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HANDLING OF SPENT NUCLEAR FUEL AND FINAL 
STORAGE OF VITRIFIED HIGH LEVEL REPROCESS- 
ING WASTE 

SUMMARY 

In april 1977 the Swedish Parliament passed a Law, which stipu- 
lates that new nuclear pover units can not be put into operation 
unless the owner is able to show that the waste rroblem has been 
solved in a completely safe way. The task of investigating how 
radioactive waste from a nuclear power plant should be handled 
and stored was previously the responsibility of the National 
Council for Radioactive Waste Management (?RAV). This Council was 
formed in November 1975 as the result of a proposal made by the 
Government Committee on Radioactive vaste (the AKA Coaanittee). 

In response to the Government bill proposing the Law, the power 
industry decided in December 1976 to give top 7riority to the in- 
vestigation of the waste problem in order to meet the require- 
ments of the Law. Therefore, the Nuclear Fuel Safety Proieci 
(KES) was organized. The first report from the KBS project cn- 
titled "Handling of spent nuclear fuel and final storage of 
7. itrif ied high Ie**el reprocessing waste" was submitted in De- 
cember 1977. 

The requirements S ~ h e  Law regarding completely safe storage - 
The Lav stipulates that the owner of a reactor must show haw and 
where a completely safe storage can be provided for either the 
high level reprocessing vaste or the spent, unreprocessed nuclear 
fuel. "fie storage facility cust be arranged in such a way that 
the waste or the spent nuclear fuel is isolated as long a time as 
is required for the activity to diminish to a harmlesa level". 
"These requirements implies that measures should be taken which, 
during all phases of the handling of the spent nuclear fuel, can 
ensure tnat there will be no damage to the ecological system". 

In the strictest meaning of the word, no human activity can be 
considered completely safe. The fact that such an interpretation 
of the wording of the Law was not intended is evident from the 
formulation of the statements made by the Goverrmen: in support 
of the Law indicating that the storage of waste shall fulfil "the 
requirements impossd from a radiation protection point of view 
and which are intended to provide protection against radiation 
damage". Questions regarding protection against radiation $amage 



are regulated by the Radiation Protection Act. This means that 
the requirements imposed on the handling and storage of high- 
level waste are, in ~rinciple, the same as those which apply for 
other activities involving the hand? ing of radioac tive sub- 
stances. 

This interpretation is supported by the statements msde by the 
Committee of Commerce and Industry in its review of che Law, in 
which the Parliament also concurred. The Camnittee thus finds the 
expresrion "completely safe" to be warranted in view of the very 
high level of safety required, but considers that a "purely 
Draconian interpretation of the safety requirement" is not in- 
tended. Draconian means '?excessive1 y severe, inhuman". 

The requirements of the Law - regarding the scope of this report 

In the statements made by the Gcverrtment in support of the Law it 
is said: "The descriptions to be submitted by the ovner of the 
reactor shall include detailed and comprehensive information for 
the evaluation of the safety. Consequently, over-a1 1 plans and 
drawings will riot suffice. Furthermore, it should be specifically 
stated in vhich form the waste or spent ncclear fuel is to be 
stored, how the storage is to be arranged, how the transportation 
of the spent nuclear fuel or of the waste will be carried out and 
whatever else may be required in order to ascertain whether the 
proposed final storage can be considered coqletely safe and 
possible to construct." 

To fulfil these requirements, this report presents relatively de- 
tailed information on the design of facilities and the transpor- 
tation systems which are part of the handling and storage chain. 
Certain parts of this information are relatively unessential for 
evaluating the safety of the waste storage, while others are 
vital. A detailed evaluation of the safety aspects of the propos- 
ed design is presented in a safety analysis. The handling and 
processing carried out abroad is also described, although more in 
general. 

The alternatives siven in the Lar - 
The Law reqviirts a description of the handling and final storage 
of either the high level reprocessing waste or the spent. unre- 
processed nuclear fuel. This report deals with the first alterna- 
tive. An application to the Government to charge nuclear fuel to 
a new reactor based on this alternative must, in addition to this 
report, include an agreement uhich covers in a satisfactory 
manner the anticipeted need for reprocessing of spent nuclear 
fuel. This aspect is, however, not dealt with in this report. 

A report on the second alternative, i.e. s p c ~ c  unprocessed fuel, 
is planned for publication during the firsthalf of 1978. 
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Layout of the report 

This report has been divided into five vol-r u follows: 

I General 
I1 Geology 
111 Facilities 
IV Safety analysis 
V Foreign activities 

In order to provide a basis for the report, KBS has carried out a 
great number of technical-scientific investigations and surqeys. 
The results of these are published in KBS Technical Reports. 56 
vol.umes of these reports have so far been published, (see 
voluma I, appendix 3.) 

Volume I (General) can be read independently of the other voluw 
es. It comprises mainly a sumnary of the mare detailed reports 
preseated,in volumes 11, 111 and N. 

Chapter 3 in volume I is a slrmmary of the proposed method for 
handling and storage of nuclear fuel and high-level waste from 
the nuclear power plant fuel pools up to and including final 
storage in Swedish bedrock. 

Chapter 13 in volume I sumarizes the more detailed presentation 
of the safety analysis in volume TV. This chapter stmmarizes the 
safety evaluations of the whole handling chain from a radiclogi- 
cal point oZ view. The effects of radiation have been calculated 
for normal conditions and for accidents. Special emphasis has 
been placed on the long-term aspects of the final storage of high 
level waste. 

Final stage of nuclear fuel cycle - 

The handling chain for spent nuclear fuel and high-level repro- I 
cessing ;rasta is illustrated in the above block diagram. 

Nuclear pover stations always have storage pools for spent 
nuclear fuel. They are needed so that the fuel can be discharged 
from the reactor and also to provide storage space for spent 
nuclear fuel before it is dispatched for reprocessing or for 
storage elsewhere. 

Today, the available reprocessing capacity is limited, and it is 
not clear to what extent spent nuclear fuel will be reprocessed. 
As a result, it is necessary to extend the storage capacity for 
spent nuclear fuel. For economic reasons and for the planning of 
the back end of the nuclear furl cycle, the extended capacity 
should not be provided at the nuclear power stations. Instead, a 



central fuel storage facility should be constructed. This faci- 
lity is needed regardless of whether the'spent nuclear fuel ie to 
be reprocessed or not before final storage. The fuel can be 
stored in this facility for a b u t  ten years. 

As a rule, radioactive waste must be stored in the country where 
it is proauced. The high-lkvel reprocessing waste will be sent 
back to Sweden in vitrified form in 1990 at the earliest. The 
vitrified waste will be contained in stainless steel cylinders 
having a diameter of 40 cm and a height of 1.5 m. If all of the 
fuel is reprocessed, 9 000 cylinders -All be obtained from 13 
reactors that have been in operation for 30 years. 

The waste cylinders will be placed initially in An intermediate 
storage facility where they will remain for at least 2 3  years be- 
fore being transferred to the final storage. The cylinders will 
be kept in dry conditions in the intermediate storage facility, 
and radiactive substances cannot be released to the environment. 
During this storage period, the amount of heat generated by the 
waste will be reduced by half, thua simplifying final storage. 
Intermediate storage postpones the date when final storage must 
comence, thus providing more time to optimize the final storage 
method. A longer storage period than 30 years is entirely possib- 
le. Such a prolonged storage period is considered in France, for 
example. However, intermediate storage requires a certain amount 
of su~?rvision, even though this supervision is very limited. 

It is planned that tae final storage, which will not have to go 
into operation until 2020 at the earliest, will be constructed in 
rock abcut 500 metres undergromd. The facility is designed in 
such a tray that it can be sealed and ultimately abandoned. In the 
final s;orage, the waste will be exposed to the ground-water in 
the rock. After intermediate storage and before the waste cylin- 
ders are transferred to the final storage, they wfll :herefore be 
encapsulated in a canister made of titanium and lead. These ma- 
terials have good resistance to corrosion. 

The siting of the facilities for the various handling stages may 
be arranged in  different ways, in accordance with what is deemed 
to be practical. 

Spent fuel has already been shipped abroad from Sweden for repro- ! 
cessing. Similar transports will also be reqitired between the 1 
various phases of the handling. The design and procurement of 
transport casks and vehicles thus form part of the waste 
band1 ing. 

t 

Geological requirements for a f i m l  storage 

Extensive investigations and tests have been carried out to d c  
tennine the suitability of Swedish bedrock for final storage. In 
this connection, interest has been concentrated on ptecambrian 
chrystalline rocks. In other countries, studies have been made of 
storage in salt, shale and clay depending upon the natural pre- 
requisites of each country. 

Field investigations have been carried out at five sites, three 
of which have been selected for more detailed studies. A number 



of holes have been drilled to a depth of 500 metres. It should be 
emphasized that the objective of this ~ r k  vas not to find a site 
n w  to be proposed for final storage. The purpose vas to show 
that suitable bedrock is available within Sveden for such a faci- 
lity. 

The factors that will determine the suitability of a rock forme- 
tion for final storage are its permeability and strength, the 
composition of the groundvater and its flow pattern and the de- 
laying effects on radioactive substances when groundvater passes 
thro~gh cracks in the rock. Of special interest is also the risk, 
of rock movements which could affect the pattern of groundvater 
flov or damage the encapsulated waste. 

Assessing these factors, a depth of about 500 metres is con- 
sidered to be suitable. At this depth, the bedrock contains fewer 
cracks and has lower water permeability than closer to the s u r  
face. This depth also gives a satisfactory protection against 
acts of war and such extreme events as mteorite iatpacts and the 
effects of a future ice age. 

The investigations and surveys carried out have shown that the 
three sites selected offer satisfactory conditions for final 
storage. At these sites, the bedrock consists of Sweden's most 
common types of rock - granite, gneiss and gneissified granodio- 
rite. Consequently, it is reasonable to expect that rock forma- 
tions with equivalent conditions are also available at many other 
places within Sveden. 

Safety of the handling chain 

The ertensive safety analysis carried out has shown that the re- 
lease of radioactive substances which could occur in connection 
with normal operation or with an acciderit in the different stages 
of the handling chain within Sweden, would be insignificant in 
comparison with corresponding conditions at a nuclear power sta- 
tion. This is because the vitrified waste has a lov temperature 
and is encapsulated without overpressure. Consequently a sudden 
and extensive release of radioactivity can not occur. The safety 
of he steps of the handling chain, which will be carried out 
aiioad (reprocessing and vitrification), will be evaluated by 
Government authorities in the country concerned and are dealt 
with in a more superficial manner in this report. 

Radioactive substances from a final storage can only be released 
by the groundwater. The finel storage must be arranged in such a 
way that such a release cannot damage the ecological system. It 
is then important to remember that the activity of the radioac- 
tive substances in the waste diminishes very slowly. The final 
storage is therefore arranged so that the migration of these sub- 
stances is either prevented or delayed for a long time, thus en- 
suring that the concentration of radioactive substances which may 
reach the biosphere will be harmless. For this reason, the design 
of the final storage provides for a number of successive barri- 
ers. 

For any release of radioactive substances in the waste to the en- 
vironment, the groundwater must first penetrate both the canister 
aade of titanium and lead and the stainless steel container. 



These materials have excellent resistance to corrosion. The waste 
cylinders will be placed in holes drilled into good-quality rock 
and surrounded by a buffer material consisting of quartz sand and 
bentonite. Since the buffer material has a low permeability, only 
very small amounts of water will be able to affect the encapsu- 
lated waste. 

In the event of the penetration of the canister and the stainless 
steel container, the groundwater can affect the vitrified waste. 
However, the glass has a very low leaching rate under the con- 
ditions that prevail in the final storage. 

The l w  flow rate of the groundwater, the long distance which the 
water must cover to reach the biosphere and the chemical process- 
es in the crack system in the rock and in the buffer material 
provide effective barriers that prevent and delay the migration 
of the radioactive substances. Wreover, dilution in huge volumes 
sf groundvater will take place before entry into the biosphere. 

The safety of the final storage of high-level waste is dami- 
nating the safety issue. The safety analysis is based, in each 
phase that entails uncertainty, on assumptions and data that pro- 
vide a reassuring margin of safety. Possible routes for the mi- 
gration of radioactivity to the biosphere have been studied in 
the safety analysis, and the group of people which can be exposed 
to the highest level of radiation has been identified (the cri- 
tical group). The critical group consists of persons taking their 
drinking water from a deep well drilled in the vicinity of the 
final storage. Under unfavourable circlnnstances this group can be 
exposed to a maximum radiation (individual dose) of 13 millirem 
per year in addition to natural background radiation. 

This maximum additional dose of 13 millirem per year will not 
occur until after about 200 000 years. This long delay is caused 
by the retaiment in the buffer material and the rock of the 
radioactive substances providing the highest additional dose. 
Radioactive substances which are not delayed relative to the flov 
of water in the bedrock could come into contact with the bio- 
sphere after only some hundreds of years. However, the additional 
dose attributable to these substances is very much lower than the 
value given above. 

An individual dose of 13 rnillirem is considerably lwer than the 
dose reconrwnded by the International Cumaission on Radiological 
Protection (ICRP) as the upper limit tor permissible additional 
doses for individuals namely 500 millirem per year. This limit is 
intended to protect individuals against delayed radiation effects 
such as cancer and genetic effects. 

Governmental authorities impose lower limits for the operation of 
nuclear paver plants. In Sweden, operational restrictions can be 
imposed and other measures taken if the additional dose tends to 
exceed 50 millirems per year for people 1ivir3 near the power 
plant. 

In order to reduce radiation exposure as much as reasonably 
possible, the Swedish Radiation Protection Institute requires 
that nuclear power plants be designed and constructed so thst the 
expected additional dose for the critical group living i,~ the 
vicinity of the plant is less than 10 millirems per year. 
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As mentioned abwe, the assumptions and data used i n  the s a f e ty  
ana lys is  were selected with safe ty  margins. It is considered pro- 
bable t h a t  the dosage w i l l  be approximately 1/100th of the maxi- 
mum value of 13 millirems per year given above. One reason f o r  

Q 
t h i s  is tha t  the very low r a t e  of water flow i n  the bedrock is  
not su f f i c i en t  t o  break through the encapsulation o r  leache the  
v i t r i f i e d  waste a t  the r a t e s  assumed i n  the safe ty  analysis  pre- 
sented i n  t h i s  report. Hwever, ve r i f i ca t i on  of t h i s  l w e r  value 
w u l d  require  addit ional  invest igat ions not yet been completed. 

The following bar-chart shovs the dose r a t e s  mentioned above. I t  
a l so  ind ica tes  the dose r a t e s  from natural  rad ia t ion  i n  Sweden. 
As appears from the b a r c h a r t  local  var ia t ions  i n  natural  radia- 
t i on  a r e  considerably grea te r  than the maximum contribution from 
a f i n a l  storage of high-level waste obtained from 13 reac tors  
which have been in  operation during 30 years. The brr-chart a l s o  
shows tha t  the doses obtained from radium i n  natural  drinking 
water i n  Sweden often l i e s  considerably above the level  reported 
fo r  a f i na l  storage. 

Moreover, the safe ty  analysis  shows that  radiat ion doses fo r  
large population groups a t t r i bu t ab l e  t o  a f i na l  storage w i l l  be 
v i r t u a l l y  i ~ s i g n i f i c a n t  and that  the longterm e f f ec t s  on heal th 
w i l l  be negligible. 

The design of the back end of the nuclear fuel  cycle presented i n  
t h i s  report thus f u l f i l s  the requirements s e t  fo r th  i n  the Law 
f o r  a completely safe f i na l  storage of the high-level reprocess- 
ing waste. 

Stockholm November 1977 
NUCLEAR FUEL SAFETY PROJECT (KBS) 
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1 INTRODUCTION 

1.1 BACKGROUND 

1.1.1 General 

As of the end of 1976, 187 nuclear power reactors for civilian 
energy production were in operation in the world. The total in- 
stalled capacity 80 GW(e); corresponds to 80 reactors of 1 000 
?lW(e) each. 

Sweden's first conmercial nuclear power plant, a lightwater re- 
actor in Sinpevarp outside of Oskarshanm, was comissioned for 
electrical power production in 1972. Since then, a number of re- 
actors have been completed and there are now six nuclear units in 
operation in the country. 

Facility Owner Commissioned Capacity 

Oskarshamn 1 OKG 1972 450 .W 
Oskarshamn 2 OKG 1974 580 
Ringhals 1 Swedish State Power Board 1976 760 
Ringhals 2 Swedish State Power Board 1975 820 
Barseblck 1 Sydkraf t 1975 580 
Barseblck 2 Sydkraf t 1977 580 

An additi~nal six units are in different stages of construction 
and planning. 

Facility Ready for Capacity 
fueling 

Ringhals 3 Swedish State F w e s  Board 1977 900 ?4U 
Binghals 4 Swedish State P w e r  Board 1979 900 
Forsmark 1 FKA 1978 900 
Foremark 2 FKA 1980 900 
Forsmark3 FKA ? 1 000 
Oskarshamn 3 OKC ? 1 000 

Throughout the '703, there has been an intensive public debate in 
Sweden concerning problems pertaining to the safety aspects of 
nuclear power production and whether such production is desirable 
at all. From having been concentrated on problems associated with 
normal operation and failures during the first years, the debate 
has shifted emphasis in recent years to questions concerning the 
management of the radioactive waste arising from nuclear power 
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production. The problem involved with these radioactive wastes 
were studied by a working group appointed by the Swedish National 
Institute of Radiation Protection in June of 1971. This working 
group submitted a report in May of 1972 containing proposed 
guidelines for the management of radioactive waste /1-11. This 
report concludes that   he management of high-level waste from 
spent nuclear fuel "entails problems to which as yet only partial 
soluticns have been found". 

In December of 1972, the S- -dish Government decided to appoint an 
ad hoc cornittee to investigate the problems related to high- 
level waste from nuclear power plants called the Aka Comnittee. 
The h a  Committee's findings are discussed in greater detail 
under 1.1.2 below. 

The Government which entered office following the 1976 election 
set up certain conditions for the granting of permission for 
power utilities to charge new nuclear reactors with nuclear fuel. 
These conditions stipulated that the plant-owner must decmnstrate 
where and how en absolutely safe final storage of the high-level 
waste can be arranged. The conditions are set forth in the "Con- 
ditions Act" ("Law concerning special penission for charging 
nuclear reactors with fuel") which was passed by the Swedish Par- 
liament in April 1977 /1-3/. 

In order to produce and compile material for the reports required 
by the Conditions Act, the power utilities formed the Nuclear 
Fuel Safety Project (KBS). The findings of the Aka Comnittee con- 
stitute the basic point of departure for the work of this Pro- 
ject. Research work initiated by the Aka Comittee within, for 
example, the field of gaology has teen carried further by KBS. 
The present KBS report deals with the handling and final storage 
of vitrified high-level waste obtained from the reprocessing of 
spent nuclear fuel. 

The Aka Comittee -- 
The Govementl Cowittee on Radioactive Waste (Aka Comnittee) 
appointed in 1972 was given further dirzctive in May of 1974 to 
extend the scope of their study to include the handling and 
storage of l w  and mediunrlevel waste as well. 

The Aka Com~ittee submitted its findings to the Government in 
April of 1976 /1-2/. Its coiiclusions and proposals concerning the 
handling and final storage of high-level waste can be srmmarized 
as follows: 

1 Current technology already provides satisfactory means for 
handling and storing spent nuclear fuel and radioactive 
waste. 

2 It is imperative that the Svedish power utilities procure a 
transportation system for spent nuclear fuel as soon as 
possible. It is recomnended that spent Swedish nuclear fuel 
and radioactive waste which requires heavy radiation shield- 
ing be shipped by rail or sea, whenever possibla. 

3 A central facility for the storage of spent nuclear fuel is 
needed in the country. 



4 The preliminary planning of a Swedish reprocessing plant 
should commence as soon as possible. 

5 A decision to build a Swedish reprocessing plant should also 
include a plant for the manufacture of plutonium-enriched 
fuel. 

6 Solidification of the high-level waste from reprocessing in 
glass or ceramic material is the best method currently 

' 

available for converting liquid high-level waste to solid 
f o m .  

7 Studies aimed at further elucidating the requirements which 
must be met for the final storage of non-reprocessed spent 
nuclear fuel should be comnenced. 

8 Final storage of radioactive waste should be effected in 
bedrock. 

9 Detailed geological studies of sites suitable for final 
storage should be initiated at once. 

- 
1C - The power producer shail defray all costs associated with 

the t,andling and storage of spent nuclear fuel and radioac- 
tive waste. 

li It is proposed that a special government organizatio3 bi 
formed to assume responsibility for the long-term mandgement 
of radioactive waste and associated activities. 

12 The proprjals made by the Aka Committee regarding the 
managerrnt of spent nuclear fuel and radioactive waste re- 
quire a comprehensive programme of research and development. 

The Committee was unanimous in its proposals. Special supplemen- 
tary statements were submitted by two members. 

Reactions to the conclusions and proposals of the Aka committee's 
report are largely positive. Criticism has been directed at those 
parts of the Comnittee's report which deal with the final storage 
of high-level waste, more particularly at the report's assessment 
of the rate of corrosion of the canister material and the extent 
of cracking in the bedrock. The need for further research is 
emphasized by many parties, e:xpecially with regard to the proper 
ties of the bedrock at greater 4cpth. Many parties warn against a 
hasty comnitment to a particular method for the handling of the 
spent fuel and the final storage. The ~ e e d  fur a safety analysis 
is also emphasized. 

KBS has now completed studies within the above-mentioned areaa 
designated by the Aka report as being urgent for further study, 
except for the preliminary planning of a Svedish reprocessing 
plant. Aspects of organization and fcnancing have not been 
covered by the KBS Project. 



REQUIREMENTS TO BE FULFILLED BY THE NUCLEAR POWER INDUSTRY 

Government S t a t emen t  of  P o l i c y  

The Government summarized i ts  views on n u c l e a r  power i n  i t s  
S t a t emen t  o f  P o l i c y  d a t e d  8 October  1976: 

"Nuclear  pover  i n v o l v e s  g r e a t  problems and haza rd s .  F o r e m s t  
amcng t h e s e  is t h e  hand l i ng  of  t h e  s p e n t  f u e l  and t h e  h igh - l eve l  
was te .  A commitment t o  n u c l e a r  power cannot  b e  made u n t i l  t h e s e  
problems and haza rd s  have been s a t i s f a c t o r i l y  brought  under  con- 
t r o l .  I n  view o f  t h e s e  problems,  n n c l e a r  ene rgy  p l a n t s  c u r r e n t l y  
under  c o n s t r u c t i o n  nay  n o t  b e  conrmissioned u n t i l  t h e  power corn-. 
pany concerned can  p r e s e n t  an a c c e p t a b l e  agreement  f o r  t h e  re- 
p r o c e s s i n g  o f  s p e n t  n u c l e a r  f u e l  and demons t ra te  how and where an  
a b s o l u t e l y  s a f e  s t o r a g e  o f  t h e  h igh- leve l  was te  can be e f f e c t e d .  
Barseback 2 ,  which is completed,  w i l l  be t aken  o u t  of  o p e r a t i o n  
i f  a r e p r o c e s s i n g  ag reenen t  i s  n o t  produced by 1 October  1977. 
The Government i n t e n d s  t o  e n t c r  i n t o  n e g o t i a t i o n s  concern ing  
t h e s e  m a t t e r s  w i t h  Svensk U r n b r S n s l e f G r s 8 r j n i n g  AB (Swedish 
Nuclear  Fue l  S u p p l i e s  Inc . )  and t h e  cgncerned p o w r  u t i l i t i e s  ae 
soon  a s  pos s ib l e . "  - 

C o n d i t i o n s  Act 

The "Law conce rn ing  s p e c i a l  pe rmi s s ion  f o r  c h a r g i n g  n u c l e a r  re-  
a c t o r s  w i t h  f u e l "  /1-3/ s e t s  f o r t h  t h e  c o n d i t i o n s  con t a ined  i n  
t h e  Government S ta tement  o f  Pol icy .  

92 of t h e  Act p rov ide s  f o r  t h e  conrmissioning of n u c l e a r  r e a c t o r s :  

"It an a p p l i c a t i o n  f o r  f i n a l  approva l  For t h e  c o m i s s i o n i n g  of  
t h e  n u c l e a r  r e a c t o r  has  n o t  been submi t ted  t o  t h e  Nuclear  Power 
I n s p e c t o r a t e  a s  o f  October  1976, t h e  r e a c t o r  may no t  b e  charged 
w i t h  n v c l e a r  f u e l  w i thou t  t h e  s p e c i a l  pe rmi s s ion  of t h e  Govern- 
ment. Pe rmi s s ion  may be g r an t ed  o n l y  p r o v i d i n g  t h a t  t h e  r e a c t o r  
nvner  

1 h a s  produced a n  agreement  which a d e q u a t e l y  s a t i s f i e s  t h e  re- 
qu i r emen t  f o r  t h e  r e p r o c e s s i n g  of  s p e n t  n u c l e a r  f u e l  and h a s  
demons t ra ted  how and where an a b s o l u t e l y  s a f e  f i n a l  s t o r a g e  
o f  t h e  h igh- leve l  was t e  o b t a i n e d  from t h e  r e p r o c e s s i n g  can  
be  e f f e c t e d ,  o r  

2 h a s  demons t ra ted  how and where an a b s o l u t e l y  s a f e  f i n a l  
s t o r a g a  o f  s p e n t ,  un-reprocessed n u c l e a r  f u e l  can be  e f f e c t -  
ed." 

Accountab i l i ty .  o f  t h e  n u c l e a r  power i n d u s t r y  

The C o n d i t i o n s  Act s p e c i f i e s  t h a t  r e p o r t s  submi t t ed  by power 
s t a t i o n  ovr.ers conce rn ing  t h e  f i n a l  s t o r a g e  o f  was te  from repro-  
c e s s e d  n u c l e a r  f u e l  s h a l l  d e s c r i b e  t h e  a b s o l u t e l y  s a f e  s t o r a g e  of 
" t he  h igh- leve l  w a s t e  o b t a i n e d  from reprocess ing" .  

Var ious  d e f i n i t i o n 6  have  been used  f o r  t h e  te rm "high-level  
waste". The Aka Comnit tee has ,  f o r  example, used two d e f i n i t i o n s :  



- High-level vaste is waste which contains such a high level 
of radioactivity that it requires not only effective radia- 
tion shielding but also cooling in drder to be storea in a 
safe manner / 1-4, page 34 /, and 

- High-level waste - the waste containing fission prnducts 
which is separaced from the spent fuel luring reprocessing 
/1-2, part 11, page 201/. 

A more precise definition based on the origin of the waste is 
'used by the Nuclear Regulatory C m i s s i o n  !NRC) in the United 
States: 

- "High-level liquid radioactive wastes" means those aqueous 

wastes resulting from the operation 9f the first cycle sol- 
vent extraction system, or equivalent, and the concen-rated 
wastes from subsequent extraction cycles, or equivalent, in 
a facility for reprocessing irradiated reactor fuels /I-5/. 

Definitions based on the level of radioactivity per unit volume 
have also been used / 1-6/. 

Radioactivity ai~d cooling requirements change with time during - 
the handling and long-term storage of waste. For this.reason, a 
definition of high-level waste based on the origin of the waste 
has been deemed most suitable. 

In the KBS Project, the "high-level waste obtained from repro- 
cessing" has been defined as: 

- the waste with a high content of fission products which is 
obtained as the aqueous phase ;n the extraction process in 
the reprocessing of spent nuclear fuel. 

This high-level waste will be converted to vitrified form and ' !  
eventually returned to Sweden. 

Other types of radioactive waste which can contain small quanti- 
ties of uranium and plutonium is also obtained from reprocessing. 
This long-lived "alpha waste" must be specially treated prior to  
final storage. Methods for this treatment are not dealt wich in 
this report. Final storage of this waste can be effected in a 
manner which is similar to but simpler than that which has been 
proposed for high-level waste. Nor does the report deal with the 
use of the uranium and plutonium which is obtained from repro- 
cessing and which cannot be regarded as waste. The recovered ura- 
nium is reused in the production of nuclear fuel. The plutonium 
can also be used for this purpose. The use of plutonium extracted 
from Swedish nuclear fuel requires Government approval. 

In a special explication of the Conditions Act, the accountabili- 
ty requirements imposed on power plant owners for describing 
waste storage methods have been specified in greater detail. 
These requirements are stlmnarized below: 

1 It is the responsibility of tile reactor owner to demonstrate 
concrete solutions to the waste problems associated with 
nuclear pover production. 



2 I n  o rde r  t o  bc granted permission ;o ~ o m i s s i o n  nuclear  re- 
ac to r s ,  owners must demonstrate t h a t  the  spent  nuclear  f u e l  
and the  high-level waste it conta ins  w i l l  be handled i n  such 
a manner t h a t  t h e  eco log ica l  system w i l l  not be damaged. The 
r e a c t o r  owner must demonstrate a )  how t h e  spent  nuclear  fue l  
o r  waste w i l l  be handled, and b )  t h a t  t h e  handling method 
w i l l  provide adequate safeguards  aga ins t  harmful e f f e c t s .  

3 R e  b a s i c  premise must be t h a t  the  high-level waste from re- 
processing a n d , t h e  spent  nuclear  f u e l  which is not  repro- 
cessed a r e  t o  be kept  separated and i s o l a t e d  from a l l  f o r m  
of l i f e .  

4 ! je ta i led  and qomprehensive information must be provided f o r  
a s a f e t y  evaluat ion.  Thus, rough plans  and sketches  a r e  not 
enough. In addi t ion,  it should be concrete ly  spec i f i ed :  

- I n  what form t h e  waste o r  tire spent  nuclear  f u e l  w i l l  
be s tored.  - How the  s to rage  a4 te  w i l l  be arranged. - How the  spent nuclear  fue l  o r  waste w i l l  be t r anspor t -  
ed. - Whatever o the r  information i s  required i n  o rde r  t o  de- 
termine whether the  proposed f i n a l  s to rage  can be deem- 
ed t o  be abso lu te ly  s a f e  and p r a c t i c a l l y  f e a s i b l e .  The 
primary considera t ion here is whether the  s to rage  
scheme can meet requirements for  s a t i s f a c t o r y  r a d i a t i o n  
protect ion.  

5 The s to rage  s i t e  s h a l l  permit the  i s o l a t i o n  of t h e  waste o r  
the spent  nuclear  f u e l  f o r  a s  long a time as  is required f o r  
the  r a d i o a c t i v i t y  t o  diminish t o  a harmless l eve l .  

The poss ib le  d i spe r s ion  of the  waste o r  spent nuclear  fue l  
t o  t h e  biosphere as a r e s u l t  of n a t u r a l  processes,  accidents  
o r  a c t s  of war s h a l l  a l s o  be taken i n t o  account. 

6 I t  is not necessary t h a t  a s t a r a g e  f a c i l i t y  i s  completed 
when t h e  app l i ca t ion  f o r  permission i s  submitted. 

THE KBS PROJECT 

Object ive  

KBS was formed by the  following four  nuclear  power u t i l i t i e s :  
S ta tens  Vat t e n f a l l  sverk (The Swedish S t a t e  Paver Board), Oskars- 
hamnverkets Kraftgrupp AB (OKG), Sydkraft  AB and Forsmark Kraft. 
grupp AB (FKA) i n  o rde r  t o  meet t h e  requirements of the  Condi- 
t i o n s  Act which p e r t a i n  t o  the  handling and f i n a l  s to rage  of 
spent nuclear  f u e l  o r  high-level waste. 

The ob jec t ive  of t h e  KBS Pro jec t  is: 

- t o  demonstrate & high-level waste o r  spent fue l  can be 
handled and f i n a l l y  s to red ,  

- t o  demonstrate a f i n a l  s to rage  of high-level waste o r  
spent f u e l  can be s i t u a t e d ,  and 



- to describe the safety of the proposed arrangelnents for 
handling and storage. ' 

1.3.2 Organization 

KBS is organized as an independent project within Svensk W r n -  
brPnslefbrs6rjning AB (SKBF - Svedish Nuclear Fuel Supplies 
Inc.). The work is being conducted in consultation and collabo- 
ration with organizations, corporations and institutions active 
within the field of radioactive waste handlina or other technical 
fields of importance to the KBS Project. 

The KBS Project ~ o a r d  ha* the following members: 

Giiran Ekberg, Sydkraft, Chairman 
Bo Aler, Atomenergi 
Olle Gimstedt, OKC 
Lars Halle, Asea-Atom 
Jonas V. Norrby, Svedish State Pmrer Board 
Erik Soenke, SKSF 
Ingvar Wivstad, KBS, Project Director 

Of these members, all eacepi Lars Halle are also members of the 
Board of SKBF. 

The Project Management Group is responsible under the Board for 
the implementation of the project and is made up of the following 
persons from the power utilities: 

Ingvar Wivstad (fro9 the Suedish State Power Board) 
Per-Erik Ahistrijm (from the Swedish State P m e r  Board) 
Lars B. Nilsson (from OKC) 

A technical comnittee with an advisory function is subjoined to 
the Project Management Group. Its members are: 

Olle Gimstedt, OKG, Chairman 
Tage Arnell, FKA 
Lars Halle, Asea-Atom 
Yngve Larsson, Sydkraft 
Lars Ake Nijjd, Atomcnergi 
Erik Svenke, SKBF 

The KBS organization is illustrated in figure 1:l. 

The work has been directed by a central group of s m e  20 
persons consisting of the Project Management Group, progrannre 
leaders (for the programme specified in the organization plan, 
Pll etc.) and staff functions. In addition, sonre 450 persons were 
engaged through the contracting of consultants, corporations and 
research institutions at technical institutes and universities. 
KBS has also collaborated with arganizations in France, the 
United States and Canada which are active within the same field. 

The direction of the work, various alternatives and results were 
discussed in reference and working groups outside cf the organi- 
zation itself. Through these groups, KBS was able to benefit from 
the experience of specialists and experts not directly engaged in 
the KBS project. 
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The companies, institutions and expert; engaged or consulted by 
the KBS Project are listed in Appendix 2 to this volume. 

1.3.3 Premises governing the m r k  of the project 

According to agreements entered into with reprocessi companies, 
specific quantities of spent fuel from four reactor ocks in 
Sweden - Oskatshamn blocks 1 and 2, Barseback 2 and inghals 3 - ! will be reprocessed. Some of the waste from this ?eprocessing 
will presumably be returned to Sweden for final disposal. 

Reprocessing agreements are currently lacking for other reactor 
blocks. It has not previously been possible to sign agreements 
for reprocessing of the fuel discharge from Svedish reactors 
after 1979. The uncertain international situation and the limi- 
ted capacity of existing reprocessing facilities (chapter I:5) 
make it urgent to plan for a final storage of spent nuclear fuel 
without prior reprocessing as well- 

t 

For these reasons, the KBS Project is considering both alterna- 
tives in the Conditions Act: The handling and final storage both 
of vitrified waste from reprocessed spent nuclear fuel and of un- 
reprocessed nuclear fuel. 

Development work on the final storage of high-level waste in 
other nuclear-parer-producing countries has thus far been con- 
centrated on vitrified waste fr-rp reprocessing. These problems 



have been studied primarily by countries vith their awn repro- 
cessing projects. As a rule, these countries plan to build 
storage facilities in salt fonnationa, which are considered to be 
extremely stable and impervious to vater penetration. The glass 
is enclosed in stainless steel containers and then emplaced in 
direct contact vith the salt. 

In recent years, however, attention has been turned to the final 
storage of high-level vaste in clays and crystalline rock. The 
Aka Comnittee / 1-21 found that Sweden's primary rock formations 
fulfil the necessary requirements for a safe final storage of 
radioactive waste. KBS has arrived at the same conclusion and has 
therefore concentrated its vori on final storage in rock. 

The present report describes the handling and final storage of 
vitrified high-level waste from the reprocessing of spent nuclear 
fuel. A corresponding report on the handling and final storage of 
non-reprocessed spent nuclear fuel is planned for publication in 
the spring of 1978. A status report for this alternative is pro- 
vided in Appendix 1 of this volume. 





2 PREMISES AND ALTERNATIVE METHODS FOR 
MANAGING SPENT NUCLEAR FUEL AND 
VITRIFIED HIGH-LEVEL WASTE 

2.1 DATA FOR SPENT NUCLEAR FUEL 

2.1.1 Technical data 

Tn order to generate energy in a nuclear reactor, the reactor is 
charged with uranium fuel which contains the fissionable isotope 
uranium 235; This fuel is cons~~med as energy is produced. Fission 
products and elements which are heavier than uranium are also 
formed. After some time,new fissionable material must be supplied 
and the spent fuel must be taken out of the reactor. Kormally, 
roughly 1/3 of the fuel is replaced each year in a pressurized 
vater reactor (PWR) and 1/5 per year in a boiling vater reactor 
(BUR). 

A BWR such as Forsmark 1 produces approximately 220 kUh of elec- 
trical pover from each g r a m  of uranium. The corresponding value 
for a PWR is approx. 260 kWh p r  granune of uranium. The composi- 
tion of the fuel changes during the operation of the reactor. The 
spent fuel discharged from the reactor consists of: 

BUR 
Urani m 2 3 5  0.7 X 
Uranium-236 0.4 % 
Uraniimr238 95.2 % 
Fissionable plutonium 0.5 X 
Other plutonium 0.2 % 
Other transuranic elemnts 0.05% 
Fission products 2.9 X 

The n-ly-fonnd elements are generally unstable and. decay to 
form stable atom while emitting radiation. The radiation from 
the spent fuel comes mainly from fission products and diminishes 
as the elements decay. The cantent of radioactive elemnts, their 
half-lives and the heat generated in the spent fuel are dealt 
with further in I:13.3. 

2.1.2 Quantities of spent fuel 

The expected quantities of spent nuclear fuel discha~ged from the 
vorld's civilian nuclear energy production is dependen: o-. the 
rate of construction of new reactors. 



Table 2-1 shows the planned schedule for the construction of 
lightwater reactors (PURs and BURS) in some countries up to 
1990. These countries are expected to account for more than 85% 
of the world's total installed electric pover generating capacity 
in the form of light-water reactors in 1980 (Easteln Europe and 
Chiaa not included). The figures are from the Nuclear Assurance 
Corporation's report of July 1977 2 1 .  The figure of 9.4 
GW(e) for Sweden is based on the assumption that 12 reactors will 
be in operation by 1985. 

Table 2-1 

Expected p w e r  generating capacity of light-water reactors sche- 
duled for construction up to 1990 in GW(e) for each country and 
year. 

Country 1976 1980 1985 1990 

Sweden 3.2 7.4 9.4 
Finland 0.4 2.2 3.2 4.2 
France 0.3 14.9 39.9 58.1 
West Germany 4.0 i3.0 25.5 42.0 
USA 40.1 76.0 158.0 225.0 
Japan 6.9 14.6 30.1 59.0 

Table 2-2 gives the quantities of spent nuclear fuel based on the 
expected ccnstruction scheciule. Fuel discharge is assumed to be 
28 tons cf uranium per GW of installed rlcctrical output. 

The tabulated years refer to the years in which the reactor is 
charged with fuel. The fuel is discharged some 2 years later. 
Less fuel is discharged in the initial period of operation of a 
reactor, causing deviations from the equilibrium state assumed in 
the table. 

Table 2-2 

Quantity of spent fuel in st a t ~  -f equilibrium, based on the fi- 
gures in table 2-1 (tons of uri-lm per year). 

Country 1976 1980 1985 1990 

Sweden 
Finland 
France 
West Germany 
USA 
Japan 

In 1985, the quantity of spent nuclear fuel in Sweden would 
comprise approximately 4% of the total quantity of nuclear fuel 
from light-water reactors in these countries. 



%anti:iee _qf s p e n t  f u e l  i n  Sweden 

Table 2-3 g ives  t h e  expected accumulated q u a n t i t y  of s p e n t  f u e l  
ob ta ined  from t h e  o p e r a t i o n  of t h e  13  r e a c t o r  b locks  s p e c i f i e d  
by t h e  1975 Swedish Par l iament  as t he  framework f o r  Sweden's 
n u c l e a r  power p l a n t  p r o g r a m  up t o  1985. The t a b l e  a l s o  shove 
che accumulated q u a n t i t y  from the  6 r e a c t o r  b locks  i n  o p e r a t i o n  
i n  1.977. The d a t e s  assumed f o r  the  s t a r t - u p  of the  uncomiss ion~- .d  
3Io;ks are :  

- Ringhale 3 1978 - Forsmark 1 1978 - Ringhals 4 19 79 - Forsmark 2 1980 - Forsmark 3 1984 - Oskarsham 3 1984 - Unit  1 3  1986 

I t  is assumed t h a t  Barseback 2 w i l l  cont inue  t o  ope ra t e  and t h a t  
the  a v a i l a b i l i t y  f a c t o r  f o r  a11 b locks  w i l l  be 60% dur ing  t h e  
f  i r s t  t h r e e  yea r s  and 70% t h e r e a f t e r .  

Table  2-3 

Accumulated q u a n t i t i e s  of spen t  f u e l  i t *  tons of uranium from t h e  
o p e r a t i o n  of 6 o r  13  r e a c t o r s  i n  Sweder.. 

A t  y e a r e n d  Reactors  i n  ope ra t ion  
1-6 1-13 

The annual  q u a n t i t i e s  of  spen t  nuc lea r  f u e l  from the  c u r r e n t l y  
ope.-ative Svedish r e a c t o r  b locks  a r e  given i n  t a b l e  2-1. 



T a b l e  2-4 

Annual q u a n t i t i e s  of  s p e n t  f u e l  from o p e r a t i v e  Swedish r e a c t o r s  
i n  metric tons  of uranium. (R - Ringhals ,  0 = Oskarshanm, B = 
Barsebilck) 

Tea r  of Discharge  R l  R2 01 02 B1 82 

- - 13 15 - - - 25 15 15 35 - 
42 29 15  17 18 32 
23 19 12 16 18  18  
21 18  12 16 17 16 
21 18  12 16 17 16 
21 18  12 16 16 16 
21 18  12 16 16 16 
e t c .  

2.2 ALTERNATlVES FOR FUEL MANAGEMENT 
- 

2.2.1 General  -- 
Energy product ion  i n  a r e a c t o r  consumes f i s s i o n a b l e  m a t e r i a l  
w h i l e  forming was te  products  so t i tat  some of t h e  f u e l  must be re- 
p laced .  The spen t  f u e l  from a r e a c t o r  con ta ins :  

- unconsumed uranium from which a d d i t i o n a l  energy can be ex- 
t r a c t e d ,  - plutonium formed i n  t he  process ,  which can a l s o  be used f o r  
f u r t h e r  energy product ion ,  

- elements  formed by nuc l ea r  f i s s i o n  ( f i s s i o n  products )  o r  by 
neu t ron  cap tu re  i n  uranium ( t ransuranium e lements)  and which 
cannot be u t i l i z e d  f o r  energy product ion  i n  nuc l ea r  reac- 
t o r s .  I t  is i so topes  of t he se  elements which a r e  r e spons ib l e  
f o r  most of t h e  r a d i a t i o n  from t h e  h igh- level  waste.  

Before f u r t h e r  energy can be obta ined  from spen t  nuc l ea r  f u e l ,  
f i s s i o n  products  and transtiraniurn e lements  must f i r s t  be eepara t -  
ed  from the  uranium. This  p roces s  is c a l l e d  reprocess ing .  A f t e r  
r ep roces s ing ,  uranium and plutonium can be reused f o r  f u e l  pro- 
duc t ion  wh i l e  t h e  remainder comprises waste. The h igh- level  v a s c e  
(which c o n s i s c s  of f i s s i o n  p roduc t s  and t r a ~ s u r a n i u r n  elements se- 
p a r a t e d  i n  t h e  e x t r a c t i o n  cyc l e  i n  t he  r ep roces s ing  p roces s )  is 
conver ted  t o  s o l i d  form by the  a d d i t i o n  of v i t r i f y i n g  subs tances .  
The v i t r i f i e d  was te  must be  s to red  ~ i i h  a b s o l u t e  s a f e t y  t o r  a  ve- 
r y  long pe r iod  of time. 

I f  t h e  s p e n t  f u e l  is no t  reprocessed ,  a l l  of t he  f u e l  c o n s t i t u t e s  
was te  which, fo l lowing  s u i t a b l e  t r ea tmen t ,  must be s to red .  This  
form of hand l ing  of spent  n u c l e a r  f u e l  is c a l l e d  d i r e c t  d i s p o s a l  
and a l s o  r e q u i r e s  s t o r a g e  wi th  a b s o l u t e  s a f e t y  f o r  a  long pe r iod  
of t i m e .  

I n  o r d e r  t o  avoid making a commitment t o  a s p e c i f i c  method of 
handl ing  vh ich  may r e q u i r e  h i g h l y  c a p i t a l - i n t e n s i v e  investments 
and b ind ing  agreements. r e a c t o r o w n e r s  may s t o r e  t he  spent  f u e l  
f o r  a  long p e r i o d s  of t i m e  i n  t he  expec t a t i on  t h a t  one of t h e  a l -  
t e r n a t i v e s  w i l l  d i s p l a y  c l e a r  advantages over  t he  o the r s .  



2.2.2 - The reprocess ing a l t e r n a t i v e  

A f t e r  t h e  f u e l  has been removed from t h e  r e a c t o r ,  it is allowed 
t o  cool  f o r  a c e r t a i n  per iod of time i n  t h e  s t a t i o n ' s  spen t  f u e l  
pool and may a l s o  be s t o r e d  i n  a c e n t r a l  s t o r a g e  f a c i l i t y  f o r  
spent  nuc lea r  fue l .  Af te r  t h i s ,  it is t r anspor ted  t o  a reprocess- 
ing  p l a n t ,  where t h e  f u e l  is reprocessed a f t e r  some mcre yea r s  of 
s torage.  The f u e l  rods a r e  chopped i n t o  s h o r t  p ieces  and t r e a t e d  
wi th  ac id ,  which d i s so lves  the  f u e l .  The f u e l  c ladding is not 
d i s so lved  and is removed. Uranium and plutonium a r e  separa ted  
from t h e  o t h e r  elements by m a n s  of e x t r a c t i o n  u i t h  o rgan ic  sol -  
vents .  

The recovered uranium can be enr iched iri a manner s i m i l a r  t o  na- 
t u r a l  uranium and then reused a s  a nuc lea r  fue l .  

Plutonium i n  t h e  form of a mixed oxide can a l s o  be used a s  
nuclear  f u e l ,  i n  which case it rep laces  some of t h e  o t h e r v i s e  
necessary q u a n t i t y  of urariunr235. Through t h i s  r ecyc l ing  pro- 
cess ,  t h e  uranium enrichment requirement is reduced by 15-70%. 
Reusing plutonium and uranium reduces the n a t u r a l  uranium re- 

-- quirement by 30-351. Plutonium can a l s o  be s t o r e d  f o r  f~ ,ure use  
a s  f u e l  i n  breeder r eac to r s .  The separated high-level waste is 
s t o r e d  f o r  s e v e r a l  years  i n  l i q u i d  form i n  tanks,  a f t e r  which i t  
is converted t o  s o l i d  form by the  a d d i t i o n  of v i t r i f y i n g  sub- 
s tances .  The g l a s s  is then s t o r e d  f o r  a number of decades i n  o r  
d e r  t o  a l low the  r a t e  of hea t  generat ion of the  waste t o  drop, 
a f t e r  which i t  i s  encapsula ted f o r  f i n a l  s torage.  The b a s i c  
handl ing chain  is i l l u s t r a t e d  schemat ical ly  i n  f i g u r e  2-1. 

Smmo of lprrrt fud T j  

Fwre 2-1. wpcrssing a l r r m ~ h  Row sheme for the fid cycle with rrprocrmrmrql of mr 
fid and ~mTralwn of the l i i gh - id  rmslc 



There are currently 4 reprocessing plants in operation in Western 
Europe. Tvo of these, La Hague in France and7WAK in West Germany, 
can reprocess fuel. from light-vater reactors, while Marcoule in 
France and Windscale in Great Britain mainly reprocess fuel from 
gas-graphite reactors. Three nev reprocessing plants are current- 
ly in the planning and design stage. Total available capacity far 
the reprocessing of fuel from light-vater reactors in the 1980s 
vill not meet the Jamand. Consequently, additional capacity f ~ r  
the storage of spent fuel is planned. 

In the USA, the licensing of privately-omed reprocessing plants 
for civilian purposes has been postponed indefinitely, as has 
permission for the recycling of plutonium into the fuel cycle. 
Reprocessing and solidification are dealt with in greater detail 
in chapter 1:5. 

The direct disposal alternative -- 
The risk that plutonium may be stolen for use in terrorist ac- 
tions or for unauthorized weaponry is cited as an argument 
against the processing of spent fuel which produces pure plutoni- 
um at any stage. It is also feared that a proliferation of repro- 
cessing technology will increase the risk for an accelerated pro- 
liferation of nuclear weapons. 

The United States has taken the initiative for an international 
evaluation of the nuclear fuel cycle with regard to the risk for 
the proliferation of nuclear veapons (International Nuclear Fuel 
Cycle Evaluation, INFCE). One alternative course of action for 
the handling of spent nuclear fuel which should reduce this risk 
and vhich is also being considered in the United States is to re- 
gard the spent fuel es waste, i.e. not to separate and reuse ura- 
niwn and plutonium (direct disposal). 

In this case, the fuel is first stored to allow its radioactivity 
to decay. Prior to final storage, the fuel is encapsulated in a 
highly durable material which forms a barrier against the escape 
of radioactive elements to the environment. The waste is finally 
deposited in a final repository. The basic handling chain for the 
direct deposition alternative is illustrated in figure 2-2. 

STORAGE TlMES AND Q U A N m l E S  OF VITRIFIED WASTE 

Storage times for spent nuclear fuel 

The expected quantities of spent nuclear fuel from Swedish 
nuclear p w a r  blocks were given in 2.1.3. 

An agreement for the reprocessing of spent fuel has been conclud- 
ed betveen OKC and BNFL in Great Britain with regard to Oskars- 
h a m  1 and 2 and between SKBF and COGEM4 in France with regard to 
BarsebHck 2 and Ringhals 3. These agreements apply to fuel which 
is discharged during the 1970s. 

The power stations have some storage capacity in existing spent 
fuel pools. This capacity can be expanded by the acquisition of 
new fuel racks which permit a more ccmpact emplacement of the 
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fuel elements. Table 2-5 gives the earliest datqs by vhich the - 

fuel must be removed from the various gnits, assuming an expanded 
scorage capacity in the pools and a retained reserve capacity for 
unloading the complete reactor core. 

'Cable 2-5 

Dates for earliest required removal of spent fuel. 

Reactor unit First shipment 
Year 

Oskarshamn 1 
Oskarshamn 2 
Ringhals 1 
Ringhals 2 
Ringhals 3 
Ringhals 4 
Barseblck 1 
Barseblck 2 
Forsmark 1 
Forsmark 2 

(From: PRAV, Central storage facility for spent fuel; a prelimi- 
nary study, 1977). 

In order to provide additional storage capacity for Swedish spent 
nuclear fuel pending shiprwnt for either reprocessing or final 
storage of the urt-reprocessed fuel, a central storage facility 
for spent fuel is required. A preliminary study af such a facili- 
ty has been carried out by the National Council for Radioactive 
Waste Management (PRAV). The study vas published in July 1977 
12-21 and is discussed in greater detail in I:&. According co 
this study, the fuel storage facility should be designed for 
3 000 tons of spent fuel. 



2.3.2 Quant i t ies  of v i t r i f i e d  waste 

Slheri t h e  fue l  i n  a reac tor  is replaced, the  spent  fue l  elements 
a r e  placed i n  pools a t  the  s t a t i o n  i n  order  t o  permit short-l ived 
rad ioac t ive  elements t o  decay. After s to rage  f o r  a t  l e a s t  6 
months and ( i f  needed) s to rage  i n  a c e n t r a l  s to rage  f a c i l i t y  f o r  
spent fuel ,  the  f u e l  is transported t o  a reprocessing plant .  The 
f u e l  is s tored f o r  approximately 1 year i n  the  p l a n t ' s  recept ion 
pools p r i o r  t o  reprocessing. The reception pools serve mainly a s  
a buf fe r  s t o r e  f o r  the  reprocessing plant ,  so  the s torage time i n  
these  pools can vary. During the e a r l y  19809, the  shortage of re- 
processing capaci ty  may r e s u l t  i n  long s to rage  times. 

Uranium and plutonium a r e  separated and can be reused i n  the  fab- 
r i c a t i o n  of new fue l  o r  stored. The separated high-level waste is 
concentrated and s to red  i n  l iqu id  form i n  tanks equipped with 
cooling systems. I t  is converted t o  s o l i d  form by the addi t ion of 
v i t r i f y i n g  agents,  a f t e r  which the vas te  g l a s s  is c a s t  i n  s t e e l  
cylinders.  

Under the  terms of signed and planned reprocessing agreements 
v i t h  COGEMA, t h e  v a s t e  cy l inders  w i l l  be returned t o  Sweden not 
e a r l i e r  than 1990. I f  13 reac tors  a r e  cowissioned and a l l  of the  
f u e l  is reprocessed, no more than the following q u a n t i t i e s  of 
v i t r i f i e d  vasce can have been returned t o  Sweden. The f igures  a r e  
based on 150 l i t r e s  of v i t r i f i e d  waste par ton of uranium i n  the  
spent fue l .  

Year Number of vast4  Quantity of Corresponding 
cy l inders  w a s t e i n m 3  quant i ty  o L f u e l  i n  

tons of uranium -- 



HANDLING AND STORAGE OF VITRIFIED WASTE 
FROM SWEDISH REACTORS 

3.1 SWEDISH ALTERNATIVES AND COMBlNATIONS 

A s  was pointed out  i n  the  in t roduc t ion ,  Swedish work i s  being 
concentra ted on t h e  f i n a l  s t o r a g e  of r ad ioac t ive  waste i n  crys- 
t a l l i n e  rock formations. One of the  problems which musr be taken 
i n t o  account here  i s  the  p o s s i b i l i t y  t h a t  t h e  v a t e r  i n  the  bed- 
rock could even tua l ly  pene t ra te  the encapsula t ion mate r i a l  around 
t h e  wastp .d come i n t o  con tac t  wi th  the  ac tua l  v i t r i f i e d  v a s t e  
i t s e l f .  ..e v a s t e  is emplaced a t  a depth of severa l  hundred 
metres i n  rock of low permeabi l i ty  vhere  i t  can s a f e l y  be assumed 
t h a t  the  v a t e r  w i l l  move elstremely slowly ( see  chapter  I:7). Ion 
exchange reac t ions  and o t h e r  chemical processes ensure t h a t  t h e  
d i s p e r s a l  of most r ad ioac t ive  substances which a r e  d issolved i n  
the water  t akes  place  a t  a much slower r a t e  than the movenent of 
the  v a t e r .  

