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FOREWORD

The operation of nuclear fuel cycle facilities entails the discharge
of radioactive effluents to both the atmosphere and aquatic environment.
These effluents may contain radionuclides which may be subject of concern
for their long-range environmental consequences, in particular in
assessing the health detriment to populations in regions beyond the local
environment. The regional scale is considered to be that which is
intermediate between the local and global scales.

The present document, "Regional and Global Environmental Behaviour
of Radionuclides from the Nuclear Fuel Cycle" reviews information on
radionuclides, their environmental pathways and processes and related
models and summarizes experiences and studies in this field. It results
from an Advisory Group meeting held in Vienna, 2-5 June 1981
which discussed a draft document prepared by a consultants' meeting in
November 1980. All comments made by the participants of the Advisory
Group meeting have thereafter been included. This IAEA TECDOC is
intended to provide background information for further considerations on
the control of radionuclide releases of regional and global concern.
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1. INTRODUCTION

The aim of this document is to provide information on the
environmental behaviour of radionuclides routinely released from the
Nuclear Fuel Cycle which are of concern on both regional and world-wide
scales in order to allow the further assessment of the health detriment
in the populations.

In this document the regional scale is considered to be that which
is intermediate between the local and global scales. At the local scale,
usually within a few kilometers of the point of release, mixing in the
atmosphere or in the hydrosphere is incomplete and dispersion may be
influenced by site specific charactersitics or by the nature of the
release. At the other extreme, the global scale, complete mixing within
the relevant global compartments has occurred and the concentration at
any point is assumed to be independent of the location of the source.
For atmospheric dispersion the intermediate or regional scale usually
coincides with the meteorological mesoscale, i.e. distances from the
source between a few tens and hundreds of kilometers. For the
hydrosphere the regional scale is less precise and much depends upon the
particular aquatic environment being considered, e.g. rivers, estuary, or
seas. However, in both the atmospheric and the hydrospheric regional
scales, concentrations will be influenced by the location of the point(s)
of discharge and will usually decrease with the distance from the source.

Radioactive effluents may be discharged or released either to the
atmosphere or to the aquatic environment. Some of these released
radionuclides, owing to the magnitude of their radioactive half-lives and
their mobility in the environment, may become globally dispersed and act
as a long term source of exposure to both regional and world
populations. This exposure is in addition to the radiation exposure of
the populations during the initial dispersion of these nuclides from
their points of release. The radionuclides which are important in this
context are identified and discussed.

The common methodology for the assessment of health detriments from
radioactive releases always involves a series of interlinked models which
describe the transfers of the radionuclides through the various



compartments of the environment. These models may be physical,
physico-chemical, radioecological, and/or biological. The physical
models which provide input to the other models, are often the more
important.

Models both for atmospheric diffusion and aquatic diffusion, can be
classified in many ways depending on general principles assumed for
subdivision. For example, it is possible to classify models according to
fluid dynamic principles (lagrangian, eulerien, mixed, etc....),
according to methods and/or according to the technical basis (theories on
diffusion).

The types of models may be categorized as:
stochastic

- analytical (integral, integrated, phenomenological)
numerical (finite elements and differences)
compartmental or box

The kind of technique used will depend closely on the kind of problem to
be solved. For the long term and long range evaluations the special or
most sophisticated models, like stochastic and some numerical models, are
neither convenient nor recommended. Some analytical models, like puff
and plume models, are very useful, chiefly for the regional scale and for
certain situations, such as respectively short or rapidly variable single
point releases or steady-state continuous single point releases with
sustained advection. However, for most cases of world wide interest, the
compartment or box models are certainly the most convenient. The
essential parameters of these box models are the transfer-time constants
between adjacent physical or biological compartments.

For the worldwide case, beyond some hundreds of kilometers, box
models are often the most convenient, but lagrangian trajectories models,
a part of the analytical category can also be relevant, with specified
release and transfer configurations, such as important single point
sources.

Radionuclides discharged to the atmosphere are dispersed according
to normal atmospheric mixing processes and as they are transported
downwind, irradiate the population both externally and internally, the
latter as a consequence of inhalation of radionuclides from the
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atmosphere. During their downwind transport radionuclides may deposit
from the atmosphere by impaction with the underlying surface or due to
washout by rainfall. This transfer onto land surfaces may lead to
further radiation exposure of man by three important routes: external
exposure from deposited activity, internal exposure from inhalation of
resuspended activity and ingestion of contaminated terrestrial
foodstuffs. The relative importance of these pathways depends on the
radionuclide and the nature of the surface onto which the deposition
occurs. The estimated spatial and temporal distribution of radionuclides
in the atmosphere and in various materials in the terrestrial enviroment
may be combined with the spatial distributions of population and
agricultural production within the regions considered with appropriate
dosimetric models and dietary habit data, in order to evaluate the
collective dose equivalent from atmospheric discharges. This point will
be considered later in the technical document dealing with the models and
radiological basis for recommendations on radionuclides releases of
regional and world-wide interest.

Liquid radioactive effluents may be discharges to a freshwater
(principally rivers) or marine environment. Those discharged to rivers
are dispersed according to the general water movements and sedimentaton
processes. The principal routes by which man may be irradiated comprise
external radiation exposure from sediments, ingestion of foodstuffs
derived from the river and ocean, drinking water taken from the river and
water used for irrigation. Only the main pathways have been considered
in this report. The subsequent transfer of radionuclides into the ocean
or sea via an estuary has also to be modelled. The dispersion of
radionuclides discharged into the marine environment -is determined in the
first instance by the local feature of the discharge location, in
particular tidal currents and the degree of sedimentation. Subsequent
dispersion is influenced by the general water movements and sedimentation
processes in the larger ocean masses. Individual and collective doses
can be evaluated from the levels of activity in various materials (e.g.,
fish, water) in the aquatic environments using the appropriate
population, food and habit data and dosimetric models (NRPB/CEA, 1979).



2. RADIOACTIVE NUCLIDES FROM THE NUCLEAR FUEL CYCLE

Radioactive nuclides may be discharged or released at the different

steps of the nuclear fuel cycle to either the atmospheric or to the

aquatic environment. In Table I the most important radionuclides which

are measured in the normal operational effluents from the nuclear fuel

cycle are summarised. Accidental releases are not considered. In

accidental cases other nuclides and other models may be of importance.

Which of these radionuclides are of interest in the regional and in

the global range depends on different facts. Without consideration of

the importance of the radionuclides for the radioactive impact of the

population there are four other criteria for the selection of the
radionuclides of regional or global interest.

1. The amount"of radionuclides released into the environment

2. The radioactive half-life time

3. The residence time of the element in the transport medium

4. The possibility of resuspension and the following enrichment of

radionuclides in the environment.

Therefore Table I contains also data for the nuclear half-life time,

the residence time in the transport medium and the range of the amount of

releases from the different installations. It should be noted that the

upper ranges of discharge cited are not representative of current

installation design in numerous cases. Thus recent and future plants

will lie closer to the bottom end of the ranges indicated; even for

existing plants work already in hand, the improvement in the waste

management could appreciably reduce the upper limits in a number of

cases. The data for the releases are contained in references UNSCEAR,

10
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TABLE I (cont'd)

1) = Process of mining and milling

2) = Process of enrichment and fuel fabrication

3) = Normal reactor operation

4) = Reprocessing and waste management

5) = Long residence time

6) = Short residence time

7) = Intermediate residence time

8) = E-2 = 10~2

9) = Release is mentioned in the literature without results of

measurements

10) = Estimated value



(1977); Luykx and Fraser (1980); Der Bundesminister des Innern, Huber;

Decker (1978); Decker (1978); ORNL (1970); Bonka. Criteria 4 must be

taken into account in the future wh'en this process is better quantified.

