There is nomodel for the

transfer of 55Fe to diet, but an approximation may be made
on the pattern of transfer of longer-lived radionuclides to
diet, namely significant transfer within the first two years
following deposition and residual transfer over the
remaining mean life of the radionuclide (see footnote to
Table 24). The empirical models for 90Sr and 137Cs provide
the time course of transfer to dose for annual periods
following deposition of these radionuclides. The annual
contributions to dose from ingestion for a period of 10
years following deposition are illustrated in Figure IV. The
contributions beyond 10 years, which are significant only
for 90Sr and 137Cs, are given in Table 24. The total of all
annual contributions is equal to the dose commitment.

(b) Nuclear installations

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

176. The dispersion estimation method described in Section
I.B.3 and applied to the external exposure pathway is also
applicable to ingestion exposure, substituting in equation (24)
the P25 transfer coefficients for ingestion intake. A more
specific designation of the ingestion transfer coefficients is
P2345. The values in Table 23 are applicable also to the case of
routine continuous or long-term averaged releases of radio-
nuclides from nuclear installations. Several additional
radionuclides not normally included in analysis of weapons
fallout but present in releases from nuclear installations such
as 59Fe, 58Co, 60Co and 134Cs have been added to Table 23.

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

178. Specific values given in Table 25 of the collective
dose per unit release are needed in exposure evaluations for
releases from separate fuel cycle installations. For the
general category of particulates released from reactors, a
representativecompositionmaybeassumed (seeparagraph
96). The weighted average collective doses from ingestion
per unit release of particulates are included in Table 25. Of
course, the specific radionuclide weightings should be
adjusted, if the exact composition of the release is known.

179. An alternativemethod, the specific-activityapproach,
is used to estimate doses from tritium and 14C. In this
approach the specific activity of 14C, for example, in
ingested food and water (activity per gram carbon) is
assumed to be the same as the activity per gram carbon in
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air at the point of interest. This is a good approximation for
situations where rapid exchange occurs, such as between
atmosphere and terrestrial biota, and the specific-activity
model provides a good estimate of 14C doses for chronic
releases from nuclear facilities. However, it is necessary to
know the carbon content of plants and animals to apply
this approach rigorously. The specific activity in air is
reflected in humans after about one year.

180. The specific-activitymodel for tritium is expressed in
terms of the tritium to hydrogen atom ratio. For aqueous
compartments (air moisture, plant water, soil water and so
on), the constancy of this ratio is equivalent to assuming
that the HTO concentration in Bq l�1 is constant. However,
a strict specific-activity approach overestimates doses for
tritium, since it assumes a level of equilibrium between
tritium in the environment and in the atmosphere that is
rarely achieved. Concentrations in precipitation, and
therefore in soil, are lower than those in air, because the
airborne plume is not always present when precipitation
occurs. Concentrations in plants will be lower than those
in air by an amount that depends on the transpiration rate.
Concentrations in drinkingwater tend to bemuch less than
air concentrations because of the large dilution that occurs
in most drinking water sources. Concentrations in animals
and humans reflect the concentrations in the food products
and drinking water they ingest.

181. Thegeneral formula for the specific-activityapproach
to evaluate the collective dose is as follows:

where Ig,n is the ingestion intake rate of the stable form of
element n (kg a�1); Ca,n is the concentration of the stable
form of element n in air (kg m�3); dg,i is the effective dose
per unit intake by ingestion of radionuclide i (SvBq�1); and
N1 and N2 are the population densities in the local and
regional areas. For tritium, the exponent in the power
function of distance should take the value 1.2 rather than
1.4 because of less local retention of deposited tritium.

(i) Tritium

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

where Ui is the intake rate of hydrogen from ingestion of
food type i and fi is the ratio of tritium concentration in
food type i to the concentration in moisture in air.

183. Representative intake rates of plant foods, animal
foods, and drinking water may be assumed to be 370, 170,
and 500 kg a�1, respectively. With typical water content of
plant foods of 85% and of animal foods of 78% [D6] and
the hydrogen content of water being 11.1%, the intake
rates, Ui, of water-bound hydrogen are 35 kg a�1 in plant
foods (370 × 0.85 × 0.111), 15 kg a�1 in animal foods
(170 × 0.78 × 0.111), and 56 kg a�1 in drinking water (500
× 0.111).

184. In the organic matter of foods, the hydrogen content
is, on average, 5.8% in plant foods and 8.4% in animal
foods [D6]. The intake rates, Ui, of organically bound
hydrogen are thus 3.2 kg a�1 in plant foods (370 × 0.15 ×
0.058) and 3.1 kg a�1 in animal foods (170 × 0.22 × 0.084).

185. The value of fi for plant foods is about 0.8 or less [D1,
H3, H4, M4]. For drinking water the value of fi is variable,
depending on local conditions. At sites on large water bodies,
where tritium enters only from the atmosphere, fi tends to be
less than 0.1 [L2, N6]. Larger values of fi, even approaching
1.0, might apply to small water bodies, but the lowvolume or
flow rate of such sources would limit the suitability of the site
to supply drinking water. Larger values of fi could also apply
to sites downstream of liquid discharges of tritium [N6] or if
groundwater had been contaminated. Both of these cases,
however, do not pertain to atmospheric releases. For the
present calculations, fi for drinkingwater is assumed to be 0.1.
The value for specific sites should be based on local
conditions. For animals, it maybe assumed that 40%ofwater
intake is derived from drinking water [R1]. The value of fi for
animal foods is thus estimated to be 0.5 for combined intakes
of drinking water and plants (0.4 × 0.1 + 0.6 × 0.8).

186. It will be assumed that the concentration of organically
bound tritium (Bq l�1 water equivalent) is the same as the
concentration of water-bound tritium in both plants and
animals so that the same values of fi apply to the aqueous and
organic phases. The value of Ig,n is then estimated to be
40 kg a�1 in water-bound form (0.8 × 35 + 0.5 ×15+ 0.1 × 56)
and 4 kg a�1 in organically bound form (0.8 × 3.2 + 0.5 × 3.1).

187. The annual average content of water vapour in air is
assumed to be 8.1 g m�3 [U6], implying that Ca for hydrogen
is 9 10�4 kgm�3. Population densities surrounding the point of
release are given above. The dose per unit intake, dg, was
previously taken to be 2.2 10�11 Sv Bq�1 for water-bound
tritium [U4, U6], but the value nowrecommended is 1.8 10�11
Sv Bq�1 [I5]. The dose coefficient for organically bound
tritium is 4.2 10�11 SvBq�1 [I5]. Applying these parameters in
equation (31), recalling that for tritium the exponent in the
power function is 1.2, and summing the water- and
organically bound doses, the result is 2.1 man Sv PBq�1
(local plus regional exposure) (Table 25). The dilution factor
and the dose per unit intake are lower than in previous
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assessments by the Committee, and the allowance has been
made for reduced environmental concentrations relative to
moisture in air. These reductions are partially offset by the
use of a smaller exponent for the decrease in air
concentration with downwind distance and the separate
consideration of organically bound tritium. The net result
is a dose lower by about a factor of about 4 than the
previously derived value of 9 man Sv PBq�1 [U4, U6].
Organically bound tritium contributes about 20% of the
dose but would contribute more for diets high in grain or
rice, which have high organic fractions.

(ii) Carbon-14

188. The dose from local and regional exposure to 14C
released to the atmosphere represents only a small
proportion of the total dose commitment. The main
significance of 14C stems from its global dispersion and
entry into the carbon cycle, leading to long-term exposure
(see Section V.B). The local and regional collective dose
commitment was previously assessed by the Committee
using the specific-activity approach. The Committee
assumed in its 1982 Report [U6] that the release of 14C is
in the form of CO2 and the concentration of carbon in the
atmosphere, Ca, is 0.16 g m�3. Amore recent, revised value
is 0.18 g m�3 [T1]. The intake rate of carbon is 300 g d�1 by
men and 210 g d�1 by women, averaging 93 kg a�1 intake
by ingestion, Ig. The dose per unit intake of 14C by
ingestion is 5.8 10�10 Sv Bq�1 [I5]; the value formerly used
was 5.6 10�10 Sv Bq�1 [U6]. It is assumed that, unlike
tritium, all components of the diet attain the specific-
activity level of air at the location of interest downwind
from the source. Substituting these parameters into
equation (31), the result is 270 man Sv PBq�1 (local plus
regional exposure) (Table 25).

189. For both tritium and 14C, the approximations of the
specific-activity method are recognized. The assumption
for 14C that all intake attains the specific activity at the
point of calculation is not realistic. For tritium, the
concentrations in the environment, although allowed to
differ from the concentration in air, are probably
overestimates. For both radionuclides, the timedistribution
in the delivery of the dose must be ignored. The approach
thus probably leads to overestimates of the doses.
Nevertheless, the method has the advantage of being a
simple approach that can be easily adjusted for alternative
parameters that might more accurately reflect actual local
conditions.

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

C. RADIONUCLIDES RELEASED TO THE
AQUATIC ENVIRONMENT

191. Radioactive contamination of the aquatic environment
may result in ingestion doses by three pathways: drinking of
freshwater from both surface and ground sources,
consumption of biota living in the water, typically fish, and
consumption of terrestrial foods that have been contaminated
by the use of freshwater for irrigation, by the application of
sediments as soil conditioners, or by the application of aquatic
plants as fertilizer.Water consumedbyanimalsmayalso form
a pathway for the transfer of radionuclides to the human diet.
Shoreline deposits of contaminated sediments can contribute
to external exposures.

1. Transfer processes

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

(a) Lakes

193. Contaminants in lakes may occur in solution in the
water phase or in the sediments. Most radionuclides occur
in both phases, and the distribution factor Kd describes
their partition between water and sediments. Lakes receive
water from rivers, soil run-off and rainfall and lose water
byoutflows and evaporization. Themean residence time of
the water in a lake depends on this in- and outflux ofwater
to and from the lake. The mean residence time of the
radionuclide in the water phase of a lake depends
furthermore on the Kd for the radionuclide and its
radioactive decay. The water chemistry of the lake (pH,
mineral and organic matter content, and redox) influence
Kd. These factors also influence the uptake of radionuclides
in biota. Lakes that are low in nutrients usually show
higher concentration factors from water to biota than
nutrient-rich lakes.

(b) Rivers

194. Riversmaybe considered as lakes with a high in- and
outflux of water. Thus, the mean residence time of
radionuclides in water in a river is usually significantly
shorter than that in a lake for a similar volume of water, so
lower concentrations are usually found in rivers than in
lakes for the same input of radionuclides to the two
systems. The amounts of water carried by a river may vary
considerably throughout the year. In the spring, when the
snowmelts, the river may cover an area several times that
covered in the dry season of the year. The flood land along
a river may retain radionuclides carried by the river water,
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and this contamination may be released to the river again
in subsequent years. Accordingly, it is more complicated to
model the behaviour of radionuclides in river systems than
in lakes. Sediments in the river bed may, during flooding
conditions, also be transported to new locations in the river
system and eventually be carried to the sea. Sediments may
also be disturbed by dredging and other activities.