Knov1ei;~e regarding the  movement of water and chemical cond i t ions  
i n  rock a t  depths  of severa l  hundred metres was extremely l imi ted  
when the  KBS Pro jec t  was s t a r t e d .  KBS is the re fo re  conducting ex- 
t ens ive  i n v e s t i g a t i o n s  i n t o  these  sub jec t s .  A d a t a  base of l i m i t -  
ed scope has  been assembled i n  the  a v a i l a b l e  time. In eva lua t ing  
the  s a f e t y  of waste s to rage ,  it is t h e r e f a r e  necessary t o  make 
conservat ive  assumptions wi th  regard t o  water movement and chemi- 
c a l  r e a c t i o n s  a t  g r e a t  depths. In  order  t o  demonstrate today how 
t h e  v i t r i f i e d  high-level v a s t e  can be f i n a l l y  disposed of w i t h -  
ou t  r i s k i n g  unacceptable d i s p e r s a l  of rgdioact ive  substances ,  a 
system involving a number of b a r r i e r s  aga ins t  such d i s p e r s a l  is 
proposed. 

3.1.2 Proposed a-lternative 

The method f o r  handling spent  nuc lea r  fue l  which is presented i n  
t h i s  r epor t  is based on the  following p r inc ip les :  

1 F i n a l  s t o r a g e  of t h e  waste i n  Precambrian c r y s t a l l i n e  bed- 
rock. 

2 A s e r i e s  of b a r r i e r a  aga ins t  d i s p e r s a l  of t h e  r ad ioac t ive  
substances from the  f i n a l  reposi tory .  



3 Flexibility in the handling chain in order to preserve free- 
dom of action and permit the application of further 
technical developments. 

No technical-economical optimization of the facilities, handling 
methods and final storage method has been carried out. 

The following handling chain is proposed in order to ensure a 
safe final storage of the high-level waste and simultaneously re- 
tain hiah freedom of action and adaptibility to future technical 
developments: 

1 After the spent nuclear fuel has been allowed to cool for at 
least 6 months at the power stations, it is transported to a 
reprocessing plant or to a central storage facility for 
spent fuel. 

2 The Fuel can be stored at the central fuel storage facility 
for up to about 10 years in waterfilled pools. The design 
of the central fuel storage facility is described in chapter 
I:4. From the central fuel storage facility, the fuel is 
transported to repr3cessing. 

3 The fuel is reprocessed 2-10 years after it has been taken 
out of the reactor and the high-level waste from reprocess- 
ing is converted to sclid form - vitrified. (See chapter 
1:s.) Vitrification is carried out using the French AVM pro- 
cess, which is n c u  applied on an industrial scale. 

4 'rile product of vitrification is high-activity cylindrical 
glass bodies enclosed in vessels of stainless steel - waste 
cylinders. Each cylinder contains the waste from approxi- 
mately I ton of uranium. The cylinders are stored at the re- 
processing plant until at least 10 years has passed from the 
time the fuel was discharged from the reactor. According to 
current agreements, Sweden has to take back waste from re- 
processing in 1990 at the earliest. The propert:es of the 
glass are described in greater detail in chapter I :5 .  

5 From the reprocessing plant, the waste cylinders are shipped 
to an intermediate storage facility for high-level waste. 
This is designed as an aircooled dry storage facility situ- 
ated in rock with an approximately 30 m thick rock cover 
(see chapter I:6). The waste can be stored in this manner 
for a very long period of time. The capacity of the central 
fuel storage facility and the int~rmediate storage facility 
is sufficient to store waste from 13 reactors. A period of 
30 years has been chosen for storage in the intermediate 
storage facility. This ensures plenty of time for optimiza- 
tion of the final storage method. Intermediate storage can 
also be extended beyond 30 years. Over a 30-year period, 
radiation and heat flux from the waste declines to about 
half. 

In this study. the intermediate storage is assumed to be 
located adjacent to tha final repository. This is not, how- 
ever, intended as a necessary restriction of the location of 
an intermediate storage facility (see chapter 1:ll). 



6 After 30 years of storage in the intermediate rtore, the 
waste cylinders are encapsulated in an extremely durable 
casing. The casing is made of titanium and is 6 w thick. In 
order to reduce radiation through the titanium caring and 
thereby the radiolytic disintegration of the groundwater in 
the rock, a 10 cm thick layer of lead is inserted betveen 
the stainless steel cylinder surrounding the glass and the 
titanium casing. Lead also possesses excellent durability. 
The entire canister is shown in figure 3-1 and described in 
greater detail in chapter I:6. The total weight of the waste 
cylinder and the casing is approximately 3.9 metric torts. 
The external dimensions of the canister arc? approximately 
0.6 m diameter and 1.8 m length. 

7 The encaosulated waste is then taken to a final reporitory 
approximately 500 m down in the bedrock. The reporitory is 
designed as a system of tunnels approximately 3.5 m wide and 
high and spaced at approximately ' 5  m inter?*als. Storage 
holes approximately 1 m in diameter and 5 m deep are drilled 

Fgurr 3-1. Ldt iranium canister. Waste cylinder with R'mmw h w  wste mbsd in a 
canister of lead and titanium. Total ne&ht crppnu. 3900 b. 



in the floors of the tunnels. One waate canister is stored 
in each hole. The centre-to-centre distance between the hol- 
es ia approximately 4 m. The layout of the tunnel system 
with holes is illustrated in figures 3-2 and 3-3. A buffer 
mass consisting of a mixture of quartz sand and bentonite ir 
packed around the waste canister. Bentonite is a clay uhich 
swells when it absorbs water. The primary purpose of the 
buffer moss is to fix the canister and to serve as a mecha- 
nical barrier. The material has been chosen for its mechani- 
cal stability and high durability. It also possesses l w  
water permeability and an ion-exchanging capacity for many 
of the radioactive elemsnts in the waste. The final reposi- 
tory is described in chapter I:8. 

8 Backfill of the storage holes with buffer mass takes place 
imncdiately after deposition. Overlying tunnel systew can 
be kept open and ventilated as long as deposition is pro- 
ceeding in the facility. During this time, retrieval of the 
deposited waste is in principle a simple matter. Such re- 
trieval has not been studied more closely since it is better 
to extend storage in the intermediate store in case of doubt- 
with regard to starting final storage. Such doubt may stzm 
f r w  current technical developments in the field of alterna- 
tive uses for the waste products or a desire to await prac- 
tical experiences from foreign facilities for final storage. 

9 After all bore holes in the entire tunnel system have been 
filled with canisters. thz tunnels are filled with a mixture 
of quartz sand and bentonite similar to that used in the 
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storage holer. Accesr tunnalr and shaftr are filled In a 
s imi 1 ar manner. 

10 Spent nuclear fuel can be transported using techniques which 
are already in use and have already proved theit vorth. With 
soma slight modification, the same transport casks can be 
used for the tran8porta:ion of vitrified high-level waate. 
The safety aspects of transporting high-level wastes are 
regulated by IAEA regulations. Transportation is dealt vith 
in chapter I:9. 

The handling chain is illustrated by figure 3-4. The dates and 
quantities given in the figure merely illustrate the interrela- 
tion of different types of storage facilities for a nuclear pwer 
progr-e of the scope outlined in the 1975 parliawntary 
resolution, i.e. with 13 light-water reactors in operation by 
1985. If these reactors are operated for 30 years and if all 
the spent fuel is reprocessed, a total of approximately 9 000 
waste canisters will be obtained and will have to be disposed 
of. A change in the assumed scope of nuclear pwer production in 
Sweden would require modification of the quantities specified in 

- - the figure. But the time schedule for the implementation of the 
various phases would only be altered slightly. 

S o d  quaqiw 
of uranium 
tmnmr) 

Rgun 3-1. showing mpm'ty r q u m n  for rite c m c d  fid st- fociiity and find 
repodtory or diflcmrt poinn in rim 



Barriers against dispersal & radioactive substances 

The proposed handling chain ensures the safe handling and final 
storage of the higblevel waste. This is shown in greater detail 
in chapter I:13. Dispersion of the radioactive substances from 
the final repository is prevented or retarded by the following 
means : 

- The radioactive elements are bound chernic'ally in a glass 
which possesses high resistance to dissolution in water un- 
der the conditions prevailing in the final repository. 

- The high-level waste glass is enclosed in a canister con- 
sitting of three successive metallic layers: 

- 3-4 m stainless steel - 100 ma lead - 6 m titanium 

'Jnder the conditions prevailing in the repository, both ti- 
tanium and lead possess outstanding resistance to penetra- 
tion, so it is unlikely that water will come into contact 
with the actual waste glass for many millenia after deposi- 
tion (see chapter I:6). 

- The buffer material which surrounds the waste canister 
posscsszs good stability and very lw water permability. 
The circulation of water around the canister will tberafore 
be roughly the same as in the surrounding rock. 

- The buffer mass and the rock have an ion-exchanging capacity 
so that many radioactive substances would, if they were 
dissolved in the groundwater, be dispersed much more slovly 
than the rate of f l w  of the water. 

The rock formation chosen for the location of the storage i 
tunnels must be selected with care. Groundwater movements 
must be small and have such a direction that it takes a long 
time for the water to flow from the final repository into 
areas in contact with the ecological system. The geological 
surveys carried out by the Geological Survey of Sweden (SCU) 
for KBS have shovn that primary rock formatiom possessing 
the desired characteristics exist in Sveden (see chapter 
1:7) .  

The Finnsja region 16 km vest-southwest of the Forsmark nuclear 
power station has been used in this report to provide certain 
studieq with a geographical point of reference. This docs not 
me..n ttat this region is actually being proposed for the site of 
a future final repository. 

FLEXIBILITY A N D  DEVELOPMENT POSSIBILITIES 

The handling chain proposed here entails considerable flexibility 
with .egard to future options and technical development. 

A ceitral fuel store rith the proposed capacity will permit con- 
siderable flexibility vitli regard to the quantities of spent 
nuclear fuel which may be scheduled i,-t reprocessing over the 



next 10 years. In the pxesent situatiov, with a 3hortage of re- 
processing capacity and a monopoly s-.tuation ia this area, such 
flexibility is essential. The eurrerc debate regarding the future 
use of plutoniua also makes a flexlble strategy desirable. 

One advantage of being able to postpone a final decision on the 
question of large-scale reprocessing is the fact that new methods 
for converting the waste into solid form may be develcped. These 
new methods m y  make final storage simpler and less expensive. 

An intermediate storage facility for high-level waste provides- 
extra time for a techical-economical optimization of the final 
storage method with unimpaired high safety. The tj-e for final 
storage can be chosen when the results of the development work 
which is currently in process in various countries are available. 
The final storage site can be selected on the basis of thorough 
investigations of all the ecological, technical, economic and so- 
cial factors which are of importance. The suitability of the site 
can be verified and demonstrated to the public by means of long- 
term tests. Studies concerning methods for utilizing the waste 
products can also be conducted. 

The canister may be made of other materials than titanium and 
lead. The materials discwsed in the status report on direct dis- ' 
posal (Appendix 11, i.e. copper or aluminium oxide (corundum, 
~ l ~ b ~ ) ,  may be suitable for use in the encapsulation of vitrified 
waste. 

It is hoped that future hydrogeological studies will reduce 
current uncertainty with regard to water movements etc., whereby 
simpler encapsulations may prove to be satisfactory. The tunnel 
system and the emplacement of the waste canister have been chosen 
on the basis of conservative considerations. Further data on the 
properties of the rock will probably permit a more closely packed 
storage of canisters as well 3s multi-level storage. Studies of 
the design of the final repository in other respects may also 
prove necessary in order to find simpler and cheaper solutions. 



CENTML STORAGE FACILITY FOR SPENT FUEL 

NEED FOR CENTRAL STORAGE FACILITY FOR SPENT FUEL 

- The s t o r a g e  c a p a c i t y  of e x i s t i n g  pools  can be expanded, a l -  
though only  t o  a  l i m i t e d  e x t e n t .  

- N e w p o o l s c a n b e b u i l t  a t  e v e r y n u c l e a r p o w e r p l a n t .  - A c e n t r a l  f u e l  s t o r a g e  f a c i l i t y  s e r v i n g  a  number of nuc lea r  
power p l a n t s  can be b u i l t .  

A l l  n u c l e a r  power p l a n t s  have s t o r a g e  pools  f o r  spen t  n u c l e a r  
f u e l .  These pools  a r e  needed s o  that. t ne  f u e l  i n  t h e  whole reac- 
t o r  co re  can be taken out  i f  necessa ry  and so  t h a t  spent  nuc lea r  
f u e l  can be s t o r e d  be fo re  i t  is s e n t  on t o  reprocess ing  o r  
f u r t h e r  s t o r a g e  elsewhere.  The spent  f u e l  pools must be i n s t a l l e d  
c l o s e  t o  the  r e a c t o r .  Space h e r e  is l i m i t e d  and the  pools norm- 
a l l y  on ly  have room f o r  a t  most 2 o r  3 y e a r s  spent  f u e l  above and 
beyond space  f o r  t h e  temporary removal of the  r e a c t a r  core  f u e l .  
Th i s  c a p a c i t y  is  f u l l y  adequate,  provided t h a t  t h e r e  is good 
access  t o  reprocess ing  c a p a c i t y  o r  s t o r a g e  space. This has  no t  
beer1 t h e  case  i n  t h e  pas t .  Sweden, a long wi th  o t h e r  c o u n t r i e s  

The l a t t e r  a l t e r n a t i v e  has  been choaen a s  the  bes t  means of en- 
s u r i n g  s u f f i c i e n t  s t o r a g e  c a p a c i t y  i n  t h e  long run. Compared wi th  
t h e  t o t a l  c o s t  of s t o r a g e  f a c i l % t i e s  a t  each n s ~ c l e a r  power p l a n t ,  
a  c e n t r a l  s t o r a g e  f a c i l i t y  is cons ide rab ly  cheaper.  I n s t a l l a t i o n s  
which depend no t  a t  a l l  o r  only  s l i g h t l y  on t h e  s i z e  of t he  s t o r -  
age  f a c i l i t y  need on ly  be b u i l t  a t  one site. This  app l i e s ,  f o r  
example,. t c  a  r e c e i v i n g  s t a t i o n  f o r  t r a n s p o r t  casks  and t o  most 
of  t h e  a u x i l i a r y  systems, both of which comprise s i z a b l e  c o s t  
i tems.  On t he  o t h e r  hand, t h e  t r a n s p o r t a t i o n  equipment r equ i r ed  
t o r  a  c e n t r a l  s t o r a g e  f z z i l i t y  is more expensive. Hrme.rer, t he  
a d d i t i o n a l  c o s t  f o r  t r a n s p o r t a t i o n  equipment i s  only  a)proximate- 
l y  10% of  t h e  t o t a l  c o s t  i o ~  a c e n t r a l  f u e l  s t o r a g e  f a c i l i t y ,  s o  
a  s av ing  on t h i s  i t e m  woul? no t  compensate f o r  h ighe r  c o s t s  i n  
t h e  o t h e r  areas .  

w i th  nuc lea r  power, must t h e r e f o r e  expand i ts  s t o r a g e  capac i ty  
f o r  spen t  nuc lea r  f u e l .  Addi t ional  s t o r a g e  capac i ty  can be c r e a t -  
ed i n  t h r e e  ways: 

Obviously, the  amount of s t o r a g e  c a p a c i t y  vhich is r equ i r ed  de- 
pends on how much f u e l  is t o  be s e n t  f o r  reprocess ing  and when 
c h i s  can be done. Regular shipments of f u e l  f o r  reprocess ing  w i l l  
h a r d l y  be p o s s i b l e  be fo re  the  a v a i l a b l e  reprocess ing  capac i ty  i n  
Europe has  been expanded so  t h a t  i t  i s  i n  equ i l ib r ium wi th  t h e  
annual  product ion  of spent  nuc lea r  f u e l .  This w i l l  probably occur  
no sooner than  t h e  l a t e  1980s. T ranspor t s  may a l s o  be delayed by 

I 



the fact that other countries have considerable quantities of 
fuel avaiting reprocessing. Thus, it is important from the v i e r  
point of t 0th preparedness and negoti,zting strength that the 
central spenc fuel storage facility be large enough to m e t  Sve- 
dish needs through the early 1990s. lhis corresponds to a storage 
capacity of 3 000 metric tons of uranium. It is assumed that the 
facility vill be located near a harhour. 

4.2 DESIGN OF FACILITY 

4.2.1 Description facility 

When PRAV (the Nati~nal Council for Radioactive Waste Management) 
was formed at the sugge, :ion of the Aka Cornittee its vork sche- 
dule included a preliminary study of a central storage facility 
for spent nuclear fi:?l. This preliminary study vas carried out 
under the guidance of PRAV during 1977 by personnel from SKBF and 
the Svedish nuclear pover utilities. The description given here 
is based on PMV's preliminary study. PRAV has nov handed the ma- 
terial over to SKBF, who are responsible for ccntinued vork on 
the planning and design of the fuel storage facility and applica- 
tion for siting approval. Certain parts of the facility may be 
subject to modification in this connection. 

Most of the facility wiil be situated underground vith a rock 
cover approximately 30 metres thick to provide protection agail? c 
external forces such as acts of vars and sabotage. 

The receiving and storage section is situated in a rock cavern 
approximately 280 m long and 20 m wide. Its heighr :-cries between 
25 and 35 m. A smaller rock cavern is h i l t  parallel to this one 
to accommodate auxiliary systems, mainly e1ectri:al systems. A 
transept containing the plant control centre and conrmunications 
and changing rooms will connect the two caverns. The subsurface 
facility vill be connected to the surface building by means of a 
vertical shaft. Besides personnel transports, the vertical shaft 
will also be used to carry ventilation ducts, cables and pipes. 
Heavy transports will take place via a descent tunnel. 

The surface building vill accomodace offices, personnel quarters, 
auxiliary power units, ventilation fans and a seavater cooling 
system. 

The construction and function of the facility is described in 
greater detail in chapter 111:3. 

In terms of function, the facility can be divided into a receiv 
ing section, a storage section and an auxiliary systems section 
(see figure 4-11. 

The receiving section contains an area for transport vehicles, 
where the arriving transport cask is inspected externally, after 
which i t  is lifted off the vehicle and placed in a holding pen. 
The cask is then cleaned externally, after vhich it is connected 
to a water loop for internal cooling and cleaning. The transport 
cask is then transferred to a discharge pen (reception pool), 
where the cask is opened and the fuel elements are lifted out one 
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by one by a handling machine. Tha elements are then placed in 
special cassettes. 

The receiving section also houses areas and equipment for chang- 
ing and cleaning the transport cask linings. 

The cassettes vith the fuel elements are transferred to rhe stor- 
age section in a vater-filled conveyor channel by means of a 
handling machine. , 

The storage section consists of 6 vaterfilled pools vith a vater 
depth of 12 m. 

The auxiliary systems section contains cooling and cleaning sys- 
tems for the rec2iving and storage sections and systems for 
handling the radioactive waste. Electrical pover systems and mo- 
nitoring and ventilation equipment are located separate from tha 
radioactive systems. 

4.2.2 Reasons for storage in rock 

The facility is located in rock for environmental and safety 
reasons. A rock cavern with a 30 m rock cover provides good pro- 
tection against damage due to acts of war and sabotage. Since 
there is goad bedrock at the sites vhich are being considerea for 
a central fuel store, the cost difference betveen a rock-enclosed 
facility and a surface facility with a corresponding level of 
protection is small. Since the buildings are large, a surface in- 
stallation would have considerable impact on the landscape pro- 
file. 

The above-stated reasons for locating the facility in rock apply 
especially to the storage section, while the receiving section 
could be located on the surface. Such. o solution is being studied 
in connection with the planning of a central storage fac'lity. 

4.2.3 Expandabi 1 i t x  

The design concept of the facility with the storage pool3 arrang- 
ed one after the c:her as separate units provides ample opportu- 
nity for expansion in stages. The rock caverns are blasted and 
the auxiliary systems are designed in such a manner as to facili- 
tate future expansion. 

Should the need arise far additional storage capacity during the 
1990s. a similar facility can be built adjacent to the olte which 
is n w  being planned. Potential for future expansion is being 
taken into consideration in the evaluation of alternative sites. 

4.2.4 Service life and decomiss'ioning --- 
It is estimated that the central storage facility will have an 
economic life of approximately 60 years. This does not mean that 
the facility will no longer be useful for its purpose after this 
time. Continous maintenance and renovation of machinery and 
equipment can prolong this life. 



When the central storage facility has served out its life, de- 
codssioning is facilitated by the location of the facility in 
rock. Decomissioning may proceed as follows: 

- Fuel is removed to another storage facility, to reprocessing 
or to direc.: disposal, - Active components other than fuel are removed to final depo- 
sition. - The facility is thorouely decontaminated. Scrap and building 
components which constituta l o w  and mediuwlevel waste are 
taken away for disposal. 

The facility can then be used once again for nuclear or other ac- 
tivities. If the rock caverns are not to be utilized for other 
purposes but rather sealed off, the work of dismantling and de- 
contaminating can be reduced. 

The decommissioning of a central fuel storage facility poses few- 
er problems than the decowissioning of a nuclear power plant. 
This is primarily due to the fact that the central storage faci- 
lity does not contain heavy equipment or permanett installations 
which are highly radioactive. 

- 
-. 

OPERATIC'N OF FACILITY 

A central :Itore for spent nuclear fuel will be under the supervi- 
sion of tht same authorities as a nuclear power plant, namely the 
National Nuzlear Pover Inspectorate, the National Institute of 
Radiation Protection etc. These autohorities issue directives and 
regulations governing both the design and the operation of the 
facility. 

Administrative surveillance of the fuel will be carried out unde. 
the supervision of the Svedish Nuclear Pover Inspectorate (SKI) 
and the International Atomic Energy Agency (IAEA). 

The qerating personnel, an estimated 100 or so persons, will re- 
ceive both theoretical and practical training in matters such as 
radiation pr~tection, criticality, design and function of systems 
and components and operating and maintenance technology. Practi- 
cal training of the personnel will include on-the-job duty with a 
special emphasis on fuel handling at operative nuclear power. 
plants. 





REPROCESSING AND SOLIDIFICATION 

INTERNATIONAL REVIEW 

5.1.1 Current s i t u a t i o n  for reprocessina i n  Europe 

There a r e  current ly four reprocessing p lan ts  i n  operation i n  
Western Europe, and design work has been s t a r t e d  on an addi t ional  
three. 

The f i r s t  French reprocessing p lan t ,  UP1 i n  Marcoulc, was b u i l t  
t o  reproL~s.9 fue l  from the gas-cooled graphite-moderated reactors  
i n  Marcoule. It was completed i r k  l958 and has been i n  operation 
s ince tha t  time. Marcoule w i l l  now gradually take over the  repro- 
cessing of fue l  from o ther  French reactors  of t h i s  type a s  well.  
which was formerly done i n  La Hague. Yarcoule also reprocesses 
fue l  from a French heavy-water reactor  and some fuel from the 
Phenix breeder reactor .  The reprocessing capacity of the plant  a t  
Yarcoule is approximately 1 000 metric tons per year. The PIVER 
plant  i n  Marcoule has been batch-producing high-level g lass  s ince 
1969. The high-level glass has been cast  i n  containers made of 
chromium-nickel s t e e l .  A t  present,  v i t r i f i e d  waste with an ac t i -  
v i t y  of around 5 million curies  is stored i n  a subsurface a i r  
cooled concrete s torage f a c i l i t y  in  Marcoule. 

The other  French reprocessing plant .  UP2 i n  La Hague. s t a r t ed  
rout ine operztion i n  1967. From the s t a r t ,  the plant was intended 
f o r  the reprocessing of fue l  f o r  the gas-graphite reactors .  In 
1971, the  construction of a "head end" fo r  the reception, chopp- 
ing and d isso lu t ion  of l igh t -water  reactor  fue l  was conmenced a t  
LJ Hague. The p lan t  f o r  the separation of uranium. plutonium and 
high-level waste is  the same f o r  gas-graphite fuel and l igh t -  
water reac tor  fuel.  The plant is current ly operated a l t e rna t e ly  
with e i t h e r  one o r  the other  type of spent fuel. Tr ia l  operation 
of t h i s  sec t ion  beg= i n  1976, when 15 tons of fuel from the  
Svisn boi l ing  water reactor  i n  Miihleberg were reprocessed. The 
next operating period with l igh t -water  reactor  fuel w i l l  begin a t  
the  end of 1977. The s t r i k e  a t  La Hague i n  the autumn of 1976 has 
delayed the operating schedule. 

In November af 1976, the French government-mea nuclear f u e l  
company COGEMA and i t s  personnel organizations appointed an ex- 
panded committee f o r  hygiene and safe ty  with d i rec t ives  t o  pro- 
pose improvements i n  the working environment. In  June of 1977, 
t h i s  conunittee published a report with proposals for  improvements 
i n  the working environment covering 47 points vhich were t o  be 



implemented by 1981. COGEMA has decided to implement this pro- 
gramme in its entirety. SOW of the proposals have already been 
put into effect. 

The capacity of the plant at La Hague is L OW) metric tons of 
gas-graphite reactor fuel per year. Starting i 1978, the plant 
will gradually shift emphasis to the reprccesring of light-water 
reactor fuel. The capacity of the plant for such fuel is 400 tons 
of uranium per year. This capacity will be increased to 800 tons 
per year as of 1981 by means of supplementary installations. 

The British reprocessing plant in Windscale, uhich is m e d  by 
the National British Nuclear Fuels Ltd. (BNFL) was comissioned 
in 1964. It was built for the reprocessing of gas-graphite re- 
actor fuel, but was then modified to permit the reprocessing of 
light-water reactor fuel as well. Some light-water reactor fuel 
was r~~rocessed in the early 19709, but after an incident in 
1973, the rebuilt section was closed dwn. 

The plant in Uindscale now reprocesses fuel from the British <as- 
graphite reactors. Its annuaI capacity is about 1 00C tons per 
year. The spent light-water reactor fuel is currently :tored in 
water pools for later reprocessing. After the rebuilding of a 
"head end", the reprocessing of light-water fuel will be resunred. 

The first industrial demonstration of reproces.;ng of ligth-water 
reactor fuel took place under the auspices of the joint Western 
European project Eurochemic, which constructed and operated a 
small installation at El01 in Belgiun~. The plant was run For 7 
years and reprocessed, among other things 190 aetric tons of 
light-water reactor fuel. After runnirlg-in and debugging, the 
plant operated satisfactorily. But experience showed that the 
process would have to be modified for a larger-scale industrial 
plant. 

Operation of the reprocessing plant in Mol was discontinued in 
January of 1976.. The decision to shut down the plant was made a 
couple of years earlier by its Western European proprietors, uho 
foresaw a reprocessing overcapacity in Western Europe, in which 
case it would no longer be econaaical to operate a small-scale 
plant such as Eurochemic. The situation hes .now changed and the 
Belgian utilities are investigating the possibility of resuming 
operation of the plant for Belgian needs. 

Another demonstration of the reprocessina of light-water reactor 
fuel is in progress at the West German reprocessing plant of UAK 
near Karlsruhe. This plant, which has an annual capacitp of 40 
metric tons, was comissioned in the early 1970s. After a couple 
of years with various operational problems, it has run smoothly 
over the past few years and is now reprocessing light-water re- 
actor fuel. 

%tee new reprocessing plants are currently being planned in Ues- 
tern Europe. All will be designed especially for tight-water re- 
actor fuel. COGEMA will build a new plant in La Hapa-called UP3A 
with an annual capacity of 800 tons and a scheduled starting date 
in 1984/85. Plans call for the comniasioning of a similar plant 
witn the same capacity, UP3B, a couple of years later. 

B W L  is planning a new plant in Windscale called THORP 1 vith a 



capac i ty  of 1 000 tons  pe r  year.  I t  is scheduled t o  s t a r t  opera- 
t i o n  i n  1985 a t  the  e a r l i e s t .  The B r i t i s h  Minis ter  of t h e  En- 
vironment decided i n  December 1976 t h a t  a pub l ic  hear ing ~ h o u l d  
be held regarding t h i s  p lan t ,  s a  it is uncer ta in  a t  t h e  p resen t  
tima when and i f  the  p l a n t  v i l l  be b u i l t .  

Both COCEMA and BNPL plan t o  u t i l i z e  t h e i r  p l a n t s  t o  meet both 
t h e i r  own coun t r i es '  needs a s  well a s  the  needs of o t h e r  count- 
r i e s ,  p r imar i ly  i n  Western Europe and Japan. Plans c a l l  f o r  t h e  
f inancing of the  n e w p l a n t s  by having domestic and fo re ign  cus- 
tomers s ign long-tern reprocess ing con t rac t s  involving advance 
payments. 

The p i e r  u t i l i t i e s  i n  West Germany have formed a j o i n t  company, 
DUK, bhich plans  t o  b u i l d  a l a r g e  reprocessing p lan t .  D i s c u s s i ~ n s  
regarding t h e  loca t ion  of t h e  p lan t  a r e  cur ren t ly  being held.  
According t o  present  plans,  such a p lan t  would be c m i s s i o n e d  i n  
1988. 

5.1.2 Current  s i t u a t i o n  f o r  reprocess ing & other  countr ies  - 

The Soviet  Union is expected t o  s t a r t  reprocessing l i g h t - w a t e r  
r e a c t o r  fue l  on a l a rge  s c a l e  dur ing the e a r l y  1980s. It is  e s t i -  
mated t h a t  the  Soviet  capac i ty  w i l l  cover Eastern European needs. 

Japan has  constructed a reprocessing p lan t  with French technology 
i n  Tokai-Mura with an annual capaci ty  of 200 tons. In  J u l y  o i  
1977, the  p lan t  s t a r t e d  accept ing spent  nuclear  fue l .  An agree- 
ment has now been reached betwsen the  United S ta tes  and Japan 
sanct ioning Japanese plans to  cornpence the  reprocessing of spent 
f u e l  i n  the  near futvire. 

In  :he USA, where reprocess ing technology was developed dur ing 
t h e  19409, f edera l  reprocess ing p l a n t s  a r e  i n  opera t i an  i n  Han- 
fo rd  and Savannah River. Today, these  p l a n t s  a r e  reprocess ing 
both m i l i t a r y  f u e l  and f u e l  from research reactors .  

The reprocess ing and recycl ing of plutonium frore c i v i l i a n  nuclear  
p w e r  r e a c t o r s  in  the  U S A  w i l l  be postponed i n d e f i n i t e l y .  accord- 
i n g  t a  Pres ident  C a r t e r ' s  Energy Plan. 

I 

SWEDISH REPROCESSING CONTRACTS 
I 

OKG has  a con t rac t  wi th  BNFL f o r  the  reprocessing of spent  
nuc lea r  f u e l  from the Oskarshanm 1 and 2 reac to r s  i n  England I 

which w i l l  cover the  needs of these  reac to r s  up u n t i l  1980. SKBF 
I 

has  signed a con t rac t  with COGEM4 f o r  the reprocessing of spent  
nuclear  f u e l  from the  Baneback 2 and Ringhals 3 reac to r s ,  which 
w i l l  a l s o  cover the  discharged f u e l  needs of these  r e a c t o r s  up t o  
1980. 

For the  present ,  pending reso lu t ion  of the s i t u a t i o n  i n  t h e  UK, 
SKBF is nego t ia t ing  only v i t h  COGEMA regarding the  reprocess ing 
of nuclear  fue l  during the  1980s. Most of the  f u e l  would be re- 
processed i n  the  planned UP3A p lan t .  

The desc r ip t ion  of the  p roper t i e s  of the  waste g l a s s  provided i n  
t h i s  chapter  and i n  chapter  1II:r is based an s t u d i e s  and i n f o r  



mation fram COCEP(A. Soma of the claim have been rupported by 
Swedish verification rtudies of the warte glass from C O C M .  

SKBF'S reproceseieq agreerant specifies a lower cqntent of 
fission products in the vitrified waste than current French prac- 
tice. This has been done :o reduce the heat generation of the 
waste, thereby facilitating handling and storage of the amteri~l. 
Properties which rtem from this change are easy to calculate. 

According to the reprocessing agreement, SKSF and COCW will 
react: a formal agreement samc tim in the early 1980s on contract 
specification for the waste glass which are scheduled to be 
returned to Sweden no earlier than 1990. ?he product characteris- 
tics which will be specified at this time will not deviate sub- 
stantially from the properties specified ... this report. In any 
case, any deviation6 will be insignift;ant for an evaluation as 
to whether the high-level waste in the form of glass can be 
handled and stored in an absolutely safe c2an.r. 

PROCESSES 

The plants for the reprocessing of spent ncclear fuel which have 
already been erected, are under construction or are in the 
planning stage are all based on variations of the American Purex 
process. In short, the basic process involves chopping the fuel 
elements, dissolving the fuel in nitric acid, separating uranium 
and plutonium from the fission products in the fuel by means of 
extraction with an organic solvent, separating the uranium and 
plutonium from each other and final refinement of the uranium and 
plutonium. 

Reprocessing of the spent fuel divides the fuel into four frac- 
tions containing uranium, plutonium, cladding waste and high- 
level waste in solution. Figure 5-1 s h o w  a simplified flow 
scheme of the reprocessing of spent nuclear fuel from light-water 
reactors. 

Rgure 51. Flow oelmnr of the m r h s  stages of the n p a e s s i q  of m t  nuclmj%d,$un 
tight-Mwtu mectora 



The high-level vaste solution contain* an estimated 0.1% of the 
original quantity of uranium and 0.5% of the original quantity of 
plutonium plus the total quantity of fission products and other 
transuranium elermnts. The solution is evaporated in cooled and 
monitored stainless steel tanks. After a period of storage, the 
liquid high-level waste is converted to solid form. The repro- 
cessing plant at La Hague vill first convert the high-level waste 
to a calcinata. The calcinate vill then be melted d m  together 
vith borosilicate glass and cast in coatainers m d e  of chrmirrnr 
nickel steel. When a container is filled with waste glass, it 

' will be hermetically sealed by the welding-on of a lid. The out- 
side of the container (vaste cylinder) will be decontaminated by 
rinsing with water under high pressure, thereby simplifying the 
subsequent handling of the waste cylinder. The cylinder will then 
be transported to a cooled store at the reprocessing plant. 

The high-level glass vill be fabricated by remote control in "hot 
cells" with tiiick concrete walls and vith lead glass vindows 
through which the process can be folloved. Experience of non-con- 
tinuous glass manufacture in the PIVER plant has been gained in 
Marcoule. A larger industrial plant for glass production by means 
of a continuous process, AVM (Atelier de Vitrification de Mar- 
coule), is completed and is currently being tested vith inactive 
glass. Production of high-level glass from Marcoule vill comnence 
in early 1978. The design of a similar vitrification facility for 
the reprocessing plant at La Hague has been conunenced. 

5.4 PROPERTIES OF VITRIFIED WASTE 

5.4.1 Dimensions and radioactivity content 

The vitrified vaste arrives in Sweden in cylinders made of 
chromiuwnickel steel. Each cylinder is 400 mn in diameter, 
1 500 mn in length and contains 150 litres of glass (see figure 
5-2). The density of the glass is 2.8 g/cm3. Each cylinder weighs 
470 kg and contains high-level waste from the reprocessing of 1 
ton of uranium in spent nuclear fuel. This mans that the fission 
products content of the glass is reduced from 20% to approx. 9% 
by weight, as prescribed in SKBF's reprocessing contract with 
COGPU. Heat generation from each cylinder is thereby reduced to 
values vhich comply with KBS proposals for the handling and 
storage of vitrified waste. 

According to the current contract, the waste cylinders will be 
returned to Sweden no earlier than 10 years after the fuel was 
taken out of the reactor, at vhich point the total radioactivity 
per cylinder is 4.105 curies. 30 years later, the amunt of ra- 
dioactivity will have dropped to 2.10~ curies. Heat flux per cp- 
linder is then a meximum of 525 W. 

5.4.2 Fabrication of borosilicate glass 
Researchers at tho French Atomic Energy Commission initiated la- 
boratory trials for the production of waste glass back in 1957. A 
pilot plant for the production of vaste glass called PIVER was 
comissianed in 1969. This plant produces high-level glass from 
the reprocessing of gas-graphite fuel in Marcoule. Since 1969. 
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high-level waste with a radioactivity of 5 million curies has 
been vitrZfied in the PIVER plant, resulting in the production of 
12 tons cf glas~. This glass is now being stored in a dry, a i r  
cooled aapor in Marcoule. 

But the capacity of the P I E R  facility is too snull for the in- 
dustrial production of high-level glaee. A new plant has been 
built for continuous,glass production on a larger scale in M a r  
coule, where operation with active material is expected to start 
in early 1978. 

From the beginning, the French researchers concentrated their in- 
terest on borosilicate glans. The atoms in this glass are not 
arranged in an orderly fashion as in crystalline substances. Only 
atoats of a certain size can be incorporated in a crystalline 
structure. Class, on the other hand, is able to dissolve the 
different atom of varying size which occur in high-level waste. 
In addition, the structure of glass can adjust to the radioactive 
disintegration which takes place in the fission products and 
actinides and which results in their conversion to new elearents. 

Borosilicate glass is composed of silicon dioxide, sodium oxide 
and boron oxide. In the production of French high-level glass, a 
prefabricated inactive borosilicate glass is mixed with calcined 
high-level waste from reprocessing. The advantages of borosili- 
cate glass are: 



- good chemical resistance to teaching in water, - good mechanical resistance to rapid teqeratura Lluctu- 
ations, - low crystallization rate, - little increase of leaching rate if the glass crystallizer 
and - good resistance to radiation damage. 

Leaching from borosilicate glass ' 

If groundwater comes into direct contact with glass, i very slow 
leaching of ions from the glass to the water takes place. At Mar- 
coule, tha leachin4 rate for borosilicdte &;=* containing 20% 
fission products from ligth-water :ractor fuel ha. been d e t e r  
sined in flowing water (dynamic leaching). The leaca ing rate at 
25'~ has been calculated to be 2.10'~ .g/cm2 per day, i-hich 
corresponds to a dissolution of 0.003 m of glass thicknu,-* w r  
year, or approx. 1 mn every 3 000 years. This applies for leach- 
ing with flowing water. In the case of stationary water (static 
leaching), which corresponds more closely to the conditions pre- 
vailing in a final repository. researchers in Marcoule have 
measured leaching rates which are lover than for dynamic leach- 
ing. Borosilicate glass containing only 9% fission products can 
be exported to exhibit a slightly lower leaching rate than glass 
with 20% fission products. 

Experiments in Harcoule with water quality varying from tap vater 
to seawater slrow virtually the same leaching rate. The leaching 
rate does, however, increase at low and high pH values. Measure- 
mencs have found an increase of the leaching rate by a factor of 
10 at pH 3 and a? increase by a factor of 20 at pH 1s as compared 
with the leaching rate at pH 8. At less extreme pH values, the 
increase is less. AL pH 11, for example, vhich exceeds the pH 
value which can be e.:pected in a final repository, the leaching 
rate does not deviate significantly from the rate at pH 8. 

Inotrials with French glass, a temperature increase from 25' to 
70 C increased the leaching rate by a factor of 10. The tempera- 
tures which can ge expected in a Swedish final repository lay be- 
tween 20 and 70 C. 

Samples of high-level borosilicata glass from gas-graphite reac- 
tors in Marcoule which were manufactured and tested in 1966 were 
subjected to test leaching again ic 1976. The leaching rate 
proved to be virtually unchanged, 10-7 .g/crn2 and day, with an 
othentise identical procedure. Nor is any yignificant change in 
the leaching rate expected to occur over very long periods of 
tim.. 

Experiments are being conducted at Studsvilr vith the leaching of 
high-level glass from Marcoule and of high-level glass with an 
extra-high plutonium coctent. The leaching eqoriments are being 
conducted with water grades which correspond to the groundwater 
around a final repository. Results obtained thus far agree in 
essence with the French trials. 



5.4.6 Thermal and mechanical properties of borosilicate glass 

When the glass has been cast in the chromiwnickel steel c y  
linder, it will be subjected to compressive stresses due to the 
shrinkage of the cylindar as it cools. The a* ility of the glass 
to resist such stress is very good. However. :he rapid cooling 
which takes place during decontamination of the cylinders may 
cause the glass to crazk. Studies in Marcoule have shown that a 
surface er:lar,tement corresponding to a factor of 2-3 takes place 
upon extremely rapid cooling. The maximum surface enlargement in 
handling and transport has been estimated to be a factor of 10. 

Heat is generated inside the glass. At temperatures above 550°c, 
there is a risk that some of the glass wiil crystallize. Experi- 
ments have been conducted in Marcoule in which high-level glass 
blocks were held at temperatures of 800'~ for 100 hours. The 
blocks had not cracked and the leaching rate after the heat test, 
exhibited only a slight change. The temperature in the cenrre of 
the glass cylinder is kept below 1 0 0 ~ ~  in the final repository - 
well below the 550'~ which can be critical. The centre tempera- 
ture is below 550'~ during intermediate storage as well, even in 
the event that all ventilatioq systems should fail. 

The fission products in the fuel contain inactive molybdenum. In 
industrial glass manufacture, this molybdenum can give rise to 
the formation of a molybdate phase in the glass if the h~lding 
time at ~ O O ~ C  is lo~g. This phase consists mainly of sodium mo- 
lybdate but also contains struntiurn, lanthanum and perhaps some 
cesiurn and americium. The molybdate phase is soluble in water. 
Under the most unfavourable conditions, 0.5% of the glass could 
consist of molybdate phase. This phase can contain some quanti- 
ties of strontium and cesium. A low fission products content 
caunteracts the formation of molybdate phase. 

5.4.5 Resistance of borosilicate glass to radiation 

The effects of radi-tion on borosilicate glass have been studied 
using high doses of beta radiation corresponding to 1.2 . 10-l1 
rad. Storage for 1 000 years leads to a total dose of 2.6 . 
rad. The results of tests of irradiated samples s h w  

- no energy accumulation (Wigner effect). - no change of leaching rate, - no change of structure. 

The greatest risk with radiation comes from alpha rat 'ation (he- 
lium particles). In order to study this risk, alphaemitting ac- 
tinides (americiunr241, plutoniunr238, curium244) were added to 
glass in such great quantities that a dose corresponding to that 
which is obtained over 1 000 years for high-level glass was ob- 
tained in 1-2 years. This type of accelerated experiment entails 
a more severe test than a lover dose rate over a longer period of 
time. This is due to the fact that the helium atoms have less 
opportunity :o diffuse out of the glass and that the glass struc- 
ture is forced to adjust more rapidly to containing a certain 
quantity of helium. This type of experiment has shown that there 
is little chango in the mechanical properties of the glass. As a 
comparison, there are natural vulcanic glasses which contain as 
much as 200 mm3 gas per gr.m glass without becoming brittle. 



INTERMEDIATE STORAGE AND ENCAPSULATION 

CENERZL 

An intermediate storage facility and an encapsulation station for 
the waste cylinders from the reprocessing plant are constructed 
adjacent to the final repository. Possibilities for alternative 
siting of these facilities are discussed in chapter 1:ll. 

The main purpose of intermediate storage is to reduce the heat 
flux from the waste and thereby simplify final storage. An inter- 
mediate storage period of 30 years is foreseer. during which time 
heat generation decreases to approximately orehalf. Hcuew!r, this 
storage period can be extended, the onlf limitation being how 
long supervised storage is considered to be desirable :.,~d accept- 
able. 

The time during which the waste is kepr: in intermediate storage 
can be used for further development and optimization of the en- 
capsulation ~rocedure and the design of the final repository. 

The putpob~ of t~.: encapscllation following intermediate storage 
is to enc1o:e the vitriiied waste in a corrosionresistant and 
tight canistor prior to deposition in the final repository. The 
vitrified waste cannot be leached out unless the encapsulation 
material has first been penetrated due to corrosion caused by the 
groundwater. The canister also serves as a radiation shield which 
reduces radiolysis of the groundwater to a level which is neglig- 
ible from the viewpoint of corrosion and simplifies handling of 
the waste cylinders. 

J 
The plant has a storage capacity of 6 000 waste cylinders and can 
receive and encapsulate 300 cylinders per year. 

For a more detailed description of the intermediate storage faci- 
lity and :he encapsulation procedure, see chapter 111:s with 
appurtena. 1' drawings. 

DESCRIPTION OF FACILITY 

Most of the plant will be located underground with a rock cover 
about 30 metres thick in order to provide protection against ex- 
ternal forces such as acts of war and sabotage. The only surface 
{acilities vill be an entrance building with administration and 
service quarters and ventilation inlets and outlets (sea fig. 
6-11. 
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The various stages involved in the handling of the waste cy- 
linders in the plant are illustrated in figure 6-2. 

Tile warte cylinders arrive at the plant in a special transport 
cask on a trailer (see I: 9 )  through an access tunnel. In the re- 
ception section of the plant, the waste cylinders are unloaded 
from the transport cask to the unloading cell. If the waste cy- 
linders are found to be damaged or contaminated, they are provid- 
ed with a new outer container in a recanning cell. The waste cy- 
linders which are stored in the intermediate storage facility are 
therefore not radioactively contaminated on the outside. 

From the unloading cell, the waste cylinders are transfa.-red in- 
side a radiation-shielding transfer cask, to the intermediate 
storage where they are placed in steel pits in concrete trenches 
covered by a concrete slab. Each trench contains 150 steel pits, 
each with room for 10 waste cylinders stacked one on top of the 
other - for a total of 1 500 per trench. The facility has four 
trenches in two groups with a total capacity of 6 000 waste cy- 
linders. 

In order to dissipate the heat emitted by the waste, ai; is cir- 
culated through the storage pits by means of a ventilation system 
with ample reserve capacity. But even in the e-lent of o total 
failure of all fans, natural ai: convection will provide suffi- 
cient cooling to keep the temperature of the waste glass vell 
below the critical level above vhich the glass may crystallize. 
Since the vaste cylinders *re clean externally, the ventilation 
air vhich is released to the atmosphere via a ventilation shaft 
and a chimney is not contaminated. The ventilation system can 
nevertheless be provided vith filters and equipment for radioac- 
tivity measurement as an extra safeguard. 

The concrete slab over the storage trenches is sufficiently 
thick, and the holes in the slab above the steel pits are sealed 
in such a manner, that sufficient radiation shielding is provided 
for the hall above the storage facility. Furthermore, the air 
pressure in the hall is maintained at a higher level than that in 
the trenches, so air from the trenches cannot enter the hall. 

At the end of the intermediate storage period, the waste c y  . 
linders are transferred in the radiation-shielding transfer cask 
to the encapsulation part of the plant. There they are placed in 
an encapsulation celi, where they are enclosed in a lead-titanium 
canister (see fig. 6-31. After quality control, the encapsulated 
waste is transferred to the final repository. 

PROPERTIES OF ENCAPSULATION MATERIAL 

In the final repository, the waste canisters are subjected to the 
action of the groundwater in the rock. It is therefore imperative 
that the waste glass be protected against leaching during the pe- 
riod when the waste is highly hazardous (toxic, see fig. 6-41. 
Protection against leaching is obtained by enclosing the waste 
glass in a corrosion-resistant canister. 

The chromiwnickel steel container in which the vitrified waste 
is delivered from the reprocessing plant is not accredited with 
any protective life of its own, Instead, the real protection is 
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afforded by a canister made of lead and titanium, both of which 
materials possess good resistance to corrosion. The lead also 
serves as a radiation shield which reduces the radiation level 
and the radiolysis of the groundwater to a level vhich is 
negligible from the viewpoint of corrosion. 

The corrosion resistance of the titanium casing derives entirely 
from the creation of a protective passivating layer. Under pre- 
vailing conditions, this passivating layer is self-healing when 
damaged. As long as this layer is intact, general corrosion of 
the material is extremely slow. Under the environmental con- 
ditions which are expected to prevail around the canisters in the 
final repository, local corrosion of titanium has not been ob- 
served at all. The titanium casing can be expected to remain in- 
tact for a very long period of time. 

As far as the lead is concerned, general corrosi'on can be disre- 
garded, since the lead is protected by the titanium casing. If 
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t h e  t i t an ium is penetra ted,  however, some p i t t i n g  cor ros ion  may 
be expected on the  exposed surface .  The quan t i ty  of lead which 
can then go i n t o  s o l u t i o n  is estimated t o  be s l i g h t l y  more than 2 
kg over  a period of 1 O h  years.  The a t t a c k  w i l l  pene t ra te  down 
i n t o  the  lead a t  a diminishing ra te .  I t  is t e n t a t i v e l y  es t imated 
t h a t  p i t t i n g  w i l l  pene t ra te  the lead l i n i n g  a t  the  e a r l i e s t  about 
500 years  a f t e r  the  t i t an ium casing has been penetra ted,  bu t  t h i s  
f i g u r e  is probably g ross ly  wderest imated.  

The Swedish Corrosion Research I n s t i t u t e  and its reference group 
' 

of s p e c i a l i s t s  wi th in  the  f i e l d  of corrosion and mate r ia l s  was 
commissioned by KBS t o  examine the  corrosion r e s i s t a n c e  of the  
proposed encapsulat ion mater ia ls .  I n  a s t a t u s  repor t  dated 27 
September 1977, which is reproduced i n  KBS Technical Resort  No. 
31, t h e  l i f e  of the c a n i s t e r  is estimated by some members t o  be 
a t  l e a s t  1 000 years  and by o the rs  t o  be a t  l e a s t  500 years.  Hcu- 
ever ,  a f i n a l  assessment -d i l l  not be forthcoming u n t i l  the  re- 
s u l t s  of c u r r e n t  in-depth s t u d i e s  a r e  avai lable .  

In  one of the  supplementary s ta tements  submitted by the  a m b e r s  
of the  reference group, i t  is ~ l a i m e d  t h a t  the es t imates  given i n  
the s t a t u s  repor t  a r e  conservat ive  and represent  a lover l i m i t  
f o r  the  d u r a b i l i t y  of the  cncapsulat ion mater ia l .  1t is fu r the r -  
more submitted t h a t  on the b a s i s  of e x i s t i n g  knowledge, i t  is 
h igh ly  probable t h a t  f u r t h e r  study w i l l  reveal a considerably 
longer l i f e  f o r  the  encapsulat ion mater ia l .  KBS shares  t h i s  
opinion. See a l s o  III:5.3. i 

6.4 OPERATION OF FACILITY 

Operation of the  recept ion sec t ion  atld the cncapsulat ion s e c t i o n  
is  ba:.cd on remote-controlled handling i n  closed c e l l s .  The ope- 
r a t i n g  nersocnel,  whose main funct ion is one of su rve i l l ance ,  a r e  
p ro tec ted  aga ins t  r a d i a t i o n  by th ick  concrete wal ls  and radia-  
t ion-shie lding windows. I f  necessary,  the equipment :an be moved 
from the c e l l s  t o  prepared a reas  vhere i t  can be repaired and 
maintained. This techno'ogy has been proven and has been used f o r  
many years  i n  a s i m i l a r  s to rage  F a c i l i t y  i n  Marcoule i n  France. 

The plan t  and i t s  operat ion w i l l  be under the supervis ion of the  
Swedish Nuclear P w e r  Inspec to ra te  and the National I n s t i t u t e  of , 

Radiation Pro tec t ion  i n  the  same manner a s  a nuclear  pover s t a -  
t ion .  The p l a n t  w i l l  be designed i n  compliance with the  regula- 
t i o n s  which these  a u t h o r i t i e s  and the  o c c u p a t i o ~ ~ a l  s a f e t y  autho- 
r i t i e s  issue,  E o l l w i n g  c o n s u i t a t i c n  wit11 concerned personnel or- 
ganisat ions .  With regard t o  vorking environment and s a f e t y ,  s e e  
chapter  I: 10. 

Uhen tho f a c i l i t i e s  f o r  in termediate  s to rage  and encapsulat ion 
have served out t h e i r  use fu l  l i v e s ,  decaamissioning w i l l  be 
f a c i l i t a t e d  by t h e i r  emplacement i n  rock. D e c o w i s s i o n i ~ q  proce- 
dures  a r e  b a s i c a l l y  the  same a s  those described f o r  the  c e n t r a l  
s to rage  fat;-lity f o r  spent  f u e l  i n  s e c t i o n  I:4.2.4. 





GEOLOGY 

7. f GENERAL 

T%e feasibility of safe terminal storage and disposal of high- 
level waste in geological formations has been under consideration 
for some time ill various countries. Since it has generally been 
assumed that the waste is to be finally disposed of in the 
country where it is produced, different types of formations have 
come under consideration: salt, clays, shales, crystalline rock - 
depending upon the occurrence of these formations in different 
countries. In Sweden, interest has been concentrated on precamb- 
rian crystalline rock formations (granite, gneiss). 

KBS has concluded an agreement with the Geological Survey of 
Sweden (SCU) concerning the execution of a comprehensive pro- 
g r a m e  of geological field studies and theoretical investiga- 
tions. The programne entails the drilling of 10 boreholes to a 
depth of about 500 metres, examination of cores and boreholes, 
water injection tests, groundwater analyses, hydrological tracer 
tests in crystalline rock and theoretical studies of groundwater 
movement . 
Parallel to and in connec~ion with XL!'s investigations, various 
researchers have, under comnissiun from KBS, carried out studies 
and surveys of the properties of the bedrack and potential move- 
ments in the bedrock in different parts of the country, patterns 
of movement and camposition of the groundwater and various re- 
tardation effrcts on dissolved material as the groundwater passes 
through the buffer material and cracks in the rock. 

An experimental station where observations and experiments can be 
carried out in a granite massif at a depth of 360 metres has been 
established in the Stripa mine. 

Matters concerning geology and rock mechanics h a w  been dealt 
with by an advisory group of experts. 

