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FOREWORD

An im portant task o f the International Atom ic Energy Agency is 
to ■ encourage safe and practical procedures for the management of 
radioactive wastes. In carrying out this task the Agency published in 
19 6 3  "Disposal o f Radioactive Wastes into Fresh W aters”, No. 10  in 
the Safety Series. This publication resulted from three meetings o f an 
ad hoc panel o f experts.

In the intervening period rapid increases in the growth o f popula
tion and o f industry have led to a corresponding increase in water 
usage which has focused increasing attention on the quantitative and 
qualitative aspects o f water supplies and on the problem  o f their 
pollution. This has led to a rapid growth in the knowledge o f the 
sources, the courses and the effects o f  pollutants in fresh water systems, 
and o f  means o f preventing pollution. This growth has been particularly  
noticeable in the nuclear energy industry where there, has accumulated 
since 19 6 3  a large body o f knowledge and experience in the devel
opm ent and application o f the principles enunciated in Safety Series 
No. 10.

To provide authoritative up-to-date guidance to those concerned 
with the protection o f fresh waters from pollution by radioactive 
materials, the Agency in conjunction with WHO convened in January  
1 9 6 9  an ad hoc panel, consisting o f experts from seven countries 
assisted by representatives o f four international organizations, to advise 
on how best to incorporate this new knowledge and experience in a 
document which would bring Safety Series No. 10  up to date. The 
present publication is the result.

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



CONTENTS

I. WATER SUPPLIES AND WASTES ..........  1
1.1. Introduction..........................................................................  1
1.2. Purpose and scope...............................................................  2
1.3. Hydrological cycle ...............................................................  2
1.4. Ecosystems......................................................................... 4
1.5. Contam ination o f w aters....................................................  5

II. MOVEMENT IN THE ENVIRONMENT'.................................  7
II. 1. Introduction........................................................................... 7
II. 2. Hydraulic mixing and dispersion.................................... 8
11 .3. Physico-chemical processes...............................................  10
11.4. Uptake by aquatic organisms............................................ 13

III. ASSESSMENT OF R ISK  TO M A N ............................................  15
III. 1. Critical nuclide, critical pathway, critical

population group.......... .............................. .........................  16
III.2. D ose lim its............................................................................. 20
III. 3. Establishment o f safe discharge lim its ..........................  22

IV. PRACTICAL CO N SID ERATION S IN ASSE SSIN G
D ISCH ARGE P R O P O SA L S.........................................................  23
IV. 1. The prelim inary s tu d y ........................................................ 23
IV. 2. Detailed studies....................................................................  24
IV. 3. Establishm ent o f discharge lim its....................................  30
IV.4. Review o f discharge lim its ................................................  32
IV. 5. Operational environm ental m onitoring.........................  32

V. RAD IO ACTIVE WASTE MANAGEMENT PO LIC Y ........ 34
V. 1. The "benefit to cost” ratio concept.................................. 34
V .2. Organizational principles at the national level............. 35
V .3. International co llab o ratio n ............................................. . 37

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



VI. C O N C L U SIO N S.............................................................................  38

R eferences........................................................................................................  39

Annex I: Exposure pathways associated with various uses o f a
water body containing radioactive w astes................................... 4 1

Annex II: Examples o f radioactive waste discharges..........................  4 4

Annex III: D ose calculation...................................................................... 65

LIST OF PAR T IC IPAN T S..................................... ............................ . 77

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



I. WATER SUPPLIES AND WASTES

I . l .  IN TRO D U CTIO N

Fresh water is a basic necessity o f man. It is essential for most 
forms o f life and for the maintenance and growth o f civilization. It has 
manifold uses which may be broadly classified as domestic, industrial, 
agricultural and recreational. Dom estic use includes drinking, cooking  
and cleaning; industrial requirements cover applications in many proc
esses such as those in the chemical, photographic, textile and other 
manufacturing industries, in power production and transport. No less 
im portant is the large and growing use o f water for agriculture, aqui- 
culture and horticulture; and many water bodies support major commer
cial fisheries. Recreational uses involve such activities as swimming, 
sailing and fishing. The am ount o f water required for these purposes 
is already great and is growing rapidly as the w orld population increases 
and as its agricultural and industrial needs expand. In many areas of 
the world fresh water is already in short supply and the demand is 
increasing.

The total quantity o f fresh water in an area is m ore or less fixed 
by nature and there is therefore a growing demand all over the world  
to utilize the limited resources as efficiently as possible. Thus rivers 
are now regarded not simply as potential sources o f fresh water supplies. 
They must accept effluents from  industry and sewage treatment works, 
for later re-use downstream . Consequently, some rivers supply water 
that is used over and over again, with each use changing the water 
quality to a greater or less extent but generally to the disadvantage o f  
subsequent users. In the term s o f the definition1) by K ey o f river 
pollution such disadvantage to subsequent users o f a river would con
stitute pollution. In this way "prevention o f pollu tion” is equated with 
"maintenance o f quality”. The efficient use o f water resources therefore 
demands not only attention to the conservation o f their quantity but 
also to the prevention o f their pollution. The application o f the concepts

1) "A river is considered pollu ted  when the w ater in it is a ltered  in com position 
or condition d irectly or ind irectly as a resu lt of the activities of m an so that it is less 
su itab le for any or a ll of the purposes for which it w ould be su itab le  in its natural 
sta te”, World H ealth  O rgan ization , R egional Office for Europe, 4th  R egional Sem inar 
for San itary Engineers (1 9 5 6 ) , R eport, W HO, Geneva.

1
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described here, to the discharge into water bodies, o f wastes containing 
radioactive materials, will ensure that the discharges do not render the 
waters less suitable for m an’s use, that is, w ill not pollute them with  
radioactive materials.

1.2. PURPOSE AND SCOPE

. The purpose o f this report is to present, in the light o f the 
inform ation and experience accumulated to date, those principles and 
practices which, if applied to  the disposal o f radioactive wastes into  
inland surface and estuarial waters will ensure that man will not expe
rience radiation exposures that are above the limits recommended by 
the International Commission for Radiation Protection (IC RP); and 
further, that radiation exposures are kept as far below those limits as 
is practicable. D isposal into sub-surface waters has not been specifically 
considered as this ‘topic has been covered in another International 
Atom ic Energy Agency publication [1].

The report discusses the mechanisms and parameters which affect 
and control the fate o f radionuclides introduced into fresh waters; it 
discusses the concepts o f "critical nuclide”, "critical pathway” and 
"critical population group” and demonstrates how the use o f these 
concepts provides a sound, convenient and economical means for setting 
discharge limits and maintaining a continuing surveillance. It offers 
practical advice on the use o f these concepts; gives some detailed in
form ation on uptake and dispersion mechanisms; and offers instruction 
on how to use this inform ation and these concepts to estimate potential 
radiation doses and thus establish discharge limits.

1.3. H YDROLOGICAL CYCLE

The w orld ’s resources o f fresh water are replenished mainly by 
rain and snow during one stage in the continuous cycle o f precipitation, 
storage and evaporation, which is shown diagramatically in Fig. 1. The 
sources o f fresh water m ost readily available to man are either surface 
waters in rivers and lakes, or ground waters in which precipitation has 
infiltrated into underground porous form ations. Physically, these tend 
to divide into a shorter cycle for surface waters, in which the period of

2
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Fig. 1. Principal aspects of the cycle o f terrestria l w ater (K UEN EN , P. H ., R ealm s 
o fW ater, C learer-H um e Press, London (1 9 5 5 ) )-

availability may be associated with the residence time in a river, and 
into a longer cycle in which underground waters tend to move slowly, 
and the period between recharge and ultimate mergence into surface 
waters tends to be very much longer.

In the natural hydrological cycle, water falling on the earth nor
mally contains gases such as oxygen, carbon dioxide and oxides of 
nitrogen dissolved from  the earth ’s atmosphere. It may also contain  
micro-organisms such as bacteria, fungi and algae that are carried into 
the atmosphere by air currents from  the land and washed out by rain. 
It also contains some natural radioactive material and in more recent 
years, material resulting from the testing o f nuclear explosives. Water 
that percolates into the ground usually has its microbial population  
reduced, and being isolated from the sun’s energy, becomes relatively 
biologically inert. Sim ilarly, radioactive fallout (except tritium ) tends 
to be stripped from  solution by sorption on to the soil. The ground  
water is thus usually free o f biological and radioactive materials 
although it may contain dissolved mineral salts. By contrast, the water 
that remains on the surface collects more organisms and nutrient 
materials as it flows into lakes or rivers, and being subject to sunlight, 
it is biologically active and able to support an ecosystem. Thus, the 
water with which man is concerned is neither pure H2O in the chemical 
sense, nor is it biologically sterile. It is best regarded as a biogenic

3
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material, whose com position and concentration o f nutrients varies 
according to the local geology and ecology o f the watershed. In most 
river systems, provided there is no intervention by man, this situation 
remains unchanged until the river reaches an estuary where it loses its 
identity as a fresh-water system.

Estuaries are semi-enclosed coastal bodies o f water which are 
connected with the open sea and within which sea water is measurably 
diluted with fresh water derived from river basins. Many rivers have 
estuarine areas where the fresh waters m ix with the sea water brought 
in by the tides. As a result o f the interplay o f variations in salinity, 
tem perature and density o f the mixing water masses, .zonation and 
stratification frequently occur in estuaries. Floculation and sedimenta
tion take place more rapidly than in fresh waters. At low tides 
considerable quantities o f estuarine water may be transported to the 
coastal areas o f the sea. Owing to the constantly changing environ
mental conditions, the estuaries support biological regimes m arkedly  
different from those o f fresh and marine waters. These factors are o f 
particular significance in relation to the mixing and dispersion o f con
taminants.

Large quantities o f industrial wastes are often discharged into 
estuarine waters, and so they may contain compounds and/or concen
trations o f particular elements in unusual proportions. These may cause 
the disturbance o f biological communities and may also affect the extent 
to which radioisotopes are concentrated in the biota. Estuaries generally 
support large and im portant fishery resources and are frequently used 
for recreational and industrial purposes. These facts have to be taken 
into account in connection with the disposal o f radioactive contaminants 
into both rivers and estuaries.

1.4. ECOSYSTEMS

N atural waters with the basic nutrients develop and sustain an 
ecosystem composed o f aquatic organisms that synthesize organic matter 
from inorganic sources, use this matter for expanding the aquatic pop
ulation, and finally decompose the residues o f this population and 
convert it back to minerals, so completing the cycle. It is a complex 
system in which the organisms live intimately with their watery envi
ronm ent and in which each has a strong influence on the other, so that 
the type o f organism supported by the water depends pardy on the

4
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quality o f the water, and conversely, the water quality is affected by 
the type of organism present.

When waste materials are introduced into an ecosystem that 
system may become disturbed. It is well known that the introduction  
o f certain wastes into an ecosystem can cause disturbances because they 
are directly toxic to plant or annual life. Not so well known, perhaps, 
is the fact that i f  sufficient quantities o f certain waste materials not 
norm ally considered toxic are introduced serious disturbances such as 
slime infestations,-invertebrate infestations, insect growth and reduction 
in fish productivity may occur.

In contrast, pathogenic organisms or radioactive materials o f 
themselves do not produce any noticeable change in the ecology, so- 
that the presence o f these agents does not become obvious.

The consequences o f disposing o f waste materials into water 
bodies must be considered from the points o f view o f the effect , on the 
uses of the water bodies and the possible adverse effects on people 
who use the water and its products.

1.5. CO N TAM IN ATION  OF WATERS

Contam ination by wastes o f surface waters under norm al (i.e. 
controlled) rather than accidental conditions arises from a practical 
compromise between, on one hand, the expense involved . in the 
com plete treatm ent o f wastes to render the resultant effluent innocuous, 
and, on the other hand, the health, social or amenity penalties to the 
general population caused by treating the waste insufficiently and so 
allowing wastes to  disturb the natural mechanisms o f the environm ent, 
thus possibly producing risks to ’public health, or unwelcome changes 
in the environment.

The growth o f populations and industries and the general devel
opm ent o f technology over recent decades has been accompanied by a 
corresponding increase in both the am ounts and varieties o f wastes 
with which man must deal. Population growth and the increase in the 
size o f cities have led to large increases in the amounts o f biological 

^wastes requiring treatm ent; the growth o f industry generally has led to 
the production o f ever larger quantities o f materials for long considered 
as wastes, while the growth o f the organic chemicals industries has led 
to the appearance o f entirely new types o f wastes. The latter class of 
materials because o f its rapid passage into widespread'use and because

5
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o f the wide variety o f materials it contains produces a wide variety o f 
waste types. These may appear as wastes in sewer systems, directly as 
industrial effluents, or simply as run-off. Sewer systems tend to contri
bute mainly the detergent fraction, whereas industry contributes a wide 
variety o f synthetic organic substances. After the well-known initial 
problems with the "hard” persistent detergents, biodegradable deter
gents have now largely been accepted. But these are degradable only by 
aerobic processes so that they still remain persistent in anaerobic 
environm ents. The m odern synthetic organic chemicals from industry 
may have certain toxic effects, some o f them at present unknown with 
certainty, and many o f these dissolved chemicals are not removed by 
current water treatm ent processes. Consequently, the concentration of 
contaminants may be increased as water is re-used and communities 
downstream may be exposed to increasing concentrations and varieties 
o f contaminants. The run-off from many rural districts now contains 
chemical pesticides. These have created new problems which cannot be 
solved in the same way as those for direct discharge o f sewage and 
industrial wastes. The current approach to the solution of this problem  
is the developm ent o f less stable pesticides. Similarly, urban run-off 
from pavements is suspected o f introducing carcinogenic chemicals, 
typically petroleum products, into surface waters.

So far as waste disposal is concerned the nuclear energy industry 
is not basically different from  any other industry. A ll have a respon
sibility to ensure that their waste disposals have no bad effects on man.2) 
From inception the waste disposals o f the nuclear energy industry have 
been controlled at the national level within very conservative limits. 
This control has been supported by intensive research throughout the 
world. As a result the environm ental behaviour and effects o f radio
active wastes are among the best understood o f those o f all wastes.

In norm al operations radioactive materials are contained and 
controlled very effectively and it is only the small residue o f radioactive 
materials in effluents o f installations using or producing them that is 
released to the environm ent in a carefully controlled manner. The high 
technical standards dem onstrated in other sectors of this new industry 
are replicated in its waste management sector.

In dealing with radioactive wastes the aim is to ensure that the 
amount o f radioactive material released into the environm ent can there

2) "Bad effects on m an” include a degradation  of environm ental quality .
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be absorbed with safety, without risk o f damage to man or to the 
environm ent.

Radioactive wastes are released into surface waters from such 
undertakings as research laboratories, nuclear power stations, hospitals, 
and numerous small industrial users. However, the main experience in 
radioactive waste releases has come from the environm ental and exper
imental w ork conducted by major national nuclear research laboratories 
and nuclear fuel reprocessing plants, where great emphasis has been 
placed on fission product wastes. Nuclear power stations are so 
designed and operated that this type o f waste is retained almost 
com pletely under norm al operating conditions. H owever, small quanti
ties o f radioactive material, mainly activation and corrosion products, 
are discharged. The latter are now attracting greater attention because 
o f possible concentrations in the biota. It is usually possible to predict 
with some accuracy the type o f waste likely to issue from each type of 
undertaking except research laboratories. These may discharge a large 
spectrum o f radioisotopes. The outstanding difference between radio
active and other wastes is that each radionuclide disappears at a fixed 
rate, regardless o f  physical, chemical or biological form. It may be 
converted from one physical-chemical-biological form to another but its 
rate o f disappearance cannot be altered. O ther wastes by contrast may 
disappear rapidly according to local conditions or, as with some of the 
m ore recent pollutants, may be indeterm inately persistent.

II. MOVEMENT IN THE ENVIRONMENT

II. 1. IN TRO D UCTIO N

If a radioactive waste is introduced into a body o f water, various 
natural processes begin to dilute, disperse, deposit, remove, transform  
and reconcentrate all or part o f the radioactive materials involved. A 
quantitative understanding o f these processes is required for an accurate 
estimation o f the m ovement and fate o f the radionuclides in a water 
system and for an accurate estimation o f the magnitude o f the possible 
radiation dose to man.

The im portant factors are the movement o f the water, the disper
sal o f the dissolved and suspended matter in the water, the sorption o f 
substances by natural materials in contact with the water incorporation

7

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



into the biota and the presence o f stable nuclides o f the introduced 
radionuclides or o f elements chemically similar.

Each, or any combination, of these factors can form a means by 
which the waste radioactive materials can reach man directly or in
directly, and so subject him to radiation exposure.

II .2. H YDRAULIC M IXIN G AND DISPERSION

II. 2 .1. Rivers

Mixing and dispersion o f wastes within a moving stream o f water 
occur in three dimensions. In any particular reach o f the river one or 
m ore of these movements may be im portant in determining the conta
minant concentration at a use-point. In almost every situation hydro- 
dynamic mixing is o f much m ore importance than diffusion. Mixing is 
caused by turbulent eddy diffusion; by non-uniform distribution o f 
velocity brought about by shear at the solid boundaries; by secondary 
currents arising from curvature o f the channel and local irregularities; 
and by displacements caused by wind and therm al currents and other 
types o f density currents.