(c) Groundwater

195. Lakes and rivers contain 0.3% and 0.003%,
respectively, of the total freshwater inventory of the world
[U14]. Ice sheets and glaciers contain 75% and
groundwater the remaining part, i.e. about one fourth of all
freshwater is present as groundwater. Groundwater is, in
general, well protected against atmospheric radioactive
contamination, because adsorption, chemical precipitation
and ion exchange prevent or delay the migration of many
radionuclides, such as 90Sr, 137Cs, and 239,240Pu. But some
radionuclides, especially those of a noncationic form, e.g.
tritium, 99Tc, and 129I are not completely retained by the
soil. Tritium in the form of HTO is particularlymobile and
is readilymeasurable in young groundwaters (less than 30
years). Groundwater may be contaminated in connection
with underground waste disposal. This has been seen, for
instance, at the Hanford site in the United States, where
liquid waste has been discharged to the ground,
contaminating the groundwater, first of all with tritium.
Underground nuclear explosions at, for example, the
Nevada test site, contaminated groundwater with tritium
[M9]. The contamination of groundwater by long-lived
radionuclides may be of interest in connection with the
permanent disposal of high-level waste in underground
depositories.

(d) Marine waters

196. The total volume of the water in the ocean is
1.37 1021 l [K1], which is four orders of magnitude more
water than found in rivers and lakes together. However,
most of the water in the ocean belongs to the deep ocean
which is not used by man for food production. Fish and
other marine foods aremainlyproduced in the coastal seas,
which have a mean depth of about 50 m and a volume of
1.37 1018 l, or 0.1% of the total water volume of the ocean.

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

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

desorption of radionuclides from sediments. The decreased
fixation in estuaries is partly counterbalanced by a lower
uptake by biota.

2. Methods for estimating exposures

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

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

where Ai (Bq) is the activity of radionuclide i released to
water; V (liters) is the volume of the receiving water; τ
(a�1) is the reciprocal of the mean residence time of a
radionuclide in the receiving water assuming no decay
(removal to sediments is incorporated implicitly in this
value); λi (a�1) is the radioactive decay constant for
radionuclide i; Nk is the number of individuals for pathway
k; fk,i (Bq kg�1 per Bq l�1) is the concentration factor for an
item in pathway k for radionuclide i; Ik (kg a�1) is the
individual consumption rate of pathway item k; di
(Sv Bq�1) is the effective dose per unit activity ingested.

201. The quantity A/V(τ + λ) (Bq a l�1) is the integral
concentration in water for release of an activity A (Bq) or,
alternatively, the equilibrium concentration in water, Cw,i
(Bq l�1), for a constant continuing release rate (Bq a�1). The
equilibrium concentration in fish or shellfish is Cw,ifk,i
(Bq kg�1), where fk,i is the appropriate freshwater or salt-
water concentration factor.

202. For radionuclide releases to small volumes of water,
the concentrations in water or fish may be high, but the
population that can be served with drinking water or by
fish production will be limited. For releases to larger water
volumes, the concentrations will be less, but the popula-
tions involved will be correspondingly larger. In fact, the
Nk/V relationship could be taken, in a crude
approximation, as relatively constant, the inverse of which
indicates thewater use with regard to the specific pathway,
k, of each individual in the population.

203. For the drinking water pathway, a value for the
quotient V/Nk of 2.2 107 l man�1 is assumed for estimating
the collective dose commitments from generalized liquid
releases. This value is assumed to be a global average and
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is obtained from an estimated global total of 1.3 1017 l of
freshwater in lakes (1 1017 l) and rivers (annual flow
0.3 1017 l) [U7], serving a world population of 6 109.

204. Average fish plus seafood consumption per individual
is about 8 kg a�1, ranging from 4 to 6 kg a�1 in the Near
East and Africa to 10�14 kg a�1 in the Far East and Europe
[I7]. It may be assumed that the annual consumption is
6 kg a�1 ocean fish, 1 kg a�1 freshwater fish and 1 kg a�1
shellfish. Total freshwater fish consumption by the world
population is thus 6 109 kg a�1, which, when a correction is
made for an edible weight of 50%, agrees with the
estimated annual global harvest of 1010 kg landed weight
[F2]. Dividing by the global freshwater volume given in
the above paragraph, the result is 4.6 10�8 man kg a�1 l�1,
which will be assumed to be the factor NkIk/V needed for
estimating collective doses from freshwater fish
consumption.

205. The annual global ocean fish and shellfish harvest is
1011 kg landed weight [F2], which is consistent with the
ocean fish and shellfish consumption by the world
population, 42 109 kg a�1. The catch mostly takes place
within the continental shelf over an area of 27.5 106 km2

and with a mean depth of approximately 50 m [K1]. The
volume of these waters is thus 1.4 1018 l. The factor NkIk/V
required for the salt-water fish and shellfish pathway is,
therefore, 3 10�8 man kg a�1 l�1. This is about 35 times
higher than the factor used in the UNSCEAR 1977 Report
[U7]. The mean residence time of the water over the
continental shelf is assumed to be the same as that
observed for the North Sea, i.e. approximately 3 years for
90Sr and 137Cs [N2] and 3.5 years for 239.240Pu (first pass).
Experience from Chernobyl has shown the turnover time
of 137Cs in freshwater systems to be 0.3 a�1, i.e. similar to
the turnover observed in coastal waters. This turnover rate
is less by a factor of 3 than the value of 1 a�1 used in the
UNSCEAR1977 Report [U7]. For 90Sr, the turnover rate in
freshwater systems is 0.2 a�1, somewhat less than for 137Cs,
owing to a lower sedimentation rate.

206. The specific-activity concepts for tritium and 14C
discussed above apply in aqueous systems as well as in
terrestrial systems. HTO released to a water body is
transported in the samewayas other radionuclides but with
the additional process of evaporation, which can have a
large influence on HTO concentrations in some systems
[H5]; neglecting this evaporation will result in
overestimates of the tritium concentration. For an atmo-

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

207. The calculations made here of local and regional
collective doses from tritium and 14C in liquid effluents are
based on equation (33) rather than on the specific-activity
model. Because tritiumconcentrations inwater and aquatic
organisms are essentially the same, fk,i = 1 for tritium. On
the other hand, fk,i for 14C is very high, since the carbon
content of the organisms is much greater than the carbon
content of water.

208. The parameters used and the estimates of collective
dose per unit release of radionuclides to the aquatic
environment are given in Tables 27 and 28. The estimates
are the local and regional components of collective dose.
Many radionuclides have been included that might have to
be considered in specific circumstances. For releases of all
radionuclides other than tritium in liquid effluents from
reactors, it is useful tospecifya representative composition,
as was done for particulates in airborne effluents. The
release composition can vary widely depending on the
reactor type, the fuel integrity and the waste management
practices. A representative composition is given in Table
29, which is derived from previously reported data [U3,
U4]. Although these referred mainly to PWRs and BWRs,
the composition can be taken to be reasonably applicable to
all reactor types. For analysis of worldwide releases from
reactors, the Committee has used an average of the results
for releases to freshwater and to salt water. In this case, the
estimated collective dose per unit release of the
representative composition of radionuclides in liquid
effluents is 330 man SvPBq�1. More appropriate selections
and weightings of values can be made in applications to
actual circumstances of releases from specific sources.

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

A. TRITIUM

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

211. The Committee based its estimate of the annual
effective dose from natural tritium on measurements of the
uniform levels of tritium in surface waters (and in the
human body) prior to input from man-made sources. The
estimated effective dose to individuals is 10 nSv a�1 [U7].
With reference to the total annual production of natural
tritium of 72 PBq a�1 (see Annex B, “Exposures from
natural radiation doses”) and the present world population
of 6 109, the collective dose per unit release is 6 109 × 10
nSv a�1 ÷ 72 PBq a�1 = 0.8 man Sv PBq�1. Considering the
population of each hemisphere (89% north, 11% south),
the collective doses per hemispheric input are 1.5 man Sv
PBq�1 for the northern hemisphere and 0.2 man Sv PBq�1
for the southern hemisphere.

212. The doses from tritium produced in atmospheric
testing were estimated initially from measurements of the
concentrations in surface waters [B3]. The estimated dose
commitments were 20 µSv in the northern hemisphere and
2µSv in the southern hemisphere [U7]. Based on estimated
inputs of tritium into the atmosphere from the practice of
1.9 1020 Bq to the northern hemisphere and 0.5 1020 Bq to
the southern hemisphere [U6] and applying the natural
tritium dose/production rate ratio, the estimates of dose
commitment were adjusted to 51 µSv and 14 µSv in the
northern and southern hemispheres, respectively [U6].
These last values were derived from and correspond to the
dose coefficients given at the end of the previous para-
graph.

213. The models used to estimate the global doses from
tritium similate the world hydrological cycle. Calculations
are thereby made of the specific activity of tritium in the
various global water pools. Most tritium is released to the
atmosphere as HTO, and tritium gas (HT, T2) is
transformed in the soil toHTO. Tritium, therefore, follows
the local and global water cycles. The hydrological models
are invariably formulated in terms of compartments, in

which the tritium is assumed to be instantaneously and
uniformly mixed. Transfers between compartments are
quantified using rate constants that are based on the known
rates of water movement due to processes such as
precipitation, evapotranspiration and run-off. Tritium
concentrations in foodstuffs are assumed to equal
concentrations in air moisture, soil water or surface water,
depending on the model. The concentration of tritium in
humans is calculated from an average of the concentrations
in the sources of water ingested, weighted by the relative
amount that each source contributes to intake. Several
models of this kind exist, differing primarily in the number
and size of compartments considered. The compartment
approach is sufficient to calculate mean tritium
concentrations over long times and large spaces. As well as
providing estimates of doses from nuclear power
production, the models can be used to confirm the doses
from natural production and atmospheric testing deduced
from observations.

214. The simplest model for estimating global tritium
doses consists of single compartments representing the
circulating waters of the hemispheres (to an ocean depth of
75 m). The model of Kelly et al. [K3], as implemented by
NRPB and the Commissariat à l’Energie Atomique (CEA)
[N2], used this basic approach and allowed for slow
exchanges between the hemispheres and the deep oceans.
For a release to the atmosphere or to surface waters, the
collective dose per unit release was determined to be
0.028 man Sv PBq�1 relevant to a world population of 4
109. The Committee used this result in the UNSCEAR
1982 Report [U6] and adjusted it in the UNSCEAR 1988
Report [U5] to 0.032 man Sv PBq�1 for a population of 4.6
109. These results are probably underestimates of doses,
because the tritium is mixed in large compartments that
include the world’s oceans and is diluted more than it
would be in the terrestrial environment normallyaccessible
by humans.

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

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

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

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

217. The estimates of global collective doses from
atmospheric tritium releases obtained with several models
are shown in Table 31, together with the estimates based
on natural tritium production. The estimates of the model
calculations are those available in published reports, since
with the exception of the NCRP model, the codes are too
poorlydocumented to be run independently. The results are
not easilycompared since different source distributions are
used. In general, however, there is a relatively good level
of agreement. The dose estimates for releases to the global
atmosphere are within a factor of 2, regardless of whether
latitudinal zonation is considered or not. This level of
agreement is maintained for releases to the northern
hemisphere, but differences by a factor of 10 arise for
releases to the southern hemisphere. The estimate of
Bergman et al. [B4] for release to the global stratosphere
(0.76 man Sv PBq�1) agrees well with the global dose from
natural production (0.8 man Sv PBq�1). The NCRP results
tend to be lower than those of the other models. Killough
and Kocher [K4] found that the NCRP model under-
estimates observed freshwater concentrations of fallout
tritium by about an order of magnitude and overestimates

ocean concentrations by a factor of 3. Use of the NCRP
model therefore likely leads to underestimates of the global
collective doses from releases of tritium.