Using the three criteria we can see that only four nuclides have a

half-life time and a residence time in the transport medium long enough

that they can be well distributed within one or more global-scale

environmental compartments. These are H, C, Kr, and I,

which are commonly regarded as the most important globally dispersed

radionuclides released during routine operations of the nuclear fuel

cycle. Because the radioactive half-lives are relatively long compared

with the transit times describing movement in the environment on a global

scale, these radionuclides are expected to become essentially well mixed

(i.e., attain approximately uniform concentrations) within one or more of

the global scale environmental compartments (e.g., atmosphere, oceans)

before radioactive decay occurs, even for a release from a localized
99source. It is also possible that Tc may be an important radionuclide

on a global scale. However, there is yet very little data on the

mobility of this nuclide in the environment, and there are no naturally

occurring elements which could be used to provide a reliable study of the
99behavior of technetium. The potential global significance of Tc is

not considered further.

Other radionuclides released from the nuclear fuel cycle may also be

important on a global scale, if "global scale" is defined to mean that

the released radionuclides could make at least one circuit of the earth

before radioactive decay is complete. In this case, the resulting

environmental concentrations would depend strongly on the location of the

point of release and would normally diminish with distance from the

18



source. For atmospheric releases, the radionuclides I and Xe

in gaseous form and ' Sr, ' Cs, and Ba in particulate

form may be of global concern. For aquatic releases, global-scale
99 134 137 237dispersion may possibly occur for Tc, ' Cs, and Np.

If we assume that radionuclides which decay at the boundary between

the local and the regional range to less than 1% of their original source
strength are only of local interest and if we further assume that the

lower boundary is in a distance of some tens of kilometers from the

source, all other radionuclides in Table I are important in the regional

range.

3. PATHWAYS AND PROCESSES

3.1 General

Whichever radionuclides we consider, the notion of pathways and

processes are much more important in the regional scale than in the

global scale. Indeed, on a regional scale, except for some radionuclides
3 129( H, I) in water, the different compartments of the environment

involved can seldom be considered together as well mixed and thus the

pathways to be considered are numerous and often very complicated. They

involve combined or separately different compartments which are
atmosphere, hydrosphere and biosphere.

Besides H, C, Kr, and I, effluents to the aquatic or

atmospheric environment from the nuclear fuel cycle may consist of some

nuclides with sufficient range into the biosphere to be of relevance even

outside regional areas at the point of release. Their role as regards

19



the nuclides contribution to the total radiological impact to populations

at great distances is in most cases still uncertain mainly due to paucity

or variation of data concerning certain processes affecting deposition,

resuspension, scavenging or chemical conversion. With the present
3TT 14 „ 85T, , 129Tknowledge, however, H, C, Kr, and I or the others are

identified as a group of nuclides of potential importance.

3.2 Atmospheric effluents

When the radionuclides are released to the atmosphere, they diffuse

by turbulence and are transported by the prevailing airflow up to

regional scale. If the nuclides are in the form of gases, the exposure

is mainly due to external irradiation and inhalation. If the nuclides
are in the form of aerosols and/or vapours they will deposit from the

atmosphere to the ground by the processes of dry and wet deposition.

They may then give rise additionally to direct exposure, once deposited,

due to external irradiation and inhalation following resuspension.

Ground deposition may also be responsible for exposure by indirect

routes, i.e. exposure due to the intake by man of contaminated foodstuffs

and drinking water. This transfer of activity to man may be through the

consumption of contaminated crops or more indirectly due to the
consumption of animal food products, such as milk or meat. Each of these

pathways varies in comparative importance depending upon the radionuclide
considered (see Fig. 1).

Resuspension occurs when the ground surface is disturbed by the

action of wind or by the activities of man, for example, in digging or

ploughing. It is likely to be the wind driven processes which are of

most importance for the exposure of large population groups. The

20
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uncertainties concerning the quantification of these processes are

considerable, however, and reliable data only exist for extreme

environmental conditions. Most data have been collected in relation to

wind-driven resuspension in dry semi-desert regions, such as at several

of the nuclear weapons testing sites in the USA and Australia. In other

more well-vegetated and more humid environments, little direct

information exists on resuspension behaviour, but all of the available

evidence suggests that resuspension is likely to be of much less
importance than for dry and dusty conditions. In particular, there is

evidence that resuspension declines in importance fairly rapidly after
deposition on to well-vegetated surfaces, presumably as a result of the

radionuclide being made unavailable for resuspension due to fixation on

the soil or vegetation surfaces.

Attention has been directed towards radionuclides of the

transuranium elements in relation to resuspension because of their high

radiotoxicity for the inhalation route of exposure. For ground deposits

of most other nuclides, different exposure pathways are comparatively

more important, e.g. external irradiation or foodchain pathways.

In conditions of continous deposition the resuspended air
concentration in the regional scale is always likely to be small compared

with the concentration due to the direct plume.

The question of whether the resuspension of surface deposits is a
mechanism which could lead to worldwide population exposure is
interesting. However, it seems probable that for particulates, the

influence of resuspension will be restricted to the regional scale.
Nevertheless, the resuspension or evaporation of tritium from the ground

is an example of a secondary source which may be important both

regionally and globally.
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Calculations (GYLLANDER et al., 1977) based on a system of models

for the three intervals 0-50 km, 50-2000 km and beyond 2000 km have

indicated that a non-negligible part of the exposure can be obtained by

airborne transport out to great distances: more than 2000 km.

131 133As an example I and Xe can be mentioned. As to the
133nuclide Xe it can be verified by using a plume model or a trajectory

model that part of the release will reach far distant areas, yielding
about 1/4 of the total exposure at distances beyond 2000 km. Regarding

1-131, although the amount will be reduced by both decay and by dry and

wet deposition, we do not know with a sufficient degree of confidence the

efficiency of conversion mechanisms, e.g., for transformation of
elemental to organic form, to be able to verify that I will not be

the object of atmospheric dispersion on a global scale. In fact for that

fraction of I carried in the form of ICH,, a global range should

be expected.

Particle borne radioactive nuclides in atmospheric releases pose

special problems for estimation of proper rates of deposition. It is

expected that deposition generally is sufficiently large such that
particulate atmospheric release will be of most concern in local and
perhaps regional environment even for nuclides with long physical

half-lives. Yet it is quite unsatisfactory not to consider the possible

long range transport and entry to ecosystems far from the source of

particle-borne nuclides of special importance. Aerosols comprising

particle sizes of the orders less than 10 micrometers are known to reach

far outside the region of atmospheric release and the present knowledge

does not rule out the possibility for a major fraction of the effluent to

be carried by such particles in atmospheric releases such as those at

nuclear power production and reprocessing plants.
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Calculations based on the assumption of 2 days mean residence time

for the radioactive matter on the airborne particles and observed release

rates of different nuclides (UNSCEAR 1977) indicate that Cs and
90Sr might be of primary concern, and to a lesser degree the isotopes
134. J 890 .. 140_Cs and Sr as well as Ba.

A residence time of 2 days may be a low estimate despite
condensation phenomenon and wash-out effects, as a nonnegligible fraction

of these nuclides is carried by submicrometer particles. A long

environmental range for such aerosols is evidenced e.g. from measurements

on effluents from fossil power plants.