D ilution must be considered as a function o f both time and 
distance. It is possible, for exam ple, that in a given stream the dilution  
that obtains a fixed distance downstream from a point o f waste injection 
will be greater when the stream is flowing at a low velocity than when 
flowing at a high velocity.

The minimum dilution for different flow conditions can be esti
mated from  a study o f velocity profiles downstream  from  the point of 
discharge. Useful inform ation can be obtained from physical or mathe
matical models which simulate the actual flow conditions, and from  
studies (in situ) with tracers. D ispersion o f wastes introduced into a 
fresh-water system may be reduced by stratification or laminar flow.

Mixing patterns vary widely in different streams. Even in the 
same stream at different times o f the year the processes o f mixing, 
dilution and dispersion may be drastically different with variations in 
flow, tem perature and wind conditions, and will probably be different 
in different stretches. The number and type o f impoundments on a 
river system will not only affect mean travel times but also may change 
mixing characteristics.

8
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II. 2.2. Lakes and impoundments

The physical dispersion or mixing o f materials introduced into a 
lake or im poundm ent is quite different from that in a flowing stream  
and is affected principally by diffusion, shear due to circulation and the 
dilution o f wave action. These effects, which vary with the physical 
characteristics o f individual lakes, cannot be estimated without field 
observations. These have shown that, generally, currents and wide- 
wave action are the main factors affecting dispersion. The lateral and 
vertical dispersion seem to depend prim arily on turbulence whereas the 
longitudinal dispersion depends on the velocity gradient as well as on 
turbulence. Wind-driven currents have been found to decrease very 
quickly with depth, and the feedback diffusion from material which has 
diffused. downward into a current o f low velocity greatly increases the 
diffusion in the downwind direction. This diffusion coefficient is often 
found, to be as much as ten times that in the crosswind direction. As 
the wind velocity increases, the waves begin to break and the vertical 
turbulence increases greatly. The increased vertical turbulence reduces 
the velocity gradient so that feedback diffusion is reduced also. Con
sequently the apparent diffusion in the downwind direction is decreased 
in relation to that in the crosswind direction.

Lakes and im poundm ents may undergo seasonal mixing cycles. 
During warm seasons heat is radiated into lakes from above and is 
absorbed into the upperm ost layers. These layers are ploughed under 
by the wind and distributed by turbulent currents within an upper layer 
which is usually only a few metres deep. This upper warm layer is less 
dense than the deeper cold water and does not m ix freely with it. If 
the tem perature o f the upper layer falls to a tem perature below that of 
the deep layers then complete m ixing can, occur. This may cause a 
complete redistribution throughout the lake o f substances from deep 
water. The mixing will establish a more uniform dissolved oxygen 
distribution and some o f the substances may be oxidized. As a result 
they may become flocculated or sorbed on to other materials and settle 
again; or they may become incorporated in the biota o f the lake.

II .2.3. Estuaries

Mixing o f the fresh and marine water in an estuary can occur by 
means o f several processes. In the absence o f other influences the river
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water will tend to  flow seaward as a layer o f fresh water on top o f the 
salt water and separated from the salt water by a fairly distinct interface.

The principal influences in destroying the interface are the tidal
currents which, although they do not cause a net transport o f water
over a complete tidal cycle, cause profound mixing effects due to the 
turbulence they produce. Four recognizable categories o f estuarine 
circulation, based on the physical character of. the circulation, are gen
erally accepted. These are:

( 1 )  The salt wedge: The salt water extends as a wedge into the river 
and, if friction were com pletely absent, the interface would extend  
upriver to the point w hen the river bed was at sea level.

(2 ) Two-layer flow with entrainment: The velocity o f the seaward-
moving layer o f fresh water is sufficient to produce internal waves 
which break at their crests and entrain seawater.

(3 ) Two-layer flow with vertical mixing: This occurs in shallow  
estuaries because the tidal currents extend throughout the depth.

(4 )  Vertical hom ogeneous estuaries: The tidal currents are so strong  
in relation to the river flow that vertical motion is intense enough 
to produce complete mixing.

II .3. PHYSICO-CHEMICAL PROCESSES

Radionuclides discharged in solution into a waterbody may 
remain indefinitely in solution. However, it is m ore probable that 
various processes w ill cause a significant fraction o f the am ount orig
inally present to become associated with the mineral sediments, the 
organic debris and the aquatic organisms o f the receiving environm ent. 
Many factors may affect these processes. Some o f the discharged radio
nuclides because o f their chemical com position and the new ambient 
conditions may take on a colloidal form; or, as a result o f sorption  
processes, they may become associated with colloids already present in 
the water body. Again, chemical com position and new ambient condi
tions may cause radionuclides in solution to precipitate and flocculate. 
Radionuclides o f those elements which usually appear in anionic form  
may generally be expected to appear as anions. Some which might be 
expected to appear as cations may appear as anions. Notable among 
the latter are the radioisotopes of ruthenium which forms very stable
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anionic com plexes with the nitrate ion. Som e o f the radionuclides in 
the discharge may be present in solution but as chelated (non-ionized) 
compounds which may or may not be stable under the ambient con
ditions. Processes such as these w ill have a governing effect on the 
subsequent movement o f the radionuclides in the environm ent.

Solid phase materials can rem ove radionuclides from solution by 
sorption processes o f which the m ost important are adsorption and ion 
exchange. It appears that adsorption is the principal method o f 
sorption o f ions by the coarser grained soils such as sand and gravel, 
whereas ion exchange is the principle method o f sorption by fine 
grained' soils such as the clays. Because o f their very high cation ex
change capacities some o f the fine grained soils are very effective as 
sorbers o f radionuclides. But in som e cases isotopes may be trapped 
very effectively either by being held within a mineral crystal lattice or 
by being precipitated in an insoluble form.

Considerable research effort has been expended to determine the 
sorption characteristics o f actual stream sediments. A study [2] o f the 
transport o f  89Sr in both fresh water and marine systems showed that 
the m ost important factors affecting the uptake o f this nuclide by sedi
ments were the cation exchange capacities o f the sediments and the 
concentrations, in the water, o f  competing cations. The same study 
showed that the uptake o f 137Cs was relatively insensitive to pH varia
tions, whereas the uptake o f 89Sr increased with increasing pH. How
ever, it was established that the pH variation in a typical stream should  
have little effect on the Sr + + and Cs + equilibria, particularly if  the 
pH remains in the range 5—9-

A study [ 3] o f the distribution o f radioisotopes in the White Oak 
Creek-Clinch River-Tennessee River system, which receives low level 
radioactive wastes from the Oak Ridge N ational Laboratory, shows 
among other things the way in which the distribution o f radioisotopes 
in a river system may change. It was found that, throughout the system  
the bulk o f the 90Sr, 60Co and the 106Ru were associated with the 
"dissolved” s o l id s .H o w e v e r , the bulk (69—92% ) o f the 137Cs found  
in White Oak Creek and Clinch River was associated with the larger 
sizes o f sediment, whereas in the Tennessee River the major fraction  
(7 0 —80% ) was found to be associated with the "dissolved” solids.

3) "D isso lved” so lid s w ere defined as those "not rem oved by a h igh-speed centri
fuge”, so that som e of the rad io iso topes m ay have been associated  w ith  co llo idal 
m aterial.
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The same study showed that 137Cs as barely desorbed from the Clinch 
River sediments under any conditions; and that o f the four radioiso
topes mentioned, only 90Sr appears to be held by an ion exchange 
mechanism.

The importance o f sorption on the sediments becomes most 
im portant in zones o f deposition and in particular where the water 
level may drop and expose such sediments. Experience shows that 
zones of accretion are not static in the changing regions o f rivers, and 
that rivers that are regulated by dams have large sedimentation zones 
for all particle sizes in the deep, still water behind the impoundments.

Although lakes norm ally receive small waste discharges relative to 
their volume, the level o f radioactivity tends to  increase with time if 
the ■ radionuclides involved are long-lived. The amount o f water in a 
lake at any time is controlled by the inflow, the outflow and the 
seepage and evaporation losses. Thus there can be an increase in the 
contaminant concentration, depending upon the magnitude o f the eva
poration effect in this equilibrium . This increase is also seen in non
radioactive contamination, mainly in the addition o f nutrients that 
produces a progressive increase in fertility and productivity, until the 
lake is finally overrun by aquatic micro-vegetation. This is a natural 
process that is accelerated by m an’s activities. For example, the run-off 
o f fertilizer residues and the inflow o f treated sewage effluent to a lake 
may provide nitrogen and phosphorus in amounts sufficient to upset 
the plant nutrient balance and thus rapidly produce a large increase in 
vegetation.

Lakes and rivers can also provide a source o f recharge to under
ground waters, in which water seeps through the lake or river bottom  
and infiltrates through aerated soil until it reaches the zone o f satura
tion. Cationic species o f radionuclides will norm ally be sorbed on to 
the minerals at or immediately beneath the bottom , but nuclides present 
as anionic species, e.g. ruthenium , may penetrate this soil barrier and 
so transfer from the lake or river environm ent into ground water, and 
may thus present a potential hazard to man.

. Radioactive wastes are chemical mixtures which may enter into 
chemical reactions with the receiving water. When the receiving waters 
come into contact with other waters o f different chemical com position, 
new chemical reactions may cause precipitation, or may cause already 
precipitated materials to go into solution.

The radionuclide content o f a stream ’s sediments undergoes a 
noticeable change in the region o f the stream ’s point o f entry into a
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body o f marine water. The concentration o f competing ions increases 
in this region and therefore the distribution o f radionuclides may be 
affected in two ways. First, the uptake o f radionuclides by sediments 
in fresh water may be greater than the uptake by sediments in marine 
water; and second, the river-borne sediments may release some o f their 
sorbed radionuclides when they are deposited in marine waters.

The regime o f an estuary (ebb and flood currents, wave transport, 
salinity and tem perature distributions), causes its sediments to be 
oriented and deposited in certain preferred fashions and- areas. Expe
rience shows -that estuary characteristics are so variable that it is not 
possible to generalize on where zones o f radioactive material may 
develop, except to say that those caused by accumulations o f contami
nated particles transported into the estuary w ill probably be distinct 
from those resulting from flocculation occurring in the estuary.

The mode o f the dispersion o f an effluent discharged directly into 
an estuary will depend partly on whether soluble substances are 
involved. Soluble substances are likely to disperse fairly rapidly 
throughout the water o f the estuary, and subsequent exchange into the 
open sea will be slow. However, where there is sorption o f a substance 
on to particles which move near the bottom , the dispersion w ill’ be less 
uniform and deposition will tend to occur on shores or banks. Muds 
may provide a delaying mechanism, providing a period during which 
significant radioactive decay may occur. On the other hand, the concen
tration in muds may cause contamination of bottom -living marine 
organisms.

II.4. U PTAKE BY A Q U A T IC  O RGAN ISM S

When certain radionuclides are introduced into aquatic environ
ments they may be taken up by the organisms living in that environ
ment. The am ount o f accumulation will vary over many orders of 
magnitude depending upon the element involved and various physical, 
chemical and biological factors. This accumulation can be expressed by 
a so-called concentration factor, i.e. the ratio o f the concentration o f an 
element in the organism (or part o f the organism) to the concentration 
o f the same element in the water, at equilibrium. Biological uptake o f 
nuclides by organisms can occur through sorption at the surface o f the 
organism, engulfment or metabolism. Elimination' o f radionuclides
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from organisms can occur by surface exchange, excretion through 
natural physiological channels, or through cell lysis after death.

Certain elements essential to life, such as nitrogen, phosphorus, 
iodine, potassium , calcium, carbon, magnesium, manganese, iron, 
copper, zinc, boron, cobalt and sulphur, are present in much higher 
concentrations in the organisms than in the environm ent. They are 
assimilated by the organisms much more rapidly than other elements 
not commonly found in the biota. Therefore the radioisotopes o f  these 
elements will also tend to concentrate in the organisms. However, since 
in the processes o f assimilation the organisms do not distinguish 
between stable- and radioisotopes, the amount o f radioisotopes assimi
lated will be a. function o f the ratio "concentration o f radioisotope/  
concentration o f stable isotope”, provided the stable- and radioisotopes 
have the same physico-chemical form.

Variations in pH indirectly affect biological uptake because there 
is. an optimum pH range for microbial and biological activity. Since 
tem perature affects the rates o f metabolism o f micro-organisms, plants 
and cold-blooded animals, seasonal or other changes in temperature 
will cause changes in the rate o f radionuclide uptake! Since photo
synthesis is a fundamental process in the developm ent o f aquatic veg
etable life, variations in light intensity will cause changes in the rate of 
radionuclide uptake by such organisms. Such variations may be 
seasonal or caused, for instance, by the presence o f unusually large 
am ounts'of suspended matter resulting from floods.

In an aquatic system there are two main types o f plants,, the 
rooted or large floating plants and phytoplankton. The latter are 
reported to tend to concentrate activation products to a greater extent 
than fission products.

Furtherm ore, phytoplankton are able to  concentrate elements 
such as cobalt, zinc and iron to the extent necessary to meet the meta
bolic requirements o f the higher aquatic organisms.

Operational releases o f wastes containing activation products 
(radionuclides o f elements such as copper, cobalt, manganese, iron, 
zinc and chromium), have shown that the degree o f concentration was 
highest in the prim ary producers (algae, plankton), intermediate in the 
herbivores and lowest in the carnivores. However, it was also noted  
that the uptake by the prim ary producers was m ore subject to variation  
and able to fluctuate rapidly in response to  changes in the ambient 
contamination levels. The responses o f the higher trophic species 
were more sluggish and less predictable.
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Fish, shellfish and other aquatic organisms eaten by man may 
accumulate radionuclides through their food chains. The levels of 
concentration will depend on the num ber o f links in the food chain. 
For exam ple, in carnivores significant radioactive decay may occur 
within the food chain, but in detritus-feeders, because o f the relatively 
short food chain, there may be very little decay o f radioactivity before 
the material reaches man as food.

In the consideration o f uptake estuaries deserve special attention  
on account o f the existence o f important shell fish populations that 
usually live in the same area o f an estuary throughout their lives. As 
they are norm ally resident on the estuary bed, they may continuously  
receive radionuclides, both from the water and from the flocculation, 
precipitation and sedimentation processes that occur. More importantly, 
shell fish have the ability to absorb metal ions and concentrate them  
beyond their biological needs. As a result bivalent and trivalent ions 
such as copper, zinc and chromium are accumulated to a high degree.

As has been seen, the introduction of wastes into a fresh water 
environm ent can cause changes which may adversely affect the water 
body or the associated biological systems. However, i f  the criteria 
identified in Section III (which are based on the assessment o f possible 
damage to man) are used to lim it the discharge o f radioactive wastes, 
experience shows that the damage, i f  any, caused to the environm ent 
will be insignificant.

III. ASSESSMENT OF RISK TO MAN

The prim ary concern o f this report is to show how to establish, 
in accordance with the recom mendations o f the International Commis
sion on Radiation Protection (ICR P), the radiation exposure risk that 
is associated with m an’s many possible modes o f use o f a water body. 
As is the case in his use o f any environm ent, when man uses a water 
body he exposes his health and safety to some level o f risk that 
contains several com ponents. In applying the IGRP recommendations 
the magnitude o f these other components o f risk should be borne in 
mind.

The evaluation o f risk from radiation exposure is predicated on 
the calculation o f doses to human tissues and organs. In setting
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discharge limits for radioactive waste discharges derived values such as 
the "maximum permissible concentration in w ater” are representative 
o f conditions that are not applicable. O f much greater significance is 
the waste com position and rate of discharge (expressed as curies per 
unit time); and the relationship between the population dose so 
produced and that'perm itted by the ICRF recommendations.

The approach recommended by ICRP for assessing the radiation 
exposure to population groups resulting from the release o f radio
nuclides to a specific environm ent involves the identification of

a critical radionuclide (or nuclides),
• a critical pathway by which the critical radionuclide moves

through the environm ent,
a critical population group which is" exposed to this particular 

i radionuclide moving along this particular pathway.

In this way it is possible to identify the most significant element 
o f the population that will be exposed, and, by examining its relation
ship to the specific environm ent, to estimate the dose it will receive. 
By comparing this estimated dose with the dose limits recommended 
by ICRP for that population group it is then possible to establish  
whether a given release (or rate o f release) will cause an excessive dose, 
and thus to establish an upper limit for the discharge.

In the establishment o f limits for radioactive waste discharges 
into fresh or estuarial waters, the governing criterion then is that the 
dose received by the critical population group associated with those 
waters shall not exceed that recommended by ICRP as the maximum  
for that group ("dose lim its”). A lso o f considerable significance is the 
ICRP recommendation that radiation exposure should be kept as low  
as practicable.

These concepts are treated in some detail below.

