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1. INTRODUCTION

1. The management of the radioactive wastes from the 

nuclear fuel cycle must take into account the requirements 

of radiation protection. Some of these requirements are 

concerned with the protection of individuáis, achieved

by the limitation of individual radiation exposures.

Other requirements relate to the total radiation impact 

incurred from the practico under consideration, and 

involve consideration of collective radiation exposures/

2. It is not the purpose of this document to prove 

that the management of radioactive wastes can be carried 

out within the requirements of individual exposure 

limitation and under sufficiently safe conditions. These 

facts are the subject of a very extensive literature and 

several national and international reviews. This document 

presents some assessments of the collective radiation 

impact which could be expected from the adequate management 

of the radioactive wastes from the nuclear fuel cycle. In 

order to provide perspective, also the máximum individual 

exposures are estimated for the major contributions, and 

when relevant, parts of the collective impact (integrated 

over the near future o n l y ) , are also presented.

3. The assessments presented in this document are not 

site-specific, but they are attempts to obtain represen- 

tative valúes of the collective dose commitments resulting 

from disposal of radioactive wastes, in order to allow 

comparisons between different fuel cycle alternatives and 

with the commitments resulting from other operations

of the cycle, which are better known and already placed



in the proper perspective provided by other human 

exposures to radiation (1). Comparative assessments 

over the entire fuel cycle, however, would require an 

in-depth evaluation of all radiation exposures, inclu- 

ding occupational exposures and exposures due to radio- 

active effluents, which are only treated superficially 

in this document, in so far as they relate to waste 

management operations,

4. Comparisons between collective dose commitments 

from different parts of the nuclear fuel cycle are 

facilitated if the valúes are normalized. As the scale* 

of all parts of the cycle is related to the electrical 

energy generation they serve, it seems reasonable to 

use this quantity to normalize the collective dose 

commitment from waste disposal, as it is customarily 

done for the other operations of the cycle (1). The 

assessments in this document will therefore be expressed 

in terms of collective dose commitments per unit of 

electrical energy generated (GW(e)y).

5, As indicated by the heading, the quantitative 

evaluation of the health and safety impact is limited

to the radiation impact originating from the radioactive 

wastes whether processed, stored or disposed, An assess- 

ment of other components of a comprehensive safety 

evaluation would include industrial accidents in the 

construction and operation of the installations, in the 

transportation and in the excavation and operation of 

the repositories. A detailed assessment of this type 

was not considered possible within the time and resources 

available. For a given level of technology it is obvious 

that fuel cycle strategies reqüiring the handling of 

]arger amounts of mili tailings, the mining of additional 

repository space or the physical handling óf larger



waste quantities would probably result in more 

industrial type accidents*.

2. CONCEPTS USED FOR QUANTIFYING RADIOLOGICAL IMPACTS

6. This document uses the concept of the weighted mean 

whole body exposure, introduced by the ICRP in its 

publication 26 (2). This concept is based on the p r i n ­

cipie that at a given level of safety the risk should be 

equal whether the whole body is irradiated uniformly or 

whether there is nonuniform or partial irradiation, This 

condition is met by applying the radiation protection 

requirements to the effective dose equivalent, Hg,

HE £ wT h t

where ŵ , is a weighting factor representing the fraction 

of risk resulting from tissue T when the whole body 

is irradiated uniformly, ánd Ĥ , is the dose equivalent 

in tissue T. The valúes of ŵ , recommended by the

* In a background document ( 76 ) for the INFCE WG 7 

a rough estímate of industrial accident incidence is 

derived for the construction and operation over a 40 

year period of a salt repository handling the waste from 

a 100 GWa nuclear power system, According to this 

refersnce the estimated total number of fatalities would 

vary between 7-16 while the corresponding numbers of 

disabiing injuries would be 350-700.



ICRP are:

C.onads 0.2 5

Breast 0,15 

Red bone marrow 0.12

Lung 0.12

Thyroid 0.03

Bone 0.03

Remainder 0,30

Regarding the remainder, the ICRP recommends that a
t

valué of ŵ , = 0.06 is applied to each of the five organs 

receiving the highest dose equivalent, and that the ex- 

posure of the other remaining organs is neglected, The 

gastrointestinal tract is treatcd as four separate organs 

(stomach, small intestine, upper large intestine and

l.owor large intestine). The skin, lens of tho eye, hands, 

forearms, feet and ankles are not included in the re­

mainder.

7. Some additional quantities (3, 4) are necessary for

the discussions presented in this section regarding the

exposure of populations. The exposure of a population in

many cases is delivered at a varying rate over a period

of time. In these cases it is convenient to define a

quantity which represents the distribution of dose rate

over the population, b.eing equal to the product of the

number of exposed individuáis and the average dose rate.
t

The c o llective effective dose equivalent r a t e , S ^ ( t ) , is 

defined as

SE (t) - ¡q H E (t) N(HE ,t) dHE

where N(Hc ,t) is thó population Spettrum in effective

doSe equivalent rata át time t, N(HE ,t) dM^ béing the

number of individuáis receivikg at time t an effective
* » i

dosé equivaléñt raté in the range HE (t) to H£ Ct) + ¿Hg.



The total collective dose equivalent rate from a source 

k, Sfi ^  is obtain©d by incluífing in the population 

under consideration all individuáis receiving a dose 

from the source k.

8. In some cases a population becomes c o m i t t e d  to 

receive radiation exposures by the introductaon of a 

practice, the adoption of a decisión or some other finite 

originating event. The exposyre of the population could 

be delivered over considerable time after the originating 

event. In order to have a mensure of the total exposure, 

of tÜe population, the collective effective dose equiva­

lent commitment is used. The collective effective dose 

equiva1ont c omm 11m e n t , ^ , due to a given event k is 

defined as the infinite time-integral of the collective 

effective dose equivalent rate, Sg ^ ( t ) # caused by that 

event

SE,k ’ C  h , k  ™  d t -

In this section of the report, the terms collectiue díase* '  ■ , .  ...........

commitment, unless specificaljy qualified, are taken to 

mean the collective effective dose equivalent commitment, 

Similarly, the terms normalized collective dose commitment 

are used for the quajitity collective effective dose 

equivalent commitment per unit electrical energy generated,

9 i The assessment of the collective effective dose 

equivalent commitment Jfrom an originating event is 

particularly useful for two purposes. On one hand it can 

be used in re latí ve detriment assessments, on the assumption 

that the risk of radiation induced deleterious effects is 

proportional to the effective dose equivalent, On the 

other hand, it can also be used to assess future exposures 

from continued practices, which could be considered as 

sequences of events each delivering exposures over times



exceeding the duration of the event. Both uses have to 

be qualified in the case of exposures delivered over 

very long times, as is the case with waste disposal.

10. The first use, relative detriment assessment, is 

the main application of the quantity in this section of 

the report. It is used to quantify the radiological 

impact from waste management and to compare it with those 

from other operations of the fuel cycle. It implies, 

however, a comparativo judgement of the importance of 

deleterious effects at present or the near future, and 

those which conceivably might be induced in the very

far future, after periods much longer than the history 

of man. It gives the same' weight to present and far- 

future detriments, which is not the usual practice in 

other types of human judgements. Furthermore, as 

little is really known about the environmental parame- 

ters which will govern the far-future exposures, consi­

derable uncertainty is attached to the assessments.

11. The second use, assessment of future máximum per 

caput dose rates, is based on the fact that in the case 

of a continued practice the rcsulting average (per caput) 

dose rate will increase and eventually reach a steady 

state. However, in the case of waste disposal, as in 

other exposures delivered over very long time, it would 

not be realistic to assume a continued practice for such 

long time as required by the per caput dose rate to 

approach steady state. In these cases, the máximum per 

caput dose rate which will be experienced in the future 

can be assessed by procedures which have been discussed 

in the literature (3, 4, 5, 6). It can be shown that,

in these cases, the máximum per caput dose rate to be 

experienced in the future is approximated by



“ S  ¡X (t) dtmax N Jo h , i K

where R is the practice rate, N the population size, 

t is the duration of the practice, and Sp (t) is the
E  ,  1-

collective dose rate per unit practice, as a function of 

time. The usual ñame of the above integral is the 

incomplete collective dose commitment. For assessments 

related to the production of power by fission, a valué 

of 500 years has been used in most recent assessments 

(1). In the case of v^ry long-lived nuclides which 

disperse about homogeneously in the environment around 

the globe, the above expression can be approximated by

C  - I  r  SE „  e ' U t
d

where S„ is the collective dose rate at the time t , 
E, i d

when the dispersión is completed, and T is the mean 

life of the nuclide. Provided t > t^ and t << T , , 

the equation can be approximated linearly by

Sc

max N T T

showing that the máximum ¡)er caput dose rate from thesc 

long-lived nuclides depends on the total energy which 

can be extracted from the fuel resources (R t ) and not 

on the actual rate of its generation.

3. RADIOLOGICAL IMPACT FROM MANAGEMENT OF MILL WASTES

12. The fuel cycle strategies discussed in this report 

require an input of uranium and, in some cases, also of



thorium. From the radionuclides contained in the 

residues of thorium ore processing, it follows that 

the radiological contribution of the thorium mili 

tailings can be neglected compared to those of the 

uranium mili tailings, in the case of tho fuel cycles 

using thorium. The present chapter, therefore, deaLs 

only with the radiological impact of uranium mili wastes.

Uranium processing milis are usually located near the 

mining áreas to avoid transportation of largr quantities 

of what is ultimately waste materials. In soine cases 

the ore is locally treated by heap-leaclii ng and preci- 

pitated pre-concentrates are then transported to the 

milis. Releases of radioactive materials during milling 

operations occur as gaseous and liquid effluents, but 

the bulk of the activity originally present in the ore 

is undisolved and is stored in the solid mili tailings.

13. The radionuclides contained in the ore include

uranium nuclides and uranium decay products, such as
2 *5 0 2 26

Th and Ra. For ore containing 2 kg U per tonne,

it can be readily ealculated., assuming secular

equi 1 ibrium, that onc tonne oí ore contains an activity

of 6.7 10 4 Ci from each member of the chain,

adding to a total activity of 9.3 10 '* Ci.

14. In the milis, the ore is blended, crushed, wet 

ground and then subjected to acid or alkaline leaching 

procedures, according to the ore characteristics. The 

soluble uranium is recovered by solvent extraction or by 

precipitation. About 14% of the total adtivity contained 

in the ore fed to the mili accompanies the uranium con- 

centrated (7), uranium itself being recovered in about 95%. 

The uranium concéntrate contains also about 0.2% of the 

radium and 5% of the total thorium present originally in



the ore (8). Unsupported short-lived daughters, such as 

most of Th ( Pa), disappear from the milis waste by 

decay, due to the removal of the long-lived parent n u ­

clides. The remaining, about 70$ of the total activity 

originally present in the ore,is largely undissolved and 

is contained in the solid mili tailings, the activity 

being about 6 10’3 Ci per tonne of tailings, allowing 

for the residues of extraction agents.

15. The activity of the nuclides present in the solid 

tailings of the mili can be evaluated for the different
/

fuel cycle strategies (9), using the information discus- 

sed in paragraphs 12 and 13. Definition of the strategies 

and the results of this assessment normalized per GW(e)y 

generated in each strategy are presented in Table 1.

16. The tailings area remaining after tho mili becomes 

inactive is a long term source of environmental releases 

of radionuclides, due to radon emanation and erosion by 

wind and water. Emanation from the tailings is primarily 

from radon produced in the ¿urface layer, about 90% ori- 

ginating in the top 2 m (10, 11).

17. The tailings area can be estimated from past practice

as about 0.1 m per tonne of tailings (11), corresponding

to 1.5 104 , 8.5 103 , 8.6 1 0 1 , 1.3 104 , 5.3 103 , 5.0 102 and
3 2

4.0 10 m per GW(e)y . respectively for the alternative

fuel cycle strategies listed in Table 1. The input of

radon into the atmosphere from the tailings can be assessed
-10 - 2

using a, npnkinal releas© factor of about 5 10 Ci m 

s'1 , for uncovered tailings (11). It should be recognized, 

however, that some differences in emanation can be obser- 

ved betveen arid and humid areas. Covering the tailings 

pile with soil reduces the radon emanation rate by a factor 

of two for each metre of cover.



Activity of radionuclides in uraniuia mili tailings 

norraalized per unit electrical energy

Kuolide

( 1)

Fuel Cycle Strategy

(2) (3) (4) (5) (6) (7)

Normalized activity Ci per  GW(e)y

23*tJ 3 . 6  10° 2 . 1  1 0 ° 2 . 1  1 0 ' 2
n

3 . 1  1 0 u
o

1 . 3  1 0 U 1 . 2  1 0 _1 1 . 0  10°
^ T h 3 .6  10° 2 . 1  10° 2 . 1  1 0 ‘ 2 3 . 1  10 ° 1 . 3  10° 1 . 2  1 0 " 1 1 . 0  10°
234*Pa 3 .6  10° 2 . 1  1 0 ° 2 . 1  1 0 ‘ 2 3 . 1  10° U

*

O
o 1 . 2  1 0 “ 1 1 . 0  1 0 °Z3*u 3 .6  10° 2 . 1  1 0 a • 2 . 1  1 0 ' 2 3 . 1  10 ° 1 . 3  10° 1 . 2  1 0 " 1 1 . 0  10 °

^ T hi 6 . 8  1 0 1 4 . 0  1 0 T 4 . 0  1 0 ‘ 1 6 . 0  1 0 1
i

2 . 5  1 0 1 2 . 4  10° 1 . 9  1 0 1
Ra 7 . 2  1 0 1 4 . 2  1 0 1 4 . 2  1 0 " 1 6 . 3  1 0 1 2 . 6  1 0 1 2 . 6  10° 2 . 0  1 0 1

222ftn 7 . 2  1 0 1 4 . 2  10* 4 . 2  1 0 " 1 6 . 3  1 0 1 2 . 6  1 0 1 2 . 6  10° 2 . 0  1 0 1
ZI8W 7 . 2  1 0 1 4 . 2  10* 4 . 2  1 0 " 1 6 . 3  1 0 1 2 . 6  1 0 1 2 . 0  1 0 1
2 I *Pb 7 . 2  1 0 1 4 . 2  1 0 1 4 . 2  1 0 ‘ 1 6 . 3  1 0 1

■i
2 . 6  1 0 1 2 . 6  10° 2 . 0  1 0 1

2 U F i 7 . 2  1 0 1 4 . 2  1 0 1 4 . 2  1 0 ' 1 6 . 3  1 0 1 2 . 6  1 0 1 2 . 6  10° 2 . 0  1 0 1
21*Pa 7 . 2  1 0 1 4 . 2  1 0 1 4 . 2  1 0 ? 1 6 . 3  1 0 1

i
2 . 6  1 0 1 2 . 6  10° 2 . 0  1 0 1

21(V b 7 . 2  1 0 1 4 . 2  1 0 ! 4 . 2  1 0 ‘ 1 6 . 3  1 0 1 2 . 6  1 0 1 2 . 6  10° 2 . 0  1 0 1
210b i 7 . 2  1 0 1 4 . 2  1 0 1 4 . 2  1 0 ' 1 6 . 3  1 0 1 2 . 6  1 0 1 2 . 6  10° 2 . 0  1 0 1
210Po 7 . 2  1 0 1 4 . 2  1 0 1 4 . 2  1 0 ' 1 6 . 3  1 0 1 2 . 6  1 0 1 2 . 6  10° 2 . 0  1 0 1

N O T E : (1) Light Water Reactor with spent fuel disposal
(2) Light Water Reactor with plutonium recycle
(3) Fast Breeder Reactor with plutonium' recycle 
£4) Heavy Water Reactor with spent fuel disposal
(5) Heavy Water Reactor with plutonium recycle
(6) Heavy Water Reactor with uranium-thorium recycle
(7) High Temperature Reactor with uranium-thorium recycle



18. The assessment of the contribution made by the 

radon released froin the tailings to the normalized 

collective dose commitment entails some guesswork.