On two occasions (in February and October of 1?77), matters of 
importance for a final repository in the precambrian bedrock of 
Sweden have been discussed at spccial conferences attended by 
many of Sweden's geological experts. 

A more detailed report on the geological surveys and the results 
obtained f.-m them is provided in volume 11. 



The geo log ica l  s tudy  prograrmm c a r r i e d  ou t  by SCU f o r  KBS v a s  
aimed a t  e l u c i d a t i n g  t h e  bedrock and groundwater cond i t ions  vhich 
a r e  determinant f o r  t h e  l o n k t e r m  s a f e t y  of a s t o r a g e  f a c i l i t y  i n  
t h e  c r y s t a l l i n e  basement rock of Sueden. The s t u d i e s  span a 
number of d i f f e r e n t  d i s c i p l i n e s .  The bedrock a t  t he  s i t e  vhich is 
f i n a l l y  chosen must c o n s i s t  of a s u i t a b l e  type  of rock of s u f f i -  
c i e n t  e x t e n t  both h o r i s o n t a l l y  and v e r t i c a l l y .  The occurrence of 
d i s c o n t i n u i t i e s  and f r a c t u r e  zones .:an a f f e c t  the  design and 
s a f e t y  of t h e  rock reposi tory .  A s  regards  the  groundvater,  in- 
formation is required  on its chemical composition, h w  much water  
can CGW i n t o  con tac t  v i t h  the  v a s t e  and f o r  h w  long a time t h e  
v a t e r  r e s i d e s  i n  t h e  bedrock. I t  is a l s o  important  t o  e l u c i d a t e  
where t h e  groundvater f r o n  a r e p o s i t o r y  approaches t h e  su r face  of 
t h e  ground and how much it is d i l u t e d  on its vay t o  the  su r face ,  
a s  v e l l  a s  how -11 t h e  bedrock is a b l e  t o  r e t a r d  and r e t a i n  
c e r t a i n  v a s t e  substances  i f  they should escape i n t o  the  ground- 
water. 

F i e l d  s t u d i e s  have been conducted a t  f i v e  s i t e s ,  t h r e e  of vhich 
have been s e l e c t e d  f o r  f u r t h e r  study. It  should be emphasized 
t h a t  the  present  work was not  aimed a t  f ind ing  a s u i t a b l e  s i t e  t o  
be proposed f o r  the  l o c a t i o n  of a f u t u r e  rock r epos i to ry  a t  t h i s  
p o i n t  i n  time. 

ll-e geological  surveys comprise a p a r t  of the  vork aimed a t  
s a t i s f y i n g  t h e  requirement of the Condit ions Act t o  demonstrate 
where an abso lu te ly  s a f e  f i n a l  s to rage  of high-level  waste can be - 
e f f e c t e d .  The s e l e c t e d  a reas  a r e  examples of s i t e s  vhere a f i n a l  
r epos i to ry  might poss ib ly  be located  and vhe r s  the  n a t u r a l  con- 
d i t i o n s  have been s tud ied  both from the  su r face  and in  depth. The 
s tud ied  a r e a s  con ta in  our  most c o m n  types of rock which a r e  
h igh ly  u n l i k e l y  t o  be of i n t e r e s t  f o r  mining - namely gne i s s ,  
gneiss-grani te  and g r a n i t e  - and a r e  each r ep resen ta t ive  of many 
o t h e r  p a r t s  of sou theas te rn  Sveden. Areas v i t h  l e s s  cornnor? types  
of rock which might o f f e r  s p e c i a l  l o c a l  advantages hsve not  been 
s tudied.  

STUDY AREAS AND RESULTS 

The loca t ions  of t h e  s tud ied  a r e a s  and of the exper imtnta l  s t a -  
t i o n  i n  S t r i p a  are shown i n  f i g .  7-1. Studsvik,  where c e r t a i n  
f i e l d  experiments Vera conducted, i o  a l s o  shovn. 

Karlshamn are. 
The s t u d i e s  i n  t h e  Karlsharnn a rea  v e r e  conducted on the  grounds 
of t h e  Karlshamn o i l - f i r e d  power p lan t .  Of the  d i f f e r e n t  s tudy  
a r e a s ,  t h i s  is geo log ica l ly  the  best-known. It is s i t u a t e d  i n  a 
d i s t r i c t  of Sweden vhere  the  r eg iona l  i n t e r r e l a t i o n s h i p s  between 
bedrock s t r u c t u r e s  and groundwater condi t ions  have been subjected  
t o  more s c r u t i n y  than anywhere e l s e ,  and it is the  only one of 
the  KBS s tudy  a r e a s  h e r e  d a t a  is a l s o  a v a i l a b l e  from e x i s t i n g  
rock caverns. 

The s tudy a r e a  is composed of a grey gne i s s  - Rlekinge c o a s t a l  
gneiss .  I t  con ta ins  few j o i n t s  and l i t t l e  groundwater. Moreover, 
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the directions of the fractures vary and do not exhibit any pro- 
nounced main orientation. These facts are reflected in the sca- 
tistics on the existing oil storage caverns in the gneiss. Re- 
ported data on water inflow into the rock caverns, which total 
over 700 000 m3, exhibit low values. The need for reinforcement 
following blasting has been remarkably low. The seepage data can 
be used to calculate the water permeability of the surrounding 
rock, which is expressed in m/s. Values of around 10'9 m/s are 
found, which is l w e r  than n o n a l  for rock caverns at a depth of 
30-50 m. 

A core drilling within the area to a depth of 5 0 0  m shows good 
rock conditions at greater depths as well. These conditions stem 
from the fact that the gneiss, ever since its plastic folding 
more than 1 300 million years ago, has reacted as a rigid and 
highly resistant body in relation to the surrounding rock. 

A special study in the area showed that displacements along ex- 
isting fissures have been small for a very long period of time. 
The average rate of displacement is below 0.02 nm per million 
years. Existing cracks are largely mineral-filled. h fracture 
zone filled with swelling clay minerals was found north of the 
study area. No substantial shattered zones were found. 

If the permeability of the rock and the slope of the free ground- 
w t e r  table is known, it is possible to calculate how m c h  water 
flays through a given cross-section of the rock within a certain 
period of time. Due to the large differences in elevation in the 



terrain in the Karlshamn area, the slope of the groundwater table 
is fairly steep, approximately 1:20. From the obtained data, the 
groundwater flow at a depth of 500 rn can be calculated to be 
about 0.2 litres per d and year. A level area with a similar 
bedrock vould exhibit even lover flows. 

7.3.2 Finnsjb area 

Ete ~innJj8 area ie located 16 km west-southwest of the Forsmark 
nuclear power plant in northern Uppland. Geological and geophy- 
sical surveys have been conducted here. Rock conditions have baen 
studied in depth in three core boreholes - one vertical to 500 m 
and two at inclinations of 50' to between 500 and 550 m vertical 
depth. The area is composed of older granite, which is a rela- 
tively uniform,veakly gneissified granodiorite rock. It is rather 
heavily fractured internally. But the cracks are mostly irregu- 
lar, of varying direction, and largely filled with minerals. 
Small amounts of swelling clay minerals are found locally. On the 
east, the area is bounded by a fault which borders on an approx- 
imately 300 m wide belt with stronger fracturing. The central 
parts of the area, on the other hand, are distinguished by large 
blocks of little fractured bedrock with surface areas of up to 
100 000 d .  Between these blocks are fracture zones, some of 
which are filled with crushed material. The cores from the bore- 
holes reveal sections of several hundred metres with permeabili- 
ties belcw 10'~ m/s, interrupted by a few zones with higher 
values. From the obtained data, the groundvater flow in large 
sections of rock at a depth of 500 metres can be calculated to 
about 0.1 litres per m2 and year or less. Fracture zones with 
heavier flows are also found. Rock mechanics tests on drill cores 
shov very good strength. The Finnsjo area represents a comnon 
type of bedrock in the Swedish crystalline basement rock and has 
been chosen as a reference area for some of KBS's studies. 

The Krakendla area is located 7.5 km north-northwest of the 0s- 
karshamn nuclear power plant at Simpevarp, between the Baltic Sea 
and GStemaren Lake. Geological and geophysical surveys have been 
conducted here. Three core boreholes have been drilled, two v e r  
tial ones to 500 and 600 m, respectivcly, and one with a 50' in- 
clination to a vertical depth of 570 m. The area is composed of a 
very uniform, undeformed granite, the Ciitemar granite. It is 
characterized to a large extent by a sparse but regular network 
of perpendicular, straight and long fissures. The walls of the 
fissures are lined with the minerals in the granite and with 
chlorite and calcite. Pyrite also occurs in the fissures, s a c -  
times abundantly, as does fluorspar. Smectite, a swelling clay 
mineral with a good capacity to retard certain waste substances, 
occurs in small quantities. Drill cores from Krikedla exhibit 
considerably lower strength than those from Finns j6n. 

In the boreholes, at a depth of betveen 300 and 500 metres, long 
sections are found with a water permeability of less than 10'9 
m/s. Hovever, these are surrounded by zones of higher water ? e r  
meability and .dater content. The groundvater flov in the mare im- 
pervious sections ia estimated to be about 0.15 litres per m2 and 
year or less. Considerably higher flovs are found in fracture 



zones, which is why rock wells in this granite often yield so 
much water. 

Other areas -- 
The two other areaa vhere drillings were made are Xvra, just 
north of Simpevarp, and Forsmark, approximately 3.5 km m a t  of 
the Foramark povcr station. After introductory studies, both of 
there areaa were judged to have leas favourable rock conditions 
than the three preceding,areaa, so the studies w r e  discontinued. 

GROUNDWATER CONDITIONS 

Groundwater flovs 

Flows of 0.1-0.2 litres per m2 and year have been calculated for 
the three study areas on the baeis of model scudies calculated on 
the baais of potential field theory and available permeability 
data obtained from rock caverns at shallow depth and from direct 
measurements in boreholes. The borehole e uipment did not permit 
deternination of permeabilities below m/s. In the Stripa 
mine, however, values down to 10'11 m/s have been measured in 
granite. For these reasons, the actual flows should be consider 
ably lees than the specified figures of 0.1-0.2 litres per m2 and 
year. Thus, if nuclear waste is stored in any of the study areas, 
the low water flow rate can be expected to minimize both corro- 
sion and leaching of the waste glass. However, time has not 
permitted the detai1c.d studies required to verify these factors 
(see IV:6.2.2 and 6.3.10). 

If the groundwater flow is known, it is possible to calculate how 
much the dissolved substances from the waste will be diluted on 
their way towards a recipient. For example, the substances re- 
leased from a final repository at a depth of 500 m within the 
Finnsjii area during one year would be diluted in at least 500 000 
m3 of water in the fault which borders the area on the east. The 
portion of the dissolved substances vhich reached FinnsjSn would 
be diluted in a water volume approximately 50 times greater. 

The pattern & groundwater flow 
4 

The flow of the groundwater is determined by the precipitation 
and terrain features in the area as well as the nature of the 
ground and the bedrock. Computer program have been developed 
which can be used to calculate the flow pattern for vertical 
sections through an area. Among the assumptions vhich must be 
made are that slopes run perpendicular to the plane of the sec- 
tion and for a large distance in this direction and that the 
permeability of the bedrock is constant or changes with depth in 
a regular manner. By varying the conditions it is possible to 
shed light upon the flow pathe in a given area despite these 
limitations. This has been done by mean3 of mathematical models 
which illustrate a few simple typical cases as well as models 
adapted to the conditions existing in the Finnsja area. 

The results show that, as expected, the groundwater flovs down- 



ward into the bedrock in elevated areas, after vhich it turns and 
flows upward again towards large adjoining valley floors, where 
it can reach the eurface at points of groundvater i n f l w  into 
lakes, watexwaya and springs. The influence of terrain features 
often extends down to a depth of several thousand metres. The 
longer the slopes are, the deeper their influence reaches. The 
surface areas where groundwater from great dept.i~s issues are 
small, and the upflov is accompanied by a very heavy dilution of 
the groundvater by water from higher levels. 

One consequence of these general conditions is that the ground- 
water movements in an area lacking extensive, flat aquifers are 
divided into smaller flov cells and that groundvater transport is 
predominantly of a I ~ c a l  character. 

This effect is rzir.forced vhen the valleys follow steep fracture 
zones in the bedrock, where the vertical permeability is high. 
Models of the Finnsja area s h w  that the flov there is directed 
tovards Finnsjo Lake and twards the fault valley in the east. 

The calculations have been extended to include the upflow over a 
rock repository which is caused by the heat generation of the 
waste at the start of the storage period. In agreement with 
earlier American estimates, it vas found that this heating leads 
only to an insignificant pertubati011 of the prevailing flow 
pattern in the vicinity of the final repository. The effect of 
drainage of the rock fonaticn around the fi.nal repository during 
the construction and deposition period has also been investigat- 
ed. 

7 . 4 . 3  Groundwater 9 

The time during which the groundvater resides in the bedrxk is 
of importance in view of the natural decay of the radioactive 
substances and their retardation and retention by the rock. In 
the same rock volume, the residence time for the water is least 
in the larger, water-bearing fracture zones. In the intervening 
bedrock blocks with low permeability, the residence time is many 
timee greater. 

Age determinations of water sampler vere carried out using the 
carbon 14 method, which tells how much time has passed since the 
water seeped dawn through the surface layers of the ground. Four 
water samples from the boreholes ill Krikedla have been studied 
thus far. Ages of between 4  300 and 11 060 years have been found- 
ed. 

The uncertainty inherent in these determinations is only 2100 
years. Greater uncertainty in the age determinations is associat- 
ed with the sampling and drilling procedures. During drilling, 
surface water was used for flushing, and heavy drainage pumping 
was carried out prior to sampling. Disturbances which lead to ape 
underestimations may therefore have occurred. It appears most 
likely that the differences in age between the samples reflect 
differences in the permeability of the surrounding sections of 
rock. 

Similar age data vere previously obtained from a deep well in 
bedrock in Finland and a tunnel at a depth of about 3 0 0  wtres at 



Storjuktan, Sveden. With the support of such age data,' the re- 
sidence time of the groundwater at the depths in question can be 
estimated to be more than 10 000 years. When this figure is used 
as a basis for estimating the transit tima of the water from a 
final repository to the biosphere, it is necessary to take into 
consideration the location of the repository and local topo- 
graphical a:td hydrological features, which are dealt with in 
greater detail in volme 11. 

Groundwater chemistry -- 
The chemical composition of the groundwater is of importance for 
the lifetime of the canisters in which the vaste is enclosed. Re- 
tardation effects in the buffer mass and in cracks in the rock 
can also be affected by the composition of the groundwater. The 
level of chlorides and dissolved oxygen in the groundwater is of 
particular importance. 

An evaluation of data from KBS and other studies shovs that 
chloride cot :entrations of note than 300 mg/l have been found in 
groundwater only in rare cases. The occurrence of fossile ground- 
vater in some areas might give rise to higher values. For this 
reason, analysis of the local groundwater chemistry constitutes 
an important part of the preliminary studies vhich precede the 
final choice of a site. 

Both the known occurrence of bivalent iron in the groundwater and 
direct analyses have shown that groundvater at great depths can 
only contain extremely small quantities of dissolved oxygen, 
normally below the level which can be determined by standard ana- 
lytical methods. 

The pH values which have been measured in groundwater are only 
rarely less than of 7.2 or greater than 8.5. The proposed buffer 
material of quartz sand and bentonite (see chapter III:6)  should 
stabilize the pH value to between 8 and 9. The buffer inaterial 
does not lffect the level of chlorides and dissolved oxygen in 
the grou~~dwater. 

RETARDATlON CF WASTE SUBSTANCES 

Retardation effects 

Laboratory studies of buffer material and sampler from the 
Swedish bedrock as vell as field studies have been conducted in 
order to investigate the retardation of the radioactive waste 
substances in the bedrock. The measurcwnts show, in agreement 
with the large body of data in the literature, that all of these 
substances, with the exception of iodine and technetium, are re- 
:ardcd to different degrees in relation to the movement of the 
groundwater. 

Retardation factors have been calculated under the assumption 
that the groundwater moves in smooth-valled, plane-parallel, 
continuous cracks. Retardation factors calculated in this manner 
a:e in good agreement vith results from field tests conducted in 
fractured rock at Studsvik. 



The field test at Studsvik were conducted at a depth of 70 metres 
in fractured rock of high water ccntent and permeabilities around 
10-6 m/s. In an initial test series, the transit time for certain 
nuclides in the unconditioned rock was measured and compared with 
the transit time of the groundwater along the same flov path. The 
same rock section was t k ~ n  sealed by means of injection with 
bentonite, which is a natural material many millions of years old 
consisting primarily of smectite minerals. Snrctite occurs fre- 
quently as natural crack filler in the Svedish bedrock and has 
ai;o been found at KrakeGla and Karlsharrm. It is in chemical 
equilibrium with the groundwater and the other minerals in the 
bedrock. After this grouting, the measurements were repeated and 
zie still in progress. Among other things, it has been found 
that, strontium added to the water has not, after 4 months, 
arrived at the metering point located 50 metres from the borehole 
where it was injected. 

Retardation effects are discussed in greater detail in section 
I: 13.4.2. 

7.5.2 Retention of waste substances 

During their residence time in the bedrock, the elements stronti- 
~ 9 0 ,  cesiu~rl37 and americium241 and -243 decay completely. 
Other elements participate in chemical reactions so that they are 
retained or retarded in the rock. Such a fixation of cesi-a has 
been demonstrated in laboratory experiments. Other experimental 
studies have shown that hydrogen sulphide or miqerals containing 
bivalent iron can precipitate insoluble uranium dioxide from so- 
lutions of carbonate complexes of hexav-lent uranium by means of 
reduction at room temperature. Theoretically, the same should 
occur vith plutonium, neptunium and other tranauranic elements. 

The same reactions occur in nature. There are examples of large 
uranium ore deposits which have been formed by precipitation in 
this manner. In Sveden, uranium dioxide occurs as fissure filler 
in the crystalline basement rock in such areas as northern Upp- 
land and at Pleutajokk in Norrbotten County. In both of these 
cases, the mineral has been retained in the rock for &re than 
1 500 million years. It has also been shown that naturally f o m d  
transuranium nuclides it1 the Oklo uranium field in Gabon have not 
been dissolved by the groundwater. 

7.6 ROCK MOVEMENTS 

7.6.1 Recent faults 

A number of studies have been carried out in order to establish 
vhether the safety of a rock repository cnn significantly de- 
teriorate during the long storago peri~d due to nev fracturing 
and movements in the bedrock. A br?'e: survey has been made of 
recent fault moverients throughout the country, whereby it was 
found that these fault movements follov older fault zones to a 
great extent. This agrees with the results of a theoretical study 
of the process of deformation in fractured rock. It shows that 
even large deformational movements are distributed over existing 
cracks in a granitic rock of normal fracture content vithout the 



c r e a t i o n  o f  new cracke o r  any r a d i c a l  changes i n  i n d i v i d u a l  
cracks.  By l o c a t i n g  the  f i n a l  r r .pos i tory  i n  an area without  any 
major f a u l t  l i n e s  and by avoiding ~ m p l a c i n g  v a s t e  c a n i s t e r s  i n  
e x i s t i n g  s h e a r  zones, c a n i a t e r  aamages r e s u l t i n g  from rock move- 
Fen t s  c a r  be avoided. I t  ha3 a l ~ o  been found t h a t  on ly  i n s i g n i f i -  
can2 movement h a s  taken pli.ce along f i s s u r e s  i n  sou theas te rn  
Swedet over  t h e  p a s t  570 a t i l l i o n  y e a r s ,  even dur ing the  large- 
s c a l e  deformations nhich 1 ~ 2  co the  formation of t h e  Caledonian 
mountain range. The c u r r e n t  per iod i n  European geo log ica l  h i s t o . 9  
i s  cha rac te r i zed ,  a s  f a r  a s  we knw, by d e c l i n i n g  deformation. I t  
can t h e r e f o r e  s a f e l y  be assumed t h a t  r a t e s  of d i s l o c a t i o n  dur ing  
the  required  per iod of waste  i s o l a t i o n  w i l l  remain below t h e  mean 
r a t e s  which have been determined i n  t h e  KBS s t ady  and vh ich  a r e  
i r r s ign i f i can t  frolo a p r a c t i c a l  po in t  of view. 

Rock s t r e s s e s  7.6.2 - 
According t o  some measurements, t h e  n e a r l y  h o r i s o n t a l  shea r  
s t r e a s  i n  t h e  Svedish bedrock rock is c l o s e  t o  the  s t r e n g t h  l i m i t  
of t h e  rock j u s t  below t h e  surface .  Other s t u d i e s  g ive  lower 
values .  I f  t h e  s t r e n g t h  of t h e  rock v e r e  exceeded, f r a c t u r i n g  
vould occur.  Hovever, t he  shea r  s t r e n g t h  of the  rock i n c r e a s s s  
v i t h  depth due t o  the  inc rease  i n  p res su re .  In  f a c t ,  t he  r i s k  of 
s h e a r  f r a c t u r e s  decreases  r a p i d l y  v i t h  inc reas ing  depth ,  s i n c e  
t h e  shea r  s t r e s s  a t  g r e a t e r  depths  is  probably much t h e  same. 
Spec ia l  c a l c u l a t i o n s  show t h a t  the  changes i n  the  rock induced by 
b l a s t i n g  and the  es t imated i n c r e a s e  i n  temperature a r e  ve ry  l o c a l  
and t h a t  the  r i s k  t h a t  new groundvater flow paths  v i l l  be c r e a t e d  
a s  a r e s u l t  of the  formation of new f r a c t u r e s  is n e g l i g i b l e .  

7.6.3 E f f e c t s  a f u t u r e  i c e  

F r a c t u r e  formation i n  connection with the  cu r ren t  land e l e v a t i o n  
and bedrock movements du r ing  a f u t u r e  i c e  age can be assessed on 
t h e  b a s i s  of the  present  d i s t r i b u t i o n  of cracks  i n  the  bedrock. 
Permeabi l i ty  values  from d r i l l  cores  show t h a t  the  f r a c t u r i n g  i s  
l a r g e l y  r e s t r i c t e d  t o  t h e  top  100 o r  200 metres  of the  bedrock,  
v h i l e  deeper  p o r t i o n s  s t i l l  possess  good i n t e g r i t y  a f t e r  10 t o  20 
Quaternary g l a c i a t i o n s .  One more i c e  age is not  expected t o  a l t e r  
t h e  s i t u a t i o n .  

T i d a l  e f f e c t s  7.6.4 

A s p e c i a l  s tudy of t h e  g r a v i t i o n a l  e f f e c t s  of the  yun and the 
moon on t h e  Swedish bedrock and o t h e r  inf  lu rnces  vhich a f f e c t  t h e  
groundwater i n  t h e  bedrock has been conducted. No de t r imen ta l  
ef f e c e s  f o r  a rock r e p o s i t o r y  have been i d e n t i f i e d .  

7.6.5 Earthquakes 

A r ev iev  has been mude of t h e  s t a t i s t i c s  on earthquakes i n  Sweden 
through 1975 and of c e r t a i n  s t u d i e s  concerning earthquake-caused 
ground a c c e l e r a t i o n s .  Tile a n a l y s i s  shovs t h a t  sou theas te rn  Svedan 
h a s  a ve ry  lov frequency of ear thquakes  and tha' t he  ground acce- 
l e r a t i o n s  vhich can b e  expected v i l l  not  cause d.unage t o  t h e  re- 
p o s i t o r y  o r  t o  t h e  v a s t e  c a n i s t e r s .  



7.7 SUMMARY EVALUATION 

The above information,  toge the r  v i t h  the  s a f e t y  ana lys i s ,  pro- 
v ides  the  necessary  b a s i s  f o r  an evaluat ion of t h e  t h r e e  s tudy 
a r e a s  of Kar lsham,  F i n n s j h  and K r i k e d l a .  It shows t h a t  these  
a r e a s  f u l f i l  t he  b a s i c  requirements f o r  a s a f e  rock repos i to ry  
f o r  high-level waste, provided t h a t  the  design of the  f a c i l i t y  
t akes  i n t o  account t h e  geometry of the  l o r p e r m e a b l e  rock forma- 
t i cns .  

On t h e  b a s i s  of , e x i s t i n g  knowledge, the  c o a s t a l  gne i s s  region of 
Blekinge is fr rm a geological  point  of view, the  most a t t r a c t i v e  
a r e a  f o r  a f i a a l  reposi tory .  

The g n e i s s i f i e d  g ran i to id  r cck  a t  FinnsjHn a l s o  appears t o  o f f e r  
l a r g e  volumes of low permeabili ty.  Hwever, e x i s t i n g  i n t e r n a l  
f r a c t u r e s  and crush zones may e n t a i l  c e r t a i n  t echn ica l  problems 
of the  type which a r e  normally encountered i n  tunne l l ing  and rock 
cavern excavation. Cowared wi th  t h e  Blekinge c o a s t a l  gneiss ,  
t h i s  type of rock permits  g r e a t e r  freedom of choice i n  the  lo- 
c a t i o n  of a f u t u r e  rock reposi tory ,  s ince  s i m i l a r  rock condi t ions  
a r e  found throughout l a r g e  p a r t s  of southeastern  Sweden. 

The Gatemar g r a n i t e  a t  K r i k e d l a  e x h i b i t s ,  d e s p i t e  sec t ions  of 
low permeabili ty,  a number of f e a t u r e s  vhich may requ i re  m r e  ex- 
t ens ive  reinforcement and g r o u t ~ n g  during the  const ruct ion phase. 
These f e a t u r e s  include l w e r  s t r eng th ,  a r egu la r  f r a c t u r e  system 
with  extensive  hor izon ta l  f r a c t u r e  su r faces  and high loca l  
groundwater flows. 

The t h r e e  study a r e a s  can be c l e a r l y  arranged i n  o rde r  of p r i o r i -  
ty: the  Blekinge gneiss ,  the  g n r i s s i f i e d  g ranod io r i t e  i n  the  
FinnsjS a r e a  and the undefonned s t o c k l i k e  g r a n i t e  i n  the  Kr iked-  
l a  area.  This com'irms previous experiences regarding the  s t ruc -  
t u r a l  and w a t e r b e a r i n g  c h a r a c t e r i s t i c s  of these  types of rocks. 
Against chis  background, o the r  gneiss  a reas  bes ides  the  one i n  
Blekinge m y  be of i n t e r e s t .  



FINAL STORAGE 

GENERAL 

The encapsulated waste will ba sent to the final repository for 
final disposal. 

The final repository is situated in rock underneath the facility 
fol: intermediate storage and encapsulation at a aapth of approxi- 
mately 500 metres below the surface. - - 

Whereas the waste in the intermediate storage facility is stored 
under dry conditions, requiring surveillance of e.g. the drainage 
system, the final repository is designed to be sealed and finally 
abandoned. The encapsulated vaste will therefore be exposed to 
the action of the groundwater. 

As mentioned in chapter I:5, the leaching rate for the vitrified 
waste is very low. In the encapsulation station, the waste 
cylinders are provided vith a lead-titanium canister with 
high resistance to corrosion (chapter 1:6). Finally, the storage 
holes, tunnels and shafts in the final repository will be back- 
filled with a buffer material of quartz sand and bentonite vith 
low pe-meability and ionexchanging properties. Bentonite is a na- 
turally occurring clay material. 

Thus, vitrification and encapsulation of the vaste, the buffer 
macerial and the rock constitute four barriers which prevent Qr 
greatly retard the migration of radioactive elements via the 
groundwater to the biosphere. 

The final repository has been designed for a total capacity of 
9 000 canisters and a deposition rate of 300 canisters per year. 

For a more detailed description of the final ~cpository, see 
chapter 111: 6 with appurtenant drawings. 

DESCRIPTION OF FINAL REPUSITORY 

The final repository consists primarily of a system of parallel 
storage tunnels located approximately 500 metres below the s u p  
face, with appurtenant transport and service tunnels and shafts 
(see fig. 8-1). The final repository covers an area of approxi- 
mately 1 square kilometre. The geometric layout of the tunnel 
system vill be adapted to the geological conditions orevailing on 
the selected site. Vertical holes drilled in the floor of the 
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s to rage  tunne l s  c o n s t i t u t e  the f i n a l  s to rage  compartments f o r  the  
waste c a n i s t e r s .  Tunnels and s h a f t s  w i l l  t e  excavated by means of 
conventional mining and cons t ruc t ion  u t h o d s .  

The c e n t r e t o - c e n t r e  d i s t a n c e  between t h e  s t o r a g e  t tmnels  (25 n) 
and betveen the  s t o r a g e  ho les  ( 4  m) has been determined on t h e  
b a s i s  o f  rock mechanics cons ide ra t ions  and the  e f f e c t s  of the 
hea t  r e l eased  by t h e  c a n i s t e r s  ( s e e  f i g .  8-21. The s to rage  ho les  
have a d iameter  of 1 m and a depth of 5 m. With t h e  spacing se- 
lec ted ,  t he  inc rease  i n  t h e  temperature o f  the  rock w i l l  not  e r  
ceed 00'~. S tud ies  show t h a t  t h i s  inc rease  w i l l  not  g ive  rise t o  
new cracks  o r  new f l o v  paths  f o r  the  groundwater which could 
a f f e c t  t h e  s a f e t y  o f  the  f i n a l  s torage .  

The va r ious  s t a g e s  of t h e  handl ing chain  f o r  encapsula ted  waste  
i n  the  f i n a l  r epos i to ry  sro depicr ed  i n  f i g .  8-3. 

The c a n i s t e r s  a r e  t r a n s f e r r e d  from the  c.ncapsulation s t a t i o n  t o  
t h e  f i n a l  r e p o s i t o r y  i n  a radiation-?' 'zlded t r a n s f e r  cask mount- 
ed on a vagon vhich runs on r a i l s  and is d r = n  by an e l e c t r i c  
t r a c t o r .  They a r e  then taken down t o  t h e  s t o r a g e  tur.nels i n  an 
e l e v a t o r  which t r a v e l s  i n  a v e r t i c a l  s h a f t .  The e l e v a t o r  is 
equipped wi th  s a f e t y  devices  which v i r t u a l l y  e l i m i q a t e  t h e  poss i -  
b i l i t y  of an accident .  

When the  t r a n s f e r  cask  reaches  t h e  l e v e l  of the  r epos i to ry ,  i t  is 
taken from t h e  e l e v a t o r  through the tunnel  system and placed i n  
p o s i t i o n  over  t h e  h o l e  i n  vhich the c a n i s t e r  is t o  be deposited.  



figure BZ: Crovwrtion and lon@udiwl section o f  stomgc tunnels in the fwl rrporitury. Eocrk 
sromgc hole is deaeagned for one canister. 

A mobile radiation shield at the top of the hole protects the 
personnel when tne canister is lowered into the hole. 

The canister is lowered into the hole onto a bed of sandjbento- 
nite. The transfer cask and the mobile radiation shield are then 
removed and the hole is filled with sand/bentonite. The fill is 
compactea to give it good bearing capacity and low ;-meabilrty. 
Finally, a lid is placed over the hole. Thc filler material pro- 
vides sufficient radiation shielding for the personnel working in 
the storage tunnels. The properties of the quartz sand and ben- 
tonite mixf vrre a-e described in section 111: 6.3. 

8.3 OPERATION OF FIh. .r. REPOSITORY 

Deposition of the waste canisters begins when approximately orrr 
fourth of the storage tunnels have been completed. The facility 
has been designed for complete physical separation of the con- 
struction work from the canister ha~dling work. 

The handling systee for the canisters is similar to that which is 
used in the intermediate storage faciiity and is based on known 
technology. The method of applying sand/bentonite fill is based 
on the robot spraying technique which has been used for many 
years in tunneling work. 

The facility and its operation will be inspected and supervised 
by such authorities as the Nuclear P w e r  Inspectorate and the 
National Institute of Radiation Protection in tne same way as a 
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nuc lea r  puver s t a t i o n .  I t  v i l l  be designed i n  accordance v i t h  t h e  
r e g u l a t i o n s  i ssued by these  a u t h o r i t i e s  and i n  c o n s u l t a t i o n  v i t h  
concerned personne 1  o rgan iza t ions .  U i  t h  regard t o  vorking en- 
vironment and occupat ional  s a f e t y ,  s ee  c \ ap te r  I: 10. 

a. t PERMANENT CLOSURE 

Uhon the  f i n a l  r e p o s i t o r y  has  been f i l l e d  v i t h  c a n i s t e r s  t o  de- 
s i g n  capac i ty ,  the  f a c i l i t y  can be kept open and inspected  a s  
l3ng a s  s u r v e i l l a n c ~ !  and maintenance of the  dra inage and v e n t i l a -  
t i o n  systems and o t i e r  e s s e n t i a l  a u x i l i a r y  svstems a r e  considered 
d e s i r a b l e .  The f a c i l i l  ; can then be sealed  and f i n a l l y  abandoned. 

Uhen i t  i s  sea led ,  t h e  tunnel  system is f i l l e d  v i t h  a  mixture  of 
q u a r t z  sand and h e n t o n i t e  s i m i l a r  t o  t h a t  used t o  f i l l  t h e  ho les  
around t h e  c a n i s t e r s  ( s e e  f i g .  8-41. The lower p a r t  of t h i s  f i l l  
i s  c a r r i e d  ou t  us ing conventional earthmoving and compacting 
methods and the upper p a r t  hy spraying.  The a p p l i c a t i o n  technique 
and the  swe l l ing  of the  ben ton i t e  a s  it absorbs water ensure  t h a t  
t he  tunnel s e c t i o n  w i l l  be f i l l e d  completely. A mixture of sand 
and hen ton i t e  is a l s o  used t o  f i l l  v e r t i c a l  s h a f t s .  Boreholes 
which have been d r i l l e d  t o  i n v e s t i g a t e  the  bedrock a r e  f i l l e d  
wi th  pure ben ton i t e .  

In  t h i s  way, a l l  c a v i t i e s  i n  the  rock a r e  f i l l e d  wi th  a m a t e r i a l  
which i s  a t  l e a s t  a s  impervious a s  the  surrounding rock. I n  the 
s t o r a g e  hole ,  tile f i l l  ~ n a t e r ; a l  p r o t e c t s  the  c a n i s t e r  from minor 
movements in  the  surrounding rock. 

I t  is assumed t h a t  observat ions  and measurements of t h e  ground- 
water  system, rock s t r e s s e s ,  temperatures e t c .  w i l l  be p e r f o n e d  
f o r  a c e r t a i n  per iod of time following the  c losu re  of the  f i n a l  
r epos i to ry .  A schedule f o r  such a c t i v i t i e s  w i l l  be drawn up i n  
cooperation rri th the  concerned a u t h o r i t i e s .  
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TRANSPORTATION SYSTEMS 

TRANSPORT CASKS, GENERAL I 
R e l e v a n t  p o r t i o n s  of  t h e  IAEA's t r a n s p o r t  r e g u l a t i o n s  s h a l l  b e  
o b s e r v e d  i n  c o n n e c t i o n  w i t h  t h e  t r a n s p o r t a t i o n  of  s p e n t  n u c l e a r  
f u e l  and o t h e r  r a d i o a c t i v e  m a t e r i a l  ( s e e  c h a p t e r  I : 1 2 ) .  

Both t h e  s p e n t  f u e l  and t h e  v i t r i f i e d  h i g h - l e v e l  w a s t e  c o n t a i n  s o  
much r a d i o a c t i v i t y  t h a t  t h e v  must be t r a n s p o r t e d  i n  c o n t a i n e r s  I 

which meet i n t e r n a t i o n a l  r e q u i r e m e n t s .  The r e q u i r e m e n t s  which a r c  
a p p l i c a b l e  h e r e  a r e  t h e  UEA r e g u l a t i o n s  f o r  TYPE B c o n t a i n e r s ,  
v h i c h  a r e  d e s c r i b e d  i n  g r e a t e r  d e t d i l  i n  c h a p t e r  I I I : 2 .  

I 
i 

Every p lanned  t r a n s p o r t  must be  p r e r e g i s t e r e d  w i t h  t h e  Nuclear  
Power I n s p e c t o r a t e ,  i n c l u d i n g  s p e c i f i c a t i o n  of i d e n t i f i c a t i o n  da- 
t a  f o r  t h e  s e l e c t e d  f u e l  e l e m e n t s  and a  p r e l i m i n a r y  t i m e t a b l e  f o r  
t h e  t r a n s p o r t .  A d m i n i s t r a t i v e  r o u t i n e s  f o r  t h i s  work v i l l  be es-  
t a b l i s h e d  by t h e  N u c l e a r  Power I n s p e c t o r a t e  b e f o r e  t h e  t r a n s p o r -  
t a t i o n  sys tem i s  p u t  i n t o  o p e r a t i o n .  P h y s i c a l  p r o t e c t i o n  o f  t h e  
t r a n s p o r t s  w i l l  a l s o  be a r r a n g e d  i n  accordance  w i t h  t h e  d i r e c t i v -  
e s  o f  t h e  Nuclear  Power I n s p e c t o r a t e .  

The European t r a n s p o r t  c a s k s  v h i c h  a r e  c u r r e n t l y  i n  u s e  weigh be- 
tween 30 and 70 m e t r i c  t o n s  and can  t r a n s p o r t  b e t v e e n  1 and 2.5  
t o n s  of n u e l e a r  f u e l .  They a r e  of French,  German o r  E n g l i s h  de- 
s i g n .  These t h r e e  c o u n t r i e s  a r e  c u r r e n t l y  o p e r a t i n g  a  j o i n t  c o w  
pany c a l l e d  N u c l e a r  T r a n s p o r t  L i m i t e d  (NTL) v h i c h  more o r  l e s s  
h a s  a monopoly 33 t h e  European market .  

F i g u r e  9-1 shows o n e  of  NTL's t r a n s p o r t  c a s k r  which is  used  f o r  
t h e  t r a n s p o r t a t i o n  o f  s p e n t  f u e l  from t h e  Oskarshamn p l a n t  t o  t h e  
r e p r o c e s s i n g  p l a n t  i n  Windsca le ,  England. 

D u r i n g  t h e  p e r i o d  1966-1977, some 700 m e t r i c  t o n s  o f  s p e n t  
n u c l e a r  f u e l  have been  t r a n s p o r t e d  from ! igh t -wate r  r e a c t o r s  t o  
v a r i a u s  European r e p r o c e s s i n g  p l a n t s .  in t h e  b e g i n n i n g ,  o n l y  re-  
l a t i v e l y  low burn-up f u e l  was t r a n s p o r t e d ,  w h i l e  i n  r e c a n t  y e a r s  
t r a n s p o r t s  have been c a r r i e d  o u t  w i t h  h i g h  bum-up f u e l  (30 000 
~ W d / t )  a f t e r  o n l y  6-9 months of c o o l i n g  t ime a t  t h e  r e a c t o r .  

T r a n s p o r t  cast ts  w i t h  a  maximum weight  of  LO m e t r i c  t o n s  a r e  n o m -  
a l l y  c a r r i e d  on t h e  p u b l i c  road network.  v t l i l e  t r a n s p o r t  c a s u s  of 
h i g h e r  v e i g h t  a l e  s h i s p e d  by r a i l .  The r r a n s p o r t a t i o n  o f  s p e n t  
n u c l e a r  f u e l  from I t . : l y ,  Spa in .  West Germsny, Holland and Sweden 
t o  t h e  E , ~ g l i s h  r e p r o c e s s i n g  p l a n t  a t  Windscale  h a s  been done by 
b o a t .  
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used ro rmnsporr spcnr fuzl ro rhr harbour for firth- shiprrrmr to the r r p m e ~ ~ ~ ' n g  plant ar 
Winds a1c 

The trend is towards larger transport casks. Transport casks are 
nov being planned vith a weight of 100 tons and a capacity of 6 
tons of nuclear fuel. Such a transport cask is expected :o be in 
operation some time in 1973. 

9.2 DESIGN OF TRANSPORT CASK 

A transport cask consists of the following main conponents: 

- An inner cask fitted vith a neutron-absorbing substance 
usually mdie of a heat-conducting material. - A heavy-duty g a m a  ray shield made of a heavy material such 
as lead or steel. - A neutrcn shield to reduce neutron emission. - Heat-dissipating flanges on the outside of the transport 
casks or an aircooling system. - A shock absorber to protect the transport cask's cover and 
its connections. 

A transport cask for spent fuel or for high-level waste must meet 
the safety requirement*; of tht? IAEA transpoit regulations for 
TYPE B containers. This means that it must be able to withstand: 

- A 9-metre free fall onto a hard surface. - Free fall from a height of 1 metre against a solid steel cy- 
linder with a diameter of 15 cm. 



- Heat ing  f o r  30 minutes  t o  8 0 0 ~ ~ .  - Subatersion i n  w a t e r  t o  a dltpth of 15  w t r e a .  

Furthermore,  t h e  t r a n s p o r t  ca sk  must meet t h e  requi rements  i~ 
posed on TYPE A c o n t a i n e r s  acco rd ing  t o  t h e  IAEA r e g u l a t i o n s .  

9.3 DESIGN OF A SWEDISH TRANSPORTATION SYSTEM FOR SPENT NUCLEAR 
FUEL 

I n  p a r a l l e l  w i t h  t h e  conceptua l  s t u d y  on t h e  c e n t r a l  f u e l  s t o r a g e  
f a c i l i t y ,  SKBF is examining v a r i o u s  a l t e r n a t i v e s  f o r  s e c u - i  ,g a  
r e l i a b l e  supply  of  t r a n s p o r t  r e sou rces  w i t h i n  Sweden. 

Swedish t r a n s p o r t a t i o n  needs have been s t u d i e d  f o r  t h e  p e r i o d  
19761991.  Annual d i s c h a r g e s  of f u e l  elements expressed  i n  t o n s  
of  uranium a r e  r epo r t ed  i n  c h a p t e r  1:2. These q u a n t i t i e s  a r e  
baaed on t h e  s i x  r e a c t o r s  now i n  o p e r a t i o n  and on contir,ued 
expansion t o  t h i r r e e n  r e a c t o r s .  

I n  1976, d i s c u s s i o n s  were i n i t i a t e d  wi th  European and Amer; an 
o r g a n i z a t i o n s  which work v i t h  t h e  t r a n s p o r t a t i o n  of spen t   clear 
f u e l  f o r  t h c  purpose of examining the  p o s s i b i l i t i e s  of PI .:uring 
t r a n s p o r t  casks.  

Xuclear  T ranspor t  Limited (NTL-Europe) c u r r e n t l y  seems t o  be t h e  
l ead ing  ccmpany i n  t h i s  f i e l d .  In  recent  y e a r s ,  hTL has  c a r r i e d  
ou t  hundreds of t r d n s p o r t s  i n  Europe t o  such d e s t i n a t i o n s  a s  
Windscale and La Hague. During 1978, NTL will put  i n t o  use t h e  
l a r g e s t  t r a n s p o r t  cask  eve r  a v a i l a b l e  on t h e  market - t he  NTL 12, 
vh i ch  can t r a n s p o r t  up t o  6 tons  of n u c l e a r  f u e l .  A s l i g h t l y  
s m a l l e r  v e r s i o n  c a l l e d  NTL 17  is i n  t he  des ign  s t a g e .  I t  w i l l  be 
a b l e  t o  t r a n s p o r t  up t o  3 t ons  of n u c l e a r  f u e l .  The NTL 11, which 
h a s  a l r e a d y  been pu t  i n t o  o p e r a t i o n ,  has  t h e  same capac i ty .  The 
types  of  t r a n s p o r t  ca sks  used by NTL a r e  well-adapted t o  Swedish 
t r a n s p o r t a t i o n  requirements.  

The American consul tancy f i n n  Nuclear  Assurance Corpora t ion  (NAC) 
h a s  des igned fou r  t r a n s p o r t  ca sks  which go under t he  type  de- 
s i g n a t i o n  NAC-1 and a r e  now i n  rout i r ie  o p e r a t i a n  i n  t h e  
USA. NAC is c u r r e n t l y  des ign ing  a  t r a n s p o r t  cask wi th  a  maximum 
c a p a c i t y  of 3 t ons  of n u c l e a r  f u e l .  Th i s  cask i s  e q u a l l y  well- 
adapted  t o  Swedish requi rements .  

SXBF is  c u r r e n t l y  awa i t i ng  f u r t h e r  drve lopmet~ts  on t h e  t r anspor t a -  
t i o n  market .  One of t n e  reasons  f o r  t h i s  is t h a t  C O G W  announced 
i n  J u l y  of  1977 t h a t  they  p l an  t o  e n t e r  t h e  nuc l ca r  f u e l  t r ana -  
p o r t a t i o n  f i e l d .  I t  is important  t h a t  any t r a n s p o r t a t i o n s  gystem 
which is adopted be compat ib le  wi th  any e x i s t i n g  s tandard  Eurcl- 
pean system. 

9 .3 .2  Scopc _qf: t r a n s p o r t s  

D i f f e r e n t  a l t e r n a t i v e s  have been s t u d i e d  i n  c a l c u l a t i n g  t h e  annu- 
a l  t r a n s p o r t  volume t o  t h e  c e n t r a l  s t o r a g e  f a c i l i t y .  The r e q u i r e d  
number of t r a n s p o r t  ca sks  and t h e  annual  number of shipments by 
s e a  w i l l  depend on t h e  f o l l w i n g  f a c t o r s :  



- Numbez of reactors in operation. - Location of the central storage facility for spent nuclear 
fuel. - Reception capacity of the central storage facility for spent 
nuclear fuel. 

The annual discharge volum in the equilibrium state after ex- 
pansion to 13 reactors will be approxiuately 1 400 fuel elements 
per year, corresponding to approximately 300 tons of uranium per 
year. A transport cask such as Knll, K n 1 7  or the equivalent can 
transport max. 3 tons of nuclear fuel. When a state of equilibri- 
um i~as been attained, i.e. after the fuel acctnnulated at the 
nuclear power plants has been transferred to the central storage 
facility, the number of casks to bd transported each year will be 
approximately 100. 6-8 casks are required for this volume. 

9.3.3 Transportation & sea 
It is assumed that it will be possible to transport spent nuclear 
fuel to the central storage facility by sea. The construction of 
a ship especially adapted for that purpose is considered economi- 
cally justifiable. 

A suitable size for such a ship is approximately 1 000 tons dvt. 
Such a ship can take up to 8 transport casks of the foreseen 
size, e.g. NTL11 or 17, at a time. Avaiable Swedish tonnage in 
this size class is very limited. Moreover, it'is difficult to 
adapt existing ships to the requirements which must be met by a 
ship which is used regularly for the transportation of spent 
nuclear fuel. Existing ships could be chartered for occasional 
transports, but nince fuel will be transported thrcughout most of 
the year, this alternative would be uneconomical in the long run. 

The transport vessel must be equipped with particularly effective 
steering and mooring equipment. Its draught will be iimited to 3- 
L m. vhich means that existing channels and harbours can be used. 
The ship will be designed either for conventional cargo handling 
or for roll-on roll-off. With conventional handling, the cargo is 
lifted directly d m  into holds by means of dock-based cranes. 
This method is used today at the nuclenr power plants. With roll- 
on roll-off handlinu, the trarlsport vehicle - the trailer - can 
drive both onto m d  off of the ships without requiring any lifts 
by harbour cranes. Tho harbours at all of the nuclear power 
plants c m  be adapted for such rational handling. 

The cargo muat be anchored in the transport vessel in such a IMW 
ner that it vill not conr loose in the ever.t of a collision or if 
the ship runs aground. The hold is divided by watertight bulk- 
head8 for added security against sinking. Should the ship never- 
thelerr go to the bottom, it must be easy to locate. It will 
therefore be equipped with some such device as underwater 
transmitter which i3 automatically activated if Lne ship should 
sink. The shipping lanes and channels are shallow enqugh to 
permit salvage of both ship and cargo. 

The hull of the ship must be designed for running through ice. 
But a vecsel of the size in question cannot function as an ice- 
breaker, which means that the assistance of icebreaker will be 
required under difficult ice conditions. 



The time for delivery of a vessel of the type described her8 from 
a Swedish shipyard is currently 1 112 to 2 years. 

9.4 TRANSPORTATION OF VITRIFIED HIGH-LEVEL WASTE 

9.4.1 ' General 

The transportation of the waste cylinders containing the solidi- 
fied high-level waste from European reprocessing plants is handl- 
ed by the reprocessing company or by a transport organization 
contracted by the company. 

The waste cylinders will be transported from the reprocessing 
plant to Sweden in transport casks which are virtually identical 
to those used for spent nuclear fuel. KtLl2 is one of the casks 
which may be used. It can transport up to 6 tons of nuclear fuel 
with a maximum permissible heat flux of 100 kW. Calcuiations 
carried out for this transport cask s h w  that 15 wasce cylinders 
can be transported. The heat flux is thereby 17 kW, 1,hich is far - 
below the values permitted for the cask. The garma ray and neu- 
tron shield is fuliy adequate to satisfy IAEA standards. 

Scope of transports 

After expansion to 13 reactors, the annual volume of fuel dis- 
charged from Swedish nuclear power plants will be about 300 tons 
of uranium, which corresponds to 300 waste cylinders. The ships 
which are used today have a cargo capacity corresponding to 6 
transport casks of type NTL12. A transport ship will thus be able 
to carry a maximum of 90 waste cylinders, corresponding to 3-4 
shipments per year if all nuclear fuel is reprocessed. 





PROTECTION 

The word "protection" is used as a collective term to cover work- 
ing environment, rescue service, radiation protection, physical 
protection and vartime protection. These matters are dealt with 
in greater detail in chapter III:7. Matters of this nature are 
also dealt with in the descriptions of the design and functions 

- - - of facilities and transportation systems. The working environment 
at plants for the reprocessing of nuclear fuel is dealt with in 
section II1:4.1.4. 

WORKING ENVIRONMENT 

The Workers' Protection Act and various other statutes regulate 
matters of occupational hygiene in connection with the design, 
erection and oper~tion of facilities. These matters shall be 
dealt with by ins~ection authorities and employee organizations 
before the facili cie , in question are erected. This report pro- 
vides informatir,n on the nature of the working environme~: issues 
and on how the design and operation of the facilities are affect- 
ed by attention to such matters. 

RESCUE SERVICE 

According to the Fire Protection Act, rescue service activities 
are aimed at minimizing damage to human beings, property or the 
environment in the event of fires, floods or other emergencies. 
Fires can cause severe damage to subsurface facilities, so spci- 
a1 attention m s t  be devoted to fire protection aspects in the 
design of such facilities. Responsibility for such matters in 
Sweden rests vith county and municipal authorities. 

Hatters pertaining to the handling of radioactive waste and occu- 
]~ational hygiene conditinns in connection with work in a radioac- 
tive environment are dealt with bv the National Institute of 
Radiation Protection with the support of the Radiation Prucectior! 
Act. A propoaal has been submitted for certain alterations in the 
legislation. The recornendations of the International Conmission 
on Radiological Frotection (ICRP) comprise the basis for dete;- 
mining permissible radiation doses. . 



Principles and rules for the handling of radiatio~ protection 
matters shall be examined by the National Institute of Radiation 
Prctection. Data on individual doses shall be reported to the in- 
stitute. The precautions which are required to achieve good radi- 
ation protection hygiene in connection vith the transport, handl- 
ing or storage of high-level vaste are not expected to pose any 
particular difficulties. 

10.4 PHYSICAL PROTECIION 

The expression "physical protection" is a collective term for g 
series of safeguards against theft, sabotage and other acts of 
violence. The National Nuclear Power Inspectorate, with the sup- 
port of the Atomic Energy Act, is the inspection authority in 
charge of the physical protection of fissionable material and 
nuclear p w e r  plants. The inspectorate issues directives and re- 
gulations and sugervises and enforces compliance therewith. For 
the police activities vhich may be required in connection with. 
such activities, the Nuclear P w e r  Inspectorate cooperates with 
the National Police Board, which is responsible for keeping sub- 
ordinate agencies upto--date on current.regulations. 

The physical protection safeguards at ~perating nuclear power 
plants are gradually being augmented to comply with the tentative 
regulations issued by the Nuclzar P w e r  Inspectorate. At present, 
there are no corresponding regulations for facilities for the 
treatment and storage of high-level w3ste. These facilities are 
considerably less technically complicated t h ~ n  nuclear paver 
plants and probably of less interest to saboteurs, so the regula- 
tions regarding their physical protection should be simpler. 

In the KBS study, hovever, it has been assumed that the protec- 
tion at such facilities shall be largely equivalent to that at a 
nuclear power plant. This means that physical protection is di- 
vided into three main components: district or peripheral protec- 
tion, shell protection (vhich is provided by robust building 
structures) and special protection for equipment included in vit- 
al safety systems. This last type of prutection may include, for 
example, redundant auxiliary systems or administrative rules for 
authorized entry. 

Physical protection in connection with the transportation of 
nuclear saterial shall comply with the guidelines issued by the 
Nuclear P w e r  Inspectorate and already applied to the transparta- 
tion of spent fuel. 

WARTIME PROTECTION 

The requirement for wartime protection is justified primarily by 
the fact that protection is required against damage vhich vou:d 
lead to the escape of radioactive materials. It has therefore 
been deemed appropriate that the Nuclear P w e r  Inspectorate, in 
consulation vith the Comnanderin-Chief of the Swedish Armed 
Forces and the National Institute of Radiation Protection, issue 
the directives and guidelines which may be considered necessary 
from the viewpoint of wartime protection. However, this question 
has not yet Seen folmally regulated. 



The emplacmnt of facilities for the handling and storage of 
high-level waste in rock permits a solution d'ich adequately sa- 
tisfies the demands for protection against conventional weapons. 
The final repository, with a rock coverage of 500 metres, pro- 
vides adequate protection against nuclear weapons as well. 







SITING ASPECTS 

SITE REQUIREMENTS 

The transportation system comprises a vital link in the handling -- 
chain. Since all Swedish nuclear power plants, as weli as the 
European reprocessing plants in question, are situated on v a r e r  
ways, all long-distance transports are expected to be made by 
sea. Only transports between harbours and plants vill be made by 
land. The transportation system therefore requires access to 
suitable shipping lanes, channels and harbour sites. From the 
viewpoint of tranc;ortation, it is an advantage if the various 
f~cilities can be situated on or near the coast. 