I I I .l.  CRITICAL NUCLIDE, CRITICAL PATHWAY,
CRITICAL POPULATION G RO U P

The concepts o f the "critical nuclide”, the "critical pathway” and 
the "critical population group” focus attention on the factors principally 
involved in the delivery o f a radiation dose to man as a result o f radio
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active waste discharges. They are extrem ely useful concepts because, 
in a given situation, the early identification o f the agents and mecha
nisms principally responsible for m an’s receipt o f a radiation dose will 
minimize the effort required to ensure that that dose is kept below the 
acceptable minimum. This means that, by using these concepts when 
making an assessment o f the consequences o f radioactive waste 
discharges, the effort expended is concentrated on those agents and 
mechanisms that pose the greatest risk to man.

In defining the term "critical”, as it is used here, the explanation  
embodied in the ICRP recommendations [4] is helpful. The Commis
sion has used the term "critical” to describe that organ o f the body 
whose damage by radiation results in the greatest injury to the indivi
dual or his descendants. The injury may result from the inherent radio
sensitivity or the indispensability o f the organ, from high dose, or from  
a combination o f these factors. Whatever the combination o f factors 
which causes the injury, the idea implicit in the use o f the term is that, 
by limiting the radiation dose to the m ost sensitive or critical organ to 
a level which does not produce damage in that organ, the other organ 
and the whole body are protected from damage. Thus the critical organ 
is here defined as that organ o f the body that, in a given set o f cir
cumstances, will suffer the greatest radiological damage as measured by 
the effects o f that damage on the individual or his descendants. By 
extension the term "critical” has here been used to describe groups of 
the population whose exposure is hom ogeneous and typical o f that o f 
the most highly exposed individuals in the exposed population, or 
which have a higher radiosensitivity than the general population.. By a 
further extension the term has been used to describe those radio
nuclides and exposure pathways which require prim ary consideration  
in an assessment as being the agents and mechanisms principally res
ponsible for the radiation exposure o f individuals.

As experience shows quite clearly, a review o f the many pathways 
by which man might be exposed to radiation in his various uses o f a 
particular water environm ent will indicate that certain radionuclides and 
certain pathways are much more im portant than others. These will be 
those which are m ost likely to result in damage to man, or to result 
in the m ost serious damage. These are the radionuclides and pathways 
which are designated critical.

17

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



III .1 .1 . The critical nuclide

A radioactive waste discharge may contain a range o f radio
nuclides. These will em it varying types o f radiation which are not 
equally damaging. They will behave differently in the environm ent. 
If they reach man they may behave in varying fashions within his body.

The summation o f all these factors w ill determine the am ount of 
damage suffered by man as the result o f the release o f a particular 
radionuclide to a particular environm ent. Considering a specific set o f 
circumstances, it is that nuclide(s) which is m ost likely to lead to a 
radiation dose in man, or to contribute the major fraction o f a dose, 
which is designated as critical.

111.1 .2 . Critical pathways

In order to assess the magnitude o f the radiation risk involved  
in discharging radioactive wastes it is necessary to be familiar with the 
possible routes through which man may be exposed. The dose received 
may be made up o f two parts, that received from a radiation source 
external to the body, and that received from a radiation source taken 
into the body. It is obvious that there may be marked differences in 
the pathways through which these com ponents o f the total dose are 
delivered. These differences may best be illustrated by means of 
examples.

External Exposure: This can occur as a result o f immersion in 
the water containing the radioactive waste, as for example in commercial 
diving or in the use o f the water for fishing or water sports. It can 
also occur from exposure to radiation sources resulting from the ac
cumulation o f radioactive materials on muds, beaches, fishing equip
ment, etc. In each case the exposure results from m an’s direct contact 
with the water environm ent into which radioactive wastes are released.

Internal Exposure: The route by which radioactive materials 
discharged as waste ultim ately reach man to deliver an internal dose can 
be complicated. The case o f a water supply system provides an 
example. In this case the pathway involves the route taken by the 
radioactive material between the point o f discharge o f the waste and 
the point at which the water enters the water supply system; the raw 
water supply pipeline and reservoirs; the treatm ent plant and the treat
ment process (which may remove some o f the radioactive material);
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the treated water storage facilities and reticulation system, and the 
ultim ate intake by the consumer.

An exam ple o f a more complicated pathway is that o f the use o f 
water for irrigation o f pasture-land. This would involve the route taken 
by the radioactive material between the point o f discharge o f the waste 
and the point from which the irrigating water is drawn; direct uptake 
by the plant, or uptake via soil; consumption o f the plant by an animal 
(e.g. a cow); secretion o f the radioactivity in the milk, or retention in 
the muscle; and consumption o f the milk and meat by man. Thus the 
exposure pathway is the route by which radioactive materials move 
through the environm ent from their point o f release to that point where 
they have a direct effect on man. Exposure pathways are not equally 
effective in transferring radionuclides to positions where man is likely 
to suffer damage from  them. Those which are m ost effective, that is 
those through which, in a given situation, man w ill suffer the greatest 
damage, are designated as the "critical pathways”.

III. 1.3. The critical population group

The presence o f a critical radionuclide moving in some critical 
pathway will not cause the same exposure to each member o f the 
population.4) Investigation before the beginning o f  discharges will 
usually identify the existence o f a small num ber o f groups o f people 
whose characteristics, e.g. habits, age, location' will result in the 
group(s) receiving doses higher than those to be expected by the rest 
o f the population. These groups are considered separately, that is they 
are designated as critical.

Such groups within the population may be in the vicinity o f the 
point o f waste discharge or they may be at some distant location. They 
may be com posed o f adult males; adult females; pregnant women; or 
children; or they may contain all categories. They may consist o f in
dividuals who eat particular foodstuffs prepared in a certain fashion, or 
produced in a particular location. They may com prise people who 
w ork in a particular industry, or people who use a particular area for 
recreational purposes.

It must be recognized that, even in a carefully identified critical 
group, there are many characteristics o f the individual (such as the

4 )  O nly the genera l population  is b eing considered here. Those groups occupa
tionally  engaged in in sta llations hand ling rad ionuclides are specifically excluded.
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metabolic rate) which may influence the dose received. These individual 
differences may tend to increase the spread o f the individual doses 
received within the critical group. There may also be some few 
members o f the public whose habits and characteristics are dramatically 
unconventional, and who may thus receive doses higher than those to 
the critical group. Radioactive waste management practices should hot 
be determined by the possible exposures o f these individuals but: by 
the dose to be expected in the members o f the critical group.

Obviously, great importance should be attached to the identifi
cation o f the critical group.

III .2. DOSE LIMITS

The dose limits shown in Table I are those recommended for 
individual members o f the general public by ICRP and the International 
Atom ic Energy Agency [5]. For the purpose o f establishing discharge 
limits, the dose limits here specified are to be applied to the mean 
annual dose received by those members o f the public identified as 
members of the critical population group.

However, the dose limits refer to the total dose received from all 
sources other than medical sources. The dose received as a result o f

TABLE I. DOSE LIMITS

Organ Lim it per year 
(rem )

W hole body, gonads, red bone marrow 0 .5 ‘

A ny sing le organ, exc lud ing the red bone m arrow,
gonads, bone, thyroid and skin 1.5

B one, thyroid a , skin  of the w hole body (exc lud in g  the skin
of the hands, forearm s, feet and ank les) 3

H ands, forearm s, feet and ankles 7.5

a The exposure of the thyroid of ch ildren below  the age o f 16 shall be lim ited 
to 1.5 rem in a year.
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waste discharges may be a fraction o f the total dose o f a member o f 
the critical group. Other fractions, the size and nature o f which will 
vary from place to place, may include, for exam ple, the dose received 
from radioactive materials naturally present in the environm ent; or the 
dose received as a result o f the fall-out from the atm osphere o f the 
debris from nuclear explosives tests.

In the establishm ent o f discharge limits the size and nature of 
such com ponents o f the total dose should be considered. If it is found 
that the "non-waste” com ponent o f the total dose represents a signify 
cant fraction o f the dose limit, then this should be taken into account. 
If the "non-waste” com ponent cannot be reduced it would be necessary 
to set the discharge lim it at a level which would ensure that the sum 
o f the "waste” and the "non-waste” components o f the total dose did 
not exceed the dose limits. In estim ating the dose to any organ or 
tissue account m ust be taken both o f doses contributed from external 
sources and o f doses resulting from the intake o f radioactive material.

Radiation doses resulting from exposure to external sources can 
be directly compared with the dose limits o f Table I. H owever, when 
the irradiation results from intakes o f radioactive materials, the dose is 
delivered over a period that does not coincide with the period over 
which the intake(s) occurs. In this case, to enable dose estimation it is 
appropriate to use the concept o f the "dose com m itm ent”. This is a 
projection o f the dose to be expected and is defined as the total lifetime 
(=  50 years) dose resulting from a given intake o f radioactive materials. 
It can be shown that if there is a constant rate o f intake o f radioactive 
materials, the resultant organ dose rate will reach an equilibrium value. 
"Intake lim its” can then be defined. These are those annual intakes of 
radioactive materials that w ill give rise to a dose commitment equal to 
the dose-limits o f Table I.

The dose limits recommended by ICRP are intended prim arily to 
lim it the incidence o f somatic effects. They should be applied, for 
purposes o f planning and design, only to small groups o f the popula
tion. When large populations are likely to be expose;d, for exam ple 
via the drinking water supply to a city, it is necessary to consider 
genetic effects, and the possibility o f somatic effects at a very low rate 
of incidence' (cases per rem o f total population exposure). For this 
type o f situation no general recom mendation on dose limits can be 
given. It will be the task o f the appropriate national authority to decide 
what levels o f incidence o f genetic and low-rate somatic effects will be 
acceptable in the circumstances existing in that country.
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However, for guidance, the following may be considered. The 
ICRP has set a provisional limit o f 5 rems per generation (30  years) 
for the genetic dose, which is equivalent to an annual dose limit o f 
approxim ately 0 .1 7  rem per year. The risk o f leukaem ia has been 
estimated, on a pessimistic basis, at ten cases per year per million o f 
population, at a mean annual dose to  the bone marrow o f 0.5 rem; 
which is the dose lim it for members o f small groups o f the general 
population. It is not unreasonable, therefore, to suggest a dose limit 
o f 0 .05  rem per year for large populations. It should be noted that 
the perm issible levels for London were set at one-hundredth o f the then 
( 1 9 5 1 )  accepted occupational levels. In practice and in accordance with 
the ICRP general recommendation to reduce irradiation to the lowest 
practicable level, much lower levels have been achieved.

III .3. ESTABLISHMENT OF SAFE DISCH ARGE LIMITS

The identification, in a particular set o f circumstances, o f the 
critical nuclide, the critical pathway and the critical population group 
presents a highly effective means o f estimating the population exposure  
likely to result from the discharge o f radioactive wastes to a water body.

By comparing the dose thus estimated with the dose limits 
recommended by ICRP it is possible to establish limits for the 
discharge o f the radioactive wastes. However, in establishing actual 
discharge limits the ICRP basic recommendation, that radiation expo
sure should always be kept as low as practicable, should be always 
borne in mind.

Those responsible for radioactive waste management and the 
radiation protection o f the public have the task, not only of establishing  
safe discharge limits, but also of dem onstrating that the limits set do 
not, in fact, result in radiation damage to the population. The use o f 
this, method will ensure not only a minimum investment o f the 
resources and effort necessary to establish safe dischargd limits but also 
a minimum investm ent o f resources and effort in the environmental 
surveillance necessary to dem onstrate the effective operation o f. the 
limits.
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IV. PRACTICAL CONSIDERATIONS IN 
ASSESSING DISCHARGE PROPOSALS

In assessing a proposal for a radioactive waste discharge it is 
unnecessary, indeed undesirable, to embark immediately on a pro
gramme o f detailed scientific studies. With a relatively small investment 
of effort, considerable progress can be made towards a reliable assess
ment by considering existing inform ation. What is first required is a 
prelim inary general study, in the nature o f a feasibility study. This 
should be undertaken at the design stage; and to ensure that the 
discharge limits ultim ately established provide adequate protection for 
all the population groups associated with the receiving waters, it should  
be made on an appropriate regional basis (e.g. a river-drainage basin). 
This may mean that international boundaries intervene and thus that 
intergovernmental co-operation is necessary (see Section V .3).

IV. 1. THE PRELIMINARY ST U D Y

This study will exam ine first the relationship between the initial 
discharge forecasts and the current and forecast radioactive material 
burden of the receiving waters. An assessment should be made o f the 
total burden, from all sources, o f radioactive material in the waters, and 
a forecast o f the future burden. This will require collection o f informa
tion from such organizations as water conservation and supply and 
public health authorities, and from  the organizations responsible for 
planning and co-ordinating industrial development. Consideration of 
such inform ation will help ensure that (a) the radioactive material 
burden o f the waters (and the consequent radiation dose rate to the 
population) does not already preclude the addition-of m ore radioactive 
material as waste; (b) the needs of all parts o f the region receive consid
eration with respect to the possibility o f discharge o f radioactive wastes 
(this may be im portant when different parts o f the region are at differ
ent levels o f industrial developm ent); (c) adequate allowance is made 
for future growth in the number o f sources o f radioactive wastes.

If at this stage, the study indicates that the proposal is still 
feasible, it is carried a step further. It w ill consider the character o f 
the proposed installation; the nature o f the work to be perform ed on 
or with the radionuclides; and the species, amounts and chemical and
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physical forms o f the radionuclides forecast to appear in the waste 
discharge o f the installation. This inform ation can be obtained (but 
perhaps only in qualitative or semi-quantitative term s) from the designer 
of the installation. The study will, in a general way, examine the 
relationship between the population and the waters and the uses made 
of the waters. This inform ation can be collected from central or local 
governm ent agencies such as ministries o f agriculture and fisheries and 
tourism , municipal councils, water supply authorities and electricity 
undertakings. By this means an estimate o f the likelihood o f the 
presence (and am ounts) o f any critical nuclides, a preliminary indication 
o f the existence o f any critical population groups and an indication of 
the order o f magnitude o f the possible population dose can be obtained.

Experience shows that this type o f study will usually place the 
proposed discharge in a true perspective and reveal whether it will 
make a negligible contribution to the radiation exposure o f the popula
tion. I f the study establishes that the proposed discharges are not 
negligible then further more detailed studies will be necessary to assess 
the possible radiation exposures and to establish limits for the 
discharges.

IV .2. DETAILED STUDIES

In making a detailed estimate o f the radiation exposure to man 
likely to  result from radioactive waste discharges into surface waters 
many factors need to be considered. The m ost important are:

(a) The species, amounts and physical and chemical forms of 
the radionuclides expected in the discharge;

(b) environm ental features which will affect the behaviour o f  
the released radionuclides, including man-made modifica-- 
tions o f the environm ent, for exam ple dams or harbour 
installations;

(c) the utilization o f the receiving waters for drinking water 
supplies, for industry, for agriculture, for fisheries and for 
recreation.

(d) . the size distribution and habits o f the population associated
with the receiving waters.
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IV. 2.1. Composition o f  discharge

The first step is the establishm ent o f  an estimate o f the species, 
am ounts and physicochemical forms o f the radionuclides in the 
discharge. In the case o f the small user o f a limited range o f radio
nuclides, this may be simple; or, as in the case o f a research laboratory  
embarking on a new program m e, or o f the commissioning o f a new 
type of nuclear power station, it may be m ore difficult.

However, it is impossible to proceed until an estimate has been 
made. Since the ICRP dose limits are expressed on an annual basis, 
short-term fluctuations in the radionuclide content o f the discharge are 
unlikely to be im portant; and the estim ate required is the radionuclide 
concentration averaged over a fairly long period, for exam ple six months 
or one year. The prim ary responsibility for the supply o f this informa
tion should rest with the designer/operator o f the installation. W here’ 
the assessment is concerned with a new installation, or with the estab
lishment o f a new process, the designer/operator’s estimate should be 
considered in the light o f available inform ation on discharges from  
similar installations or processes. It is also necessary to make an 
estimate o f the chemical com position o f the effluent in which the radio
nuclide^) is discharged, as this may affect the behaviour o f the radio
nuclide^) present.

IV. 2.2. Concentrations in receiving waters

Having estimated the effluent com position at the point o f 
discharge it; is necessary, in order to estimate the concentrations) in 
the receiving waters at the point o f use (or the point from which the 
dose is delivered to  man), to consider the route(s) by which the radio
nuclide^) w ill reach those points and determine if  there will be a 
change in composition.

Where the point o f discharge is a sewerage system, a significant 
change in the radionuclide com position may occur in the sewage-treat- 
ment plant. Depending on the chemical nature o f the radionuclides 
and the concentration o f the various isotopes, rem ovals in a sewage 
treatment plant can range from insignificant to virtually complete. Thus 
it becomes necessary to estimate the radionuclide concentration in the 
effluent o f the sewage treatment plant; and the doses delivered, to treat
ment plant w orkers as a result o f radionuclide accumulations on
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sludges. Should these approach the ICRP limits then the workers are 
a critical population group and the discharge limits must be set on 
this basis.

A  prelim inary evaluation o f the dispersion and resultant concen
tration o f the radionuclides in the receiving waters can be made by 
using existing hydrographic date.