Radon emanation could coriceivably continué for several
7 7 f%

hundred thousand years, as the activity of Ra is in
?3ü

equilibrium with that of Th. A small part of the

emanation could even continué for millions of years
238

because of the remaining U precursor. However, the 

continued presence of the tailings pile on the surface 

with the presence of the parent nuclides, for both such 

periods seems very unlikely.

19. For the present assessment it will be assumed as

an extreme case that the tailings pile remains undistur-
230

bed for times comparable with the mean life of Th,

and that the tailings are covered with 2 m of earth,

practice which seems likely to be adopted for future

operations. Regarding population distribution around

milis, past experience shows that it is generally sparse

and that little growth can be expected. Valúes of 3

per km at short distances (up to about 80 km) and 25 
2

per km at a greater distance have been taken as repre- 

sentative (1).

20. An estimate of the collective dose commitment due 

to radon release from the tailings of an inactive mili 

can be obtained by comparison with the natural radon 

emanation from the soil and the corresponding radiation 

doses. It can be shown (1) that for comparisons of a 

limited emanating area (the tailings) with a practically 

infinite natural emanating area, the following relation 

ap p lies:

SB '  V n  N í  T

where SjE is the collective dose commitment, Hg is the 

effective dose equivalent rate due to the natural emana-



tion of radon, Q q is the activity emanation rate from 

the tailings, An is the natural activity emanation 

rate per unit area of soil, is the population density 

and t  is the mean emanating time of the tailings.

V\. The .issutrunl earth covcr would reduce emanation

from the tailings by a factor of four. Using the

tai 1 ings areas and release factor given in paragraph 17,

together with representative natural valúes for emanation

;md dose rate (1) and the weighting factor ŵ , = 0.12 for

lung doses (paragraph 6), the following dose commitment

estimates are obtained for the different fuel cycle strat-

egies for the assumed extreme case of tailings undisturbed
2 30

for periods comparable with the mean life of Th.

Strategy Normalized collective

dose commi lino n i 

(man rem/GW(e)y)

1 1.1 105

2 6.5 104

3 6.2 102

4 9.7 104

5 4.0 104

6 4.0 103

7 3.0 104

22. These valúes are clearly o v e restimates, because

they assume tailings emanation undisturbed for the order

of 10^ years. Experifcnce over much shorter periods would

suggcst that. tho area is likely either to be eroded and

the materials transported finally into waters, or, in

some cases, continually covered with further dust. In

both cases emanation would be substantially reduced.
230

Assuming an effective mean residence time for Th and 

^ ^ R a  of the order of IO3 years, the estimated collective 

dose commitments mediated through radon emanation are:



Strategy Normalized collective 

dose commitment 

(man rem/GW(e)y)

1

2

3

4

5

6 
7

9.6 1Ü2

5.6 102 

5.3 10°

8.4 10*

3.5 1Q2 

3.4 io1

2 . 6  1 0 2

OTA *)*) f\
23. If Th and Ra are assumed to move away from

the tailings, as it was shown in paragraph 22, it is 

interesting to estímate the additional collective dose 

commitment contribution expected from the entry of these 

nuclides into circulating waters. The models usod for 

this estimation are discussed in detail in section 4.3.1. 

Under the assumption that all the Th and Ra are 

involved in this process, the following collective dose 

commitment contributions are calculated as upper estimates 

for the water pathways:

Strategy Normalized collective 

dose commitment 

(man rem/GW(e)y)

1

2

3

4

5

6 

7

L . 1 i U

2 . 1  1 0 2
3.2 104

1.3 104

1.3 103 

1 .0  104



24. Radium-226 is the major contributor to the above

estimates, its passage through fresh waters resulting in

about 761 of the valúes. This fact is the cause of

major uncertainty in the results for a generic assessment,

because the presence of fresh water pathways will neces-

sarily be site specific. It should be noted,regarding

the combined commitment from radon emanation and radium

ingestión, thnt only very prolonged rosi donen of the 
230 226

Th- Ra pair in the tailings site would reduce by 

decay the collective dose commitment due to water p a t h ­

ways, but at a cost of increasing the inhalation contri- 

bution, to valúes which would not exceed those of paragraph

25. Representative valúes of the collective dose commit­

ments from mili tailings can be obtained by adding the 

contributions from radon emanation (paragraph 22) and 

from the water pathways (paragraph 23). Much longer 

retention of nuclides in the tailings would change the 

relative significance of both components, but would have 

little influence on the totals.

2 1.

Strategy Normalized collective 

dose commitment 

(man rem/GW(e)y)

1

2

3

4

5

6 
7

3.7 104

2 . 2  1 0 4

2 . 2  1 0 2

3.3 104

1.3 104

1.3 103 

1 . 0  104

26. In spite of all unceftairitleS, thé contributibn of 

mili tailing t<¡> thé fcóllectiV'e dbSe fcomniitment is itaportant



when compared with the contribuí ion of occupational ex- 

posurc and effluents from differcnt: p.’irts of the fuel 

<y( lo (i). The contribuí ion, as expected, depends on 

the uranium requirements for each referente fuel cycle, 

being the largest for once-through cycles, and smaller 

by a factor of 2 for the corresponding recycling 

strategies, by two orders of magnitude for the fast 

breeder fuel cycle, and one order of magnitude for 

the heavy water thorium-uranium cycle. On the other 

hand, only a smaller reduction factor is provided by the 

high temperature thorium-uranium cycle. Compared with , 

the exposure of the world population to natural radiation 

sources, the contribuíions per GW(e)y are equivalent to 

about 1 hour or less of natural exposure.

11. As jt was discussed in sec t ion 2, the i ncompletc 

collective dose commitment is sometimes calculated as a

tool for assessing the máximum per caput.dose ratc in 

the future. The incomplete commitment is integrated 

over íhe time of practice, usually assumed to cover a 

period of the order of 100 years for the specific case 

of uranium mining and milling (1). The incomplete c o m ­

mitment contributions from inhalation pathway would be 

one order of magnitude smaller than the valúes shown in 

páragraph 22. Thorium-230 mightremain in the tailing 

over that time. However, assuming again a mean effective 

residence time for 2^®Th-2^ R a  of about 10^ years, the 

water pathways would deliver a collective dose rate which 

integrated over the 100 years of highest valúes, results

also in one order of magnitude less than the valúes at-
2  2 6

tributed to Ra through fresh waters (paragraph 23).

The incomplete collective dose commitmenís from mili 

íailing can therefore be estimated as comprised wiíhin 

the following ranges:



Strategy Normalized incoinp 1 ete

collective dose commitment 

(man rem/r>W(e)y)

1 9.6 101 2.8 10°

2 5.6 1 0 1 1.6 103

3 5.3 10"1 1.6 1 0 1

4 8.4 1 O 1 2.4 ] O 3

5 3.5 10 1 1 . 0 103

6 3.4 10° 1.0 102

7 2.6 101 7.7 102

28. The individual doses to be experienced from mili 

tailings i u the future are very dcpendenl of local condi- 

tions. Based on published generic assessments (1), and 

using the techniques outlined in section 2, a valué of

a few tens of microrem per year is considered to be r e ­

presentativo of the máximum per caput doses in the future 

for members of the public.

•1 - RAI) I OI.OC1 CAI. 1MPACT FROM MANACüMliNT OI- 

WASTliS FRDM FUEL CYCLE STEl’S FOl.l.l'W INC 

REACTOR OI’F.RATTONS

29. The bulk of the radioacti vity a s s o r  i ;i t ed with the 

production of energy by nuclear fission is contained in 

the spent fuel and is considered waste except for nuclides 

of uranium and plutonium in the strategies involving re- 

processing. This waste must be subjected to suitable 

treatment, some retrievable storage and eventual disposal 

in which control over the waste is reí inquished. Dispo- 

%a J is necossari 1 y involvcd diu- lo the vrry long hall 

lifes of some of the relevaht nuclides, much longer than 

any conceiVable administrativo control which coüld be 

established by thé présent society. Storagé and dispo-



sal problems still exist even if the spent fuel is not 

reprocessed, the wastes being in this case merely in a 

different form. In addition to these wastes, reactor 

operations generate other wastes, including discarded 

components, which represent a problem because of their 

volume but which have a radioactivity of small relative 

importance compared to that of the spent fuel or of the 

high level wastes from fuel reprocessing.

30. Disposal strategies for the spent fuel and, mainly, 

for the high level liquid wastes have been discussed in 

detail (12, 13, 14, 15, 16, 17, 18), being agreed that 

the high level liquid wastes should eventually be solidi- 

fied prior to disposal, this being the reference solution 

adopted.

4.1. Isolation Concept

31. The basic radiological safety concept underlying 

disposal in deep geological formations is the isolation 

of the high-level wastes from man's environment until 

the potential radiation exposures are reduced to levels 

compatible with the requirements of radiological protec- 

tion. This required delay is provided by several 

engineered features and by the time of migration of the 

rélevant nuclides until they reach surface waters. Main 

engineered dclays are represented by the integrity of

the waste containei's and the stability of the waste matrix, 

either the spent fuel or solids in the form of suitable 

glass. Container life, leachability of matrix and nuclide 

migration are considered in this section only in relation 

with the order of magnitude of the delay time they assure 

between disposal and input of the waste radioactive m a t e ­

rials into man's environment.



4.1.1. Engineered Aspects of Isolation

32. Different materials can be considered for containers, 

reflecting different degrees of conservatism in the propo- 

sals. Stainless Steel alone would make the corrosion by 

borosilicate glass very small, specially as the temperatu- 

re falls below several hundred degrees centigrads (19) , and 

this solution has been selected for the assessments. It 

should be noted that, if found necessary, several technical 

possibilities are available for more conservative containers 

(5). There are materials such as titanium and lead which 

are very resistant to attack by groundwaters or sea-water. 

Containers constructed with an external layer of titanium,

a central largo lyyor of Jrad and an infernal líning oT 

stainless steel are, therefore, expected to have a substan- 

tial long U f e ,  exceeding a fcw thousand years. For the 

purpose of the collective dose assessment presented in this 

document, it is assumed that the mean life of containers is 

over 1000 years (5, 38), sufficient for the decay of most 

fission products.

33. The solidified wastes are assumed to be in the form of 

borosilicate glass. A large- amount of information on the 

characteristics and behaviour of the glass has been repor- 

ted (19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32,

33, 34, 35, 36, 37). The thermal history of waste appears 

to have no effect-on the leach rate, ñor on the internal

distrihution of the contained activity. Leach rates seem 

to be the same in destilled water and in sea-waters, and 

it seems unlikely that they would be different in ground­

waters. At 25°C, measured leach rates are in the range 

10’® to 10'4 g/cm2 da:y, and a dependency on the tempera- 

ture of the leaching solution has been shown, the rate 

increasing by a factor of about 30 as the temperature 

arproaches 90°C. On the other hand, the effect of the 

¿rradiation of the glass and of the energy released by 

decay seems to have á relatively '^small effect on leach 

rate. For the purposes of the assessments presented in



A O
this document a leach rate of about 4 1 0’ g/cm year is 

assumed to apply during the entire life of the disposed 

waste. However, in view of the very low water flow rate 

(section 4.1.2), this assumed leach rate, which is larger 

than the mean in the quoted range, may be an overestímate 

leading to conservative assessments.

34. Thermal stresses may cause fracture of the glass 

during cooling. In addition alpha-decay, which produces 

a build-up of helium in the glass, has been indicated as 

a possible cause of glass fractures. As the net amount 

of glass material leached per unit time depends on the 

surface area of the glass blocks, some assumptions are 

necessary on their size. As in other published assess­

ments (38), it has been assumed that the glass fractures 

into pieces of about 10 cm diameter. In these conditions, 

complete dissolution of the glass, assuming the presence 

of ground-water, would take over 3 104 y e a r s , and the 

mean age of the released nuclide mixture would be about

8 10 years. Container and glass can, therefore, be 

assumed to provide together a delay at least of the 

order of 104 years, which would operate over the entire 

mixture of waste radionuclides, not disturbing the 

variation of nuclide composition due to decay and parent- 

daughter relationships as a function of time. As indicated 

in the previous paragraph, the assessed delay may be a 

conservative estimate, the actual valúes being in the 

range 104 - 105 years. This fact is reinforced by the 

use of back filling in the repository.

35. In the case of direct disposal, the spent fuel is 

placed directly in final disposal without prior reproces- 

sing. The leaching characteristics in this case have 

not been studied in detail, but UC^ pellets have low 

rates of release of contained nuclides when in contact 

with water (12). There have been technical studies for 

adequate canister materials, and as the inventory of 

radionuclides is larger than in separated high level



wastes, the intended life of the canisters is longer. 

Steel canisters have been adopted as the reference solu- 

tion. More conservative solutions would be available 

if found necessary. Copper canisters (12) have been 

particularly studied, and with a thickness of 20 cm, 

the penetration of the canister has been estimated to 

take about 10^ years, although some conservative assess­

ments give a shorter time of less than about 104 years. 

Aluminium oxide ceramic is also being studied for 

spent fuel canisters. For the assessments presented in 

this document, it will be assumed that the engineered 

isolation provided by canister and spent fuel matrix

is as good as that describéd in previous paragraphs,
5

the delay time being of the order of 10' to 10 years.