218. The global collective dose from near-surface
atmospheric releases from nuclear installations is best
obtained from model estimates of releases to the 30°�50°
band of the troposphere in the northern hemisphere. The
Killough and Kocher estimate of 2.3 man Sv PBq�1 is the
most reliable in this regard. The NCRPmodel result is 0.7
man Sv PBq�1 for this case, but as noted above, this is
probably an underestimate. The northern hemispheric
estimate from natural production, 1.5 man Sv PBq�1, may
also reflect doses due to releases from nuclear installations,
although it, too, may be an underestimate because the
release is not confined to the latitude band in which the
greatest population density is found.

219. Estimates of the global collective dose arising from
releases to the ocean from nuclear installations are
available from both the NCRP and Bergman et al. models.
Both obtain estimates of doses that are about one tenth
lower than those resulting from atmospheric releases.
Taking the atmospheric result to be 2.3 man Sv PBq�1, the
dose from releases to the ocean becomes 0.2 man Sv PBq�1.

220. Estimating the global distribution of tritium released
from nuclear installations is a difficult task, and calculated
doses contain an element of uncertainty. Based on a
comparison ofmodel estimates with observations [K2] and
on the level of agreement among the estimates of the more
reliable models, the true value of the global collective dose
is believed to lie within a factor of 3 of the values given
above. Much of the uncertainty is due to the large size of
the compartments used in the models. The average
concentrations assumed throughout these compartments
are incompatible with the rapid changes in concentration
that occur in the environment surrounding local sources
and the non-uniform population density that actually
exists.
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221. The seven-compartment NCRP model may be used to
demonstrate the spatial and temporal variations in the
estimated tritium doses (Tables 32 and 33).These results
should be considered illustrative only, since the NCRPmodel
does not include latitudinal zonation and it tends to
underestimate doses. However, it is well documented,
transparent and accessible, and its estimates are probably
realistic in terms of trends if not of magnitudes. Such results
from use of other models are unavailable to the Committee.

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

223. The time course of the delivery of dose from tritium
released to the atmosphere is indicated in Table 33. In this
example, the seven-compartmentmodel [N3] is applied to the
30°�50° latitude band of the northern hemisphere. The
distribution of tritium within the seven compartments is
indicated, with the decreasing total reflecting radioactive
decay. Theconcentrations of tritiumwithin thecompartments
may be determined by dividing by the water volumes:
1.7 1012 m3 in the atmosphere, 1.4 1013 m3 soil water,
5.6 1013 m3 in freshwater, 9.9 1013 m3 in saline water,
1.8 1015 m3 in groundwater, 2.7 1015 m3 in the ocean surface,
and 1.3 1017 m3 in the deep ocean. The concentration in
humans is determined from the concentrations in the
environment, weighted for fractional daily intake: 0.99 l from
the atmosphere, 0.77 l from soil water (foods), 1.22 l from
drinking water (80% from fresh water and 20% from
groundwater) and 0.02 l from the ocean surface (seafood) for
a total daily water intake of 3 l. The effective dose is largely
received within the first few years of release, since much of
the tritium is by then transferred to the oceans, from which
less than 1% of the water intake by humans is derived.

224. From the above discussion it would appear that some
consolidation of the results of tritium modelling would be
useful in order to be somewhat more certain about the best
estimates of global doses. On the whole, however, dose
estimates can be selected that should be adequate for the
general purposes. In summary, the estimates of the global
collective doses per unit release of tritium from various
sources are 0.8 man Sv PBq�1 for natural production, 1.5 and
0.2 man Sv PBq�1 for northern and southern hemisphere
releases fromatmospheric testing, and2 and0.2manSvPBq�1
for airborne and liquid discharges from nuclear installations.

B. CARBON-14

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

between the different reservoirs are governed by the same
exchange processes. Isotopic fractionation is negligibly
small, within the other uncertainties involved. The total
carbon content in the atmosphere is about 7.5 1017 g, of
which the overwhelming bulk is present as CO2. Exchange
of carbon with the terrestrial biosphere and the
hydrosphere is estimated to be 2 1017 g a�1, with more than
half going to the biosphere. The largest reservoir is the
lithosphere (7.2 1022 g), but the exchange rates between
this and other compartments are extremely low.

226. Because of the long half-life of 14C, its consequences
must be evaluated through the collective effective dose
commitment, which is complete about 50,000 years after the
release. About 70% of the collective effective dose
commitment will have been delivered by 10,000 years. Most
models assume that the global population grows until the
middle of the next century and then stabilizes at 1010 people.

227. As with tritium, the most direct estimates of global 14C
dose are obtained from environmental measurements. A
natural production rate of 1 PBq a�1 leads to an individual
effective dose rate of 12 µSv a�1. This implies a collective
effective dose commitment of 120,000 man Sv PBq�1 if it is
assumed that the equilibrium population of the world of 1010
is achieved within a short time compared with the mean
environmental lifetime of 14C.

228. Recent interest in climate change has led to the
development ofmanymodels tostudythe global circulation of
stable carbon. For the most part, thesemodels cannot be used
to calculateglobal 14Cdoseswithout major modifications. The
models discussed below are those developed specifically to
assess the doses from man-made sources of radiocarbon. As
was the case for tritium, they are all compartment models of
varying complexity. The assumption of instantaneousmixing
in compartments is invalid in the short term for 14C but is
sufficiently accurate for long-term dose assessment. The
models predict activities per gram carbon in each
environmental compartment over time. Once mixing is
achieved, the specific-activity model may be used to estimate
collective dose commitments from 14C. It is assumed that the
specific activityof 14C in the carbon ingested byhumans is the
same as that in the most relevant compartments for food
intake (ground vegetation for terrestrial foods and relevant
surface ocean compartments for marine foods).

229. The long time required to deliver the dose means that
details of the source location and distribution are not as
important for 14C as they were for tritium. For all doses
derived from model calculations, the release was assumed to
be to a single compartment representing the global
atmosphere, and the results apply equally to 14C releases from
natural production, atmospheric testing and nuclear power
production.

230. The models for global carbon dose consider
radiocarbon only in the form of 14CO2, as this is the only
form in which 14C can enter the food chain. Thus, 14CO2 is
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the only direct contributor to ingestion dose, which makes
up 99% of the total 14C dose. Assuming that all
radiocarbon is released as 14CO2 will overestimate doses if
hydrocarbons are also present in the emissions. However,
the hydrocarbons will be oxidized to 14CO2 within a few
years [E6], and this can be taken into consideration.

231. The ability to make reasonable time-dependent
estimates of regional and global 14C fluxes and doses from
arbitrary release locations over thousands of years requires a
fairly sophisticated model. It should include the atmosphere,
biosphere with multiple compartments, soil, oceans with
multiple layers (a well-mixed upper layer, unstirred dense
thermocline, and deepwater), and, possibly, ocean sediments.
Input fluxes should include both 14C and 12C, so that the
specific activity of the radiocarbon can be calculated. Recent
models incorporate the influx of 12C from the burning of fossil
fuels.

232. The Committee has used a variety of methods to
estimate global 14C doses for releases from nuclear
installations. The estimates in theUNSCEAR1977 Report
[U7]were calculated using a model with compartments for
terrestrial biosphere, atmosphere and short-term biosphere
combined; surface ocean, thermocline layer in the ocean (a
diffusive layer), and deep ocean. The parameters were
adjusted to fit measurements of excess 14C in the
atmosphere and surface ocean from atmospheric testing.
The incomplete (to 104 years) whole-body collective dose

commitment was found to be 120,000 man Sv PBq�1 for a
future world population of 1010 people. In the UNSCEAR
1982 and 1988Reports [U4,U6], theNRPB/CEA [N2]model
was used to estimate an incomplete collective effective dose
commitment of 67,000 man Sv PBq�1 as an average for both
atmospheric and aquatic releases for a population of 1010,
which was assumed constant during the integration period. A
model developed by Emanuel et al. [E2] was used in the
UNSCEAR 1993 Report [U3] that produced estimates of the
incomplete collective dose commitment of 85,000 man Sv
PBq�1 for a projected world population of 1010 people.

233. Global 14C modelling has been further advanced by
the work of Titley et al. [T1], and this model is
recommended for use in 14C dose assessments. It contains
23 compartments (Figure VI): atmosphere, ocean
sediments, Antarctic Ocean (four layers), Atlantic Ocean
(four layers), Pacific Ocean, including the Indian Ocean
(three layers), Arctic Ocean (two layers), woody tree parts,
non-woody tree parts, ground vegetation, decomposers,
soil, and a compartment representing input from fossil fuel
burning. The terrestrial portion of the model was adapted
from Emanuel et al. [E1] with minor modifications to
allow the transfer of soil via rivers to the ocean surface
compartments. Exchangesbetween the atmosphere and the
terrestrial biosphere are based on estimates of the
photosynthetic uptake of carbon byplants and its release to
the atmosphere by plants, animals, and soil by respiration
[C4, E1].

Figure VI. Compartment model for global circulation of carbon-14 [T1].
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234. The ocean model in Titley et al. [T1] takes into
account temperature changes, surface areas and varying
amounts of ice cover in winter. Photosynthesis in the
surface ocean layers and subsequent transfer of carbon
down the water column was included and found to be
important. In contrast, net sedimentation fromwater to the
seabed was found to be a relatively insignificant process.
The parameter values for the oceanic compartments were
derived from several references [B6, M1, S3]. Exchanges
between the oceanic and atmospheric compartments were
based on estimates of the dissolution of CO2 at the
ocean/atmosphere interface using data from Mobbs et al.
[M1] and Siegenthaler [S3]. Carbon dioxide is very
soluble, and exchangewith the atmosphere is rapid in open
aerated water. The model was tested and validated against
stable carbon distributions and 14C specific activities
arising from natural sources and atmospheric nuclear
testing [T1].

235. The model of Titley et al. [T1] provides an estimate
of the complete collective effective dose commitment per
unit release: 109,000 man Sv PBq�1. This is similar to the
estimate of Emanuel et al. (108,000�114,000 man Sv
PBq�1), to the estimate derived from natural 14C production
(120,000 man Sv PBq�1) and to previous UNSCEAR
estimates. Indeed, the 14C dose estimates of the many
models in the literature are all very consistent. Killough
and Rohwer [K5] found that the predictions of six models
ranged over a factor of only 1.5. A similar rangewas found
by Titley et al. [T1] in their comparison of four other
models. Finally, McCartney et al. [M5] found less than a
15%difference in the results of threemodels. Killough and
Rohwer [K5] attribute the consistency to the long half-life
of 14C relative to its rate of environmental transport, which
makes the estimated dose commitments insensitive to the
detailed structure of the models or to the values of the
parameters used in them.

236. The collective dose coefficient of 109,000 man Sv
PBq�1 was calculated with the assumption that the release
is to the atmosphere, that the future world population
stabilizes at 1010 people, and that the global inventory of
stable carbon does not increase from its present value.
Based on the values provided by the various models, there
is a high probability that a range of 100,000�140,000
man Sv PBq�1 will encompass the actual collective dose
under these conditions. Assuming fossil fuels continue to
be burned at the present rate of 5 1015 g carbon per year
until supplies are exhausted, the best estimate of the
collective dose (from predictions of the Titley model) is
92,000 man Sv PBq�1, with a range of 80,000�130,000
man Sv PBq�1. Doses following a release to soils or surface
oceans are about the same as those for an atmospheric
release, but doses from release to deep oceans would be
about 20% lower.