3.3 Aquatic effluents

Dispersion of radionuclides in the aquatic environment is in general

heavily dependent upon regional characteristics. The regional scale may

include rivers, estuaries, coastal waters and open seas; within and

between each of these environments the dispersion of radionuclides varies

greatly. Hence it is necessary to consider each region specifically in

terms of radionuclide distributions. An important factor in considering
the distributions is the potential for uptake of radionuclides on

sediments. This may vary not only between radionuclides but also between

fresh, brackish and sea water environments.

Studies and measurements of water-borne radioactive matter in the

Irish and North Sea (Hunt and Jefferies, 1980) and in the Baltic show
134 137that long distance transport occur for the nuclides Cs, Cs and

99Tc despite sedimentation and other scavenging processes during
dispersion. For these nuclides and the specific points, rather well
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defined estimates of the inventory in different water volumes at

distances of the order of 1000 km have been obtained.

Other studies (Swedish OS-Report) concerning effluents to local
237fresh - or sea water recipients indicate that Np will be of

importance on a global scale over the dominant fish pathway.

Resuspension, however, may play an important role particularly also
for other long-lived transuranics. The impact on future populations is
sensitively dependent on the net effect of long term sedimentation and
resuspension (KBS 100, Beninson's estimates prior to INFCE). Although

significant feed-back has not yet been experienced outside coastal

regions (Thule study, Windscale réf.) for transuranics, the precision in
measurements and calculations of sediment inventory still allows
considerable resuspension for long-term consequences.

3.3.1 Processes influencing radionuclide concentrations in the water

mass.

The concentration of a radionuclide in a given water mass for a

given discharge depends essentially upon:
(1) dispersion in the water body
(2) removal, principally by sedimentation
(3) radioactive decay

The most important parameter governing dispersion in the regional
context is the turnover or replacement times of the water mass.

Turnover times vary considerably between different water masses and

each requires specific attention. It may be convenient to consider a
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number of connecting water masses for regional purposes. For water

bodies generally, the turnover time depends upon the volume and

input/output rates. In the case of rivers, the flow rate is the

important parameter and on the regional scale, complete mixing may be

assumed over the full cross-section. For estuaries, depending on their

size and importance in terms of, for example, foodstuff production, it

may be possible to treat simply as an interface between river and sea

compartments .

The uptake of radionuclides onto sediments is an important process

determining its concentration in the phase. Absorption varies-

considerably between nuclides and between the sea water and freshwater
environments. Some nuclides important on the regional scale which are

relatively weakly absorbed by sediments and thus available for wide

dispersion are exemplified below:

Fresh water Sea water
3H 9°Sr
14c "TC
9°Sr 134Cs

"TC 137cs
134 129TCs I

Cs Some transuranics

Some transuranics

For some nuclides particularly the transuranics, the magnitude of

sediment uptake depends upon the chemical form or valency state of the
nuclide. All or some fraction of the radionuclide present may need to be

considered as mobile.



3.3.2 Pathways to man

(i) Ingestion

In the marine environment the ingestion pathway of importance

results from concentration in foodstuffs. (However, some exception to
3this is the behaviour of H which may be transported form the sea to

land via rain and be ingested as drinking water). Marine foodstuffs of

importance are fish, shellfish (crustaceans and molluscs) and seaweeds,
between which the concentrations factors of different nuclides may vary
widely. In general, the less mobile nuclides which are absorbed on

sediments tend to show higher concentrations in shellfish than in fish.

For example, Ru and the transuranic nuclides tend to be of greater

importance in shellfish than in fish, while radiocaesium is normally more

important via fish consumption. Some nuclides of importance in the

ingestion pathway are as follows:

Nuclides Pathways of importance
3H fish, shellfish, seaweed, rain and

drinking water
14C fish., shellfish, seaweed
60Co fish, seafood
90Sr fish, shellfish
95 95Zr + Nb shellfish
99Tc seaweed - Crustacea

Ru shellfish, seaweed
129I fish, shellfish, seaweed

Cs, Cs fish, shellfish (particularly fish)
144Ce shellfish, seaweed

transuranics shellfish, seaweed
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In freshwater environment the pathways of importance are via

drinking water, the irrigation of terrestrial foodstuffs and consumption

of freshwater foodstuffs, mainly fish. Nuclides of importance in all

these pathways include those given above, but concentration factors may

differ considerably between the freshwater and marine environments. For
90example, Sr and radiocaesium both have a higher concentration factor

in freshwater fish than marine fish.

(ii) Inhalation

This pathway arises following airborne resuspension of

radioactivity adsorbed on sediments or associated with water droplets,

which may carry small sediment particles from the water surface.
3Nuclides of main importance in this pathway are H and transuranics.

H is associated (as tritiated water) with droplets which may be

inhaled. Transuranics are important here essentially because of the
relatively high radiotoxicity of alpha-emitters in the lung.

(iii) External exposure

People who spend time on areas of sediment contaminated by

radioactivity absorbed from the water phase will be exposed, mainly from
gamma-emitting radionuclides. The highest radiation dose rates arise

over muddy areas, rather than sandy areas, because the finer particulates
present a greater surface area for radionuclide absorption. However,
radiation doses depend upon occupancy times and in the regional sense for

collective dose purposes greater total times may be spent on sandy,
rather than muddy areas. Examples of nuclides of importance in this

pathway are 6°Co, 95Zr + 95Nb, 106Ru, 106,. , 134Cs, l37Cs +Ku
r,Ba.

29



3.4 Terrestrial food-chains

3.4.1 Transfer to plants

Radionuclides depositing from the atmosphere may be intercepted by

the foliage of vegetation. In general, they are removed from the
surfaces of vegetation by natural loss processes and by weathering with a
half-life ranging from a few to several tens of days. The processes
which cause the loss of activity from plant surfaces are not fully

understood but the rates of loss have been observed to vary with nuclide,

with plant type and with the season of the year. A fraction of the
surface deposit may be transferred to the inner tissues of plants by a
process known as translocation. Another important process by which

plants may become contaminated is by absorption from deposits of
radionuclides in soil. However, this process is normally only of

significance for radionuclides of moderately long radioactive half-life,

i.e. more than a few weeks, since deposits of short-lived radionuclides

on soil will usually decay before penetrating into soil.

Plants may also become contaminated by resuspension processes or by
splashing due to rainfall, but in conditions of continuous deposition

these routes of contamination are insignificant in comparison to the
direct contamination process from atmosphere. In fact, in conditions of

continous depostion the direct contamination process is, invariably, the
dominant route by which plants are contaminated.

The interception and retention of radionuclides in particulate form

by plants appears to be fairly independent of radionuclide type although

some evidence suggests that insoluble particles of nuclides such as those
of plutonium may be retained to a lesser extent. Differences in
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interception/retention behaviour have also been observed for different

particle sizes. The fraction of the deposit intercepted varies from one

plant type to another, for example, from pasture grass, to leafy

vegetables, to grain. The fraction of the contamination transferred in

the milling process to flour is an item which has to be taken into

account. Translocation of activity from other parts of the plant is
another process which is important for the contamination of grain; it

varies in importance depending upon the nuclide being considered.