The central fuel storage facility described in chapter 1 : 4  - 
should. in view of the l ? r ~ e  concentration of rndioactive materi- 
al theie, be provided wi thVgood protection against acts of war 
and sabotage. The storage section at least should :herefore be 
situated in an underground rock vault. Site choice is determined 
prir.arily by proximity to the coast, availability of suitabie 
bedrock, possibilities for coordination of manpower resources and 
service facilities with existing facilities and potential for fu- 
ture expansion. 

A preliminary study carried out by PRAV has reconmended Forsmark, 
Oskarshamn and Studsvik as suitable alternative sites. 

The intermediate storage facility for waste cylinders described - 
in chapter 1:6 imposes basically the same site requirements as 
the central storage facility. 

The encapsulation station described in chapter 1:6 can also be - 
located to advsntage in a rock cavern. BI-t in viev of the limited 
quantities of radioactive material which are present in such a 
station at any one time, this should not be made as a require- 
ment. Local conditions and coordination with other plant sections 
sholild determine whether the station is to be located in rock or 
on the surface. In the present study, the encapsulation station 
har been located in a rock cavern adjacent to the ilrtennediate 
store. 

The final ~epository described in chapter 1:8 requires primarily -- 
that the site have a stable bedrock with small and slov ground- 
water movements. Due to limited time and resources, KBS has chos- 
en to restrict its investigations to three area* with somevhat 
different types of bedrock, namely around Forsmark, Oskarshnnm 
and Karlshamn. The studies of the final repository have been 



applied to the geographical and geological conditions existing at 
Finnsjiin near Forsmark. This site was chaven merely to give the 
study some geographical anchorage and is not necessarily more 
advantagecus than other possible sites. Before a decision is made 
regarding the location of the final repository, comprehensive 
studies and investigations should be conducted over a qumber of 
years within possible areas. Existing knowledge of the charac- 
teristics of the bedrock in various parts of Sweden indicate that 
the coastal areas from Uppland to Blekinge contain many sections 
of rock whiclr are well-suited for a final repository. 

ENVIRONMENTAL IMPACT 

The environmental impact of radioactive releases is dealt with in 
chapter I: 13. 

During the construction and operation phases, which partially 
overlap, the following environrental effects are possible: 

- Interference with local residential, comunication and in- 
dustrial structures. - Alteration of the landscape profile. - Noise. 

- Polluting discharges. 

The extent of such impact can be limited by giving preference to 
sites which are of less interest f3r housing and industrial de- 
ve1opmen.t. O n  the other hand, relatively closely situated housing 
accomodations and social sewices will be required for the con- 
s truction personnel during the construction phase, so the dis- 
tance to the nearest comn*~nity should not be too great. 

The landscape profile will be affected not only by the actual 
construction site, but aiso by access roads, power lines, harbour 
facilities etc. as we!l as stockpil~s for surplus materials. If 
srrrplus materials from rockworks are used as backfill or as con- 
crete aggregate or road-building material, the size of suzh 
stockpiles can be limit~d. 

The noise control measures which are required to make the con- 
s:ruction site acceptable from the viewpoint of occupational lry- 
giene can also be assumed to be sufficient from the environmental 

. viewpoint. The same applies to the control of dust from stone 
crushers and material stockpiles. 

Warm ventilation air will be discharged from the intermediate 
storage faci lity and the final repository. But due to rapid 
dilution in the atmosphere, little environmental impact is fore- 
seen. 

7 )  
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In the encapsulation station, certain chemicals say be used for 
cleaning trailsport casks and glass cylinders. These chemicals 
shall be haniled attd disposed of in accordance with rurrent regu- 
lations dnd government directives. Methods for this are knovn and 
have been used previously at nuclear power plants. 



JOINT SITING 

The question of hov different facilities can suitably be jointly 
sited is contingent upon the following factors: 

- Local conditions. - Possibilities for rational coordination of act:vities. - Deadlines for completian of the facilities. - Tine required to ohtain the necessary information through 
studies. 

In principle, the encapsulation station can be located at aTr 
point il l  the c h a i ~  reprocessing - intermediate storage - final repo- 
sitory. One factor in f.lvour of having eircapsulation near the fi- 
nal repository in both time and space is the fact that technical 
developments during the intermediate storage phase can be ex- 
ploited in the final design of the encapsu:ation process. 

Theoretically possible siting alternatives are illustrated in 
fig. 11-1. The following comnents call be made regarding the 
variaus alternatives. 

Alternative 1 

The comprehensive studies and licensins procedures which must 
precede a deciqion on the sitin!: of the firlal repository cannot 
be completed by the time when tlie site of the fuel storage faci- 
lity must be decided. There is therefore no reason to consider 
this a1 ternative. 

dl ternatives 2 and 3 

These alternatives are feasible provided that the site for the 
fuel store is chosen so that space and suitable bedrock is avail- 
able for other required facilities as well. But a1 ternative 3 
should be given priority, sincc there are closer ccnstructional 
and operational ties betveen ericapsulation and final storage than 
between intermediate storage aiid encapsulation. The dates by 
wlrich the various facilities halve to be completed also speak for 
alternative 3. 

Alternative 4 

Tlie present study is based on this alternative for the folloving 
reasons: 

- Good possibilities for raticnal ccordination of service and 
manpover resources. - Only three externa: transport phases. - T h e s i t i n g i s n o t b o u n d  t o t h e  fuel storage facilit! 

One disadvantage is that the decision on the location of the 
final repository must be made at the same time as the site for 
the intermediate storage facility is decided, i.e. at least 15-20 
years earlier than is actually necessary (see T:i4). 



Figurn I I -  I .  hss%le siting plrmrtfvm for the m k m s  forrliticv for the rromge ofspe s fid mi 
mnified *&re 



Alternatives 5 and 6 

These alternatives provide poorer opportunities for coordination 
of resources than the previous altsrnatives, since they require 
the establishment of an additional site. Of the two, alternative 
6 is preferable for the same reasons given for alternatives 2 and 
3. 

This alternative provides the poorest opportunities for coordina- 
tion and the most external transport stages and should therefcre 
be discounted. 

Of the siting alternatives s h m  in fig. 11-1, alternative 4 was 
chosen for presentation given in this report. 

But it is possible that future studies will show that alternative I 

3 is preferable. Activities at the central fuel storage facility 
and the intermediate storage farility for waste cylind?rs are of 
the same character and considerable savings can be nada at an 
early stage by coordinating service facilities at.d perso:mel. 
This will be especially crue if there is little reprocessing of 
Swedish nuclear fuel in the near future. Ir. this case, only a few 
waste cylinders will have to be disposed of in Sweden during an 
initial phase and the seFarate location of an intermediate s t o r  
age facility would be less attractive. 

COORDINATION' WITH FACILITIES FOR OTHER TYPES OF RADIOACTIVE 
WASTE 

In keeping with the provisions of the .~or&litions Act, U S  has on- 
ly dealt with high-level waste from nuclear fuel. Mzthods and fa- 
cilities for disposing of medium- and lorlevel waste are c u r  
rently being srudied by PRAV. In designing the requisite fa- 
ciiities, optimum coordination of the handling of all types of 
radioactive waste should be considered. 





LAWS, STANDARDS, AND GROUNDS FOR 
EVALUATION 

GENERAL 

In general, very stringent safety rules are applied to nuclear 
power activities, as a result of which the risks to human health 
and the environment associated with nuclear power are very low. 
This high level of safety is a direct consequence of the exten- 
sive work on criteria and standards aimed at creating safe de- 
signs and the rigorous radiatioq protection recomnendations for 
plant personnel and the general population issued by the Inter 
national Coamission on Radiological Protection (ICRP), whose 
principles have been accepted in all countries. 

The work of other orgmizations, such as the World Health Orga- 
nization (WHO) and the International Atomic Energy Agency (IAEA), 
as well as national authoritieu, has also contributed towards the 
safe and environmentally hygienic peaceful utilization of nuclear 
power. 

Loss liability in the area of nuclear energy is regulated in most 
western Eueopean countries by the Paris Convention. The Paris 
Convention and its supplementary convention are complemented by 
the Brussels Convention, which regulates less liability associat- 
ed with the transport of nuclear fuel by sea. In Sweden, such 
liability is regulated by the Atomic Liability Act of 1968 (SFS 
1968:45). which places thr 'iabilitv for an atomic accident with 
the plant owner However, t,re plant ovner's liability is limited 
to SKr 50 million per accident. Sums in access of this are paid 
by the State up to SKr 350 million, and after that up to approxi- 
mately SEr 600 million by the states which have ratified the 
Brussels Convention. 

Nuclear activities in Scandinavia must also comply with the N o r  
dic Environmental Protection Convention. This convention was ra- 
tified by Sweden in 1976. 

The dumping of wastes, incl..ling radioactive waste, in the sea is 
regulated by the Lo3don Convention. The Swedish Parliament, how- 
ever, has prohibited the dumping of Svedish radioactive waste at 
sea a1 ogether. 

LAWS AND REGULATlONS 

In Sweden and other co-~ntries, nuclear activities are regulated 
by a number of mutually complementary lavs aimed at ensuring 



safety and protection for plant personnel, the general population 
a~rd the envirunment. The central law within the field of nuclear 
power in Sweden is the Atomic Energy Act (SFS 1956:305), vhich 
requires permission from the Government or an authority appointed 
by the Government for the erection and operation of nuclear power 
plants or plants for the processing of nuclear fuel. 

T ~ Q  supervisory authority designated by the Atomic Energy Act is 
the Swedish Nuclear Power Inspectorate, vhich is responsible for 
such matters as examiaing the safety of nuclear facilities and 
the design of vari~us safety systems. Fissionable material safe- 
guards and permits for the transportation of fissionable material 
also come under the authority of the Inspectorate. 

The Radiation Protection Act contains provisions governing work 
vi ttr ionizing radi ation, among other things. Permission for such 
activities is required from the inspection authority, the Na- 
tional Institute of Radiation Protection. Conditions and direc- 
tives governing such activities are also issued by this authori- 
ty. Matters pertaining to radiation protection in both tlre vork- 
ing environment and the external enviroilmerlt are also regulated 
by the Institute, which issues directives concerning: 

- Maxinnrm permissible occupational doses and the measurement 
and reporting of such doses. - Maximum permissible releases of radioactive substances and 
how such radioactivity is to be measured and reported. - Environmental monitoring with sampling and analyses of 
different types of samples as well as direct measurements. 

Other Svedish lavs which govern nuclear activities are: 

- Environmental Protection Act - Workers' Protection Act - Building Act 
- Emergency Planning Act 

INTERNATIONAL RECOMMENDATIONS 

International organizations such as the International C m i s s i o n  
on Radiological Protection (ICRP), the United Nations' Interna- 
tional Atomic Energy Agencv (IAEA), the World Health Organization 
(WHO) and the OECD's Nuclear Energy Agency (NEA) agree on the 
following fundamental principles: 

- No activity which entails the irradiation of personnel or 
population shall be accepted unless it can be demonstrated 
that its advantages outweigh its disadvantages from the 
viewpoint of society. - The activity must be acceptable with respect to radiation 
risks. - All radiation doses shall be kept within limits uhich are 
regarded as reasonable on the basis of economic and social 
considerations. - No individual shall be subjected to radiation doses which 
exceed the dose limits recomnended by the ICRP, either now 
or in the future. 

The most recently updated edi:im of the ICRP recomwndations 



(12-2) vas published in September of 1977. The intentions of this 
and previous relevant publications from the ICRP served as a 
basis for the w r k  of this project. 

The reconmendotions concerning maximum permissible radiation 
b doses have not been changed. Thue, the folloving limits ar-.';: 

- Radiation dose to personnel in radiological vork, 5 rems per 
year. - Radiation dose to indtviduals in the population, 0.5 rems 
per year. 

The term "veighted vhole-body dose" has been introduced. The 
purpose of this ia to veigh together all doses to different o r  
gans to arrive at a representative vhole-body dose. 

The term "dose comitmnt" has been introduced. By dose comnit- 
ment is meant the sum of the annual radiation dcses vhich are the 
results of releases over one year. This means that the annual ra- 
diation dose in a future postulated state of equilibrium is equal 
to the dose commitment from the releases over a single year. Dose 
commitment can also designate the total dose load from acc'dent.11 
relelses. I 
The term "collective dose" refers to the sum of all of the indi- 
vidual doses vithin a given population. The purpose of setting a 
linit for the collective dose is to limit the future mean dose - 
and thereby the number of injuries - from a fully expanded 
nuclear power industry. . 
SWEDISH RAUIATi3N PROTECTION STANDARDS AND CRITERIA 

Nev regulations goven,ing the release of radioactive substances 
from nuclear power plants vere adopted by the government in 1977 
on the bssis of proposals from the h'ational Institute of Radia- 
tion Protection (i2-3). These regulations vill enter into effect 
in 1981. Trznsitional regulatim's will apply until then. 

Tlie new regulations stipulate limits for vhole-body doses to 
nearby residents and collective doses to the entire population. 
Th* -.slues vhich are specified are: 

- The s~rm ti the veighted vhole-body dose to nearby residents 
should be less than 10 mrems per year. - The global veighted col1ect.i~ dose comitment should be 
less than 0.5 msnrems per year and MU installed electrical 
output (we). 

These limits are considerably more stringent than former limits. 
They have been determined on the basis of an evaluation of what 
is currently the lovest dose load vhich can reasonably be achiev- 
ed. 

If these requirements are fulfilled, acute injuries to any indi- 
vidual vill be entirely eliminated. The safety margin to direct 
health effects is several orders of magnitude. 

The limits stipulated by the new standards aim at minimizing :he 
risk of delayed effects, both somatic and genetic. The reference 



value of 10 mrems per year contributes less than 10X to the 
normal radiation environment. 

The regulations governing releases of radioactivity from nuclear 
power plants also include provisions concerning: 

- Countermeasures in the event of elevated release levels. - Routines for inspection and reporting. - Scope of environmental studies. 

The transport regul-.tions of the International Atomic Energy 
Agency, Regulation for the Safe Transport of Radioactive Materi- 
als ( I A M  Safety Series No. 61, govern the transport of spent 
nuclear fuel and other radioactive material. There are also Swe- 
dish and international rules governing transports via various 
means. The supervisory authorities are the Nuclear Power Inspee- 
torate and the National Institute of Radiation Protection. 

12.5 DESIGN STANDARDS 

-Special rules for nuclear facilities other than nuclear power 
plants - such as central storage facilities for spent fuel, final 
repositories and intermediate storage facilities for high-level 
waste and encapsulated spent fuel - have not yet been issued in 
Sweden. But the general principles established for nuclear pcuer 
plants should also be applicable to the safety measures and the 
evaluation of safety and environmental aspects in these areas. 
Some modifications may be necessary depending on the nature of 
the facilities and processes. General protection principles have 
already been established for the transportation of spent fuel and 
in: the s:orage and treatment of such material. 

Some design standards concerning the storage of spent nuclear 
fuel and radioactive waste have been established in the United 
States as well as in West Germany. These stand~rds apply to 
temporary storage. Standardization work is currently underway in 
these countries concerning the later stages of the nuclear fuel 
cycle, including the final storage of high-level waste. 

In the USA, the Nuclear Regulatory Commission (XRC) is pursuing a 
broadly-based programne aimed at establishing standards and li- 
censing requirements with regard to the location, design and ma-- 
nagement of facilities for radioactive waste. This programne in- 
cludes criteria aimed at ensuring the safety of the environment 
and of the personnel in the handling, transport, storage and 
final disposal of vitrified high-level vaste. The initial 
results of this work are expected to be published during 1978. 
Work is also currently under way on design criteria for storage 
rooms for high-level vaste. These criteria are expected to deal 
with the fol lowing paints: 

- Quality assurance measures for design and constn~ction. 
- Performance requirements for containment barriers. 
- Requirements on nuclear safety. - Compatibility between waste forms and containment media. 
- Protection against mechanical damage. 
- Security requirements. 

These pending licensing requirements in the area of nuclear wasr, 



have been given the working title 10 CFR 60 "Licensing of Radio- 
active Waste Management ~acilities". More detailed desien direc- 
tives in this cannection are expected to be presented by the NRC 
in Xegulatory Guides. 

A more thorough description of the situation concerning stan- 
dardization work in the USA is provided in a KBS report 
112-I/* 8 

12.6 . GROUNDS FOR EVALUATION WITH REGARD TO FINAL STORAGE 

Safety criteria for final storage have not yet been established, 
but work is being pursued in this area in many difierent count- 
ries and in international cooperation. One of the requiremen~s is 
that the long-term environmental load must be acceptablc. 

As regards the final repository, special attention must be paid 
to the ICRP's rule that no individual, either now or in the fu- 
ture, shall receive radiation doses vhich exceed the dose limits 
recommended by the ICRP. The cLrrent linit for individuals is 500 
mrems/year from all activities vhich can give rise to radiation 
with the exception of medical uses of ionizing radiation. On the 
basis ot considerations of uhat is technically feasible and . . 
economically reasonable on the one hand and inproved protection 
o n  the other, national requlations for nuclear power plants have 
been issued uhich stipulate 10-50 n~rems/year for nearby resi- 
dents. 

Thus, the rele~se of radioactive substances from a final reposi- 
tory shail not give rise to more than a fraction of 500 mrems/ 
year and person to nearby residents for all future time. Beyond 
this, the usual rule that all measures which are socially and 
economically acceptable shall be adopted to reduce the dose load 
shall apply. 

In order to protect large population groups against genetic 
effects in the long run, a rule concerning the limitation of 
collective doscs similar to the one which is currently applicable 
to nuclear power plants snould also be applied to waste and fuel 
management facilities. 

111 this connection, Swedeq and the other Nordic countries are 
campaigning for r-he adoption of a rule which would specify a dose 
limit per unit of electrical output for nuclear power as a whole, 
namely 1 manrem/MWe per year (12-41.  Since 0.5 manremme per 
year has been allocated for the operation of nuclear power sta- 
tions, 0.5 manrem/MJe remains for the other parts of the fuel 
cycle, including the final repository. All dose loads during the 
tntire nuclear power era shall thereby be taken into cansidera- 
tion, whereby long-lived elements shall be totalled over 500 
years. In the ease of extrmely longlived radioactive elements, 
the annual r... ,tion doses shall remain low in relation to the 
natural radiation level. Rte choice of a level of 1 manrem/We is 
based on the goal of a maximum of 10 mrems/year and person and 
the assuarption of an average global electrical power production 
from nuclear energy 05 10 kW per person. This greatly exceeds the 
present total paver consumption per inhabitant in the industrial 
countries and entails a larpe safety margin. As a comparison, it 
can be mentioned that electrical power consumption per person is 



highest in Norvay,,with an average of more than 2 kW per year 
(1975). The corresponding figure for Sweden is 1.1 kW. 

MANKIND'S CURRENT RADIATION ENVIRONMENT 

Radioactive elements exist in nature and ionizing radiation from 
these elenents is responsible fur a portion of the natural back- 
ground radiation level. Additional irradiation of nan stems from 
a rlumbcr of different sources, for example from buiiding materi- 
als in residences and from the medical use of radiation. 

The background radiation occurring in nature comes from cosmic 
radiation, radiation from radioactive elements in the bedrock and 
radiation from radioactive elements absorbed in the body. The na- 
tural background radiation level in Sveden is between 70 and i40 
mremslyear (12-5). The body's natural absorption of potassiunr40, 
uranium, thorium and radium along with their daughter products 
givzs an average dose of 20 mremslyear in Sweden. 

The radiation dose from building materials in buildings ~aries 
widely. Radiation doses between 20 and 200 mrads'Iyear in ccnnec- 
:ion with uninterrupted presence indoors for the whole year are 
common (12-6). Values up to 700 mradslyear have been measures as 
external doses (12-7). The weighted internal whole-body dose 
caused by radon in our homes is betwzen 10 and 1 000 mremslyear 
(12-8). Medical irradiation provides an extra annual dose cf 
approximately 40 mrems per person. 

Most ~rodurts in our environment. both natural and manufactured. 
are veakly radioactive. Drinking water in Sweden contains, for 
example, radium-226 at levels which vary between 0.1 and 40 $ill 
(12-9). On the basis of the sane calculating principles used for 
the final repository, this gives doses between 1 and 400 mrems/ 
year. Natural waters also contain uranium at levels which are 
normally between 0.1 and 5 pCi/l, but extreme values of up to 
1 500 $i/l have been measured (12-10). 

The absorbed dose is given in rads, vhile the biologically 
voighted dose is oiven in rem. Except in the case of alpha 
radiation, the rad and rem values are numerically equi- 
valent. 



SAFETY ANALYSIS 

GENERAL 

The h a n d l i n g  c h a i n  f o r  s p e n t  n u c l e a r  f u e l  and v i t r i f i e d  high-  
i e v e l  w a s t e  d e s c r i b e d  iz c h a p t e r s  3  t o  9 h a s  been t h o r o u g h l y  ana- 
l y z e d  a s  r e g a r d s  s a f e g u a r d s  a g a i n s t  t h e  d i s p e r s a l  o f  r a d i o a c t i v e  
s u b s t a n c e s .  The emphasis  h a s  been p l a c e d  on t h o s e  p r o c e s s e s  which 
a r e  i n t e n d c d  t o  b e  c a r r i e d  o u t  i n  Sweden. R e p r o c e s s i n g  and v i t l i -  
f i c a t i o n  w i l l  be  done a b r o a d ,  and t h e s e  s t a g e s  have n o t  been ana- 
lyzed  i n  d e t a i l  bv t h e  p r o j e c t .  For  a l l  of t h e  o t h e r  p r o c e s s e s ,  
i n c l u d i n g  a l l  t r a n s p o r t  o p e r a t i o n s ,  a n  a n a l y s i s  h a s  been c a r r i e d  
o u t  i n  an a t t e m p t  t o  a s s e s s  t h e  normal r e l e a s e s  of r a d i o a c t i v e  
s u b s t a n c e s  which might o c c u r  and t h e  p r o b a b i l i t y  and cJnsequences  
o f  r e l e a s e s  i n  c o n n e c t i o n  w i t h  a c c i d e n t s .  

F i n a l  s t o r a g e  h a s  been ana lyzed  w i t h  r e s p e c t  t o  t h e  d i f f e r e n t  
phenomena which can c o n t r i b u t e  towards t h e  s low d i s p e r s a l  of ra -  
d i o a c t i v e  s u b s t a n c e s .  The p o s s i b i l i t i e s  of v a r i o u s  extreme e v e n t s  
i n  c o n n e c t i o n  w i t h  f i n a l  s t o r a g e  have been surveyed .  

I n  o r d e r  t o  p r o v i d e  a b a s i s  f o r  d e t e r m i n i n g  whether  h a n d l i n g  and 
f i n a l  s t o r a g e  c a n  be  e f f e c t e d  i n  an a b s o l u t e l y  s a f e  manner, a  
comparison i s  made w i t h  t h e  grounds f o r  e v a l u a t i o n  d e s c r i b e d  i n  
c h a p t e r  12. 

T h i s  c h a p t e r  summarizer t h e  d e t a i l e d  r e p o r t  on t h e  s a f e t y  ana- 
l y s i s  which is s c b m i t t e d  i n  voluhne I V .  

13.2 SAFETY IN CONNECTION WlTH HANDLING, STORAGE AND 
TRANSPORTATION 

13.2.1 H a q d l i n g  s t a g e s  and methods 

S a f e t y  i n  c o n n e c t i o n  w i t h  t h e  h a n d l i n g ,  s t o r a g e  and t r a n r p o r t a -  
t i o n  of  spet~t f u e l  and v i t r i f i e d  h i g h - l e v e l  w a s t e  i s  d e s c r i b e d  i n  
a  b r i e f  summary. A more d e t a i l e d  t r e a t m e n t  i s  p r o v i d e d  i n  c h a p t e r  
1-4: &. 

The f o l l w i n g  h a n d l i n g  s t a g e s  a r e  d e a l t  w i t h  ( s e e  f i g u r e  13-1): 

- T r a n s p o r t a t i o n  of s p e n t  f u e l  e l e m e n t s  from t h e  r e a c t o r  s t a -  
t i o n  t o  a  c e n t r a l  s t o r a g e  f a c i l i t y .  - R e c e p t i o n  and s t o r a g e  i n  t h e  c e n t r a l  s t o r a g e  f a c i l i t y  f o r  1 0  
y e a r s .  - D i s c h a r g e  of s p e n t  f u e l  from t h e  c e n t r a l  s t o r a g e  f a c i l i t y  
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and tr~nsportation to a foreign plant for reprocessing, 
where the high-level waste is vitrifie?. - Transportation of vitrified wasze hack to domestic intern- 
diate storage facility. - S:nrage of waste for 30 years in intermediate storage faci- 
lity. - Encapsulation of vitrified waste in canisters of titanium 
and lead. - Deposition of the encapsulated waste in a rock repository 
approx. 500 m dobn in the bedrock. 

Personnel and the environment may be subjected to radiation in 
connection with both normal operation and incidents. Shielding 
and other normal radiation protection measures shall be institut- 
ed and implemented to such an extent that dose loads are limited 
in compliance with the ..- !comnendations and requirements of tlre 
ECRP and the National Institute of Radiation Protection. Protec- 
tion fcr personnel engaged in the operatiln and maintenance ~f 
the facilities is dealt with in chapter III:?. 

In the safety analysis, various safety precautions have been 
studied and normal radioactive releases have been evaluated. The 
analysis 3f accidents or failures has dealt vith failures which 
can damage one or mare of the barriers which qrotect against the 
escape of radioactive substances. 



The f a i l u r e  a n a l y s i s  a u s e s s e s  t he  r e l e a s e  of r a d i o a c t i v e  sub- 
s t a n c e s  i n  connec t i on  v i t h  v a r i o u s  f a i l u r e s  and z c c i d e n t s  and t he  
p r o b a b i l i t y  t h a t  such i n a d v e r t e n t  r e l e a s e s  v i l l  o ccu r .  

The r a d i o l o g i c a l  cohseqrlences a r e  d e s c r i b e d  i n ,  t he  form of  t he  
i n d i v i d u a l  dose  f o r  t h e  most-exposed p o p ~ l l a t i o n  group and t h e  
c o l l e c t i v e  dose  cormitment. vh i ch  is a  meaa~ l r r  of t he  long-term 
dose  load on t h e  popu l a t i on .  

Adverse envi ronmenta l  e f f e c t s  due t o  a c c i d e n t s  a t  p l a n t s  and 
d u r i n g  t r a n s p o r t a t i o n  and from r,ormal r e l e a s e s  a r e  judged t o  be 
much l e s s  s e r i o u s  than  i n  t he  c a s e  of n u c l e a r  pover  p l a n t s .  bo th  
a s  r e g a r d s  ? r o o a b i l i t y  and consequences. This  is due t o  tlie f a c t  
t h a t  p r e s s u r e  and tempera ture  a r e  l o v e r  and t h a t  t he  r a d i o a c t i v e  
subs ta i rces  a r e  c o n s t a n t l y  encased  and i s o l a t e d  from the  et iviron-  
ment. The chances  of 3 sudJen and 1 i e . i ~  r e l e a s e  of r a d i o a c t i v e  
s u b s t a n c e s  ; re  n i l 1  o r  n e g i i g i h l e .  Furthermore,  such e v e n t s  de- 
v e l o p  much more s l w l v  and . ~ l l o v  m)re tine f o r  countermeasures. 

13.2.2 R a d i o a c t i v e s u b s t a n c e s  in  s p e n t  f u e l  

I m d i a t e l y  a f  t e r  re;rctor  shutdown, pover  g e n e r a t i o n  i n  t h e  fu-1 
e iements  d e c l i n e s  s t ia rp ly ,  h u t  some h e a t  ron t inr les  t o  h c  gene- 
r a t e d  a s  a  r e s u l t  o f  t he  decay of t he  r a d i c . i r t i \ ~ e  e lements  formed 
d u r i n g  r e a c t o r  ope ra t i on .  One minute a f t e r  s h r l t d m .  Iic.it genera-  
t i o n  ha s  dropped t o  52 of o p e r a t i n g  ou tpu t  and ther. r n n t i n u e s  t n  
decrs2ase r a p i d l y .  A f t e r  a  month, i t  i; around 0.1.'. R . l d ih~ac t i v i t y  
d e c l i n e s  a t  roughly t he  same pace.  

Trs11sporta:ion of spen t  f u e l  from the  r e a c t o r  t o  a  r e n t r a l  s t o r -  
ape F a c i l i t y  t a k e s  p l a c e  a t  the  e a r l i e s t  6 months a f t e r  d i s r h a r g e  
and normal ly  even l a t e r .  The c a l r u l a t i o n s  i n  the  s a f e t y  a n a l y s i s  
a r e  based on t he  t r a n s p o r t  of c n e - y e a r o l d  f u e l  t o  the  c e n t r a l  
s t o r a g e  f a c i l i t y .  

In t he  t r a n s p o r t  s a f e t y  a n a l y s i s ,  c e s i u n r l 3 6  and cesium-137 a r e  
t h e  main sou rce s  of r a d i a t i o n  dose s  i n  t h e  event  of a  f a i l u r e .  
Hcvever, t h e  on ly  r a d i o a c t i v i t y  vh i ch  is a v a i l a b l e  f o r  l eakage  i s  
t h a t  which ha s  been r e l e a s e d  from t h e  ceramic firel and has  accu- 
mutated i n  c a v i t i e s  i - 7 ide  :he c -mning .  Th i s  p o r t i o n  lias been 
assumed t o  be 12 f o r  cesium, which a v a i l a b l e  i n fo rma t ion  i nd i -  
c a t e s  i s  on t h e  p e s s i m i s t i c  s i d e .  Burn up ha s  been assumed t o  be 
33 000 m d / t o n  uranium. 

13.1.3 C e n t r a l  s t q r a g e  f a c i l i t y  f o r  s p e n t  f u e l  

The s a f e t y  a n a l y s i s  va s  c a r r i e d  o u t  f o r  t he  type  of  c e n t r a l  s t o r  
ape f a c i l i t y  f o r  spen t  n u c l e a r  f u e l  vh i ch  i s  d e s c r i b e d  i n  a  pre-  
l im ina ry  s t u d y  conducted by PRAV. C e r t a i n  m o d i f i c a t i o n s  may be  
made i n  t h e  f o l l o r u p  s t u d y  vh i ch  is  c u r r e n t l y  be ing  conducted 
w i t h i n  SKBF. 

The f a c i l i t y  is des igned  w i t h  a  s p e c i a l  emphasis on: 

- Keeping t h e  dose load on t h e  personnel  3s l w  a s  p o s s i b l e .  - Preven t i ng  t h e  r e l e a s e  of r a d i o a c t i v e  subs t ances  vh i ch  could  
e scape  t c  t h e  environment .  



The r a d i o l o g i c a l  s a f e t y  of t he  personnel  is guaranteed by a num- 
b e r  of safeguards ,  such a s :  

- Amply dimensioned r a d i a t i o n  s h i e l d s  i n  the  f o m  of e.8. con- 
c r e t e  w a l l s  and wa te r  b a r r i e r s .  - Monitoring ins t ruments  f o r  checking d i r e c t  r a d i a t i o n  and 
a i r b o r n e  a c t i v i t y .  - Remote c o n t r o l  of a c t i v e  components and systems. - Doae m n i t o r i n g  of personnel .  

The s t o r a g e  pools  a r e  loca ted  underground v i t h  a 30 m rock colter, 
which p r0v id . s  t he  s t o r e d  f u e l  v i t h  an e f f e c t i v e  b a r r i e r  a g a i n s t  
e x t e r n a l  forces .  

The v e n t i l a t i o n  systems a r e  s i z e d  t o  guarantee  accep tab le  tempe- 
r a t u r e  and humidity. The a r e a s  f o r  f u e l  d i scha rge  and o t h e r  a rean  
where the re  is a r i s k  f o r  a i l b o r n e  r a d i o a c t i v i t y  a r e  maintained 
a t  a  l o v e r  p re s su re  than the  surrounding p a r t s  of t he  b u i l d i n g .  
Radioact ive  subs tances  a r e  c o l l e c t e d  i n  f i l t e r s  be fo re  t h e  v e n t i -  
l a t i o n  a i r  i s  disch-.rged t o  the  atmosphere. 

TF,e s t o r a g e  pools  w i l l  be designed as f ree-s tanding th ick-wal led  
u n i t s  l i n e d  wi th  s t a i n l e s s  s t e e l .  The e x t e r n a l  v a l l s  of t he  con- 
c r e t e  s t r u c t u r e  a r e  a c c e s s i b l e  f o r  i n spec t ion  and any leakage can 
be d i v e r t e ?  v i a  c o l l e c t i o n  duc t s  behind the  welded j o i n t s  i n  t h e  
s t a i n l e s s  s t e e l  p l a t e  and c o l l e c t e d  i n  a  dra inage  system. This  
permi ts  leakage t o  he de t ec t ed  a t  an e a r l y  stago.  

The pools  do not  have any l o r \ e v r l  p ipe  connections.  This  pre-  
ven t s  i nadxe r t en t  emptying of the  pools.  The cool in^ system i s  
designed t o r  mainta in ing the  water  temperature a t  25-30°C nor- 
mally and below 50°C i n  the  event of i s o l a t e d  component f a i l u r e s .  
I f  e x t e r n e l  coo l ing  should f a i l  completely,  d e s p i t e  redundant 
components and a  back-up power system, the temperature of t h e  
v a t e r  i n  the  pool w i l l  r i s e .  If no cotmtermeasures a r e  adopted,  
i t  w i l l  take  more than a week b e t o r e  the  pools reach the  b o i l i n g  
p o i n t .  But the  f u e l  can be cooled by aake-up feed,  so  the  f u e l  
w i l l  not  be damaged due to  exposure. 

The c o n f i g u r a t i o n  of t he  f u e l  i n  the  tanks  has  been analyzed f o r  
c r i t i c a l i t y .  The c a l c u l a t i o n s  s h w  a  good s a f e t y  margin t o  c r i t i -  
c a l i t y ,  evep f o r  u n i r r a d i a t e d  fue l .  I t  i s  improbable t h a t  t he  
f u e l  w i l l  be  r e d i s t r i b u t e d  due t o  an acc iden t  t o  a  conf igu ra t ion  
vhich  possesses h ighe r  r e a c t i v i t y  than the normal s t o r a g e  conf i -  
gu ra t ion .  S ince  the  f u e l  in  the c e n t r a l  s to rage  f a c i l i t y  i s  
s p e n t ,  t h e r e  : s  no r i s k  f o r  a  c r i t i c a l  conf igura t ion .  

I n  o r d e r  t o  m ; n ~ o i z e  the  f i n  hazard,  t he  f a c i l i t y  is d iv ided in- 
t o  f i r e  c e l l s  and equipped v i t h  an automat ic  f i r e  alarm system, 
Ei re  v e n t i l a t i o n  and f i r e  ex t ingu i sh ing  equipment adap:ed t o  t h e  
n a t u r e  of t h e  d i f f e r e n t  a r eas .  The f i r e  load is lw throughout.  

The r i s k  of rock c o l l a p s e  can be a l imina ted  by m a n s  of conven- 
t i o n a l  cons t ruc t ion  m t h o d s ,  such a s  rock reinforcement.  

The 70-113 ton  cask f o r  ;pent f u e l  is t r anspor t ed  from t h e  har-  
bour t o  t h e  r ecep t ion  r e c t i o n  on a  t r a i l e r  towed by a  t r a c t o r  ve- 
h i c l e .  I n  o r d e r  t o  retluce t h e  r i s k  of t r a n s p o r t  acc iden t s ,  t r ans -  
p o r t  speed has been l i n i t e d  t o  10 kmlh. The grade i n  the  tunne l  
i s  a  maximum of 1:10 .nd long s t r a i g h t a v a y s  have been avoided. 



The t r anspor t  cask is wvod hor izon ta l ly  v i t h i n  the  recept ion 
s e c t i o n  by means of an overhead crane over a  re inforced f l o o r  
sec t ion .  Where v e r t i c a l  movements a r e  required,  l i f t i n g  heights  
a r e  l imi ted a s  f a r  a s  poss ib le  and the  overhead cranes ark 
equipped v i t h  extensive s a f e t y  devices.  

, 

Many years  of experience has been gained i n  the s torage cf  spent 
f u e l  i n  v a t e r  pools. There is normally a m  small leakage of 
r a d i o a c t i v i t y  from the fue l  t o  the water i n  the pool. This is 
disposed of by c leaning c i r c u i t s  i n  the  same vay a s  i n  nuclear  
power p lan t s .  Small q u a n t i t i e s  of krypton-85 and tr i t im are  en- 
t r a ined  i n  the  v e n t i l a t i o n  a i t  and re leased t o  tl.2 atmosphere. 
Traces of iodine  and p a r t i c u l a t e = a c t i v i t g  may a l s o  be re leased t o  
t h e  atmosphere. But most remains i n  the water and i s  co l l ec ted  by 
the  ion-exchangers i n  the c leaning c i r c u i t s .  

Normal r e l e a s e s  of r a d i o a c t i v i t y  t o  the environment a r e  very 
small and give  r i s e  t o  i n s i g n i f i c a n t  r a d i a t i o n  doses t o  nearby 
res ident8  (on the  order of 0.0001 reos/year) .  

The c e n t r a l  s torage f a c i l i t y  has been designed t o  reduce the  pro- 
b a b i l i t y  of major f a i l u r e s  t o  r very low leve l .  The acc iden t s  
which could never theless  conceivably occur a r e  r e s t r i c t e d  t o  m i -  
nor  inc iden t s  v i t h  moderate r e l eases  of a c t i v i t y .  

The following accidents  have been analyzed v i t h  respect  t o  conse- 
quences and p robab i l i ty :  

- Transport  cask dropped - Fuel c a s s e t t e  o r  o the r  ob jec t  is dropped - Fuel element i s  dropped 

These accidents  would e n t a i l  a  r e l e a s e  of max. 4 000 C i  krypton- 
85, which gives r ad ia t ion  doses l e s s  then 0.1 mill irem. The pro- 
b a b i l i t y  of the maximan re leases  has been estimated t o  be about 
0.0004 per  y ra r .  

A c e n t r a l  s to rage  f a c i l i t y  f o r  spent nuclear  fuel  thus e n t a i l s  
n e g l i g i b l e  r ad ia t ion  r i s k s  to  the  environment. 

13.2.4 T r a n s p o r t a t i m  of spent f u e l  and v i t r i f i e d ,  high-level v a s t e  

A desc r ip t ion  of the  t r anspor ta t ion  system is provided ia chapter  
I:9. Type B conta iners  a r e  used f o r  the t r anspor t s .  These con- 
t a i n e r s  comply v i t h  the  ru les  i ssued by the U E A  ( In te rna t iona l  
Atomic Energy Agency i n  Vienna) f o r  design,  const ruct ion and 
t e s t i n g .  The aim of these  r u l e s  i s  t o  ensure t h a t  the  t r anspor t  
cask f o r  the  r ad ioac t ivz  ma te r i a l  is designed to  provide s u f f i -  
cie?.t s e c u r i t y  aga ins t  the escape cf  radioactive substances a s  a  
r e 3 u l t  of accidents .  The i n t e n t i o n  is t h a t  a l l  t r anspor t s  s h a l l  
be poss ib le  v i t h  the use of conventional,  general ly  a v a i l a b l e  ve- 
h i c l e s  and without any spec ia l  r a d i a t i o n  su rve i l l ance .  The r u l e s  
the re fo re  p resc r ibe  the  following ca tegor ica l  t e s t s ,  which a r e  
designed t o  s imulate  a  se r ious  accident :  

- F a l l  from 9 m onto a  hard, f l a t  surface .  - F a l l  from 1 m onto a  s o l i d  s t e e l  cy l inder  with a diameter of 
15 cm. 



- Heat ing  f o r  30 minutes  t o  8 0 0 ~ ~ .  - Imners ion  i n  w a t e r  a t  a depth  of  15 rn f o r  e hours .  

The f i r s t  t h r e e  t e s t s  s h a l l  be c a r r i e d  a u t  i n  sequence on t n e  
same cask.  The cask  s h a l l  p a s s  t h e s e  t e s t s  w i thou t  any leakage .  
S p e c i f i e d  reqr~i re rncnts  a r e  a l s o  made on r a d i a t i o n  s h i e l d i n g  and 
coo l i ng .  

The c a s k  s h a l l  be handled i n  accordance  w i t h  d e t a i l e d  i n s t r u c -  
t i o n s .  T r a n s p o r t s  o u t s i d e  of  t h e  p l a n t  a r e a  must be  r e g i s t e r e d  
w i t h  and approved by t h e  a u t h o r i t i e s  i n  t h e  concsrned c o u n t r i e s  . 
i n  advance. 

S a f e t y  can  be f u r t h e r  enhanced by t h e  use  of special ly-made 
s h i p s .  The s h i p  wh;cn is planned f o r  t h e  purpose  s h a l l  be  equip-  
ped w i t h  s p e c i a l  sa fe ty-enhanc ing  equipment:  

- Reinforcnment  f o r  t r a v e l  th.-ougb ice .  - Moni tor ing  equipment f o r  r a d i a t i o n .  - Carbon d i o x i d e  system f o r  f i r e  e x t i n g u i s h i n g .  - Automatic  s p r i n k l e r  =ystem. - Device f o r  t r a c k i n g  a f t e r  s i n k i n g .  - E x t r a  c o m u n i c s t i o n  equipment. 

O b s e r v a t i o ~ s  a f t e t  a c t u a l  t r a n s p o r t  a c c i d e n t s  a s  v e i l  a s  s p e c i a l  
f u l l - s c a l e  c o l l i s i o n  t e s t s  shnw t h a t  t he  ca sks  can a c t u a l l y  wi th-  
s t a n d  g r e a t e r  s t r e s s e s  th.m those  s p e c i f i e d  i n  t h e  t e s t i n g  d i r e c -  
t i v e s .  But i n  o r d e r  t o  i n v e s t i g a t e  t h e  p o t e n t i a l  envi ronmenta l  
consequences o f  v a r i o u s  t r an spo lL  a c c i d e n t s  2nd f a i l u r z s .  i t  ha9 
been ass -~med t h a t  t h e  ca sks  can be damaged i n  r a r e  c a se s .  

There  a r e  t h r e e  d i f f e r e n t  t ypes  of  t r a n s p o r t s  between p l a n t s :  

- T r a n s p o r t a t i o n  of  f u e l  e lements  from the  r e a c t o r  s t 3 t i o n  t o  . 
t h e  c e n t r a l  s t o r a g e  f a c i l i t y .  - T r a n s p o r t a t i o n  of f u e l  e lements  from t h e  c e n t r a l  s t 5 r a g e  fa -  
c i l i t y  t o  a  f c r e i g n  r e p r o c e s s i n g  p l a n t .  - T r a n s p o r t a t i o n  of  v i t r i f i e d  was t e  from a  f o r e i g n  r ep roce s s -  
i n g  p l a n t  t o  a  Swedish i n t e r m e d i a t e  s t o r a g e  f a c i l i t y .  

Tlie t ypes  o f  a c c i d e n t s  and f a i l u r e s  which have been cons ide r ed  
a r e :  

1  The t t a n s p o r t  cask  is dropped i n  connec t i on  v i t h  l o a d i n g  o r  
un loading .  

? The s h i p  runs  aground o r  s i n k s .  
3 Sh ip  c o l l i s i o n .  
4 Long - l a s t i ng  f i l e  onboard. 
5 C o l l i s i o n  and f i r e  onboard. 
6 T r a i l e r  c o l l i s r o n  v i t h  and v i t h o u t  f i r e .  

The most sewre c a s e  is a  s l l i p  c o l l i s i o n  w i t h  f i r e  onboard. The 
o rob ability o f  such an a c c i d e n t  h a s  been c a l c u l a t e d  t o  .be 
3 x 10-6 p e r  y e a r  ( t h r e e  such ac:ider.ts eve ry  m i l l i o n  y e a r s ) .  
Some cesium and krypton-85 could  t hen  be r e l e a s e d .  The maximum 
c o l l e c t i v e  dose t o  t h e  p o p u l a t i o n  i n  t h e  even t  of such an a c c i -  
d e n t  h a s  Seen  c a l c u l a t e d  t o  be about  30 000 manrems. This  assumes 
t h a t  t h e  a c c i d e n t  t a k e s  p l a c e  n e a r  a  major  c i t y .  Thus, t h e  pro- 
b a b i l i t y  o f  t h i s  wors t  consequence is cons ide r ab ly  lower t han  t h o  
a c t u a l  average  v a l u e  g iven  f o r  c h i s  t ype  of a c c i d e n t .  



The safety analysis shovs that transport of spent nucleal fuel 
entails very small r i s ~ s  for the escape of radioactive substanc- 
es. Even in the event of such an improbable event occuring, the 
consequtances of any release of radioactive substances vould be 
slight. 

i3.2.5 Intermediate storage, encapsulation and, deposition of vitrified 
vaste 

The intermediate storage facility is designed on th2 basis of ex- 
periences from the Marcoule plant in France. Design criteria si- 
milar to those for the central fuel s t ~ r a g e  facility have been 
used. Safety requirements played an inportant role in determing- 
ing the design of the plant. 

The emplacement of the i n t e m d i a t e  storage facility in rock pro- 
vides good protection against axternal forces, acts oC var etc. 

The vaste cylinders are thoroughly decontaminated from surface 
activity but must be radiation-shielded in order to permit hand- 
ling. The concentration of radioactive vaste in the glass is 
approx. 9%. The waste has cooled for about 10 years before it is 
transferred to the intermediate store. As a result, heat flux has 
declined to about 1.2 kW/cylinder. lhe vaste cylinders arrive 
protected by tne transport cask. The valste rylinrlers are handled 
in closed rooms vith thick radiation-shielding valls, constant 
underpressure and instrumental monitoring. 

Transfer casks vith built-in radiation shielding are used to move 
the vaste cylinders. They are handled by overhead cranes and the 
cylinders are transported very close to the floor. The most ivr 
portant safety precaution is to min8.ain cooling of the storage 
section. Norrally, cooling is provided by tvo fans connected in 
parallel. A third Can can be turned on when needed. There is also 
a fourth fan on the surface. A diesel generator provides an aux- 
iliary pover supply. Normally, :he exhaust ~ i r  temperature is 
about 80'~. If one fan fails, the back-up fan is automatically 
switched on. m e n  only one fan is used for cooling, the tempera- 
ture rises to about 113'~ after 40 kours. If all fans should fail 
in an extreme case, a by-pass duct with an automatic damper p e r  
mits air to circulate vith n n t u ~ a l  convertion. The temperature 
then rises to max. 340°c, which is attained after 40 hours. This 
does not lead to any release of activity. 

The steel casing around the glass body is carefully cleaned d u r  
ing fabrication and all haiidling of waste cylinders is performed 
under dry conditions, so the risk for surface contamination is 
small. Since the vaste is incorpcrated in the glass, which is in 
turn enclosed in tightly welded cylinders, no radioactivity is 
released during the stor.lge period. Ten years of experience in 
the storage of high-level glass is available from Marcoule plant 
in France. During this tim., no radioactivity has been detected 
in the ventilation filters. 

The probability of failures in the plant has been limited by de- 
sign precautions. Ovsrheating to such high temperatures that vo- 
latile nuclides are vapourited does not occur even in the event 
of a total cooling failure as described above. The probability of 



damage due t o  f i r e  is reduced by a low f i r e  load and adequate 
f i r e  p ro tec t ion .  

The possibility of mechanical damages vhich could lead t o  the  re- 
l e a s e  of a i rborne  a c t i v i t y  i s  d e e a d  t o  be non-existent .  

A f t e r  approximstely 30 years  of s to rage ,  t he  waste c y l i n d e r s  a r e  
l i f t e d  up ou t  of t h e i r  s t o r a g e  p o s i t i o n s  and t r a n s f e r r e d  i n  a ' 
t r a n s f e r  cask ro  a c e l l  f o r  enc ipsu la t ion .  The encapsu la t ion  sec- 
t i o n  con ta ins  a number of work and inspec t ion  s t a t i o n s  i n  a r ad i -  
a t ion-shie lded c e l l .  A lead  s h e l l  v i t h  a t i t an ium cas ing  is plac- 
ed over  the  cy l inde r  and l ead  is poured i n t o  the  space betveen 
t h e  s h e l l  and the  s t e e l  cas ing  around the  g la s s .  T h e  c a n i s t e r  is 
then sea led  wi th  a t i t an ium l i d  which is t i g h t l y  welded. The en- 
c a p s u l a t i o n  procedure is c a r r i e d  out  i n  its e n t i r e t y  by means of 
remote con t ro l .  The encapsula ted  waste is l i f t e d  i n t o  a t r a n s f e r  
cask which is t r a n s f e r r e d  on a wagon t o  the  r e p o s i t o r y ' s  e l e v a t o r  
s h a f t .  

The e l e v a t o r  which c a r r i e s  the  encapsulated waste down t o  the  f i -  
n a l  r epos i to ry  is equipped with a t  l e a s t  tvo independent brake 
systems and the  h o i s t  cables  can c a r r y  10 times the  des ign load.  
I f  an e l e v a t o r  should f a i l .  t he  f a l l  w i l l  be damped by the  water  
pool a t  t k e  bottom of t h e  h o i s t  s h a f t .  Even i f  the  c a n i s t e r  
should be damaged, the  g l a s s  cannot s h a t t e r  i n t o  p a r t i c l e s  of 
such smal l  s i z e  t h a t  they can become a i rborne .  

13.3 RADIOACTIVE SUBSTANCES IN HIGH-LEVEL WASTE CLASS 

13.3.1 General  

The core  of a l ight -water  r e a c t o r  con ta ins  uranium f u e l  i n  the  
form of uranium dioxide  enclosed i n  "cans" made of a zirconium 
a l l o y  (nuc lea r  f u e l ) .  The amount of uranium i n  a r e a c t o r  co re  va- 
r i e s  wi th  the  s i z e  and type of the  r eac to r .  The Swedish r e a c t o r s  
have cores  which conta in  between 70 and 126 met r i c  tons of urani -  
um. A b o i l i n g  water r e a c t o r  (BUR) has  a love r  power d e n s i t y  and a 
l a r g e r  q u a n t i t y  of f u e l  a t  a given s i z e  than a p res su r i zed  water  
r e a c t o r  (PWR). The nuc lea r  f u e l  is g redua l ly  replaced i n  connec- 
t i o n  wi th  the  annual shut-downs f o r  f u e l  replacement and o t h e r  
maintenance. Each f u e l  element is i r r a d i a t e d  between 3 and 5 
yea r s  be fo re  i t  achieves f u l l  burnu?. This is 25 000 - 2 8  OOC me- 
gawatt-days pe r  ton  uranium (HWd/tU) f o r  BURS and 31 000 - 35 000 
Wd/tU f o r  PWRs. The t y p i c a l  composition of the  spent  f u e l  i s  
s p e c i f i e d  i n  s e c t i o n  2.1.1. 

During the  burnup of the  uranium f a e l ,  r ad ioac t ive  waste  is 
c r e a t e d  by nuc lea r  f i s s i o n ,  vhich produces f i s s i o n  products ,  and 
by neutron capture ,  which produces a c t i v a t i o n  products.  The most 
important  a c t i v a t i o n  products  i n  the  f u e l  a r e  elements which a r e  
heav ie r  than uranium - t he  transuranium elements -- neptunium 
(Np:, plutonium (Pu), a m r i c i u m  ( A d ,  curium (Cm) e t c .  Other ac- 
t i v a t i o n  products  a r e  formed in  the  cans and s t r u c t u r a l  contpo- 
nents .  These l a t t e r  a c t i v a t i o n  products  c o n s t i t u t e  m d i w l c v e l  
waste  and a r e  not  d iscussed f u r t h e r  here.  

The high-le-.el waste  obta ined from the  reprocess ing of the  spent  
f u e l  con ta ins  most of a l l  the  f i s s i o n  products  p lus  a l l  of t h e  



t ransuranium elements except  fo r  plutonium and small  r e s i d u a l  
q u a n t i t i e s  of uranium and plutonium. Reprocessing and v i t r i f i c a -  
t i o n  of t h e  high-level  v a s t e  has been desc r ibed  i n  chap te r  5. I n  
r ep roces s ing ,  c e r t a i n  gaseous f i s s i o n  products  a r e  s epa ra t ed ,  
mainly krypto-85 and iodine-129, but  a l l  o t h e r s  a r e  p r e s e n t  i n  
t he  high-level  waste. 

13.3.2 Compositinn of high- level  waste 

A s  was mentioned above, t h e  v i t r i f i e d  h igh- level  waste con ta ins  
almost  a l l  of t he  f i s s i o n  products  aqd t ransuranium elements ex- 
c e p t  f o r  plutonilnn. The r e s i d u a l  q u a n t i t i e s  of uranium and p lu tn-  
nium l e f t  i n  t h e  v a s t e  g l a s s  may vary  depending on the  t-jpe and 
bumup of t h e  f u e l  and on the  d e t a i l e d  n a t u r e  of t he  r ep roces s ing  
process.  J u s t  a s  i n  t he  Aka C o w i t t e e  r e p o r t  (13-11, i t  has been 
assumed t h a t  0.1% of t he  uranium and 0.5% of t he  plutonium i n  t h e  
spen t  f v e l  w i l l  be p re sen t  i n  the high-level  waste.  

Recent French f i n d i n g s  i n d i c a t e  t h a t  the  uranium con ten t  can be 
expected t o  correspond t o  approximately 0.2% of the  o r i g i n a l  ura- 
nium and th-  plutonium con ten t  t o  about 0.15% of t he  o r i g i n a l  
plutonium. A s  noted i n  chap te r  N:3,  doubl ing  the  uranium con ten t  
l eads  t o  an i n s i g n i f i c a n t  i n c r e a s e  i a  c a l c u l a t e d  a c t i * i t y  d i spe r -  
s a l ,  v h i l e  a  r educ t ion  of the plutonium con ten t  t~ 30% l e a d s  t o  a 
cons ide rab le  r educ t ion  of a c t i v i t y  d i s p e r s a l .  