237. The time course of collective dose for a release of 14C
to the atmosphere or to the ocean surface is shown in
Table 34. The equilibrium specific activities assuming

fixed, stable carbon inventories match those of natural 14C
production, which is of the order of 1 PBq a�1. Estimates of
dose are given for a variable inventory of stable carbon
caused by the burning of fossil fuels. About 9% of the
complete dose commitment from a single release is
delivered within 100 years, 23% within 1,000 years and
75% within 10,000 years.

C. IODINE-129

238. Because of its very long half-life (1.57 107 a), 129I may
becomewidely distributed in the global environment much
like stable iodine, 127I, over a long time. Whether released
into the atmosphere or into the aquatic environment, 129I
will eventually reach the oceans in a time period
presumably shorter than its half-life. Iodine is released
from the ocean into the atmosphere as organic iodine
(mostly as methyl iodide) [L1] as a consequence of
microbial activity. The emitted organic iodine is
decomposed by sunlight into inorganic iodine compounds.
Both the organic and inorganic forms enter the terrestrial
environment by the processes of wet and dry deposition
[W1]. The deposition velocity of inorganic iodine onto
vegetation is about two orders of magnitude higher than
that of organic forms [N4]. The global iodine cycle and the
dynamic behaviour of iodine in the environment is being
further studied to improve the estimates of doses from 129I
releases.

239. Doses to humans from 129I are delivered principally
by its incorporation into the body by ingestion or
inhalation. Iodine accumulates primarilyin the thyroid, but
the low specific activity of 129I (6.55 MBq g�1) limits the
activity of the radionuclide that can be present in the gland
[T1]. Artificially produced 129I is released into the
environment fromnuclear installations, and small amounts
were also released in atmospheric nuclear testing.

240. Thebehaviour of iodine in the terrestrial environment
is influenced by many factors, e.g. soil type, microbial
activity, and chemical form. It is known that stable iodine
accumulates in soil; iodine concentrations in soil are
10�1,000 times higher than those of the parent rocks. The
levels of 129I in soils collected from the vicinity of nuclear
reprocessing plants are markedly higher than the levels in
other places [B5, M7, R6]. Vertical distribution of 129I in
soil showed that most of the radionuclide is retained in the
surface layer (<10 cm). These observations indicate that
the transfer of 129I from the terrestrial environment to the
ocean would occur only relatively slowly.

241. A model of the global iodine cycle was developed by
Kocher [K8]. The environmental compartments assumed
in themodel are the atmosphere, hydrosphere, lithosphere,
and terrestrial biosphere. It is estimated that the mean
residence time of iodine in surface soil is of the order of
10,000 years and that the mixing of iodine throughout the
ocean would require 1,000 years or more. Therefore, the
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most important parameter for determining dose rates and
cumulative doses following the release of 129I is the
10,000-year mean residence time of iodine in the surface
soil region. It thus appears that for a realistic long-term
population dose assessment, a progression from local to
regional to global-scale models would be required [K8].
When the released 129I reaches equilibrium with stable
iodine, the specific-activity method could be used in the
assessment.

242. In the specific-activity approach, the activity
concentration of 129I per unit mass of 127I is assumed to be
the same in 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 µg g�1 at ages 6 months,
4 years, and 14 years and for adults, respectively, and using
the age distribution given previously, a specific activity of
1 Bq per gram of stable iodine in the thyroid would lead to
an age-weighted annual thyroid dose of 1.5 10�7 Gy. Since

the sea contains 3.8 1016 g stable iodine (water mass of 6
1023 g and iodine concentration in water of 0.064 µg g�1),
a release of 1 PBq 129I results in a long-term specific
activity of 0.026 Bq g�1. The collective thyroid dose
commitment arising from the discharges of 129I would be
about 9 108 man GyPBq�1, assuming a world population of
1010 and no sink for iodine in the environment.

243. The compartment model for the global circulation of
iodine is shown in Figure VII. This represents a revision [T1]
of the model described by Kocher [K8] and modified by
Smith andWhite [S4]. The inventories of stable iodine in the
model compartments and the fluxes between them were
determined from environmental measurements and from the
requirement for mass balance. Iodine-129 released into any
compartment is assumed to be transported with stable iodine,
and so the specific activity of 129I can be determined for each
compartment. Intake of 129I occurs by inhalation and by the
ingestion of water and terrestrial and marine foods.

Figure VII. Compartment model for global circulation of iodine-129 [T1].

244. Important fluxes added to the global iodinemodel are
from the sedimentary rock compartment to the two
subsurface groundwater compartments and to the solid soil
compartment, and from the solid soil compartment to the
ocean mixed layer. This model includes the transfer of
iodine from soil to the oceans and its subsequent movement
back to soil from sedimentary rock. Titley et al. [T1]
estimated the residence time of iodine in deep ocean waters
to be 350 years and the flux of iodine from the deep ocean
to the ocean mixed layer to be 2.3 1014 g a�1. The amount
of iodine transferred annually from the sedimentary rock
compartment back to the solid soil compartment is
estimated to be 1.8 1011 g a�1 [T1]. The mean residence
times of iodine in the major compartments used in the
model are 0.1 years in the ocean atmosphere, 0.09 years in
the land atmosphere, 5.9 years in the ocean mixed layer, 19

years in the terrestrial biosphere, 3.6 105 years in ocean
sediments, 970 years in shallow subsurface region, and
38,000 years in deep subsurface region [T1].

245. The doses to individuals and collective doses
following a release of 129I can be calculated using the
estimated time-dependent concentrations in the various
compartments and either a pathway or a specific-activity
analysis [K9]. The pathway analysis procedure involves
identification of a number of exposure pathways; transfer
coefficients are then used to estimate the movement of the
radionuclide from the various compartments to humans.
This approach requires considerable judgement because of
the possible variations in the transfer coefficients and in
the assumed intake rates, but the results are then quite
realistic. The specific-activity approach is a means of
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bypassing all the uncertainties and difficulties associated
with the pathway analysis.

246. The pathway analysis method was adopted in the 129I
model under consideration. Five exposure pathways were
assumed as follows: inhalation by humans from the land
atmosphere, the daily intake rate of iodine being
0.29 µg d�1; deposition from the land atmosphere onto food
crops ingested directly by humans or by dairy and beef
cattle and subsequently ingested by humans (6.6 µg d�1);
ingestion of land surface water directly by humans or by
cattle (5.3 µg d�1); ingestion of marine fish and shellfish
from the ocean mixed layer (11 µg d�1); root uptake from
the surface soil region or from the soil water region into
crops consumed by humans or by cattle subsequently
ingested by humans. The intake of iodine through root
uptake considers the concentration of iodine in the
terrestrial biosphere and the ingestion of vegetables,
cereals, all other foods, meat and milk. The daily intake of
iodine through root uptake of iodine using average world
consumption rates is 200 µg d�1, and the total daily uptake
of iodine is 220 µg d�1 [T1]. The calculation of effective
dose utilized the following values: equivalent dose in the
thyroid per unit intake 1.3 µSv Bq�1 (inhalation) and
2.1 µSv Bq�1 (ingestion) and tissue weighting factor 0.05.

247. A comparison of collective effective dose to the world
population arising from a release of 1 TBq of 129I during
one year to the five different compartments calculated

using this model [T1] is given in Table 35. At 108 years the
collective effective dose for release to the land atmosphere
(727 man Sv) and to solid soil (828 man Sv) are higher
than the collective effective dose for release to the ocean
compartments, 530, 469, and 469 man Sv for release to the
ocean atmosphere, the ocean mixed layer and the deep
ocean, respectively. The trend in collective effective doses
from 50 years indicates higher amounts of iodine in the
land atmosphere with negligible amounts in the deep
ocean, but by 108 years the amounts in the deep ocean will
have increased, while the amounts in the land atmosphere
will have decreased. Thus the transfer to the deep ocean is
much faster than the reverse process.

248. The long residence times of iodine in the solid soil
compartment and the deep ocean compartment and the fact
that a larger fraction of iodine in the ocean mixed layer
compartments is transported downwards rather than to the
atmosphere imply that it takes much longer for 129I to reach
the soil water compartment, from which most of the iodine
intake by humans is derived. Collective effective doses
estimated assuming that 129I is discharged into the land
atmosphere compartment are generally higher because of
the direct connection between this compartment and the
soil water compartment. The long residence time in the
sedimentaryrock compartment implies that iodineentering
the sedimentary rock compartment is trapped there for a
time of the same order as the half-life of 129I before being
cycled back to the soil.

CONCLUSIONS

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

250. For the Committee’s purposes of estimating
average doses under general conditions of release or
presence of radionuclides in the environment, relatively
simple calculational methods are sufficient. More
detailed, time-dependent or otherwise complex methods
have not been considered. For releases to the atmosphere

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

251. The Committee has selected representative para-
meters to reflect the various conditions of release,
environmental transport andbehaviour, and thepersonal
habits of intake and metabolism of the various radio-
nuclides. These should provide reasonably accurate
estimates of dose in many applications. Alternative
selections of the parameters may lead to wide variations
in the dose estimates. Therefore, the methods presented
in this Annex should be used with caution. In particular,
it is recommended that site-specific data should be used
as appropriate and when available.
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a The value 0.06 is applied to the average dose among each of the five remaining organs or tissues receiving the highest dose, excluding the skin,
lens of the eye, and the extremities.

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

c The value 0.05 is applied to the average dose to the remainder tissue group. However, when the most exposed remainder tissue or organ receives
the highest committed equivalent dose of all organs, a weighting factor of 0.025 is applied to that organ and a weighting factor of 0.025 is applied
to the average dose in the rest of the remainder.

Table 1
Radiation weighting factors
[I1]

Type of radiation Energy range Radiation weighting factor wR

Photons, electrons, muons All energies 1

Neutrons
Protons

<10 keV, >20 MeV
>2 MeV

5
5

Neutrons 10-100 keV, >2-20 MeV 10

Neutrons
Alpha particles, fission fragments, heavy nuclei

>0.1-2 MeV
All energies

20
20

Table 2
Tissue weighting factors
[I1, I11]

Tissue or organ
Weighting factor wT

1977 1990

Gonads
Breast
Colon
Red bone marrow
Lungs
Stomach
Urinary bladder
Liver
Oesophagus
Thyroid
Bone surface
Skin
Remainder

0.25
0.15

0.12
0.12

0.03
0.03

0.30 a

0.20
0.05
0.12
0.12
0.12
0.12
0.05
0.05
0.05
0.05
0.01
0.01
0.05 b c
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Table 3
Values of the parameters used to evaluate vertical dispersion in the Gaussian plume model

Stability class
Stability-dependent parameters

a b c d

A: extremely unstable
B: moderately unstable
C: slightly unstable
D: neutral
E: slightly stable
F: moderately stable

0.112
0.130
0.112
0.098
0.0609
0.0638

1.060
0.950
0.920
0.889
0.895
0.783

5.38 10-4
6.52 10-4
9.05 10-4
1.35 10-3
1.96 10-3
1.36 10-3

0.815
0.750
0.718
0.688
0.684
0.672

Roughness length
(m)

Roughness-dependent parameters

p q r s

0.01: Lawns, water bodies
0.04: Plowed land
0.1: Open grassland
0.4: Rural areas, small villages
1.0: Forest, cities
4.0: Cities with tall buildings

1.56
2.02
2.72
5.16
7.37
11.7

0.048
0.0269
0

-0.098
-0.0957
-0.128

6.25 10-4
7.76 10-4
0
18.6

4.29 103
4.59 104

0.45
0.37
0

-0.225
-0.60
-0.78

Table 4
Representative values of meteorological and release parameters

Parameter Units Value

Effective release height (H)
Direction frequency (fi)
Sector width (Δθ)
Roughness length (z0)

m
Dimensionless
Radians
m

30
0.083
0.524
0.4

Stability class

A B C D E F

Frequency of occurrence (f1)
Wind speed (ui)
Inversion height (hi)

Dimensionless
m s-1
m

0.05
2

2 000

0.10
3

1 500

0.20
4

1 200

0.30
5
800

0.20
3
400

0.15
2
200

Table 5
Dilution factors for the representative source and long-term average conditions

Downwind distance
(km)

Dilution factor
(Bq m-3 per Bq s-1)

0.5
1
2
5
10
20
50
100
200
500
1 000
2 000

9.7 10-7
5.3 10-7
2.5 10-7
7.1 10-8
2.5 10-8
8.7 10-9
2.2 10-9
7.6 10-10
2.7 10-10
6.7 10-11
2.4 10-11
8.2 10-12
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a Calculated as E = X × 0.0087 Gy R-1 × 0.7 Sv Gy-1.
b HE + 0.01 Hskin.