In rivers, assuming mixing to  be complete and all- radioactivity 
to be in solution, the equilibrium concentration at the point o f interest 
will be a function o f the ratio of the flow rate in the river to the rate 
of addition o f the radionuclide. Since the interest lies in determining  
an annual dose lim it the river flow to be determined is the annual 
flow. This can be obtained from consideration o f the average daily, 
m onthly or yearly flows, the seasonal variations in flow and the effects 
of dams and impoundm ents on the travel time o f the radionuclide in 
the river between point o f addition and point o f interest. It should be 
remembered that a long travel time, relative to the half-life o f the radio
nuclide, will permit significant decay o f the radioactivity before it reaches 
the point o f interest.

In lakes the radionuclide concentration can be calculated, assum
ing com plete mixing and no removal mechanisms, from consideration  
of the rate o f addition o f the radionuclide, the rate o f outflow from  
the lake, the rate o f replenishment, the evaporation rate and any 
seasonal variations in these factors. However in lakes, assuming the 
radionuclide to  have a sufficiently long half-life, an equilibrium concen
tration will not be reached. The concentration will continue to rise at 
a rate proportional to the rate o f addition of the radionuclide.

In estuaries, unless the hydrological characteristics are very well 
known it is unwise to try to predict concentration values without some 
field experiments to establish mixing and dispersion patterns.

Experience shows that, with m ost discharges from users (as 
distinct from manufacturers and suppliers) o f artificial radionuclides, it 
w ill be unnecessary to proceed further, for the radionuclide will have 
already reached an insignificant concentration. The same may also be 
true for wastes from other types o f establishment, but where this is 
not so each proposal must be treated on an individual basis.

IV. 2.3. Mixing and dispersion

Complete mixing of a waste with a river water cannot be assumed 
to have occurred until some distance downstream from the addition
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point. This distance will vary w ith the different conditions found in 
each river. Restricted mixing and lam inar flow are com m only found, 
particularly in deep slow-flowing rivers. Undiluted effluent can be found  
far from  the waste addition point. This may be o f significance if the 
water is used at shorter distances. As the theory o f effluent dispersion 
in rivers is at present only pardy satisfactory, it may be necessary in 
such cases to determine experim entally the initial dilution. A common 
method o f making such determinations is to make controlled releases 
o f suitable tracers, for exam ple fluorescent dyes such as Rhbdamine B, 
or radioactive; tracers such as 198Au, and to measure the resulting con
centration profile along the river. In some cases it may be m ore con
venient to simulate flow and other conditions by the use o f physical 
models o f the river system, and to make the dilution predictions from  
there. In com plex systems having multiple interdependences between 
the hydrological param eters and the pollutant input variables mathe
matical m odels and the use o f computers have proved useful. By the 
use o f this technique the dispersion behaviour can be examined for, a 
wide range o f conditions. G loyna, using a combination o f physical 
m odels, mathematical techniques and a com puter, has reported [6] the 
developm ent o f a mathematical m odel which reasonably predicts the 
transport o f various radionuclides under different environm ental con
ditions.

Disposal into lakes probably, and into estuaries almost certainly, 
will require field studies using tracers, or experim ental determinations 
in models which simulate the conditions being studied to establish  
mixing and dispersion patterns. Because estuaries are generally hydro- 
logically very com plex the use o f  the mathematical model technique, 
provided a suitable m odel can be established, would appear to be in 
most cases an efficient means o f studying mixing and dispersion.

Data on the sedimentation o f radionuclides associated with 
suspended materials and on the drift o f these sediments are not easy 
to obtain. By following the m ovement o f actual sediments which have 
been labelled with radioactive tracers, it is possible to collect informa
tion on the drift o f sediments. However, for this inform ation to be 
useful, it m ust be known that the radionuclides o f the discharge will 
be associatecl with the sediments being studied^ Laboratory experiments 
with the radionuclides in the same physico-chemical form  as that found  
in the waste discharge can yield useful inform ation on the sedimentation  
o f the radionuclides and on their association with the sediments o f the 
river.
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. Inquiries and, surveys on the uses o f the water from the hydrolo
gical basin are essential for evaluating the,radiation exposure o f different 
population groups an d 'fo r identifying the "critical group”. They are 
used to  establish the effect on the population o f the use o f the water 
for drinking, as a ;source o f food, for irrigation, for occupational and 
recreational, uses, e tc ., 'They are also required to establish whether 
external irradiation may be significant in those cases where for occupa
tional or recreational reasons people stay in areas where sediments 
accumulate.

IV .2 .4 .1 . Exposure pathways

To describe quantitatively the relationship between contamination  
by radioactive materials o f water and the foods associated with it (this 
includes drinking water), the term generally used is the "transfer factor”. 
This is defined as the ratio, at equilibrium, between the concentration 
o f the radionuclide in a given food and that in the associated water. 
It can .be shown that, in the case of a short-term contamination o f the 
water, the same ratio is obtained between the infinite time integral o f 
the concentration in the food and the concentration in the water. 
Transfer factors are valid only for the conditions for which they have 
been determined.

The contamination resulting from the use o f drinking water can 
be readily assessed. It is the product o f the concentration and the 
annual consumption. It should be noted, how ever, that because con
ventional drinking water purification processes generally rem ove some 
radioactive material, the transfer factor for drinking water is usually 
less thain one.

Where commercial fisheries exist in the waters to which the waste 
is discharged, it is necessary, in order to assess the resultant dose to 
the population, to  establish the fishing location(s), the species and 
amounts taken and the pattern o f distribution o f the catch. It is then 
necessary to assess the radioactivity concentration in the fish, by means 
o f the transfer factor — in this case usually known as the concentration  
factor. In some cases this pathway may be important, and experimental 
determinations o f the concentration factors between water and fish may 
be necessary.

IV. 2.4. . Critical pathway and population groups .
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To evaluate the possible external irradiation o f fishermen the 
inquiries on fishing should also cover the fishing techniques. Such 
irradiation to fishermen could originate from two sources: the handling 
of contaminated fishing gear and working on beds where sediments 
contaminated with radionuclides have accumulated. Using inform ation  
obtained from disposals made under similar conditions it is possible  
to make a very rough estimate o f the doses likely to be received.

In view o f the complex processes which lead to the accumulation
of radionuclides in agricultural products the radiation exposure to
humans resulting from consum ption o f contaminated food cannot be 
readily assessed. To obtain a rough estimate o f an overall transfer 
factor to describe this pathway the following factors must be taken into 
account:

(a) The soil characteristics — type, total cation exchange capacity, 
calcium exchange capacity, infiltration capacity, etc. These charac
teristics influence the behaviour o f radionuclides in the soil, 
their accumulation, the availability for vegetation, and the magni
tude of the soil/plant transfer.

(b) The nature o f the crops and the agricultural techniques used —
the irrigation regime, rate o f application of, water, rotation of
crops, rate o f transpiration,, evaporation losses, etc. ’ .

(c) The partial transfer factors, from  sprayed water to plant, and 
from .soil to  plant, valid for the relevant conditions. The literature 
contains some references, but w here this'is an im portant transfer 
mechanism experimental determinations will be required.

(d) Food processing. . . .  ;

It must be remembered that where a plant is u sed ' as an animal 
food the transfer factor between the plant and the animal will have to 
be assessed. Transfer factors should be determined only on those 
parts o f  the plant or animal which affect the next stage in the transfer- 
process. For exam ple in a vegetable eaten by man the determination 
of the transfer factor should be made only on the portion actually 
eaten. ‘ •

It must' -be emphasized that, as a rule,"detailed stud ies'of all 
transfer pathways 'a re  not warranted. Experience show s'that in most 
casies a prelim inary exam ination will indicate that one or two pathways 
are predom inantly effective. These are the only ones which need to .be
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studied in greater detail, and then only if  the magnitude of the 
proposed releases justifies detailed study.

IV .2 .4 .2 . Critical population group

To identify the "critical group” and to obtain the quantitative 
inform ation necessary to assess its radiation exposure it is necessary to 
survey critically the distribution and habits o f the population associated 
with the waters being considered. The following aspects o f potentially 
exposed groups must be considered:

(a) Age distribution — the different age groups within a population  
have different food consum ptions, different organ masses and 
different metabolic parameters.

(b) Dietary habits — origin o f the food and mode o f preparation, 
annual consumption by each age group o f each food item.

(c) Occupational activities involving the possibility o f external irradi
ation..

(d) Recreational use o f the potentially contaminated environm ent.

When identifying the critical group it must be remembered that 
it may be located at a considerable distance from the discharge point.
' ■ In some cases detailed inquiries on population distribution and 
habits are not justified. If the "a p rio ri” exposures to be expected are 
low, it will be sufficient to postulate a "hypothetical critical g roup” o f  
extrem e characteristics. The doses estimated for such a group will 
clearly be the upper limits for the doses incurred by actual critical 
groups. A discussion o f the calculation, from the inform ation collected, 
o f the estimated dose will be found in Annex III..

IV; 3. ESTABLISHMENT OF DISCH ARGE LIMITS

In actually setting discharge limits that take into account all the 
uncertainties involved in a necessarily tentative assessment, a cautious 
approach should be adopted. A proposed discharge which on a realistic 
assessment would lead to doses to members o f the public approaching 
the limits recommended by ICRP should not at first be permitted. 
Experience shows that such a situation is likely to occur only in the
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cases o f the bigger nuclear installations.. However, with these it is likely  
that the discharge will initially be small and that there will be a period  
during which field measurements may be made and the actual environ
mental effects o f the discharge measured. The recommended procedure 
would then be for the com petent authority to perm it a small fraction ' 
(say one-tenth) o f that discharge calculated to give the limiting dose to 
the critical population group; and to reassess the permitted discharge, 
in the light o f the observations on the environm ent after the discharge 
has begun.

These observations will allow a reasonably good reassessment 
to be made o f the permitted discharge o f the critical nuclide. H owever, 
the com petent authority, bearing in mind that the first few years of 
operation may not lead to equilibrium conditions and that the critical 
group may be exposed to some other radiation source, will norm ally  
hold at least for some years to some lower limit.

It is to be emphasized, however, that for practically all establish
ments using radioactive materials, including nuclear power stations, the 
limit required (for operational purposes) by the establishment will be 
considerably less than the lim it set by the methods described here. In 
these cases the lim it will be set at some two or three times the actual 
discharge (i.e. enough for some operational flexibility) and will not be 
fixed by critical group considerations. Thus, the actual discharge limit 
may be either some fraction (say one-half or one-quarter) o f that calcu
lated by the critical group approach or some m ultiple (say two or 
three) o f the actual discharge. When the discharge lim it is trivial or so 
small as obviously to require no detailed consideration (as will be so 
for many users o f radionuclides), it may be expressed as a single figure 
o f total radioactivity, x curies per year. For larger discharges the limit 
may be more complicated. It may be desirable to set separate limits 
either for the ,critical radionuclide, for those accounting for m ost o f the 
radioactivity in the discharge, or for those, like tritium , which require 
special methods o f estimation.

The ICRP dose limits are either annual or for a generation, and 
discharge limits' derived from them would logically refer to the same 
periods. Indeed the biological evidence on which the limits are based 
would not justify the use of shorter periods. M oreover, in the type of 
situation here discussed, it would be very difficult to so grossly exceed 
the limits as to lead to acute effects.

H owever, for legal purposes, and indeed for effective control o f  
discharges by a competent authority, operational discharge limits
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relating to shorter periods • may be desirable. It is suggested that 
discharge limits expressed on a m onthly or a quarterly basis would be 
suitable for this purpose. The discharge lim it appropriate to the 
m onthly or quarterly period should not be calculated by proportion  
from the annual lim it unless this were to  be the sole limit, i.e. the 
lim it relating to the shorter period replaced that relating to a year. If 
the annual lim it is retained, a subsidiary quarterly lim it, o f say one-half 
of the yearly lim it, or a subsidiary m onthly limit, o f say one-quarter 
o f the yearly lim it might be associated with it. That is, two discharge 
limits would be specified, one for a year’s discharges, and one for a 
m onth’s or one for a quarter’s.

IV.4. REVIEW OF DISCH ARGE LIMITS

Unless the discharges are so small as to present a negligible risk 
to public health, the discharge limits should be subjected to critical 
review at regular intervals. This is necessary because the conditions o f 
release and/or the environm ental conditions may change. In the 
extrem e case a complete reassessm ent may be necessary. The basis for 
such a review will be a scheme for m onitoring the discharges and the 
environm ent which is designed to achieve the following objectives:

(a) To determine whether there has been since the original assess
ment any significant change in the species and amounts o f radio
nuclides in the waste discharge;

(b) To determine whether, since the original assessment, the factors 
relating the critical nuclide to the critical group have changed. 
This includes watching for changes in population structure and 
habits.

(c) To determine whether the originally designated critical path is 
still the critical path.

IV .5. , OPERATIONAL ENVIRONMENTAL M ON ITORIN G

The basic inform ation for a critical review o f discharge limits will 
come from an environm ental m onitoring scheme designed to dem
onstrate that the discharge limits as specified by the com petent authority 
are not being exceeded. The waste discharges o f many institutions, e.g.
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hospitals and tracer laboratories, w ill be so small that environm ental 
m onitoring in the individual case will norm ally not be warranted. It 
will be for the appropriate com petent authorities to decide whether 
there are sufficient o f such waste producers in a given drainage basin 
to produce, cumulatively, a situation requiring environm ental m on
itoring. Even then, only a limited programm e will be necessary. It is 
only the very big producers o f radioactive wastes that need regular 
m onitoring programmes.

Where m onitoring is required the fundamental aim should be to 
provide only the inform ation needed to assess the actual, or potential 
radiation exposure o f the critical group. The m onitoring programme 
should be designed so that only exposure via the critical pathways is 
routinely examined; and that only the critical nuclide concentrations are 
determined. The indiscriminate accumulation o f measurements o f 
"total-alpha activity” and "total-beta activity” in all rem otely appropriate 
materials is particularly undesirable. However, where it is known that 
the critical nuclide is present in a specific article o f diet as a known  
fraction o f the total radioactivity, a measurement o f the total radio
activity may be sufficient to provide the necessary inform ation. Unless, 
however, the radioactivity o f the critical nuclide is at least equal to the 
natural radioactivity (background) the estimation will not be very 
reliable.

Where appropriate, the use o f the gamma-spectroscopy technique 
is very convenient. It obviates the need for time-consuming and expen
sive chemical separations o f specific radionuclides. W here chemical, 
separations cannot be avoided standard procedures [7] should be used, 
and the usual precautions taken against loss o f sample. O f these the 
m ost im portant are the use o f "hold-back” carriers and scavenging 
through the different valency states.

It is sometimes possible, by m onitoring a precursor in the food 
chain, to m onitor indirectly the radioactivity concentration in the critical 
article o f diet. The ratio o f the radionuclide concentrations in the diet 
article and in the precursor m ust be known with sufficient accuracy for 
the subsequent calculation. In some cases the m ost convenient mode 
o f attack may be to make measurements on biota species which are not 
in the food chain, but which are recognizable as good "biological indi
cators”. These can be o f two types: "current leve l” m onitors which 
follow readily the varying radionuclide levels in the environm ent; and 
"integrating m onitors”, whose current radionuclide concentrations relate 
to the history o f the environm ental contamination.
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The ultimate in the simplification o f environm ental monitoring  
is simply to m onitor the effluent itself. Although this can be quite 
satisfactory when the transfer factors are known with confidence as a 
result o f  some years o f operation, it cannot com pletely replace the 
m onitoring o f the critical article o f diet. It m erely reduces the frequency 
with which this must be done.

It should be noted that, in order to establish that the critical 
path is still, in fact, the critical path, one or m ore alternative critical 
paths must be hypothesized and checked in the same manner as the 
original critical path.

In principle the "whole-body” counting technique would appear 
to provide a very direct method o f establishing the validity and effec
tiveness o f discharge limits. However, it should be remembered that 
the cost o f establishing whole-body counting facilities specifically for 
this purpose is high compared with the cost o f the environm ental 
m onitoring methods described above. The method has also the dis
advantages o f being, in many situations, cumbersome to operate, and 
o f being unable to provide early warning o f changes in the concentra
tion o f the critical nuclide in the environm ent. Thus, supposing that 
this concentration began to rise, the method, if used as the only 
environm ental m onitoring technique, would provide no opportunity  
for initiating corrective action before damage to man occurred. Where 
whole-body m onitoring facilities already exist their use as a supplemen
tary method o f environm ental m onitoring will demonstrate the validity  
o f the predictions concerning the rate o f intake o f the critical nuclide 
by members o f the critical group.

V. RADIOACTIVE WASTE MANAGEMENT POLICY

V .l.  THE "BENEFIT TO C O ST ” RATIO CONCEPT

In radioactive waste management practices, which may include 
controlled release to the environm ent, health and safety factors are 
dom inant, but economic factors are also o f great importance.