Root uptake from soil into plants is an element dependent process;
to a lesser extent it depends on plant type. The range of concentration
factors from soil to plant is very wide; for example, strontium is

absorbed by plants from soil at least one thousand times as efficiently
as plutonium. The process is also influenced by soil type and the

chemical form of the contaminant. The fixation of caesium by the clay
particles in some soils is a well known example of a process whereby the
root uptake may be drastically reduced in certain soil types. The

availability of long-lived radionuclide deposits in soils may be modified

progressively for root uptake by biochemical changes in the soil.

Downwards migration is another process which may be effective in reducing

root uptake; activity may be considered unavailable for absorption by
root systems when it has migrated below the root zone. The migration of
radionuclides is a complex subject and each nuclide and soil type

requires separate consideration. While many of the general features
relating to the migration behaviour of the more important long-lived
radionuclides are known, the basic processes and mechanisms governing

long term downwards transfer in soil are not well understood.
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3.4.2 Transfer to animals

The most well-known animal product pathway to man is the

pasture-cow-milk pathway; its importance for radioiodine was established

in the early years of the nuclear power industry. This pathway is

important due to the wide surface area grazed by the cow, ensuring a

substantial intake of deposited material. For nuclides which are

efficiently metabolised by the cow it usually represents the critical
foodchain pathway (for Western diets). Other identified critical

pathways have been established for smaller population groups for example,

the lichen-reindeer pathway in Finland.

One of the important factors with regard to the pasture-cow-milk
pathway is the comparative speed by which activity is transferred from
pasture to man in fresh milk (about 2 days). This renders the pathway

potentially important for short-lived nuclides with radioactive

half-lives of a few hours.

The main route by which activity is transferred to grazing animals

is by consumption of contaminated pasture grass. Other possible routes

of intake are via contaminated water supplies, by inhalation of
radionuclides in the atmosphere, and by the inadvertent consumption of

contaminated soil. None of these routes of intake is likely to be

comparable in importance with the direct ingestion route while continuous
deposition is taking place. However, in the period after deposition
stops or for discontinuous releases they may take on more significance.

This may be true particularly of the soil consumption intake route. For

radionuclides which are inefficiently taken up into pasture grass from

soil, for example, plutonium, or 'fixed1 caesium', this route may be

dominant when there is no direct deposition.
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3.5 Some effluents specific pathways and processes

3.5.1 Krypton-85

85As noble gas, Kr is confined almost entirely to the

atmosphere, and is transported through the environment on a global scale

according to the normal atmospheric diffusion and dispersion processes.
85Some exchange of Kr between the atmosphere and oceans is expected to

occur, but the effect on atmospheric concentrations is probably

insignificant.

85Because Kr is not involved in biological processes, the primary

exposure pathway is external exposure to the beta and gamma radiations.

Exposure inhalation is of secondary importance.

3.5.2 Carbon-14

14The radionuclide C is expected to be released to the atmosphere
14in the form C0„, which will then be dispersed in the environment on

a global scale according to the global carbon cycle. The main processes

in the global carbon cycle involve exchanges between the atmosphere and

the terrestrial biosphere via photosynthesis and transpiration, the

atmosphere and the ocean mixed layer, and the ocean mixed layer and deep
ocean. Other processes in the -global carbon cycle, such as sedimentation

in the oceans and conversion to carbonate form, also occur but are
14expected to be of lesser importance for C dose estimations.

14By far the most important pathway for intake of C by man is

ingestion of terrestrial foodstuffs (Killough and Rohwer, 1978); less
14than 1% of the intake occurs via inhalation. Since C uptake by the
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terrestrial biosphere occurs rapidly via photosynthetic processes, dose

calculations are customarily performed not using a pathway analysis, but
by a specific activity approach based on the specific activity of

atmospheric carbon.

3.5.3 Tritium

If H is released to the environment in the form of tritiated

water vapor (HTO), it is reasonable to assume that the global-scale
environmental behaviour of the released material will follow the global

hydrologie cycle. Thus, the HTO is expected to circulate with water
among environmental compartments comprising the atmosphere, land surface

waters, terrestrial biosphere, groundwater, ocean surface, and deep ocean
via processes such as deposition and vapor exchange, evaporation and
transpiration, and river flow and ocean currents. The deposition of

tritium occurs with the precipitation, and tritiated water vapour also

exchanged between atmosphere and terrestrial surfaces (soil and plant) at

a significant rate (Chamberlain et al.)' When it is deposited the
tritium can go different ways. It can be transferred by surface runoff

during and after rain or by direct evaporation from the surfaces of

vegetation, pools of water, and the soil surface. Water that infiltrates

the soil cycles more slowly, but one part of it will be discharged into

surface rivers or directly in the ocean.

Significant quantities of tritium may also be released in the form

of tritium gas, HT. Recent experiments (McFarlane et al. 1978) indicate

that HT is converted to HTO within a period of about 2 days via oxidation
in surface soil, so that the environmental transport of HT needs to be

considered separately from that of HTO only for a very short time period
after a release. In fact, the cime required for oxidation of HT is
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expected to be less than the time required for a localized release to
enter into global circulation (Machta et al. 1974), so that it is

reasonable to consider all releases of tritium to be in the form HTO for

the purpose of estimating doses on a global scale. It is only during the

"first-pass" exposures that the different chemical forms of the release

need to be taken into account.

It is possible that microbiological activity in soil or water could
transform tritium into an organic form which is removed from the global

cycle for a significant period of time. Although the inventory of such

an organic pool may be small, the relatively high specific activity and
possibility of direct transport to man could effect calculated doses.

The most important pathways to man for tritium in the environment

include inhalation, passage of atmospheric water vapour through the skin,
- if the gaseous tritium in longer distances from the source is not

already transferred into tritiated water - or, as in the case of direct
3releases of H in water bodies, the uptake with drinking water and

terrestrial foodstuffs. A less important pathway is consumption of

saltwater fish. Because the radioactive half-life of H is comparable
to expected mean residence times in some of the environmental

compartments important for intake by man, a proper pathway analysis is

important for dose assessments. A specific activity approach is

appropriate only after the released tritium has reached equilibrium in
the environmental compartments accessible to man.

3.5.4 Iodine-129

Dependent on its chemical form the residence time of 1-129 in the

atmosphere will be in most cases long enough that, according to the
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global iodine cycle, it can be transported over long distances. During
129the transport there occurs a deposition of I on the earth's surface

due to fallout and washout. The primary processes influencing global

circulation include wet deposition from the atmosphere to the land

surface and the oceans (Bolin, 1959) , evaporation from the oceans to the

atmosphere via photochemical processes (Miyake and Tsunogai 1963),

long-term retention in surface soils prior to removal to the oceans

(Kocher, 1981a), exchange between the ocean mixed layer and deep ocean,

and deposition in ocean sediments (Kocher, 1981b).

129During the deposition of I from the atmosphere, the most

important pathway to man is foliar deposition and subsequent ingestion of
contaminated terrestrial foodstuffs. After the atmospheric inventory of
129I by plants (Kocher, I981b). Pathways of lesser importance include
foliar deposition, ingestion of drinking water, and ingestion of

freshwater and saltwater fish. Inhalation is an insignificant pathway
129for I. After the deposition period, a specific activity approach

based on the specific activity in surface soil is adequate because of the

importance of root uptake as the primary pathway to man (Kocher, 1981b).

Furthermore it must be pointed out that elevated levels of stable
iodine at coastal regions should be taken into account.