4.1.2. Geological Aspects of Isolation

36. Since the wastes contain extremely long-lived 

nuclides, it can be assumed that a small portion of the 

initial radioactivity will outlive the container and

the waste matrix. Transport by circulating ground waters 

is the most realistic mechanism by which waste nuclides 

could return to man's environment. Ground-water flow 

follows Darcy's law and depends on permeability and 

hydraulic g r a dient.

37. For a reposi,tory in a well selected site in unfrac- 

turedcristalline rock (5, 39) the resulting ground- 

water flow should be very small and the permeability 

would not be measurable by conventional means. Indirect 

evaluations could be obtainod by geochronological assess­

ments of the age of the groundwater (5). Assuming flow 

rates o£ a few tens of cubic centimetres por square meter 

and year, the travel time of water across the rock fórma- 

tion and buffer zone shóuld be óf thé ófder of mánf 

^housand years. As an order of magnitüde, iti hál btieri



assumed that the travel time of the groundwater from the
4

disposal site until it reaches surface waters is 10 years.

38. In the case of reposítoi les in salt. formations, a 

permanent low flow rate of groundwater is not assumed to 

occur from the inception (39). However, combinations of 

conditions leading to disruption of the repository and 

release of material by leaching to groundwater, are 

considered to be more probable than other disruptive 

events discussed in paragraphs 90 to 97 (40).

39. Several studies have estimated the probability of ' 

primary disruptive events associated with groundwater, 

for different time periods of a repository in salt for­

mations (40). This probability is substantial for
7  A

periods of the order of 10 - 10 years and becomes 

cióse to one for periods of the order of 10^ - 10^ years.

It should be noted that such events associated with 

groundwaters do not lead to instantancouS release of n u ­

clides, but are instead the start of a slow leaching 

process into circulating groundwaters.

40. Once leached into groundwaters, the migration of 

radionuclides in most cases should be considerably 

slower than that of water. If exchange phenomena o p e r a t e , 

the delay factor relating the trnvel time of n nuclide 

and that of water- would be equal to 1 + ó/p, where

is the distribution constant, 6 is the density of 

groundwater and p is the effective porosity of the 

travel médium (6,12). Very little is known about d i s ­

tribution factors in the relevant cristalliñe rock media, 

but from extrapolation from known valúes in other media 

it could be assumed that the delay factor would be around

1 for iodine, over 100 for lantaftides and probably
'V '

actinides, and even larger for caeáium (12).



41. Nuclide migration, however, is even more complica- 

ted than outlined above. Plutonium and several actinides 

can form colloids, and migration in this case would be 

dominated by filtration and surface afisorption. Control- 

ling factors would be colloid particle size and dimensions 

of interstices through which water circulates (18). Further- 

more, migration characteristics would change according

to the physical and chemical properties of the médium 

as migration proceeds. The formation of daughter nuclides 

of different characteristics during migration compounds 

the difficulty for assessment. The solubility of uranium 

and radium is proportional to water temperature and also 

varíes with pH, redox potential and the presence of C 0 2 or 

bicarbonate ions.

42. In view of the uncertainties summarized in the

previous paragraphs, and the possibilities of change of

the médium characteristics in the very long time involved,

it is not possible in a generic assessment to malee a

realistic estimate of the delay involved in the migration
1 29

of different groups of waste nuclides. While I and 
99

Te will probably travel at the same speed as ground 

water, most of the other relevant nuclides will be 

delayed in relation to the water. The delay factor 

would range between a few tens to some hundreds, and 

the mixture entering surface waters cannot be described 

by a single age. As no realistic valúes of the delay 

provided by geological isolation for each waste nuclide 

are available, the assessments presented in this 

document will not attempt to use sophisticated 

compartment analysis of the time functions of the r e ­

sulting biospheric contamination. That type of analysis 

would be moro appl icable to si te-spec,i f ic assossments (5).

43. The collective dose commitment, however, can be 

roughly estimated to lie between two extreme valúes, 

corresponding td the entry into circulating waters of



an undisturbed mixture of waste nuclides of an age taken 

to be equal to either the shortest delay or the longest 

delay found for nuclides of the mixture- Taking into 

account the enginoered isolation factors and the time 

of water migration it will be assumed that 10^ years 

is representativo of the delay without the effect of 

sorption of radionuclides, while a delay of the order 

of 10^ years will be taken to represent the case where 

sorption is the main retardation factor. In the assess­

ments of collective dose commitments due to waste repo- 

sitories, it will be postulated that the realistic 

valué lies in the range between the valúes obtained for 

water mixtures of 10^ to 10^ years reaching circulating 

waters.

44. For a defined site, or for a given set of defined 

migration para m e t e r s , it is possible to modcl quantltati- 

vely the migration. In an assessment ca^ried out 

specially for INFCE (72), this modelling was performed 

for a hypotetical repository in a reference salt forma- 

tion. The release assumption involves a geological event 

creating a fracture, which in connection with existing 

gradients in the aquifer system results in the flow of 

brine through the repository.

45. The study uses models for a three-dimensional
0

water flow and a unidimensional nuclide transport model, 

taking account of radioactivo decay and soil-water exchan- 

g e s . By the use of these models it is possible to 

predict the rate of arrival of different nuclides to 

fresh waters, and their total input over time.

46. Figures Al to G14 are examples of resulting arrival 

rates (expressed as concentration in water, which is 

proportional to arrival rate, for a 100 CW(e)y inicial 

repository inventory). The following table summarizes



the'arrival times (time for máximum rate of arrival) 

for fission producís and actinides, the valúes beihg 

similar for all the fuel strategies (72):

Estimated Arrival Time of Actinides 

into Circulating Waters1*

Time

(y)
2 . 2  1 0 6

6.7 105 

1 . 2  1 0 6

3.4 106

3.4 106

2.5 107

3.5 106 

8 . 1  1 0 7
2.5 107

3.4 106

3.4 106

3.4 106

3.4 106

2 . 6  1 0 7

47. It can be noted that the order of magnitude 10^ 

years, selected for the assessment procedure outlined
0

in paragraph 43, seems to agree acceptably well with the 

results of this geosphere modelling. The agreement is 

better reflected in the collective dose commitment 

assessments (section 4.3.2.).

4.2. Radionuclide Composition of the Discarded 

Spent Fuel or the High Level Wastes

48. The radionuclide composition of the discarded spent

Nuclide

" t c  
129 j

135Cs

226Ra

231Pa

229Th

23°Th

252Th

233

23 4U
2 3 5 U

236y

2 3 8 U

237n p

* For salt repository assessed by a geosphere model (72)



fuel or the high leve3 wastes presented in Tables 2.1,

2.2, 2.3, 2.4, 2.5, 2.6 and 2.7 have been derived from infomation 

relevant to the strategies under consideration (9). These 

Tables present the normali¿ed activity of relevant fission 

Products and actinide n u c l í d o s , including under this ñame 

uranium and transuranic nuclides and relevant products of 

their decay chains. For the reprocessing cases it has 

been assumed that the high-level wastes contain over 991 

of the non-volatile fission products, 0.51 of the uranium 

and plutonium and essentially the total amount of the 

other transuranic nuclides.

4.3. Collective Pose Commitment from

Waste Repositories

4.3.1. Assessment Procedures

49. Transport of the long-lived radionuclides by ground- 

water was considered in previous paragraphs to be the 

normal mechanism by which waste materials return to man's 

environment. The hydrological cycle consists of a coropli- 

cated group of paths through which the water in nature 

circulátes and is transformed from one State to another. 

One of these paths (precipitation, ground infiltration 

and percolation to deeper zones) results in groundwater. 

Groundwater may Later flow out as springs or may seep into 

streems, finally flowing to the sea. Disposal reposito­

ries will be located in formations selectcd for having 

large volume with very small amounts of migrating grou n d ­

water, but it will be assumed that eventually long-lived 

waste radionuclides will follow the path indicated above. 

They could, therefore, first cause radiation exposures 

through freáh-water pathWays, and then through sea-water 

pa t h w a y s .



a b 1 e . 1
Activity composition &f relevant actinides and fission producís in discarded spent 
fuel as a function of time, normalized per unit electrical energy, for Fuel Cycle 1

Light ft’ater Reactor with spent fuel disposal

f&iclide—' Half-life 1

(y)
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a/ Short-lived daughters in secular equilibrium with their parent-nuclides have not been 
included in the table
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Nomalized actívíty (Cí per Gtf¿e)y)

S9,c
>

2.1 103

■

5.* 102 5-4 !02 5.4 102 5.2 102

j

3.9 !02 2.0 101
123,

1.7 1C7 - • -

,35Cs 3-0 10b 5-0 10°
o

5.0 10° 5.0 10°* 5.0 10° 4.9 10° 4.0 10°

1.6 103 - - • - 2.6 lO-2 2.2 10_1 2.6 10'1
234,.

. 2.5 105 2.0 10'1 2.8 10'1 4.2 10*1 4.2 10_1 3.8 10-1 2.6 10_1
235y 7-1 108 2.2 10'3 2.2 10 * 2.4 10"3 1.2 10'2 9-2 'O-2 1.0 ío'1
236, 2.4 \Q7 T.5 10‘2

*
.2.1 JO 9.3 10"2 5.4 10*1 8.4 10'1 8.2 10"1

23»ú 4.5 109 2.5 10"1 2.5 10_1 2.5 10'1 2.5 lo'1 2.5 10-1 2.5 10
23V 2.1 106 : 3-7 10° 5-9 10° 1.7 101 2.0 JO1 2.0 101 ..S 101
238Pu 8.9 101 4.4 102 2.6 102 2.9 10° - -
239-r u- 2.4 lO2* 1.4 102

•}
1.6 10¿ 3.7 10Z 1.5 103 2.3 ¡O2

2^0,
Fu 6.8 103

9
5.8 10 2.8 1C3

■j
2.6 10J 1.1 103 1.1 10"’ -

2;iP. 1.5 101 3.8 101* 5.6 102 8.3 10° 3.6 10°
- 7

2.2 10 3 -

2^p., 3-8 105 7.3 10° 7-3 10° 7.3 10° 7.2 10° 6.1 10° 1.2 10°

| 2* C i*.3 102 8.0 102* 7.0 10* 1.6 10** 9.2 JO-3 -  i

7-7 103 8.6 103 8.5 103 7.9 103 3.5 103

!■ . ■ ■■ i

1.1 10°
i

!
i

a/ Short-iived daughters ín secuiar equi i ¡briun with their parent-nucli des 
>i£vs not been included in the tabla.
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fi i í fllC < f t t r  r e n o v a l  fron*. r e a c t o r
1 y

i de— K a lf - I i . ra 1 0 ! y i ' 1 .................  f
1 0 2 y 103 y I 

l
10* y 105 y i O6 y

(yj

* Normalized a c t i v i t y (Ci per GW{e)y)

t  » Tc - f í a 5 4.9 101 4 .9  101 4.9 101
1

4 .7  101 3.5  1 0 1 1 .8  10°
1.7 107 7.0 10"1 7 .0  l ( f 1 7.0 1 0 '1 7.0 10*1 7.0  10r1 6 .7  10*1

I ’ 35C s ' * 3.0 IG6 4.7  10° 4 .7  10° 4.7 10° 4 .7  10° 4 .6  10° 3 .7  10°
! 226Ra l .o  103 - 4 .0  10*3 8.0 1 0 '2 2 .2  10° 1 .7  ID1 3 .1  10°
! 228Th : F.9 1C° 4 .0  101 1 .9  101 1.8 1 0 '2 1 .5  1 0 '2 1 .5  10"2 1 .5  10*2

229rn 7-3 103 3.6 10*2 3 .4  1 0 '1 3.3  ro° 2 .2  101 2 .7  101 7.2  10°
: 23CTh 6.0 101* 1.0 10*1 1 .1  1 0 '1 3.6 10*1 2 .8  10° 1 .7  101 3 .1  10°

232ih 1.4 1Q10 1.5 10*2 1.5  1 0 '2 1.5 1 0 '2 1.5  10*2 1.5  10* 2 1 .5  10*Z
232u 7.2 10l 4 .3  lt)1 1 .8  101 3.1 10* 3 - - •
233jj r.6  io 5 3.6 101 3.6  101 3.6 101 3.5  101 2.6  101 7.2 10°
23% 2.5 105 9.4  10° 2.2  101 3.4 101 3 .3  101 2.5  101 2.1 10°
235u 7.1 10® 1.8  10*2 1.8  10"2 1.8 1 0 '2 1 .8  1 0 '2 2 .0  10*2 2.0  10*2
236u 2.4 !07 3.0  10° 3 .0  10° 3.0 10° 3 .0  10° 3 .0  10° 2 .9  10°
236, 4.5  109 4.3  10* 3 4 .3  10*3 4.3 10*3 4 .3  1 0 '3 4 .3  1 0 '3 4 .3  10*3
23' s ? 2.1 106 8.5 10° 8 .5  10° 8.7 10° 8 .8  10° 8 .5  10° 6 .3  10°

j 236Pu 8.9 ID1 6.8  104 3.4  io 4
i

3.1 101 -

! 239Pu 2.4 10** 5.6 101 5 .6  101 5.5 101 4 .6  101 3.7 10° _

2,,0Pu : 6.Z  ¡o3 9.5  101 1 .0  102 9.3 101 3.7  101 3.9  10-3 .

2S u
]

1.5 10 2.6  104 3 .6  102 - - _

2,‘2Pu 3.8  105 1.6 10° 1 .6  10° 1.6 10° 1 .6  10° 1 .3  10° 2 .6  10*1
4.3  102 5.6 102 1 .3  103 3.0 102 - - -
7.7 103

i ■ ■
2.4 101 2.4  101 2.2 101 1 .0  101 3.0  10"3 -

a /  Shorcrlivsd  daughters ír secu la r e q u l*ib riu *  vitls th e i r  parent-ouc»¡des
h*y» aot been íncluded in the ta b le .



50. As only a range of possible valúes of the collective 

dose commitment will be estimated (paragraph 43), the 

collective dose commitments will be asscssed as a function 

only of the "age" of the waste mixture when it reaches 

s u r  face waters, assuming no other change of the waste 

nucli.de composition than that caused by decay or by genetic 

generation through a decay chain.

M .  l'or comparison, collectivo dose commitments will also 

he calculated for the estimated arrival of radionuclides 

I rom n disrupted salt repository (paragraph 44 to 46).

Tablc 2.a summarizes the input of radionuclides into fresh 

waters, est imated by a tjransport model (72). This impact 

covers not only that from high level waste but also from 

wastes from enrichment,fuel fabrication and from depleted 

uran i u m .