The ICRP recommendations express the view that within speci
fied limits man can receive small doses o f radiation without signifi
cant risk o f somatic or genetic injury. Therefore, those radioactive 
waste management practices which involve environm ental disposal may
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be considered as acceptable if  the resultant radiation exposure to the 
population does not exceed the established dose limits. H owever, 
ICRP also recommends that every reasonable effort should be made to 
minimize radiation from whatever cause. It follows that, even if  the 
population doses resulting from radioactive waste disposal operations 
a.ie below the dose limits, the quantity o f radioactive material discharged 
in the effluent should be reduced if  this can be done at an acceptable 
cost. The decontamination o f effluents to achieve a discharge level 
approaching zero may not be technologically feasible, or may be so 
only at very high cost. At the same time, to operate continuously at 
a discharge level which would result in doses to the critical population  
at, or approaching, the dose limits would not be justified if the amount 
o f radioactivity in the effluent could be significantly reduced by a not 
too expensive treatment. O bviously a rational compromise must be 
achieved between, on the one hand, this need to reduce to a minimum  
the radiation exposure o f the population and, on the other, the need 
to minimize the cost o f the effluent treatm ent necessary to reduce4 those 
radiation exposures. To do so it is necessary to consider whether, in 
achieving for the community an assurance o f minimum radiation 
exposure, the resultant benefit is outweighed by the financial cost 
incurred in achieving that assurance. In some cases, provided that the 
dose limits are not exceeded, the overall interests o f the community 
might best be served by acceptance o f the slightly higher risks involved 
in not reducing- radioactivity discharges to the minimum achievable. 
In other cases it may be in the com m unity’s best interests to accept 
the higher costs involved in m ore stringent effluent treatment.

Since such a judgement can be made' only after careful consider
ation o f all the local factors involved, it is obvious that no specific 
recommendations can be given. It can be said however that the' policy 
governing radioactive waste treatm ent/disposal operations should place 
heavy emphasis on the achievement o f a satisfactory "benefit-cost” ratio.

V .2. O RG AN IZATIO N AL PRINCIPLES AT THE.
N ATIO N AL LEVEL

In alm ost every country governments have recognized the need 
to exert regulatory control over matters relating to nuclear energy, 
including the disposal o f radioactive wastes. The precise method o f
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effecting this control has varied widely, but by examining the various 
arrangements it is possible to  identify certain im portant principles and 
procedures which have particular reference to radioactive waste manage
ment.

O f fundamental importance is the designation by the appropriate  
organ o f governm ent o f an authority com petent to regulate matters 
relating to nuclear energy. This authority may be a special body 
independent o f other administrative elements in the structure o f the 
governm ent. It may encompass various departments o f government at 
various levels, national and local, in which case the departm ent respon
sible for public health will usually participate. Where the structure of 
the competent authority involves more than one department or authority  
particular care should be exercised to ensure, preferably by means o f 
some form al arrangement, that adequate liaison exists, and that the 
activities o f the various com ponents are properly co-ordinated. The 
powers invested in the com petent authority w ill perm it it to make 
regulations concerning the possession, use and disposal o f radioactive 
materials; and to  specify quantities o f radioactive materials which are 
exem pt from the regulations. They should also perm it the authority to 
issue licences for specific operations and to attach appropriate conditions 
to those licences. In particular, the authority should have the power to:

( 1 )  Demand registration o f the amounts o f radioactive materials to 
be used and discharged, and particulars o f the quantities and 
com position of the wastes.

(2 )  Issue exem ptions, where appropriate, permitting the use o f partic
ular species and/or amounts o f radioactive materials, and exemp
tions for particular waste disposal practices.

(3 ) Inspect premises, and to seek and obtain inform ation relating to  
the handling of radioactive materials.

(4 )  To give, or withhold, prior approval for all radioactive waste 
handling treatment and disposal (i.e. management) practices after 
consideration o f the data supplied from the appropriate environ
mental studies.

(5 )  Require compliance with the requirements concerning the 
quantity and com position o f the radioactive waste that it has 
laid down.

(6 )  To carry out (or have carried out) such sampling and monitoring  
o f the critical nuclide, the critical pathway and the critical popula-
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tion group as is considered necessary to establish that the ICRP
dose limits are not being exceeded.

The com petent authority would norm ally administer the regula
tions relating to  radioactive waste disposal, and take action to secure 
the abatement o f any pollution and the application o f the prescribed  
sanctions.

Where local authorities are not principally responsible fo r the 
control o f radioactive waste disposal, provision generally is made for the 
maintenance o f  close co-operation, in particular cases, between the 
designated com petent authority and such local authorities as would in 
general be responsible for the public health in the area concerned.

V.3. INTERNATIONAL COLLABORATION

In the "critical nuclide — pathway — population group” concept 
there is implicit the idea that no radioactive waste disposal and its 
environm ental consequences can be considered in isolation. For, as has 
been indicated, the critical population group may be found to be quite 
rem ote from the point o f radioactive waste release. For this reason the 
assessment o f a proposed discharge must be made on the basis o f the 
w hole o f the drainage basin. It should take into account the upstream  
use o f the system for radioactive waste disposal operations, and all the 
downstream uses o f the water. In some cases this will involve consider
ation o f environm ental effects to the river mouth or estuary. Thus, the 
existence o f critical population groups outside the country o f origin o f 
the waste may have to be considered.

In view o f the rapid and continuing worldwide expansion of 
nuclear power, and other programm es involving the possible release of 
radioactive materials to the freshwater environm ent, and o f the fact that 
in many cases such releases w ill involve internationally shared waters; 
and since, in terms o f the ICRP recom mendations, all critical population  
groups must be considered, the assessment o f a proposed discharge 
and the establishment o f discharge limits may require bi-lateral or 
multilateral international collaboration.

Detailed consideration o f the modes by which such collaboration  
might be achieved lies outside the scope of this report. However some 
general observations may be made. One mode could be the establish
ment o f  an international convention which, by specification o f water
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quality criteria, w ould control the quantities o f radioactive materials 
passing from one country to an o th er.. It is considered that, in the 
context o f applying the ICRP population dose limits to the establish
ment o f discharge limits, such an arrangement would be too static and 
inflexible.

A  more useful arrangem ent, better able to  deal with changing 
circumstances, would be to make use o f already existing organizations, 
established perhaps for other purposes; or to establish by international 
agreement an organization specifically for the purpose. In both cases 
means would have to be found o f investing the organizations with 
powers o f the type specified for national competent authorities.

VI. CONCLUSIONS

Twenty years o f experience in the discharge into rivers, lakes and 
estuaries o f wastes containing radioactive materials has now accu
mulated; and in that time the environm ental effects o f these discharges 
have been the subject o f intensive scientific study. The. results o f these 
studies show that, even in the case o f large releases o f radioactivity 
(where the study o f environm ental effects has been particularly intense), 
the resultant radiation doses to populations have been only small 
fractions of the dose lim its recommended by IGRP. Further, the expe
rience shows that, in most cases, it is possible without incurring an 
unacceptable cost penalty to lim it discharges o f radioactive materials as 
wastes to amounts which will not cause the dose limits to be exceeded.

On the basis o f this experience it is now possible to conclude 
that, provided the principles and procedures here recommended are 
applied, the growth o f the nuclear industry and the consequent increase 
in numbers o f facilities requiring to discharge radioactive wastes need 
not be limited by the fear o f exceeding the dose limits.

It can also be expected that the m ajority o f these facilities will 
release relatively small amounts o f radioactive materials, and that the 
effort required for the resultant environm ental surveillance will be 
considerably less than that provided by the larger establishments.

Finally, it can be concluded that twenty years’ experience has led 
to  the development o f no better means for -assessing radiation risk
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resulting from radioactive waste discharges, and for establishing radio
active waste discharge limits, than the application o f the critical 
nuclide — critical pathway — critical population group concepts.
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ANNEX I

EXPOSURE PATHWAYS ASSOCIATED WITH VARIOUS 
USES OF A WATER BODY CONTAINING 

RADIOACTIVE WASTES

This annex lists, in a form suitable for easy reference, some o f 
the pathways by which radionuclides released into rivers, lakes and 
estuaries may reach man and deliver a dose o f radiation. The exposure 
pathways are categorized on the basis o f the mode o f use of, o r contact 
with, the water body. Within each category the exposure pathways are 
arranged so that the more obvious stand first. The listing is not ex
haustive but covers the more important possibilities.

This listing is intended as an aid in assessing a particular 
situation; that is, to help ensure that no important possibilities are 
overlooked. In making an actual assessment it is imperative to consider 
not only what radionuclide is present, but also the physical and chemical 
form in which it appears, for it is. im possible that all ionic species 
could appear in all the pathways listed. It is also important to 
remember that the relative importance o f the different pathways depends 
on the characteristics o f  the particular environm ent as well as on the 
waste characteristics.

1. Pathways associated with activities such as commercial fishing and 
diving; recreational activities such as swimming, boating, water- 
skiing, sunbathing, or other activities which involved immersion  
in or close approach to the water body.1)
1 .1 . Direct external irradiation from the water while immersed, 

or nearby.
1 .2 . Direct external irradiation while in the proxim ity o f accu

mulations o f radioactive materials in deposits on beaches, 
rocks, fishing and boat gear, etc.

1.3 . Direct external irradiation from materials deposited on skin 
or clothing (spray, mud, etc.).

1) The pathw ays listed  under Sections 1 and 3 m ay be of particu lar im portance in 
the case o f a com m unity which lives in close contact w ith  the w ater body and has a 
heavy dependance on it  for food supplies (e .g . a fish ing com m unity which does not 
export its catch).
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1.4 . Internal irradiation from incidental ingestion o f water or 
from deposition o f material in skin lesions.

1 .5 . Internal irradiation from inhalation/ ingestion o f spray.

2. Pathways associated with the use o f the water for agricultural
purposes.

2 .1. Use o f contaminated plants (as in Sections 2.2 and 2 .3 ) as 
feed for animals producing foods eaten by man (eggs, meat, 
milk) can lead to internal irradiation.

2.2. Consum ption o f plants which have incorporated radioactive 
materials either directly from the irrigation water or from  
the soil following transfer from the water, can lead to 
internal irradiation.

2.3. Consum ption o f plants externally contaminated as a result 
o f spray irrigation can lead to internal irradiation.

2.4. Direct external irradiation can result from accumulations 
o f radioactive materials on muds and silts in and around 
irrigation ditches and spray irrigation equipment (sim ilar 
to Sections 1.2  and 1 .3 ).

2.5. Direct external irradiation can result from water in ditches 
(sim ilar to Section 1 .1 ) .

2.6. Direct external irradiation can result from handling and 
transport o f foodstuffs contaminated as in Sections 2.2 and
2.3.

3. Pathways associated with the use o f the water as a source o f
foods.1 )
3 .1. Uptake o f radioactive materials by aquatic organisms, con

sumption o f these as food by other species and finally 
transfer to species used by man as food (aquatic plants, 
shellfish, fish, waterfowl) can lead to internal irradiation. 
A t any or all stages in this type o f food chain concentration 
mechanisms may operate.

1) The pathw ays listed under Sections 1 and 3 m ay be of p articu lar im portance in 
the case o f a com m unity which lives in close contact w ith  the water body and has a 
heavy dependance on it for food supplies (e .g . a fish ing com m unity which does not 
export its catch).
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3.2. Concentration o f radioactive material in fish and shellfish, 
by both food chains and direct transfer from the water, 
can lead to direct irradiation when handling in both as well 
as internal irradiation resulting from consumption.

4. Pathways associated with domestic uses o f water (drinking,
cooking, cleaning, bathing, etc.).
4 .1 . Internal irradiation will result from drinking contaminated  

water.
4 .2 . Internal irradiation can result from transfer o f radioactive 

materials to foods washed and/or cooked in the conta
minated water.

4 .3 . The use for bathing and domestic cleaning o f contaminated  
water will contribute to the external irradiation dose.

4 .4 . In hard water areas radioactive materials may associate 
with deposits formed in cooking utensils, etc., and contri
bute to the external irradiation dose.

5. Pathways associated with industrial uses, and with purification
o f water.
5 .1 . Retention and accumulation o f radioactive materials in 

filters, ion exchange colum ns, sludge setding basins during 
water and sewage treatment processes can contribute to the 
external irradiation dose.

5.2. Accumulations of radioactive materials at various points 
in industrial processes (e.g. deposits in cooling towers) can 
lead to the type o f situation described in Sections 1 .2  
and 1.3 .

5.3. Transfer o f radioactive materials from the processing water 
to the food during food processing can lead to internal 
irradiation.
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ANNEX II

EXAMPLES OF RADIOACTIVE WASTE DISCHARGES

1. IN TRO D UCTIO N

In this Annex an attempt is made to illustrate in more or less 
quantitative terms by means of concrete examples the concepts con
sidered in general terms in the body o f the text. The exam ples used 
to illustrate the discussion are:

the Oak Ridge National Laboratory, Oak Ridge, Tennessee, 
United States o f America (ORNL);
the Hanford Production Facility, Richland, Hanford, Washington, 
United States o f America (H anford);
the CEGB Nuclear Power Station, Bradwell on Sea, Bradwell, 
Essex, United Kingdom (Bradwell);
The study o f the radiological'capacity o f the Danube carried out 
by the Bayerische Biologische Versuchsanstalt for the Federal 
Republic o f Germany (D anube Study).

These exam ples have been chosen because the studies on the 
environmental effects o f waste discharges carried out at these sites have 
been extensive and are well documented; and because they represent a 
variety of waste discharge situations. ORNL waste releases are made at 
a point some 2000  km from the G u lf o f  Mexico into a m inor branch 
of a large highly regulated inland river system that does not cross 
national boundaries and that is in an area o f fairly high population  
density. Hanford wastes are released into a m ajor river that is fairly 
highly regulated and that does not cross national boundaries, at a point 
some 560  km from the ocean. The drainage basin is not heavily pop
ulated. Bradwell wastes are released into a coastal estuary a few kilo
meters from the English Channel. The population density o f the 
adjacent coastal areas is high, but that o f the immediate environs is 
lower. The waste releases considered in the Danube study (which is 
not yet com pleted) occur and will occur mainly in the Bavarian stretch
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o f the Danube, but also probably from all the countries along its entire 
length o f some 2 5 0 0  km. There is some regulation of the river in its 
upper and m iddle reaches and further regulation can be predicted. Its 
valley is quite heavily populated, the density being higher in the upper 
reaches than the lower.

Each o f  the- exam ples is discussed separately, attention being 
focused mainly on the topics waste sources and characteristics, dilution- 
dispersion-accumulation mechanisms, critical nuclides, critical-pathways, 
critical population groups and safety evaluation.

2. ORNL [ l ] 1)

ORNL is a large and com plex establishment which has been in 
operation since 19 4 3 . It stands in Tennessee on the White Oak Creek 
drainage basin which drains to the Clinch River which in turn is trib
utary to the Tennessee River. Its activities include the operation o f 
various types o f reactor, the study o f many aspects o f reactor fuel 
reprocessing, radioisotopes separations and radioactive waste treatment 
and the operation o f national waste burial grounds. At .ORNL, as at 
all nuclear establishm ents, from the earliest beginnings the potentially 
damaging nature of uncontrolled waste releases, and the need to protect 
man from possible danger, were recognized. Initially this was done by 
ensuring, by various means, that the concentrations of radioactive mate
rials in the Clinch River were below the maximum permissible concen
trations recommended for drinking water by ICRP and by U S national 
bodies. With the increasing com plexity and num ber o f operations at 
ORNL came the desire to be able to give an absolute assurance that 
man was adequately protected; and the realization that in order to be 
able to give that assurance considerably more knowledge was needed o f 
the details o f the behaviour o f released radionuclides. Thus, there was 
begun a detailed and com prehensive study which has added significantly 
to the knowledge o f the consequences o f the release o f radioactive 
wastes to an inland river environm ent, and which- has contributed to 
the establishment and developm ent o f several o f the important concepts 
discussed in this report.

1) V irtually a ll the inform ation on which this section is based is taken  from 
Ref. [1],
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2.1. Scope o f  the study

A general study was made o f the hydrology o f the Clinch River 
basin. This included exam ination o f streamflow records and exper
imental studies o f the effects o f regulation o f the system by dams, o f  
stratification phenom ena, o f the dilution capacity o f the Clinch River 
for the inflowing White Oak Creek waters, the mixing characteristics, 
dispersion and accumulation in sediments.-

Surveys were also made o f water usage in the system. The major 
uses were identified as potable water supplies, industrial water supplies, 
fishing and recreation, irrigation, electric power generation and naviga
tion. As part o f the study the effects were considered on each o f these 
usages o f the release o f contaminated wastes from White Oak Creek. 
Such consideration involved studies o f the transport o f radionuclides 
through the system; of the accumulation o f radionuclides in sediments 
and in the biomass; the identification o f pathways by which the nuclides 
might deliver a radiation dose to man (critical pathways) the identifica
tion o f the population group most likely to be damaged (critical pop
ulation group); and the calculation o f the resultant dose(s). Effort was 
also devoted to the study o f the question o f radiation-induced changes 
in biological species present in the environment. A  successful effort to 
identify "indicator organisms” was also made.