3.5.5. Iodine-131

131I is a short-lived radionuclide (8 days) often associated
132 132with Te (77.7 h) + I. When it is released in great amounts, it

is sufficiently mobile to cause a regional exposure by the air-grass-cow-

milk pathway and by inhalation and external exposure. Thus, for Iodine

131, the pathway is atmospheric and the processes are transport,
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diffusion and deposition on the ground with remobilisation into the

atmosphere .

Although I has a half-life of only 8 days, it can nonetheless

be transported long distances following a release to the atmosphere. The

processes influencing long-range transport include advectation and

diffusion in the atmosphere, wet and dry deposition, and resuspension.

The primary pathways to man are the air-grass-cow-milk pathway,
inhalation, and external exposure.

3.5.6. Xenon-133

Xe is a noble gas and its pathways and processes are only

atmospheric transport and diffusion. Decreases in concentration are

caused only by atmospheric dispersion and radioactive decay with a half

life of 5.3 days.

The main exposure way to man is the external irradiation. All other
QC

noble gases (for instance Kr) behave in the same way as Xe ,

taking in due account only the difference in time integrated air
concentration due to the different half-life.

133As regards the amounts discharged in the nuclear fuel cycle, Xe
presents only limited problems at regional scale, its source of release

being that, quite low, of the normal routine releases of a nuclear power
Q C

plant. A different interest presents the release of Kr, in

particular from reprocessing plants, where the source intensity is

generally much more important than any other noble gases.
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3.5.7. Strontium-89, -90; technetium-99; cesium-134, -137; barium-140;

neptunium-237

3.5.7.1. ' Sr, ' Cs, and Ba released to the atmosphere

89 90For relatively long-lived radionuclides such as ' Sr,

' Cs, and Ba released to the atmosphere, the mean residence

time in the atmosphere could be sufficiently long that global-scale

dispersion is possible as a result of atmospheric transport and diffusion
processes. The most important process determining the extent of
global-scale dispersion is the rate of deposition (wet and dry) onto the
earth's surface, with resuspension also being of some importance. The

most important pathways for these radionuclides are incorporation into

terrestrial foodstuffs (either by foliar deposition or root uptake),
inhalation, and external exposure.

99 ]_34 137 2373.5.7.2 Tc, ' Cs, and Np released to aquatic systems

The radionuclides Tc, ' Cs, and Np may be

transported long distances in aquatic systems by the movement of ocean
currents, despite sedimentation and other scavenging processes, because

of their long half-lives and relatively high solubility. The pathway to

man then involve bioaccumulation of these radionuclides in aquatic

foodstuffs.

3.5.8. Uranium, Radium 226, Thorium 230, and long-lived transuranics

For these radionuclides the pathways and processes are chiefly

hydrologie transport and diffusion. Resuspension into the atmosphere may

also contribute in some cases.
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3.5.9. Radon and its daughters

Radon is normally present in the lower layers of atmosphere, in

different concentrations as a function of the rate of emissivity of the

specific soil considered, and of the stability conditions of the

atmosphere itself which are generally varying during the day. Excluding
the atmosphere inside mines (local scale), the only important source of

atmospheric contamination at regional scale is the elevated radon

emission from large dumping places in proximity of the mines, due to the
high rate of emissivity of the wastes of the mineral extracted from the

mines.

Radon has a half-life of the 3.8 days and decays by alpha emission
to a polonium isotope which by further decay through isotopes of bismuth,
lead and polonium, ends the uranium decay chain with stable lead.

Therefore, the behaviour during transport and diffusion of radon is
characterized by the absence of deposition before the decay, (only direct

exposure ways, in particularly inhalation) but it takes all the features
of an aerosol after decaying (indirect exposure ways must be added). So

210 210 210radon daughters as Pb, Bi and Po are involved in the

contamination of the food chain while the main exposure way for isotopes

like Po and Bi is inhalation.

3.5.10. Aerosols

Aerosols released into the atmosphere are dispersed and partly
deposited during their transport downwind of the release points. This

implies that for the impact evaluation it will be required to take into

account inhalation, direct external irradiation from the plume and from
the deposited material and internal exposure due to the fact that part of
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the deposited material is transferred into the human body through the

food chain or drinking water.

Generally the released aerosols are in the sub-micron range, so that

gravitational settling does not play any important role in the deposition

process. On the contrary, dry deposition due to the interaction between

the diffusing plume and the ground and/or water surface plays an
important role as well as wet deposition, due to wash-out by rain or

snow. Both processes are quite complicated and in general a function of

the surface properties and nature of the physico-chemical characteristics

of the specific aerosol under consideration and of the characteristics of
rain and snow. The deposited material can disappear in different ways,

namely by migration into the soil, by run-off into surface waters, and by
transfer into the food-chain, or by resuspension into the air. To this

class belong radionuclides such as Sr, Cs, and other similar
60fission products, or Co and other similar activation products.

4. MODELS

4.1 General

The behaviour of the radionuclides in the environment on the

regional scale is generally described by models of various complexity

which, however, are only a mathematical representation of reality. Both

the atmosphere and water bodies have a very complex reality; so,

assumptions must be made to take into account the most relevant processes

responsible for the main consequences to the environment and to man,

neglecting those factors which, by a sensitivity analysis, are clearly

unimportant.
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In the atmosphere the dispersion is influenced by many factors.

There are physical factors, for example: size of particles, the

half-life, the height and the rate of emissions. There are

meteorological factors such as the wind-field, turbulence and

thermodynamics. Finally, there are also geographical and orographical

factors such as the influence of terrain roughness, reliefs, the heating

and cooling of the soil, the interface sea-land, lake-land, and the
breeze effect.

For the aquatic environment, a first distinction can be made based

on the water body types between: rivers, lakes and seas. The physical

conditions of water bodies can influence dispersion of contaminants, for

example: temperature, density, salinity, main currents and flows. Other

factors could be size and depth of water bodies and the quantity and

types of radionuclides released.

Since models for describing atmospheric and aquatic dispersion

depend strongly upon the particular pathway and the particular

radionuclides, it is not possible to present one general model. The

literature contains many models depending on the particular problems of
concern. However, certain parts of the structures and mathematical

formulations of these models are common or very similar. The common

point of departure is the well-known advective diffusive differential

equation which can be solved directly using finite elements and

differences computational techniques. This equation can be derived

directly by the general law of mass balance equation in fluid flows,

without taking account of other effects such as physico-chemical

transformations, entropie changes, entrainment, changes of state, dry

deposition washout and so on.
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The solution of advective-duffusive equation is in general difficult

owing to a lot of reasons, first of all the complexity of the

trajectories problem and a lack of exact knowledge of diffusivity factors

which have a tensorial nature. However, assuming constant density and

homogeneity of the fluid, with known trajectory and anisotropy only along

the trajectory kept as reference axis (so that the nine components of

diffusivity reduce to three), the solution can be well formulated by a

gaussian equation in which diffusivity components (or diffusion
coefficients) are linked to varience as follows:

where:

standard deviation of the pollutants particles from

their mass center in the i direction,

K = diffusion coefficient for the i directioni
(i diffusivity component).

Because the gaussian solution is very simple to apply, it has
reached a wide utilization for rapid calculations with reasonable

reliability under certain conditions. The problem of correlating fluid

turbulence with diffusivity parameters was resolved in an experimental
manner and by empirical consideration. Actually, numerous schemes exist

to relate diffusivity parameters with mean atmospheric conditions. One

of the most known schemes is that proposed for the atmosphere by

Pasquill, who classified the fluid turbulence and stability by means of
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stability categories as a function of the available meteorological data

such as wind, and cloud cover of the sky, sunshine and heat flux.