4.3.1.1. Fresh Water Cont r ibution

r>2. Waste radionuclides entering fresh waters result in 

«loses to inan ni.j i n 1 y through the pathways of drinking water 

and fish consumption. If irrigation of crops is practiced,

■ |H'( i a 11 y by sprinkling methods , this route could contribute 

>-■ i j;n i l‘i cantly t p  t h e  collective dose. Other fresh water 

pathways have generally been found to contribute negligibly 

to the collective dose (1,44) even if they could be limiting, 

in somf cases, consi dering individual doses.

S3. The collective effective dose equivalent commitment 

froin the input of radionuclides in fresh waters, normalized 

per GW(e)y, can be estimated (1), using the expression
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is thc activity input of nucíido i, per 

GW(e)y in the receiving fresh water 

is the volume of receiving waters 

is the turnover time of receiving waters 

is the decay constant of nuclide i 

is the number of individuáis exposed by 

pathway k

is the individual consumption rate of 

pathway item k

is the concentration factor for the consumed 

item in pathway k for nuclide i '

is the collective effective dose equivalent 

per unit activity ingested collectively by 

the exposed group.

Ai i
54. The quantity ----1---- r- is the infinite-time

V  (*i+ ¿)

integral of the water concentration of nuclide i, while 

the qunntity multiplied by  ̂ is the infinite-time 

integral of the concentration of nuclide i in the 

consumed item k. For radionuclide inputs into small 

volumes of water, the concentrations in water and in 

fish will be high, but the population which can be served 

with drinking water or by fish consumption will be 

limited. For inputs into larger volumes of water, the 

concentrations will be smaller, but the population invol- 

ved will be correspondingly larger.

55. It seems reasonable tó assume, therefore, as a

N k Jk
first approximation, that the quantities are rela-

tively constant. Representative valúes of these qua n t i ­

ties can be estimated as global averages or for regional 

areas. Both procedures give similar results. For example,

where A
i,l

V

t

N,

fk,i

F i



for the drinking pathway, a global estímate of 

N k -8 may— « 3 10 —y-  can be obtaincd from the world popu-

lation (3.8 10^) and the world availability forfresh 
17

waters (1.3 10 kg) (45). Some i <?).> i o,ia 1 ost imates range 

within an order of magnitude oJ' i he global estímate (46,

4 7 , 48). Using the global est ¡in.'itc, and assuming a per 

capul intake rate of water o i' 2.í> kg per «lay, the 

N k h
quant. ity — ^—  for drinking water is estimated to be

2.7 10~5 y * 1 .

56. By a similar procedure it is possible to estímate 
N k Ik
--tt—  for fish consumption. Total fresh water fish

9 - 1
consumption by the world popula!ion is about 3.8 10 kg y

(49), which agrees well with the estimated annual global

catch of l O ^ k g  (45), taking into account a correction for

odible weight. Dividing this globul consumption rato by

the world availability of fresh waters discussed in para-
N I

>' t aj>li r«-r>, a valué of - K y -- * 3 10 %  for the fish c o n ­

sumption pathway is obtained.

57. In the calculation of collective dose commitments 

contributions using thé formula of paragraph 53, a global 

frosh-water turnover time of 10 yeats has been asSumed

(1). Sediment removal has been neglected due to the short 

lime sea le involved. Tablc 3 sumarizes the other factors 

required for the assessment of the collective dose commit­

ment contributions, together with the resulting collective 

dose commitments per unit input of soveral relevant nuclides 

in fresh waters.

58. Concentration factors for drinking water (activity 

removal by purification) and for fish shown in Table 3 

are partly taken from available compilations (47, 50, 51).



T a l l e  3

Collective dose commitment factors 

for the input of raáionucliáes in fresh waters

Nuclide f (1) 
V

- (2) 
f

P. <3>
1

(man rem/Ci)

99Tc 0.8 15 5.5 102

129J 0.8 15 3.U 105

135Cs 0.2 1*00 7.3
3K r

226Ra 0.5 h 2.8 105

229Th 0.1 10 3.U 105

230Th o:i 10 3.U 105

233u 0.1 10 1.1 105

2 3 ^ 0.1 10 1.1 105

235u 0.1 10 1.1 105

23^u 0.1 10 1.1 105

238u 0.1 10 1.1 105

23V 0.1 10 2.0 105

239Pu 0.1 10 1.6 105

-U°Pu 0.1 10 1.6 :o5
2Ul

Am 0.1 10 2.2 105

2l‘3Am C.l 10 2.? 105

Notes;

(1) f Is the concentration factor for drlnk'lng water

(2) f^ ts the concentration factor for fish

(3) ts the collectlve effectlve dose equiválent per 
unlt activity Ingested collectlvely by the 
exposed group.



As valúes are unava i 1 ah 1 e for most actitudes, it has been

-1 • :. i un c' el that the cerium valúes are app 1 i cali 1 o ¡n those 

cases. Radium valúes are derived from studies on relcases 

fi um uranium mil is (52). The dosimetric i onversion fac- 

tors have been derived applying the organ weighting 

factors of ICRP publication 26 (2) to the dosimetric 

models of ICRP publication 2 (53) , except for ^ ^ R a  for 

which a more recent dosimetric model has been used (1).

4.3.1.2. Ocean Contribution

V). A bíisic ¡i s r.umpl i on of the a s so s smi1 n t p re se n ( ni i n 

this report is that the waste nuclides will í'ollow grouml 

water, with somc delay, and will seep inio fresli waters 

final Ly flowing into the sea. In view of the time scale 

of the residence of the nuclides in fresh waters and 

the very long lifes involved, it can be assumed that the 

¡nput into the sea will contain the entire radionuclide 

inventory that had been introduced into fresh waters.

00. Any model selected to describe the dispersión of 

radionuclides in the ocean would be a vast simplification 

of the real situation. Due to the very long-lived m a t e ­

ria Is involved, and the fact that the collective dose 

comm i tmon t is the desired quantity, it; is possible to 

neglect from the asseSsment; the initial dispersión, 

uní i 1 a relntively uniform concentration is achieved in 

all ocean compartments. This initial dispersión would 

require approximately one thousand years (54).

61. In ihese conditions, the collective dose commitment 

conliíbution from all exposure pathways starting with sea 

water will be própórtion&l to the infinite-time integral 

of the water conceñtration, which in turn depends on the 

mean life of the ñutlitié &n& 6ri the rate of itfe removál 

from the water.



62. Many nuclides dispersed in the marine environment 

become associated with sedimenta. The capacity of sedi- 

ments to remove nuclides depend on several physical and 

chemical parameters. Experimental and field determina - 

tions of the distribution ccefficient for many nuclides 

and marine sediment types have been carried out (55, 56,

57, 58, 59, 60). When the radionuclides have reached 

uniform distribution, the rate of their removal from the 

water can be calculated from the distribution coefficient 

by the relation (54)

where S is the fractional rate of removal, K is the

distribution coefficient, v is the velocity of sedi-

mentation and h is the average depth of the water

column. Taking a mean sedimentation velocity of 10 S m/y

(61, 62) and a mean of ocean depth of about 4000 m, the
-9 -1 v

removal rate can be expressed as S « 2.5 10 y K.

63. If sedimentation and radioactive decay are the only 

removal processes operating on waste nuclides, then the 

infinite-time integral of the water concentration is 

given by

A i
G-.(t) dt -------------

1 v (Xi+ S i)

where C^(t) is the concentration of nuclide i in

water, is the total input of that nuclide into the

oceans, V is the volume of the diluting waters 
17 3

(4.6 10 m ), X. is the decay constant of nuclide i, 

and is the removal rate of nuclide i by sedimen­

tation .

/,
<

o



64. Contrary to the í'resh-water case, wliere the short 

turnover time made the contribuí ion of long-lived daughter 

nuclides insignificant, the assessment of collective

dose commitments mediated through the oceans requires 

that the parent-daughter relationships for the nuclides 

are taken into account. A further complication derives 

from the fact that some daughter nuclides are less re- 

tained by the sediments than the parent nuclides. In 

these cases the sediments become an input source for the 

daughter nuclide.

65. Several pathways should be considered in the assess- 

ment of human exposures from rndionuclidcs dispor.sed into 

the oceans, e.g. consumption of fish (and sea íood s ) , se- 

diment resuspension and inhalation, and externa! exposure 

to sediments. Potential future pathways should also be 

considered, such as consumption of fresh water obtained

by desalting, plankton, etc.

66. Table 4 sumarizes the transfer factors used in this

report tp assess the collective dose contribuíions of

the present exposure pathways. The concentration factors

for fish (38, 63, 64, 65, 66, 67) are applicable to the

odible parts and expressed as ratios by weight. The dis-

f.ribution coefficients for sediments (paragraph 62), on

the other hand, are expressed as ratios by volüme» The

dosimetric conversión factors F. (ingestión) and F 0
1 . 

(inhalation from a "cloud exposure") have been derived

applying the organ weighting factors of ICRP publication

26 (2) to the dosimetric models of ICRP publications 2

(53), except for 226Ra for which recently published dosi-

metric models have been used (1).

67. The collective dose comtaitment contribution of the 

fish consumption pathway Cah be calculáted from the time- 

integrals of the water cortcentratiórts using the relevant
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Collective. dose
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commitment fací ors

for the input of radionuclides intn the oceans

r  , 

Kuclide x (y"1 ) ff (1>
K ^ F.

i
('•san

(3)

■env'Ci)

P  W

a - 3
(renj/Ci y m  )

" T e 3.3 io-fi 10 101* i 5-5* 102 2.S 106

129;e U .1 10-8 10 10 3. U 105 1 í.U 1o9

135Cs 3.5 10-7 30 2
10 1-3 103 U.Í2 10 f

226Ra U.h 10-U 100 105 2.8
4

10
10

2.8 10

299
Th 9.5 10“5 1o1* 107 3Ji X0J 6.6 10

230 
3 "h 8.8 10 lü1* 10T 3 A

5K T 6.6 1012

23'-i. U.U 10"6 10 101* 1.1 10 5 2.0 1010

23U„ 2.8 io~6
V
10 10* l.l 105 2.0 1010

« 5U 9-9 10-10 10 1o1* 1.0
«5

10- 1 .9 1010
M S U

3.0 10-8 10 1o1* 1.0 105 1.9 1o10
H 8 U

1.5 10-10 10 10U 1.0 1o5 1 .9  1010

8 * # , 3.3 10-T 10 2.0 105 3.T 1012

238f u 7.9 10~3 10 5 lo"1 1.6 10 5 6.9 1012

239 Pu 2.9 10“5 10 5 xo1* 1.6 1o5 6.9 1012
2Uo_

Pu. 1.1
~U

10 10 s i o ‘ 1.6 1o5 6.9 10 *
214?

1 u 1.9
-6

lo 10 5 lo1* 1.0 :ior> 6 .0 iu12

1.5 i<r3 10 le' 2.2 3 o5 3.0 1012

8.8 10~5 10 ioh 2.2 10 5 3.0 10 |

Ilotes: 

(1)
(2 )

(3)

( l¡)

K

F.i

a

is the 'concentration factor for finh

is the distribution coefficient betveen sediraents and water

is the collective effective dose eouivalent per' unit activity 
ingésted collectively

is the effective dose equivalent per xinit infinite-time integral 
of  the breathing air concentration.



parameters of Table 4 and the annual potential fish catch 

from the ocean. The implicit assumption, which makes it 

unnecessary to know average fish intakes, is that all 

fish caught is eventually eáteh. The annual potential
7

fish catch is taken to be of the order of 5 10 tonnes (68).

68. Near costal areas the resuspension of contaminated 

sediments would originate an inhalation pathway. To 

assess this contribution, in addition to the pertinent 

valúes of Table 4, it has been assumed that the depth of

resuspendable sediments is 0.1 cm and that the resuspen-;
- 9 * 1 '

sion factor is 10 cm (69). It was al so assumed that
O

a total of 10 individuáis will be exposed to this route 

(about 1 per cent of the assumed future population size). 

Fractional time for outdoors exposure has been taken to 

be 20 per cent.

69. Using the parameters of Table 4 and a conservative 

model for external exposures to sediments (semi-infinite 

geometry), it can be shown readily that the contribution 

of these exposures to the collective dose commitment is 

negligible compared to that of the two pathways discussed 

previously.

70. Unconventional pathways may be added in the future, 

affecting the collective dose commitment estimates. Among 

these, drinking w^ter from desalted sea water and consump- 

tion of other marine producís are worth mentioning. D e ­

salted water contribution to the collective dose commit­

ment appears to be negligible compared to the pathways 

included in Tables 5, even if it is conservatively assu­

med that 10** individuáis derive their drinking water from 

this source. Desalination processes will separate most 

nuclides from the water, with varying decontamination 

factors, probably in the ordéí of 10 .



71. Harvesting from th"> sea might be further developed 

in the future. Small zoopl«?nkton seems a likely candi - 

date because its harvesting muy increase thc availoble 

proteins by an order of magnítude. A s  the concentra- 

tion factors for many radionuclides in plankton is subs- 

tantially higher than in fish, the coatributicm to the 

collective dose commitment might conceptually be signi- 

ficant. However, such a development seems unlikely, 

even in the long term, because the harvesting and proces- 

sing of small zooplankton is likely to consume dispro- 

portionate amounts of energy (70).

72. The estimated annual potential of red crab is in
£ *

the order of 10 tonnes. The possibility for developing 

a fishery is considered, but the lower annual potential 

as compared to fish, makes the poss.ib.le collective dose 

commitment contribuí ion not cxceeding that of fish, even 

assuming larger concentration factors. The fishery of 

cephalopods could eventually be developed, the estimated
7

annual potential being of the order of 10 tonnes. Con- 

ccntration factors for cephalopods are not well known, 

but could be higher than those for fish for some radio­

nuclides-. Taking into account the relative composition 

of the waste as a function of age, it seems possible that

the collective dose commitment for the younger ages
4 5

(10 - 10' years) might be increased by the postulated

cephalopode patlrway (by an order of magnitude) , while
c 6

that for the older ages (10 - 10 years) is practically 

not affected.

4.3.2. Estimates of Collective Dose Commitment

73. The collective dose commitment for a giveninput 

of radionuclides is independent of input rate and dura- 

tion. On the assumption that the entire disposed mixture 

migrates eventually to circulating waters, to arrive



there only much "older" (paragraph 50), the information pre- 

sented in the preceding paragraphs allows the calculation 

of the collective dose commitment per GW(e)y as a function 

of the age of the waste mixture when entering circulating 

water bodies. Tables 5.1, 5.2, 5.3, 5.4, 5.5, 5.6 and 5.7, 

summarize the results of these calculations for the seven 

fuel cycle strategies under consideration.