Table 6
Analysis of variability in results of the Gaussian plume model

Varied parameter Value of varied parameter Dilution factor
at 1 km

Exponent
of power function

Wind speed (ui) Twice the representative value
Half the representative value

2.6 10-7
1.1 10-6

1.39
1.55

Mixed layer height (hi) Twice the representative value
Half the representative value

5.3 10-7
5.3 10-7

1.55
1.37

Frequency of
stability class (fi)

0.02, 0.05, 0.15, 0.55, 0.15,0.08 for classes A, B, C, D, E, F
(high proportion of neutral classes)

0.02, 0.05, 0.15, 0.25, 0.3, 0.23 for classes A, B, C, D, E, F
(high proportion of stable classes)

0.15, 0.25, 0.3, 0.2, 0.05, 0.05 for classes A, B, C, D, E, F
(High proportion of unstable classes)

5.0 10-7

5.8 10-7

4.4 10-7

1.44

1.49

1.41

Surface roughness (z0) 0.1 m
1.0 m

5.1 10-7
5.3 10-7

1.46
1.44

Effective release
height (H)

0 m (ground-level release)
60 m

1.2 10-6
2.2 10-7

1.70
1.36

Dry deposition
velocity (vd)

0.01 m s-1
4 10-4 m s-1
0 m s-1

5.2 10-7
5.3 10-7
5.3 10-7

1.74
1.31
1.21

Wash-out coefficient (Λ) 3 10-4 s-1
3 10-5 s-1

5.3 10-7
5.3 10-7

1.46
1.46

vd and Λ 0 5.3 10-7 1.21

Table 7
Outdoor effective dose rate to the adult per unit concentration in soil for the significant naturally occurring
radionuclides

Radionuclide
Effective dose rate per unit concentration (nSv h-1 per Bq kg-1)

[B8] a [S10, S11] b [E7] b

40K
232Th series
238U series

0.029
0.46
0.30

0.030
0.42
0.31

0.033
0.51
0.35

Table 8
Conversion coefficients from air kerma to effective dose for terrestrial gamma rays
[S11]

Radionuclide
Effective dose per unit air kerma (Sv Gy-1)

Infants Children Adults

40K
232Th
238U

Average

0.926
0.907
0.899
0.91

0.803
0.798
0.766
0.79

0.709
0.695
0.672
0.69
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a Calculated as HE + 0.01 Hskin.
b Decay products included.

a Evaluated as HE + 0.01 Hskin.
b Release from model reactor site; population density 400 km -2 in local area (1-50 km) and 20 km -2 in the regional area (50-2,000 km).
c Negligible result.

Table 9
Effective dose factors for cloud immersion

Radionuclide

Effective dose per unit time-integrated concentration in air
(nSv per Bq d m-3)

[K7] a [E7] a

89Sr
90Sr b
95Zr
95Nb
99Mo b
103Ru b
106Ru b
110mAg b
115Cd b
125Sb b
127Sb b
129mTe b
131mTe b
131I

132Te b
133I
134Cs
136Cs
137Cs b
140Ba
140La
141Ce
143Ce
144Ce b
239Np

0.033
0.062
2.9
3.0
1.1
1.8
0.87
11
1.4
1.6
2.6
0.29
6.0
1.4
9.8
2.3
6.0
8.5
2.2
0.72
9.3
0.29
1.0
0.27
0.64

0.039
0.079
3.1
3.3
1.1
2.0
0.99
12
1.6
1.8
3.0
0.32
6.5
1.6
11
2.6
6.6
9.3
2.4
0.76
10
0.31
1.1
0.31
0.68

Table 10
Collective effective doses from immersion exposure to noble gases released from reactors

Radionuclide Half-life
Effective dose rate

per unit
concentration a [E7]
(nSv per Bq a m-3)

Collective dose per unit release b ( man Sv PBq�1)

Local Regional Total

41Ar
85mKr
85Kr
87Kr
88Kr
131mXe
133mXe
133Xe
135mXe
135Xe
138Xe

1.827 h
4.48 h
10.72 a
76.3 m
2.84 h
11.9 d
2.188 d
5.245 d
15.29 m
9.09 h
14.17 m

2 080
243
7.92
1 340
3 260
13.8
46.5
50.8
653
385
1 850

0.90
0.15
0.007
0.47
1.73
0.012
0.039
0.043
0.062
0.28
0.16

0.005
0.004
0.007
0.001
0.021
0.009
0.013
0.025
- c
0.016
- c

0.90
0.15
0.014
0.47
1.75
0.021
0.052
0.068
0.062
0.30
0.16
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a Collective dose per unit release (values from Table 10) multiplied by the release fraction. The results apply for the model reactor site.

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

b Derived from absorbed dose rate in air times 0.7 Sv Gy -1 times 0.36 (occupancy/shielding factor) times mean-life (in years) of radionuclide (1.44
× half-life).

c Includes decay product.

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

Radio-
nuclide

Fractional release
[U4]

Weighted collective dose per unit release a (man Sv PBq�1)

PWRs BWRs

PWRs BWRs Local Regional Total Local Regional Total

41Ar
85mKr
85Kr
87Kr
88Kr
131mXe
133mXe
133Xe
135mXe
135Xe
138Xe

0.005
0.004
0.016
0.009
0.004
0.006
0.006
0.81
0.002
0.14
0.003

0.03
0.06
0.01
0.08
0.15
0.03
0
0.20
0.06
0.17
0.20

0.005
0.001
0.0001
0.004
0.007
0.00008
0.0002
0.035
0.0001
0.039
0.0005

0.00002
0.00002
0.0001
0.00001
0.00008
0.00006
0.00008
0.020
-

0.002
-

0.005
0.0006
0.0002
0.004
0.007
0.0001
0.0003
0.055
0.0001
0.041
0.0005

0.026
0.009
0.00009
0.039
0.25
0.0004
0

0.009
0.004
0.049
0.032

0.0001
0.0002
0.00009
0.0001
0.003
0.0003
0

0.005
-

0.003
-

0.027
0.010
0.0002
0.039
0.26
0.0007
0

0.014
0.004
0.052
0.032

Total 1.0 1.0 0.09 0.02 0.11 0.42 0.01 0.43

Table 12
Transfer coefficients P25 from deposition to external exposure from radionuclides produced in atmospheric
nuclear testing

Radionuclide Half-life
Absorbed dose rate in air
per unit deposition density a

(nGy a-1 per Bq m-2)

Effective dose commitment
per unit deposition density b

(nSv per Bq m-2)

54Mn
95Zr c
103Ru
106Ru
125Sb
131I
137Cs
140Ba c
141Ce
144Ce c

312.3 d
64.02 d
39.26 d
373.6 d
2.76 a
8.02 d
30.07 a
12.75 d
32.5 d
284.9 d

12.9
45.0
10.8
3.21
6.52
13.0
8.89
73.5
1.49
0.693

4.02
2.87
0.42
1.19
6.54
0.10
97.2
0.93
0.048
0.20
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a Assumes relaxation length in soil of 1 cm.
b Assumes relaxation length in soil of 3 cm.

Table 13
Annual components of dose from external exposure to radionuclides following a single deposition event

Year
following
deposition

Annual effective dose per unit deposition density (nSv per Bq m-2)

131I 140Ba 141Ce 103Ru 95Zr 144Ce 54Mn 106Ru 125Sb 137Cs

1
2
3
4
5
6
7
8
9
10

0.10 0.93 0.048 0. 42
0.001

2.82
0.054
0.001

0.12
0.05
0.020
0.008
0.003
0.001
0.0006
0.0002
0.0001

2.23
0.99
0.44
0.20
0.09
0.039
0.017
0.008
0.003
0.002

0.59
0.30
0.15
0.08
0.039
0.020
0.010
0.005
0.003
0.001

1.45
1.13
0.88
0.68
0.53
0.41
0.32
0.25
0.19
0.15

2.21
2.16
2.11
2.07
2.02
1.97
1.93
1.88
1.84
1.80

Total
1-10
11-20
21-50
51-100
101-�

0.10 0.93 0.048 0.42 2.87 0.20 4.02
0.001

1.19
0.001

6.01
0.49
0.04

20.0
15.9
30.6
21.0
9.69

Commitment
1-� 0.10 0.93 0.048 0.42 2.87 0.20 4.02 1.19 6.54 97.2

Table 14
Effective dose equivalent factors for external irradiation outdoors from deposited radionuclides
[B9, U4]

Radionuclide
Effective dose equivalent per unit deposition density

(nSv per Bq m-2)

30 days to 1 year a After 1 year b

103Ru
106Ru
131I
134Cs
137Cs

0.691
2.09
0.015
18.6
8.04

0.00128
1.65
0.0
36.2
264
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a Estimated from dispersion relationship: 5 10 -7 x-1.4, where x is the distance from the release point; deposition velocity = 0.002 m s -1; and
population density = 400 km -2 in local area (1-50 km) and 20 km -2 in the regional area (50-2,000 km). Reduction due to urban runoff (factor of
0.75) also assumed.

b Includes decay product.
c Weighted average for assumed representative composition: 13% each of 54Mn, 58Co, 60Co, 89Sr, 134Cs, 137Cs, and 140Ba; 0.9% each of 51Cr, 59Fe,

65Zn, 90Sr, 90Y, 95Zr, 124Sb, 136Cs, 141Ce, and 144Ce.

a Ref. [I4].
b Estimated from [U15].

Table 15
Estimates of collective dose from external exposure per unit release of radionuclides from nuclear
installations

Radionuclide
Transfer coefficient

P25
(nSv per Bq m-2)

Collective effective dose per unit release a (man Sv PBq-1)

Local Regional Total

51Cr
54Mn
59Fe
58Co
60Co
65Zn
95Zr b
103Ru
106Ru
124Sb
131I
134Cs
136Cs
137Cs
140Ba b
141Ce
144Ce b
241Am

0.021
4.0
1.1
1.1
71
2.1
2.9
0.42
1.2
2.3
0.10
18
0.92
97
0.93
0.048
0.20
44

0.6
120
33
32
2 100
63
85
13
35
69
3.1
540
27
2 890
28
1.4
5.8
1 310

0.3
54
15
14
940
28
38
5.7
16
31
1.4
240
12
1 300
12
0.65
2.6
590

0.9
170
48
46
3 040
92
120
18
51
100
4.5
780
40
4 190
40
2.1
8.5
1 890

Particulates c 740 340 1 080

Table 16
Age-weighted breathing rate for the world population

Age group Breathing rate a (m3 d-1) Fraction of population b Weighted rate (m3 a-1)

0-12 months
1-2 years
3-7 years
8-12 years
13-17 years

Adults (>17 years)

2.86
5.16
8.72
15.3
20.1
22.2

0.02
0.04
0.10
0.10
0.09
0.65

21
75
320
560
660
5 300

Sum 1.0 6 900
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a Absorption rates in body fluids are fast (F), moderate (M), and slow (S).
b From 1 year to 2 years.
c More than 7 years to 12 years.
d More than 17 years.