I t  should be noted t h a t  s e p a r a t i o n  of plutonium from uranium and 
t h e  p r e c i p i t a t i o n  and convers ion  of these  elements e n t a i l  f u r t h e r  
l o s s e s  of uranium and plutonium. These l o s t  q u a n t i t i e s  a r e  pre- 
sc!nt i n  t h e  l a r  and medium-level v s s t e  and a r e  normally s l i g h t l y  
g r e a t e r  than  the  q u a n t i t i e s  i n  t h e  h igh- level  waste.  According t o  
g J a r a n t e e s  f r m  the  r ep roces s ing  company, t o t a l  l o s s e s  v i l l  no t  
exceed 3% plutonium and 2% uranium. I .wer l o s s e s  have been ob- 
t a i n e d  i n  o p e r a t i n g  p l an t s .  

The most important  f i s s i o n  p roduc t s  i n  t he  high-level  was te  a s  
f a r  a s  f i n a l  s t o r a g e  is concerned a r e  those  v i t h  long and ve ry  
long ha l f - l i ve s .  The f o l l w i n g  t a b l e  g ives  t he  h a l f - l i v e s  of t h e  
important  nucl ides .  

Nuclide H a l f - l i f e  

hydrogen-3 ( t r i t i u m )  +) 

s e l e n i w 7 9  
krypto-85+) 
s t r o n t i ~ 9 0  
z i r c o n i w 9 3  
t echne t iua r99  
antimony-126 
iodine-129+) 
cesi-135 
c e s i u a r l 3 7  

12.3 y e a r s  
65 000 y e a r s  
10.8 yea r s  
28.1 yea r s  
1.5 millim y e a r s  
210 000 y e a r s  
100 000 y e a r s  
17  m i  l l i c n  y e a r s  
3 m i l l i o n  years 
30.0 yea r s  

+) t r i t i u m ,  krypton  and iod ine  a r e  removed i n  connect ion  wi th  
reprocess ing .  However, it has  been assumed i n  t h e  s a f e t y  
a n a l y s i s  t h a t  1% nf the  i o d i n e 1 2 9  is p re sen t  i n  t h e  v i t r i -  
f i e d  waste.  



Nuclide Halflife 

prometiurn147 2.62 years 
samarium-151 87 years 
europium-154 16 years 

Of the nuclides listed in the table, s:rontium-90 and cesium-137 
are the most important for evaluating safety during the first 500 
to 1 000 years of final storage. For very long-term safety, tech- 
netium99, iodine-129 and cesi-135 are of safety interest. 

The residuzl quantities of uranium and plutonium, the other 
transuranics and the decay products of these elements comprise 
the heavy nuclides. The waste contains a hundred or so different 
heavy nl~clides. A detailed list of these is provided in volume 
IV, chapter 3. The follcwinq table gives the heavy nuclides which 
are most important for evaluating the safety of the final reposi- 
tory. 

Nuclide Hal f-life Parent nuclide 

7 650 yearn 
433 years 
14.6 years 
6 760 years 
24 000 years 
89 years 
?.I3 million ears americiunr241 
4 510 mil lion years 
710 million years 
247 000 years piutonium-238, 

uranium-238 
lb2 000 years neptunim237 
80 000 years uranium-234 
7 300 years uranii~m-233 
1 600 years thorium-230 

The column headed "parent nuclide" indicates that the nuclide in 
question is formad by radioactive decay of the parent nuclide. 
Thus, successive decay of plutoniunr241 leads to the formation of 
americium-241, neptuniunr237, uranium233 and thorim229. 

The activity of radioactive elements in curies per ton uranium as 
a function of time is illustrated in figure 13-2. The unit "curie 
per ton of uranium" is roughly the same as curie per waste cylin- 
der in this case. 

TSe fission products cesium137 and strontiurrr90 heavily dominate 
during the first 100 years. Technetium99 then dominates among 
the beta-emitting fission products for over a million years, af- 
:er which it is follwed by cesiiml35. Of the alpha-emitting 
i ~ e a v y  nuclides, americium241 and -243 dominate in the beginning, 
fc!loued by a period of plutonium239 dominance and fina!ly tho- 
rium-229 dominance. Since alpha-radiation is more dangerous than 
beta-radiation on a per-curie basis, the toxicity of the waste 
after approximately ?00 years will be determined primarily by the 
latter heavy nuclides. 

Tre quantities give in figure 13-2 ap?ly for i'UR fuel vhich has 



703 

lo' 

lo1 

lo0 

lo- 

co-' 

lo- ' 
1 co lo' loa cd' co5 l o  co7 

1 inm aftar dl- from 
-, larl 

Fiffrrrr 13-2. R a A n ~ t i v e  rlrments in h.'filevel wsre .  Ir is assumed thcrr rrpnrrssiq takm p k c  
rrn y a m  after disrharge O /  the sprnt ficl f n m  the -tor. 

been r e p r o c e s s e d  t e n  y e a r s  a f t e r  f u l l  burnub h a s  b e ~ n  a c h e i v e d  
and t h e  f u e l  h a s  been d i s c h a r g e d  from t h e  r e a c t o r .  T h i s  :iw is 
o f  some impor tance  f o r  t h e  a c t i v i t y  o f  t h e  h i g h - l e v e l  v a s t e .  Plu-  
t o n i u m 2 6 1 ,  v h i c h  is a  b e t a - e m i t t e r ,  decays  w i t h  a  h a l f - l i f e  o f  
14.6 y e a r s  t o  anericium-261. The l o n g e r  t h e  w a i t  f o r  r e p r o c e s s -  
i n g ,  t h e  m r e  of  t h i s  n u c l i d e  v i l l  be  p r e s e n t  i n  t h e  w a s t e .  I f  
t h e  v a s t e  is o n l y  s t o r e d  f o r  t h r e e  y e a r s  b e f o r e  r c p r o c e c s i n g ,  t h e  
amount of  a m e r i c i u m 2 4 1  g i v e n  i n  f i g u r e  13-2 w i l l  c ' ec rease  t o  
a b o u t  40%. I f  3 m ~ c h  lor-ger  t ime p a s s e s  b e f o r e  r e p r o c e s s i n g ,  t h e  
amount >f a m e r i c i ~ r i r 2 4 1  w i l l  i n c r e a s e  t o  r o u g h l y  double  t h e  v a l ~ o  
g i v e n  i n  t h e  f i g u r e .  The d a u g h t e r  n u c l i d e  n e p t u n i u w 2 3 7  i s  n o t  a s  
g r e a t l y  a f f e c t e d ,  s i n c e  , s i g n i f i c a n t  p o r t i o n  o f  t h i s  n r rc l ide  i s  
formed d i r e c t l y  i n  t h e  r e a c t o r  . ~ i a  o t h e r  n u c l e a r  r e a c t i o n s .  

The amount of  p lu ton ium formed i n  BUR f u e l  is somewhat lower than  
i n  t h e  c a s e  o f  PWR f u e l ,  and t h e  p o r t i c n  of  h e m y  n u c l i d e s  is 
somewhat lower  f o r  t h e  same amount of  f i s s i o n  p r o d u c t s .  

I t  has been assumed th roughout  t h e  s a f e t y  a n a l y s i s  t h a t  t h e  high-  



l e v e l  waste comes from PIJR f u e l  which has been reprocessed t e n  
r e a r s  f o l l w i n g  discharge  from :he r e a c t o r  and i r r a d i a t e d  t o  
33 000 Wd/tU. 

13.3.3 Decay h e a t  i n  high-level  waste  

F igure  13-3 shows the  decay hea t  i n  spent  f u e l  and high-level 
v a s t e  obta ined from reprocess ing a f t e r  NO and ten  y e a r s ,  respec- 
t i v e l y .  The decay hea t  is given i n  v a t t s  per  ton uranium, which 
is equ iva len t  t o  v a t t s  pe r  v a s t e  cy l inde r  f o r  the h igh- l eve l  
vas t e .  The curves a r e  p l o t t e d  f o r  a r e s idua l  uranium l e v e l  of 
0.5 Z, bu t  the  o t h e r  parameters a r e  the  same a s  i n  the  , &eceeding 
sec t ion .  

13.4 SAFEIT IN CONNECTION WITH FINAL STORAGE 

13.4.1 General background 

In c r d e r  t o  achieve a s a f e  f i n a l  s t o r a g e  of the  high-level v a s t e ,  
t h e  r ad ioac t ive  substances  a r e  enclosed i n  a number of consecu- 
t i v e  b a r r i e r s  : 

- chemical bonding t o  the  l o r s o l u b l e  b o r o s i l i c a t e  g l a s s  
- encapsula t ion of the  g la s s  in  a number of metal cas ings  - s t o r a g e  of th?  encapsulared v a s t e  cy l inde r s  i n  good rock a t  

a depth of 5CO m. 

Fprc 13-3. k a y  h a t  in s p n t  frtd and h t g b l d  m t e  jiwn przarriral ware raatw. 

1 -  

T i m  .fnr d i c h r p .  hocn 
-,ycr, 

I - 
I 

1 0 m lam 

I 
I 1 1 I 



Each one of t h e s e  b a r r i e r s  provides p r o t e c t i o n  a g a i n s t  d i s p e r s a l .  
But each one possesses  d i f f e r e n t  p r o t e c t i v e  p r o p e r t i e s  and there- 
by a l s o  d i f f e r e n t  p r o t e c t i v e  func t ions  which both r e i n f o r c e  and 
complement one another.  

In  the  f i n a l  r epos i to ry ,  t he  waste c y l i n d e r s  a r e  deposi ted  i n  
boreholes  on the  f l o o r  of the tunnel .  A b u f f e r  mass between the  
c a n i s t e r  and t h e  rock keeps the  waste cy l inde r  f ixed  i n  p o s i t i o n .  
Escape and d i s p e r s a l  of the  r ad ioac t ive  subs tances  is a l s o  re- 
ta rded by s o r p t i o n  e f f e c t s  i n  the  b u f f e r  mass and i n  t i s s u r e s  i n  
t h e  rock i n  the  even: the  r a d i o a c t i v e  subs tances  should p e n e t r a t e  
through the  i n n e r  b a r r i e r s .  

Requirements on i s o l a t i o n  of t he  r ad ioac t ive  subs tances  diminish 
a s  t h e i r  r a d i o a c t i v i t y  decays. Only a  combination of flowing wa- 
t e r  and pene t r a t ed  b a r r i e r s  can lead  t o  a  d i s p e r s a l  of radioac- 
t i v e  subs tances  from the  f i n a l  r epos i to ry .  

A d i s t i n c t i o n  can be made between: 

- Slow processes .  
- Extreme even t s  which lead  t o  sudden d i s p e r s a l  of r a d i o a ~ r i v e  

subs tances .  

Slow d i s p e r s a l  of t he  r a d i o a c t i v e  subs tances  i s  discussed in  de- 
t a i l  i n  volume IV, chap te r  6, s o  only  a b r i e f  summary w i l l  be 
provided here.  The p r o b a b i l i t y  of extreme events  bhich  c4n break 
thrnugh the  rock b a r r i e r  and cause rapid  d i spe r sa l  of the radio- 
a c t i v e  subs tances  is extremely low. The most important  ca ses  and 
consequences thereof a r e  d iscussed i n  xrolume IV, chapter  7 ,  and 
summarized here.  

13.4.2 Fac to r s  involved i n  the  s ! w  d i s p e r s a l  of r ad ioac t ive  suhs tances  

Thn? a n a l y s i s  of t he  slow d i s p e r s a l  of r ad ioac t ive  subs tances  en- 
t a i l s  a s e r i e s  of c a l c u l a t i o n s  p e r t a i n i n g  t o  var ious  phenomena. 
In  o rde r  f o r  the  r e s u l t s  of the f i n a l  calcu1a:ion t o  r e f l e c t  t he  
most unfavourable s i t u a t i o n  which can be pos tu l a t ed ,  the  a s s u q -  
t i o n s  and d a t a  used i n  the  va r ious  s t a g e s  of the  c a l c u l a t i o n  must 
be chosen wi th  a  ccns ide rab le  margin of s a f e t y .  A s  more r e l i a b l e  
d a t a  become a v a i l a b l e ,  these  margins can be reduced. In the  ana- 
l y s i s  repor ted  he re ,  a  s e r i e s  of l a r g e  s a f e t y  margins have been 
s tacked on top  of each o the r .  The ca l cu la t ed  f i n a l  r e s u l t  there-  
f o r e  provides  a  p i c t u r e  which is probably s e v e r a l  o rde r s  of mag- 
n i t u d e  l e s s  favourable  than what might a c t u a l l y  be the case .  

In o rde r  f o r  t h e  s l o v  d i s p e r s a l  of r ad ioac t ive  subs tances  t o  be 
p o s s i b l e  a t  a l l ,  t he  ine t a l l i c  c a n i s t e r s  around the g l a s s  bodies  
must be damaged i.3 such a  way t h a t  water  comes i n t o  con tac t  wi th  
the  waste g l a s s .  I f  t h i s  happens, a  s l o v  leaching of t he  g l a s s  
begins.  

C a n i s t e r  damage 

Two cases  of c a n i s t e r  damage have been s tud ied  i n  the  s a f e t y  ana- 
l y s i s :  a )  a  c a n i s t e r  is  damaged a t  the  time crf depos i t i on ,  and 
b) t he  c a n i s t e r  is slowly corroded. 



The m e t a l l i c  c a n i s t e r s  bi  11 b e  f a b r i c a t e d  under  v e r y  r i g o r o u s  
q u a l i t y  c o n t r o l .  The c a n i s t e r s  w i l l  a l s o  b e  i n s p e c t e d  a f i c r  fab-  
r i c a t i o n  f o r  b o t h  l e a k a g e  and weld f laws .  

I n  t h e  i n d u s t r i a l  f a b r i c a t i o n  o f  m e t a l l i c  components u n d e r  h i g h  
s t a n d a r d s  o f  q u a l i t y  c o n t r o l ,  d e f e c t  f r e q u e n c i e s  on t h e  o r d e r  o f  
1 i n  10 000 t o  1  i n  100 000  have been  ach ieved .  The c a n i s t e r  i n  
q v e s t i o n  is made i n  t h r e e  m e t a l l i c  l a y e r s  - s t a i n l e s s  steel,  l e a d  
and  t i t a n i u m .  T h i s  s h o u l d  even  f u r t h e r  reduce  t h e  f r e q u e n c y  o f  
damages which c o m p l e t e l y  p e n e t r a t e  t h e  c a n i s t e r .  Tile p r o h a b i l i t y  
o f  i n i t i a l  c a n i s t e r  damage is t h e r e f o r e  judged t o  b e  c o n s i d e r a b l y  
lower  t h a n  1 p e r  10 000 c a n i s t e r s .  The t o t a l  number of  c a n i s t e r s  
w i l l  b e  a p p r o x i m a t e l y  10 000. 

One r e f e r e n c e  c a s e  which is s t u d i e d  i s  a  damaged c a n i s t e r  i n  t h e  
f i n a l  r e p o s i t o r y .  T h i s  s i n g l e  w a s t e  body is d e a l t  w i t h  i n  t h e  
a n a l y s i s  a s  i f  i t  were u n e n c a p s u l a t e d  and t h e  e n t i r e  g l a s s  s u r -  
f a c e  were a c c e s s i b l e  f o r  l e a c h i n g .  T h i s  c a s e  is t h e r e f o r e  a l s o  
e q u i v a l e n t  t o  damage t o  a  number o f  c a n i s t e r s  w i t h  o n l y  p a r t  o f  
t h e  g l a s s  s u r f a c e  exposed.  Cases i n v o l v i n g  more than  one o r  two 
i n i t i a l l y  damaged c a n i s t e r s  a r e  deemed t o  b e  s o  improbable  t h a t  
t h e y  d o  n o t  have t o  be  c o n s i d e r e d .  

The e n c a p s u l a t i o n  m a t e r i a l s  have  been s e l e c t e d  w i t h  t h e  i n t e n t i o n  
o f  a c h i e v i n g  v e r y  good d u r a b i l i t y  and s e r v i c e  l i f e  u n d e r  t h e  pre-  
v a i l i n g  c o n d i t i o n s .  The p r o p e r t i e s  of t h e  c a n i s t e r  m a t e r i a l s  a r e  
d e a l t  w i t h  i n  s e c t i o n  6.3. The q u e s t i o n  qf  t h e  s e r v i c e  l i f e  o f  
t h e  c a n i s t e r  is a l s o  d i s c u s s e d  i n  a r e p o r t  i s s u e d  by t h e  Swedish 
C o r r o s i o n  Research  I n s t i t u t e  ( K T )  and a  s p e c i ~ l l y  a ~ p o i n t e d  re- 
f e r e n c e  group. 

Some o f  t h e  members of  t h i s  r e f e r e n c e  group e s t i m a t e d  t h e  per i . ,d  
o f  t ime  d u r i n g  which t h e  c a n i s t e r  i s  c o m p l e t e l y  i n t a c t  t o  b e  a t  
l e a s t  1  000 y e a r s ,  w h i l e  o t h e r ?  e s t i n r a t e d  i t s  l i f e  t o  be  a t  l e a s t  
500 y e a r s .  

I t  is c l e a r  from t h e  KI r e p o r t  t h a t  t h e s e  e s t i m a t d s  asslime t h a t  
l o c a l  c - t r r o s i o n  c o u l d  b e  d e t e r m i n i n g  f o r  * h e  t ime d u r i n g  which a  
c a n i s t e r  is c o m p l e t e l y  i n t a c t .  However, l o c a l  p e n e t r a t i o n s  of t h e  
c a n i s t e r  a f t e r  1  000 ( o r  500) y e a r s  do n o t  n e c e s s a r i l y  mean t h a t  
t h e  g l a s s  body i n  i t s  e n t i r e t y  is exposed t o  t h e  g roundwater  and 
i t s  l e a c h i n g  a c t i o n .  

I t  was n o t  p o s s i b l e  t o  p e r f o r m  a  s y s t e m a t i c  a n a l y s i s  o f  hov  long  
a  tine i t  c a n  be  e x p e c t e d  t o  t a k e  b e f o r e  t h e  e n t ; r e  g l a s s  body is  
exposed a f t e r  t h e  c a p s u l e  h a s  been breached .  C o n s i d e r i n g  t h e  t i m e  
i t  t a k e s  f o r  t h e  a e n e r a l  c o r r o s i o n  of t i t a n i u m  and t h e  c o r r o s i o n  
r a t e  f o r  l e a d  i n  r e l a t i o n  t o  t h e  t o t a l  amount of  l e a d  i n  e a c h  
c a n i s t e r ,  i t  would p r o b a b l y  t a k e  t a n s  of  thousands  o r  hundreds  o f  
thousands  o f  y e a r s .  Hovever, i n  l i e u  of more p r e c i s e  d a t a ,  i t  is 
n e c e s s a r y  t o  make a n  a n a l y s i s  on t h e  b a s i s  of h y p o t h e t i c a l  c a s e s  
which c a n  b e  r e g a r d e d  a s  b e i n g  more u n f a v o u r a b l e  t h a n  a c t u a l  
c a s e s  i r  o r d e r  t o  b e  on t h e  s a f e  s i d e .  

A s  a  r e f e r e n c e  c a s e ,  i t  i ,as  been assumed t h a t  t h e  c a n i s t e r s  a r e  
b roken  dovn g r a d u a l l y  d u r i n g  t h e  p e r i o d  from 1  000 t o  6 000 y e a r s  
f o l l o w i n g  t h e  cornencement  of f i n a l  s t o r a g e .  

C a l c u l a t i o n s  show t h a t  i t  i s  r e l a t i v e l y  i n s i g n i f i c a n t  f o r  t h e  
o v e r a l l  r i s k  a s s e s s m e n t  w h e t h e r  t h e  s e r v i c e  l i f e  of  t h e  c a n i s t e r  



i s  t aken  t o  b e  a t  l e a s t  500 y e a r s  o r  a t  l e a s t  1  000 y e a r s  ( s e e  
c h a p t e r  IV:6.9. $1. 

Glas s  l e a c h i n g  

I f  wa t e r  comes i n t o  c o n t a c t  w i th  t h e  was t e  % l a s s ,  a  very  s low 
l each ing  of t h e  subs t ances  i n  t h e  g l a s s  t ake s  p l ace .  The l e a c h i n g  
r a t e  depends on a  irrrmber of f a c t o r s ,  t h e  most impor tan t  o f  which 
i s  t h e  compos i t ion  and tempera:ure of t he  g l a s s ,  t he  s u r f a c e  a r e a  
w i th  whici! tile wa t e r  comes i n t o  c o n t a c t  and t he  wa t e r  f low r a t e .  
O the r  f a c t o r s  which can be of importance a r e  chemical  c o n d i t i o n s  
and changes i n  t h e  s t r u c t u r e  of t he  g l a s s  due t o  i o n i z i n g  rndin-  
t i o n  from r a d i o a c t i v e  s u b s t a n c e s  o r  due t o  v a r i a t i o n s  i n  t h e  fab- 
r i c a t i o n  of t h e  g l a s s .  (See a l s o  s e c t i o n s  5.4 and I\':6.3). 

Expcrimental  s r u d i c s  i n  France  have e s t a b l  i d l e d  a  l e ach ing  r a t e  
o f  2  x  IU-7 p e r  cm2 and day a t  a  t empera ture  of  2 5 ' ~  f o r  t y p i c a l  
was t e  g l a s s  pi.oduced by t he  French method. At a  tempera ture  - f; 
70°C. t h i s  l each  r a t e  i n c r e a s e s  by 3 f a c t o r  of 10, and a t  100 C 
b y - a  f a c t o r  of 35. The tempera ture  of  t h e  was te  g l a s s  r e aches  a  
maximum uf zbout  _OOC and d e c l i n e s  a f t e r  2  ,400 y e a r s  t o  about  
30 '~ .  

The geome t r i c  s u r f a c e  a r e a  of a  v a s t e  body is  about  2  m2. How- 
e v e r ,  c r a c k s  nay  form du r ing  t he  manuEacture and hand l i ng  of t h e  
g l a s s .  As a  r e s u l t ,  tlrc s u r f a c e  a r e a  which is t h e o r e t i c a l l y  
a c c e s s i b l e  t o  wa t e r  is g r e a t e r  than t he  geomet r ic  s u r f a c e  a r e a .  
Xormallq, t h e  s u r f a c e  a r e a  is  i n c r e a s e d  by a  f a c t o r  of about  2-3, 
bu t  i n  unfavourable  c a s e s ,  s u r f a c e  en la rzement  may be by n f a c t o r  
o f  10. A s  an average  va lue  f o r  t h e  l e ach ing  s u r f a c e ,  10 m2 p e r  
g l a s s  body has  been used i n  t h e  s a f e t y  a n a l y s i s  - i . e .  5  t imes  
t h e  geomet r ic  s u r f a c e  a r e a .  

Using t h e s e  v a l u e s  f o r  l eached  s u r f a c e s  and 1eachi"g r a t e .  a  
leached f r a c t i o r  of  1.7 x (17 m i l l i o n t h s )  per  y e a r  and g l a s s  
body weighing approx. 420 kg i s  ob t a ined .  This  would r e s u l t  i n  a  
ccnpl t l t e  d i s s o l u r i o n  of  t he  g l a s s  a f t e r  about  60 000 y e a r s  Issum- 
i ng  t h a t  t he  d i s s o l v e d  weight  p e r  y e a r  remains unchanged. In  t h e  
c a l c u l a t i o n s  which havo been c a r r i e d  ou t  f o r  one of  t he  r e f e r e n c e  
c a s e s ,  a  g l a s s  l e ach rng  pe r i od  of 30 000 yea r s  ha s  been used .  

During t h e  f i r s t  153-200 years a f t e r  comenced  f i n a l  s t o r a g e ,  t h e  
t empe ra tu r e  of  t h e  g l a s s  is  c o n s i d e r a b l y  h ighe r  than  25 '~ .  A 
g l a s s  l e ach ing  time of 3 000 y e a r s  i s  t h e r e f o r e  used f o r  t h e  c a s e  
i nvo lv ing  an i n i t i a l l y  damaged c a n i s t e r .  

A t  f i n a l  s t o r a g e ,  t h e  c a n i s t e r  is emplaced, packed i n  a  b u f f e r  
mass, i n  rock through which t he  v a t e r  f low r a t e  i s  very  low. Geo- 
l o g i c a l  s t u d i e s  have shown t h a t  0.1-0.2 l i t r e s  p e r  m2 and y e a r  i s  
p robab l e .  I n  such an environment ,  t he  l e ach ing  r a t e  w i l l  be l i -  
mi ted  by t h e  v a t e r  supply .  Th i s  makes i t  d i f f i c u l t  t o  c a r r y  ou t  a  
p r e c i s e  a n a l y s i s  of t h e  leakage  of  r a d i o a c t i v e  s u b s t a n c e s  from 
t h e  g l a s s .  P r e l im ina ry  e s i i m a t e s  i n d i c a t e  l e ach ing  r a t e s  vh i ch  
a r e  on ly  abcu t  1% of t hose  given above. 

T r a n s i i  t ime f o r  d i s s o l v e d  subs t ances  

The t r a i l s i t  t ime of t h e  r a d i o a c t i v e  e lements  through t he  rock 



from the final repository to the biosphere is dependent upon two 
factors. One factor is the time it takes Por the water to flov 
from the final reposit:ry to the primary recipient. This time 
varies widely depending on local conditions and the properties of 
the rock in question. Age determinations of groundwater indicate 
flow times of several thousand years from a suitably located 
final repository. To be on the safe side, a transit time for the 
groundwater nf 400 years in impervious rock has been used in the 
ca1cula:ions carried out for tbe safety analysis. (See section 
7.4.) 

The second factor which dztemines the transit time for the ra- 
dioactive elentents is the retardation effect obtained through 
chemical reactions betveen these elements and the buffer material 
and the rock material. Different t7pes of chemical reactions 
occur, mainly ion-exchange processes, ion absorption, reversible 
precipitation and mineralization. These processes time under the 
general heading of sorption. 

Mineralization and precipitation are the most favourable process- 
es from the viewpoint of safety. They iead to very low residual 
levels in the groundwater and effective retardation of the radio- 
active elements. It can be assumed on good grounds chat many of 
the eleinents in the vast? participate in mineralization and pre- 
cipitation reactions - for example cesium (mineralization) and 
prctactiniilhi and americium (precipitation). 

However, sorption has been treated purely as an ion-exchange pro- 
cess in the calculations of the transit tine for radioactive ele- 
ments. As a result, the magnitude of the retardation has been un- 
derestimated. The retardatian is described in the calculations by 
means of a retardation factor which is defined as the ratiz he- 
tween the flov velocity of the water and the transport velocity 
of the element in question. 

The retardation factors can be calculated on the basis of chemi- 
cal equilibrium constants vhich have been detemined experimen- 
tally. Within the projecf, such determinations have been carried 
out for various elements in contact with the groundwater and the 
buffer material (10% bentonite and 90% quartz sand) or grznite. 
Comparisons have been made with fareign measurements. The follow- 
ing table gives the retardation factors for the most important 
elements in the waste, both for impervious rock with a permeabi- 
lit of 10-9 m/s and for pervious rock with a pemability of S 10- m/s. 

Retardation factors for certain radioactive elements 

Element Impewious rock Pervious rock 

Strontium 
Zirconium 
Technetium 
Iodine 
Cesium 
Radium 
Thorium 
Uranium 

- Neptunium 



Element Impervious rock Pervioua rock 

Plutonium 
Americium 

A retardation frctor of I m a n s  that the element migrates at the 
same rate aa water, while a retardation factor of 700 m a n s  that 
it takes 700 times as long for the element to move the same dist- 
ance as the water. The given retardation factors are mean values 
Different Cractions of the dissolved quantity of a given element 
dill have l o n ~ e r  or shorter retardation periods. This is taken 
into account in the calculations. 

The retardation factor for strontium ir! pervious rock (permeabi- 
lity appro*. lY5 m/s) given in the table has been c o n f i m d  by 
means of field tests conducted at Studsvik. 

The retardation oC the elements radium. thorium. urani~rm, neptu- 
nium, plutoni~m and americium is of great i w r t a n c e  for the 
long-range safety of the final repository. Thc values of the re- 
tardation factors for nepturiium and plutonium used in the calcu- 
lations are probably toa low by at least a factor of 10 (see 
chapter IV: 6.5). 

Primary recipient 

Escape of the radioactive elements through the various barriers 
(canister, buffer material, rock) can eventually lead to contact 
vith the biosphere. Since the elements are dispersed with the 
groundwater, such contact is achieved primarily in a receiving 
body of vater. 

nrree main cases of primary recipients have been studied: 

- deep-drilled well close to the final repository - lake close to the final repository - Baltic Sea 

These main cases aye i l  lustrated &hematically in figure 13-4. 

The annual leached quantities of radioactive elements vhich reach 
the primary recipient will be diluted in a relatively large vol- 
ume of water. In the case of the well, this has been calculated 
to be 500 000 rn3 and in the case of the lake 25 million m3. Ihe 
calcu!ations are based on the local -ofiditions at Lake Finnsjiin 
near Forsmark. These conditions are judged to be relatively un- 
favourable in the case of the well, but representative for a 
larger number of sites in the case of the lake. (See section 
7.0.1.) 

When the radioactive elements have reached the biosphere via the 
primary recipients. they can rea-h nan in basically two differ~nt 
vaye. -.a elements can be ingested into the body either through 
food and vater or through inhalation. As long as they remain in 
the body. they can give rise to so-called "internel irradiation". 
Knowledge concerning the transport and enrichment of the radioac- 
tive substances in the food chains is therefore of great import- 
ance for being able to calculate the dose load on man. 
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Human beings c3n also be irradiated by radioactive elements out- 
side of the bodv - "external irradiation". Figure 13-5 illustrat- 
es some of the paths through which radioactive elements in our 
environment can reach man. In order to establish tlie dose load, 
tlre radiation doses from inhalation and from the consumption c.f 
water and food have been calcul~ted. Irradiation doses trom the 
handling of fishing tackle and from ground deposits and water, 
for example in connection with bxthing, have also been calculat- 
ed. 

X matter of primary interest is to establish which individuals 
may receive the highest radiation doscs. These pergons can be 
identified cn the basis of the occupation, diet, living condi- 
tions etc. If tlris information is combined with knowledge regard- 
ing where, the radioactive substances from the final repository 
may reach the biospirere, the so-ca!led "critical groups" can be 
identified. 

F@rr 13-5. hrhs  of humn cxpt~urr  in rhr h x r l  msysrmr 



From t h e  t h r e e  w t f  lw ; u i n t s  - v e l l s ,  l a k e a  and t h e  B a l t i c  Sea - t h e  r a d i o a c t i v e  s u b s t a n c e s  d i s p e r s e  i n t o  t h e  l o c a l  ecosystem. 
I n  t h e  model v h i c h  i s  used i n  t h e  s a f e t y  a n a l y s i s ,  t h i s  i s  assum- 
ed  t o  compr i se  0.25 k i 2  of a g r i c u l t u r a l  land p l u s  a  smal l  l akd  
such  a s  Lake F inns j i jn  n e a r  Forsmark o r  Lake Ciitemaren n o r t h  o f  
Oskarshamn. I r r i g a t i o n  i n  t h e  a r e a  employs w e l l  v a t e r  o r  l a k e  
w a t e r  a t  t h e  r a t e  o f  about  200 l i t r e s  p e r  day. I t  is  assumed t h a t  
t h e  same s u p p l i e s  a r e  used  f o r  bo th  i r r i g a t i o n  and d r i n k i n g  
v a t e r .  

The r a d i o a c t i v e  e l e m e n t s  v h i c h  e n t e r  t h e  l o c a l  ecosys tem accumu- 
l a t e  i n  t h e  s u r f a c e  l a y e r  of t h e  ground. They a r e  t r a n s p o r t e d  
f i r s t  by t h e  gro i lndva te r  and then  by t h e  s u r f a r e  r u n o f f .  HN f a s t  
t h e  e1en:ents c r n  e n t e r  i n t o  t h e  n a t u r a l  v a t e r  c v c l e  depends on 
t h e  s o r p t i o n  p r o p e r t i e s  of t h e  ground. Exposure has  bcen c a l c u -  
l a t e d  on t h e  h a s i s  of  t h e  a c t i v i t y  which r e a c h e s  t h e  l o c a l  eco- 
sys tem v i a  i r r i g a t i o n  and t h e  a c t i v i t y  l e v e l  d i c h  i s  o b t a i n e d  
th rough  long-tprm accumula t ion  i n  t h e  ground. 

In  t h e  c a s e  v h e r c  t h e  o u t f l o w  is  i n t o  t h e  B a l t i c  Sea ,  t h e  c r i t i -  
c a l  g roups  i n  t h e  c o a s t a l  zone a r e  exposed th rou2h  s e a  w a t e r ,  se-  
diment  and f i s h .  The ecosys tem i s  a  2 km wide and 30 kin long 
c o a s t a l  s e c t i o n  v h c r e  t h e  r a d i o a c t i v e  sv lbs tanres  from t h e  rock 
' e p o s i t o r y  e n t e r  t h e  B a l t i c  Sea. From t h e  l o c a l  ecosys tem,  t h e y  
a r e  f u r t h e r  d i s p e r s e d  t o  , > t h e r  p a r t s  of t h e  b i o s p h e r ~ .  h w  t h i s  
happens is d e s c r i b e d  i n  vo1u:ne IV, c h a p t e r  6.7.  

1 3 . 4 .  3  Consequences o f  t h e  s l w  d i s p e r s a l  of r a d i o a c t i v e  e ? e m n t s  

Thp conaeqrcences of  a  s l o v  d i s p e r s a l  of t h e  r a d i o a c t i v e  e l e m e n t s  
have been ana lysed  f o r  t h e  f o l l o v i n g  c a s e :  

- t h e  e n c a p s u l a t i o n  on t h e  v a s t 2  c o n t a i n e r s  is p e n e t r a t e d  a f -  
t e r  1  000 y e a r s  and a l l  w a s t e  g l a s s  b o d i e s  a r e  c o m p l e t e l y  
exposed t o  t h e  ~ r o u n d v a t e r  a f t e r  a n o t h e r  5  000 y e a r s  - t h e  g l a s s  is leached a t  a  r a t e  which l e a d s  t o  compl r te  
d i s s o l u t i o n  i n  -30 000 y e a r s  

- t h e  t r . ? n s i t  t ime of  t h e  w a t e r  i n  impervioris rock from t h e  
f i n a l  r ~ p o s i t o r y  t o  t h e  b i o s p h e r e  i s  400 y e a r s  - a s  t h e  r a d i o a c t i v e  s u b s t a n c e s  p a s s  th rough  t h e  rock ,  t h e y  
a r e  r e t a r d e d  i n  t h e  manner d e s c r i b e d  above. 

These presump:ions e n t a i l  a  number of  c o n s e r v a t i v e  a2sumptions 
v h i c h  l e a d  t o  a n  o v e r e s t i m a t i o r i  of t h e  c a l c u l a t e d  r a d i a t i n n  d o s e s .  

The h i g h e s t  r a d i a t i o n  dose i n  rems t o  a  human b e i n g  o v e r  a  30- 
y e a r  p e r i o d  h a s  been c a l c u l a t e d  a s  a f u n c t i o n  ~ f  t h e  t ime from 
t h e  s t a r t  of  f i n a l  s t o r a g e .  The p e r i o d  of 30 y e a r s  was chosen i n  
a c c o r d a n c e  v i t h  the common p r a c t i c e  of c o u n t i n g  t h i s  p e r i o d  a s  
one  g e n e r a t i o n  and s i n c e  o n l y  r e l a t i v e l y  s m a l l  r a d i a t i o n  d o s e s  
come i n t o  q i l e s t i o n  h e r e .  

F i g u r e  13-6 shows a  comparison bc tveen  c a l c u l a t e d  inaximum i n d i -  
v i d u a l  d o s e s  f o r  t h e  c a s e s  v e l l .  l a k e  and B a l t i c  Sea a s  p r imary  
i n f l w  s o u r c e s  i n t o  t h e  b i o s p h e r e .  A s  is e v i d e n t  from tlie f i g u r e ,  
t h e  we1 1  c a s e  g i v e s  approximate ly  15 t imes  h in l ie r  rn~xirnua d o s e s  
t h a n  t h e  l a k e  c a s e  and approx. 1  500 t imes h i g h e r  v a l ~ i e s  t h a n  t h e  
R a l t i c  Sea case .  
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F i g u r e  13-7 s h w s  t h e  c a l c u l a t e d  maximum i n d i v i d u a l  dose  a s  a  
f u n c t i o n  of  t h e  t ime f o r  d i f f e r e n t  n u c l i d e s  f ~ r  t h e  c a s e  where a  
v e l l  i s  t h e  primary i n f l o v  r e c i p i e n t .  

The r e s u l t s  s h w  t h a t  t h e  dominant n u c l i d e s  a r e  neptunium-237, 
u r a n i u m 2 3 3 ,  rad im~-226 and technetium-99. It  i s  n o t e a b l e  t h a t  no  
r a d i a t i o n  dose s  appear  u n t i l  a f t e r  more t han  1 000 y e a r s ,  due t o  
t h e  f a c t  t h a t  t h e  l e a s - t i t aq ium c a n i s t e r  remains f u l l y  i n t a c t  f o r  
a t  l e a s t  1 000 y e a r s  and t h a t  t h e  t r a n s i t  t i m e  f o r  w a t e r  i s  400 
yea r s .  S t r o n t i u m 9 0  and ce s iun r137  decay  cumplo te ly  d u r i n g  t h i s  
tine. Fur thermore  t h e  n u c l i d e s  of  americium and plutonium a r e  re -  
t a r d e d  f o r  such  a  long t i m e  t h a t  they  do no t  c o n t r i b u t e  s i g n i f i -  
c a n t l y  t o  t h e  c a l c u l a t e d  r a d i a t i o n  doses.  

The dominant n u c l i d e s  f o r  t h e  l a k e  and B a l t i c  Sea c a s e s  a r e  c e s i -  
um-135 and neptuniuur237.  

The dominant exposun! p a t h s  i n  t h e  v e l l  c a se  a r e  v i a  d r i n k i n g  wa- 
: t e r .  The dominant r a d i a t i o n  dose s  i n  t h c  l a k e  and B a l t i c  Sea 

c a s e s  a r e  t h o s e  due t o  f i s h  consumption. 

A comparison between s lw decompos i t ion  of  t h e  c a n i s t e r  and an 
i n i t i a l l y  damaged c a n i s t e r  ( t r e a t e d  a s  a  g l a s s  body w i thou t  any 
c a n i s t e r  a t  a l l )  i s  i l l u s t r a t e d  f o r  t h e  well ca se  by f i g u r e  13-8. 
The l a t t e r  c a s e  g i v e s  c e r t a i n  low r a d i a t i o n  dose s  which appear  
a f t e r  about  2 0 0  yea r s ,  bu t  t h e  dose s  a r e  f a r  l e s s  t han  f o r  t h e  
former case.  The radiation dose s  due t o  slw decompos i t ion  o f  t h e  



c a n i s t e r s  a r e  approximately 6 000 times h ighe r  than those  f r m  bn 
i n i t i a l l y  damaged c a n i s t e r .  

S ince  i t  has  been shown t h a t  the  case  wi th  a  vell as t h e  primary 
r e c i p i e n t  g ives  r i s e  t o  the  h ighes t  radiatio.1 doses,  t he  o t h e r  
a l t e r n a t i v e s  a r e  of l e s s  i n t e r e s t  i n  a  d i scuss ion  of maximum con- 
sequences f o r  individuals .  A s  mentioned above, the  d a t a  and 
assumptions used i n  the  chain  of c a l c u l a t i o n s  have been s e l e c t e d  
wi th  s a f e t y  s a r g i n s  vhich a r e  q u i t e  considerable  i n  some cases .  
This l eads  t o  the  r a d i a t i o n  doses given by the  upper c u m  i n  
f i g u r e  13-9. I f  we ins t ead  use da ta  and assumptions which can be 
regarded a s  more r e a l i s t i c ,  t he  c a l c u l a t i o n s  lead to the  radia-  
t i o n  doses  wi th in  the  a r e a  under the  curve "probable condi t ions"  
i n  f igu re  1 3 9 .  

The dose limits app l i ed  t o  nuc lea r  p l a n t s  a r e  a l s o  included i n  
t h e  same f i g u r e  f o r  purposes of comparison (see  chap te r  12).  I n  
a d d i t i o n ,  the  range of v a r i a t i o n  f c r  n a t u r a l  i on iz ing  r a d i a t i o n  
i n  Sweden and f o r  the  r a d i a t i o n  doses vhich can be ob ta ined  from 
n a t u r a l  dr inking water in Sweden a r e  a l s o  given. The l a t t e r  
va lues  have been ca lcu la t ed  on the b a s i s  of measured l e v e l s  of 
radium226,  us ing the  same dose conversion f a c t o r s  a s  i n  t h e  
o t r ~ e r  c a l c u l a t i o n s .  Only a  few measured values  a r e  given f o r  
d r ink ing  water wi th in  the  upper p a r t  of the v a r i a t i o n  range. The 
median value  f o r  a l l  t he  61 measured values  corresponds t o  a  
r a d i a t i o n  dose of 0.15 rem per  30 years .  
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Ar ir evident froa the figure, the calculated radiation doser 
from radioactive lrubstancer which may escape froa the final repo- 
sitoty - even when large margins of safety are included in the 
calculationr - are considerably belov the liait reconanended by 
the International Comnissio,~ on Radiological Protection (ICRP). 
They are also well belaw the value used for nuclear power plants 
in Sveden, although slightly above the recommended value used as 
a design goal for new nuclear power plants. The ranges of varia- 
ti011 for natural ionizing radiation and for radiation doses from 
natural drinking water are c nsiderably greater than the calcu- 
lated radiation dose from the final repository. a 
In addition to the raaxiarua r diation dose to a h m a n  being, the i collective dose to the earth's total population has also been 
calculated. This calculation is rather cnmplicated (see volume iV 
for a more detailed description). 

The collective dose to the earth's total population has been cal- 
culated both for the most unfavourable 530 yearperiod and for 
the first 10 000 years folluring the c m n c e m e n t  of final stor- 
age. The results are largely independent of the path of entry 
into the tiosphere. The collective dose from the final repository 
for the most unfavourable 500 yearperiod has been calculated to 
be about 2 000 manrems, i.e. 0.007 manrem per W e  and year of 
operation for 13 reLCtors with a combined output of 10 000 W e  
which are operated for 30 years. &se 500 years occur after 
several. hundred thousand years. A collective dose of 30 000 
manrems is cbtained for the first 10 000 yea's, i.e. 0.1 manrem 
per W e  and year of operation. T'hese collective dose values are 
based on t!le same unfavourable conditions as were specified 
above. Both values are clearly within the guideline limit set by 
the radiation protection authorities of 1 manrem per W e  and year 
of operation for the entire nuclear fuel cycle. 

13.4.4 Consequences of extreme events 

Certain types of extreme events might have a considerable effect 
on the escape of radioactive substances from a final repository. 
Such extreme events include e.g. movements in the bedrock in 
connection with earthquakes or the creation of new cracks due to 
other causes. Other events within this category include m t e o r  
impacts, acts of war. sabotage or some form of future human dis- 
turbance. 

Rock move?ntts, earthquakes 

Rock movements could damage a final repository, either by creat- 
ing new paths for groundwater flaw or by damaging the canisters. 
However, limited damage to the canisters will not substantially 
change the assumptions of the safety analysis, since a case with 
initial canister damage has already been considered. 

A number o* studies have been conducted for the purpose of es- 
tablishing the probability of bedrock mvements which might af- 
fect the safety of a final repository. 

The level of seismic activity in Sweden is very low, and very fev 
earthquakes have caused damage to the ground surface. 



The faults vhich have been observed in the Swedish bedrock are 
largely the result of the tectonic and seismic events of approxi- 
mately 1 800 million years, where the movement f r m  millenim to 
millenium is on the crder of a rew am. Hwaver, larger fault 
movements have been observed and reported in areas with special 
zones of movement, for example in northwest SkHne and in Norr- 
botten County. The land elevation which followed the melting of 
the inland ice and is still proceeding is probably the primary 
cause of these recent bedrock movements. 

Bedrock movements are discussed in greater detail in chapter 
II:7. . . 

Studies of the occurrence of earthquakes in Sweden s h w  that 
earthquakes have been concentrated to certain belts. Outside of 
these belts, there are large areas where no seismic activity at 
a1 l has been observed. Magnitudes greater than 3.5 are rare, even 
within the most active areas. 

The following relationship between magnitude and displacement has 
been estimated: 

Magnitude Displacement 

The Swedish bedrock exhibits a pattern of fracture zones of vary- 
ing size. Geological observations show that new fissures and 
faults will be located in already existent joint planes. In 
simple terms, this corresponds to the principle that it is the 
weakest link in a chain which breaks. 

L 
The probability that a final repository covering 1 km will be 
affected by a Fault movement has been estimated to be less thhn 

per year for Sweden as a whole. 

It has also been shovn that vertical rock displacements m s t  be 
several dm in order to jeopardize the sealing capacity of the 
clay material. However, stresses in the canister material can 
reach considerable proportions in the event of displacements of 
only a few cm. 

In s u m r y ,  studies carried out by KES of bedrock movements wliich 
could have an adverse effect on the safety of the final reposito- 
ry have shown that: 

- the probability of such mbvemcnts in the Swedish bedrock is 
very lav - vithin areas which are surrounded but not intersected by 
fracture zones, the probability of new f l w  paths (cracks in 
the rock) onelling is extremely lw 

- sections of rock which are found to have a high fracture 
content during the construction of the final repositorp 
should not be utilized for storage 



- neither the proposed buffer layer nor the canister will be 
damaged, even if bedrock movements of considerable propor 
tions by Svedisn ~.=-iard ahoutd occur in the final reposi- 
tory. 

The risk of damage to part of the final repository as a result of 
bedrock movements is thus extremely low. If such damage should 
nevertheless occur, it will probably affect only a few pcrcent of 
the canisters. The consequences, of such damage are deemed to be 
of the same magnitude as those uhich have been calculated for 
slow canister decomposition. 

Meteorite impact 

If a meteorite should hit the surface of the earth directly above 
a final repository, .? crater would be created which could weaken 
the geological barrier or, at worst, eliminate it completely. 

Studies of meteorite inpacts which have occurred over a period of 
2 000 nillion years show that the probability of meteorite impact 
which would create a crater approximately 100 m deep is roughly 
10-13 per year and km2. Historical experience also confirms the 
assumption that a meteorite impact is not a risk which has to be 
considered in this context. 

Acts of war and sabotage 

In the long time perspective which must be applied to the final 
repository, acts of war cannot be considered to be "extreme 
events". On the other hand, the possibility that acts of war 
might lead to serious consequences for the safety of a terminally 
sealed final repository at a depth of some 500 netres in the 
Swedish bedrock must be considered to be remote. 

Ground detonations of nuclear devices of 10-50 megatons create 
craters in the rock vith a depth of roughly 110-180 m. Thus, the 
geological barrier would not be broken through, but may well be 
weakened. In such a situation, houever, this vould be of subor 
dinate importance, sinre any release of radioactivity from the 
final repository would represent only a fraction of the radioac- 
tivity caused by the bomb, vhic5 would remain in the area for a 
long period of time. 

Wartime damages to the final repository and the encapsulation 
station during the deposition stage are, naturally, conceiveable. 
But the probability is lw, since these facilities are not likely 
to be primary targets for military actions. The consequences of 
bomb hits and similar occurrences wil: also be limited conpared 
to the situations vhich would otherwise be a result of such acts 
of war. 

Safeguards against sabotage as described in section 10.4 will be 
provided during the intermediate storage, encapsulation and final 
deposition stages. After the final repository has been closed and 
sealed, effective acts of sabotage are impossible. 

Compared to other installations which experience has shown to be 
more likely targets for sabotage in terrorist actions, the faci- 



l i t i e s  desc r ibed  h e r e  a r e  less a t t r a c t i v e  t o  p o t e n t i a l  s a b o t e u r s  . 
and a r e  roughly comparable t o  o t h e r  i n d u s t r i a l  p l a n t s  where en- 
v i ronmen ta l ly  hazardous m a t e r i a l  is handled.  

Fu tu re  d i s t u r b a n c e  by man 

I t  i s  conce ihab le  t h a t  t h e  knowledge of  where t he  f i n a l  r e p o s i t o -  
ry is loca t ed  may be l o s t  i n  t h e  d i s t a n t  f u t u r e  and t h a t  man a t  
t h a t  t ime may, f o r  some reason,  perform d r i l l i n g  o r  rock work 
which r e s u l t s  i n  c o n t a c t  w i t h  t h e  waste.  The f i n a l  r e p o s i t o r y  i s  
s i t u a t e d  i n  one of ot lr  most c o m n  types  of rock which does n o t  
c o n t a i n  any va luab le  mine ra l s  which could  conceivably  be cons i -  
de red  f o r  p r o f i t a b l e  e x t r a c t i o n .  The depth  snd low wa te r  con ten t  
of t h e  imperviocs rock  s e l e c t e d  f o r  t h i s  purpose makes i t  h i g h l y  
improbable t h a t  deep w e l l s  w i l l  be d r i l l e d  f o r  water  i n  t h e  
fu tu re .  [Jo reason can be seen f o r  s eek ing  ou t  such g r d a t  dept.hs 
f o r  t h e  cons t ruc t i , , n  of rock s t o r a g e  v a u l t s  o r  t he  l i i o .  Fu r the r -  
more, t h e  l o s s  of t he  knowledge of t h e  l o c a t i o n  of t h e  f i n a l  r a -  
p o s i t o r y  would presuppase t h a t  our c3ricr . t  c i v i l i z a t i o n  would be 
des t royed  as a r e s u i t  of some c a t a s t r o p h i c  event  such a s  a  g loba l  
war of  ex t e rmina t ion  o r  a  nev i c e  age. I f  t h e  count ry  is then  re- 
popula ted  again ,  t h e  r i s k s  m n t i o n e d  h e r e  would a r i s e ,  but  unly  
a f t e r  t he  new popu la t ion  had achieved a  l e v e l  of t echno log ica l  
development which pe rmi t t ed  advanced rock work. In such a  ca se ,  
i t  is probable  t h a t  such a  c i v i l i z a t i o n  would a l s o  posses s  t h e  
a b i l i t y  t o  d e t e c t  t h e  r a d i o a c t i v i t y  i n  the  f i n a l  repos i tc j ry  and 
a c t  acco rd ing ly  t o  avoid  damage t o  t h e  r epos i to ry .  A new g l a c i a -  
t i o n  of t h e  count ry  would not  be expected  t o  a f f e c t  t he  i n t e g r i t y  
of t he  f i n a l  r e p o s i t c r y .  (See s e c t i o n  I I : 7 .7 . )  

'r3.4.5 Summary s a f e t y  e v a l u a t i c  of f i n a l  s t o r a g e  

The high-level  waste from t5e  r ep roces s ing  of spent  n u c l e a r  f u e l  
is  v i t r i f i e d  and encapsu1ate;l i n  lead- t i tan ium c a n i s t e ~  s a f t e r  
which i t  is emplaced i n  gobd :ock a t  a  depth of 500 m, where i t  
is packed i n  a  bed of b u f f e r  m a t e r i a l  (90% q u a r t z  sand and 10% 
b e n t o n i t e ) .  The s a f e t y  a n a l y s i s  of such a  f i n a l  s t o r a g e  shovs t h e  
fol lowing:  

1  During the  p e r i o d  of a t  1eu:;t 1  000 y e a r s  when t h e  l e a d t i t a -  
nium c a n i s t e r  i s  completely i n t a c t ,  the  e lements  strontium- 
90 and cesium-137 decay almost  completely.  

2 I n i t i a l  damage t o  an i n d i v i d u a l  c a n i s t e r  would n o t  l ead  t o  
any measurable i n c r e a s e  of ,:lie r h d i a t i o n  l e v e l .  , 

3 A s l aw  breakdown of :he c a n i s t e r  could ,  a f t e r  s e v e r a l  thou- 
sand yea r s ,  l e ad  t o  a  s l i g h c  i n c r e a s e  of the  l e v e l  of rad io-  
a c t i v i t y  i n  t h e  environment. The e lements  plutonium and a m -  
r i c ium a r e  r e t a i n e d  i n  cracl:s i n  t h e  rock e t c .  This  s l i g h t  
i n c r e a s e  comes p r i m a r i l y  f r r~m neptunium237,.  t e=hne t i ?mr93 ,  
r ad ium226  and u ran ium233  v e l l  a s  ces iu11~135 and iodine- 
129. 

4 I n  t h e  most uqfavourable  ca se  - a  d e e p - d r i l l e d  d r i n k i n g  aa- 
t e r  we l l  nea r  t h e  f i n a l  r e p o s i t o r y  - the  r a d i a t i o n  dose  t o  a  
human be ing  i n  t he  f u t u r e  could i n c r e a s e  by a  maximum of 1 3  
m i l l i r e m s  p e r  year .  T h i s  i n c r e a s e  is l e s s  than the  l o c a l  



variations which occur in the natural radiation at various 
places in Sveden. (See figure 13-10.) 

5 The calculated maximum radiation doses are considerably lor 
er than the maximum permissible radiation dose for indivi- 
duals recomnended by the ICRP. 

b The calculated maximum radiation doses are vell belov the 
Swedish limit for nuclear pover plants, but of roughly the 
same magnitude as the guideline value which is applied as a 
design goal in the construction of new nuclear p w e r  plants. 
(See figure 13-10.) 

7 The probable amount of additional radiation is less than 1% 
of the maximum value specified in point 4. This is due to 
the fact that the decomposition of canisters and leachiit3 of 
glass at the l w  water f l w s  vhich occur at a depth of 500 m 
in solid rock can be expected to take place at a considerab- 
ly s l w e r  rate than vhat has been assumed in the calcula- 
tions. Furthermore, these calculations were based on a re- 
tardation factor for neptunium and a water transit time 
which have both been conservatively selected. 

8 The regional and global dose load on large population groups 
has been calculated over the most unfavourable 500-year pe- 
riod in the future. In the very long run, a maximum 500-year 
dose of approximately 2 000 manrems can be obtained, which 
corresponds to 0.007 manreu per W e  and year of operation. 

9 Even in the most unfavourable case, with extremely conserva- 
tive data in the calculations, the health hazards are ex- 
tremely small, if any. 