74. According to the time delays estimated for the isolo- 

tion provided by engineered and geological factors, the re- 

levant range of collective dose commitments can be obtain,ed 

from the columns 10^ years and 10^ years of these Tables.

The range of valúes are: .

man rem / GW(e)y

Fuel cycle strategy 1 8.9 103 - 2.7 10

Fuel cycle strategy 2 9.7 102 - 2.8 10

Fuel cycle strategy 3 1.8 103 - 5.2 10

Fuel cycle strategy 4 3.1 104 - 4.5 10

Fuel cycle s trategy 5 6.8 102 - 4.6 10

Fuel cycle strategy 6 3.6 103 - 2.6 10

Fuel eyel e strategy 7 2.5 103 - 1.2 10

75. The valúes given above show that waste management of 

high level wastes or of spent fuel results in the same order 

of magnitude of collective dose commitment than the reported 

total contribuí ions* of operations of the fuel cycle other 

than waste management (1). The actual delivery of doses 

comprised in the commitment from waste repositories spreads 

much more in the future than those from these other 

operations, and as a result the future annual individual doses 

will be much smaller in the case of waste repositories.

76. For comparisón, CólléctiVé dosfe commitments hdve also 

been calculated for thé inpUt asséSséd f'br a refereríce salt



h o n ru ' ¡ '  c n 'i e c t i v e  riost; co«ra ítm ent as ó ?unzt  Son o ’ ciie time 
cT~~a i r i v¿T o? t he rad  i onu.. i i des to  c i rcu  ¡ á t  r ng ¿ rs 

F ue’ Cyc’ g ’ • L ight Water  Reactor  w ith  sp e n t fue l <? i s;josa 1

« e  oí v ?s !

10 y

(0 (2) (') U) (¡) :'1

l e c t i v o  dose 'T.an per C W ' : ) y '

•■'Te 1 6.0 101 9-5 10° : 5.8 101 9 .1 10° i ^ ■ 3 1o 1- 6.8 10° i 2.2 10° 3.1» I O"1
; ? q ! 
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7 . 5 10° 3-1 102 : 7-5 10° 3-1 102 i 7 . 3 10° 3.0
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5 . 9 10° 2.5 1o 2
2 ? £ _ 1 

Pa ¡ 3 . 2 ,c1 7.6 10° 1 .¡» 1o 3 3.1* 102 1 .1 10* 2.8 10’ i 5.7 103 1.4 1o 3
^ 0 f {

i
1 1 .9 1o2 1 _ 1 103

' '-9 102 1.0 103 | 1 .6 102 8.6
>°! ! 4.6 ro1 2.5 IC2

?35,.
V 1 1 . 8 10° 1.3 101 2.1 10° 1.5 1 0 1 i 3.0 10° 2.1 >0» ¡ 3 .1 i 0° 2.1 10°

236
v 1 3 . 3 1o 1 4.3 1o 1 A. 3 1o 1 5.6 1o 1 ; 5.0 1 0 1 6 .1» ,0 ' 5 . 0 101 6 .1» IO1

1
3 . 6 1o 1 2.5 1o 2 3.6 1o 1 2.5

2 i 
I0¿ , 3.6 1 0 1 2.5 102 i 3.6 101 2.5 IO2

! 2 . 0 icr 5.6 1o2 2.3 1o 2 6.5 102 2.2 IO2 6.3 1G2 1.6 !02 4.6 !02
^ - 0 : 1

2 . 5 1CT 2.6 10 ‘ - " - - - -

5 . 3 10* 1 .2 1o 5 4.0 10* 9.1 10* 3-0 1o 3 6-3 ÍO3 j - -
:> 0. ‘ 

u u 7 . 2 10* ! . ’ •*5
■ V 2.9 10* 4.3 10* 2.9 10° M 10o ; - -

V ir 1 ̂  
y ¡j 4 . 3 1o 1 9-4 10*2 2. 1 1o 1 4.5 1 0 - 2 1.1 1 0 - 2

1
1 - -

2k2^
.'U 2 . 4 102 6.5 102 2.1» 102 6 .1» 102 2.0 102 5.5 !02 i 3 . 8 ¡o1 1.0 102

2^ ’ .
1.7 1o5 6.0 1o 3 1». 1 1o 1 1.1» 10° 2.0 IO*2

!
i - -

2« t o 3 . 9 io3 3-6 1o 3 1.7 1o 3 1.6 1o 3 5.3 lo " 1 *.9 1 0 " 1 I
i

- -

Sut-trtals 3 . 0 1o5 2.1» io5 7.3 10* 1.1» 105 1-5 10* 1.2 ..*• 1 6.1 1o 3 2.8 1o 3

T ' t =, i s
¡

5.1» 105 2. 1 105
i
! 2 . 7 10*

1
>1 8.9 103

\ ! : r rss.h wate r r.-il lect i ve dose cor-tribut ion. *2) 0 co ’ e c t : ve d e ;a c r r 1r : r i;t ion

■s»
tn



o f  a r r iv a l  o f  th e  ra d io n u c lid e s  to  c i r c u l a t i n g  w ate r s  
Fue! Cycle 2: L ig h t W ater R eactor w ith  p lu ton ium  re c y c le

c?  w ís ts  míxtvrr*
1

f.-tic 1

i

t

i

)0 3 y I 10* y
C | £

\0' y ( 1C v i

' 0  (2) 1 (? ) (2) t ( ’ ) (?■• i (O  (2) ;

Normal izeo  c o l l e c t i v e  d o se  covrr-. i tiren» (nsn  rem p e r GW(e)y) j 

i ! !J

53T,; i 6.0 io 1 9 .5 10° 5 .8 IO1 9.1 10° j * .3 i o 1 6.8 , 0o 2. 2 10° 3 .4 IO' 1
SÍC. 1 i i 9 .8 i o 1 2.1 i o 1 ; 9.8 IO1 2.1 .O1 1 9 .8 10V 2.1 9 .0 IO1 1-9 IO1

, , 5c s ; l . l i o 1 4 .6 102
i , - 1

i o 1 4 .6 102 ! 1.1 101 4 .6 . 0* ' 8.6 10° 3 .6 102
2 ¿6 .. ! a 7.2 10-1 1.7 io -1 1 3.8 IO1 9 .2 10°

i 3-2
102 7 .7 io 1 9 .9 i o 1 2 .4 IO1

7 '->Uu 5.6 10° 3-1 io 1 | 5 .6 10° 3.1 101 ! 4 .3 10° 2 .3 io 1 7-3 r o - 1 4 .0 10°
- ? c '  i

-''U 1 1 2.0 io -2 1.4 10- ’ ! 3 - 3 ,o ‘ 2 2 .3 io ’ 1 i 1 .3 10- ’ 9-2 io - 1 1 .4 io - 1 9-7 IO' 1
236l, ¡ 5 .0 io - 1 6 .4 io " 1 i ’ •* 10° 1.8 10° 10° 2 .5 10° 1 .9 10° 2 .4 10°
2 " i ; 4 .0 IO' 1 2.8 10° ! 4 .0 io ' 1 2.8 10°

1
• 4 .0 IO*1 2.8 10° 4 .0 io " 1 2.8 10°

' fie l . l 102 3.1 102
t
: 1.1 io 2 3 .2 io 2 j 1.1 102 3.1 102 8 .4 io 1 2.4 102

l .2 io 2 1.2 101 i1 - - i
1 - - « - -

r o I .2 103 2.6 IO3 ! 2.8 103 6 .5 103 ¡ 4 .0 102 9 .2 IO2 - -

i *'U 7.7 IO3 1.2 10* 3.1 103 4 .7 103
1
i 3 ,5 io " 1 5 .3 io - 1 - -

- ’ r , 4 .6 102 1.0 10° I 2 .2 102 4 .9 io - 1 ! 1-2 io ' 1 -
i
\1 - -

21V , 5.3 . 0° 1.4 IO1 : 5 -3 10° 1.4 .o 1 ¡ 4 .4 10° 1.2 io 1 1 8.6 io - 1 2 .3 10°
2- , _ 2 .5 10* 8 .7 102

! ‘‘-1*
102 1.6 io 1 1 2 .5 io " 1 9 .0 10-3 í - -

2*3Am 1.7 10* 1.6 10*
i
; 7 .3 103 6 .7 JO3 ¡ 2 .3

i
10° 2.1 10°

l
i • - -

t_b- tC -3 l S ! 5 .2 10* 3 .2 10* * 1 4 10* 1.9 10* ! 1 .0
. i

103 1.8 IO3 . 2-9 102 6.8 102

T..
l

8.4 10* i«* 3 3 10* I
i 2.8 103 , 9.7 102



N orm al:¿eri c o l i á c j v e  Jo sé  conmitment 3 * a f u n c t io :  o f th e  tim e 
o f  ^ r r iv a i  o f th e  r a d ío r u c l i  des to  c i r c u la t in c  w ate rs

cue C ycle 3: F ast B ree d e r R eacto r w ith  plutonios® recy c le

Age o f  w a ste  m ix tu re

Mlc i !de ’0 3 v j 10* y ! 10? y I0 6 v i
\ i / (2) O ) (2). | í l ) (2/ (D (2)

Kormal iz ed  c o l l e c t í v e  dose conrsítiñent (man rero p e r  GW(ejy)

oo
" 'T e 5 .4 101 8 .6 10° 5-3 101 8 .4 »0° i 3 .8 101 6 .1 ,0 ° 2 .0 10° 3 .2 l o ' 1

¡25.t 6 .3 101 1.3 10* 6.3 lo 1 1.3 101 ¡ 6 .3 10‘5 1 .3 101 6.1 101 1.3 101
^ 5Cs 3.1 101 1.3 103 3.1 lo 1 1.3 103 i 3 .0 101 1 • 3 ?03 2 .5 101 1.0 103
226«a 8.í» 10-1 2 .0 1 0 -1 1 .4 102 3 .3 lo 1

i
103 2 6 102 2 .3 102 5-5 I0 1

1.9 lo 1 1.0 102 1.9 101 1 .0 102
I ’ - 5 ro 1 8 1 101 1.4 10° 7 .7 10°

235ü o .6 io ‘ 3 4 .6 1 0 '2 4 .0 lo " 2 2 .8 l o - 1
I
i K 9 1 0 '1 1 3 10° 2 .0 i o ' 1 1.4 .0 °

2 '*u 1.8 10-* 2 .3 JO"1 l . J 10° 1 .5 10° ¡ 1 .8 10° 2 3 ?0° 1.7 10° 2 .3 10°
238u 2 .3 10 '1 1.6 10° 2 .3 l o - 1 1.6 10° ¡ 2 .3 l o ' 1 1 6 ¡0° . 2 .3 l o - 1 1.6 .0 °
237..!ND 1.0 102 2 .9 102 1 .3 102 3 6 102 ; 1 .2 102 3 4

■5
10^ 9 .0 10“ 2 .6 102

238.ru 3 .4 102 3 .4 101 - - - « .
23SP„ 6 .2 103 1.4 10* 5.8 103 1.3 10* 1 5 .3 102 1 2 ÍO3

2‘ 0>u 7 .7 103 1 .2 10* 3-3 103 4 .9 !G3 3 .4 l o - 1 5 1 lo " 1 .

2" ’?U 3 .6 103 8 .0 10° K 7 103 3 .7 10C ! • _
1 f.r ¿ ¿ _ 

r - 2 .6 lo 1 7 .2 101 2 .6 ro 1 7 .2 .o 1 ! 2 .2 101 6 0 101
1
i k . 3 10° 1.2 101

2k\.¿■-i 2 .0 JO5 7.1 103 6 .2 1 0 '1 2 .2 lo " 2
i _ i _ _

2*3A* 9-2 103 8 .5 103 4 .0
¡ 103 3 .7 103

1
: '- 3 10° ! 2 ,0°

.
t

- -

u t - t o t a l  3 2 .3 105 4 .4 10* . .5 10* 2 .4 10* . 1 .9 103 3 3 103 ; k.2 102 1 .4 10*

T,- *■ - 1 -
2 .7 105

1
I 3 .9 10*

|
¡ 5 .2 103

i
1 .8 103

Fresh  w a te r  c o l l e c t í v e  dose c o n t r ib u í  io n . (2) Ccean c o i - e c t i v c  dose co~ f  :ir i í  ic~ .



. y : e 'k : - e a~ w 'a ts ■
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1 l
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,. 1 
1 V 4.0 10° 2.8 io1 ! 5 • r 10° 4.1 io1 ! 6.3 1 0 4 L.

3 - -.1 -.C
1

iC 5.0 101 6.4 io1 ! 6. 3 io1 8.2 io1 : 5.9 '■y 7 • ::

¡ ‘ - * ! : l a ■O2 1.4 'C3 ; i -9 1C2 1.4 103 i ' -5 102 1 .k io3 ! 1.9 -.2 ! L «\

I * - ^ l ¿ ’o2 i-1* ! i • *< 102 4.1 10* 1 1 .4 io2 4.1 io2 : 1.1 , 2 ■ w 3 1 . «. £.

I
i ^ l 5 ô2 2.0 lo1 ! - - . ¡ _ .

! l < 105 3.1 1C5 ! 1.1 105 2.4 IO5 ] 7.7 103 1.8 10a _ .

! - I .- J l 6 •O5 Z. 2 ■ -J 6.7 10¿ 1.0
c .

io" ! 6.' 10° 1 .0 io1 - -

I C. ̂ J ' l 2
- 1
:J - | 5.6 10-2 - - _ _ _

!¡ i c !02 -.0 102 1 1.4 lo2 3.9 IO2 1 .2 io2 3.^ io2 2.4 ..1 6 5
; r  ' _

i
| 1 105 4.8 \íi

i
: 7-2 10-2 2.5 io'3 ! - - - _

i 243.Am • 3 8 102 3 • 5 ’O2 1.7 102 l .6
? ! 

10‘ 5.2 io*2 4.8 io*2 - -

L=j 1 3 4.3 105 5.4 1C5 1 . 8  10 5 3.4 10"

9.7 5.2 105

10 2.4 10

4.5 10a

2.3 8.4 • -  i



of  a r r i v a l  o f  the " a d io n a c ' i  des to  c i r c u l a t i n c  waters- - - - - - -  - - —  - -  — - - -  - —  - -«*■ _ _ .
Fuel Cyc le 5: Heavy Water Reactor  w i th  p lu ton iun  r e c yc le

) r 310 y

Ace ? f  wasto r. íxt ' .Te

1C6' v

(1) 11 ■ '2) ; (1) 
______I_______

( 2)

Normalized c c i ’ e c t i v a  : ; s e  c: ni tiren t (man re~ per G i »

(!) (2 )

6.5 10 1 . 0  10 6.2  10 10° 4. 7 10 7.4 10 2.4 10 3- 8  10-1

** - 3

4 . 6 10° ’ -9
’ 2 1 

10 i
4 . 6

9 . 9

10°

10°

1.9

2 . 4 —
■ 

— 
1 

O 
O
 

O 
M

4 . 5

8 . 4

10°

1 0 1

1. 9

2 . 0

1 0 2

1 0 1

3 . 6

9 - 9

10°

l o 1

1 -5 

2 . 4

1 0 2 !