Table 17
Committed effective doses per unit intake by inhalation of radionuclides
[I4, I5]

Radio-
nuclide

Absorption
type a

Effective dose per unit intake (nSv Bq-1) Radio-
nuclide

Absorption
type a

Effective dose per unit intake (nSv Bq-1)

Infants b Children c Adults d Infants b Children c Adults d

54Mn
55Fe
89Sr
90Sr
91Y
95Zr
95Nb
99Mo
103Ru
106Ru
110mAg
115Cd
125Sb
127Sb
129mTe
131mTe
132Te
131I
133I
134Cs
136Cs
137Cs
140Ba
140La
141Ce
143Ce
144Ce

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
F
F
F
F
F
M
M
M
M
M

6.2
1.4
24
110
30
16
5.2
4.4
8.4
110
28
4.8
16
7.3
26
5.8
13
72
18
7.3
5.2
5.4
20
6.3
11
3.9
160

2.4
0.62
9.1
51
11
6.8
2.2
1.5
3.5
41
12
1.7
6.8
2.7
9.8
1.9
4.0
19
3.8
5.3
2.0
3.7
7.6
2.0
4.6
1.3
55

1.5
0.38
6.1
36
7.1
4.8
1.5
0.89
2.4
28
7.6
0.98
4.8
1.7
6.6
0.94
2.0
7.4
1.5
6.6
1.2
4.6
5.1
1.1
3.2
0.75
36

238U series:
238U
234U
230Th
226Ra
210Pb
210Po

232Th series:
232Th
228Ra
228Th

235U series:
235U
231Pa
227Ac

239Np
238Pu
239Pu
240Pu
241Pu
241Am

M
M
S
M
M
M

S
M
S

M
S
M

M
M
M
M
M
M

9 400
11 000
35 000
11 000
3 700
11 000

50 000
10 000
130 000

10 000
69 000
550 000

4.2
74 000
77 000
77 000
970
69 000

4 000
4 800
16 000
4 900
1 500
4 600

26 000
4 600
55 000

4 300
39 000
260 000

1.4
44 000
48 000
48 000
830
40 000

2 900
3 500
14 000
3 500
1 100
3 300

25 000
2 600
40 000

3 100
34 000
220 000

0.93
46 000
50 000
50 000
900
42 000
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a Absorption assumed to be Type F (fast) for 131I and 137Cs and Type M (moderate) for all other radionuclides.
b Equal to P14P45/P12, where P14 = 20 m

3 d-1 (adult breathing rate) and P12 = 0.0176 m s
-1 (the deposition velocity applicable to fallout from

atmospheric testing).

Table 18
Transfer coefficients for the inhalation pathway applicable to the deposition of radionuclides produced in
atmospheric nuclear testing

Radionuclide
Effective dose per unit intake a

P45
(nSv Bq-1)

Effective dose per unit deposition density b
P245

(nSv per Bq m-2)

54Mn
55Fe
89Sr
90Sr
91Y
95Zr
95Nb
103Ru
106Ru
125Sb
131I
137Cs
140Ba
141Ce
144Ce
238Pu
239Pu
240Pu
241Pu
241Am

1.5
0.38
6.1
36
7.1
4.8
1.5
2.4
28
4.8
7.4
4.6
5.1
3.2
36

46 000
50 000
50 000
900
42 000

0.020
0.0050
0.080
0.47
0.093
0.063
0.020
0.032
0.37
0.063
0.097
0.061
0.067
0.042
0.47
610
660
660
12
550
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a Estimated from dispersion relationship: 5 10 -7 x-1.4, where x is the distance from the release point; deposition velocity = 0.002 m s -1; and
population density = 400 km -2 in local area (1-50 km) and 20 km -2 in the regional area (50-2,000 km).

b Weighted average for assumed representative composition: 13% each of 54Mn, 58Co, 60Co, 89Sr, 134Cs, 137Cs, and 140Ba; 0.9% each of 51Cr, 59Fe,
65Zn, 90Sr, 90Y, 95Zr, 124Sb, 136Cs, 141Ce, and 144Ce.

Table 19
Estimates of collective dose from inhalation exposure per unit release of radionuclides from nuclear
installations

Radionuclide
Transfer coefficient

P245
(nSv per Bq m-2)

Collective effective dose per unit release a (man Sv PBq�1)

Local Regional Total

51Cr
54Mn
55Fe
59Fe
58Co
60Co
65Zn
89Sr
90Sr
90Y
91Y
95Zr
103Ru
106Ru
124Sb
131I
134Cs
136Cs
137Cs
140Ba
141Ce
144Ce
238Pu
239Pu
240Pu
241Pu
241Am

0.0037
0.17
0.044
0.43
0.19
1.2
0.19
0.71
4.2
0.16
0.82
0.56
0.28
3.2
0.74
0.86
0.76
0.14
0.53
0.13
0.37
4.2
5 320
5 790
5 790
100
4 860

0.15
6.9
1.7
17
7.3
46
7.3
28
165
6.4
33
22
11
130
29
34
30
5.5
21
5.0
15
165

211 000
229 000
229 000
4 130
193 000

0.07
3.1
0.8
7.6
3.3
21
3.3
13
74
2.9
15
9.9
5.0
58
13
15
14
2.5
9.5
2.3
6.6
74

95 000
103 000
103 000
1 860
86 700

0.21
10
2.5
25
11
66
11
41
240
9.3
47
32
16
190
43
49
44
8.0
31
7.3
21
240

306 000
332 000
332 000
5 990
279 000

Particulates b 23 10 33
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a From 1 year to 2 years.
b More than 7 years to 12 years.
c More than 17 years.
d Ref. [N5].

Table 20
Committed effective doses per unit intake by ingestion of natural radionuclides
[I5]

Radionuclide Fractional absorption
Effective dose per unit intake (nSv Bq-1)

Infants a Children b Adults c

3H (water)
3H (organic)

1.0
1.0

0.048
0.12

0.023
0.057

0.018
0.042

7Be 0.005 0.13 0.053 0.028

14C 1.0 1.6 0.80 0.58

22Na 1.0 15 5.5 3.2

40K 1.0 42 13 6.2

238U series:
238U
234U
230Th
226Ra
222Rn d
210Pb
210Po

0.02
0.02
0.0005
0.2

0.2
0.5

120
130
410
960
23
3 600
8 800

68
74
240
800
5.9
1 900
2 600

45
49
210
280
3.5
690
1 200

232Th series:
232Th
228Ra
228Th

0.0005
0.2
0.0005

450
5 700
370

290
3 900
150

230
690
72

235U series:
235U
231Pa
227Ac

0.02
0.0005
0.0005

130
1 300
3 100

71
920
1 500

47
710
1 100
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Table 21
Food consumption rates by individuals a

Country /
region Population

Consumption rate (kg a-1)

Milk Grain Leafy
vegetables

Fruit/
vegetables Meat Total

North Europe
Denmark
Finland
Norway
Sweden

5.11
4.87
4.16
8.35

173
263
202
222

80
73
65
77

18
6 b
37
36

150
169
120
121

66
71
76
56

487
582
500
512

Central Europe
Austria
Czechoslovakia
Germany
Hungary
Poland
Romania
Switzerland

7.56
15.48
77.66
10.62
37.46
22.73
6.49

145
134
109
185
160
150
180

66
132
84
110
180
190
99

71
25
28
25
20
40
29

136
107
145
160
132
240
230

99
86
63
80
67
86
110

517
484
429
560
559
706
648

West Europe
Belgium
France
Ireland
Luxembourg
Netherlands
United Kingdom

9.86
53.6
3.54
0.37
14.49
55.87

180
130
163
110
145
163

65
84
68
95
65
68

55
84
40
33
65
40

150
132
69
150
135
100

40
73
50
88
70
71

490
503
390
476
480
442

South Europe
Bulgaria
Greece
Italy
Portugal
Spain
Yugoslavia

8.89
9.83
56.91
9.94
37.3
22.49

123
80
90
45
104
146

179
100
110
125
88
146

20
30
50
113
124
55

76
250
150
105
132
128

64
60
60
42
62
55

462
520
460
430
510
530

USSR 279 332 b 133 37 118 63 683

West Asia
Cyprus
Israel
Syrian Arab Rep.
Turkey

0.64
3.87
8.98
52

83
120
70
125

94
130
190
200

87
140
30
100

315 b
190
340 b
150

83
60
22
40

662
640
652
615

East Asia
China
India
Japan

1046.4
750.9
121.0

5 b
39
50

229
183
193

29
28
30

173
89
180

30
5 b
120

466
344
573

North America
Canada
United States

25.4
238.7

181
174

93
91

21
25

301 b
260

130
146

726
696

Average values c

Countries of
East and West Asia 25 210 30 140 25 430

Countries of
Europe, USSR, and
North America 200 110 40 165 85 600

World 85 170 35 150 50 490
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Country /
region Population

Consumption rate (kg a-1)

Milk Grain Leafy
vegetables

Fruit/
vegetables Meat Total

a Population and consumption rates valid for 1986 [U4].
b Unusually high or low values.
c Average values are population-weighted results.
d Rounded, generic values (unusually high and low values excluded).

a Annual dose in a specific year is the deposition density of 90Sr or 137Cs in that year times the annual component of P 23 times the annual
component of P34 times P45 plus the contribution from intake in earlier years, which equals the residual body burden (for

90Sr) reduced by
exponential decay and removal (e -�b) times P45.

b Assumes consumption intake of food of 500 kg a -1.

Representative values d

Countries of
East and West Asia 90 210 30 140 60 530

Countries of
Europe, USSR and
North America 150 110 40 170 85 555

World 120 170 35 150 70 545

Table 22
Parameters of empirical models for transfer of 90Sr and 137Cs from deposition to diet to dose a

Pathway Transfer parameter 90Sr 137Cs

Deposition to diet b1 (Bq a kg-1 per Bq m-2)
b2 (Bq a kg-1 per Bq m-2)
b3 (Bq a kg-1 per Bq m-2)

λ
' (a-1)

P23 (Bq a kg-1 per Bq m-2)

0.001
0.001
0.00011
0.06
0.0038

0.0038
0.0029
0.000052
0.03
0.0084

Diet to body c (Bq a kg-1 per Bq a kg-1)
g (Bq a kg-1 per Bq a kg-1)

λb (a-1)
P34 (Bq a kg-1 per Bq a kg-1)

17.5
3.7
0.13
48 2.6

Body to dose P45 (nSv per Bq a kg-1) 290 2 500

Diet to intake b P34 (Bq per Bq a kg-1) 500 500

Diet to dose P45 (nSv per Bq) 28 13

Deposition to dose P2345 (nSv per Bq m-2 ) 53 55
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a May be derived from P23 by multiplying by total dietary consumption of 500 kg a
-1.

b To adults unless otherwise stated.
c To grain. To derive P24, grain consumption of 80 kg a

-1 has been assumed.
d For milk. To derive P24, milk consumption of 0.3 l d

-1 has been assumed.
e Population-weighted value.

a A transfer model does not exist. Using 137Cs as a guide, it is assumed that 50% of commitment arises in first year after deposition, 30% in second
year, and remainder at uniform rate over the mean life of 55Fe.