The calculated collective doses correspond to 0.4 cases cf 
cancer and 0.4 cases of genetic defects for the population 
of the entire earth over a period of 500 years. The present 
frequency of mortalities due to cancer in Sveden is approxi- 
mately 20 000 per year. Of all persons born, approximately 
3 7  are afflicated with natural hereditary defects, wliich 
means that some 3 000 cases occur annually in Sweden. The 
given values for medical effects have been calculated on the 
basis of the internationally accepted relationships between 
radiation dose and maximum medical effects. Many factors 
indicate that these assumptions overestimate the medical 
effects at the l w  dose values and dose rates which are in 
quest ion here. 

10 The calculated increase of the level of radioactive elements 
in the recipients to which the waste products may conceivab- 
ly spread is comparable to the natural levels of such sub- 
stances. Neptunium237 can be compared to uranium and cesium 
to potassium. The follwing table s h w s  the ranges of varia- 
tion for the level of certain elements in natural water and 
levels which have been calculated for the various primary 
recipients in the most unfavourable case. 
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repository can giw to a nrmby midmt  d the annual dose to man from some mmnd mdmrion 
mrrcs pius m e  estaMishrd dose limits The dose from drinking water comafnwr mdium-226. 



Rad ioac t i ve  Leve l s  i n  n a t u r a l  Maximum c a l c u l a t e d  
e  1 emen t v ~ t e r  i n  Sveden i n c r e a s e  of l e v e l  i n  

( p c i l ' l )  p r imary  r e c i p i e n t s  
nea r  t h e  f i n a l  
r e p o s i  t o r y a )  

Dr inking  Sea b i  We1 1 Lake 
v a t e r  w a t e r  

Badim-226 0.1-40 0 . 3  0 . 1  0.002 
Uranium 0.1-1500') 3  30 0 .6  
Nep tun ium 237 - - 90 2 
~ o t a s s i u a r 6 0 ~ )  c a  20 330 - - 
~ e s i l : n r l 3 5 J )  - 25 0.5 

a )  Expected maximum va lue s  a r e  approximate ly  100 times 
le53.  

b )  With 3.5% s a l t  conten t .  
C )  Na tu r a l  w a t e r  ( n o t  n e c e s s a r i l y  d r i n k i n  v a t e r ) .  
d )  P o t a s s i u m 6 0  and cesium- 135 a r c  b i o l g g i c a l  l y  c o v a r -  

a b l e .  

The r a d i a t i o n  dosc  from r: tdium226 i n  d r i n k i n g  v a t e r  is 
shovn i n  t h e  comparison l l l u s t r a r e d  i n  f i g u r e  13-10. 

11 Even i n  t h e  ca se  where a  rlumber of unfavourable  assumpt ions  
have  been  made, t he  c:.lculated changes i n  t he  r a d i a t i o n  en- 
vironment  a r e  - o n s i c i ~ r a b l y  l e s s  than  normal ly  o c c u r r i n g  na- 
t u r a i  v a r i a t i ~ n s .  Tkese n a t u r a l  v a r i a t i o n s  do no t  have any 
e f f e c t s  on e i t h e r  r an  o r  e c o l o g i c a l  systems which can be  de- 
mons t ra ted  today. The c a l c u l a t e d  maximum r a d i a t i o n  dose s  due 
t o  l e akace  from J f i n a l  r e p o s i t o r y  a r e  b e l o v  the  l i m i t  v a l -  
ues  f o r  n u c l e a r  ? sue r  p l a n t s  which have been i s sued  by t he  
r a d i a t i o n  prate-tion a u t h o r i t i e s  i n  Sweden. The proposed 
m~i~i,G Tt:r the,  f i n a l  s t o r a g e  of h igh - l eve l  was te  g l a s s  i s  
therefore dee-hed t o  be a b s o l ~ i t e l y  s a f e .  

/ 





14 SKELETON PLAN FOR CONTINUED WORK 

The studies conducted under the auspices of the K9S Project have 
largely been concerned with the review and processing of existing 
knowledge and data, but the work in a number of areas has been of 
a development nature. The need for further research and study is 
urgent in a number of areas in order to gather suf1icient i n f o r  
mation to serve as a basis for a technically/economically optimum 
design of the various phases in the handling and storage chain. 

Thus, the work which has been done by KBS should be followed up. 
both by development work and by efforts aimed at gradually in- 
creasing the degree of specification for the facilities whose 
construction is most imninent. It is of the utmost importance 
that activities and developments in other countries be continuos- 
ly followed and that opportunities for co-operation be fully ex- 
ploi ted. 

The various plants for the handling and storage of high-level 
waste have to be completed at very disparate points in time, as 
shown in chapter I : 3 .  The transportation system and the central 
fuel storage facility must be comissioned within a few years and 
an intermediate store by 1990, while the encapsulation station 
and final reposit~ry will not be required until around 2020. 

T1'r skeleton plan shown in figure 14-1 provides an approximate 
schedule for the completion of the various installations in vari- 
ous phases. The major feature of the activities pursued during 
the different phases are described below. 

This phase 0r.campasses a KBS activity period which is expected to 
continue L: mid-1978. Efficient completion of the activities be- 
gun by KBS requires that the question of responsibility and or- 
gani must be decided before the end of this phase. 

Phase 2 ,19761984) -- 
During this phase, the transportation system and the central fuel 
storage facility will be completed and conmissioned. 

Study and develop.mnt vork during this phase will be pursued in 
accordance with a mlti-year plan aimed at a presentation of the 
total results at the end of the phase. The plan will r.ncatpass 
hydrogeclogical studies, refinement of models for the migration 



F i e =  I4 I. Skdrton pbn f/or continued wwk on rk fimi starts of :k ~ l m f i d  cycle. 

s f  nucl ideq  i n  t he  groundwater, cont inued s t u d i e s  of b u f f e r  and 
encapsu la t i on  m a t e r i a l s  and des ign  of t h e  f i n a l  r epos i to ry .  

During t h i s  s t a g e ,  a  major non-radioac t ive  experiment should a l s o  
be conducted whereby the  func t ion  of va r ious  b a r r i e r s  can be 
s t u d i e d  on a r e l a t i v e l y  l a r g e  s c a l e  under cond i t i ons  which stimu- 
l a t e  t h e  a c t u a l  environment i n  the  f i n a l  r epos i to ry .  The h e a t i n g  
t e s t s  which a r e  be ing  conducted a t  S t r i p a  i n  co-operat ion between 
t h e  USA and KBS/SKBF w i l l  be completeJ du r ing  t h i s  phase and t h e  
r e s u l t s  can be  used i n  fucure  t e s t s .  

A cons ide rab le  i n t e r n a t i c n a l  exchange of kncrwledge and expe r i ence  
v i l l  b e  pursued d u r i n g  t h i s  phase. 

Phase 2 (1983-1999) - 
During t h i s  phase,  t h e  i n t e m d i a t e  s t o r e  f o r  v i t r i f i e d  v a s t e  is 
expected t o  be completed and put  i n t o  ope ra t ion .  The schedule  f o r  
t h e s e  a c t i v i t i e s  w i l l  be con t ingen t  upon vhen t h e  waste is re- 
turned  t o  Sveden. According t o  an agreement between SKBF and 
C O G E M ,  t h i s  v i l l  be 1990 a t  t h e  e a r l i e s t .  The ques t ion  of t h e  
j o i n t  s i t i n g  of  the  encapsu la t i on  s t a t i o n  t o g e t h e t  v i t h  t h e  in-  
t e rmed ia t e  s t o r e  o r  t he  f i n a l  r e p o s i t o r y  ( s ee  chap te r  1 : l l )  must 
be c l a r i f i e d  b e f o r e  des ign  work on t h e  i n t e rmed ia t e  s to rage  f a c i -  
1 i ty  can comnence. 

E f f o r t s  w i t h  r e s p e c t  t o  encapsu la t i on  w t h o d o l o g y  and the  des ign  
of t h e  f i n a l  r e p o s i t o r y  v i l l  p r i m a r i l )  e n t a i l  a  f o l l o r u p  of t h e  
t e c h n i c a l  developments and some complementary i n t e r n a l  e f f o r t s .  



Phaae 4 (2000-2010) -- 
11 a  f i n a l  r e p o s i t o r y  is t o  be mday t o  accept  high-level  v a s t e  
by 2020, t h e  f i n a l  cho ice  of t h e  s i t e  should be made a t  t he  be- 
g inn ing  of  t h i s  phase. 

F u l l  c e r t a i n t y  a s  t o  whether t h e  s t u d i e s  conducted f r m  t h e  sur-  
f ace  have provided a  c o r r e c t  p i c t u r e  of t h e  a c t u a l  cond i t i ons  be- 
low t h e  s u r f a c e  w i l l  n o t  be obta ined  u n t i l  c e r t a i n  s h a f t s  and 
t u n n e l s  have been b u i l t .  A f i n a l  v e r i f i c a t i o n  t h a t  t h e  rock i n  
t h e  s e l e c t e d  a r e a  possesses  t h e  r equ i r ed  c h a r a c t e r i s t i c s  should 
t h e r e f o r e  be c a r r i e d  o u t  in  tunnels  cons t ruc t ed  a t  an e a r l y  
s t age .  I f  i t  i o  thereby found t h a t  t h e  a r e a  is unsu i t ab l e ,  an- 
o t h e r  a r e a  must be s e l ec t ed .  Even though such a  development is 
h i g h l y  u n l i k e l y  a f t e r  t h e  ex t ens ive  p re l imina ry  s t u d i e s  which 
have been c a r r i e d  ou t ,  t h e  schedule should take  i n t o  account such  
a  contingency.  

During t h e  10-year per iod  from t h e  time when t h e  f i r s t  s h a f t  ha s  
been sunk and t h e  work on the  main p a r t s  of t he  r e p o s i t o q  has  
been begun, t h e r e  is s u f f i c i e n t  time t o  b u i l d  and s tudy a  p i l o t  
p l a n t  a t  t h e  r i g h t  depth and i n  t he  r i g h t  environment. But i t  i s  
doub t fu l  whether such a  p i l o t  p l a n t  is economically j u s t i f i a b l e .  

Phase 1 (2011-2020) 

F i n a l  eng inee r ing  and des ign  work w i l l  he  completed du r ing  t h i s  
phase, a l o q  , v i t h  cons t ruc t ion  of t h e  encapsu la t i on  s t a t i o n  and 
p a r t s  of  t h e  f i n a l  r epos i to ry .  

Phase 6 (2021-?) -- 
During t h i s  ~ h a s e ,  the  encapsu la t i on  s t a t i o n  i s  I n  ope ra t ion  and, 
t h e  f i n a l  r e p o s i t o r y  is g radua l ly  f i l l e d  wi th  waste c a n i s t e r s .  
Cons t ruc t ion  of  t h e  f i n a l  r e p o s i t o r y  i s  completed s imul taneous ly  
du r ing  t h e  f i r s t  p a r t  of t h e  phase. 

A f t e r  t h e  r e p o s i t o r y  i s  f i l l e d  wi th  c a n i s t e r s ,  t unne l s  and s h a f t s  
a r e  s e a l e d ,  s u r f a c e  i n s t a l l a t i o n s  a r e  d ismant led  and the  land- 
scape is r e s to red .  The a u t h o r i t i e s  can be expected t o  p r e s c r i b e  
c e r t a i n  seasrlrements and o t h e r  c o n t r o l  measures a f t e r  t h e  c l o s u r e  
and ser.ling of t h e  f i n a l  r epos i to ry .  
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STATUS REPORT ON DIRECT DISPOSAL OF SPENT 
FUEL 

INTRODUCTION 

P a r a l l e l  v i t h  t h e  p r e s e n t  s t u d y  of  t h e  h a n d l i n g  and s t o r a g e  of 
v i t r i t i e d  v a s t e  from r ep roces s ing ,  t h e  a l t e r n a t i v e  method of d i -  
r e c t  d i s p o s a l  of s p e n t  f u e l  has  been s t u d i e d .  Following is a  re- 
p o r t  on t h e  s t a t u s  of t he se  s t u d i e s ,  vh i ch  v i l l  be p r e s e n t e d  i n  
g r e a t e r  d e t a i l  l a t e r  on i n  a  s e p a r a t e  r e p o r t .  

FUNDAMENTAL PRINCIPLES 

I n  t h e  c a s e  of  d i r e c t  d i s p o s a l  t he  s p e n t  f u e l  is  p l aced  d i r e c t l y  
i n  f i n a l  s t o r a g e  v i t h o u t  p r i o r  r ep roce s s ing .  

A s  is t h e  c a s e  of t h e  r e p r o c e s s i n g  v a s t e ,  and f o r  t h e  same rea- 
sons ,  d e p o s i t i o n  i n  t he  f i n a l  r e p o s i t o r y  w i l l  be preceded by a  
p e r i o d  of intermediate s t o r a g e  fol lowed by e n c a p s u l a t i o n .  

The i n t e r m e d i a t e  s t o r a g e  f a c i l i t y  v i l l  have v a t e r f i l l e d  poo l s  i n  
vh i ch  t h e  f u e l  e lements  v i l l  be s t o r e d  d r y  i n  c o n t a i n e r s  of 
s t a i n l e s s  s t e e l .  Tlis s t o r a g e  m t h o d  is s i m i l a r  t o  t h e  one used 
i n  the,  c e n t r a l  f u e l  s t o r a g e  f a c i l i t y ,  except  t h a t  t h e  f u e l  does 
n o t  come i n t o  c o n t a c t  v i t h  t h e  v a t e r .  The su r round ing  v a t e r  pro- 
v i d e s  t h e  n e c e s s a r y  c o o l i n g  and r a d i a t i o n  s h i e l d i n g .  I n  t h i s  vay ,  
t h e  i n t e r m e d i a t e  s t o r a g e  f a c i l i t y  v i l l  p rov ide  a  n a t u r a l  cont inu-  
a t i o n  of  t h e  f u n c t i o n  of t he  c e n t r a i  f u e l  s t o r a g e  f a c i l i t y .  I t  
h a s  t h e r e f o r e  been assumed t h a t  t h e  i n t e r m e d i a t e  s t o r a g e  f a c i l i t y  
v i l l  be l o c a t e d  adjace1.t t o  t h e  c e n t r a l  f u e l  s t o r a g e  f a c i l i t y .  

While t h e  s p e n t  f u e l  is be ing  kep t  i n  i n t e r m e d i a t e  s t o r a g e ,  i t  
may be  dec ided  t h a t  r ep roce s s ing  r o u l d  be d e s i r a b l e  i n  o r d e r  t o  
r e c o v e r  t h e  remain ing  energy  con t en t  o f  t he  f u e l  i n s t e a d  of dcpo- 
s i t i n g  i t  d i r e c t l y  i n  a  f i n a l  r e p o s i t o r y .  The s t a i n l e s s  s t e e l  
c o n t a i n e r  is t h e r e f o r e  des igned  i n  such a  manner a s  t o  pe rmi t  
removal o f  t h e  f u e l  e lements  from the  c o n t a i n e r .  

A s  i n  t h e  c a s e  of v i t r i f i c a t i o n ,  a  s t o r a g e  p e r i o d  of a t  I e a s t  30 
y e a r s  i n  t h e  i n t e r m e d i a t e  s t o r a g e  f a c i l i t y  is fo r e seen .  The f u e l  
can  t h e n  be d e p o s i t e d  i n  a  f i n a l  r e p o s i t o r y  of a  de s ign  s i m i l a r  
t o  t h e  one  proposed f o r  v i t r i f i e d  r ep roce s s ing  v a s t e .  Beforc de- 
p o s i t i o n ,  t h e  f u e l  v i l l  be encapsu l a t ed  i n  a  c a n i s t e r  i n  an ell- 
c a p s u l a t i o n  s t a t i o n  s i t u a t e d  ad j acen t  t o  t he  f i n a l  r e p o s i t o r y .  

Re  i n t e r m e d i a t e  s t o r a g e  f a ~ i l i t y  is des igned  f o r  a  c a p a c i t y  
co r r e spond ing  t o  6 000 m e t r i c  t ons  of uranium znd t h e  f i n a l  repo- 



sitory for 9 OW tons - the same capacity as for the reprocessing 
alternative. Since ve do not k n w  at this stage to what extent 
the two alternatives vill be used, this report is tased on the 
theoretical choice of "either or". In actuality, both alter- 
natives may very well be employed, whereby the facilities will 
have to be adapted accordingly. 

3 CHOICE OF ENCAPSULATION MATERIAL 

3.1 GENERAL 

As with the vitrified waste, the purpose of encapsulation is to 
provide the fuel with a corrosion-resistant casing to protect it 
from the groundwater in the final repository. Metallic encapsu- 
lation materials shall also provide radiation shielding to reduce 
radiolysis of the groundwater to a negligible level. 

Since the toxicity of the spent fuel declines more slwly than 
that of the reprocessing waste, an inventory of possible encapsu- 
lation materials has been carried our aimed at finding materials 
with longer service lives than the combination of lead-titanium 
chosen for the vitrified reprocessing waste. Availability, econo- 
rsj and ease of fabrication have been taken into consideration. 

On the basis of the results of this inventory, copper and two ce- 
ramic materials - alpha-aluminium cxide and a g!assceramic mate- 
rial of the beta-spodume type - have been selected for closer 
study. 

A' pha-aluminiun oxide (corundum) is one of the most durable cera- 
m, c materials known. It u.ts proposed by .%SEA, who have developed 
a potentially suitable fa1 rication method based on high-pressure 
isostatic compaction. 

Uork is being done on the glass-ceramic alternative in collabora- 
tion vith Corning Glass Uorks in the United States. But this work 
has not yet reached the point vhere any definite conclusions can 
be reported. 

COPPER 

Copper does not react at all with oxygen-free, pure water, which 
is verified by thermodynamic calculaiions. Hwever, copper can 
react with oxidizing substances present in the groundvater, which 
may be present in concentrations of a few tenths of a milligram 
per litre. These oxidants arc mainly oxygen, radiolysis products 
and sulphate and/or sulphide in combination vith bacteria. 

Groundwater experts are agreed that very little dissolved oxygen 
is present in the groundwater at the depth3 in question here. 
There is also little formation of oxidizing substances as a re- 
sult of water radiolysis, due to the fact that the canister has 
thick walls. 

The question of whether sulphate and/or sulphide can, in combina- 
tion d t h  bacterial action, cause corrosion to copper is under 
investigation. 



The maxirann attack on copper is limited to that caused by the 
oxidizing substances in the water which come into contact vith 
the surface of the copper canister, thereby diffusion effects 
must be taken into consideration. By limiting the quantity of 
these oxidizing substances, it is possible to limit material 
losses due to copper corrosion. 

Section 4.3 below describes a method of surrounding the canister 
with the saae mixture of quartz sand and bentonite which is used 
for the reprocessing alternative. The canister is deposited ho- 
rizontally in the storage tunnel, whereby it is enveloped in a 
thick bed of this material, which possesses very l w  permeabili- 
ty. If the ccrrosion attack on the canister is evenly distributed 
and if only small quantities of water can come into contact with 
the canister, it can be shown that corrosion is negligible, even 
over a period of millions of years. 

Corrosion attacks on metals can, hovever, be of a local nature 
and may take the form of, for example, pitting. In pitting, ero- 
sion of the copper metal can be concentrated to a small part of 
the copper surface, whereby the time required for penetration is 
reduced proportionately. On the basis of earlier corrosion tests 
conducted on copper in various surface soils, the time required 
for the penetration of 20 cm of copper has been estimated to be 
at least 5 000 years. Continued study of pitting in the environ- 
ment surrounding the canister vill probably reveal a considerably 
longer canister life. 

Detailed studies have shown that cracks are unlikely to occur in 
the buffer material surroundinp, the canister. If such cracks 
should nevertheless occur, there may be a local inflow of oxidiz- 
ing substances to the surface vhere a crack is rn contact vith 
the canister, resulting in local corrosion. 

Investigations of buffer materials other ~ h a n  quartz sand and I I 
bentonite are underway. The characteristics of compacted bento- 
nite, asphalt and a mixture of MgC and SiO are being studied. 2 

A design proposal for a copper canister is shown in figure B1-1. 
The canister is fabricated from pure copper by the forging of a 
cast block which is then turned dovn on a lathe to the desired 
final external dimensions. After boring of the internal cavity, 
the opening end is turned to receive a lid. The lid is in three 
parts which are fastened by means of electron beam welding 
followed by helium leak-tracing on each part. 

ALUHINIUH OXIDE 

In aluminium oxide, aluminium is in its stable oxidation state, 
which means that no redox reactions will take place in an aqueous 
cavironment. The concentration nf oxygen in the groundwater is 
therefore of no significance in this case, unlike in the case of 
copper. 

But the oxide is not thermodynamically stable in water. A hydra- 
tion takes place on the surface. At temperatures lover than 

0 
1CO C, aluminium hydroxide is thereby obtained in amrphus or 
crystalline form. Crystalline aluminium hydroxide occurs in 
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nature as the mineral gibbsizr and is m,.rc stable and less 
soluble than the amorphous Form. 

In freely flowing water at 90'~ and Pil 7, a corrosion rate of 0.2 
pm/year has been measured. On the basis of other results, the 
corrosion rate at PH 9 is estimated to be 2 pm/year. Assuming a 
constant rate of corrosion, the latter value vould correspond to 
a material loss of 20 ma in 10 000 years. In the case in ques- 
tion, much less corrosion is expected, due to a lover tempera- 
ture, the presence of ions in the groundwater (which can produce 
a less soluble surface layer) and the s l w  rate of vater flw. 
Under these conditions, corrosion can be expected KO be prac- 
ticall) negligible. 

Local corrosion in the form of pitting and crevice corrosion does 
not occur on ceramic materials. Intercrystalline corrosion can 
also be disregarded in the case of aluminium oxide, providing the 
material is of sufficient purity. A factor vhich must be taken 
into consideration, however, is a form of stress corrosion crack- 
ing which can lead to delayed fracture. This form of stress 
corrosion cracking occurs in oxide-based ceramics in aqueous en- 
vironments. Tensile stresses in the material lead to intensified 
co~rosion at the apax of cracks, vhich gradually g r w  and can 
iead to fracture. 

In order for delayed fracture to occur, he material must contain 
a defect of sufficient stress-raising character as r-gards depth, 
extent and form. In a single-phase material such as aluminium 



ox ide  w i th  sma l l  g r a i n  s i z e ,  't is improbable t h a t  i n t e r c r y s -  
t a l l i n e  c o r r o s i o n  w i l l  l ead  t o  d e f e c t s  of such a c r i t i c a l  magni- 
t-ude. 

I n  o r d e r  t o  s i r t p l i f y  c a n i s t e r  f a b r i c a t i o r ,  t h e  c a n i s t e r  should  be 
s h o r t e r  than  ~ h a t  wocld be requiyed i f  i t  v e r e  t o  accomnotiate 
f u l l - l e n g t h  f u e l  rods.  A method f o r  r o l l i n g  f u e l  rods  encased i n  
a  t i g h t  me ta l  ~ a s i n g  i n t o  s p i r a l  form has  t h e r e f o r e  been develop- 
ed.  The r o ? l s  a r e  p laced  on top  of each o t h e r  i n  t h e  c a n i s t e r ,  
vhoscl l eng th  is determined by t h e  number of r o l l s  vh ich  i t  is t~ 
conta in .  

A d e s i g n  p roposa l  f o r  a  ceramic c a n i s t e r  is shown i n  f i g u r e  81-2. 
The capsu l e  i s -  f a b r i c a t e d  a t  a  p i a s sUte  of 1 OCO - 1 500 b a r  and 
a  tempera ture  of  1 350'~. The ceramic the-! b a r r i e r  i n s i d e  t h e  
c a n i s t e r  is in tended  t o  keep t h e  tempera ture  of t h e  f u e l  down 
when the  s emisphe r i ca l  l i d  i s  jo ined  t o  t h e  c a n i s t e r .  

SUMMARY 

In view of t he  f a c t  t h a t  f u r t h e r  i n v e s t i g a t i o n  and development 
vo rk  remains t o  be  done on ceramic c a n i s t e r s  wi th  r e spec t  t o  
c o r r o s i o n  p r o p e r t i e s ,  r i s k  of delayed f r a c t u r e  and f a b r i c a t i o n  
technique ,  a t t e n t i o n  is  be ing  concent ra ted  p r i m a r i l y  on d i r e c t  
d i s ? o s a l  of t h e  spen t  f u e l  i n  copper c a n i s t e r s .  The vork  v i t h  ce- 
ramic c a n i s t e r s  w i l l  continue.  The choice  of encapsu l a t i on  mate- 
r i a l  and d e p o s i t i o n  technique  may a l s o  be inf luenced  by t he  f a c t  
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that the buffer mixture around the canister may be replaced by 
some other material. 

The Swedish Corrosion Research Institute and its reference group 
of specialists in the field of corrosion and materials has, under 
contract from KBS, studied the corroeic.~ resistance of the 
proposed encapsulation materials. In a staius report dated 27 
September 1977 (and reproduced in U S  technical report No. 311, 
the folloving assessment of the service life of a copper canister 
and of an aluminium oxide canister is presented: 

"Copper is a relatively noble metal and is therefore t h e m -  
dynamicall y stable in oxygen-f ree, pure water. The grolmd- 
water which comes into contact with the canistar will pro- 
bably contain oxidants which may cause some local corrosion. 
But a service life of at least 5 000 years i~ considered a 
realistic estimate, on the  asi is of our present state of 
knowledge. 

Some ~incertainty exists, however, with regard to whether 
sulphate in rhe groundwater could, in combination with bac- 
terial action, cause an attack on the copper. Such an attack 
would require access to organically bound carbon. In order 
to reduce the risk of such attacks, a lov concentration of 
organic substances in the groundwater and in -he buffer ma- 
tzrial is desirable. 

Local corrosion due to the action of sulphate should be 
studied more thoroughly. 

Aluminium oxide is not a themdynamically stable material 
under the conditions in question. A hydration of the surface 
layer and some dissolution takes place upon contact with the 
groundwater. But on the basis of currently available know- 
ledge, both the dissolution and the growth of the hydrated 
zone appear to proceed very slouly. 

The risk of delayed fracture in this material cannot be ex- 
cluded in theory, but it should be possible to fabricate and 
emplace the canister in such a manner that the risk of de- 
layed fracture with the proposed design is negligible. Pm- 
vided that it is possible to fabricate a canister of this 
material of sufficient purity and quality (as regards e-g. 
cracks and internal stresses), this alternative would appear 
to provide the necessary prerequisites for achieving a very 
long service life. Before a final evaluation can be made, 
however, more detailed investigations of :orrosion in the 
environment in question would be desirable - especially with 
regard to hydration and delayed fracture." 

The specialists in the Corrosion Research Tnsti tute's reference 
group are in unanimous agreement with these cor~clusions. Supple- 
mentary statements by some members of the reference group were 
appended to the Institute's  tatu us report. 

In one of the supplementary statements, it is stated th3t the es- 
timates given in the status report are conservative and represent 
a lover limit for the durability of the encapsulrtlon material. 



1, is furthermore submitted that on the basis of existing know- 
ledge, it is highly probable that further rtudy vill reveal a 
considerably longer life for the encapsulation material. KBS 
shares this opinion. 

DESIGN OF FACILITIES 

1NTEM.D IATE STORAGE 

It is assumed that the intermediate storage facility vill be lo- 
cated underground adjacent to the ~entral f11el storage facility 
(see 1:b). 

111 the central fuel storage facility, the fuel is stored in di- 
rect contact vith the water in the spent fuel pools, which pro- 
vides good cooling. After about 10 years of storage, the heat ge- 
neration in the fuel has decreased to such a level tt:at dry 
storage is possible vithout the fuel bec,ming excessively hot. 

When the fuel is to be transported to the intermediate storape 
facility, it is conveyed undervater in a channel from the central 
fuel storage facility up to a position underneath a cell (see 
figure 01-31. The cell is enclmed in concrete of sufficient 
thickneal to provide adequate radiatioi: shielding. The fuel ele- 
ments are handled in the cell via remote control. They are lifted 
up out of the vatrr into the cell and allowed to dry. They are 
then placed in a stainless sreel container with 2 rrm thick walls, 
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one element i n  each con ta ine r .  The c o n t a i n e r  is f i t t e d  w i t h  a  
l i d ,  which is welded t i g h t l y .  Following q u a l i t y  c o n t r o l ,  t h e  con- 
t a i n e r  w i t h  t h e  f u e l  e lements  is lowered i n t o  t h e  water  i n  t h e  
channel  underneath  t h e  c e l l  and p l aced  i n  a c b a s e t t e  w i th  room 
f o r  a  number of con ta ine r s .  

The c a s s e t t e  w i t h  t he  f u e l  c o n t a i n e r s  is c a r r i e d  on a  wagon which 
runs  on t r a c k s  i n  a  channel  t o  t h e  rock cavern i n  which t h e  con- 
t a i n e r s  a r e  t o  be s t o r e d .  Tha rock cavern  con ta ins  s t o r a g e  poo l s  
s i m i l a r  t o  those  found i n  t h e  c e n t r a l  l u e l  s t o r a g e  f a c i l i t y .  The 
c a s s e t t e  is p l aced  i n  p o s i t i o n  i n  a  povl  by means of an overhead 
crane .  The in t e rmed ia t e  s t o r a g e  f a c i l i t y  has  two rock cave rns ,  
each wi th  a  s t o r a g e  c a p a c i t y  corresponding t o  3 000 m e t r i c  t ons  
o f  uranium. The t o t a l  c a p a c i t y  of t he  f a c i l i t y  i s  t h u s  6 000 met- 
r i c  t ons .  

The c e n t r a l  f u e l  s t o r a g e  f a c i l i t y  w i l l  have a  c a p a c i t y  of 3 000 
m e t r i c  tons.  I f  t he  t o t a l  q u a n t i t y  of f u e l  t o  be s t o r e d  i s  9 000 
t o n s ,  t he se  two pools  may a l s o  be used f o r  s t o r i n g  f u e l  conta in-  
e r s ,  r ende r ing  f u r t h e r  expans ion  of t h e  i n t e rmed ia t e  s t o r a g e  fa- 
c i l i  t y  unnecessary.  

The f u e l  i s  s t o r e d  d r y  ;n h e r m e t i c a l l y  s ea l ed  con ta ine r s .  The 
wa te r  i n  the  pools  sur rounding t h e  c o n t a i n e r s  provides  adequate  
coo l ing  and r a d i a t i o n  s h i e l d i n g .  

The advantage of d r y  s t o r a g e  i s  t h a t  t he  f u e l  is n o t  exposed t o  
the  c o r r o s i v e  a c t i o n  of the  water .  The v a t c r  i i  the  pools  i s  n o t  
contaminated by damaged fue1,so t h e  demands on t h e  f i l t e r i n g  sys-  
tems can be reduced. 

A f t e r  a t  l e a sc  30 yea r s  of s to rage ,  t h e  f u e l  conzainers  a r e  
checked f o r  leakage and t r a n s f e r r e d  t o  the  encapsu la t i on  s t a t i o n  
a t  the  f i n a l  r epos i to ry .  The same t r a n s p o r t  casks  vhich  a r e  used 
t o  t r a n s p o r t  f u e l  from the  power s t a t i o n  t o  the  c e n t r a l  f u e l  
s t o r a g e  f a c i l i t y  a r e  used t o  t r a n s p o r t  t h e  cont i i iners  t o  t h e  
f i n a l  r epos i to ry .  

I f  t h e  f u e l  i s  t o  be s e n t  away f o r  r ep roces s ing ,  t h e  c o n t a i n e r s  
c ~ u l d  be  opened and t h e  f u e l  e lements  removed i n  t h e  same c e l l  
v h i c h  v a s  used t o  encase  t h e  f u e l  i n  t h e  con ta ine r s .  

ENCAPSULATION STATION 

I n  t h e  e n c a p s u l a t i o n  s t a t i o n ,  b*ich is loca t ed  above ground ad- 
j a c e n t  t o  t h e  f i n a l  r e p o s i t o r y ,  t h e  f u e l  c o n t a i n e r s  a r e  encased 
i n  a copper c a n i s t e r  be fo re  be ing  depos i t ed  i n  t he  f i n a l  r epos i -  
tory .  

The reason vhy a s u r f a c e  l o c a t i o n  h a s  been chosen i n  t h i s  c a s e  i s  
t h a t  t h e  f a c i l i t y  r e q u i r e s  a  r e l a t i v e l y  l a r g e  b u i l d i n g  volume. 
Locat ing  t h e  f a c i l i t y  underground vould  involve  r e s t r i c t i o n s  on ,  
anong o t h e r  t h i n g s ,  maximum spans ,  making i t  m r o  d i f f i c u l t  t o  
opt imize  t he  des ign  of t h e  p l a n t .  The q u a n t i t y  of f u e l  which can  
be handled i n  t he  s t a t i o n  a t  ai.y one time i s  r e l a t i v e l y  smal l .  
Furthermore,  t h e  f u e l  i s  con t inuous ly  enclosed ,  e i t h e r  i n  t h e  
c o n t a i n e r  i n  which i t  vas  p laced  i n  t he  i n t e rmed ia t e  s t o r a g e  fa-  
c i l i t y  o r ,  a t  a  i a t e r  s t a g e ,  by t h e  copper c a n i s t e r  a s  w e l l .  



The d e s i g n  of t h e  f a c i l i t y  is shown i n  f i g u r e  B1-0. 

The t r a n s p o r t  c a sk  a r r i v e s  from t h e  c e n t r a l  f u e l  s t o r a g e  f a c i l i t y  
a t  t h e  s t a t i o n ' s  r e c e i v i n g  s e c t i o n ,  v h e r e  i t  is  l i f t e d  from i ts  
t r a i l e r ,  cooled  and washed. i t  is then  lovered  i n  two s t a g e s  i n t o  
a pool  and p l aced  on a  vagon vh i ch  t a k e s  i t  t o  an un loading  pos i -  
t i o n .  Here, t h e  f u e l  c o n t a i n e r s  a r e  l i f t e d  o u t  of t h e  v a t e r  i n t o  
a  c e l l ,  v h e r e  t h e y  a r e  d r i e d ,  i n spec t ed  and p l aced  i n  a copper 
c a n i s t e r .  The c a n i s t e r  shovn in  f i g .  B1-1 can  hold  7 BUR e l e -  
ments. A c a n i s t e r  which is 100 nm l a r g e r  i n  d i ame te r  is used f o r  
PWR e lements .  I t  ho ld s  4 PUR e lements .  

The f i l l e d  c a n i s t e r  is t r a n s f e r r e d  v i a  a  l ock ,  vhe re  i t  can be 
washed down w i t h  v a t e r ,  t o  an encaps ' i l a t i on  c e l l .  In  t h i s  c e l l ,  
t h e  c a n i s t e r  i s  f i t t e d  w i th  a  l i d  vLich is f a s t ened  by means of 
e l e c t r o n  beam ve ld ing .  The l i d  is i n  t h r e e  p a r t s ,  due t o  t h e  pe- 
n e t r a t i o n  l i m i t  of e x i s t i n g  equipment f o r  t h i s  type  of welding.  
I t  v i l l  p robab ly  be p o s s i b l e  i n  t h e  f u t u r e  t o  weld t h i c k e r  mate- 
r i a l ,  i n  which c a s e  t h e  l i d  can be made i n  t v o  p a r t s .  

The weld is i n spec t ed  u l t r a s o n i c a l ' l y  and by means of he l ium leak-  
age t r a c i n g .  The c a n i s t e r  is then  ready t o  be t r a n s f e r r e d  t o  t h e  
f i n a l  r e p ~ s i t o r y .  

FINAL REPOSITORY 

A s  i n  t h e  c a s e  of t h e  r ep roce s s ing  a l t e r n a t i v e ,  t he  f i n a l  r e o c s i -  
t o r y  c o n ~ i s t s  b a s i c a l l y  of a  system of  p a r a l l e l  s t o r a g e  t u n n e l s  
s i t u a t e d  approximate ly  500 met res  below t h e  s u r f a c e ,  w i t h  eppur- 
t e n a n t  t r a n s p o r t  and s e r v i c e  t u n n e l s  and s h a f t s  ( s ee  f i g .  81-51. 
The s t o r a g e  t unne l s ,  however, a r e  of g r e a t e r  he igh t  - h.  9  m -and 
t h e  r e p o s i t o r y  occup i e s  a  s l i g h t l y  l a r g e r  a r e a  - 1.2 km2. 

The r e p o s i t o r y  has been des igned  f o r  h o r i z o n t a l  d e p o s i t i o n ,  i . e .  
t h e  c a n i s t e r s  a r e  emplaced h o r i z o n t a l l y  i n  t he  l o n g i t u d i n a l  d i -  
r e c t i o n  o f  t h e  t unne l  ( s e e  f i g s .  81-6 and 81-71. Because t h e  ca- 
n i s t e r  is s o  long ( h . 9  m), d e p o s i t i o n  i n  v e r t i c a l  h o l e s  - a s  i n  
t h e  v i t r i f i c a t i o n  a l t e r n a t i v e  - is l e s s  convenien t  and r e q u i r e s  
c o n s i d e r a b l y  g r e a t e r  t unne l  he igh t .  H o r i z o n t a l  d e p o s i t i o n  a l s o  
pe rmi t s  a  much t h i c k e r  l a y e r  of b u f f e r  m a t r r i a l  ( sandi 'ben toni te )  
around t h e  c a n i s t e r  t hen  is p o s s i b l e  v i t h  a v e r t i c a l ,  d r i l l e d  
ho l e .  A s  bas noted  i n  s e c t i o n  I I I : 6 . 3 ,  a  c c q a c t e d  s a n d / b e n t o n i t e  
f i l l  p o s s e s s e s  such l w  p e r m e a b i l i t y  and o t h e r  p r o p e r t i e s  t h a t  
o n l y  . r e v  small q u a n t i t i e s  of v a t e r  can come i n t r  c o n t a c t  w i th  
t h e  c a n i s t e r .  

The q u a r t z  sand  and b e n t o n i t e  f i l l e r  is d e p o s i t e d  a s  f o l l w s :  
f i r s t ,  a  bed of m a t e r i a l  is l a i d  d m  and compacted i n  t h e  sav.'.r 
manner a s  t h e  c o r e  of  an e a r t h  dam f o r  a  h y d r o e l e c t r i c  pwe:  s t a -  
t i o n .  The copper c a n i s t e r ,  vh i ch  is t r a n s p o r t e d  from t h e  encapsu- 
l a t i o n  s t a t i o n  d m  t o  t h e  l e v e l  of t h e  f i n a l  r e p o s i t o r y  v i a  an 
e l e v a t o r  and t hen  on t o  t h e  d e p o s i t i o n  s i t e  v i a  a  ~ p e c i a l l y  de- 
s i gned  v e h i c l e ,  is then  d e p o s i t e d  i n  a  channel  i n  t h e  bed ( s e e  
f i g .  81-71. The channel  is  formed by campacting t h e  upper  p a r t  of 
t h e  bed around a  dumny c a n i s t e r  w i t h  t h e  same dimensions a s  a  
r e a l  c a n i s t e r .  Whrn a l l  c a n i s t e r s  have been emplaced i n  t h i s  man- 



Figurc 81-4. Etuapsuhtion sronbn fw direct dispod of .-nr fid 

F i m  b 1-5  fiml v ~ i r o r p  for d i m r  diqd of -I fit4 



Fmrr B l d  S t o m  tunnel for dimr d i p d  o f  writ fucl Tlie c o p p  canister is pbccd 
horizontally. h f f e r  marehi is p&cd in byem to a hcight of  1.4 m m the tunnei and compfftai 
nu top pvt of the runnd i s f i k i  by rpmying of  buffer mareriol (CJ f i  131-71. 

ner i n  a s to rage  tunnel ,  t he  tunnel is f i l l e d  completely wi th  
sand/bentoni te ,  which is appl ied by spraying. The ends of the  
s to rage  tunnel  a r e  sealed v i t h  concrete  wa l l s .  

A l l  work assoc ia ted  with the  deposi t ion of c a n i s t e r s  and t h e  
spraying of b u f f e r  mater ia l  i s  perfonred with equipment i n  which 
the  personnel a r e  protected aga ins t  r ad ia t ion .  A temporary radia- 
t i o n  s h i e l d  can be posi t ioned above the c a n i s t e r s  when they a r e  
emplaced i n  o rde r  t o  permit persons t o  e n t e r  the  tunnel without 
r a d i a t i o n  protect ion.  This temporary p r o t e c t i o ~ r  is then removed 
when the  c a n i s t e r s  a r e  t o  be covered with buf fe r  mater ia l .  

When the  e n t i r e  r epos i to ry  has been f i l l e d  with c a n i s t e r s ,  tran- 
s p o r t  tunnels ,  s h a f t s  and o the r  c a v i t i e s  i n  the  rock a r e  sealed 
i n  t h e  same way as was described f o r  the  v i t r i f i c a t i o n  a l t e rna -  
t i v e  i n  s e c t i o n  111:6.7. 

TRQNSPORTATION SYSTEM 

The same t r anspor ta t ion  system as is used f o r  t r anspor t ing  spent 
fue l  from t h e  nuc lea r  p w e r  p l a n t s  t o  the  c e n t r a l  s torage f a c i l i -  
t y  can be used f o r  t r a n - r l r t i n g  the  fue l  from the i n t e m d i a ~ e  
s to rage  f a c i l i t y  to the  encapsula t ion s t a t i o n  a t  the  f i n a l  repo- 
s i t o r y .  The required number of t r anspor t  casks and sea  :ransports 
i s  a l s o  t h e  same. 



hying of dd..bd 

' I I I )  
I I ! ! ,  

Fern BI- Z Filling of storrqlc mnnels for spcm fud cwnisten with buffer marcrial 



6 SAFETY ANALYSIS 

6.1 GENERAL 

The main d i f f e r e n c e s  betveen the  d i r e c t  d i sposa l  of apent f u e l  
and the  f i n a l  s to rage  of v i t r i f i . e d  high-level waste which may 5e 
p e r t i n e n t  t o  s a f e t y  cons ide ra t ions  a re :  

- The amounts of uranium and plutonium which a r e  d e p o ~ i t e d  a s  
waste i n  d i r e c t  d i sposa l  a r e  200 times g r e a t e r  than i n  the  
case  of high-level v i t r i f i e d  waste. The v a s t e  a l s c  con ta ins  
a number of o the r  r ad ioac t ive  products which v o u l ~ l  o t h e r v i s e  
be separated i n  reprocessing.  - The f i r s t  b a r r i e r  c o n s i s t s  of the  r e l a t i v e l y  inso.uble  f u e l  
and i ts  cladding ins tead of the b o r o s i l i c a t e  g l a s s  - The c a n i s t e r  is made of copper o r  a ceramic mate r i a l .  - The c a n i s t e r  is deposited hor izon ta l ly  i n  the  s t o r a g ~ ?  tunnel 
and eltbedded i n  a buf fe r  ma te r i a l  of considerably g r e a t e r  
th ickness  Zhan i n  the case of v i t r i f i e d  reprocessed waste.  

RADIONUCLIDE INVENTORIES 

In  the d i r e c t  d i sposa l  of spent f u e l ,  uranium and plutonium a r e  
deposited as vaste.  One secondary e f f e c t  is t h a t  radium is formed 
a s  a daughter product of uranium. Krypton-85 and the t r i t i u m  and 
carbon-14 vhich is l e f t  i n  the  fue l  a r e  a l s o  deposited.  

The radionucl ide  inventor ies  f o r  the tvo a l t e r n a t i v e s  a r e  repor t -  
ed in  chapter  IV:3. 

THE FUEL AS A BARRIER 

The uranium dioxide fue l  possesses very low s o l u b i l i t y  i n  water.  
90-99.91 of the  f  i s i o n  products a r e  present  in  the uranium diox- 
ide  i t s e l f  and a r e  the re fo re  inaccess ib le  f o r  leakage i n  the  
event of c a n i s t e r  f a i l u r e .  P r a c t i c a l  experience is a v a i l a b l e  from 
many years  of s t o r i n g  damaged fue l  c a n i s t e r s  i n  pools of water. 
This experience shovs t h a t  such s to rage  e n t a i l s  l i t t l e  r e l ease  of 
r a d i o a c t i v i t y .  

Specia l  experimental s t u d i e s  a r e  being conducted a t  B a t e l l e  
Northwest Laborator ies  in  Richland i n  the USA aimed a t  d e t e r  
mining t h e  leaching r a t e  of i r r a d i a t e d  fue l .  Preliminary r e s u l t s  
i n d i c a t e  a leaching r a t e  which is comparable t o  t h a t  f o r  borosi-  
l i c a t e  g lass .  A spec ia l  experimental study is a l s o  being conduct- 
ed a t  Studsvik wi th  a modified technique which a l s o  permits  
comparisons. 

THE CANISTER 

Encapsulation of the  fue l  i n  a 20 cm t h i ck  copper conta iner  pro- 
v ides  a h igh ly  durable b a r r i e r  agains t  penetra t ion by water.  The 
copper s h e l l  can only corrode in contact  with oxygenated water.  
Water a t  g r e a t  depth usual ly  conta ins  only small  q u a n t i t i e s  r Z  
oxygen. Low l e v e l s  of oxidants  can be formed by r a d i o l y s i s .  The 



importance of this phenomenon from the viewpoint of corrosion Ls 
being studied. Equilibrium levels are considerably lover than the 
solubility of oxygen and hydrogen. This mcans that no gas will be 
evolved. 

The thick canister reduces the radiation field on the outside and 
provides good mechanical protection. The canisters are sealed by 
several lids in order to guard against weld defects. The probabi- 
lity of initial canister damage and the migration of radiolysis 
products to nearby canisters is currently under investigation. 

Encasement in an aluminium oxide canister provides a highly 
corrosiorrresistant barrier. Technical fabrication considerations 
make it desirable to limit the length of the canister to about 3 
metres, which means that the fuel muat be converted into shorter 
units prior to encapsulation. This is to be done in a special 
handling process. Iil order to counteract the risk of dispersal 
and release of radioactive substances, this handling is performed 
in concrete cells with special ventilation systems and filters. A 
special safety analysis for this process vill be carried out. 

F INAL STORAGE 

Emplacement in the centre of the tunnel section in a metre-thick 
bed of qllartz sand and bentonite provides protection against 
possible fault movements and contributes towards the sorption of 
escaping nuclides. 
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AB ~tomenergi (* Attmic Energy Campany of Sveden) 
Ahlsell AH 
ASEA 
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ASEA-Hafo AB 
ASEA-Kabel AB 
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UnLver~lity of Stockholm 
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Department of geodeti  cs Professor  A Bjerhamnar 
Department of chemical engineer- Professor  I Neretnieks 
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Department of a g r i c u l t u r a l  hydro- Professor  Y Custafsson 
t cchn ics  Professor  I Larsson 
Department of nuclear  chemistry D r .  T E Eriksen 
Department of inorganic  chemistry Professor  I Crenthe 
Department oC engineer ing e lec t ro -  Professor  G W~anglEn 
chemistry and corros ion sc ience  

L u l e i  I n s t i t u t e  of Techno lo~y  - 
Divis ion of rock mechanics 

Divis ion of geotechnics 

OTHER INSTITUTIOIS 

Professor  0 Stephansson 
Dr .  K Roshoff 
Professor  R Pusch 
A Jacobsson, Ph.D. 

Cement and Concrete Research Professor  S C B e r g s t r h  
I n s t i t u t e ,  Stockholm 
National Defence Research I n s t i -  C Walinder 
t u t e ,  Stockholm 
Class  Research I a s t i t u t e ,  V3xj5 B S iwingsk6 ld ,  Lic. Eng. 

T Lakatos, Ph.D. 



I n s t i t u t e  f o r  Metals Research 
Corrosion research I n s t i t u t e ,  
Stockholm 
Svedish College of ~ g r i c u l t u r e ,  
Uppsala 
S w d i s h  S i l i c a t e  I n s t i t u t e ,  
Gothenburg 
Tandem acce le ra to r  laboratory i n  
Uppsala 
k o l o g i c a l  Survey of Sveden 

C Eklund, D.Eng. 
Professor  E Mattsson 
L Ekblom, t i c .  Eng. 
Professor  L Fredriksson 

R Carlssan, Lic. Er~g. 

Professor  A Johansson 

EXPERTS AND' RESEhRCH WORKERS 

D r .  S ten G A Beripan 
C1ar.s Helgesson, D. Eng. 

FOREIGN ORGANISATIONS AND COMPANIES 

The R i s i j  Research S t a t i o n  
ROSKXLDE. Denmark 

Royal Nonregian Council f o r  
S c i e n t i f i c  and I n d u s t r i a l  Research 
KJELLER, Norway 

Frauenhofe rCese l l schaf t  
I n s t i t u t  fiir S i l i c a c f o r ~ c h u n g  
UiiRZBURG, West Germany 

Lelirstuhl fi ir  Glas und Keramik 
I n s t i t u t  f i ir  S te ine  und Erder 
CALUSTAHL-ZLLLEFELD West Genaany 

Dr.  0 Brotzen 
U Thoregren, Ph. L. 

Sa in t  Gobain Techniques Nouvellrs 
PARIS, France 

COCEWA 
PARIS, Francs 

Univers i ty  of Uestern Ontar io  
Professor  W Fyfe 
LONDON, Ontario,  Canada 

Coming Glass Works 
CORNING, New Yo*, USA 

E l e c t r i c  Pover Research I n s t i t u t e  
PAL0 ALTO, Ca j i fo rn ia ,  USA 

Department of Energy 
UASHINGTON D.C.. USA 

D r .  Ralph E G r i m  
URKW, I l l i n o i s ,  USA 



Lawrence Berkeley Labora tory  
Un ive r s i ty  o f  C a l i f o r n i a  
BERKELY, Ca l i fo rn ia .  USA 

S u c l e a r  Regula tory  Cornnission 
WASHINCTOiJ D.C., USA 

O f f i c e  of Waste I s o l a t i o n  
Union Carbide Corp. 
OAK RIDGE, Tennessee 

Personnel  from t h e  Swedish S t a t e  P w e r  !bard,  Oska r shamsverke t s  
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P ro fes so r  Ove Stephansson 

Stocksund 
Geological  Surrey of  Sveden 
Royal I n s t i t u t e  of Tec5nology 
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Bo Gustafsson, Eng. 
Bertil Mnndahl, Eng. 
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AB VattenbyggnadsbyrHn 
(Swedish Hydraulic Engineering 
Company Ltd. 
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01 Ullstyrkor i utbrant brsnsle och hSgaktivt avfail frHn en 
PVR beraknade ued ORIGEN 
("Emission rates in spent fuel and high-level waste from a 
PUR, calculated using ORIGEN") 
Nils Kjellbert 
AB Atomenergi, 77-04-05 

02 PU angiende varmeledningstal hos jordmaterial 
("&mrandwn concerning the thermal conductivity of soil") 
Sven Knutsson 
Roland Pusch 
Lulea Institute of Technology, 77-04-15 

03 Deponering av hogaktivt avfall i borrhil med buffertsubstans 
("Deposition of high-level waste in boreholes containing 
buffer material") 
A m i d  Jaccbsson 
Roland Pusch 
LuleH Institute of Technology, 77-05-27 

04 Deponering av hogaktivt avfall i tunnlar med buffertsubstans 
("Deposition of high-level waste in tunnels containing 
buffer material") 
A m i d  Jacobsson 
Roland Pusch 
~ u l e e  Institute of Technology 77-06-01 

05 Orienterande temperaturberiikningar f6r slutfiirvaring i berg 
av radioaktivt avfall, Report 1 
("Preliminary temperature calculations for the final storage 
of radioactive waste in rock") 
Roland Blomqvis t 
AB Atomenergi, 77-03-17 

06 Groundwater movements around a repository, Phase 1, State of 
the art and detailed study plan 
Ulf Lindblom 
Hagconsult AB, 77-02-28 



Kesteffekt studier fiir KBS ("Dec'ay power studies for KBS") 
Del 1 Litteraturgenomging ("Part 1 Review of the litera- 

ture") 
Del 2 Beriikningar ("Part 2 Calculat ions1') 
Kim Ekberg 
Nils Kjellbert 
GGran Olsson 
AB Atomenergi, 77-04-19 

Utlakning av franskt, engelskt och kanadensiskt qlas med 
hogaktivt avfall 
("Leaching of French, English and Canadian glass containing 
high-level waste") 
Coran Blomqvist 
AB Atomenergi, 77-05-20 

Diffusion of soluble materials in n fluid filling a parous 
medium 
Hans Haggblom 
AB Atomenergi, 77-03-24 

T~anslation and development of the BNWL-Ceosphere Model 
Bertil Grundfelt 
Kemakta Konsult Al, 77-32-05 

Utredning rorande ti tans lamplighet som korrosionshardig 
kaps ling f5r karnbrans leavfal l 
("Study of suitability of titanium as co?.osion-resistant 
cladding for nuclear fuel vaste") 
Sture Henriksson 
AB Atomenergi, 77-04-18 

Bedijmning av egenskaper dch funktion hos betong i samband 
med slut lig fijrvaring z-. kambrans leavfall i berg 
("Evaluation of properties and function of concrete in 
connection vith final storage of nuclear fuel waste in 
1.ock1' 
Sven G Bergstram 
GGran Fagerlund 
Lars RombBn 
The Swedish Cement and Concrete Research Institute, 77-06-22 

Urlakning av anvYnt UrnbrInsle (bestrilad uranoxid) vid di- 
rektdeponering 
("Leaching of spent nuclear fuel (irradiated uranium oxide) 
follwing direct deposition") 
Ragnar Gel in 
AB Atomenergi , 77-06-0G 

Influence of cementation on the deformation properties of 
bentonitelquartz buffer substance 
Roland Pusch 
~ulei Institute of Technology, 77-06-20 



15 Orienterande temperaturberlkningar far slutfarvaring i berg 
av radioaktivt avfall 
("Preliminary temperature calculations for the final storage 
of radioactive waste in rock") 
Report 2 
Roland Blomquist 
AB Atomenergi, 77-05-17 

16 lhreraikt av utlPndska riskanrlyser saait planer och projekt 
rarande slutfBrvaring 
("Review of foreign risk analyses and plans and projects con- 
cerning final storage") 
Ake Hultgren 
AB Atomenergi, August 1977 

17 The gravity field in F~nnoscandia and postglacial crustal 
movement .P 

Arne Bj erhamnar 
Stockholm, August 1977 

18 Rare lser och ins tabi li te ter i den svenska berggrunden 
("Movements and instability in the Swedish bedrock") 
Nils-Axel Miirner 
University of Stockholm, August 1977 

19 Studier av neoteknisk aktivitet i mellersta och norra Sveri- 
ge, flygbildsgencmgdng och geofysisk tolkning av recenta 
farkastningar 
("Studies of neotectonic activities in central and northern 
Sweden, review of aerial photographs and geophysical inter- 
pretation of recent faults") 
Robert LagerbPck 
Herbert Henkel 
Geological Survey of Sweden, September 1977 

20 Tektonisk analys av si5dra Sverige, Vittern - Norra SkHne 
. ("Tectonic analysis of southern Sveden, Lake Vattern - 

Northern SkHne) 
Kennert Rashoff 
Erik Lagerlund 
University of Lund and ~ u l e J  Institute of Technology. 
September 1977 

21 Earthquakes of Sveden 1891 - 1957, 1963 - 1972 
Ota Kulhlnek 
Rutger WahlstrBm 
University of Uppsala, September 1977 

22 6 The influence of rock m v e m n t  on the stress/strain situa- 
tion in tunnels or boreholes with radioactive canisters em- 
bedded. in a bentonite/quartz buffer mass 
Roland Pusch 
Lulea Institute of Technology, 1977-08-22 

23 Water uptake in a bentonite buffer mass 
A model study 
Roland Pusch 
Lulea Institute of Technology, 1977-08-22 



Bergkning av utlakning av vissa fiseionaprodukter och akti- 
nider frHn en cylinder av franskt glas 
("Calculation of leaching of certain fission productr and 
actinides from a cylinder made of French glass") 
M r a n  Blomqvist 
AB Atomenergi, 1977-07-27 

Blekinge kustgnejs, Geologi och hydrogeologi 
("The Blekinge coastal gneiss, Geology and hydrogeology") 
Ing%mar Larsson Royal Institute of Technology 
Tom Lundgren Swedish Geotechnical Institute 
Ulf Wiklarder Geological S u m p  of Sveden 
Stockholm, August 1977 

Bednmning av risken far fSrdri3jt brott i titan 
("Evaluation of risk of delayed fracture of titanium") 
Kjell Pettersson 
AB Atomenelgi, 1977-08-2s 

A short review of the formation, stability and cementing 
properties of natural zeolites 
A m i d  Jacobsson 
Lulei Institute of Technology, 1977-i320 

VInneledningsfaro6k pi buffertsubstans av Sentonitlpitesilt 
("Thermoconductivity experiments with buffer material of 
bentoniteipitesilt") 
S w n  Knutsson 
LuleH Ir,stitute of Technology, 1977-09-20 

Deformationer i sprickigt berg 
("Deformations in fissured rock") 
Ove Stephansson 
Lulea Instirute of Technology, 1977-09-28 

Retardation of escaping nuclides from a final depository 
Ivars Neretnieks 
Royal Ins~itute of Technology, Stockholm, 1977-09-14 

Bedamning av korrosionsbestlndigheten hos material avsedds 
fiir kapsling av k3mbr3nsleavfall. 
("Evaluation of corrosion resistance of material intended 
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BACKGROUND 

The possibility of disposing of high-level waste in geological 
formations has been under discussion for many years. It has gene- 
rally been assumed that the waste is to be disposed of in the 
country where ,t was produced, and different types of formations 
have come under consideration in different countries, depending 
on their occurrence (salt, clay, shale, crystallice rock). In 
Sweden, interest has been concentrated on Precambrian bedrock 
formations (gneiss, granite). 