1 0 1
2 v i.

1 .4 10° 7 . 6 10° ! 1 . 4 1 0 C 7 . 6 10- 1 . 3 10° 6 . 8 8 . 6 t o - 1 4 . 7 10° !
• < ~

" ü  ! 7 . 9 1 0‘3 5 . 5 ! 0 " 2 j 4 . 0 i o ' ¿ 2 . 8 1 0 - ’ 3 . 0 l o - 1 2.1 3 ■ 3 ! 0 ~ 1 2 . 3 10° !
2 ; t

3.1 1 0’1 4 . 0 lo’1 1 . 8 10° 2 . 3 10° 2 . 8 10° 3 . 6 10° 2 . 7 I O 3 3 . 5
Q

10

' ' i i S . 2 1 0 _1 5 . 8 10° ! 8 . 2 ic " ' 5 . 8 10° 8 . 2 1 0 - 1 5 . 8 10° 8 . 2 I O * 1 5 . 8 io° ;

2 1 7 ! 

2 3 e ?- i

i .0 

: .2

1 0 2

1 0 1

2 . 9

1.3

í o 2 i

10° 1

1 .2 i c 2 3 . 4 ¡o2 1. 2 1 0 2 3 . 4 l o 2 9 - 0 l o 1 2 . 6 1 0 2 j 

«. ,

239-,
- j 1 , 8 1 0 3 4.1 1 0 3 ! 7 - 2 Í O 3 1.6 10* 1.1 1 0 3 2 . 5 1 0 3 - i

2 ^ 3 ,  . j
r u

24  ! e . í

1.2 

2 . 7

10*

l o 1

1.9

5 - 9

1 0 1* i 

I C -2 1

5 . 3

i .2 1 0 1

7 . 9

2 . 6

1 0 3

I O ' 2

5 . 3

7 . 3

l o - 1

1 0‘3

7 - 9 l o - 1

¡

- i
i1

2 4 2 „  |
r *j | 

2 - 1 . _  i

3 - 5

1 .0

l o 1

1 0 5

9 - 5

3 - 7

i c 1 ; 

í o 3 !

3 . 5

6 . 0

10*'

i c ' 2

9 . 4  

2. í

! 0 1

¡ o ' 3

2 . 9 1 0 1 7 - 9 I O 1 5 . 8 10° 1.6 í o 1 i 

i

2J*3 Affl 5 . 2 1 0* 4 . 8 10 * i 2 . 3 1 0 " 2.: 10*
! 7 - 3

10° . 6 - 7 10°
j

-

i

1

u b -  t o l a  1 s
1 -7 1 0 5 7- 5 10* i 3 . 6 10* k . í 10* i . * 1 0 3 3-2 1 0 3 i 2 .  } í o 2 4.7 1 0 2

To t ’ r 2.4 1 0 5 8.2 1 0 ¿ t 4.6 103
1

6.8 1 0 2
t

-■ :cr  col  l e e ; i  ve dose c c- . t ' i b ' i t  i o n . e c t i ^ e  cose c o " t r i b u t i c  -.



Noraalized collective dose co-m ifen t as a fm c tian  o f the tiñ e  
oí a rriv a l o f  the radionuclides to c ira ila tia g  waters 

Fuel Cycle 6: Hegvy Water Reactor with .u ra n if  - th o r iv  recyde

K u clide

S5-,
i «29,I '

>35 
226 

228 . 

229

Cs

R a 
th  
Th 

Th
Th

230,
232
232,,
2 3 3 ,

23\j
235(J

236u
238L.

237..
*<P
Pu

•">”30

2¿0o . Pu
2k\
r,2P
2h\

Pu

Ar. 
Âm

Age o f  w as te  m ix tu re

103 y

S u b - t o t s i s

(1)

10^ y

(2) | ( 1) (2)

105 y 106 y

(1) (2) (1)

Kcnaal ízed collec tive dose ccanmi trcent (osan rea per GW(e)y)

2.0-101 3.2 10** j 1.9 101 3.0 W 1.4 10' 2.3 10u
- - -

5.6 10° 2.4 102 5.6 10° 2.4 102 5.6 10° 2.3 102
3.2 101 7.8 10° 1.3 103 3.1 102 1.0 104 2.5 103
1.4 10° 2.2 10° 1.4 10° 2.2 10° M  10° 2.2 10°
1.8 102 2.4 102 1.2 103 1.6 103 1.4 103 2.0 103
5.1 10^ 7.8 10° 4.8 101 7.5 101 3.0 102 4.6 102
1.4 10° 2.2 10° 1.4 10° 2.2 10° 1.4 10° 2.2 10°

5.9 102 9.0 ID3 5.6 102 8.5 103 4.3 102 6.5 103
1.8 102 9.7 l©2 1.7 102 9.5 102 1.4 102 7.4 102
1.2 10"2 8.3 10‘2 2.4 10'2 1.7 10‘ 1 6.3 10‘ 2 4.4 10 '1
8.2 10*1 1.1 10Q 1.0 10°. Í . 4 10° 1.2 10° 1.6 10°
7.9 10 '2 5.5 10‘ 2 7.9 10'2 5.5 10‘2 7.9 10 '2 5.5 10 '2
5.4 101 1.5 102 5.5 101 1.4 103 5.3 101 1.5 102
4.3 101 4.4 10° - - - -
2.3 103 5.3 103 1.8 103 4.1 103 1.3 102 3.0 102
2.0 10? 3.0 103 8.2 102 1.2 103 í 8.2 10 '2 1.2 10*1
2.9 101 6.3 10-2 1.4 101 3.0 10 '2 7.3 10‘3' -
2.5 10° 6.8 10° 2.4 10° 6.6 10° 2.1 10° 5.6 10°
3.5 103 1.2 102 1.8 10‘3 - - -

6.6 1 0 ^ 6.1 10°
1 A
¡ 3.0 10u 2.7 10° - -

8.9 103 1.9 104 6.0 103 1.8 104

7.6 10’ 1

4.5 10° 
1.9 103.
1.4 10u
9.4 101
5.5 101 
1.4 10°

2.8  10
1.1  10 

6.6  10 
1.2 10° 
7.9 10‘ 
4.0 10

1
1
-2

1

4.0 10

1.3 104 1.3 104 2.1 10J

(2)

1.2  10

1.9 10*

-1

1024.6
2.2  10°  

1*3 102 
8.5 101 
2.2 10°

4.2 10‘ 
6.1 101 
4.6 10‘
1.5 10°
5.5 10 
1.1 102

-2 ¡

1.1 10u

1.5 10J

tnO

T o ta l s 2.8 Mf 2.4 10’ 2.6 10’ 3.6 10J

(!) r rp.jh water co liective éose contr ibution. (2) Ocesn collective dose contributioc.



Normalized co llective dase cgaBÍtaant: as « fireciic- cf the tiae 
arriv a l oí' the ra¿ i a ¿ r ?  12Ees~to c i r cuTatiiig waters 

Fue] Cycle 7: Higfc íesperature fteactor witti uramm? - thoriua rerycle

Age of w3Sta «Txture

M^c!i de 103 ! «9* * ! 105 y 10 v

(I) (2V j (1) (2) (1) 05 (2)
Normalizad collec tive dose cpranitcsfcnt (san ren¡ per GW(e)y)

33Tc v 5.9 10°

t

5.3 1 0 '1 5.6 10° 8.9 10’ 1 4V2 10° 6.6 10 '1 2.2 10_1 3.4 1 0 '2
125, 5.2 101 1.1 101 5.2 101 1.1 101 5.2 101 1.1 101 5.0 101 1.1 101

535Cs 4.3 10° 1.8 102 4.3 10° 1.8 102 4.2 10° 1.7 102 3.4 10° 1.4 102
Ra 3.0 101 7.4 10° 8.4 102 2.0 102 6.5 103 1.6 103 1.2 103 2 .»  102

228Th 2.0 10~1 3.1 10 '1 1.7 10 '1 2.6 1 0 '1 -11.7 10 1 2.6 10 '1 1.7 10 '1 2.6 1 0 '1
22*Th 3.6 101 S.O 101 2.4 102 3.3 102 3.0 102 4.1 102 7.9 101 1 1  10?
230Th 4.0 10° 6.1 10° 3.1 101 4.8 10* 1.9 102 2.9 102 3.4 101 5.3 101

232Th 1.7 10*1 2.6 1 0 '1 1.7 10 '1 2.6 10_t 1 .7 'l0 't 2.6 10'* . 1.7 10 '1 2.6 10"1
232u 1.0 10 '2 - - - - - - -
233,. 1.2 102 l . í  103 i .2  ib2 1.8 103 8.6 101 1.3 103 2.4 101 3.6 1C2

23\ - 1.1 102 6.1 lü2 1.1 102 5.9  102 8.3 101 4.5 102 6.9 10° 3.8 101
235, 5.9 10~2 4.1 10*1 5.9 10* 2 4.1 1 0 '1 6.6 10~2 4.6 1 0 '1 6.6 10'2 4 .6  10*1
236u 9.9 10° 1.3 101 9.9 10° 1.3 10? ! 9.9 10° 1.3 Í 0 1 ! 9.6 10° 1.2 101
138u 1.4 10‘ 2 9.9 10 '2 1.4 10*2 9.9 1 0 '2 1.4 10 '2 9.9 10~2 1.4 10 C Si.S 10 '2

237NP 5.2 1Q1 1.5 102 5.3 101 1.5 102 5.1 101 1.4 102 3.8 101 1.1 ÍO2

1.3 102 1.4 101 | - - -■ - -

23S?u 2.6 102 6.1 102 ! 2.2 102 5.1 102 1.8 I0 1 4.1 101 i -

US',. Pl- 4.5 102 6.7 102 | 1.8 102 2.7 102 1.9 10*2 2.8 10 '2 - -
i 1i _ - -

Pu
2 tí Pu 7.7 10° 2.1 101 ¡ 7.7 10° 2.1 101 6.2 10° 1.7 101 1.2 10° 3.4 10°
2Ü 2.0 103 *6.9 101 I1 - - - - -

2¿3,An 1.5 102 1.3 102 | 6.6 101
!

6.1 101 2.0 10'2 1.8 10 '2
I -

Sub-to ts1s 3.4 103 4.3 103 1.9 10S 4.2 103 j 7.3 1Q3 4.4 105 1.4 103 1.1 103

T eta ' s 7.7 103 6.1 103 1 1.2 104 j _____ - L
5 103

( l )  F resn  w a te r  c o l l e c t i v e  t o s e  c o o t r i b u t i o n .  (2) Ocean c o l l e c t l v *  ¿ose  c o n t r i h u t i o n .



Normalizad ccllsctive dose commitment 
ÍAssessed from a i-eclogica! Transport Model)* 

man rem per GW^eJy

S t r a t e g y

'Nuclide !! t

(1) C2) (1) (2) (1) (2) (1) (2) (1) (2 ) (2) (1) (2 )

" T e

\
i
¡4.1

CS|1OrH

6.5 io-3 j 4.1 10'2 6.5 10'3 3.7 10'2 5.9 10*3 4.4 10'2 7.0 10'3 4.4 10‘2 7.0 10*3 3.6 10'1 5.7 10'3 2.6 10'3 4.2 lO*4
129 j
i  7 r | 9.8 101 2.1 101 i 9.8 101 2.1 101 6.2 101 1.3 1 0’ | 9.0 101 1.9 101 9.7 101 2.1 101 1.4 102 3.0 10’ 9.0 101 1.9 101

C s
i5,1

10° 2.1 102 i 7.6 10° 3.2 102 2.1 101 8.7 10: i 2.4 10° 9.9 101 3.1 10° 1.3 102 3.9 10° 1.6
-■>

10¿ 2.9 10° 1.2 102

2 2 6 Ra 5.3 194 1.3 104 3.5 104 8.4 103 9.5 101 2.3 101 I 4.9 104 1.2 104 2.1 104 5.2 103 2.0 10-5 4.8
7

10" 1.6 104 3.8 103

2 2 " Th j 5.8 10'2 8.0 10'2 2.1 io-2 2.8 lO'2 3.1 10-2 4,2 10-^ 2.6 10'2 3.6 10-2 2.4 10'2 3.3 10'2 5 . 8 10* ̂ 8.0 10° 1.0 10'2 1.4 10'2

2-i0T h í 3.2 101 4.9 101 2.0 101 3.1 101 5.2 10*2 8.0
101

2.9 101 4.4 101 1.2 101 1.9 101 1.0 10° 1.6 10° 8.7 10° 1.3 1017 X 7
“Th ! 2.2| 10'2 3.7 10'2 : 9.9 10'3 1.5 10-2 1.0 10'3 1.6 10 , 3.3 10'2 5.1 10-2 4 2 10'3 6.5 10’3 1.5 10° 2.4 iO» 1.8 10'1 2.7 10*1

2 3 3 u ¡ 5.0 10"1 7.5 10° j 2.4 10'1 3.7 10° 2 .7 10'1 4.1 io°; 3.1 10-2 4.8 10° 2.7 10‘1 4.0 10° 1.2 10'1 1.8 10° } - 2 10‘1 1.8 10°

234u ¡2.2 102 1.2 103 ; 1.4 102 7.4
7

10" 3.6 lü-1 2.0 10° 1 2.0 102 1.1 103 8.6 101 4.7 102 7.6 i nO 4.1 101 6.3 101 3.4 102
 ̂3 5 y * £

' 5.6 10° 3.9 101 1.7 10° 1.2 101 2.1 I0'1 1.5 10o - 6.6 10° 4.6 101 1.1 10° 7.4 10° 1.6 10'1.1.1 10° 8.6 10'1 6.0 10°
2 3 6[t

¿.3 101 5 . 6 101 i 7 101 2.2 101 !• " 10° :.3
n

1CV 3.6 101 7.3 lü1 6.9 10° 9.0 10° 1.2 1C° 1.5
fi

10J 9.2 10° 1.2 101
2 3 8 u 2.2 102 1.5 103 1.3 102 9.2 102 ; 3.6 10'1 2.5 10° 2.0 :o2 1.4 103 8.2 101 5.8

7
10*

,
10° 3.3 101 6.3 101 4.4 102

2 3 7 .,Np 5.0 10'2 1.4 10*1 2.5 10'2 7.0 10"2
|

2.7 10'2 ".6 lü-3 3.2 lu'2 9.0 10'2 2.7 10'2 7.6 10'2 ■} r\~ - i  c 3.4 10'2 1.2 •10'2 3.4 10’2

5ub-total

-i ...