The bivariant gaussian solution with Pasquill's suggestions and with

other improvements is a quite satisfactory approach, only with not too

low wind speed at short or very short distances. It is, however,

inadequate for lower wind speed and longer distances where transfer time
is the main factor to be taken into account. So, at larger scales the

possible satisfactory models are based on puff models as a function of

transfer time (see DOURY 1976, 1980).

The puff models are in fact very general mainly in the atmosphere

and all information necessary for a reliable assessment of the

environmental detriment can be deduced (for instance, time integrated
concentrations, deposition and so on...).

4.2. Some selected general models

4.2.1. Puff models

The first logical procedure is to consider the trajectory of an
instantaneous point source release with an adequate mass distribution

around the mass center travelling along the trajectory. The mass

distribution commonly adopted is trivarian normal (gaussian) and the
general cases are calculated with convenient integrations over the time
and space. The main condition for the procedure is the above
correspondence between the standard deviation Gj of the diffusion

analytical solutions and the diffusivities of the basic differential

equation.
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The trajectories of one or several instantaneous point release (or

puffs) are first determined, and at each place in the field the total

contribution of all puffs at a given time is summed numerically.

The basic equation for one puff without interference from the ground

Where :

x = distance downcurrent of the source, considered along the trajectory

of the puff

y = horizontal crosscurrent direction

z = vertical crosscurrent direction
-X, = volumic concentration of pollutants at point x, y, z, at time t

/\Q= amount of pollutant released instantaneously under negligible volume

ÏÏ = mean current speed on the X axis

(3* (J"* <5* = standard deviations of the pollutants particles from^ > y » z,
their mass center in the x, y, and z directions,

t =time of observation

t =time of releaseo

This procedure is able to take into account the transient situations

and very low current speeds over very long distances, because the

standard deviations are directly based on the travel time. The treatment

of the processes which depend on the time after the release (radioactive

decays) is also facilitated by this kind of procedure.
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4.2.2. Plume models

The plume models are the most commonly used because they are the

simplest and easiest to employ. However, one ought to be aware that they

assume some simplifying hypothesis which are:

1) current speed not two low ($t 2ms for the atmosphere),
(Doury 1980).

2) standard deviations of th pollutants particles from their mass

center in the x, y, and z directions, constant during

transit -gjT<$C £7

3) constant and uniform meteorological or hydrological conditions

With these conditions, it is possible to deduce a very simple
analytical solution by an integration over the transit time along the

trajectory "axis", the result of which is the disappearance of the term

describing longitudinal diffusion. This solution is, for example, the

well known air plume equation without interference from the ground

(Pasquill-Gifford):

where :

JL - time-integrated concentration
= amount of pollutant released, instantaneously or not, under

negligible volume

= mean current speed on the X axis.
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Notice chat this equation is also valid for an instantaneous release

which results not in a plume but a single puff. It can be used along a

puff trajectory or plume axis. It provides generally a time-integrated

concentration estimate and only in the case of steady-state conditions

with a constant source strength it can also provide a concentration. It

is also important to observe that the third hypothesis, constant and

uniform meteorological and hydrological conditions, represents another

important limitation of use of this model.

4.2.3. Variants of puffs and plume models

The variants of puffs and plume models which are important and
discussed here deal with the standard deviations of the distribution of

ehe pollutants:

1) Horizontal spreading

In some cases such as large sources or integration over long time

periods, the horizontal spreading is compensated or integrated so
_^that the horizontal standard deviation (y is replaced by a

function of the distance. An example for a given angular sector

from the source point, without interference from the ground is:

where :

f = frequence of the mean current direction in the sector

0 = sector width in degrees

U = wind speed (5 2 m.s for the atmosphere) (Doury, 1980)
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2) Vertical spreading

In the regional scale it often occurs that the so called mixing

layer becomes fully mixed so that the vertical standard deviation

(3 is replaced by a function of the height of the mixingz
layer. An example is:

where :

Z = height of the mixing layer
û = wind speed (— 2 m.s for the atmosphere) (Doury, 1980)

III.3.5 Trajectory models

If the trajectories of the mass center of pollutants, constructed

with the differential equations of momentum or energy or directly from

historical or actual wind data, are sufficiently numerous at a given
point and a given time, the adopted values of the horizontal standard

deviation no longer play a role in determining the concentration.

Only the vertical spreading remains a matter of determination.

4.2.4. Box models

The puff, plume, and trajectory models described above are, in
principle, applicable to releases of radionuclides to the aquatic

environment as well as to the atmosphere. In some cases, however, linear

compartment models assuming well mixed conditions within each compartment

can be used to describe the transport of radionuclides in an aquatic
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system. Examples of aquatic systems for which such a simplified model

has been used include the Mediterranean Sea, the Great Lakes, the

Tennessee River, and the various seas along the northwest coast of

Western Europe. The appropriateness of these models depends on the

particular radionuclide and the nature of the water body of interest.

4.2.5. Complementary models

Once the main transfer in the atmosphere and hydrosphere is

modelled, one has to deal with some other processes such as:

reflection on the ground;
- dry deposition on the ground or surfaces;

wet deposition by rainout and washout;

cloud depletion as a consequence of the previous ones;

inertial sedimentaton;

sorption by either inorganic or organic material
resuspension in the transporting medium;

distribtion between different médias;
biological uptake (foodchain);

- radioactive decay and build up of daughter products.

Each of these processes needs a particular model which must be

incorporated in the whole procedure. The parameters or coefficients of

these complementary models are:

image sources for the reflections

deposition velocity V (LT )

washout rate or time constant (T )
resuspension factor (L )

distribution coefficiend K, (L M )d
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transfer factors
concentration factors

transfer time constants (T )

The complementary models act often as field sources or sinks in the

main model.

As example, two important complementary models are mentioned below,

namely resuspension and foodchain models.

4.1.5.1. Resuspension models

Existing models for the resuspension process are of an
empirical type. They tend to be based on the measurement studies carried

out at dry semi-desert nuclear weapons testing sites and relate almost
entirely to the element plutonium. The models vary in complexity; the
more complex attempt to represent the progressive transfer of resuspended
material from one surface area element to another by atmospheric

transport of the resuspended particles. The most commonly used approach

utilises the concept of the resuspension factor. This is a factor which

relates the air concentration of the resuspended material to the surface

deposit •

_ v , -i. fasuspedefl air concentration (d-m)Resuspension Factor, K (m •"•)=•————*-———————— —l—,—l_i————/
Surface deposH(Ci ̂ }

There are various limitations in the use of this approach for

example, it effectively assumes that the airborne concentration of

resuspended material is directly related to the ground deposit at that

point. Whereas in reality it will be mainly derived from a ground

surface upwind of the point. However, despite its limitations the

resuspension factor is the form in which most measurement data exist. It

has been applied in various empirical formulae with the objective of
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representing resuspension as a function of time after deposition occurs.

The formulae are of the following a form:
-\ -) -1K(t) = (K exp (-A.t) + K, exp (- A,t) m

From the literature the constants K , K. have values in the

range of 10 -10 m and 10 -10 m

A, represents a short term effective removal rate the half-life
usually being of the order of weeks.

/•V represents a long term effective removal rate with a half-life

usually being of the order of weeks

As indicated earlier, there are uncertainties in the parameter
values used in these models especially when applied to well-vegetated and
damp ground conditions. Note in applying this equation to chronic
deposition, one must consider the time elapsed since the deposition.