2.2. Waste characteristics

The principal long-lived radionuclides released to the Clinch 
River from the White Oak Creek drainage basin are 144Ce, 137Cs, 60Co, 
95Zr-Nb, 106Ru, 90Sr and a mixture o f other rare earths. As a result o f 
the age, history and com plexity o f  ORNL there exists in the drainage 
basin no single source for all the radionuclides mentioned above. They 
reach the creek from an effluent treatment plant, from burial grounds 
for solid wastes, from disused settling basins, from seepage pits and so 
on. Thus it is virtually impossible to define the physico-chemical forms 
in which the radionuclides reach the river system.

2.3 . Dispersion and accumulation studies

The water in both the Clinch and the Tennessee Rivers is 
described as slightly basic, moderately hard and has norm ally a relatively 
low concentration o f suspended solids. Stratification in the Clinch
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River can occur. It is known that in summer density underflows develop  
in the lower end o f the Clinch River arm o f Watts Bar Reservoir. These 
result from the release o f cold, stored water from Norris Dam upstream  
on the Clinch. The discharges from White Oak Creek m ix with this 
cool water upstream o f the point on the Clinch at which the under
flows form. The waters o f the underflows do not m ix in the reservoir 
with the incoming Tennessee River waters. The waters mix eventually 
at the Watts Bar Dam as they pass through the power generating tur
bines. The average and median dilutions available in the Clinch River 
for the White Oak Creek inflows have been found to be 6 70  and 570  
respectively. Several dye-tracer studies have shown that complete mixing  
o f the White Oak Creek and Clinch River waters occurs within 6 to 
10  km downstream from the m outh o f White Oak Creek. Other dye- 
tracer tests designed to investigate the effects on the White Oak Creek- 
Clinch River dispersion-flow regime o f the operation o f the newly built 
multipurpose Melton Hill Dam showed some changes in the regime 
but none which were considered to have created problems.

A detailed study was also made o f the transport and accumulation 
o f sediments in the system. Consideration o f the nuclides and quantities 
released, half-lives and effects on man indicated that the radionuclides 
o f primary importance (critical nuclides) in this study were 6nCo, 90Sr, 
106Ru and 137Cs. The dispersion and accumulation o f these nuclides 
were studied in a com prehensive program o f sampling and analysis o f 
water, bottom  sediments and biological materials. The results combined 
with the inform ation obtained in the hydrological studies permitted 
good definition o f the mechanisms o f dispersion and accumulation o f  
the nuclides in the river environment. From this part o f the study the 
following principal conclusions were drawn:

( 1 )  90Sr, 60Co, 106Ru in White O ak Creek, Clinch and Tennessee 
Rivers are associated m ainly with "dissolved” solids. The behav
iour o f 137Cs was markedly different. In the White O ak Creek the 
bulk o f 137Cs was associated with suspended solids o f larger 
particle size, whereas in the Tennessee m ost o f the 137Cs was 
associated with "dissolved” solids.2)

(2 )  Virtually alls the 90Sr and 106 Ru, 91%  o f the 6nCo and 79%  o f 
the 137 Cs released from White Oak Creek passed through the

2) See Section 2 of this report.
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system associated with the water phase as far as Chattanooga, 
some 2 1 0  km downstream.

(3 ) The greatest fraction o f the radionuclides retained in the system 
was held on the sediments. In the downstream reaches, with 
relatively low flow, the radioactive sediment accumulations were 
distributed generally over the stream bed. In the swifter flowing  
upper reaches, the sediments had concentrated along the sides o f 
the stream channel.

(4 ) The radionuclide content o f the bottom  sediments o f the whole  
system was estimated at 200  Ci or about 1.5%  o f the total radio
activity discharged from White Oak Creek since 19 4 4 .

(5 )  Although it was not found possible to measure the radionuclide 
content o f the biomass o f the river system, an indirect method o f 
estim ation indicated that the amount accumulated at any one time 
would be only an insignificant fraction o f the total load o f radio
nuclides in the river.

A general conclusion drawn from this part o f the study was that 
part o f  the river system studied appears to act essentially as a pipeline 
with no significant accumulation o f the discharged radionuclides either 
in sediments or in the biota.

2.4. Critical nuclides — critical pathways — critical populations

Early in the planning o f the study it was recognized that, because 
o f the num ber o f biologically significant radionuclides involved in the 
discharges and because o f the many modes in which the population  
used the waters o f the system, considerable effort would need to be 
devoted to the questions o f establishing which were the most important 
o f these nuclides and which the m ost important transfer pathways. If 
this were not done, not only would the results o f the initial survey b e . 
difficult to interpret and doses to various population groups difficult to 
estimate, but a rational scheme for future surveillance would be difficult 
to establish.

Early consideration indicated that the biologically m ost important 
nuclides reaching the Clinch River were 90S r ,137Cs, 106Ru and 60Co; and 
that important exposure pathways might include (i) consum ption of 
contaminated water and fish; (ii) exposure to contaminated water 
and/or sediments during recreational and/ or industrial use of the water;
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(iii) exposure to contaminated sludges and deposits in water-systems 
using the river water; and (iv) consumption o f agricultural produce 
irrigated with river water.

Consideration o f these factors led to the selection as "critical 
organs” o f bone, gastro-intestinal tract, thyroid gland and the "whole 
body”.

On these bases were made estimates o f the doses to humans 
resulting from radionuclides in the Clinch and Tennessee Rivers. These 
were made using the data on the concentrations of radionuclides in the 
various elements o f the environm ent and conservative assumptions, 
based on an incom plete knowledge o f population habits, on the intake 
o f or exposure to those concentrations o f nuclides by various parts o f  
the population.

To all internal dose calculations correction factors were applied. 
These took into account differences in the mass o f the critical organs 
and in the rate o f fluids intake as functions o f age. Because o f the 
magnitude o f  this task the calculations were made with a computer.

The results o f  this investigation showed that since they contrib
uted most heavily to the total dose the critical nuclides were 90Sr and 
137Cs, and that the critical pathways were drinking o f contaminated river 
water and eating fish from the river system. It was also found that, 
while crop-irrigation is not now a critical pathway, it could possibly  
become one. The critical population groups were found to be the 
18-year-old group living on the Clinch River and the 14-year-old group 
living on the Tennessee River. For both groups the estimated cumula
tive doses are less than 10% 'o f that permissible.

3. HANFORD [2]3)

Hanford is a large and com plex establishment that has been in 
operation since 19 4 4 . Originally established as a plutonium production  
facility (neutron irradiation o f uranium in reactors followed by chemical 
separation), it has since undertaken work on many other aspects o f 
nuclear technology. It is located in southeastern Washington State, 
United States o f America, on the Colum bia River, a large swiftly flowing 
river which empties into the Pacific Ocean some 560  km downstream  
from Hanford. This river valley is a semi-arid region and its average

3) M ost of the inform ation in the section is taken  from Ref. [2].
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population density is not high. The aggregate population o f commu
nities near the plant, together with the surrounding agricultural commu
nities, is about 90  000 . Since the commissioning o f the Hanford site 
in 19 4 4  the regulation o f the river has gradually increased. At present 
the river is dammed in five places which might affect the distribution o f 
released radionuclides. These dams are:

( 1 )  the Priest Rapids Dam some 15 -20  km upstream o f Hanford;
(2 )  the McNary Dam some 120  km downstream o f Hanford;
(3 ) the John Day Dam located about 10 0  km downstream o f the 

McNary Dam;
(4 )  the Dalles Dam about 25 km downstream o f John  D ay Dam;
(5 )  the Bonneville Dam about 70 km below the Dalles Dam.
The Colum bia is joined downstream of Hanford by three large tribu
taries. These are the Yakim a and the Snake which join at Richland and 
Pasco respectively; and the Wilamette which joins near Portland  
(O regon). Being essentially a snow-fed system the flow o f the Columbia 
varies with the season.

3.1. Wastes sources and characteristics

The principal sources o f  the radionuclides reaching the Columbia 
River are the production reactors. O f the wastes arising from other 
operations at Hanford the high-level fuel reprocessing wastes are stored 
in tanks, and low and intermediate level wastes are discharged after 
suitable treatment into a highly suitable soil formation. Evidence shows 
that these wastes do not reach the river.

A t one time there were nine plutonium-producing reactors at 
Hanford, o f which five were shut down between January 196 5  and 
December 19 6 7 . One o f the operating reactors is a dual-purpose 
(plutonium -power) reactor and has a closed cycle cooling system. The 
remaining reactors have low-pressure single-pass cooling systems oper
ating on treated river water. Before entering the reactors the river water 
is treated by coagulation-sedimentation and filtration (to  remove particu
lates), and sodium chromate is added as a corrosion inhibitor. The 
sodium chromate, the remaining impurities and any corrosion products 
are subjected to a high neutron flux while in the core and become 
activated. In addition small amounts o f fission product occasionally 
appear in the effluent coolant. These result from the small amount o f
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TABLE I. RELATIVE ABU N D AN CE OF REACTOR EFFLUENT 
RAD IO N U CLID ES a

M ajor Minor T ra ce
(90%) (9%) U%)

MNa 3 2 p 3 H 9 iy 143Ce

31 Si 46Sc MC 93y
144 Ce

M C r 69 "En 35s 95 Nb 142 P r
56 ]Y1 n 72Ca 45Ca 99 Mo 143 P r

« C u 16 A s 54 Mn 103R u 147 Nd

92S r 59F e 106 R u 147P m

122Sb 60Co 124Sb 149 Pm
132j 65Ni 131 j 151Pm

140L a 65Zn 133 j 152E u

152m Eu 87mS r 135 j 156E u

153 Sm 89S r 136 C s 153G d

165D y 90 S r 131 C s 159Gd

239Np 91Sr 
90 y

140 B a

141 Ce

!6 0 T b  

161 Tb 

^ s h o

169E r
171E r

a Adapted from Rep. BNW L-983 (1967).

TABLE II. FORMS OF RADIO N UCLIDES IN HANFORD REACTOR  
EFFLUENT a

Nuclide
P artic u la te

(%)
P ercen tage of that in solution that is

Cationic Anionic Uncharged

65Zn 16 100 0 0

51C r 2 3 96 1

124 Sb 9 0 100 0

46 Sc 68 34 62 5

54 Mn 3 97 2 0

a . A dapted from a tab le  in Ref. [ 3].
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natural uranium in the river water, uranium contamination o f the sur
faces o f fuel elements and occasional rupture o f fuel cladding. Table I 
lists the radionuclides (and their relative abundances) detected in 
effluent coolant four hours after irradiation.

It is clear that fission products contribute only a m inor faction to 
the total radioactivity o f the effluent.

Table II gives some idea o f the distribution by physico-chemical 
form o f some o f the radionuclides discharged.

3.2. Dispersion and accumulation '

As mentioned above, the flow o f the Columbia is markedly  
dependent on seasonal variations, and the contributions o f its major 
tributaries are also under seasonal influence. Thus there are wide sea
sonal variations in the dilution capacity o f the river.

It has been found that a large fraction o f the radionuclides 
released to the Colum bia rapidly become associated with the river sedi
ments which either settle or are carried to the Pacific Ocean. Studies 
o f the depletion, sedimentation, scouring • and inventories o f several 
radionuclides have shown depletions o f  som e radionuclides by up to  
90% and total inventories o f radionuclides o f about 30 0 0 0  Ci. A  large 
part o f this inventory appears to be associated with the sediments 
trapped behind the McNary Dam, the first major deposition point down
stream.

Studies o f the retention-release mechanisms operating between 
the radionuclides and the sediments indicate that the nuclides are tightly 
bound. Although the radionuclides cannot be displaced by salt solu
tions, significant amounts are removed by oxidizing and reducing agents 
and by acidic solution [3]. This removal by naturally operating processes 
is illustrated by Table III which shows the average annual concen
trations o f several radionuclides in Colum bia River water at Richland,, 
a short distance downstream o f Hanford, and at Bonneville Dam, some 
4 9 0  km downstream.

Colum bia River water is used for drinking water supplies by 
several cities. The first o f these are Richland, Pasco and Kennewick  
50-70  km downstream o f Hanford. Transfer o f radionuclides to  man 
via drinking water is one o f the prom inent exposure pathways. Table 
IV (average annual concentrations in drinking water) read in conjunction  
with Table III (average annual concentrations in river water) indicates,
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TABLE III. ANNUAL AVERAGE CONCENTRATIONS OF SEVERAL
RADIONUCLIDES IN COLUMBIA RIVER WATER (pCi/1) [2]

Radionuclide

1967 1966 1965

Richland Bonneville
Dam Richland Bonneville

Dam Richland Bonneville
Dam

Re+Y a 390 __ b 270 • - 730 _
24 Na 2600 - 2600 - 3100 -

32p 190 25 140 23 140 23

46 Sc . 60 - 30 - - -

51C r 3200 1400 3600 1300 7000 1700

64Cu 2000 - 1400 - 2500 -

65 Zn 220 62 200 43 180 70
76A s 400 - 420 - 1000 -

90S r 1 _ 1 - 1 _

122Sb 150 - - - - -
131 j 8 3 18 3 10 3
239N p 1100 - 770 - 1600 ' -

. j* Rare earth elem ents p lus yttrium .
(-) indicates insufficient d ata to provide a m eaningful annual average.

in general, a significant reduction in radionuclide content o f  the river 
water in its passage through the water treatment systems o f these cities. 
Part o f the concentration reduction can be attributed to decay o f the 
shorter-lived isotopes with shorter half-lives.

Table V gives the transport rate o f some selected nuclides past 
the Bonneville Dam. This is the last downstream sampling point at 
which river water samples are taken regularly for H anford’s environ
mental surveillance program. Thus, the transport rate at Bonneville 
provides an estim ate of the quantities o f radionuclides reaching the 
Pacific Ocean from Hanford via the Columbia.

"An estimate o f the inventory o f these radionuclides which exist 
in the Pacific Ocean (as a result o f  Hanford operations) may be cal
culated by assuming an equilibrium between the rate of addition through 
the river and the rate o f .decay in the ocean. A constant rate o f entry 
into the ocean equivalent to that indicated by the 19 6 7  Bonneville Dam 
measurements would imply an inventory of about 250  Ci o f 32P, 24 0 00  
Ci o f 51Cr and 1 4 0 0 0  Ci o f 65Z n .” [2].

53

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



TABLE IV. ANNUAL AVERAGE CONCENTRATIONS OF SEVERAL
RADIONUCLIDES IN DRINKING WATER, 1967 (pCi/1) [2]

R a d io n u c lid e R ich la n d P a s c o K en n ew ick

R e+ Y a 87 46 _  b

24Na 1 7 0 0 790 94
32p 58 52 15

51 C r 3 10 0 2700 12 0 0

64 Cu 570 160 44

65 Zn 86 65 < 2 0

76 A s 16 0 56 16

90 S r 1 1 -

133 j 30 25 < 9 .2
131 j 7 .5 6 .3 < 2 .3

122 Sb 14 0 12 0 18

239 Np 600 4 2 0 55

a Rare earth elem ents p lus yttrium .
k (—) indicates insufficient data to provide a m eaningfu l annual average.

TABLE V. AN N UAL AVERAGE TRAN SPORT RATE OF SELECTED 
RAD IO N U CLID ES PAST BONNEVILLE DAM (Ci/day)

R ad io n u c lid e 19 6 7 19 6 6 19 6 5 19 6 4

32 p 12 9 1 1 12

51 C r 6 10 4 3 0 8 00 8 60

65 Zn 40 21 49 44
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The concentrations o f the radionuclides appearing in Hanford 
effluent are routinely measured in various items o f diet associated with  
Colum bia River water. Measurements are made on river fish, and water
fowl, on meat, m ilk, fruit and vegetables irrigated with Colum bia River 
water, and on oysters from Willapa Bay, in the estuary o f the river. 
Details o f these surveys may be found in the annual reports o f the 
environm ental survey o f Hanford and environs, for exam ple BNWL-90 
(for 19 6 4 ) , BN W L-439 (for 19 6 6 )  and BN W L-983 (for 19 6 7 ) .

3.3. Critical pathways — critical nuclides — critical population

The primary pathways o f human exposure to radionuclides orig
inating in the Hanford operation are through drinking water drawn from 
the river, consumption o f fish and waterfowl from the river and 
consumption o f foodstuffs grown on land, downstream o f Hanford, 
irrigated with river water.

Three critical population groups are defined at Hanford. They 
are the "Typical Richland R esident”, the "Average Richland Resident”, 
the "Typical” and the "Maximum Individual”. The detailed definitions 
for these groups are given in Ref. [ 2]. The "Maximum Individual” has 
that unlikely but plausible com bination o f living habits which would  
result in his achieving the largest exposure to Han ford-effluent radio
nuclides. In his case in 19 6 7  the most im portant radionuclides were 
32p, 652n) ancj m ost important pathway was consumption o f fish 
and water. For the Typical Richland Resident the m ost important 
exposure pathway is norm ally through drinking water obtained from  
the river and the m ost important nuclides 32P and 65Zn. In 19 6 7  the 
hypothetical Maximum Individual could have conceivably ingested 
enough radioactive material originating from Hanford, m ostly 32P, to 
have provided 12%  o f the Maximum Permissible Rate o f Intake (speci
fied by the ICRP and US Atom ic Energy Com m ission) for individuals 
in the general population (critical organ-bone). The intakes o f the 
other control groups were considerably lower [2].