Table 23
Transfer coefficients for radionuclides in the ingestion pathway

Radionuclide
Deposition to diet

P23
(mBq a kg-1 per Bq m-3)

Deposition to intake a
P234

(Bq per Bq m-2)

Intake to dose b
P45

(nSv Bq-1)

Deposition to dose
P2345

(nSv per Bq m-2)

51Cr
54Mn
55Fe
59Fe
58Co
60Co
65Zn
89Sr
90Sr
95Zr
95Nb
124Sb
131I
134Cs
136Cs
137Cs
140Ba
141Ce
144Ce
238Pu
239Pu
240Pu
241Pu
241Am
244Cm

7 c
25 c

26 c
36 c
45 c

3.8
1.3 c
0.9 c
13 c
0.6 d
4
0.6
8.4

0.9 c
1.3 c

0.56
2
6
0.76
2.1
2.9
3.6
0.03
1.9
0.1
0.07
1
0.07
2
0.3
4.2
0.005
0.07
0.1
0.05
0.7
0.7
0.04
0.2
0.04

0.038
0.71
0.33
1.8
0.74
3.4
3.9
2.6
28
0.95
0.58
2.5
61 e
19
3
13
2.6
0.71
5.2
230
250
250
4.8
200
120

0.02
1.4
2.0
1.4
1.6
9.9
14
0.08
53
0.10
0.04
2.5
4.3
38
0.90
55
0.013
0.05
0.52
12
180
180
0.19
40
5

Table 24
Annual components of dose from ingestion exposure to radionuclides following a single deposition event

Year
following
deposition

Annual effective dose per unit deposition density (nSv per Bq m-2)

131I 140Ba 89Sr 55Fe a 90Sr 137Cs

1
2
3
4
5
6
7
8
9
10

4.2 0.013 0.08
0.0005

1.00
0.60
0.089
0.069
0.054
0.042
0.033
0.025
0.020
0.015

6.15
7.73
2.47
2.30
2.14
1.99
1.86
1.73
1.62
1.51

24.7
19.2
0.32
0.31
0.30
0.29
0.28
0.27
0.27
0.26

Total
1-10
11-20
21-50
51-100
101-�

4.2 0.013 0.08 1.95
0.049
0.004

29.5
10.7
10.3
1.9
0.10

46.2
2.2
3.7
2.0
0.49

Commitment
1-� 4.2 0.013 0.08 2.0 53 55
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a Population density: local (1-50 km): 400 persons km 2; regional (50-200 km) 20 persons km -2.
b Doses estimated using specific-activity model.
c Weighted average for assumed representative composition: 13% each of 54Mn, 58Co, 60Co, 89Sr, 134Cs, 137Cs, and 140Ba; 0.9% each of 51Cr, 59Fe,

65Zn, 90Sr, 90Y, 95Zr, 124Sb, 136Cs, 141Ce, and 144Ce.

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

Table 25
Estimates of collective dose from ingestion exposure per unit release of radionuclides from nuclear fuel
cycle installations

Radionuclide
Transfer coefficient

P2345
(nSv per Bq m-2)

Collective effective dose per unit release (man Sv PBq�1) a

Local Regional Total

3H b

14C b

51Cr
54Mn
55Fe
59Fe
58Co
60Co
65Zn
89Sr
90Sr
95Zr
124Sb
131I
134Cs
136Cs
137Cs
140Ba
141Ce
144Ce
238Pu
239Pu
240Pu
241Pu
241Am

0.021
1.4
2.0
1.4
1.6
9.9
14
0.078
53
0.10
2.5
4.3
38
0.90
55
0.013
0.050
0.52
12
180
180
0.19
40

1.1
190
0.8
56
79
54
62
390
560
3.1
2 110
3.8
99
170
1 510
36
2 160
0.5
2.0
21
460
6 930
6 930
7.6
1 580

1.0
80
0.4
25
36
24
28
180
250
1.4
950
1.7
45
76
680
16
970
0.2
0.9
9.3
210
3 120
3 120
3.4
710

2.1
270
1.2
82
110
79
89
570
810
4.5
3 060
5.5
144
250
2 180
52
3 140
0.7
2.9
30
660
10 100
10 100
11
2 300

Particulates c 570 260 830

Table 26
Population densities surrounding nuclear fuel cycle installations

Country / region Area
Population density surrounding nuclear fuel cycle sites (inhabitants km-2)

Uranium mining Fuel fabrication Reactors

World average a Local b
Regional c

3
25 25

400
20
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a Time integrals of unit activity in freshwater were calculated from the empirically derived values of the mean residence times in water of 90Sr and
137Cs (5 and 3 years, respectively), assuming that those radionuclides with high K d, i.e.

144Ce and 239Pu, behave as 137Cs and the other
radionuclides behave as 90Sr, in both cases correcting for physical delay. The formula is: A 0 (� + �)

-1, where A0 is unit activity (1 Bq), � is the
reciprocal of the mean residence time, and � is ln 2 / half-life.

b Ref. [I9].

Table 27
Collective dose per unit release of radionuclides in liquid effluents to fresh water

Radio-
nuclide

Half-
life

Time integral
of unit activity
in water a
(Bq a)

Drinking water
treatment

removal factor

Concentration factor
for fish b
(Bq kg-1 fish

per Bq l-1 water)

Dose per unit
activity
ingested
(nSv Bq-1)

Collective dose per unit activity
released (man Sv PBq-1)

Drinking
water Fish Total

3H
14C
24Na
35S
45Ca
51Cr
54Mn
55Fe
57Co
58Co
59Fe
60Co
65Zn
89Sr
90Sr
95Zr
95Nb
97Zr
99Mo
103Ru
106Ru
110mAg
113Sn
122Sb
124Sb
125Sb
129I
131I
132Te
133I
135I
134Cs
136Cs
137Cs
140Ba
141Ce
143Ce
144Ce
147Pm
239Pu

12.26 a
5 730 a
14.36 h
87.5 d
162.2 d
27.7 d
312.1 d
2.73 a
271.8 d
70.8 d
44.5 d
5.271 a
244.3 d
50.5 d
28.78 a
64.02 d
34.98 d
16.9 h
2.75 d
39.26 d
373.6 d
249.8 d
115.1 d
2.73 d
60.2 d
2.76 a
1.6 107 a
8.02 d
3.2 d
20.8 h
6.57 h
2.06 a
13.16 d
30.07 a
12.75 d
32.5 d
1.38 d
284.9 d
2.623 a
24 110 a

3.90
5.00
0.0024
0.32
0.57
0.11
0.99
2.20
0.88
0.27
0.17
3.02
0.81
0.19
4.46
0.24
0.13
0.0028
0.011
0.15
1.14
0.82
0.42
0.011
0.23
2.22
5.00
0.032
0.013
0.0034
0.0011
1.49
0.051
2.81
0.050
0.12
0.0054
0.82
2.15
3.00

1
1
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.8
0.8
0.5
0.8
0.8
0.2
0.2
0.2
0.5
0.1
0.1
0.1
0.1
0.1

1
50 000
20
800
20
200
400
200
300
300
200
300
1 000
60
60
300
300
300
10
10
10
5

3 000
100
100
100
40
40
400
40
40
2 000
2 000
2 000
4
30
30
30
30
30

0.018
0.58
0.43
0.13
0.71
0.038
0.71
0.33
0.21
0.75
1.8
3.4
3.9
2.6
28
0.96
0.59
2.1
0.6
0.73
7.0
2.8
0.73
1.7
2.5
1.1
110
22
3.8
4.3
0.93
19
3.0
13
2.6
0.71
1.1
5.2
0.26
250

1.3
54
0.009
0.39
3.7
0.038
6.5
6.7
1.7
1.8
2.8
95
29
4.6
1 150
2.1
0.73
0.054
0.060
1.0
74
21
2.8
0.17
5.2
23
8 120
10
0.44
0.22
0.015
100
0.57
130
1.2
0.16
0.011
7.9
1.0
1 380

0.003
6 690
0.0009
1.6
0.37
0.038
13
6.7
2.6
2.8
2.8
140
150
1.4
350
3.2
1.1
0.081
0.003
0.051
3.7
0.53
42
0.084
2.6
11
1 020
1.3
0.89
0.027
0.002
2 620
14
3 370
0.02
0.12
0.008
5.9
0.78
1 040

1.3
6 740
0.010
1.9
4.1
0.075
19
13
4.3
4.6
5.6
240
180
6.0
1 500
5.3
1.8
0.13
0.063
1.1
77
22
45
0.25
7.9
34
9 140
12
1.3
0.24
0.017
2 720
15
3 500
1.2
0.28
0.019
14
1.8
2 420
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a Obtained from estimated mean residence times in water of 3 years for 90Sr, 137Cs and other radionuclides and 3.5 years for 239Pu. The time integral
of unit activity is 1/(�+�), where � is the reciprocal of the mean residence time and � is ln2 / half-life.

b Ref. [I10].

Table 28
Collective dose per unit release of radionuclides in liquid effluents to salt water

Radio-
nuclide

Half-
life

Time integral
of unit activity
in water a
(Bq a)

Concentration factor b
(Bq kg-1 fish per Bq l-1 water)

Dose per unit
activity
ingested
(nSv Bq-1)

Collective dose per unit activity released
(man Sv PBq-1)

Fish Shellfish
(crustacea) Fish Shellfish

(crustacea) Total

3H
14C
24Na
35S
45Ca
51Cr
54Mn
55Fe
57Co
58Co
59Fe
60Co
65Zn
89Sr
90Sr
95Zr
95Nb
97Zr
99Mo
103Ru
106Ru
110mAg
113Sn
122Sb
124Sb
125Sb
129I
131I
132Te
133I
135I
134Cs
136Cs
137Cs
140Ba
141Ce
143Ce
144Ce
147Pm
239Pu

12.26 a
5 730 a
14.36 h
87.5 d
162.2 d
27.7 d
312.1 d
2.73 a
271.8 d
70.8 d
44.5 d
5.271 a
244.3 d
50.5 d
28.78 a
64.02 d
34.98 d
16.9 h
2.75 d
39.26 d
373.6 d
249.8 d
115.1 d
2.73 d
60.2 d
2.76 a
1.6 107 a
8.02 d
3.2 d
20.8 h
6.57 h
2.06 a
13.16 d
30.07 a
12.75 d
32.5 d
1.38 d
284.9 d
2.623 a
24 110 a

2.56
3.00
0.0024
0.31
0.53
0.11
0.87
1.70
0.79
0.26
0.17
2.15
0.73
0.19
2.80
0.23
0.13
0.0028
0.011
0.15
0.99
0.74
0.40
0.011
0.22
1.71
3

0.031
0.013
0.0034
0.0011
1.49
0.051
2.81
0.050
0.12
0.0054
0.82
1.67
3.50

1
20 000
0.1
2
2
200
400
3 000
1 000
1 000
3 000
1 000
1 000
2
2
20
30
20
2
2
2
500
50 000
400
400
400
10
10
1 000
10
10
100
100
100
10
50
50
50
500
40