' 5.4 104 1.6 104 3.5 104 1.0 1C4 1 1.8 102 9.2 102 5.0 104 1.5 104. ! 2.1i 104 6.4 103 12.2 10J 7.7 102 1.6
L----

104 4.8 103

T o t a l 7.0 10^ 4.5 10H 1.1  10 ' 6.5 10" 2.7 10H 3.0 10' 2. 1  10 "

* Transport rcodel discussed m  pnragraphs 44-46

** Dosis include contribution of Pa

C1j Fresh vater collective dose contribution 

(2) Occun c o U cctive dose conctrihution



repository by a geosphere transport model (paragraphs 44 to 46 

and 51 (72)). As indicated (paragraph 51), the results refer 

to high level waste, enrichment and fabrication wastes and 

depleted uranium wastes; they are shown in Table 5.a. The 

results are in good agreement with the subí  of the assessments 

presented in paragraph 74 for high level waste and those for 

the other three types of wastes given in paragraphs 100, 102 

and 106.

77. As ©xpectod, for disposal of the unprocessed spent fuel 

the larger amounts of actinides due to the presence of the 

entire inventory of uranium and plutonium, results in a some- 

what larger radiological impact estimate. However, in view 

of the groat uncertainti.es involved in the assossments, it

is uncertain that the resulting valúes are rea]ly different.

78. It is possible to provide some perspective for the 

results referring to high level wastes by comparison with 

the exposures to natural radiation sources. The collective 

dose commitments from the different fuel cycle strategies, 

expressed as periods of time during which the exposure of 

the world population to natural radiation sources would 

produce the same collective dose, are given in the 

following table as rounded figures:

Strategy Equivalent time of exposure

to natural radiation sources 

(minutes/GW(e)y)

4

5

6
7

1

2

3

12 - 37

1 - 4

2 - 7 

43 - 62

1 -  6

5 - 36 

3 - 1 7



4.3.3. Estimates of Incompleto Collective 

Dose Commitments

79. As it was discussed in section 2, the incompleto 

collective dose commitment is used as a tool in assess- 

ments of the future máximum per caput doses from conti- 

nuing practices, in particular when the exposures are 

delivered over very long times after the practice has 

ceased. Incompleto collective dose commitments, being 

intograted usually over only a few hundred years, provide 

also information on the fraction of the radiation impact 

which can be expected in the near future. This informa­

tion is particularly illustrative if the total radiation 

impact has been defined over extremely long times.

80. Using 500 years as the integrating period (1, 5), 

the imcomplete collective dose commitment have been e s ­

timated for the time in the future when the integral is 

máximum, using the approximate technique described in 

paragraph 11. The results are shown in the following 

ta b l e :

Strategy Incorrtplete collective dose

commitmeíit (man rem/GW(e)y)

1 3.7 10* - 7.9 102

2 2.3 1 0 1 - 7. 8 O ► 
—
»

3 3. 6 0 1 1.3 10^

4 1.1 103 - 1.6 io3

5 1.4 0 1 9.4 IO1

6 1.2 1 0 Z - 5.7 102

7 6.2 101.- 3.5 102

81. The results shown above are of the same order as 

the incomplete collective dose commitments reported for 

important steps of the fuel cycle other than waste man- 

agement (1, 3). the mafcimüft pér caput (average over the 

population) dose rate exfcjettéd in the future from the



the waste management of the high level vastes can be 

assessed, if the practice rato (nuclear pov/er produced) 

per caput is known. Assuming a valué of 1 kW/man, ..the 

incomplete collective dose commitments shown in 

paragraph 80 correspond to máximum per caput dose rates 

ranging in the order of 0.1 to 1 mrem per year, namaly

0.1 to 1 per cent of the dose rate from the natural 

radiation background. This, however, is a generic 

assessment subject to variations depending on site- 

specific conditions of the repos i l o r i e s .

4.3.4. Estimates of Individual Poses in 

Members of the Public

82. Assessments of individual doses are important 

because individual dose limitation is one of the basic 

requirements of radiological protection. It is concei- 

vable that the doses in the most exposed individual 

(e.g. in the "critical groups”) could be higher than 

the per caput doses (population aver/ige doses) presented 

in the.previous paragraph, but the actual valúes would 

depend on site-specific conditions. These doses, 

therefore, should be examined. In this case, obviously, 

it is not relevant to make the assessments per unit 

electrical energy, because the main purpose is to c o m ­

pare the estimatpd doses with appropriate limits.

83. Two assessments, relating to somewhat idealized 

sites, can be used to indicate the order of magnitude of 

the individual doses. In one assessment for a salt re- 

pository carried out specially for INFCE (72), and which 

was discussed in relation with transport of nuclides 

(paragraph 44 to 46), iftput into eírcuíating wators 

(páragrajüh $1} and i*e3Ultiñg: oolléctivG dosé commitment 

(paragraph 76)> the individual doáés are givert directiy 

by the modol!S éihpíoyel.



84 The repository is assumed to handlu the wastes

I rom a í'uel cycío required to produce 100 (¡W (c ) y , and 

it is assumed to bo Jocated i i¡ a large .%ed.i menta ry 

basin, the top ot the salt formation being at 250 m 

below surfate. As discussed before, the reléase 

assumption involves a geological event creating a 

fracture, which in connection with existing gradients 

in the aquifer systeni results in brine flowing through 

the ropository.

85. The model takes account of waste dissolution, the 

gc'o'.phere tran.sport and the input into b i o s p h e n c  waters, 

g j v m g  the concentrations of the nuclides as a function 

of t ime. The dosimetric models can give máximum indivi­

dual doses and average doses for several population

g roups.

86. Considering the individual dose in critical groups, 

on J y ^L()Ra and result in non completely negligible 

doses by the fresh water pathway. The máximum annual ef- 

fectivé dose eqüivkloiit vati'eá for the diíferent fuel

cy< le.'-,, the biggest being about 3 mráiri frtr fuel cycld 

strategy N°l, and tíio loweSt 0.02 ínfeiíl for fuel c yCl <’ 

straregy N°3. The lime of occürl'ericíft of .111 dosos wns 

of the order of 10^ yeare.

87. Actinide concefitrations in river water was found

to bo negligible for individual dose contribut ions .

llígher concentrations were predicted for ground water,

but as the high salt concentration would require at

least a 1000 times dilution for drinking, the resulting

doses from direct use would be small. The highest annual
237 r

dose contribuí ion would be given by Np (about 0.5 m r e m ) . 

Actual dilution by fresh water masses would result in 

th roo order of magnitude i-nnallor doses.



88. In another study (5), individual doses in the

f u t u r o  duc  t o  n r e p o s i t o r y  i n  g r a n i t o ,  we r e  a s s e s s e d
for possible sitos in Sweden. Nuclide transport from

tho repository js postulated t.o occur by ground water

flow, and three main pathways were analysed, namely

water from a welJ Ln the vccinity, arrival into a

small lake and arrival into the Baltic Sea. The calcu-

lateddoses include those from inhalation and from

consumption of water and food, as well as those from

activity deposited on the ground or in sediments.

Máximum individual effective doses were found for the

well pathway. The doses are delivered mainly by
2 37

Np and were estimated to be of the order of 10 mrem
n;

in a year, altor poriods exceeding 10' y o a r s , for a 

repository of 300 GW(e)y. Considerable conservationism 

is built in this assessment.

89. ít would appear, therefore, that the máximum 

futuro doses in critical groups in the vccinity of repo­

sitorios can be assumed to bo very i o w , of about a few 

percents of that experienced from the exposure to natural 

radiation sources.

4.4. Impact of Eventual Disruptive Events on 

Radiation Safety

90. As 1 1 was díscussed previously, tho l>asic safety 

concept of deep geological disposal is the isolation of 

tho high level wastes from m a n 1 s environments unt.il the 

potontial radiation exposures are reduced by decay to 

levols compat i b 1 o with tlie rcquircments of radiation 

protection. Transport of the long-lived nuclides by 

circulating ground waters was considered in previous 

sections to occur continuously at very low rat.es or to 

bo sufficjently probable to be postulated as the 

"normal" mechanism by which waste nuclides return to 

man 1s environment.



91. Other more infrequent events can disrupt the 

isolation of the wastes. Examples of such events are 

different forms of volcanogenic transport, seismic dis- 

placements, diapirism, human actions, erosion and meteo- 

rite impacts. The probability of most of these events 

is minimized by the adequate site selection for the re- 

pository, which takes account of regional tectonics and 

seismicity, the existence of mineral resources of even­

tual interest and the adequacy of the host formation.

92. Disruptive events are characterized by their raag- 

nitude (activity of nuclides released) and their pr o b a ­

bility. The contribution of disruptive events to the 

collective effective dose equivalent caused by the 

disposal operations depends on the product of magnitude 

and probability, added for all possible events. In view 

of the postulated "normal" release of the long-lived 

nuclides, the occurrences of a disruptive event could be 

interpreted as a decrease of the "age" of the released 

mixture and therefore an increase of the normalized 

collective dose. If the probability of disruptive 

events is much smaller than the ratio of the potential 

colléctivs doáe of *'old" and "young" wasté mixtures 

(Tables é) , the <toAti*ifeütlbn of such éverits to the 

cblléfctíve dó&é Joul¿ k l i e i g l i g i k é  ih rélatioh to táhe 

"norríial" dÓntríbütibá diiscússed ptéVioüsly*

93. A direct expulsión of the waste nuclides to land

surfaces or even into the air could result from a meteo-

rite impact or from violent volcanic activity. The pro-
2

bability of a meteorite impact over a 10 km reposxtory,

of sufficient energy and momentum, has been estimated to
- 1 %

be of the order of 10 per year (40, 41, 73). Disrup-
3 4

tion of the repository in a period of 10 - 10 years 

would be extremely improbable and the contribution of 

such events to the collective dose can therefore be



negJected. The probability of direct violent volcanic 

expulsión in an adequate selected site is of the same 

order, while combined processes, first transporting the 

wastes to a shallower depth followed by expulsive events, 

have even much lower probabilities (40, 41, 73).

94. The probability of human actions which mightaffect 

isolation of the wastes has been assessed (41) assuming 

loss of memory of the repository in about 10^ years, an 

increasing futuro prcssure for mining, but a well 

selected site lacking resources of eventual interest, 

this being the most important parameter. iiven assuming 

a more rapid (and therefore more realistic) loss of 

memory, the probability of human actions disrupting 

isolation in the first 10^ years is cstimated to be of 

the order of 10 (41), and, therefore, the contribution 

of such actions to the collective dose could be neglected.

95. The possibility that a fault could affect the r e ­

pository is clearly site-specific. However, for tecto-
__ g

nically inactive areas, a fre'quency of 10 per year has 

been cstimated for evaporitic basins of about 5000 kn^ (4l). 

For an ayerage fault length of about 30 km, the influence 

area would be about 600 km and the probability of a
4

dis.ruptive event in the first 10 years of the repository 

would be of the order of 10 The probability of an 

actual transport of nuclides from the repository to the 

surface would be even smaller.

96. Erosion over long periods is a likely process, but 

the rate is so slow that denuding the waste horizon would 

require more than 10^ years, not affecting therefore the 

estimates of collective dose. The same conclusión applies 

to other slow geological processes.



97. The conclusions presented above regarding the 

ncgligible contribution of disrupting events to the 

collective dose from waste repositories do not imply 

that site-specific, or rock-specific, assessments are 

not required, particularly for satisfying requirements 

of radiation safety of critical groups. In fact, 

available data are too few for the sophistication of 

the fault-tree methods used in safety assessments.

Most geological formations are still poorly characterized 

at the horizons visualized for geological disposal. It 

has been pointed out (71) that while some estimations
3

could be made for the 10 years phase, it is difficult 

at present to estimate probabilities for rare and long- 

lasting events in the fault-tree for the 10^ years phase.

5. RADIOLOGICAL IMPACT FROM MANAGEMENT OF 

WASTES FROM OTHER FUEL CYCLE STEPS

5*1. Conversión and Enrichment Wastes

98. Üranium ore concentrates produced &t the milis are

further processed and purified befoíe béing convertéd to

uranium dioXide and fabricated intó fuél elements. F u e l 1

cycle strategies 1, 2, 6 and 7, require an enrichment

step before conversión to uranium dioxide. The major

waste from the enrichment operation is U F ft containing
235

depleted uranium, nominally of about 0.25% U. For 

the purpose of this assessment, it is assumed that this 

product is converted into a solid form suitable for 

emplacement in an underground repository, for example 

as U O 2 packaged in 200 litre drums ( 9 )• An additional 

small waste contribution arises from the conversión of 

natural uranium into UF^, estimated to be about 0.4% of 

the uranium involved (9). Table 6.1 summarizes the n u ­

clide composition of the wastes from conversión and 

enrichment for the fuel cycle strategies 1, 2, 6 and 7, 

normalized per GW(e)y of electrical energy produced.



99. The engineered aspects of isolation in this case 

are oí littlo importance because tho drum;, and the matrix 

are unlikely to afford any relevant retention time. On 

the other hand, the geological aspects of isolation 

(section 4.1.2) would be operative and isolation times

of 105 to 10^ years could be expected. This isolation 

period, however, does not reduce the collective dose c o n ­

tribution, due to the very long half-lives of the n u ­

clides involved.

100. It appears that, in a paradoxal effect, a long 

isolation increases the resulting collective dose because 

of the build-up of important daughter radionuclides 

before passage throu-gh circulating waters in the way 

toward the ocean sediment sink. Using the models dis- 

cussed in section 4.3, if the materials shown in Table 6.1 

were to be released after 105 or 106 years into surface 

fresh waters and then go to the ocean, the resulting 

collective dose commitments would be those shown in 

Table 6.2. Radium-226, in its passage through fresh 

water, is the main contributor to the collective dose 

commitment. These valúes are equivalent to a few minutes 

of exposure of the world population to the natural radia­

tion sources. The individual effective dose equivalents 

are negligible.

5•2. Fuel Fabrication Wastes

101. The fabrication of fuel and of fertile assemblies 

requires the conversión of fuel materials, whether fresh 

or reeyeled, into oxides and the manufacture of sintered

pellets. Uranium losses in both operations are assumed 

to be 0.6%, while for plutonium the losses are 0.31 due 

to more elaborated handling (9). The thorium component 

of the eyeles 6 and 7 give negligible doses compared to 

the uranium componeñt.