4. BRADWELL

Bradwell Power Station is operated by the United Kingdom
Central Electricity Generating Board. The pow er source consists of
two natural uranium graphite moderated and reflected carbon dioxide
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cooled (Calder Hall type) reactors each with a rated output of 
15 0  MW(e). It is located at Bradwell, in Essex, and stands on the 
southern shore o f the estuary o f the Blackwater River a few kilom etres 
from the point at which it enters the English Channel. It is approxi
mately 15 km from the nearest town o f 10 000  inhabitants [4],

4 .1 . Waste sources characteristics and distribution

The main source o f contaminated liquid effluents at Bradwell is 
the 'cooling pond in which is stored irradiated fuel. The radionuclides 
-appearing in these effluents result in the main from neutron activation 
o f impurities in the magnox alloy used as fuel-cladding. During cooling  
some o f these activated impurities are leached from the elements; along 
with smaller quantities o f fission products resulting from uranium conta
mination o f the external surfaces o f fuel cans; or the inadvertent intro
duction into the pond o f fuel with defective cladding [5]. The principal 
species (and their concentrations) appearing in the effluent are shown 
in Table VI [6].

It is worth noting that a large fraction of the radioactivity appears 
either as, or associated with, particulate material. It has been observed  
by Preston [6] that there exists a much more uniform distribution in 
the estuary o f 137Cs than is exhibited by either 6(lCo or 65Zn. He 
suggests that this may result from the more rapid adsorption o f 60Co 
and 65Zn than o f 137Cs on to silt.

TABLE VI. PRINCIPAL METAL ACTIVATIO N  NUCLIDES IN 
AQ U E O U S RAD IO ACTIVE EFFLUENT FROM THE BRADWELL 
NUCLEAR POWER STATION

Concentration Radionuclide

51 C r 65 Zn 60Co 55F e  58F e  ^M n 124Sb 125 Sb 134 C s 137C s

Mean
concentration
(n C i/l) 237 76 140 374 10 16 98 15 75 243

Range of 
concentration

79-733 38-161 61-248 97-868 3-22 7-25 47-180 6-35 12-207 33-586

Mean
percentage
p articu late 46 60 54 82 79 60 1.6 20 3.9 4.3
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4 .2 . Critical nuclide — pathway — population group

With the objective o f  establishing an initial preliminary discharge 
lim it for the power station, pre-operational surveys and studies were 
undertaken at Bradwell. Know ledge o f the com position of the effluents 
from similar reactors elsewhere in Britain enabled estimates to be made 
o f the species and amounts o f radionuclides to be expected from 
Bradwell. Consideration o f data on rainfall run-off, river and tidal flow  
(readily available in Britain) permitted an estimate o f the rate o f change 
o f water in the estuary which was then used to estimate the average 
standing concentration to be expected from unit discharge rates.

Consideration was given to the radionuclides expected in the 
effluent and the mechanisms by which they might concentrate in various 
parts of the environment. The results o f that consideration, combined 
with the results o f a detailed study o f the working, eating and recrea
tional habits o f  the local population, led to the conclusion that the 
critical nuclide would be 65Zn, the critical pathway would be concen
tration o f 65Zn in oyster flesh, and the critical population group would  
be that fraction o f the local population which consumed 75 g per day 
o f oyster flesh [5].

4 .3 . Establishment o f discharge limits [7]

The ICRP recommended maximum permissible concentration 
for 65Zn in drinking water (for members o f the public living in the 
vicinity o f nuclear installations) is 10 0  pCi/m l. Thus the maximum  
permissible daily intake o f 05Zn is

(100  p C i/ m l) (2 . 2 l i t r e s 41) = 2 . 2 X lO ^ / jC i

Now the estimated 65Zn concentration in estuary water per curie per 
day o f 65Zn released in effluent was 1.5 x  1 0 -7 /iCi/ml, the concen
tration factor for 65Zn in oyster flesh was 1 0 5 and the daily intake o f 
oyster flesh was 75 g.

Thus the 65Zn intake from the daily consumption o f 75 g oyster 
flesh in equilibrium with estuary water receiving 1 Ci/ day o f 6oZn would  
be

( 1 .  5 X 1 0 ‘ 7 ) (1 0 5 ) (7 5 )  = 1 . 1 ;u C i 65Z n / d a y

4 ) D aily  d rink ing w ater consum ption of ICRP "Standard M an”.
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Thus the estimated maximum permissible daily discharge o f 
65Zn was

1 Ci 65Zn X 2- 2 x  I 0 ' 1 ^ c i (m ax- p erm iss ib le  d a ily  intake)__________
1 .1/uCi (estim ated  intake resu lting  from d ischarge

of 1 C i/day 66Zn)
= 0. 2 Ci

The discharge authorization was based on this value.
This mode o f approach gives an order o f magnitude estimate 

which can be modified if necessary in the light o f actual operating 
experience. Thus at Bradwell it was found after a period o f operation  
that the measured concentration o f 05Zn in the flesh of oysters taken  
from the commercial oyster bed nearest the effluent outfall was 3.4  
pCi/g [7]. A simple calculation shows that a maximum intake of 
2.2 x 1 0 ' 1 yiiCi per day o f 65Zn from 75 g o f oyster flesh limits the 
6oZn concentration in the oyster flesh to 2 900  pCi/g.

5. THE DAN UBE ST U D Y  [8p>

The Danube is a large river and drains a considerable fraction o f 
Europe. It flows through several countries which have achieved different 
levels o f industrial development and which are increasing those levels at 
different rates. Its valley is heavily populated and its waters are impor
tant as drinking water supplies, for fish supplies, for industrial, agricul
tural and navigational uses, and for power production. It is used as a 
waste disposal medium. To these many uses, developed to different 
extents by the various riparian states, has been recendy added another. 
The Danube has been, and will be, used as a disposal medium for 
effluents from nuclear pow er stations, and, probably, other types o f 
nuclear establishment.

To establish discharge limits for wastes containing radioactive 
materials which will:

protect the populations associated with the river and its waters; 
ensure that each prospective producer o f radioactive wastes (at 
both the individual and national levels) receives an appropriate

5 ) This section is based on Ref. [8],
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share o f the capacity o f the river to safely accept the wastes; 
ensure that other users o f the river do not suffer a reduction o f 
their legitimate right to its use;

is obviously a very difficult task.
A  first attem pt at its solution has been made by the German  

authorities. They have studied the upper (Bavarian) reach o f the 
Danube because o f the com missioning o f the 237  MW(e) BWR power 
station at Gundremm ingen, and because o f the projected developm ent 
o f the nuclear power industry in the area.

In this study, which is not yet complete, attention has been 
directed particularly toward establishing the safe radionuclide capacity 
o f the Bavarian stretch o f the Danube,\ in order to assist in the planning 
for future (G erm an) nuclear installations and in the establishment o f 
appropriate discharge limits for those installations. However, in making 
these investigations consideration has also been given to the actual and 
potential requirements o f downstream users o f the river.

5 .1 . Waste sources and characteristics

During that phase o f the study here reported the only significant 
source o f radioactive waste discharges to the Bavarian stretch o f the 
Danube was the power station at Gundremmingen. Being a BWR 
reactor the radionuclides appearing in its effluents are neutron-activated 
corrosion products, fission products and tritium from leaks in the 
primary cooling circuit. The radionuclides discharged, their amounts, 
the total volum e o f waste water discharged from the plant and the total 
flow o f the Danube for each o f the years 19 67  and 19 6 8  are given in 
Table VII. The waste is not continuously discharged. The maximum  
discharge duration is 12  hours.

5.2 . Critical nuclide — critical path — critical population

A com prehensive survey was made o f the concentration o f the 
above radioisotopes (and some others expected to appear in the 
effluents o f other types o f reactor and o f fuel reprocessing plants) in 
the downstream bottom  sediments, in seston-samples, in water plants
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TABLE VII. RADIO N U CLIDES DISCH ARGED FROM THE 
GUNDREMMINGEN POWER STATIO N

Nuclide
A ctiv ities in cu rie s

19 6 7 19 6 8

90 Sr 0 . 0 9 0 . 0 2

89 Sr 1 . 3 0 . 7

137 C s 0.  6 0.  7
131 j 0 . 7 0 . 5

140 B a 0.  2 0 . 1

58 Co 0 . 3 0.  2

60Co - 0 . 0 7 0 . 1

3 H 2 6 . 5  , 2 1 . 4

W aste volume (m3) 21  000  * 15  000

Danube flow (m 3) 4 . 4  X 1 0 9 5.  3 X 1 0 9

and in fish. From these values and the average radionuclide concen
trations in the river water concentration factors for each o f the radio
nuclides in each type o f  material were determined. This information  
combined with studies o f population habits indicated that the use o f  
river water as drinking water and the consumption o f river fish are the 
m ost important pathways for transporting the radionuclides to man. 
The size o f the critical group involved in the "fish path” is difficult to 
determine accurately because most o f the fish involved is caught and 
consumed by sport fishermen mainly during holiday periods. The size 
o f the group is estimated at 1% o f  the total population of the Federal 
Republic. The "drinking water” path particularly must take account o f 
future development. It is expected that the Danube will become the 
source o f drinking water for several million people in the Numberg  
area alone. Nations downstream have claims to the use o f the river and 
these doubtless will include its use as a drinking water supply and as a 
receiving water body for wastes containing radioactive materials.
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For these reasons the bases on which permissible concentrations 
of various radionuclides in river water and in fish flesh were calculated 
as follows:

the gonadal dose limited to 0 .5  rem/ 30 year; 
a fish consum ption by the critical group o f 200  g fish flesh per 
person per day.

Under these circumstances the maximum concentrations o f the 
individual nuclides in drinking water are one hundredth o f those 
permitted by the German Authorities for workers in the nuclear industry. 
These concentrations are based on ICRP recommendations.

It was assumed that the maximum permissible concentration in 
fish flesh is the same as that for water. I f  that concentration is taken as 
limiting it is then possible, by taking account o f the concentration 
factor for the individual nuclide in fish flesh, to calculate the concen
tration in the river water which would produce the lim iting concen
trations in fish flesh. However, since a mixture o f  radionuclides is being 
considered it is necessary to take account o f their different radiotoxic- 
ities. This can be done by using the sum formula

_ C i_  + _ C 2_  + _£n_ = <
M P C i M P C 2 M P C n

in which Ci, C2 and C are the actual concentrations o f each o f the n 
radionuclides and MPCi, MPC2 and M PCn are the maximum permissible 
concentrations for each o f those nuclides. Thus for a group o f  radio
nuclides, i f  the concentration in fish flesh o f each o f the radionuclides 
is known (or can be estim ated), it is possible to calculate for each 
radionuclide the numerical value o f the ratio C/MPC. That value is then 
used to correct the "single nuclide” MPC to take account o f the presence 
in the fish flesh o f the other radionuclides. In the Danube study the 
limiting fish flesh concentrations were derived in this manner for each 
radionuclide. By dividing the limiting fish flesh concentration by the 
observed concentration factor for each radionuclide there was derived a 
limiting concentration for that radionuclide in the river water. That is, 
if the concentration o f a radionuclide in river water is limited to the 
value thus derived then it is not possible for the concentration o f that 
radionuclide in the flesh of a fish living in the river to exceed the 
limiting value.
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This procedure had the further effect o f  producing values for the 
permissible concentrations in river water which were considerably lower 
than those which resulted from consideration o f drinking water as the 
only transfer mechanism. Except for tritium, the river water concen
trations derived on the basis o f limiting fish flesh concentrations were 
one tenth to one hundredth o f those derived on the basis o f drinking 
water as the only exposure pathway. This information is summarized 
in Table VIII.

TABLE VIII. CALCULATION  OF PRELIMINARY RIVER 
ST AN D A R D S (with special regard to fish consumption)

F is h
M FC  „ ater s ta n d a r d s

N u clid e  (o ccu p atio n al) (1 /100  X 
( ju C i /m l)3 M PC  water)

U 'C i/g )

F i s h  C o n cen tra tio n  P r e l im in a r y
sta n d a r d s  fa c to r  r iv e r
(su m  fo rm u la )  ( so f t  s t a n d a r d s
(/u C i/g ) t i s s u e s )  ( ^ C i/m l)

90S r 1 X io - 6 1 X i o " 8 1 X ID '9 100 1 X 1 0 "U

. 89S r 1 X i o ‘ 4 1 X io - 6 2 X 1 0 '7’ 100 2 X lO ’ 9

137C s 2 X 10-4 2 X io - 6 2 X 1 0 '7 3000 7 X 10 "1X

134C s 9 X 10-5 9 X 1 0 "7 2 X 1 0 '8 3000 7 X io - 12

106r u 1 X 10"4 • 1 X 10-6 1 X 10"8 100 1 X i o -10

103R u 8 X 1 0 '4 8 X 10-6 2 X 10-7 100 2 X i o -9

144C e 1 X 1 0 '4 1 X 10"6 2 X 10‘ 8 30 7 X 1 0 '10

141 C e 9 X 10-4 9 X IQ '6 4 X 1 0 '7 30 1 X 10"8

95 Z r 6 X 1 0 '4 6 X 10"6 2 X 1 0 '7 100 2 X 10~9

125Sb 1 X 10 ‘ 3 1 X 1 0 '5 1 X 10‘ 7 1000 1 X 10‘ 10

124 Sb 2 X 1 0 '4 2 X 1 0 '6 2 X 10‘ 8 1000 2 X 10-“
131 j 1 X 10-5 l.X 1 0 '7 2 X 10‘ 8 20 1 X 10‘ 9

140 B a 2 X 1 0 '4 2 X 10-6 1 X 10‘ 7 20 5 X 10-9

54 Mn 1 X 10-3 1 X 1 0 '5 1 X 10"7 3000 3 X 1 0 '“

60 C o 3 X 1 0 '4 3 X \0 '6 6 X 10 '8 400 2 X 10~l °

58 Co 9 X 10-4 9 X 1 0 '6 4 X 10-7 400 1 X 10‘ 9

65 Zn 1 X 10"3 1 X 1 0 '5 1 X 10"7 1000 1 X io -10

59F e 5 X 10-4 5 X 1 0 '6 5 X 10‘ 8 1000 5 X 10-11

51 C r 2 X 10-2 2 X 1 0 '4 6 X 10 '7 100 6 X 10"9

3H 3 X 10‘ 2 3 X 10 '4 3 X 10'6 1 3 X 10‘ 6

a M PC values from Erste V erordnung uber den Schutz vor Schaden durch Strahlen 
rad ioaktiver Stoffe (Erste Strahlenschutzverordnung)..
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These limiting concentrations for radionuclides in the river water 
could be used in the establishment o f discharge limits for existing and 
future waste-producing installations. From these values and river flow 
data the river’s yearly capacity (curies) for each o f the nuclides could be 
calculated. The resulting values could be used in the planning o f the 
distribution in space and time o f the discharge limits for the individual 
waste producers. An important part o f that planning would be the 
reservation for future needs and for contingencies o f part o f the river’s 
capacity.

5.3.  International considerations

The proposed limiting concentrations (shown in Table V III) for 
the Bavarian stretch o f the Danube were calculated using the "medium 
low flow rate”.6 ) Flow rate values below this norm ally occur on only a 
few days a year; and for a considerable fraction o f the year the flow 
significantly exceeds this value. Thus the procedure for establishing the 
concentrations is inherently conservative. Should the flow drop to such 
a low level that the recommended concentrations are exceeded this 
condition can be expected to last for only a short time, and (as 
explained in Section IV .2.1 o f this report) such short-term fluctuations 
in radionuclide concentrations are not important in assessing doses to 
populations.

Between the point at which the river crosses the border o f the 
Federal Republic and a point near the m outh o f the river the "medium 
low flow rate” increases about tenfold. Thus the capacity o f the river 
to safely receive wastes also increases and if  these proposals were im
plemented, the rights of the downstream riparian states would not have 
been neglected.

Another effect o f implementing the proposals would be to ensure 
that the < annual burdens o f the specified nuclides in the river water 
crossing the borders o f the Federal Republic could not exceed those  
calculated from the recommended standards o f Table VIII and the 
annual flow o f the river. Thus downstream states would be able to 
predict the maximum amounts o f each nuclide which could be expected  
to reach the low er from the upper stretches o f the river.

6) D efined here as the arithm etic m ean o f the m inim um  daily  flow rate in each 
of the years 1901 and 1960.
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ANNEX III

DOSE CALCULATION

As indicated in Section III o f this report, in establishing limits 
for the discharge o f radioactive wastes to water bodies it is o f fundamen
tal importance to be able to assess the extent o f the risk o f radiation 
damage to the affected population; that is, to be able to make estimates 
o f the doses resulting from proposed waste discharge operations and to 
compare these with ICRP recommendations. Section III also indicates 
that the total dose resulting from waste discharges may be the sum o f 
several parts, for exam pling drinking contaminated water and eating 
fish in which a radionuclide has concentrated.