4.2.5.2 Foodchain models

A distinction may be made between the two main types of

foodchain models currently being applied. They are (1) of the

equilibrium type, in which it is assumed that an equilibrium has been

established between each of the transfer compartments being considered

(UNSCEAR, 1977) and (2) of the dynamic type, in which the time dependent
behaviour of transfer in the foodchains is modelled (Jones and Kelly,
1980). The latter type tends to be complex and usually require computers
for their solution, whereas the equilibrium type of models can be solved

manually. In conditions of continuous deposition models of the

equilibrium type are usually adequate especially for short-lived
radionuclides where equilibrium between environmental compartments can be
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assumed to exist. Even for long-lived radionuclides which build-up in

the environment, the equilibrium model can be applied with suitable

approximations. When discharges are discontinuous, however, it may be

necessary to utilise models of the dynamic type in which the time

dependence of transfer is represented.

The equilibrium models are generally of the multiplicative form,

e.g. the concentration C nuclides in vegetation.

fas\J*oot uptake
term frac.fionj^ TZrtn Time. /J d&cay factor

For the more well studied nuclides, such as iodine, caesium,

strontium and plutonium, the parameter values of the models are fairly

well-known; however, there remains considerable uncertainty for most

other nuclides.

The dynamic food chain models are less well established, but are

usually of the comparcmental type. The complexity and the number of

compartments depends upon the application adn the foodchain being

considered. Dynamic models unnecessarily require the specification of a

large number of transfer parameters, and there are, at present, problems

in obtaining sufficient data to permit their estimation in all but a few
transfer situations.

4.3. Adaptation of the models to the problems to be solved

4.3.1. General

The practical application of the model has to be adapted to the

particular conditions of the transfer and to the particular nature of the

51



problem. It is evident that not only the coefficient values but also the

form of the models themselves are different according to the transporting

medium (air or water).

Another important question is the adaptation of the model to the

radionuclides involved, which can be classified in the following

categories:

inert gases (radon, xenon, krypton) without solubility and

deposition processes (pure reflexion on the ground)

aerosols with all secondary processes, but without chemical

transformations (strontium)
gases with chemical transformations (iodines and tritium)

- gases combined with aerosols (iodines)

gases with important isotopic transformations (tritium)

As example of this adaptation to some important practical cases, one

considers the radionuclides H, C, Kr and I which are

expected to become well mixed in those parts of the global environment

most accessible to man before removal via radioactive decay, even for

releases from a point source. Therefore, linear compartment models (the

so-called "box" models) assuming linear, donor-controlled exchanges of
material between well-mixed environmental compartments are almost always
used to perform global transport and dose calculations. Given an input

of a radionuclide to a particular time, the linear compartment model
yields as output the inventory of material in each of the assumed

environmental compartments as a function of time after the release. The

inventories in the environmental compartments accessible to man are then

used as input to calculations of dose rates and doses, using either a

pathway analysis or a specific activity approach.
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The environmental compartments and transfer time constants selected

for the linear compartment model for a particular radionuclide should be

based on current knowledge of the important processes influencing

environmental transport and behaviour. For example, all available global
14models for C are based on our knowledge of the global carbon cycle.

Conversely, models which are not based on the important environmental

processes which are known to occur in global transport cannot be regarded,

as suitable for dose assessment purposes. It is also important to
recognize, on the other hand, that detailed knowledge of all

environmental processes that might affect the behaviour of a particular
radionuclide is usually not required for dose assessments. It is usually

the case that only a few processes are important for determining the

global-scale environmental concentrations, so that the models do not need
to include consideration of other, less important processes in order to

provide adequate dose estimates.

From a historical perspective, many of the models in use today for
r • i v i j r 3iT I* _ 85Tr , 129'performing global dose assessments for H, C, Kr, and I

(e.g., the models of Kelly, 1975, and Bonka, et al., 1979) are based on

the early models developed to describe the global carbon cycle (e.g.,

Grain, 1957; Munnich, 1963; Young, and Fairhall, 1968; Nydal, 1968;

Nydal, et Lövseth, 1970; Walton, et al., 1970). Portions of the
compartment model for the global carbon cycle are then adapted to provide

3 85 129the global models for H, Kr, and I. One cautions, however,

that such adaptations may not provide adequate global models for dose
3 129assessment purposes for H and I, because the important processes

governing global-scale environmental transport for these two

radionuclides are not the same as the important processes in the global

carbon cycle.
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The following sections discuss global models for the four most

important radionuclides in the order Kr, C, H, and I.

4.3.2. Krypton-85

The widely used model of Kelly, et al. (1975) and Bonka, et al.

(1979), which was adapted from the earlier work on the global carbon

cycle, assumes two atmosphere compartments, one for each hemisphere,
85which exchange Kr with mean residence times of two years. The only

Q C
mechanism for removal of Kr from the atmosphere is radioactive
decay. In order to more properly account for the nonunifonn global

85distribution of Kr during approximately the first year after a

localized release, one can consider models in which the atmosphere is

subdivided further into latitude bands or models such as those of Machta
85(1974) and Hyson et al. (1980), in which the dynamic dispersion of Kr

with latitude and altitude following the initial pass of the released

activity around the earth is described using a diffusion equation or a

multi-compartment box model. However, since the more sophisticated

models indicate that essentially complete mixing throughout the global

atmosphere is achieved within about two years, a time which is much less
8 5than the radioactive half-life for Kr, these refinements probably

would not affect predicted dose commitments significantly. The

atmospheric compartment model also does not consider possible exchanges
85of Kr with the oceans. Again, however, the effects of this process

are probably not significant for dose calculations.

4.3.3. Carbon-14

Global-scale dose calculations based on knowledge of the global

carbon cycle have been presented by Kelly, et al. (1975), Bergman and
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McEwan, (1977a) , Bonka, et al., (1979), and Killough (1980). These

calculations include compartments for the atmosphere, terrestrial

biosphere, ocean mixed layer, and deep ocean. The different models have

their own distinctive features, however, including division of the global

environment into two hemispheres (Kelly, et al., 1975; Bonka, et al.,

1979) or four latitude bands (Bergman and McEwan, 1977a), division of the

atmosphere into the troposphere and stratosphere (Bergman and McEwan,
1977a; Bonka, et al., 1979), use of a non-linear exchange between the
ocean mixed layer and the atmosphere (Killough, 1980), and incorporation

of a box-diffusion model to describe exchange between the ocean mixed

layer and deep ocean (Killough, 1980). The different models also use

different values for some of the transfer time constants between similar
environmental compartments.

The remarkable result is that the different models yield doses and

dose commitments which agree within a factor of 2, in spite of the

differences among models. This is primarily because (1) the dose rate is
based on the specific activity of atmospheric carbon and the models are

14in basic agreement concerning the important feedback of C is much
14longer than the time required for C to reach equilibrium in the

environmental system, so that differences among the models in the

predicted dynamic behaviour at times before equilibrium is achieved have

only small effects on long-term doses and dose commitments.