A c t i v i t y  c o m p o s itio n  o f  c o n v e r s ió n  and e n r i c h a e n t  w a s te s  
( n o r a a l i z e d  p e r  u n i t  e l e c t r i c a l  e n e rg y  fC i/G W (e)yTT

N u c íid e F u e l c y c le  1 F u e l c y c le  2 F u e l c y c le  6 F u el c y c le  7

238{j
235u
2 3 4 ^ /

5 .6  101 
7 .2  1 0 '1 
1 .5  101

3 .3  1 0 1 
4 .6  1 0 "1 
1 .0  1 0 1

2 .3  10°
3 .6  1 0 '2
7 .6  1 0 '1

1 .7  1 0 1 
2 .4  1 0 '1 
5 .0  10°

^ ^ j  a * j
a /  E n r ic h a e n t  d e p le t s  a l s o  U. The a c t i v i t y  o f  D in c r e a s e s  w ith

238 2X4t im e ,  r e a c h in g  t h a t  o f  U. Decay p ro c lu c ts  o f  ü  b u i l d - u p ,  in
p a r t i c u l a r  2 Th and 22®Ra.

O'tvj
I

T a b l e  6.2

C o n v e rs ió n  and  e n r ic h a e n t  w a s te s :
Noraa l i z e d c o l l e c t i v e  d o se  c o a a i t a e n t  

(man rea/G W (e)y )

N u c lid e
F u e l c y c le  1 P u e l c y c le  2 F u e l c y c le  6 F u e l c y c le  7

CD (2) (1 ) (2) CD (2 ) (1 ) (2 )

226Ra
2 3 ^
234u

235u
23®u

6 .6  103 2 .3  104
3 .9  102 1 .4  103 
5 .3  102 1 .1  103
1 .9  101 1 .9  101 
1 .5  103 1 .5  103

4 .4  103 1 .4  104
2 .6  102 7 .8  102
3 .4  102 6 .2  102 
1 .3  101 1 .3  101
8 .7  102 8 .7  102

2 .7  102 8 .5  102
1 .6  1 0 1 5 .0  1 0 1 
2 .1  101 3 .8  1 0 1
8 .7  10 ’ * 8 .7  IO *1 
5 .5  101 5 .5  101

2 .2  103 7 .1  r o 3
1 .3  102 4 .2  IO2 
1 .7  102 3 .4  102
6 .3  10° 6 .3  10° 
4 .5  102 4 .5  102

T o ta l 9 .0  103 2 .7  104 5 .9  103 1 .6  104 3 .6  102 9 .9  102 3 .0  103 8 .3  103

(1 ) Mean i s o l a t i o n  tim e  105 y e a r s .
(2 ) Mean i s o l a t i o n  tim e  10^ y e a r s .



10 2. The relevant nuclide composition of the wastes, calculated 

with the assumptions summarized above, is shown in 

Table 7, normalized per unit energy generated in each 

of the fuel cycle strategies. As in the case of c o n ­

versión and enrichment wastes, the drums and the waste 

matrix do not ensure a long integrity period but geolo-

gical isolation should provide periods of the order of
5 6

10 - 10 years before the entry of waste nuclides into 

surface waters (section 4.1.2). Taking into account the 

decay over such periods and the collective dose commit- 

ment models discussed in section 4.3, the normalized 

collective dose commitments have been estimated for 

each fuel cycle:

Strategy Normalized collective dose

commitment (man rem/GW(e)y)

1 5 .1 1 0 1 - 1 . 3 10 2

2 4.0 1 0 1 - 1.3 102

3 2.4 101 - 3.1 102

4 3.3 101 - 2.1 101

5 1.7 1 0 1 - 3. 7 101

6 1.2 101 - 6 . 5 102

7 1.7 10° 5 . 6 10 1

103. The contribution made by the fuel fabrication 

wastes to the collective dose commitment appears to be 

small in comparison with the contributions from waste 

arising from other steps of the fuel cycle. Similarly 

to what was indicated in section 5.1, it would appear 

that disposal of fuel fabrication wastes, not containing 

p]utonium, by dumping into the sea would have a smaller 

radiological impact than their geological disposal. The

opposite applies to fuel fabrication wastes containing
2 38

plutonium, specially in cases where Pu is present in 

large activity.



•N o r m a l i z e d  a c t i v i t y  c o m p o s i t i o n  o f  f u e l  f a b r i c a t í o n  v a s t e s
(Ci/GW(e)y)

a /  Fo r  f u e l  c v c l e s  1 a n d  2 d u r i n g  e n r i c h m e n ?  “ U i s  a l s o
235e n r i c h e d  t o  a s omewha t  l a r g e r  d e g r e e  t h a n  U.



104. Roth the incomplete collective dose commitment and 

the máximum per caput doses in the future, from fuel 

fabrication wastes, are negligible compared with

the corresponding valúes from wastes arising in other 

stops of the fuel cycle.

5.3. Discarded Depleted Uranium from 

Reprocessing

105. The reference fuel cycles considered in this docu- 

ment (9) assume that depleted uranium, which is a repro- 

ros:; ing waste in some of the fuel cycles, is converted 

into U 0 7 , packed into 200 1 drums and disposed into 

geológica! ropos i lories. Tho relevnnt n m i  ido composition 

is shown in Table 8.1.

106. The same considerations made for depleted uranium 

as enrichrnent wastes (paragraphs 99 and J00) apply here. 

Using the models discussed in section 4.2, and assuming 

that the materials are released into fresh waters after 

periods of 10^-10^ years, proceeding then to the ocean, the 

resulting collective dose commitments would be those shown 

in Table 8.2.

b. MISCELLANEOUS C0NTR1BUTI0NS TO THli 

COLLECTIVE DOSE COMMITMENT

107. The management of wastes arising from the nuclear 

fuel cycle involves some occupational exposures and the 

release of effluents to the environment. Both these 

contributions are expected to be small compared with 

the occupational exposures and the effluent releases 

from o:ther steps of the fuel cycle. As some concepts of 

waste management have not been yet practiced at the 

required scale, there is actually no experience on 

which to base the assessments of these contributions 

f r o m  tho marta goment of waste.



T a b l e  S.l

A c tivity compos i tion of derleted uranium from reproc e - s i 
(normal i;ed per unit electrical energy (Ci / GWTéTy j j

-------- ■
Nucíide Fuel cycle 2 Fuel cycle 3 Fuel cycle 5

234u

OOrHvOOO 1.9 10"1 2.0 1 0 1
235u

1.1 10'1 6.0 10"4 2.2 1 0 " 1
238u 3.7 10° 6.7 10"2 2.4 101

T a b l e  8.2

Depleted uranium from reprocessing: 
Normalized collective dose commitment 

(man rem/GW(e)y)

Nuclide
Fuel cycle 2 Fuel cycle 3 Fuel cycle 5

(1] (2) C D (2) (1) (2)

226Ra 2.0 103 1.9 1 0 3 4. 4 101 3.5 101 5.7 103 1.1 104

23°Th 1.2 1 0 2 1.1 102 2. 6 10° 2.1 10° 3.4 102 6.4 102

234U 1.1 1 0 1 7.3 10° 3. 4 10° 1.6 10° 4.5 102 4.9 102

235U 2.9 10° 2.9 10° 1. 6 10-2 1.6 10'2 5.8 10° 5.8 10°

238U 9.7 1 0 1 9.7 1 0 1 1. 8 10° 1.8 10° 6.3 102 6.3 lo2

Total 2.2 103 2.1 103 5. 1 101 4.0 1 0 1 7.1 103 1.3 104

(1) Mean isolation time 10^ years.

(2) Mean isolation time 10^ years.



?08. There is some information on the collective dose 

from waste processing in power reactors (1). This c o n - 

tribution appears to be about 7% for the total occupatio- 

nal collective dose found for the operation of the r e a c ­

tors, which is about 1 man rem/MW(e)y for the power 

reactors presently in operation (1). The occupational 

collective dose from waste processing in power reactors 

is, therefore, estimated to be about 70 man rem/GW(e)y 

for all the fuel cycles. This valué may decrease in the future, 

as the leve! oí ambition for radiation protection appears to be 

increasing for many national authorities.

109. Regarding repositories for high level wastes, 

there is no actual experience on occupational doses.

Some projections are however possible, under asusmptions 

concerning the number of workers in the repository and 

ancillary facilities. Assuming this number to be of the
3

order of 10 (75) it is obvious that the collective 

dose will be smaller than 5000 man rem in a year because 

of theindividual dose limits. Furthermore, in many 

occupations involving radiation exposures, the mean dose 

is in the order of 10% of the dose limits (1). If the 

same distribution would apply to occupational exposures 

in repository operations, the collective dose would be 

of the order of 500 man rem in a year. Assuming 30 years 

of operation and a total disposal of the order of 50 

GW(e)y (75), the occupational collective dose would 

certainly be smaller than 3000 man rem/GW(e)y, possibly 

by a factor of 10, not being, therefore, a major contri- 

bution to the total collective dose from waste management 

and disposal.

8 5
110. The separation of Kr in the reprocessing plants 

and its surface storage would not contribute to the

col lectivo dose, nnless an accidental reldasó occurs.



As the release without retention of Kr implies a 

collective dose commitment of 400 man rem/GW(e)y 

(effective dose, calculated from published tissue dose 

commitments (1).)> an accidental release could not exceed 

that collective dose contribution. The possibility of 

significant individual doses requires carefui safety 

considerations in the design of the storage.

111. The effluents resulting from waste management 

operations (5) are expected to result in much smaller 

collective dose commitments than those from the 

c I f 1 non t s from the long tcrm disposal of tho wiistos.

7. SIJMMARY

112. The radiological impacts from the management of 

wastes from the nuclear fuel cycle have been estimated 

for several alternative fuel cycle strategies. The 

impacts are expressed as collective effective dose 

equivalent commitments, and therefore all qualifications 

attached to this quantity (section 2) should be kept in 

mind when evaluating the results, which are summarized 

in Table 9.

113. The uncertainties qualifying the valúes shown in 

Tah le 9 imply thnt they even could not differ between 

themselves. Mili tailings make an important contribu- 

tion, which depends on the uranium requirements for 

each reference fuel cycle, being the largest for once- 

through cycles. Disposal of high level wastes or spent 

fuel is also an important contribution, usually larger 

for once-through cycles where the entire actinide 

inventory is disposed off. Although at present conver­

sión and enrichment tails are not considered wastes, 

they have been assumed to be wastes in the reference



cycles. In this case, their relativo contribution is 

sxgnificant, for fuel cycles using enriched uranium.

114. The valúes shown in Table 9 should be seen in 

perspective. The totals for waste management and dispo- 

sal are of the same order of magnitude í i s  the collective 

dose commitments from occupational and public exposures 

arising from the operation of the nuclear fuel cycles.

On the other hand, if expressed in equivalent periods of 

time during which the world population would receive 

the same collective doses from the natural radiation 

sources, the totals range between about 5 and 110 

minutes of natural irradiation per GW(e)y, as shown in 

Table 10.

115. The incomplete collective dose c oninti tiru-n ts from 

waste management and disposal, assessed by integrating 

the collective dose rate over a fixed period of time 

(usually selccted as 500 yoars) at a l i me when the inte­

gral is máximum (section 2), are also comparable with 

the corresponding quantity arising from the operation of 

the fuel cycles (sections 3, 2) (1). The máximum per 

caput- doses in the future are small, u;-ually a small 

fraction of the relevant dose limits.

116. The máximum future doses in the i ti tica I groups 

in the vecinity of the repositories w i 11 be very low, 

of about n few percents of that experienccd from the 

exposure to natural radiation sources.



T a b l e  9
N o rm a li;e d  c o l l e c t i v e  dose  com m itiaents from  w a s te  m anagem ent and d i s p o s a l

(man rem/GW (e)y)

S t  r  a t e g y

(1) (2 ) (3) (4 ) C5) (6) (7 )

M ili ta i l in g s 3 .7 104 2.2 104 2.2 10 1 3.3 104 1.3 104 1.3 103 1.0 10 4

Waste from fuel cycle 
s tep s  following 
re a c to r  operation

8.9 103 2.7 104 9.7 102 2.8 103 1.8 103 5.2 103 3.1 104 4.5 104 6.8 102 4.6 103 3 6 103 2.6 104 2 5 103 1.2 ID4

Depleted uraniun 
f r í »  reprocessing

- 2.1 103 2.2 103 4.0 101 5.1 101 - 1.3 104 7.1 103 -

Waste from conversión 
and enrichcent

2.7 104 9.0 103 1.6 IO4 5.9 103 - - - 9.9 102 3.6 102 S 3 1Q3 3.0 l J

Waste from fuel 
fa b ric a tio n

5.1 101 1.3 102 4.0 101 1.3 102 2.4 101 3.1 102 3.3 101 2.1 101 1.7 101 3.7 101 1. 2 101 6.5 IO2 1 7 10° 5.6 IO1

Miscellaneous
con tribu tions

3 .7 102 3.7 102 3.7 102 3 . 7 10 2 3.7 102 3.7 102 3.7 10'2

T otal fo r waste 
mamgement and 
d isposal

7.3 104 7.3 104 4.1 104 3.3 104 2.5 103 6.2 103 6.4 104 7.8 104 2.7 104 2.5 104 6 3 105 2.9
4

10 2 1 104 2.5 io4

O



Tim e o f  e x p o s u re  o f  th e  w o r ld  p o p u l a t i o n  to  t h e  n a t u r a l  r a d i a t i o n  s o u r c e s  p r o d u c in g  c o l l e c t i v e  d o se  
e q u a l  to  th e  c o n t r i b u t i o n s  o f  w a s te  m anagem ent an d  d i s p o s a l  

(m in u te s  p e r  GW (e)y)

S t  r a t e g y
------

Í D (2 ) (3 ) (*) (5 ) (6 ) (7 )

M ili t a i l in g s 51 30 0 .3 46 18 2 14

W aste from fu e l cyc le  
s te p s  folloW ing 
re a c to r  operation.

12 37 1 4 nL 7 43 62 1 6 5 36 3 17

D epleted u ra n ii»  
from reprocessing

- - 3 3 <1 <1 - - 18 10 - - -

Waste from conversión 
aad- enrichreent

37 12 22 8 - - - - - - 1 <1 11 4

Waste from fu e l 
f a b r ic a tio n

<1 <1 <1 <1 <1 <1 <1 <1 <1 <1 1 1 1 1

M iscellaneous
c o n tr ib u tio n s

<1 <1 <1 <1 <1 <1 <1 <1 <1 1 1 1 1

T o ta l fo r  waste 
management and 

~ d isp o sa l

102 102 58 4" 5 1C 91 110 39 36 10 ^ i 30 37
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