Examples o f how dose estimates may be made are presented 
here. For clarity’s sake the method o f  calculation for each o f  several 
possible exposure pathways is given separately. It is assumed that the 
investigations recommended in Sections III and IV have been made and 
thus that the following parameters can be quantitatively defined with 
greater or less precision:

the identity, physico-chemical form and annual release rate o f the 
radionuclide being considered;

the hydrological and other factors which affect the dilution/ disper
sion o f the radionuclide in the aqueous environment, and thus its 
eventual concentration at the point o f use or o f interest;

the critical pathway and the critical population;

the transfer or concentration factors which operate at the transfer 
points in the critical path.

EXAMPLE I: D R IN K IN G  WATER

Consider the discharge o f x curies per year of radionuclide n to a 
river which receives inflow from tributaries downstream o f  the waste 
addition point but upstream o f the point at which water is withdrawn 
for treatment and reticulation as drinking water.

65

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



Let the low water river flow at the waste discharge point be 
Mm3/year then initial average annual concentration o f  n = (x/M) Ci/m3.

Let y = fraction o f n removed by sedimentation ion-exchange, 
etc., and let mm3/year be the flow volum e addition from tributaries. 

Then average annual concentration at treatment plant intake

= C i/ m 3M + m  '

Let D =  fraction o f n removed by treatment.
Then annual average concentration o f n in drinking water

M + m

Let Vm3 =  annual water intake by a member o f the critical group.
Then I n (the annual intake of n by a member o f the critical 

group)
= x ( l-y )  (1-D)

M + m

Let M PIn be the Maximum Permissible Intake o f nuclide n.1)

T hen — _  f r a c t io n  o f m a x im u m  p e rm is s ib le  in tak e  o f
M P In iso to p e  n in g este d  b y m e m b e r o f c r i t i c a l  g ro u p .

k
If this fraction be multiplied by the dose lim it for the critical 

organ2), the product is an estimate o f  the annual dose from the source 
being considered, but only when n has a short half-life, or when equi
librium has been achieved. When those conditions do not apply the 
product corresponds to the dose commitment (see Section III .2).

When, as is more likely to be the case, the discharge contains 
several radionuclides for which the critical organs are different, the 
calculation is a little m ore complex. It must be made in turn for each 
organ affected. Each calculation must take into account, for each of the 
radionuclides the maximum permissible intake corresponding to that 
organ. Thus for an organ "i” and a mixture "n+n! + . . .  nx ” of radio
nuclides the dose to the organ, Di, will be given by

1) V alues for M PIn m ay be found in T ab le  IIA, A nnex A, "Basic Safety Standards 
for R adiation  P rotection”, Safety Series No. 9 (1 9 6 7  E dition), IAEA, V ienna (1 9 6 7 ) .
2) See Section I I I .2.
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D. = DL;(M PIn MPInx )

where D L; = dose lim it for the organ "i”, and

are the fractions o f the maximum permissible intakes for each o f the 
radionuclides.

It follows that if  this m ethod is followed for each organ in turn 
the critical organ for this mixture o f radionuclides will be that for which 
the fraction D ;/D L i is the greatest.

When a mixture o f radionuclides is being considered the values 
for M PIn found in Table IIA, Annex A, o f IAEA Safety Series No. 9 
( 1 9 6 7  Edition) m ay be inadequate. Tables IIIA and IIIB, Annex B 
(for mixtures o f radionuclides) should then be consulted, or ICRP  
Publications No. 2 and No. 7.

Careful interpretation o f doses calculated in this fashion is nec
essary. As mentioned above, until it is certain that equilibrium condi
tions have been established the calculated dose must be treated as a 
dose com mitm ent rather than as an annual dose. Since the maximum  
permissible intakes are based on the concept o f the "standard m an” the 
calculated dose represents that which would be received by an individual 
having similar habits and physical characteristics. Since many o f the 
physical characteristics important for dose calculation are heavily age- 
dependent the dose received by an individual may vary significantly from  
that calculated for "standard m an”. The age-dependent characteristics 
which influence that variation include

variations with age in the volum e o f water ingested (and there
fore in the intake o f radionuclides);
variations with age in the masses and volum es o f the organs;
variations with age in the rates o f metabolism o f radionuclides.

The magnitude o f these variations can be estimated by comparing 
the ratio "intake/ organ mass” for standard man, with the ratio "intake/ 
organ mass” for the sex and age being considered. The result is a 
"dose correction factor” which accounts for changes in this ratio with  
age and sex. An illustration o f the application o f this technique is 
given in Fig. 7 .1 o f Rep. O RN L-4035 [1].

67

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



The dose received by the critical organ o f an individual aged 
y  years during a particular intake year, t, from intake during that year 
is given [1] by

where M PD=dose limit to the critical organ
g t =  fraction o f maximum permissible intake o f radionuclide, n, 

ingested by a member o f the critical group in a particular 
year, t

h r  =  dose correction factor for a particular age, y  
A e= effective elimination constant o f n (1 / years)

It should be noted that this expression will give only the dose 
received during the year in which the intake occurred. Thus for the 
purpose o f establishing discharge limits it can be used only when radio
nuclides o f sufficiently short half-life are being considered. In that case 
the dose w ill be delivered, following the intake, in a period so short 
that it will be unnecessary to consider the effect o f  the variation o f the 
age-dependent characteristics in the years following the intake.

However, in the case where one is considering radionuclides o f 
long half-life it is necessary to consider the dose which will be delivered, 
in the years following the intake, by the radionuclides retained from  
the intake period, i.e. the dose commitment.

The dose received by the organ during a year, T , subsequent to 
the exposure period, t, is given by [1]

Dt.r —
M PDg t hy (1  -  e ‘ Xe ) 

X e (l -  e ' Xe5° )

e -Ae (T- l) _  e -T*- e
(2)

where T  =  years after a particular intake period, t, and 1 2s  7  =  n, 
and the other terms are as defined in Eq. ( 1 )  above.

O bviously the labour involved in making such calculations for 
each organ, expected radionuclide and age group is very large. This is 
why in those cases where it is considered necessary to proceed to such 
detailed predictions these calculations are usually made with the aid o f  
an electronic computer.

68

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



EXAMPLE II: CO N SUM PTION  OF FO O D ST U FFS OF A Q U A T IC  
O RIGIN

Consider the discharge o f x curies per year o f radionuclide n to 
a river from which a particular species, f, o f  foodstuff is taken for human 
consumption.

The concentration o f n in the water at the point at which the 
foodstuff is taken can be estimated in a fashion similar to that used in 
Example I above. Assum e that there exists an equilibrium in the 
system "n - water - f\  The concentration factor for n in f  can be deter
mined . experim entally in the laboratory or taken from the literature. 
When determined experimentally care should be exercised to ensure 
that the experimental conditions reproduce the conditions to be found 
in the real environment. It is o f  particular importance to consider the 
presence and concentrations o f stable isotopes o f n and o f elements 
chemically similar to n. Each, depending on its concentration relative 
to n, and its physico-chemical form could effect the uptake o f n by the 
organism. When chosen from the literature the concentration factor may 
have to be modified in the light o f these considerations. The concen
tration factor used in the dose calculation should therefore be chosen 
with some care.

Let the concentration o f  n at the point o f  food collection be 
y Ci/ml, and the concentration factor be C.}) Then the concentration o f 
n in the foodstuff is given by yC Ci/ g. Let the annual consumption o f 
foodstuff by a m em ber o f the critical group be g gm. Then the annual 
intake o f nuclide n via the aquatic food pathway is given by yC x g Ci. 
The resultant annual dose can then be calculated in the same manner 
as in Example I.

EXAMPLE III: DOSE RECEIVED TH R O U GH  O CCU PATIO N AL OR  
RECREATIONAL USE OF THE WATER BO D Y

(a) Immersion in water

Consider the case o f a known mixture o f radionuclides being 
discharged at a know n rate to a river in which people regularly swim or 
are wholly or partly immersed. The concentration o f the radionuclides

3) It is assum ed that C app lies only to the part o f the foodstuff eaten.
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in the water at the point o f interest is calculated as in Example I. The 
external radiation dose from exposure to beta radiation is given [1] by 
the expression:

Beta dose = 51 . 2QE;  rad/day

where Q = microcuries per gram of water

E; = 0 . 3 3 E m f  ( 1 “(.
■Jz
50 ) ( )

Em =  maximum energy of type considered 
f  = fraction o f disintegration at a particular energy 
Z = atomic number

The external radiation dose from 'exposure to gamma radiation is 
given [1] by the expression

Gam m a dose = 5 1 . 2 QEmf  rad/day

A 4ft geometry can be assumed, i.e. the immersed body is the 
centre o f a sphere receiving equal amounts o f radiation from all direc
tions. Because o f the low energy o f the beta particles (m aximum pen
etration distance in water about 1 cm) it can be assumed that the 
effective dose to  the body surface immersed in the water contaminated 
with beta emitters would be h a lf the value calculated as above [1], 

The annual dose is then

where x = hours o f immersion per year, for a member o f the 
critical group.

Where both gamma and beta emissions are involved, the total 
annual dose to the skin is the sum o f the two products4,,w hile the total 
annual whole body dose is that delivered by the gamma emission. It is 
important to take note o f this point because the dose limits for the 
skin and for the whole body differ by a factor o f 6  (see Section III. 2, 
D ose limits).

4) U nless one postu lates very h igh  concentrations in the w ater, the contribution  
of a lpha em itters to the ex ternal dose w ill be neglig ib le .

I"D ose  (ra d /d a y ) 
L 24
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(b) Dose from  contaminated sediments

Consideration o f

the concentration o f the radionuclide in the water at the point(s) 
o f interest;
the ion-exchange capacity o f the sediments for the nuclide o f 
interest and for competing ions;
the sedimentation-flocculation mechanisms operating; 
the volum e o f the sediments

will permit an estim ation o f the concentration of the radionuclide on the 
sediments. Unless there is evidence to the contrary the radioactivity can 
be assumed to be evenly distributed.

In the calculation o f the dose to be expected from a contaminated  
sediment bed several im portant factors m ust be considered. The mode 
o f exposure to the source is o f great importance. Sunbathing on a bed 
contaminated with a beta emitter will produce a much higher dose than 
walking or standing on the same bed. In the case o f a bed contam
inated with a gamma emitter the position o f the target in relation to 
the source will not be so important, but in the case o f a bed contam
inated with a mixture o f beta and gamma emitters, the relative positions 
would have a large effect on the dose received.

For preliminary assessments the following procedure is rec
ommended: Consider the sedim ent bed as a plane disc source o f large 
dimensions.

The flux at a point above the source is given [2] by

F = ^  l°g  ( ^ r +  1) particles or photons/cm 2 per sec

where f  =  flux
N =  num ber o f particles or photons emitted each second from  

unit area of the source 
R =  source radius (centim etres) 
d =  height o f point above source (centimetres)

The dose rate at the point is then given by 
R =  F.A.E. x 5.75 x 10~5 rad/h 

where R =  dose rate
F =  flux particles or photons/ cm2 per sec 
E =  energy, in MeV, o f particle or photon
A =  fraction o f the energy absorbed per cm o f path in water 

(tissue).
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Calculate the dose rate for two values o f d, say 1 cm, which 
w ould correspond to the sunbathing m odel, and 1 metre which would  
approxim ate the position o f the gonads in the walking/ standing model. 
I f the annual dose thus estimated (expressed as a fraction o f the 
permissible annual dose) is small, the exposure pathway is not impor
tant. I f the fraction is large the exposure pathway may be important 
and more refined methods such as those described by Hine and 
Brownell [3] should be used. In assessing the importance o f this path
way the difference in dose limits for the skin, and for the whole body  
should again be borne in mind.

EXAMPLE IV: CALCULATION  OF DOSE RESULTING FROM 
CO N SUM PTIO N  OF FO O D ST U FFS IRRIGATED WITH WATER 
CO N TAIN IN G  RAD IO ACTIVE WASTES

In this description spray irrigation has been postulated. When a 
regime which involves flood or channel irrigation is being assessed some 
o f the factors considered here will not apply. These will become 
obvious.

The concentration( s ) o f the radionuclide(s) in the irrigation water 
can be estimated using the procedures described in Example I. A value 
for the annual rate o f application o f irrigation water can be determined 
by reference to the authorities controlling the irrigation system, by 
surveys o f actual irrigation water usage or in the last resort by assuming 
values which are consistent with local conditions and practices. The 
product o f these values gives a value for the annual rate of application 
o f radionuclide.

In the transfer o f  radionuclides from the irrigation water to the 
edible parts o f crops the major mechanisms to be considered are

accumulation o f radionuclides in the soil;
transfer o f radioactive ions from soil to plant by natural nutritional 
relocation processes which involve incorporation o f the ion into  
the plant structure;
direct contamination o f the foliar portions o f the crop by the 
contaminated irrigation water, with varying rates o f incorporation 
o f the ion into the plant structure (foliar retention).
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The accumulation o f the radionuclide in the soil can be calculated 
from the expression

A T  -  RNl =

where Nt — quantity o f radionuclide present in the soil (/xCi per square 
metre o f tilled bed5)

R =  rate o f application o f radionuclide (/u,Ci year-1/m~2)
X =  decay constant o f radionuclide (year- 1 )
a  =  fractional loss o f radionuclide per year from soil to crop

(year-1)
fi “  fractional loss o f radionuclide from the soil by other mech

anisms (ion migration, leaching, etc.)

It may be difficult to  establish a value for-/3. Where this is so, 
the prudent course is to set/3 = 0.

The product o f the value for the accumulation o f radionuclide in 
the soil and the value o f  the transfer coefficient "soil-to-crop” will give 
the radionuclide concentration in the crop.

The soil-plant transfer coefficient is here defined as the ratio

radioactivity per unit mass o f the edible part o f the crop in the ready- 
to-eat condition
radioactivity per unit area o f tilled bed 5)

It may be determined experim entally or based on values chosen from 
the literature. Because variations in soil characteristics can have very 
large effects on transfer coefficients even when considering the same 
crop and the same radionuclide it is probably preferable to determine 
them experimentally. In doing so it is necessary to consider not only  
the presence, the physico-chemical forms and the concentrations o f  
stable isotopes of, and elements chemically similar to , the radionuclides 
being considered, but also the total cation exchange capacity o f the 
soil, its pH and exchangeable hydrogen capacity. That is, as with the 
transfer coefficient "water-aquatic foods”, it will be necessary to simulate 
accurately the conditions being studied. When the study will cover more 
than one plantirig-growing-cropping cycle it will be necessary, in order

5) That depth o f the so il bed which is involved in the m etabo lism  o f the crop.
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to calculate the amount o f radionuclide accumulated in the soil at the 
m oment o f interest, to have a value f o r a  (the fractional loss to the. 
crop). This will require a value for the yield o f the crop (kg m -2). 
This inform ation may be obtained from ministries o f agriculture or 
similar sources.

As mentioned earlier, one o f the mechanisms by which an ir
rigated crop may become contaminated- is retention by the foliage o f 
sprayed irrigation water with, perhaps, subsequent , incorporation o f the 
radionuclide into the plant structure. The transfer coefficient used to  
describe this retention is the ratio

radioactivity retained per unit mass o f the edible part o f  the plant in the 
ready:to-eat condition  

radioactivity deposited per unit area o f the plant

For a given radionuclide the value o f this coefficient will, vary with the 
type o f plant, the stage o f growth at the time o f spraying and the, climatic 
conditions (e.g. rain subsequent to the spraying may remove part of, 
the deposited radionuclide). O bviously it will not be easy to establish,, 
on the basis o f existing information, a reliable value for this transfer 
coefficient. It may be that there exists evidence indicating that this 
pathway may be important in.setting discharge limits. It may be known, 
for exam ple, that a community depends for the whole o f its food supply 
on crops grown under irrigation. In such a case it may ,be relatively, 
simple, i f  facilities are available, to determine experimentally the overall 
transfer coefficient "irrigation water to crop”. ■ ■ ■ , . :

When estimating the intake and thus the dose resulting from  
consumption of. the contaminated .crops several factors have to be 
considered. The annual consumption o f each type o f crop by a member 
o f the population group being considered will need to be known, as, 
wi l l . the fraction o f his consumption which comes from the irrigated 
area.' The product o f these values, and the concentration o f the radio
nuclide in the. diet article will then give the estimated annual radio
nuclide intake by the irrigation pathway. The resultant contribution to 
the .total annual dose can then be calculated by the use o f Eq. ( 1 )  or 
Eq. (2 ) (as.appropriate) in Example I.

In some instances the estimation, o f the intake might be sim7 
plified without any sacrifice o f safety by assuming that the whole diet is 
produced on the irrigation area. However, it would then be necessary 
to consider the importance in the diet o f flesh and milk, and, if  these
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were found important, to establish values for the transfer coefficients 
"irrigation water to flesh” and "irrigation water to m ilk”. A  detailed 
description o f the application o f this procedure for dose-rate assessment 
is given in Ref. [1].
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