Tlte geological studies conducted for the AKA Committee (The ! 
Government Committee on Radiozctive Waste) have been supplemented 
by studies performed by the Aational Council for Radioactive I 
Waste Management (PRAV). Equipment for water injection testing 
and geophysical borehole logging as well as a special borehole 
pump have also been developed by PRAV. Since the KBS project c o w  

t 
\ 
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menced in early 1977, the geological investigations have been 
concentrated on this project. 

In February of 1977, an agreement was reached betveen KRS and the 
Geological Survey of Sweden (SGU), which is the central govem- 
ment agency for geological matters, concerning a geological study 
progranrme aimed at ascertaining the feasibility of a final s t o r  
age of high-level waste in the Swedish bedrock. A sumnary of the 
contents and principal results of the p r o g r a m  is provided in 
this chapter. h'ore detailed accounts of the methods and results 
of the investigations are provided in the reports referred to 
under section A of the list of references. 





THE GEOLOGICAL STUDY PROGRAMME 

PURPOSE 

The goal of the geological vork prograrane is to carry out studies 
within several geoqraphical areas in order to obtain basic data 
on tlte bedrock and groundwater conditions vhich determine the 
long-term safety of a final repository for high-level waste. 
These studies are complemented by theoretical studies. 

The vork is aimed at establishing whether the bedrock is composed 
of a uniform, suitable type of rock of sufficient extent down to 
depths of several hundred metres. This is important, since infe- 
rior conditions may exist at the boundaries between different 
types of rock. The occurrence of fissures and fracture zcnes with 
may influence the design or safety of the repository must also be 
elucidated. 

As regards the groundwater, information is needed on how much 
water may come into contact with the waste. This requires mea- 
surements of the permeability of the rock and theoretical calcu- 
lations of how the water flow in the rock decreases with depth. 
Such calculations also provide a basis for determining the final 
dilution of the water which has been in contact with the waste 
canisters. 

When the vaste or the canisters come into contact vith the 
groundwater, some dissolution may occur. The extent of this dis- 
solution depends on the prcperties of the materials and the che- 
mical composition of the water. The program therefore includes 
sampling and analysis of the groundwater at the depths in ques- 
tion. 

If the waste substances go into solution, it is important to know 
their residence time in the rock. If this tium is long, certain 
radioactive elements wjll decay before they reach the biosphere. 
Information on the residence time can be derived frola the age of 
the groundwater. 

Most waste elements are retarded a their way through the bedrock 
due to sorption effects and chemical reactions. Such retardation 
has been investigated by means of laboratory vork, theoretical 
analyses and field tests, of which the latter fall within the 
framework of the geology prograornt. 

Tim qiicsticn of vhether and to vhat extent geological conditions 
of importance for the safe final storage of high-level radioac- 



tive vaste may change in the future must be answered. This in- 
cludes the study of the geograp!~ical and chronological distribu- 
tion of movements in the bedrock. 

The geological p r o g r a m  has concentrated brimarily on gathering 
information to serve as a basis for the sitlng and design of an 
absolutely safe rock storage facility adapted to the conditions 
vhich prevail in Svedish bedrock. Time has not yet permitted a 
more fundamental analysis of the data. 

2.2 SCOPE 

SGU has been commissioned by KBS to perform the follwing main 
studies: 

- Geophysical ground measurements, mapping of outcrops and 
joints, drilling, evaluation of drill cores, borehole logg- 
ing and N examination of boreholes. - water injection tests and calculations, water sampling for 
chemical analysis and age determination. - Theoretical studies of groundvater movements (carried out 
through the Department of Land Improvement and Drainage at 
the Royal Institute of Technology in Stockholm). - Field tests using tracer elements in fissured rock before 
and after injection (previously begun by P W ) .  

The total cumulative length of drilled core boreholes amounts to 
slightly more than 5 000 m, distributed among five study areas, 
three of vhich have been chosen for further study - namely, 
S t e m o  near Karlshaum, Krikemila near Oskarshamn and Finnsjij near 
Forsmark. The bedrock in these areas varies and the choice of 
study areas vas determined partially by the fact that knoviedge 
vas desired on the characteristics of the different types of 
rock. 

In addition to the above studies by SGU, KBS has comissioned the 
folloving: 

- acompilationandsupplementationof knowndataontheille- 
kinge coastal gneiss, - a mathematical model study of groundwater movements and rock 
stresses in and around a final repository, - a theoretical mathematical study of the expected formation 
of new fractures when a rock mass is subjected to simple 
shearing, - studies of the chemical composition of the groundwater, - studies of sorption effects vhich may be encountered when 
various vaste substances are transported vith the ground- 
water in buffer material and rock fissures, - studies of pos t-precambrian rock movements and recent earth- 
quakes. 

The results of these studies will complement the results of SGU's 
own studies. 

In early February of 1977, KBS m d  PRAV invited a large number of 
geologists to a conference for e discussion of questions of inr 
portance concerning a final repository for high-level vaste in 
the Svedish bedrock. h n g  other things, the probability that 



movements in tne bedrock would jeopardize the safety of the repo- 
sitory was discussed. A number of proposals for studies were sub- 
mitted by the conference participanrs and many of these proposals 
led to investigations sponsored by KBS. In early October of 1977, 
the results were reported and discussed at a second corf r erence 
arranged by KBS. 

A group of specialists called the "Ceogroup" h a ~  been established 
within KBS. Its function is to: 

- serve as a forum for the discussion of questions concerning 
geology, hydrogeology and rock engineering, - participate in the formulation of plans for imrestigations 
and experiments, - assist in the follow-up and evaluation of results of inves- 
tigations and experiments. 

The report submitted in the following chapters 2 through 8 has 
been prepared by SGU. It is based not only on SCU's own siudies, 
but also on the above-mentioned special investigations cakried 
out on conmission from KBS. 

2.3 STRIPA EXPERIMENTAL STATION 

The experimental programe being conducted by KBS at the Stripa 
mine is described in chapter 9. Mining operations were recently 
discontinued at the mine and the opportunity was offered to con- 
duct practical experiments in a granite massif at a depth of 
about 350 m. These experiments are aimed at studying the proper- 
ties of granite at this depth, both in the unconditioned state 
and after heating, and at studying fracturing resulting from the 
blasting of tunnels. An agreement has been concluded with the US 
Energy Research and Deve 1 opment Administration (ERDA) concerning 
cooperation in the execution of a large-scale heating experiment. 
The results of this experiment will not be available for a couple 
of years. KBS' owl experiments also require such a long time that 
the most relevsnt results cannot be reported here. But the expe- 
riments are of puch a nature that they will not affect the basic 
conclusions, but will rather primari.ly serve as a basis for an 
optimization of the detailed technical design of a final reposi- 
tory. 





CHOICE OF STUDY AREAS 

The prel iminary work f o r  the  s t u d i e s  has been concentrated on 
f ind ing  a r e a s  wi th  s u i t a b l e  bedrock of s u f f i c i e n t  ex ten t  near the  
e a s t  coast  of Sweden between Upplald and Blekinge. On the  b a s i s  
of t h e  s e l e c t e d  design capac i ty  - waste from the operation,of 13  
r e a c t o r s  over a per iod of 30 years  - an a rea  of about 1 km- is 
required. Proximity t o  the  coast  is des i rab le  i n  order  t o  avoid 
long overland t ranspor t s .  The loca t ions  of the nuclear  power 
p l a n t s  and the  d e s i r a b i l i t y  of avoiding seismical ly  a c t i v e  a reas  
has  r e s t r i c t e d  the  prel iminary work t o  the  e a s t  coast  between 
Uppland and Blekinge. 

I n  o rder  t o  be ab le  t o  complete in-depth d r i l l i n g s  and s t u d i e s  i n  
the  s h o r t  time which was ava i l ab le ,  it was necessary t o  exclude a 
number of geo log ica l ly  promising areas  vhere the ownership of the  
land a r e  c o q l e x  o r  where i t  was not poss ible  t o  ob ta in  t h e  per- 
mission of the  p ropr ie to r .  

F l a t  a r e a s  with nruch exposed rock have been sought a f t e r .  The 
g rad ien t  of the  water t a b l e  i n  such a reas  i s  general ly  lov,  
r e s u l t i n g  i n  a low p o t e n t i a l  f o r  groundwater movements. Another 
f a c t o r  of importance is t h a t  the  Eracture zones i n  the bedrock i n  
such a reas  a r e  a l s o  normally widely spaced and narrow, wi th  l a rge  
in tervening volumes o t  good rock. Between the  large f r a c t u r e  
zones, the  bedrock should contain  r e l a t i v e l y  widely spaced, small 
and i r r e g u l a r  f i s s u r e s ,  so t h a t  the  groundvater permeabi l i ty  of 
t h e  rock i s  low. This can be s tudied where the rock i s  exposed i n  
outcrops. Outcrop mapping a l s o  shows whetber the  bedrock i s  
uniform and c o n s i s t s  of some comnon type of rock - g r a n i t e  o r  
gne i s s  - which is of l i t t l e  value and the re fo re  u n a t t r a c t i v e  f o r  
f u t u r e  mining. The f i n a l  a r e a s  were chosen t o  provide examples of 
t h e  condi t ions  i n  a massive g r a n i t e  which postdatcs  orogenic 
up th rus t ing  and folding,  a gne i s s ic  g ran i t e  and a c l e a r l y  folded 
gneiss.  Together wi th  the  vein gneiss  previously s tud ied  f o r  the  
AKA Coanaittee inves t iga t ion ,  t h i s  makes a t o t n l  of f o u r  d i f f e r e n t  
t y p i c a l  types of precambrian bedrock which have been invest igat-  
ed. 

In  o rder  t o  f i n d  s u i t a b l e  a reas ,  topographical, economical and 
geological  maps - supplemented with  s a t e l l i t e  and a e r i a l  photo- 
graphs - have been examined. This has made it poss ib le  t o  compare 
t e r r a i n ,  ownership r e l a t i o n  and t h e  d i s t r i b u t i o n  of d i f f e -  
r e n t  types of rock i n  d i f f e r e n t  a r e a s  and t o  char t  t h e  major 
f r a c t u r e  l i n e s  i n  t h e  bedrock. Following t h i s  ana lys i s  promising 
a reas  were inspected i n  the  f i e l d .  I n  order  t o  determine t h e  
f e a t u r e s  of rlie bedrock i n  unexposed p a r t s  and i n  depth a s  wel l ,  



geophysica l  measurenents were c a r r i e d  ou t ,  p r imar i ly  us ing  e l ec -  
t romagnet ic  methods which d e t e c t  t he  groundwater-bearing zones i n  
t h e  bedrock on rhe b a s i s  of t h e i r  increased e l e c t r i c a l  conducti-  
v i t y .  

I n  c e r t a i n  c a s e s ,  se ismic  methods were used t o  measure t h e  velo- 
c i t y  of shock and shea r  waves i n  the  bedrock i n  o rde r  t o  ga in  , 
some i n s i g h t  of i t s  e l a s t i c i t y  cons tant  and f i s s u r e  content .  

Three  a r e a s  were f i n a l l y  chosen f o r  f u r t h e r  s tudy and d r i l l i z g  
( s e e  f i g .  3-11. 

- Karlshamn, i .  e .  t he  a r e a  around the  Karlshamn. power p l a n t .  - Finnsji in,  an  a r e a  e a s t  of t he  no r the rn  p a r t  of F inns jS  Lake, 
some 16 km WSW of the  Forsmark nuc lea r  p w e r  p l a n t  i n  nor th-  
eas  t e n  Uppland. - Krakeni la ,  an a r e a  1.5 km MJ of K r a k e d l a  and 7.5 km NXV of 
the  Oskarshama nuc lea r  power p l a n t  a t  Simpevarp i n  e a s t e r n  
S& land. 

I n  a d d i t i o n ,  c e r t a l n  s t u d i e s  were conducted a t  t h e  fo l lowing 
p l aces :  

- K v 6 ,  about 1 .5  km N of Simpevarp - - Bussvik, about 4 . 5  km NEtW of Simpevarp 
- Forsmark, about 3.5 km U of the  Forsmark nuc lea r  power 

p l a n t .  

figure $1. Map show'a study areas Test driiiings to a depth of about 500 memr m u n d e  
rakm at Kdshmnn fSrpmdl. north o f  Osbrshmn (Knikemdla and A'&). and at Fomark 
(Finnsion and Fo'omnork) The KRS expeninenral starion is located in the S t r ip  mine Field 
studies =re cmn'ed out at Srudsvik. 



0 graphs. F l a t  c racks  o i  va iy ing  d i r e c t i o n  and d ips  up t o  30 ge- 
n e r a l l y  comprise t h e  top su r faces  of the  rock s lab .  The varying 
d i r e c t i o n  of t h e  s t e e p  cracks  is shown i n  the f r a c t u r e  diagram 
( s e e  f i g .  4-41. which shows broad and low peaks i n  the  NU and NE. 
The peak a t  ~ 3 0 ~ ~  corresponds t o  the  d i r e c t i o n  of t h e  F inns ja  
l i n e  and t h e  f a u l t  v a l l e y  xhich bordzrs the  s tudy a r e a  on t h e  
e a s t .  The peaks around N60 W and N45 E corresgond t o  more r e w -  
l a r ,  s t r a i g h t  and i n t e r s e c t i n g  f r a c t u r e s .  N60 U charac te r i zes  t h e  
metabasi tes  i r ~  the  s tudy a r e a ,  but  a l s o  an important group of 
p a r t i a l l y  open, wide and very  long f r a c t u r e  r n e s  vhich a r e  
spread over  t h i s  e n t i r e  p a r t  of the  country fi-om Sing6 and Fors- 
mark t o  t h e  S t o r v i k  region /see  Svedmark 4-8, LundegArdh 1-9/. 
They a r e  cha rac te r i zed  by the  f a c t  t h a t  the  openings a r e  o f t e n  
l ined  wi th  b e a u t i f u l  c r y s t a l s  of quar t z  and c a l c i t e .  Small quan- 
t i t i e s  of bitumenous substances,  knovn a s  "rock pitch", a r e  a l s o  
found. The f r a c t u r e s  which run i n  t h i s  d i r e c t i o n  i n  t h e  outcrops 
i n  t h e  FinnsjG a rea  a r e  f i l l e d  wi th  the  same mater ia l .  A hori -  
zon ta l  long i tud ina l  displacement of 0 .3  m has been found f o r  one 
of these  f a u l t s .  But the  f a u l t s  he re  a r e  feu and i n s i g n i f i c a n t  
and a r e  genera l ly  l e s s  than 1 cm v ide .  I t  m s t  ins tead be assumed 
t h a t  vltatever major f r a c t u r e  zones may e x i s t  a r e  not v i s i b l e  i n  
the  outcrops ,  b u t  a r e  r a t h e r  located i n  the soil-covered zones 
betveen them. The a e r i a l  photographs have therefore  been examined 
c a r e f u l l y  co determine t h e  loca t ion  of any f r a c t u r e  l i n e s  ( see  
f i g .  4-51. Ground examination has shovn t h a t  these l i n e s  f o r  t h e  
most p a r t  correspond t o  the  edges of outcrops,  bog l i n e s  and 
zones of heavy p l a n t  growth. The i r  d i r e c t i o n  coincides wi th  t h e  
d i r e c t i o n  of the  aforementioned shear  zones. The only r e a l l y  
c l e a r  l i n e  from t h e  s tudy a rea  runs i n  a north-south d i r e c t i o n  

figure M Diagmm showing the dimtion o f 4 8  step fmtum wirkin tk snuly - at F?n1+5 
Lake The *rum ore imguLPrtr *red in wide v i r g  dlrstrms. ( B e u k k  Burcp). Gem 
lobrcd.S-~ of S d m l .  
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and exhibits a "horsetail" towards the south. In order to gain 
further knowledge of the structure of the rock, the area has been 
covered by geoohysical measurements and examined by means of 
drilling. 

Geophysical ground measurements 

An area nearly 2 km2 in size has been surveyed with a magnetat- 
er and an electromagnetic method (slingram). These magnetic mea- 
surements do not indicate any distinctive structures. The sling- 
ram measurement s h w s  that there is one distinct zone of higher 
electrical conductivitv. It is located in the southern half of 
the area and runs with some interruptions from near its western, 
edge for approximately 500 metres in an easterly direction and 
seems to ccincide with the photogeologically most clearly indi- 
cated east-west line within the area. Orher lines have not given 
any magnetic loop indications. 

Finnsii.5 1 Core Borehole - length 500 m, diameter 55 mn - sunk 
irertically in good rock, approx. 50 m from the interpolated core 
line for the electrically conductive zone indicated by slingram 
measurement. 

In brief, the borehole shows that the bedrock is uniform and e m -  
sists of granodiorite with insignificant variations down to a 
depth of 500 m. It contains insignificant pockets of isolated, 
thin pegmatites and metabasites. Below 85 m, the fissure content 
of the rock is low. More high-fissured zones are found in the 
sections 214-228 m, 336-362 m and more generally bemeen 432 and 
500 m. To a great extent, the fissures are filled with chlorite, 
quartz (Si02) and calcite (CaC03). The zones of disturbance ex- 
hibit a general transformation with reddish coloration of the 
feldspars. 

The permeability of the rock is low, around lo-' m/s or lower. 
Higher values are found in the surface layer and b e l w  032 m, 
where a slight increase is noted in connection with a rising 
fissure content and chlorite content. This is probably connected 
vith the fact that the borehole at this point approaches an 
electrically conductive zone, as indicated by slingram measure- 
ment from the surface. Peme~bility and RQD diagrams are s h m  in 
fig. 4-6. 

Finnsja 2 Core Barehole - di5metrrr 56 w, lengtk 698 m, depth 
approx. 525 m - sunk at a 50 angle towards N20 W. It is situated 
at the western edge of the survey area and crosses the eastwest 
fracture zones, including the extention of the electrical distur 
bance zone towards the vest. In this way, information is obtained 
on the boundary of the lorfissured central bedrock blocks to- 
wards Finnsja Lake. At the far north, the hole var also expected 
to contact the southern branches of the major zone of disturbance 
which runs through the nnasuring area in a northeasterly d i r e r  
tion without giving rise to any electrical indications. 

Bedrock conditions in this borehole are v e q  similar to those in 
borehole 1. Between 36 and 110 m, hovever, there is a general 
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fissuring which is accompanied by reddish colouration and the 
formation of chlorite, calcite and quartz - both in the rock and 
as crack filler. Between 102.6 and 103.6 m, a lamellar chlorite 
dyke containing some smcctite was found, which caused both core 
and water losses. The dyke was folloved by a zone of intensive 
crushing. This location coincides well with a vertical projection 
of the extension of the electrical disturbance zone and the 
corresponding photogeologically indicated fracture zone. 

At 688 m, a crush zone which was filled with a finegrained crush 
product between 688.4 and 688.9 m was drilled into at an acutt 
angle (approx. 20'). The material from this 50 cnrvide zone fill- 
ed 4.5 m of the core tube. This remarkable increase in volume in- 
dicates the presence of swelling clay minerals which have a low 
water content to start with and begin to swell when they come in- 
to contact with the flush water and the groundwater which 
collects in the borehole. A corresponding "dry" filler, also in 
the north-easterly main zone, would explain why no electrical in- 
dication of this zone was obtained. Alternatively, this zone may 
be composed of mylonite. 

The borehole was stopped at 693 m (apnrox. 525 m vertical depth), 
still in broken rock. Between 120 and 680 m the bore core con- 
sists of predominantly good rock. Those cracks which do occur are 
largely filled with chlorite, calcite, quartz and ~rehnite, 
which, like the conditians in the Finnsjo 1 borehole, provide 
good imperviousness (see Fig. 1-7). 

Samples of granodiorite and the chlorite dyke at a depth of 103 m 
and the crushed material from 688.4 rn have been examined Ly means 
of X-ray diffraction in order to determine what minerals the 
groundwater is in contact with. The results show that the rock 
has some illite, that the chlorite dyke contains smectite and 
perhaps some mixed strata mineral and that the crushed material 
contains swelling minerals of the mixed strata type. This means 
that both the rock and the disturbance zones contain ion-exchang- 
ing minerals and that the disturbance zones contain swelling mi- 
nerals which can have some. self-sealing effect. 

Finnsji; 3 Core Borehole - diameter 56 m, length 700 m, depth 
55C m - sunk at a 500 angle towards the south at the eastern edge 
of the survey area in order to obtain information on its rela- 
tively highly fissured border zone towards the fault valley in 
the east. The rock here is also uniformly granodioritic, but is 
more intensively fractured and thercfore exhibits reddish co- 
loration and an elevated quartz content. Here as well, the 
fissures are filled to a large extent vith minerals. Despite many 
small fracture and crush zones, no large dyke zones have been 
encounter, i here. 

Due to the angle of the borehole twards the fault valley, its 
distance to the valley increases with increasing depth. The re- 
sults obtained so far indicate that the zone of impaired rock 
quality extends samc 300 m in from the valley side. It is worth 
nothing that all boreholes in the Finnsja area have shown that 
the zones of disturbance are surrounded by reddish-colour rock 
with mineral-filled cracks. 'l+lis means that vhen a rock reposi- 
tory is being planned and built, warning will be obtained in 
plenty of time that on: is approaching such zones. Virtually no 
core losses were recorded in connection with drilling through 



these  zones. Nor a r e  they expected t o  give r i s e  t o  any spec ia l  
pe t ro log ica l  problem. 

4.4 KRAKEMALA AREA 

4.4.1 Location topography 

The study a rea  in  Kraked l a  is located apprcximately 7.5 km W 
of the  Oskarshanm nuclear power plant  a t  Simpevarp and approx. 
1.5 km NU of the v i l l age  of KrHkem8la between the Ba l t i c  Sea and 
Lake Cijtemaren (see f ig .  4-8 ) .  

The KrHkemHla a rea  is located near the t r an s i t i on  between the  
subcambrian peneplain along the Bal t i c  coast i n  the south and the 
f rac tured  countryside which character izes  the coas ta l  regions of 
northern S d l a n d  and 6stergi5tland. The countryside is characte- 
r i z ed  by f l a t  landscape broken by pronounced f rac ture  va l leys  
running pr imari ly  i n  north-south, east-west and northvest direc- 
t ions  (see f i g .  4-9). 

The study area comprises the  eas te rn  portion of a local  watershed 
between the Bal t i c  Sea and Lake a temaren ,  whose average water 

- l eve l  i s  only 1 metre above sea level .  The nearly horizontal  
sur face  of the area f a l l s  from 20 m above sea level  in  the west 
t o  15 m i n  the easc, where i t  i s  bounded by a north-west f r a c tu r e  
va l l ey  with a pass point about LO m above sea ? c - ~ a l  between 
Bussviken Bay ( i n  the Bal t i c )  and the ou t l e t  of Lake Giitemaren. 



The f r a c t u r e  v a l l e y  is p a r t i a l l y  f i l l e d  wi th  sand and gravel.  
deposi ts .  The bottoms of some very small  g rave l  p i t s  reach the  
l o c a l  v a t e r t a b l e .  The s o i l  cover is genera l ly  t h i n  and l a rge  
a r e a s  c o n s i s t  of exposed rock. 

Bedrock condi t ions  

F o r  an  o v e r a l l  p i c t u r e  of bedrock cond i t ions  i n  the  a rea ,  s ee  t h e  
geo log ica l  map-sheet f o r  Oskarshann /4-101. The region is  c o w  
posed of SmHland g r a n i t e s  v h i l e  t h e  a c t u a l  s tudy a rea  is located  
w i t h i n  the  Cijtemar massif - a  body of young g r a n i t e ,  the  GStemar 
g r a n i t e ,  v i t h  a  c i r c u l a r  outcroppiqg ahout 9 km i n  diameter.  Its 
age has been determined a t  about 1 380 m i l l i o n  yea r s  /Aberg 
4-111. The massif was r ecen t ly  descr ibed by Kresten and Chyssler 
14-121. 

The GStelrar g r a n i t e  is composed of four  subtypes which occu; i n  
d i f f e r e n t  p a r t s  of the  massif and which d i f f e r  p r i n a r i l y  wi th  
r e s p e c t  t o  g r a i n  s i ze .  

A coarse-grained red g r a n i t e  with a  g r a i n  s i z e  of around 15 nm~ 
dominates i n  t h e  s tudy area.  This g r a n i t e  c o n s i s t s  a r i m a r i l y  of  
microcl ine  (60-75%1, quar t z  (20-352). b i o t i t e  and accessory m i -  
n e r a l s .  In  the  v e s t e r n  p a r t  of the a r e a ,  i t  borders  on medium- 
gra lned g r a n i t e  wi th  a  g r a i n  s i z e  of l e s s  than 10 inn, o f t e n  some- 
what l i g h t e r  and muscovitebearing but otherwise of near ly  i d e n t i -  
c a l  composition. Chemical analyses  of the  rocks i n  the KrdkemHla 
a rea  a r e  repor ted  i n  t a b l e  4-3. 

Fl i r t ,  h o r i z o n t a l  bodies of pegmatite i n  which the  g ra in  s i z e  can 
reach around 10 cm a r e  encountered f r equen t ly  i n  both types of 
g ran i t e .  They a r e  seldom more than 0.5 cm th ick  and a  metre o r  so 
1 o-ig . 
The genera l  p a t t e r n  of f r a c t u r e s  i n  the  region has been analyzed 
by Asklund /&I31  and NordenskjGld /4-141. 

The Ciitemar massif i s  very uniform v i t h  r e spec t  t o  rock s t ruc -  
ture .  I t  e x h i b i t s  four  pronounced f r a c t u r e  d i r e c t i o n s .  Steep ver- 
t i c a l  c racks  p a r a l l e l  LO the  circumference of the  massif make up 
a  concen t r i c  p a t t e r n  vhich is complemented by a  r a d i a l  system 
which, toge the r  wi th  the  concentr ic  s e t ,  produce a  very r egu la r ,  
nea r ly  perpendicular  p a t t e r n  of  f r a c t u r e s  i n  each l o c a l  s e c t i o n  
( s e e  f i g .  4-10 and 4-11). In  a d d i t i o n  t o  these ,  t he re  a r e  dia-  
gonal f r a c t u r e s  and v i d e l y  d ispersed.  nea r ly  hor i zon ta l  f r a c t u r e s  
a r e a s  which a r e  a l s o  responsible  f o r  the  f l a t  rock su r face  wi th in  
t h e  s tudy  area.  The va r i cus  types of g r a n i t e  i n  the  massif a r e  
cha rac te r i zed  by varying f i s s u r e  d e n s i t y  ( see  f i g .  4-12). The 
coa r se  g r a n i t e  e s p e c i a l l y  i s  of unusual ly  lov  f i s s u r e  content a t  
t he  surface ,  which was one of the  reasons  f o r  choasing t h i s  study 
area.  

The same f r a c t u r e  p a t t e r n  r ecur s  i n  t h e  surrounding S d l a n d  gra- 
n i t e ,  vhe re  i t  is f i l l e d  v i t h  g r a n i t e  and pegmatite veins  which 
a r e  a s soc ia t ed  wi th  the  Gatemar g r a n i t e .  This ,  along wi th  the  de- 
p o s i t s  of primary minera ls  such as muscovite on the  f r a c t u r e  sur- 
f aces ,  show t h a t  these  cracks  belong t o  a  l a t e  phase i n  the  f o r  
mation of the  Cijtemar g r a n i t e  and a r e  the re fo re  j u s t  a s  o l d ,  
whi le  more r ecen t  deformation is of much l e s s  importance. 
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An e a r l y  t e n s i o n a l  event  w i th  a probable  age of arotmd 1 200 
m i l l i o n  y e a r s  is r ep re sen ted  by a d i abase  ve in  vh ich  c u t s  through 
t h e  g r a n i t e  i n  a NhW d i r e c t i o n .  East-west f r a c t u r e s ,  vhich a r e  
undefonned and f i l l e d  v i t h  sands tone  of  precambrian age, i n d i c a t e  
t h e  proximi ty  of  t h e  subcambrian penepla in .  

More r e c e n t  post-Cambrian wmen t s  can b e  d i sce rned  l o c a l l y .  
These i n c l u d e  the  nor th-so  h f a u l t  which runs  through t h e  massif  
approximate ly  5 km v e s t  o t h e  s tudy  area .  Thc eas t -ves t  f a u l t  a t  f Miinsterds, which c o n s t i t u  e s  t h e  n o r t h e r n  l i m i t  of t he  precambri- 
an  sands tone  t h e r e ,  can  be  seen a t  a g r e a t e r  d i s t ance .  

1 .4 .3  Geophysics! &round measurements 

Two squa re  k i l m t e r s  w i t h i n  t h e  K r d k e d l a  a r e a  were prev ious ly  
surveyed magne t i ca l ly ,  e l e c t r i c a l l y  and s e i s m i c a l l y  by Er iksson 
14-15/ on comnission from PRAV. The measurements shoved, i n  
agreement w i th  t h e  f r a c t u r e  p a t t e r n ,  t h a t  t he  coa r se  Catemat gra-  
n i t e  pos ses se s  very 1- e l e c t r i c a l  conduc t iv i ty ,  b u t  is subdiv id-  
ed i n t o  b locks  bounded by zones of h ighe r  conduc t iv i ty .  The e l a s -  
t i c  p r o p e r t i e s  of t h e  rock v e r e  determined se i smica l ly .  The 
f o l l w i n g  v a l u e s  v e r e  obtained:  nmdules of e l a s t i c i t y  45-55 @a. 
modules of s h e a r  22.18 CPa, Poisson ' s  r a t i o  0.25. 
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Table 4-3. Chemical ccqmaition of the rock in the K r i k d l a  
area, a f t e r  Kreaten and Chyasler, 1976. 

S - - -0.02 C0.02 .0.02 q0.02 - -6.02 -0.02 ~ 0 . 0 2  C0.02 q0.02 0.04 

Bd) 0.08 0.08 0.02 0.08 0.08 0.01 0.02 ~ 0 . 0 1  0.01 0.01 0.05 0.01 0.13 - 
Sum 9 8 . 3 2 9 9 . 3 2 9 9 . 7 8 9 9 . 1 1 9 9 . 2 6 9 8 . 8 8 9 7 . 0 2 9 9 . 0 9 9 8 . 9 9 9 9 . 2 0 9 9 . 0 5 9 8 . 9 9 9 8 . 8 6  \ 
-C for I 

F ,  S 0.21 0.26 0.24 0.25 0.2i 0.13 0.03 0.17 0.23 0.10 0.21 0.13 0.09 

Total 98.11 99.08 99.5: 98.86 99.05 98.75 96.99 98.92 98.76 99.10 98.84 98.86 98.77 

Norm: 

Q 35.7 27.2 33.7 29.1 29.8 32.9 60.0 19.4 32.9 28.1 31.7 33.7 26.9 

Ab 28.7 33.7 32.9 36.0 33.0 38.4 27.1 54.8 35.9 36.5 32.1 36.6 26.6 

Or 23.3 29.0 27.3 27.6 27.3 25.0 21.5 22.8 25.9 30.7 27.7 25.6 26.8 

An 3.0 3.0 0.2 1.2 1.3 0.1 1.0 0.1 0.2 2.0 0.9 0.2 6.8 

li 4.6 4.5 3.7 5.2 5.6 2.4 1.1 1.3 3.2 0.9 4.9 2.6 6.0 - 

1. a T  11 Coarse-grained g ran i t e .  2. aT 24 Coarse-grained gra- 
n i t e .  3. SL31A Coarse-grained g ran i t e .  b. X 14 Coarse-grained 
g ran i t e .  5. GG 3 Coarse-grained g ran i t e .  6. GG 8 H e d i m g r a i n e d  
g ran i t e .  7. GdT 26 H e d i m g r a i n e d  g r a n i t e ,  pa le  pinkish.  8. St368 
T i n e  t o  m e d i m g r a i n e d  g r a n i t e ,  white,  wi th  garnet and topaz. 
9. SLlA Fine-grained g ran i t e ,  porphyr i t ic .  10. G4a Mediumgrained 
g ran i t e .  11. GG 2 Grani te  porphyry, dyke nor th  of the  massif. 
12. CG 7 Porphyr i t i c  g ran i t e ,  eas te rn  margin of the massif .  
13. GG 1 S d l a n d  g ran i t e ,  reddish grey, porphyr i t i c  va r i e ty .  
Wall-rock t o  the  north.  



D r i l l i n g  

The f i r s t  h o l e  warn d r i l l e d  i n  o rde r  t o  determine vhe the r  t h e  fun- 
damental c h a r a c t e r i s t i c s  of the  rock a s  regards  v e r t i c a l  e x t e n t  
and u n i f o m ; t y  v e r e  s u i t a b l e .  When t h i s  was found t o  be t h e  case ,  
f u r t h e r  ho les  were d r i l l e d .  Borehole 2  i l lumina tes  the v e s t e r n  
boundary of t h e  l w f  issued,  coarse-grained g r a n i t e ,  vhere t h e  
m e d i m g r a i n e d  g r a n i t e  begins. Borehole 3  rune through t h e  border  
zone of t h e  s tudy a r e a  tovards the  f r a c t u r e  va l l ey  which cons t i -  
t u t e s  its boundary towards tire eas t .  

K r i k e d l a  1  Core Borehole - diameter 56 rrm, length 501.65 m - vas  -- - - 
sunk v e r t i c a l l y  i n  good rock and runs throughout near ly  i t s  en- 
t i r e  length  through uniform, coarse-grained, red massive g r a n i t e .  
'Elere a r e ,  however, f i v e  bands of f i n e g r a i n e d  a p l i t i c  g r a n i t e  
wi th  a  combined th ickness  of 12.2 m. Coarse-grained g r a n i t e  thus  
coraprises 97.6% of the  core.  A t  a  depth of between 60 and 76 m, 
t h e  g r a n i t e  e x h i b i t s  scattered gra ins  of p y r i t e  and molybdenite. 

The disc r i b u t i o n  of i r a c t u r e s  is depic ted by the  RQD diagrams - 
s e e  f ig .  4-13. The major i ty  c o a s i s t  of f r e sh  f r a c t u r e s  s t r a i g h t  
through the  borc  core. and many were created during d r i l l i n g .  

The v a t e r  i n j e c t i o n  t e s t s  show t h a t  the  permeabili ty of t h e  rock 
down t o  50 m i s  d i s t r i b u t e d  around m / s  (see f ig .  4-13), 
whi l e  a  c l e a r  d i v i s i o n  i n t o  high and law values is found a t  t h e  
deeper l eve l s .  The high values  here  a r e  a l s o  around m / s ,  
v h i l e  t h e  low values  a r e  a t  o r  below the  measuring liait, i . e .  no 
wa te r  l o s s  could he measured by means of the  equipmnt  which was 
used. This means t h a t  the  permeabi l i ty  of the  rock is l e s s  than 
1.9 x 10'~ m / s  a t  a  p ressure  of 0.2 MPa and l e s s  than 8 x 10'~g 
m / s  a t  a  p ressure  of 0.6 m a .  Only four  2-metre sec t ions  along 
the  e n t i r e  s e c t i c n  between 320 and 496 m exhibi ted  measurable 
wa te r  loss .  These s e c t i o n s  conta in  smooth, depos i t - f i l l ed  f rac-  
t-ares v h i l e  the  sec t ions  con ta in ing  the  more corrmon f r e s h  cracks 
do not  g ive  r i s e  t o  any measurable water loss .  

The f r a c t u r e s  i n  the  Giitemar g r a c i t e  e x h i b i t  varying mineral  csn- 
t e n t .  Sample scrapings  from the  v a l l s  of the  cracks i n  the  bore 
co re  f r m  Krikernila 1 were t h e r e f o r e  subjected t o  c l o s e r  study. 
Aside from t h e  usua l  minerals  i n  t h e  g r a n i t e  and general  crack 
minera l s  such as  c h l o r i t e  and c a l c i t e ,  the  cracks a l s o  contained 
sulphur  p y r i t e  and lead g l a n ~ e  as  we l l  a s  f luorspa r ,  k a o l i n i t e  
and smect i te .  Kao l in i t e  was found wi th  c e r t a i n t y  i n  only a s i n g l e  
sample nea r  t h e  surface ,  while smcc t i t e  vas found in  four  samples 
dovn t o  326 m, although i n  l i t t l e  quan t i ty .  

K r a k e d l a  2 Core Borehole - diameter 56 mu, length 604.8 a - vas  
sunk v e r t i c a l l y  i n  good rock nea r  the  western boundary of t h e  
coarse-grained red g ran i t e .  This  is r e f l e c t e d  i n  the core  by many 
(25) bands of  fine-grained g ran i t e ,  which together  c o n s t i t u t e  14% 
of t h e  e n t i r e  length  of t h e  core,  and a general ly  h igher  f i s s u r e  
con ten t  - s e e  f i g .  4-11. This borehole a l s o  e x h i b i t s  good i m o e r  
viousness  batween 330 and 495 m, v i t h  values  f o r  water l o s s  which 
l i e  below t h e  measuring l i m i t .  A t  g r e a t e r  depths,  f i s s u r e  content  
i n c r e a s e r  again. I t  is the re fo re  r e a l i s t i c  to assume t h a t  t h i s  
borehole  marks t h e  western  boundary of the  volume of rock which 
is s u i t a b l e  f o r  housing a  rock reposi tory .  
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K r a k e d l a  3 Core Borehole - diametzr 56 m, length 760 m, depth 
approx. 560 m - vas  sunk v i t h  a 50 angle  towards the  UMJ i n  good 
rock on Solberget ,  vhich is a l o r f i s s u r e d  r i b  between two north- 
w e s t e r l y  f r a c t u r e  v a l l e y s  e a s t  of the  g e o p h y s i u l l y  s t u d i e d  area .  
Bedrock cond i t ions  i n  t h i s  borehole a r e  very s imi la r  t o  those  in 
K r a k e d l a  1. Despi te  the  frequency of f i s s u r e s  and n a r r w  crush 
zones i n  t h e  upper p a r t s .  t h e  f i s s u r e  content  of the  rock de- 
c r e a s e s  v i t h  depth. This i n d i c a t e s  t h a t  f i s s u r i n g  of t h e  rock 
around t h e  topographical ly  prominent v a l l e y s  i n  the  KrHkedla  
a r e a  i s  l imi ted.  

OTHER AREAS 

#vrb is loca ted  1.5 km north  of Simpevarp, and most of t h e  land 
belongs t o  Oakarshams Kraftgrupps AB ( s e e  f ig .  4-81. Topographi- 
c a l l y ,  i t  is an i s l a n d  with many small  f r a c t u r e  val leys .  The bed- 
rock c o n s i s t s  of red  t o  grey,  medium-grained and u n s t r a t i f i e d  t o  
weakly g n e i s s i c  S d l a n d  g ran i t e .  An eastwest s t e e p  diabane vas  
observed i n  one exposed rock s l a b .  Geophysical measurements indi-  
c a t e  t h a t  the  e n t i r e  a rea  is divided i n t o  blocks wi th  interven- 
ing ,  s l i g h t l y  e l e c t r i c a l l y  conductive zones. A seismic study re- 
vealed t h e  following data :  m d u l u s  of e l a s t i c i t y  25-43 @a, modu- 
l u s  of s h e a r  10-17 GPa, Poiseon's r a t i o  0.25. 

#vr6 1 Core Borehole - diameter 56 rmn, length 502.2 m - was sunk --- 
v e r t i c a l l y  i n  good rock i n  an a rea  of high r e s i s t i v i t y .  The core  
shows red g r a n i t e ,  vhich,  d e s p i t e  considerable f i s s u r e  content ,  
has p e r m e a b i l i t i e s  below 10-7 m/s. Diabase was encountered i n  
f o u r  s e c t i o n s ,  but the lengths  of the  sec t ions  are  probably much 
g r e a t e r  than the  th icknesses  of the  diabases,  due t o  t h e i r  s t e e p  
angles.  Below bOO m, the  g r a n i t e  i n  t h i s  borehole is heavi ly  
crushed and highly  permeable. The s t u d i e s  were therefore  n o t  
c a r r i e d  t o  completion. 

G 
Bussvik 

Bussvik Bay i s  located 4.5 km nor thves t  of Simpevarp ( see  f i g .  
4-8) and w a s  only s tud ied  geo log ica l ly  and se ismical ly  from t h e  
su r face .  The a r e a  is charac te r i zed  by l a lge ,  r e l a t i v e l y  l o r  
f i s s u r e d  s u r f a c e  s l a b s  of S d l a n d  g ran i t e .  Cood seismic values  
were mearured: modulus of e l a s t i c i t y  50-60 GPa, modulus of shea r  
20-24 GPa, Poisson's r a t i o  0.25. No d r i l l i n g 6  have yet been 
c a r r i e d  o u t  i n  Bussvik. 

Forsmark 

Porsmark is located about 3.5 Ian vest of the  Formark n u c l e a r  
power p l a n t  ( s e e  f i g .  4-31 and wi th in  an a rea  around the  paver 
p l a n t  which has  been surveyed by means of geophysical a e r i a l  m a -  
surements. Surface  geology and geophysical measuremnts i n d i c a t e  
t h a t  t h e  a r e a  comprises a s i n g l e  coherent bedrock block wi th  high 
r e s i s t i v i t y  and a low f r a c t u r e  frequency. The bedrock is coaposed 
of m e d i w g r a i n e d ,  weakly g n e i s s i c  grey quar tz  d i o r i t e ,  which 
borders  on l e p t i t i c  gne i s s  on the  south wi th  a nor thves te r ly  
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s t r i k e .  The l e p t i t e  is p a r t i a l l y  folded and ha. a predominantly 
nor theas te r ly  dip. 

Fo remas  ? Core Borehole - diannter  56 w, length 078.3 m - was - 
sunk v e r t i c a l l y  i n  good rock. Down t o  219 m, the hole nmr 
through a r a the r  l w f i s r u r e d  d i o r i t e  with a varying content of 
hornblende and b i o t i t e ,  and occasional layers  (2 m thick)  of peg- 
mat i t e  and ap l i t e .  A t  increaning depth, a near ly  horizontal  band- 
ing becomes increasingly pronounced, and belov 375 m, banded, 
l i g h t ,  p a r t i a l l y  l e p t i t i c  gneisses  predominate. A t  the  same time, 
t he  qua l i t y  of the rock de t e r i o r a t e s  considerably. Dr i l l i ng  war 
there fore  terminated a t  478.3 m. The d r i l l i n g  r e su l t s  ind ica te  
t h a t  the s tudy a rea  descr iber  a U-shaped convolution and t ha t  the 
d i o r i t e  is not  su f f i c i en t l y  deep. The area  must therefore  be re- 
garded a s  less su i t ab l e  f o r  a deep rock repository. 





GROUNDWATER CONDITIONS 

3. I GROUNDWATER HYDROLOGY 

Radioactive waste which i s  s t d r ea  deep d m  in  the bedrock can be 
dispersed only v i a  the groundwater. The magnitude of the ground- 
water flow in  the areas  under consideration, as  well a s  i ts  velo- 
c i t y ,  re ten t ion  time and pa t t e rn  of movement, a re  therefore of 
g rea t  i n t e r e s t .  

The meta l l i c  o r  ceramic mater ial  which i s  used t o  encapsulate the 
waste can be subjected t o  corrosion a t tack  when it comes i n t o  
contact  with the groundwater. The nature and r a t e  of the corro- 
s ion  a t t a ck  depend upon the chemical composition of the ground- 
water, which is therefore another c ruc ia l  factor.  

5.1.1 Permeability of the bedrock 

As was re la ted  i n  chapter 4, the permeability of the bedrock was 
measured i n  a number of boreholes i n  2 m ( i n  some cases 3 rn) long 
sect ions from the surface of the rock t o  the bottom of the  bore- 
hole. The r e su l t s  can br? smmarized as  follows. 

The upper p a r t  of the bedrock, which may extend dm.1 t o  a de-~th 
of anywhere between 2+30 and a few hundred metres, is of ten  
character ized by r e l a t i ve ly  high permeability, owing t o  an ex- 
tensive and coherent network of f issures .  The upper sect ions of 
the bedrock correspond mst closely t o  the model fo r  f issured 
rock developed by Snow /+I/  on the bas i s  of a large number of 
d r i l l i n g s  and permeability determinations down t o  a depth of 100 
m. With increasing depth, the  abundance of sect ions of very low 
permeability increases, and there is a t r ans i t i on  t o  conditions 
character ized by large formations of predominantly impervious 
rock, interrupted by n a r r w e r  wate-bearing f rac ture  zones. The 
lover sect ions therefore exhib i t  the conditions f o r  c rp s t a l l i ne  
rocks a t  g rea t  depth described by Webster e t  a l .  /+2/. 

Most of the groundwater flow in  the bedrock takes place i n  the  
upper pa r t  of the rock, where permeability is often between 10'5 
and 1 ~ 7  a/s. !fydraulic coherence i n  t h i s  sect ion i s  generally 
good, which gives r i s e  t o  a continuous and leve l  water t a b l e .  /see 
Larsson e t  a l .  + 3 / .  

A smaller  port ion of the groundwater flows through the deeper 
p a r t  of the bedisck, where its mvement is fo r  the most pa r t  re- 
s t r i c t e d  t o  ce r t a in  waterbear ing  zones. Waterbearing zones of 



high s a t u r a t i o n  have been found i n  Swedish mines d o n  t o  a depth 
o f  900 m. I n t e w e n i n g  s e c t i f l s  of rock have a permeabi l i ty  of 

a less than 10'~ m/s. 5 x 10- m/o has  been measured i n  t h e  gra- 
n i t e  a t  S t r i p a  / 5 - 4 / .  Hydraulic coherence between the  ind iv idua l  
f i s s u r e s  at  g r e a t  depth appears t o  be seve re ly  r e s t r i c t e d ,  as  is 
evidenced by t h e  f a c t  t h a t  no measurable v a t e r  f low was found i n  
s e c t i o n s  where both the  d r i l l  co re  and TV examination i n d i c a t e  
t h e  e x i s t e n c e  of f i s s u r e s .  Considerable d i f f e r e n c e s  i n  t h e  chemi- 
c a l  composition and age of the  v a t e r  a l s c  i n d i c a t e  t h a t  hydraul ic  
coherence between the  waterbear ing zones i n  the  same boreholes 
can be l i m i t e d  a t  these  depths. But the re  is a lvays  some hydraul- 
i c  coherence v i a  t h e  more permeable upper p a r t  of t h e  bedrock. 

5.1.2 Groundwater flow 

The r a t e  of groundwater f l o v  is determined by the  p r o f i l e  of the  
v a t e r  t a b l e ,  t h e  permeabi l i ty  of the  bedrock and depth below the  
v a t e r  table .  The v a t e r  t a b l e  f o l l m  t h e  contours  of t h e  land- 
scape,  wi t h  some smoothing-out. 

I n  o r d e r  t o  c a l c u l a t e  the  groundwater flow, a l a r g e  number of 
tvo-dimensional models v i t h  d i f f e r e n t  v a t e r  t a b l e  p r o f i l e s  and 
permeabi l i ty  cond i t ions  have been simulated by means of s p e c i a l  
computer Frograms 15-4, 5-51. Figure  5-1 s h w s  the  groundvater 
f lov  underneath an i s l a n d ,  from i ts c e n t r e  outwards. The ca lcula-  
t i o n  i s  based on the  f a c t  t h a t  p e m e a b i l i t y  is known near  the  
su r face  and decreases  with depth i n  a r egu la r  manner. This d ia-  
gram has  been used a s  a model f o r  the  Karlshamn a rea ,  vhich is 
s i t u a t e d  on a peninsula.  A t  a depth of 500 rn, a subsurface  per- 
meab i l i ty  of lod9 m / s  and a v a t e r  t a b l e  s lope  of 0.05, a f l o v  of 
about 0.2 l i t r e s  p e r  n? and year  i s  obtained.  

Figure  5-2 shows the  groundwater f l o v  underneath a kilometre-long 
s lope .  I n  the  c a l c u l a t i o n ,  i t  is assumed t h a t  permeabi l i ty  does 
not  va ry  with depth,  which l eads  t o  groundwater flows dovn t o  
g r e a t  depths.  This  model has been appl ied  t o  the  a r e a s  a t  Finnsji5 
Lake and KrHkedla.  For the  F inns ja  a rea ,  a flow of 0.1 l i t r e s  
p e r  n? and Gear is obtained a t  a depth of 500 m, w i th  a permeabi- 
l i t y  of 10- m / s  and a v a t e r  t a b l e  s l o  e of 0.008. For the  KrEke- 
md: 1 area ,  a flow of 0.15 l i t r e s  pe r  m5 and yea r  is obta ined a t  
t he  same depth and permeabi l i ty  v i t h  a v a t e r  t a b l e  s lope  of 
0.012. 

The f low values  c a l c u l a t e d  above a r e  probably m c h  higher  than 
the  a c t u a l  va lues ,  s i n c e  the  average permeabi l i ty  of the  rock is 
lower than t h e  value  of 10-9, which vas  the  measurab i l i ty  l i m i t .  

5.1.3 - The p a t t e r n  of groundwater flow 
The path  of the  groundvater through t h e  bedrock can be i l l u s t r a t -  
ed by means of t h e  same type of diagram a s  is shown i n  f i g u r e s  
5-1 and 5-2, provided the  c a l c u l a t i o n s  a r e  ad jus t ed  t o  the  a c t u a l  
e l e v a t i o n s  v i t h i n  a given area. For two-dimensional c a l c u l a t i o n s ,  
i t  i s  assumed t h a t  s lopes  and o t h e r  landscape contours  a r e  o r i -  
ented  perpendicular  t o  t h e  p lane  of t h e  f i g u r e  and extend f a r  i n  
t h i s  d i r e c t i o n .  I n  o rde r  t_o be r e a l i s t i c ,  t h e  c a l c u l a t i o n s  must 
be made v i t h  regard t o  a plane which is perpendicular  t o  tt.e cii- 
r e c t i o n  of t h e  dominant val ley .  Furthermore, t he  permeabi l i ty  of 



Figure 51. Diagnun o f  the cokuloted gmvndnurcr flow under an isbnd from the corm out- 
nu& m e  height and lengfh soles am in me= m e  top chon shows lines for equal flow 
ap& in 1G- m3/r and a crosw..cnod a m  of I m2. The l o w  chmr whkh shows flow 
lines and rqurrqurpotentiol lines, a w m a  an imperrable bottom surfwe at a deptn of 1@00 metm 
and a m y t k u l  permability of l ( r6  m/s Rnnmbiity then d m n n n  uponenriaf~ to 
5 10- m/s at a depth of I000 metm 15-51. 

t h e  rock within  the  a rea  mst be assumed t o  be constant o r  change 
with  depth i n  a regular  manner. The inf luence of individual  zones 
of higher  permeabili ty,  which a r e  responsible  f o r  much of the  
f l m  i n  the  deeper p a r t s  of the  bedrock, can the re for r  not be 
simulated by the  m d e l .  By varying the assumptions f o r  the 
c a l c u l a t i o n s  and thereby d i s t r i b u t i n g  the e f f e c t s  of the  indivi-  
dual  zones over g r e a t e r  volumes, i t  is neverthelees possible  t o  
shed l i g h t  upon the general flow conditions.  This has been done 
f o r  the  Finnsjij a rea  (see  f ig .  5-3 and 5-41,  

The diagrams show, as  was a l ready known, chat the  groundwater 
f l w s  downward i n t o  the  bedrock i n  elevated areas ,  a f t e r  which i t  
tu rns  and flows upward again t w a r d s  l a rge  adjoining va l ley  
f l o o r s ,  where i t  can reach the  surface a t  points  of grot~ndvater 
i n f l o v  i n t o  vatervaya. The influence of t e r r a i n  fea tu res  o f t e n  
extends down t o  depths of severa l  thousand metres. The longer the  
s l c p e s  are ,  the  deeper t h e i r  inf luence reaches. The sur face  a r e a l  



figure 5-2 D i w m  of calculated groundwcrter flow under a slope 7%e height and length xales 
am in mmx 17rc top chv: show lines for equal flow expressed m 10- m3/s and a cro- 
sectional a m  o f  I m2. The l o w  chart show flow lines and equrpotential l i n a  No bottom 
surface at a finite depth o orarmed m thrs rase Permeability is constant at  1 r 6  m/s 1.5-51. 

where groundvater  from g r e a t  depth  i s s u e s  a r e  sma l l ,  and t h e  up- 
f low is accompanied by a very  heavy d i l u t i o n  of t h e  groundwater. 