1
20 000
0.1
1
5
500
500
5 000
5 000
5 000
5 000
5 000
50 000
2
2
200
200
200
10
100
100
5 000
50 000
400
400
400
10
10
1 000
10
10
30
30
30
1

1 000
1 000
1 000
1 000
300

0.018
0.58
0.43
0.13
0.71
0.038
0.71
0.33
0.21
0.75
1.8
3.4
3.9
2.6
28
0.96
0.59
2.1
0.6
0.73
7.0
2.8
0.73
1.7
2.5
1.1
110
22
3.8
4.3
0.93
19
3.0
13
2.6
0.71
1.1
5.2
0.26
250

0.0012
890

0.000003
0.0021
0.019
0.021
6.4
43
4.3
4.9
23
190
73
0.025
4.0
0.12
0.060
0.0030
0.0003
0.0055
0.36
27
370
0.19
5.7
19
85
0.18
1.2
0.0038
0.0003
73
0.39
94
0.033
0.11
0.0077
5.5
5.6
900

0.0002
150
-

0.0002
0.0080
0.0086
1.3
12
3.6
4.1
6.4
160
610
0.0042
0.67
0.19
0.067
0.0050
0.0003
0.046
3.0
45
62
0.031
0.94
3.2
14
0.030
0.21
0.0006
0.00004
3.6
0.020
4.7
0.0006
0.37
0.026
18
1.9
1120

0.0014
1 040
0.000003
0.0022
0.027
0.029
7.7
55
7.8
9.1
29
350
680
0.029
4.7
0.31
0.13
0.0080
0.0006
0.052
3.3
71
430
0.22
6.6
23
99
0.21
1.4
0.0044
0.0003
77
0.41
98
0.034
0.49
0.033
24
7.5
2 020
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a Land surface area: 67.35% in northern hemisphere, 32.65% in southern hemisphere.
b Ocean surface area: 42.84% in northern hemisphere, 57.16% in southern hemisphere.
c Transfer of 7.4 1012 m3 a-1 from ocean surface to atmosphere (northern hemisphere) and atmosphere to ocean surface (southern hemisphere)

added to achieve balance.

Table 29
Collective effective dose for representative composition of particulates released from reactors in liquid
effluents

Radionuclide Fractional
release

Collective dose per unit release
(man Sv PBq�1)

Contribution to collective dose per unit total release
(man Sv PBq�1)

Freshwater Saltwater Freshwater Saltwater

58Co
60Co
51Cr
131I
137Cs
24Na
54Mn
65Zn
134Cs
133I
55Fe
59Fe
89Sr
95Nb
110mAg
125Sb
135I
140Ba

0.20
0.20
0.10
0.10
0.10
0.05
0.05
0.05
0.05
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

4.6
240
0.075
12
3 500
0.010
19
170
2 720
0.24
13
5.6
6.0
1.8
22
34
0.017
1.2

9.1
350
0.029
0.21
98

0.000003
7.7
680
77

0.0044
55
29
0.029
0.13
71
23

0.0003
0.034

0.92
47

0.0075
1.2
350
0.0005
1.0
8.7
140
0.0049
0.13
0.056
0.060
0.018
0.22
0.34
0.0002
0.012

1.8
69

0.0029
0.021
9.8
-
0.39
34
3.8

0.00009
0.55
0.29
0.0003
0.0013
0.71
0.23
-

0.0003

Total
Average

1.0 550 120
330

Table 30
Parameters of the seven-compartment model of the world hydrological cycle [N3]

Compartment Northern hemisphere Southern hemisphere World

Volume (1012 m3)

Atmospheric water
Soil water a
Freshwater
Saline water
Groundwater a
Ocean surface b
Deep ocean b

6.33
45.13
95
100
5 624
11 568
553 980

6.67
21.87
31
4

2 726
15 432
739 020

13
67
126
104
8 350
27 000
1 293 000

Transfer rate (1012 m3 a-1)

Atmosphere – Soil
– Freshwater
– Saline water
– Ocean

Soil – Atmosphere
– Freshwater
– Groundwater

Freshwater – Atmosphere
– Ocean

Saline water – Atmosphere
Groundwater – Soil

– Freshwater
– Saline water

Ocean – Atmosphere
– Deep ocean

Deep ocean – Ocean

66.85
0.452
0.096
137.1
45.91
19.80
17.11
0.75
20.25
0.48
15.97
0.754
0.385
157.4 c
685.5
685.5

32.45
0.148
0.004
190.3 c
22.59
9.60
8.29
0.25
9.75
0.02
8.03
0.246
0.015
200.0
914.5
914.5

99.3
0.6
0.1
320
68.5
29.4
25.4
1.0
30.0
0.5
24.0
1.0
0.4
350
1 600
1 600



ANNEX A: DOSE ASSESSMENT METHODOLOGIES74

a World population: 6 10 9.

a Obtained with use of seven-compartment model [N3].

Table 31
Comparison of model estimates of global collective doses from tritium released to the atmosphere

Model
Normalized effective dose

(nSv PBq-1)
Normalized collective dose a

(man Sv PBq-1)

NCRP [N3] Seven-compartment model
30�-50� northern hemisphere
Northern hemisphere
Southern hemisphere
World

0.38
0.13
0.11
0.06

0.7
0.67
0.07
0.35

Bergmann et al. [B4]
0�-90� northern troposphere
0�-90� southern troposphere
Whole stratosphere

0.95
0.65
0.76

Killough and Kocher [K2]
World troposphere
Northern troposphere
30�-50� northern troposphere

0.94
1.4
2.3

Natural tritium production
Northern hemisphere
Southern hemisphere
World

0.27
0.27
0.14

1.5
0.2
0.8

Table 32
Results of model calculation of release of 1 PBq of tritium to the atmosphere a

Region

Integrated concentrations in 70-year period (Bq a m-3)

Release to
30o-50o N latitude

Release to
northern hemisphere

Release to
southern hemisphere

Release to
world

Atmosphere
Surface soil water
Freshwater
Saline water
Groundwater
Ocean surface
Deep ocean
Man

24.3
17.0
6.9
0.12
0.83
2.9
0.059
14.7

6.5
5.3
4.1
0.12
0.26
0.66
0.014
4.9

5.4
4.4
3.6
0.10
0.22
0.54
0.011
4.3

3.0
2.4
1.9
0.055
0.12
0.30
0.0061
2.3

Effective dose commitment (nSv) 0.38 0.13 0.11 0.06
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a Assuming variable inventory of carbon in environment as a result of input from burning of fossil fuels.
b Assuming fixed inventories of carbon in the environment: 750 10 15 g (atmosphere); 1,050 10 15 g (Atlantic Ocean surface) and 69 10 15 g (ground

vegetation).

Table 34
Results of model calculation of the release of 1 PBq of 14C to the environment
[T1]

Year

Inventory of 14C
(TBq)

Inventory of
stable carbon
(1012 g)
ground

vegetation a

Integrated specific activity
(Bq g-1)

Effective dose
(µSv)

Atmosphere Ground
vegetation Atmosphere b Ground

vegetation b
Ground

vegetation a
Annual
dose a

Cumulative
dose a

Release to atmosphere

1
2
5
10
20
50
100
200
500
1 000
2 000
5 000
10 000
20 000
50 000

885
712
437
253
137
76.3
50.0
33.0
21.1
16.3
13.7
9.41
5.02
1.43
0.033

18.6
40.4
46.4
28.7
13.9
7.18
4.65
3.05
1.94
1.50
1.26
0.866
0.462
0.131
0.0030

69 100
69 300
70 000
70 900
71 800
73 200
74 500
76 000
78 500
80 400
82 300
84 400
84 600
83 900
82 000

0.00059
0.0017
0.0039
0.0061
0.0085
0.012
0.017
0.022
0.032
0.045
0.064
0.11
0.16
0.20
0.22

0.00013
0.00056
0.0026
0.0053
0.0081
0.012
0.016
0.022
0.032
0.045
0.064
0.11
0.16
0.20
0.22

0.00013
0.00056
0.0026
0.0052
0.0080
0.012
0.016
0.021
0.030
0.040
0.057
0.095
0.13
0.17
0.18

0.0076
0.024
0.038
0.024
0.011
0.0056
0.0035
0.0023
0.0014
0.0011
0.00086
0.00058
0.00031
0.000088
0.000002

0.0076
0.032
0.13
0.27
0.41
0.61
0.85
1.1
1.6
2.1
3.0
4.9
6.9
8.5
9.2

Year

Inventory of 14C
(TBq)

Inventory of
stable carbon
(1012 g)
ground

vegetation a

Integrated specific activity
(Bq g-1)

Effective dose
(µSv)

Ocean
surface

Ground
vegetation

Ocean
surface b

Ground
vegetation b

Ground
vegetation a

Annual
dose a

Cumulative
dose a

Release to ocean surface

1
2
5
10
20
50
100
200
500
1 000
2 000
5 000
10 000
20 000
50 000

977
914
777
599
368
137
81
53
30
23
19
14
7.0
2.0
0.046

0.124
0.69
3.2
5.6
6.3
4.6
3.5
2.6
1.8
1.4
1.2
0.90
0.46
0.13
0.0030

69 100
69 300
70 000
70 900
71 800
73 200
74 500
76 000
78 500
80 400
82 300
84 400
84 600
83 900
82 000

0.00047
0.0014
0.0038
0.0071
0.012
0.019
0.024
0.030
0.042
0.055
0.075
0.12
0.17
0.21
0.24

0.00000
0.00001
0.00009
0.00041
0.0013
0.0036
0.0066
0.011
0.021
0.032
0.052
0.098
0.15
0.19
0.22

0.000001
0.00001
0.00009
0.00040
0.0012
0.0035
0.0062
0.010
0.019
0.029
0.045
0.083
0.12
0.16
0.18

0.00005
0.00033
0.0016
0.0035
0.0047
0.0042
0.0031
0.0023
0.0016
0.0012
0.0009
0.0007
0.0005
0.0002
0.00005

0.00005
0.00050
0.0050
0.022
0.067
0.18
0.32
0.53
1.0
1.5
2.4
4.3
6.3
7.9
8.6
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Table 35
Estimates of collective dose to the world population per unit release of 129I to different environmental
compartments calculated using a global circulation model
[T1]

Time
(years)

Collective effective dose per unit release (man Sv TBq-1)

Release to
land atmosphere

Release to
ocean atmosphere

Release to
ocean mixed layer

Release to
deep ocean

Release to
solid soil

1
2
5
10
20
50
100
200
500
1 000
2 000
5 000
10 000
20 000
50 000
100 000
1 000 000
10 000 000
100 000 000

67.1
81.7
81.8
82.0
82.4
83.4
85.1
88.4
98.0
113
138
192
236
263
282
303
450
643
727

13.9
19.3
19.4
19.4
19.5
19.8
20.2
21.0
23.3
26.9
33.2
46.8
59.0
69.5
85.6
106
254
446
530

0.00432
0.0158
0.0420
0.0649
0.0804
0.0908
0.104
0.130
0.212
0.361
0.698
1.94
4.43
9.82
25.0
45.8
193
385
469

0.0000036
0.000032
0.000288
0.00106
0.00313
0.00996
0.0216
0.0453
0.121
0.259
0.577
1.78
4.24
9.62
24.8
45.6
193
385
469

0.0292
0.0977
0.305
0.649
1.34
3.40
6.80
13.5
32.9
62.9
115
223
309
359
382
403
551
744
828
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