A few points concerning the current models should be noted. (1)
The various models differ considerably in their assumed exchange rates
14C with the terrestrial biosphere, and the different transfer time

constants can affect the predicted doses by as much as a factor of two

during the time period 10-100 years after a release. However, there is

little effect on the predicted doses for longer times. (2) Killough
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(1980) has shown that the usual two-box ocean model (well-mixed ocean

mixed layer and deep ocean) is not capable of reproducing the
distribution in the ocean of C produced by atmospheric weapons

testing. Rather, a box-diffusion model is successful in describing the

measured depth profiles of weapons C. Again, however, because of the
14long half-life for C, the two-box and box-diffision ocean models

yield essentially the same doses and dose commitments. (3) Current

models are capable of accounting for the Suess effect, i.e., the increase
in atmospheric carbon due to increased fossil fuel combustion. Inclusion
of the Suess effect with reasonable scenarios for future fossil fuel

combustion rates has a negligible effect on calculated doses

(Klllough, 1980).

There remain some unanswered questions concerning the global carbon
14cycle which may influence long-term dose commitments for C. Of

particular concern is the possible existence of sinks or processes which
14could isolate globally circulating C from man for long periods of

time and reduce potential dose commitments. Examples include transfer of
14 14C to ocean sediments or the binding of C in carbonate form in the

ocean. Preliminary estimates indicate that sedimentation reduces the

dose commitment by only a small amount (Bergman and McEwan, 1977a), but

this process and others which could act as sinks should be further

investigated for their effects on dose calculations.

4.3.4, Tritium

Environmental transport and global-scale dose calculations for
H based on the global hydrologie cycle have been presented by Bergman,

et al., (1979), the National Council on Radiation Protection and

Measurements (1979), and Killough et al., (1981). These models contain
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14atmosphere, land, and ocean compartments. As was the case with C,

although these models differ in their details (i.e., the assumed

compartments and transfer time constants), the resulting doses and dose

commitments generally agree within a factor of 2.

Tritium differs in two important respects from 14C. First, the

half-life is relatively short, so that considerable attention must be

given to the details of the dynamic behaviour of H in the environment

during the initial time period after a release before equilibrium is

achieved in the environmental compartments accessible to man. For

example, Killough et al., (1981), has shown that the usual two-box ocean
model fails by an order of magnitude to reproduce the observed

3 14concentrations of weapons H in the ocean mixed layer. As with C,
14a box-diffusion in ocean model remedies this deficiency. For C, the

box-diffusion model has little effect on dose, but this is not

necessarily the case for H because the shorter half-life may
significantly affect feedback from the ocean to the atmosphere.

Incorporation of a box-diffusion model in dose calculations may be
3particularly important for aquatic releases of H. Second, the

3atmospheric mean residence time for H is only about 10 days, so that

uniform mixing in the atmosphere is not likely to occur before removal to

the ocean or land surface. Subsequent mixing in the ocean and land

compartments is then a relatively slow process. This suggests that

models in which the global compartments are subdivided into latitude
bands, such as the model of Bergman et al., (1979), are the most
appropriate for assessing global doses from localized releases.

The models of Bergman et al. (1979) and Killough et al. (1981), can

be applied to releases of HT and subsequent conversion to HTO. The

available models, however, do not consider the possibility of the
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conversion of tritium to organic forms which could be readily accessible

to man.

The widely used models of Kelly et al, (1975), and Bonka et al.,

(1979), which are derived from the global carbon cycle, consist entirely

of an ocean mixed layer and deep ocean compartment in each of the

northern and southern hemispheres. Any release of tritium is assumed to

be instantaneously taken up by the ocean mixed layer in the particular

hemisphere where the release occurs. One can believe that this model is
3not appropriate for H dose assessments, because it does not take into

account the important processes governing the global distribution and

transport of H in the environmental compartments most accessible to
man (i.e., the atmosphere and land compartments). Furthermore, the model
of Kelly et al., (1975) and Bonka et al., (1979), predicts doses which
are much lower than model predictions based on the global hydrologie

cycle, because the released H is assumed to be immediately diluted by

the large inventory of hydrogen in the ocean mixed layer. For a release
to the atmosphere, for example, the maximum dose prediction of the simple

ocean models alone is more than one order of magnitude less than the

predictions based on the global hydrologie cycle.

It is recommended that a compartment model based on the global
hydrologie cycle and divided into latitude zones can be used for global

dose assessments for tritium. The model should also account for
conversion of HT and HTO. The model should incorporate a box-diffusion

description for transport between the ocean mixed layer and deep ocean if

this refinement is found to have a significant effect on calculated

doses. Investigations into the potential importance of conversion to

organically bound tritium should proceed.
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4.3.5. Iodine-129

129The development of global models for I is less advanced than

for H, C, an Kr. Only two dose calculations have been

performed which are based to any extent on known features of the global
circulation of naturally occurring stable iodine. The first was a

preliminary model of Bergman et al., (1977b), which was based primarily
on the global iodine cycle proposed by Miyake and Tsunogai (1963), and
the second is a more comprehensive effort of Kocher (1981b).

The calculations of Kocher (1981b) have pointed out three aspects of
129the global circulation of I which are important for dose

129assessments. (1) The mean residence time of I in surface soil is
apparently of the order of a few thousand years. Thus, following a

release to the atmosphere and subsequent deposition onto the earth's

surface, the dose rate to an average individual will decrease only very

slowly with time and, for the first 10,000 years or so, will be

determined almost entirely by the specific activity of iodine in soil.
129(2) The model predicts that transport of I to ocean sediments will

129provide a significant sink to isolate I from man for times beyond
5 12910 years. The effect of exchange of I between deep ocean waters

and ocean sediments is to reduce the predicted dose commitment by about

two orders of magnitude compared with the model of Bergman et al.

(1977b), which does not contain any sinks in the environmental system.

This result has important implications if regulations and technological
129strategies for controlling releases of I to this atmosphere are

based on the expected dose commitment to infinite time. (3) The mean

residence time of I in the atmosphere is only about 15 days, as

opposed to the value 2 years assumed by Miyake and Tsugonai (1963), and
129Bergman et al. (1977b). Thus, as with tritium, a release of I to
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the atmosphere will be deposited on the earth's surface before mixing

throughout the global atmosphere is achieved. Because of the long mean
residence time in soil described above, transport from the land surface

into the ocean mixed layer and thence into global circulation will then
129require thousands of years. That is, a localized release of I which

remains highly nonuniform for thousands of years. Thus, it is important
129to develop models to describe transport of I on a regional scale

over long periods of time.

A shortcoming of the models of Bergman et al., (1977b) and Kocher

(1981b) is that they do not explicitly take into account the nonuniform
129distribution of I following a localized release. This deficiency

could affect calculated doses for the first 10,000 years or so. The
models also do not consider the possibility that a significant fraction

129of the I deposited on the land surface is returned relatively

quickly to the atmosphere, an effect which could increase the rate of

global mixing.

The environmental model adopted by Kelly et al. (1975) and Bonka

et al. (1979), which consists entirely of 4 ocean compartments and which

was discussed above in connection with tritium dose assessments, has also
129been used for I dose assessments. Again, however, this model is not

appropriate because it does not incorporate any of the features of the
129global iodine cycle which are believed to be important for I dose

calculations.

129Due to the 16.7 million-year half-life of I, calculations of
dose commitments require integration of population dose rates over a time

Q
period of 10 years. Predictions of dose over such a long time period

would seem to be a meanlingless exercise. Rather, it seems more likely
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that global models will be used primarily to predict doses for time
4 5periods of 10 to 10 years at most. The long half-life also means

that doses to individuals will be very low unless huge quantities of
129I are released. For example, even if all the iodine in the

1?9biosphere were ~ I, the average dose rate to the adult thyroid would

be still no more than about 100 rem/yr.
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