One consequence of t h e s e  genera l  cond i t i ons  is t h a t  t h e  ground- 
wa te r  movements i n  an a r e a  l ack ing  ex t ens ive ,  f l a t  a q u i f e r s  a r e  
d iv ided  i n t o  sma l l e r  f l o v  c e l l s  and t h a t  groundwater t r a n s p o r t  i s  
predominantly of  a  l o c a l  cha rac t e r .  This p a t t e r n  becomes more 
pronounced i f  t h e  v a l l e y s  fo l low f r a c t u r e  zones ia t h e  bedrock 
where pe rmeab i l i t y  is high.  

The diagrams f o r  t h e  F i n n s j a  a r ea  show t h a t  t h e  f l o v  t h e r e  i s  di-  
r e c t e d  towards F i n n s j a  Lake and towards a v a l l e y  approximately 
2.5 km n c r t h e a s t  of t h e  lake.  There is probably  a l s o  some upward 
f low i n  t h e  f a u l t  v a l l e y  which bo rde r s  on t h e  s tudy a r e a  towards 
t h e  n o r t h e a s t .  No co ld  s p r i n g s  have been found he re  o r  i n  o t h e r  
p a r t s  of  t h e  a r e a ,  which i n d i c a t e s  t h a t  none of  t h e  deep ground- 
wa te r  reaches  up t o  t h e  su r f ace .  The groundwater should t h e r e f o r e  
f r l l o w  roughly t h e  p a t t e r n  i l i u s t r a t e d  by t h e  diagram. 



Figure $3. L)irr(pPm of ,punclwter flow pattern In a norrheasterly suction through the area at Finnsjo. 'An impenetrable bottom surfme at 
finite depth b nut assumed k this case. Penneabili~ u ussumed to decline by 50% for cvety 100 metrer The /luw lines are chusen w that /he 
flow decreases with depth by a fa tor  of 10 000 between tw /low line% /5-51. 



Drtrdjivm f & w v S . R ; 7 k f b u ~ o n c ~ a s o t k t t h e ~ J % w d t  
cmmvi thdepthbya  fmmrof IObenvmrtw/IOYlinc1. A m a k i ; i ~ L a k e . B r m L t k  
s a t n d w r m ~ , C m m S s r  faJrmEty,mdDnrntrrhtoutfbuara llkmpodrqpit 
~ m t h r ~ l i n e u d c r R  f ~ o t e t k t t h e ~ ~ m ~ t ~ t A c r r p o d r o r p b r r  
do& dirsriorr mui does m t  raeh r b m  r depth of SO0 metm unrif it r a c k  the out- 
a m s  ( 7 k  /iyr ~1 taken jivm 15-51, kt the crpodrorp is zlawr amtk podriarl. 

Dilution effects 

The diagram in figure 5-4 can serve as a h a s h  for an assessment 
of the dilution of the groundwater vhich could coma into contact 
vith the waste canisters in a rock repository in the FiansjB 
area. Ass- that the reporitory is located at a depc!, of 500 
metres in the middle of the donnard groundwater f l w  at point B 
in the figure. The repository containa 9 000 canisters with a 
length of 1.8 m and a diameter of 0.4 m. ihe cross-sectional area 
of a canister is thus 0.7 n?. The flaw8 to Finnsja Lake and 
towards the northeast each come into contact with half of the 
number of canisters, vith an area of about 3 000 m2, and amount 
to 3 000 x 0.1 n 300 litres per year. 

As is evident from the diagram, the flaw at the repository is in 
a dannrard direction and then remains for the most part at a 
depth greater than 500 m, until it swings upvard underneath 
Finnsja Lake (A in figure 5-4) and under the valley in the 



northeast  (D i n  f igure  5-4). I t  is t h w  out of reach of normal 
rock ve l l a  along its path. 

In  Finneji) Lake, the groundvater is d i lu ted  by surface ~ n o f f  and 
groundwater from the Fintiajii ~~LchInent  area, which is about 100 
km-. With an annual p rec ip i ta t ion  of 550 mm and an evaporation of 
300 m, e t o t a l  water volume of 2.5 x lo7 m3 i s  obtained. Aa var 
mentioned above, a groundwater flow of max. 300 l i t r e s  per year 
i s  expected t o  come i n to  contact with the  vas te  can is te r s  and 
then flaw i n t o  Finnsjb Lake. I t s  d i l u t i on  there  v i l l  then be 
approximately 1 par t  in  8 x lo7, I 
A s im i l a r  d i l u t i on  of the va t e r  frcm a catcharnt area of 10 km 2 

takes l ace  under the va l ley  a t  D. The d i l u t i on  is then 1 par t  i n  
8 x I&. 

A s  regards the f a u l t  which borders the Finnsji) area t w a r d s  the 
northeast  a t  C i n  f igure  5-4, i t  is conservatively assumed tha t  
an upward flaw takes place. I t  i s  even more conservatively a s s m  
ed chat th in  upvard f l w  i s  so heavy tha t  it leads t o  a complete 
and thorocgh mixing of the groundvater down to  the level  of the 
f i n a l  repository. Dilut ion takes place by the groundwater from an 
i n f i l t r a t i o n  a rea  of 2 km2, whose volume is calculated t o  be 
0.5 x lo6 ra3. 9tmoff within the area is regarded as  negl igible .  
The d i l u t i on  r a t i o  i a  :hen about 1 par t  in 1.7 x 106, which 
appl ies  t o  the v a t e r  which may be taken out from a rock w e l l .  If  
t he  upward f l w  does not reach the surface and mixing of the 
groundwater i n  the f a u l t  zone is i n c o q l e t e ,  the well  v i l l  tend 
t o  be f i l l e d  by groundwater c loser  t o  the surface vhich has not 
been i n  contact v i t h  the vaste .  The di lu t ion  r a t i o  will then be 
considerably greater .  

5.1.5 Effec t s  of waste heat generat ion 

Calculat ions have a l so  been car r ied  out i n  order t o  e luc ida te  the 1 
e f f e c t  of the upvard flow over a rock repository which may be 
caused by the heat generated by the ves te  during the ear ly  phase 
of the s torage period. In agreemnt  v i t h  pre.2-vs Amrican e s t i -  
mates by the National Academy of Science 15-61. t h i s  f a c t a r  has 
been shown t o  give r i s e  t o  an ins ign i f ican t  per turbat ion of the 
prevai l ing pa t te rn  of f l o v  i n  the  v i c in i t y  of the rock reposito- 

I 
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5.1.6 Lowering recharging of the aqui fe r  

The e f f e c t s  of the drainage puaping of a rock reposi tory during 
t h e  construct ion and deposition phases have a lso  been inveet igat-  
ed 15-4, 5-71. These ca lcu la t ions  are  of importance f o r  fu ture  
planning and engineering design vorlt. Thc recharge time f o r  the 
aqui fe r  around the f i n a l  repository, a f t e r  i t  has been sealed,  
can be expected t o  be lengthy on the bas i s  of experience from 
abandoned mines. During t h i s  period, there  can be no outflow from 
the  area. 
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5.1.7 Short-term variations in the groundwater 

A reviev of the literature and Svedisb studies of short-term va- 
riatiom in the groundwater level has been carried out 15-81. It 
shova that the groundwater level in the Swedish bedrock exhibit8 
certain short-term variations which occur without the vater con- 
tent of the rock changing. The level is affected by such factors 
as tidal movements in the bedrock due to the influence of the sun 
and the moon and changer in air pressure. Severe earthquakes kt 
distant pointr on t\e globe, for example off Portugal and in 
Japan, also affect the groundwater level. All of these variatims 
are s m l l  in conparison with seasonal and precipitational varia- 
tiona and no effectr with any appreciable bearing on the condi- 
tions in and around a rock repositorp have been fond. 

5.1.8 Groundwater 

The tiun during which the groundwater resides in the bedrock is 
of importance in view of the natural decay of the radioactive 
elements and their retardation and retention by the rock. In tho 
same rock volume, the residence time for the water is least in 
the larger, waterbearing fracture zones. In the intervening bed- 
rock blocks of low permeability, the residence time is many times 
greater. Residence time in the fracture zone was ascertained by 
means of age determinations carried out on water samples from the 
boreholes. 

Age determinations a water samples were carried out using the 
carbon 14 method, which tells h w  much time has passed since the 
water became isolated from the atmosphere. Four water samples 
from the borehole in Krikedla have been studied thus far. 
70 litres of water are required for each determination, as a re- 
sult of which samples could only be obtained f r m  zones with high 
water flow. 

Two samples from depths of 291 and 510 m in borehole No. 2 gave 
ages of 4 400 and 4 2 7 5  years respectively. Tvo samples from 407 
and 493 m in borehole No. 1 gave 11 055 and 8 205 years, respec 
tively. The determinations vere carried out by the laboratory for 
radioactive dating. Correction for exchange with carbonate mine- 
ral war made on the basis of carbowl3 content. 

The analytic uncertainty inherent in these deteminationa is 
about 2130 years. However, larger errors in the age determina- 
tions may result from various measures undertaken in the bore- 
holes prior to sampling. During drilling, large quantities of 
"younger" surface water were pumped down into the holes for 
flushing purposes, and heavy draiage pumping was carried out pri- 
or to sampling. These disturbing influences resulted in water of 
different ages being mixed, presumably resulting in age underes- 
timations. Judging from the chemical composition of the water 
samples, the sample of the highest age is the one which ir least 
disturbed by surface water. 

The difference betveen the results 4 275 and 4 400 years is 
within the analytical error limits, The differences between the 
age results of 4 000 years on the one hand and 8 000 and 11 000 
years on the other can probably be explanined by the different 
positions and permeability conditions of the boreholes, insofar 



a s  they a r e  not  the  r e s u l t  of t h e  a f o m n t i o n e d  disturbances.  
Borehole No. 1 is located on a near ly  hor izon ta l  plateau-like 
p a r t  of t h e  study a r e a  - not f a r  from the f r a c t u r e  va l ley  vhich 
comprises t h e  boundary of the  a rea  on t h e  nor thear t .  The water 
t a b l e  is there fore  near ly  level .  And s ince  t h e  core from t h i s  
borehole shove a large por t ion of impervious tack, the  r a t e  of 
groundwater flow is low, the  residence tima of the water l a g  and 
i t s  age high. The d i f fe rences  between t h e  agcs and compositions 
of the  v a t e r  aamples from t h e  f i s s u r e s  i n  t h i s  hole c l e a r l y  shav 
t h a t  the  f i s s u r e 8  have l i t t l e  hydraul ic  coherence. 

Borehole No. 2 i n  K r i k e d l a  is located c l o s e r  t o  t h e  loca l  v a t e r  
d iv ide  betveen Lake G?Jtemeren and t h e  Ba l t i c  Sea, and t h e  v a t e r  
t a b l e  here  is located about 10 m b e l m  t h e  surface of the  ground. 
This w u l d  ind ica te  t h a t  the  groundwater here  is flowing d a n r  
ward, vhich. together  with the  predominantly higher permeabili ty 
of the  roclc, could explain  the  lorcr age of the  water. 

The K r a k e d l a  a r e a  is c e r t a i n l y  not an exceptional case v i t h  
respec t  t o  groundwater age. The general groundwater turnover r a t e  
here  is ,  i n  f a c t ,  probably higher than i n  the o ther  two s tudy 
areas .  Only a few age determinations on groundvoter f r m  grea t  
depths i n  t h e  bedrock from other  locat ions  a r e  know. One age de- 
terminat ion of 4 010 years an mixed v a t e r  frum a depth of 136 m 
from a v e l l  i n  :ire bedrock i n  Finland /Dormer and Jungner, 5 - 9 / ,  
and another determination of 9 785 years  on a mixed v a t e r  from a 
depth of about 300 m a t  Stor juktan c a r r i e d  out by the  Geological 
Survey of Sweden on behalf of the  National Council f o r  Radioac- 
t i v e  Waste Uanagement, shav t h a t  the age determinations from K r a -  
k e d l a  a r e  not except:.onal. The sampling conditions i n  both of 
these  cases  were s l i g h t l y  d i f f e r e n t ,  but  mixture v i t h  younger wa- 
t e r  should have led t o  underestimations of age. 

The age determinations shad t h a t  i t  takes a t  l e a s t  11 000 years  
f o r  the  v a t e r  t o  t r a v e l  from the  i n f l c g  area  t o  one of the  samp- 
l i n g  po in t s  i n  the  K r i k e d l a  1 borehole. Since the  dated sample , 

was taken from a vater-bearing f i s s u r e  a t  a depth of about 400 m, 
i t  may be concluded t h a t  groundwater which passes through a deep 
rock repos i to ry  located i n  the  inflow area i n  a rock formetion of 
low permeabili ty should requ i re  even mare time t o  r e t u r n  t o  the  
s u r f  ace. 

The res idence t ima  of the  groundwater i n  the  tack has been calcu- 
l a t e d  f o r  a number of typ ica l  cases  with the  a id  of the  flow rmr 
d e l s  mentioned previously. The r e s u l t s  vary widely, h ~ v c y c r ,  de- 
pending on the  choice of conditions.  As a NIL. the  calculated 
res idence times a r e  lover  than the  ages detennined by m a n s  of 
t h e  carbon 10 mcthod. This is due, among other  things,  t o  t h e  
f a c t  t h a t  the  measured permeabili ty values  vhich vets used i n  the  
c a l c u l a t i o n s  a r e  highel' than t h e  ac tua l  values,  and t h a t  t h e i r  
d i r e c t i o n a l  dependence, a s  wel l  a s  the hydraulic f a c t o r s  which 
p r e v a i l  a t  g rea t  depth, a r e  not y e t  s u f f i c i e n t l y  vell understood. 

GROUNDWATER COMPOSITION 

The chemical c q o s i t i o n  of the  groundwater plays a dec i s ive  r o l e  
i n  determining the  d u r a b i l i t y  of the  waste and encapsulation ma- 
t e r i a l s  and i n  determining the a b i l i t y  of the  bedrock t o  r e t a r d  
and r e t a i n  the  waste substances. The dec i s ive  f a c t o r  vhich d e t e r  



mines the c-sition of the groundvater in the fact that it is 
in long-ten contact with the mineral8 in the bedrock, which are 
nolid phases of relatively constant composition. The fissure- 
filling minerals are especially important itt this cormection. 
This contact results in chemical equilibri- vhich give rise to 
a given groundvater composition, regardless of local or random 
disturbances /Carrels 510, Eriksson and Khunakarem 5-11, Jacks 
5-12, Eriksson and Holtan 5-13/. An example of such equilibrium 
reactions is that groundwater vhich can locally become acidic 
will rapidly return to a pH of around 8 as a result of reactions 
with the bedrock. If the water should locally become oxidizing 
due to oxygen infusion, this oxygen will quickly be consumed by 
reactions with the bivalent iron present in the rock mineral. 
This nas been illustrated by reveral introductory experiments 
performed in the presence of amspheric oxygen: 

Sawplzs from the Finnsjt! area consisting of granodiorite and 
chlorite plus crushed material from a crush zone were finely 
ground in air and mixed with distilled water with a pH of 5.6 and 
a redox potential of Eh + 610 m V. Following centrifugation in 
sealed tubes, the Eh of the water dropped to +0.315, +0.267 and 
+0.084 m V, respectively, vhile the pH rose to 8.9, 9.2 and 9.4 
respectively. 

Groundwater analyses from rock wells in Sweden have not been sys- 
tematically c-ared. But an extensive body of data is available 
from Fir.land, which has the same type of bedrock and groundvater 
as .Sweden. Laakso /5-14/ reviews these data, which specify mean 
concentrations and ranges of variation for most of the principal 
eubstancas in water from some 1 100 analyses of saaples taken all 
over Finland, and Lahernu /5-15/ presents a selection from the 
coastal region of southeastern Finland. However, these data gene- 
rally apply to shallow wells. The only analyses of water santplcs 
from depths of around 500 m which are available apply to mine 
water, which for many reasons cannot be regarded as being repre- 
sentative in this context. 

Water samples f m m  the boreholes in Krakedla and Forsmark were 
analyzed. In Forsmark, samples uere taken from a depth of 450 m 
by means of an apparatus designed to prevent contact with atmos- 
pheric oxygen /5-16/. These analyses show that the oxygen content 
of the groundvater is less than 0.01 mg/I (which is the measur 
ability limit) and that all dissolved iron is bivalent, plus that 
the water has a rulphide content (in the form of hydrogen sul- 
phide) of 5 mg/m. 

Table 5-1, which is taken f r m  /5-16/, gives the results of ana- 
lyses of water from a number of vells and boreholes in northern 
Uppland. The table also indicates the estimated range of varia- 
tion of the analysis values. 
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RETARDATION AND RETENTION OF WASTE 
SUBSTANCES 

Varioua sorption effects and other chemical processes generally 
lead to a retardation of the substances dissolved in the ground- 
water in relation to the movements of the groundwater. Laboratory 
studies and field tests have been conducted in order to shed 
light on these factors by Allard /6-1/, Landstrh et at. /6-2/ 
and Neretnieks /6-31. The results are generally in agreement vith 
vhat is reported in the literature /Burkholder et al. 6-41. 

On the basis of the experimental data, retardation factors can be 
calculated for the different substances /Gmndfelt 6-5/. 

These and related mattera are dealt vith in greater detaii in 
volume IV, chapter 6.5. 

Field tests concerning such retardation effects were conducted at 
Studsvik for the National Council on Radioactive Waste Management 
(PRAV). In these tests, tracers were inject4 into boreholes at a 
depth of 70 m in fissured rock with heavy water f l w  and p e m a -  
bilities around 10'~ m/s. The groundwater fluu was accelerated by 
means of pumping in another hole and samples were taken from a 
hole between the injection hole and the pump hole as well as from 
the discharge vater. The transmit time of the water vas determirr 
ed with the aid of a water tracer. The test confirmed chc retar 
dation effect on strontium and cesium. 

In a later study, vhich vas corm~issioned by KBS, the tests were 
repeated after the same rock sections had been sealed by means of 
bentonite grouting. Bentonite is a countonly occurring natural 
rineral many millions of years old consisting primarily of swc- 
tite minerals. Smectite occurs frequently as a natural crack 
filler in the Svedish bedrock and has also been found at Kriked- 
la and Karlshamn. It is in chemical equilibrium vith the ground- 
vater and the other minerals in the bedrock /Carrels, 5-101. The 
tests are still in progress, but it can be noted that strontium 
added to the vater has not yet (after 4 months) arrived at the 
metering point located 50 metres from the borehole vhetc it was 
injected fLandstr6m and Klockars, b 6 / .  Tha transit time of the 
groundwater over this distance vas about 10 hours prior to seal- 
ing. 

Certain elements take part in chemical reactions so that they are 
retained in the rock. Such a fixation of cesium has been demon- 
strated by laboratory experiments nevi and Hiekely, 6-7/. Other 
experimental studies h a w  s h m  that hydrogen sulphide or mine- 
rals containing bivalent iron can precipitate insoiuble uraniua 



dioxide fra~l solutions of carbonate coaplexes of. hexavalent 
u r a n i ~  by me- of reduction at room temperature hafalsky, 
Hiller, 6-8, 6-91. Theoretically, the same should occur with pltr 
tonium and other transuranium elements. 

Many examples of such reactions are found in nature. Thus, ex- 
tensive uranium ore deposits have been formcd by precipitation in 
this manner /Adler, 6-10, Dahl and Hagmaier, 6-111. In Sweden, 
uranium dioxide occurs as fissure filler in the crystalline base- 
ment rock in such areas a northern Uppland and at Pleutajokk in 
Norrbotten county /Ad-k and Wilson, 6-131. In both of these 
cases, the mineral has been retained in the bedrock for m r e  than 
1 500 million years, It has also been shown that naturally formed 
transuranium nuclides in the Oklo uranium field at Gabon have not 
been dissolved or carried away by tha gtcunrhrater /6-141. 



FUTURE BEDROCK MOVEMENTS 

Special studies have been devoted to the question of whether 
current rock conditions may significantly deteriorate during the 
long period of waste storage in a rock repository due to nev 
fracturing and future movements in the bedrock. The formation of 
new fissures could then lead to higher permeability in the rock. 
Future displacements could also cause damage to the vitrified 
waste bodies and their canisters. These questions are further 
explored be law. 

- 

7.1 ROCK MOVEMENTS AT KARLSHAMN 

The exposed rock at the Karlshanm pover station provide a goad 
opportunity for examining the extent of the displacements and 
dislocations which have occurred due to fracturing in a selected 
area of bedrock. There are recentiy blasted vertical road cuts as 
w l i  as large* smooth and clean sections of rock outcrops along 
the shore with a combined area of many thousands of square 
metres. The bedrock contains numerous slices of light pegmatite. 
At points &ere these slices of light pegmatite are crossed by 
fractures, the magnitude of the vertical (in the road cuts) or 
h ~ ~ i z o n t a l  (in the shore outcrops) displacement in each individu- 
al fracture since the formation of the pegmatite can be measured. 
The pegmatite9 were formed 1.45 . lo9 years ago Nelin and Blow 
qvist, 7-11. 

Two independent obsewers h a w  studied the area. There is no s i p  
nificant difference between their reports. The results are sumaa- 
rized in the following table: 

Displacement (m) 1 1-2 2- 2 5- 10 10-20 
Number, obse-r I ( 4 4 I a  25 11 5 1 
Number, observer 11 37 16 15 4 

Percent 

a) Calculated in proportion to the number of cracks exhibiting 
major displacement. 

The studied areas of rock h a w  been exposed to glacial action 
frast bursting and other disintegration processes (blasting in 
the road cuts) which have acted on the exposed top surface of the 
rock. Rock elements at greater depths would have been subjected 
to uniform constraint f r m  all sides by the surrounding rock. I t  



can there fore  be concluded t h a t  the  t o t a l  v e r t i c a l  and horizontal  
movements caused by s imi la r  f r a c t u r e s  a t  g rea te r  depths a r e  l e s s  
than 20 m. The resu l t ing  average displacement has thus been l e s s  
than 0.02 m per  mi l l ion  years. Similar  observations a t  Finnsj6 
Lake ind ica te  a value 15 times greater .  The time dependence of 
t h e  movements w i l l  be discussed l a t e r  on. 

FAULT MOVEMENTS lN THE VICINITY OF THE STUDY AREAS 

&sides  i n t e r n a l  f i s sur ing ,  the  bedrock a l s o  exh ib i t s  continuous 
f r a c t u r e  l ines ,  sometiaes many miles i n  length. These f r a c t u r e  
l i n e s  divide the  bedrock i n t o  blocks of varying s i z e  which have 
been displaced more o r  l e sa  i n  r e l a t i o n  t o  each other .  Such frac- 
t u r e  zones a r e  ca l l ed  f a u l t s .  The magnitude of the  v e r t i c a l  dis-  
placements ( thraus)  i n  the  subcambrian peneplain (see 4.3.1) can 
be es tab l i shed  both i n  the region around Pinnsji3 Lake and around 
Kraked la .  In  northern Uppland, such displacements a r e  general ly  
l e s s  than 15 m, while the t o t a l  movement i n  the Oskarshamn di- 
s t r i c t  is around U) m. This gives an average v e r t i c a l  displace- 
ment i n  these  zones of movement of approximately d n per  mil l ion 
years  o r  lesa  during the  570 mil l ion years  which have passed 
s i n c e  the  peneplain was formed. 

O f  spec ia l  i n t e r e s t  is the  north-south f a u l t  vtrich runs through 
t h e  Gatemar g r a n i t e  west of the study area a t  Krzkedla .  The sub- 
cambrian peneplain here has been displaced some 25 m, while the 
t o t a l  movement is estimated on the bas i s  of c r y s t a l l i n e  bedrock 
geology t o  be around 500 m /Kresten and Chyssler, 4-12/. This 
shows t h a t  about 95% of the  movement took place more than 570 
mi l l ion  years  ago, and t h a t  the  average speed a t  tha t  ti- was 
about 10 times higher than afterwards. 

FAULTS M SKANE 

One of Europe's major zones of movement runs through Skdne and 
can be f o l l w e d  tavards  the southest  a l l  the way t o  the  Carpathi- 
ans /Yanshin e t  a l . ,  7-2/. In  SkHne, t h i s  zone marks the  boundary 
of the  Scandinavian Precambrian s h i e l d  tovards the younger bed- 
rock t o  t h e  south. The boundary zone is character ized by f a u l t s  
which have exhibi ted major movements during the  past  570 at i l l ion 
years  an well. 

Rt3shoff and Lagerlund /7-3/ have s tudied two of these f a u l t s  i n  
r e l a t i o n  t o  the  sedimentary rocks of S u n e  and t h e i r  ages, and 
were thereby a b l e  t o  e s t a b l i s h  the  v e r t i c a l  displacements which 
have taken place during four d i f f e r e n t  geologicnl periods: over 
180, 200, 130 and 65 mil l ion years,  respect ively.  The r e s u l t  ob- 
t a ined  f o r  the  l a rger  f a u l t  was a t o t a l  v e r t i c a l  thrcw of near ly  
2 000 m and an average v e r t i c a l  throw of 3.4 m per  mil l io?  years.  
Average displacements of s i m i l a r  magnitude were noted f o r  the  
d i f f e r e n t  periods - the  v a r i a t i c n  is between 4.9 m pe r  mi l l ion  
years  and 2.6 m per  million years. The smaller f a u l t  e x h i b i t s  a 
t o t a l  v e r t i c a l  t h r w  of around 240 m and its average r a t e 3  vary 
i n  a s i m i l a r  manner b e t a e n  0.59 m and 0.23 m per  mi l l ion  years. 
Rashoff and Lagerlund emphasize t h a t  these  da ta  a r e  mean values 
taken over long periods of time and t h a t  it is assumed t h a t  the  



movements took p lace  i n  rap id  s t e p s  separated by. long per iods  of 
l i t t l e  o r  no movement. 

It is a l s o  of i n t e r e s t  t h a t  the younger rock formations i n  S k h e  
e x h i b i t  fewer f a u l t s  than the o lde r  underlying Precambrian bed- 
rock. The number of f a u l t s  i n  chalk depos i t s  is only about 20% of 
che number i n  the bedrock. Approximately one-third of the  f a u l t s  
i n  the  S i l - ~ r i a n  s t r a t a  and ha l f  of the f a u l t s  i n  the  T r i a s s i c  
s t r a t a  do no t  extend dovn i n t o  the Precambrian bedrock. Condi- 
t i o n s  a r e  s i m i l a r  i n  many o t h e r  a reas  with edirnentary bedrock, 
and have a l s ~  been simulated i n  i n s t r u c t i v e  model s t u d i e s  17-41.  

RECENT ROCK MOVEMENTS OF THE FAULT TYPE 
4 

Rock movements which occ"rred i n  Sweden during o r  isince the  i c e  
age  and a r e  s t i l l  i n  progress  have been known f o r  a long time, 
b u t  have o f t e n  been regarded with some doubt. The AKA Committee's 
reporc  made spec ia l  mention of the occurrence of &ch movements 
i n  south-eastern Sweden. Since t h a t  time, new and !more d e f i n i t i v e  
observat ions  have been made. A review of these observat ions  and a 
general  r eg iona l  inventory of recent f r a c t u r e  zones i n  southern 
Sueden has been c a r r i e d  cu t  by Rijshof f and Lagerlund 17-31. A s i -  
m i l a r  study f o r  c e n t r a l  and nor thern Sweden is reported by L a g e r  
back and Henkel 17-51.  

According t o  these  reviews, the most important examples of r ecen t  
f a u l t s  a r e  t o  be found a t  Kullaberg i n  S k h e  and i n  c e r t a i n  re- 
c e n t l y  geological ly  surveyed p a r t s  of Norrbatten and Vasterbot ten 
counties.  An a r e a  e x h i b i t i n g  ind ices  of recent f i s s u r i n g  of an- 
o t h e r  charac te r  has a l s o  been noted on the Fulu massif i n  Dalar- 
ma. The i r r e g u l a r i t i e s  in  the  land e leva t ion  process noted by 
M6rncr / 7 - 6 /  should a l s o  be mentioned here.  

The i n v e n t o r j  of f r a c t u r e  zones has included s tud ies  of s a t e l l i t e  
p i c t u r e s  and a reviev of topographical nrnvs and a e r i a l  photo- 
graphs. No c e r t a i n ,  previously  unknown, recent f a u l t s  have been 
found, with the  poss ib le  exception of a f r a c t u r e  zone a t  Ekorva 
on the  Asheda topographical map-sheet. 

This  is no guarantee t h a t  recent  f a u l t s  have not occurred i n  
o t h e r  areas ,  but  it does i n d i c a t e  t h a t  l a rge  p a r t s  of Sweden lack 
c l e a r  examples of such zones af mveiih?nt. In p a r t i c u l a r ,  i t  
should have been poss ib le  t o  discover  recent  f a u l t s ,  i f  such ex- 
i s t a d ,  i n  the  very f l a t  a r e a s  where KES bedrock s t u d i e s  were 
conducted. 

Fur the r  s t u d i e s  a r e  required t o  obta in  a complete p i c t u r e  of the  
formation and importance of reported recent  rock movements. But 
a n  important f a c t o r  vhich recurs  i n  the  c i t e d  repor t s  is t h a t  
these  recent  movements a r e  associa ted with o lde r  zones of move- 
ment i n  the  Precambrian bedrock. It is s a i d  tha t  the f a u l t s  a t  
Kullen i n  Skine were i n i t i a t e d  more than 5 7 0  mil l ion  years  ago, 
and t h a t  subsequent movements have taken place  dgr ing severa l  
geological  periods,  including s ince  the  i c e  age. It is a l s o  noted 
t h a t  the  recent  f a u l t s  i n  Norrbotten and Vls terbot ten count ies  
confom l a r g e l y  t o  o l d e r  f a u l t s .  MSrner a l s o  s h m s  t h a t  the  
i r r e g u l a r i t i e s  vhich he repor t s  i n  shore l ines  and i n  the  land 
e l e v a t i o n  r a t e  a r e  caused by the  fa,: t h a t  movements a r e  s t i l l  
taken p lace  i n  the  con tac t s  between d i f f e r e n t  y p e s  of rock and 



i n  the  f a u l t  l i n e s  i n  the  bedrock. This agrees with the  bas ic  ge- 
o l o g i c a l  observat ion t h a t  l a rge  cracks and f i s s u r e  zones a r e  very 
o l d  and have been reac t iva ted  i n  recent  periods of deformation 
/Cloos, 7-7/. This  has a l s o  been co?finned by a large-scale  s tudy 
of the  e n t i r e  s t r u c t u r e  of Euras ia  by Yanshin e t  a l .  /7 -?/  and i n  
Scandinavia by Tuominen e t  a l .  /7-8/ aa v e l l  a s  Strijmberg /?-9/. 
Knowledge of e x i s t i n g  zones of f r a c t u r e  i s  of great  importance i n  
p lannina  .a rock reposi tory .  By loca t ing  the  repos i to ry  i n  an a rea  
without major f a u l t  l i n e s ,  and i n  a block of bedrock which is 
hounded by j o i n t  planes where any e x i s t i n g  s t r e s s e s  can be re- 
leased,  it i s  poss ib le  t o  i s o l a t e  the  r epos i to ry  from the  e f f e c t s  
of recent  f a u l t  Fovements. 

ROCK MECHANICS STUDIES 

One reason why recent  f r a c t u r e  and f a u l t  movements follow o lde r  
f r a c t u r e  l i n e s  is t h a t  such f r a c t u r e  l i n e s  represent  a l ready ex- 
i s t i n g  j o i n t  planes where s t r e s s e s  can be re leased more e a s i l y .  
This  has been e luc ida ted  by means of rock mechanics ca lcu la t ions  
by Stephansson /7-lo/ .  The r e s u l t s  show t ~ ~ a t  the r i s k  of f i s su r*  
ing  decreases  a s  the  n u d e r  of e x i s t i n g  f i s s u r e s  increases  and 
the  d i s t ance  between them decreases.  A sample c a l c u l a t i o n  shows 
t h a t  a displacement of 10 m/km i n  rock with a f i s s u r e  i n t e r v a l  of 
2 metres does not g ive  r i s e  t o  new f i s s u r e s .  Ins tead,  the  move- 
rnent i s  d i s t r i b u t e d  over e x i s t i n g  f i s s u r e s ,  and the  change i n  
f i s s u r e  u i d t h ,  and thereby i n  permeabili ty,  is neg l ig ib le .  

In t h i s  context ,  i t  should a l s o  be noted t h a t  c c t t a i n  rock mecha- 
n i c s  parameters have been determined i n  the  laboratozy f o r  d r i l l  
core samples from tha areas  a t  Finnsjij Lake and Krilkedla.  Tests  
on mate r i a l s  from Karlshamn a r e  s t i l l  i n  progress.  The r e s u l t s  
obta ined thus  f a r  a r e  presenred i n  t a b l e  7-1. 

No measurements of the  i n t e r n a l  s t r e s s e s  i n  the  bedrock have been 
undertaken wi thin  the study areas .  Houever, a r e l a t i v e l y  l a rge  
number of s t r e s s  measurements have been ca r r i ed  out i n  Scandina- 
v ian  bedrock a t  varying depths down t o  about 900 m over the years  
1951-1976. The r e s u l t s  show a very wide spread both geographical- 
l y  and local ly .  Some of t h i s  spread seems t o  be a r e s u l t  of the  
f a c t  t h a t  e a r l i e r  measurements /7-11/ indicated considerably 
g r e a t c r  s t r e s s e s  than recent  measurements i7-12, 7-13/ using iw 
proved and more well-defined measuring methods. There a re ,  never- 
t h e l e s s ,  undoubtedly genuine vide  regional  and loca l  v a r i a t i o n s  
i n  the  i n t e r n a l  s t r e s s e s  i n  :he rock due t o  var ious  geological  
f a c t o r s ,  topography e t c .  /7-13/. 

I n  general ,  i t  can be concluded. that  the  measurements i n d i c a t e  
t h e  ex i s t ence  of l a r g e r  h o r i z o n ~ c l  s t r e s s e s  than couid be expect- 
ed on the  bas i s  of purely  t h e o r e t i c a l  e l a s t i c i t y  considerar ions .  
The same a p p l i e s  f o r  the  maximum shear  s t r e s s ,  vhich de temineq  
t h e  r i s k  of f r a c t u r e  i n  the  rock mass. However, the  shea r  
s t r e n g t h  of the  rock increases  almost l i n e a r l y  with increas ing 
depth due t o  t h e  pressure  of over lying rock masses 17-lhl. Judg- 
ing  from t h e  rock s t r e s s  measurements which have been made. i t  
can t h e r e f o r e  be concluded t h a t ,  a p a r t  from i s o l a t c d  cases,  ade- 
qua te  s a f e t y  margins aga ins t  rock f r a c t u r e  e x i s t  a t  the  depths i n  
quest ion due t o  the  i n t e r n a l  s t r e s s e s  of the tock. The same con- 
c lus ion  can be drawn on the  b a s i s  of the r e s a l t s  of t h e  e a r l i e r  



Tabla 7-1. Rock mchanics  parameters from d r i l l  cores,  deter- 
mined a t  the Division of Rock Mechanics a t  the  
Lulea I n s t i t u t e  of Technology. 

Compressive Tensi le  Hodulur of Poisson's 
s t reng th  s t reng th  e l a s t i c i t y ,  r a t i o  

50% breaking 
load 

K r i k e d l a  1 MPa MPa CPa 
( 6  samples) 

H (Mean value) 183.2 8.92 61.4 
d (Standard 17.8 0.94 L . 3  

deviat ion)  

KrHkedla 2 
(6 samples) 

Finnsjan 1 
( 6  samples) 

Finnsjan 2 
(6 samples) 

measurements. This conclu,rion is a l so  i n  f u l l  agreement with 
p r ac t i c a l  experience from mining operations a t  various depths. 

Naturally,  measurements of rock s t r e s s e s  w i l l  be included i n  the 
a rsena l  of preliminary stutiy methods which v i l l  be used t o  deter- 
mine a su ; t -b le  l acz t ion  f o r  a f i n a l  repository. 

FRACTURING FORECAST 

I t  is possible  t o  fo recas t  the f o m t i o n  of new f r ac tu r e s  and 
f r ac tu r e  movements during the s torage period on the ba s i s  of 
average values and t h e i r  expected deviation. Such considerations 
can be based on the age of the bedrock and the loca l  frequeccy of 
f r a c tu r e s  i n  each area. The ex i s t i ng  f rac tures  i n  the bedrock 
cons t i t u t e  a navzral record of a l l  previous occasions on which 
permanent cracks vere formed. 

As an example, consider a 1 000 m long sect ion of a rock fonna- 
t i o n  which is 1 000 mi l l ion  years old and where the number of 
cracks is a l s o  1 000 ( i n  o ther  words, the averade dis tance 
between ti;.. cracks is 1 metre). This means tha t  an average of one 
new f i s s u r e  was formed every mi l l ion  years.  Assume t ha t  t h i s  



sec t ion  i s  r ep r e sen t a t iw  fo r  the rock surrounding a rock reposi- 
tory. A storage period of one mil l ion years with an average 
amount of rock movement would then lead t o  an increase i n  the 
f i s su r e  content of the rock, and thereby its permeabili ty,  by a 
f a c to r  of 0.001 of the present value. A more qua l i f i ed  forecast  
of t h i r  type of fu ture  has been wrked  out by Ringdahl e t  a l .  
17-15/. Such a forecast  is dependent !,?on vhether the rock move- 
nents during the forecast  period a r e  g rea te r  o r  l e s s  than aver- 
age. Another fac tor  vhich must be taken i n to  consideration is 
t h a t  the r i s k  t h a t  a deformation w i l l  generate a new f rac ture  di- 
minishes a r  the dis tance betveen ex i s t i ng  f i s su r e s  decreases. 

The question of whether the rock movements vhich vill occur dur- 
ing the s torage period wi.11 correspond t o  an average frequency 
f o r  a very long period of time can be c l a r i f i e d  by considering 
the rock movements i n  t h e i r  chronogeological context. I t  is im- 
por tan t  t o  begin t y  noting that  the most of the f rac tur ing  of the 
Precambrian bedrock outs ide of SGne took place more than 570 
mi l l ion  years ago, i.e. p r i o r  to  the formation of the subcambrian 
peneplain. In the K.lrlshamn area, the f rac tur ing  took place pr i -  
marily about 900 mil l ion years o r  more agc. The f rac ture  pa t te rn  
a t  Krdkedla  i s  f o r  the m s t  par t  1 300 mil l ion years old. The 
general mineral izat ion of the f rac tures  i n  the FinnsjCl a rea  and 
t h e i r  proximity t o  the Jotnian rock formations a t  GIvle indicate  
a s im i l a r  o r  g rea te r  age /see Wintan 7-16, Welin 6-12, Corbatschev 
7-17 and Uelin and Lundqvist 7-la/. 

The general ly  small amoant of movenent i n  the Precambrian bedrock 
over the pas t  570 mil l ion years is evident i n  the large extent 
and limited deformation of the subcambrian peneplain and i n  the 
la rge ly  undisturbed s t r a t i f i c a t i o n  of the overlying alurninous 
s l a t e s  and limestones. Disturbances i n  the pewpla in  consis t  of 
an elevat ion of the land surface of up to  several  hundred metres 
which can be followed from the ve s t  coast to  SkellefteH and which 
comprises the western boundary of the peneplain. Then there  a r e  
a l s o  the previously mentioned f au l t s ,  vhich divide the bedrock 
i n t o  blocks. The f a u l t s  a r e  normally s teep and the displacerncnt 
is predominantly ve r t i c a l .  

A l l  of t h i s  shows t h a t  f rac tur ing  and mvemcnts i n  the precmb- 
r i a n  bedrock over the past  570 mil l ion years have been small and 
b e l w  the average f o r  a longer period of time. ?'he above-cited 
da ta  from the Catemat f au l t  show tha t  the aggrepate ac fomat ion  
there  w a s  about 20 times less ,  and the deformation r a t e  betveen 3 
and 10 times Lower, during t h i s  period than previowly.  Similar 
conditions h a w  a l s o  been reported f o r  other  pa r t s  of the country 
by Riishoff and Lagerlund 17-31. This abating tendency i n  rock 
movements indicates  t ha t  the previous forecast  i s  based on ex- 
cessively high average values. Thus, change i n  the rock during 
t he  s torage period w i l l  be considerably l e s s  than calculated. 

Hovcvrr, movements i n  the bedrock have not been constant during 
the pa s t  570 mi l l ion  years e i t he r .  Peaks i n  the f i s sur ing  process 
can be establ ished on the basis  of the general connection which 
e x i s t s  betveen the f i s sur ing  of the ea r th ' s  c rus t  and volcanic 
a c t i v i t y .  The f o l l w i n g  age determinations have been reported f o r  
volcanic f o m t i o n s  i n  Sweden which a re  younger than the Precamb- 
r i a n  bedrock / see  Klingspor 7-19, Bystrth e t  a l .  7-20, Kresten e t  
a l .  7-21/: 



- 540 million years, alkalina rocks frar A l d n  and Avika near 
Sundsvall. - 450 million year*, bentonite from Kinnekulle in Vbtargtlt- 
land. - 295-280 million years, basaltic rocks in northern Suna and 
Vastgataberg, alkaline rocks in %ma. - 167 million yeals, basalcs, northern SIdne. - 108 million years, basalts, northern SGne. 

No more recent basaltic volcanism has occurred in Sweden, but 
faults in the chalk deposits in Skane indicate movParnts vhich 
have taken plece during the past 65 million years. 

These data show that the past 570 million years, vith their lwer 
average fracture movement data, have also had periods of higher 
activity. rhe concentration of these events in Sldne is clear. 

Age determinations make it possible to consider movements in tha 
Precambrian bedrock in a larger context. Three major and exten- 
sive deformation periods during the pasr 570 million years have 
led to extensive orogeny, granitization, fracture movements and 
volcanism in the areas betveen the Mediterranean Sea and the 
North Atlantic. During all of this period, the Nordic bedrock has 
remained an extrcaely stable area, whose l w  level of deformation 
is proved by the subcambrian peneplain and superimposed rock 
strata. It may be added that many other precambrian rock areas in 
the vorld exhibit a similar appearance, while areas vith m r e  
active rock movements and volcanism are also characterized by 
different conditions with respect to age, rock types and geologi- 
cal structural features. Probing deeper, it can be noted that 
basalt *~olcanism in Sveden and associated break-up of the sub- 
canbrian peneplain approximately 290 million years ago coincides 
vith similar activities in Greenland, Europe, East Africa, Hada- 
gascar and Western Australia /see Kent 7-22, Turner and Verhoogen 
7-23/. Similarly, more recent basaltic volcanism and fault move- 
ments in Skine can be chronologically associated vith other 
areas, of which the North Atlantic and the continental part of 
Eurcpe north of the Alps are of the greatest interest as far as 
our forecast is concerned. 

A survey of bedrock movements and their age relationships in the 
North Atlantic was recently submitted by Bott /7-24/. Volcanic 
activity in the area is sumnerized by Turner and Verhoagen. The 
geological development which is described began s a m  180 million 
years agn and culminated about 60 million years ago. At that 
time, volcanic activity extended from Greenland, Jan Mayen and 
Spitzbergen all the way to Ireland, at the same time as northent 
Europe separated from horth America. The rock movements in Skane 
can be regarded as a marginal part of this progression, where 
volcanism comprised an introductory phase. The same progression 
also affected other parts of northwestern Europe, although vith 
much less intensity. This probably explains the veak upvarping 
uhich constitutes the vestern boundary of the subcambrian pene- 
plain in Sweden, the much greater upfaulting which gave rise to 
the s t e q  Atlantic coast of Norvay and the subsidence of the 
previously forested parts of the Baltic Sea, which are the source 
of Baltic amber. The studies in the North Atlantic make it 
possible to follow developments over the past 100 million years 
as vell, although observations in Sveden concerning this period 
of time are very inconqlete. The decrease in rock movements over 



0 - BASALT VOLCANISM 

.II -- - 0  ALKALINE VOLCANISM - EOCENE VOLCANISM 

BENTONITE 

P i  7.1. -m of f d t  momwan, drfbmurba p a h i s  d rdrmion am the prrt 1 330 
m i l I h  yews IRe dLgmn thoM the dmtaa Ir mrm of the uptlbbHl rock bkn-k in d n i o r r  
to the ~rbadcd ~ o c k  at f i  ~miieti f d t t  rhc wra ~mrm tln pomrr mrc drnvrr on tk 
a a t o f t k v  f o n o r i o c c o f t h c P t s r m k h n r a k 1 1 1 . 1 ~ 1 .  *dnniPn(dnppor- 
&nu) nd t k  c k t a  ad tkirknts t l f  t k  bsdhxk lh rdkr t k f i t t ~  p*- 
t&na o f  the crmrr f a  t k  rkrrdtnm oj' t k  faltt in Srcddo nd VcUirgr a .ppoximrte bemeen 
t k - p a i m ~  T A . ~ ~ a ~ & r v m r 4 0 0 a d 6 3 0 m r l I i o r , ~ ~ k S L d n r  
(SlaJdr a d  I'm} krr ody b@@uvt cimntcrpm e t k m  the Pwcmbrum ruck m 
W y  t k  G a t a r a m t  cab fdbvsd b r k  fmk thm 600 m i P h  Bmm'te indicotn 
a r r m l r r n J R l l i A k ~ ~ n f t r l k S c l m k r i r r m a r r r ~ h c k a ( t h e C b ~ ~  E a r n r  
~ m & p l r c a r t l i d . o f S r a d i m r  l k t k i c k n e s o f t h e ~ a x i s ~ s m  
t h r r r r t 4 m d k w ~ c a  



t h e  p a r t  40 m i l l i o ~ t  years,  a s  well as the  f a c t  t h a t  volcanism i r  
c u r r e n t l y  r e s t r i c t e d  f o r  the  amst p a r t  to Iceland, show t h a t  t h e  
e n t i r e  region i s  now i n  a per iod of i n s i g n i f i c a n t  and aba t ing  
rock movemnt. 

A similar p i c t u r e  i s  obtained of the cont inental  p a r t  of E u r o p ~  
n o r t h  of the  Alps /Rutten 7-25/. This region once contained a 
somewhat fragmented volcanic  province which extended from France 
t o  Poland. This  volcanic a c t i v i t y  has been connected with  l a t e r  
phases i n  the formation of the Alps. As i n  the  North At lan t i c ,  
volcanism i n  t h i s  province reached a maxi- during the  T e r t i a r y  
per iod and has diminished s t e a d i l y  s ince  t h a t  ti-. l'le mst re- 
cen t  volcanic  erupt ion occurred 11 000 years  ago i n  southern Ger- 
many. The rock movements i n  Scandinavia can a l s o  be regarded a s  a 
p a r t  of t h i s  phase. 

The movements which took place  in  connection v i t h  c e r t a i n  f a u l t s  
i n  Sveden dur ing var ious  per iods  and which can be derived f r w  
geological  observat ions  a r e  presented i n  f igure  7-1 i n  o rder  t o  
d e p i c t  schemat ical ly  the progress ion of movement and the  d i f fe -  
rence between the  Precambrian s h i e l d  and adjacent areas .  

Thus, extensive regional observat ions  support the conclusion t h a t  
movements i n  the  Swedish bedrock c o n s t i t u t e  p a r t  of an extensive 
and long-range process which is c l e a r l y  i n  slow decl ine .  Realis-  
t i c  es t imates  of how soon new f r a c t u r e s  can be expected t o  occur 
must the re fo re  be we l l  below the  mean values obtained from fore- 
c a s t s  based on the  age of the bedrock and the loca l  f r a c t u r e  f re-  
quency alone. From t h i s  i t  i s  evident  tha t  changes i n  the  f i s s u r e  
content  and permeabi l i ty  of the rock due t o  rock movements during 
the  s to rage  period w i l l  be so  small t h a t  they cannot have an ad- 
v e r s e  e f f e c t  on the funct ion of a rock reposi tory which i s  s u i t -  
ab ly  s i t u a t e d  i n  r e l a t i o n  t o  e x i s t i n g  f rac tu re  and crush zones. 

LAND ELEVATION AND GLACIATION 

The current  land e leva t ion  i n  Sueden has been s tudied on the  
b a s i s  of f i e l d  observat ions  /'MSrner 6-71 and on the bas i s  of 
g r a v i t a t i o n a l  considerat ions  /Bjerh-r 7-26/. Despite the  
d i f fe rences  i n  b a s i c  d a t a  and a.-alysis techniques, q u i t e  s i m i i a r  
r e s u l t s  were obtained. But the re  a r e  c e r t a i n  discrepancies  which 
should be the  o h j e c t  of f u r t h e r  study. 

I n  summary, it can be s a i d  t h a t  the  land e levat ion following the  
i c e  age reached a m a x i m  of nea r ly  1 000 m on the coas t  of Ang- 
emanland.  For the most p a r t ,  the  land e leva t ion  represen t s  a 
rebound of the  land following its depression by the  ve igh t  of the  
in land  ice .  According t o  Wrner ,  t h i s  rebound ceased 2 000 - 
3 O W  years  ago, and the  cur ren t  land e levat ion has o t h e r  causes. 
A rebound from the e leva t ion  of nstern Scandinavia and sub- 
s idence  of the  B a l t i c  Sea, which was d e a l t  v i t h  i n  the  previous 
sec t ion ,  could pos'sibly explain  t h i s  process. According t o  B j e r  
hamaer's ana lys i s ,  the land is s t i l l  rebounding from the depres- 
s i o n  caused by the  inland i ce .  

F rac tu r ing  and movements i n  the bedrock i n  connection with  t h e  
land e leva t ion  and i n  connection with  a fu tu re  i ce  age can be 
s s sessed  on the  b a s i s  of the  p resen t  d i s t r i b u t i o n  of f r a c t u r e s  i n  
the  bedrock. Permeabili ty values  from the study boreholes show 



t h a t  f i s s u r i n g  is  l imited f o r  the  must p a r t  t o  the u p p e m s t  100 
o r  200 m of t h e  bedrock. Deeper por t ions  which have undergone t h e  
s a m  movemats s t i l l  possess good imperviousness. ibis shows t h a t  
t h e  land e1evation.and t h e  preceding depression did not a f f e c t  
the  permeabili ty oC the  bedrock. F u r t h e m r e ,  the re  have been a 
t o t a l  of  10 t o  20 Quarternary g l a c i a t i o n s  /Kukla 7-271 and the  
present  s t a t e  of the  bedrock r e f l e c t s  the  cumulative e f f e c t  of 
a l l  of there.  'Ibis leads  t o  the  conclusion t h a t  one more glaci -  
a t i o n  vould no t  d i s t u r b  a deep rock reposi tory.  

7.8 EARTHQUAKES IN SWEDEN 

The e f f e c t s  of earthquakes on a rock reposi tory a r e  d i s c u s a d  i n  
recent s t u d i e s  by Dowding /7-281 and Yamahara e t  a l .  17-291. The 
l a t t e r  concentrated pr imari ly  on Japanese conditions.  He notes i n  
h i s  in t roduc t ion  t h a t  no se r ious  earthquake damage has been re- 
ported from Japan's many mines and tunnels.  He a l s o  shows by 
means of rock mechanics ca lcu la t ions  tha t  earthquake ;mvements in  
rock abate  rapidly  v i t h  increasing depth. A t  a depth of about 100 
m, rock movements a r e  only about 114 t o  113 of what they are  a t  
the  surface.  The g r e a t e s t  induced rock s t r e s s  a t  a depth of 100 
metres vhen the su r face  acce le ra t ion  is 2.24 m / s 2  is only 1.2 
MPa. Even the  severes t  conceivable earthquake i n  Japan w u l d  give 
r i s e  t o  a maximum s t r e s s  which i s  estimated t o  be only 3.0 MPa. 
These s t r e s s e s  a r e  neg l ig ib le  i n  r e l a t i o n  CG the s t reng th  of the  
types of rock i n  question i n  Sveden. gwding  uses p r a c t i c a l  cases 
t o  s h w  t h a t  no damage vas  caused t o  rock caverns by earthquakes 
vhere acce le ra t ion  on the  surface  vas 1.9 m/s2 o r  less .  This 
corresponds t o  an i n t e n s i t y  of V I I  - V I I I  on the Modified-Met- 
c a l l i  I n t e n s i t y  s c a l e  (MM), vhich is a measure of the e f f e c t s  of 
earthquakes on the  surface.  Minor damage, f a l l i n g  stones and 
cracking vere  observed a t  acce le ra t ions  up t o  5 m / s 2 ,  correspond- 
ing  t o  an i n t e n s i t y  of V I I I - I X .  The severes t  known earthquake i n  
Fenr.oscandia, a t  Oslo i n  1904, had an i n t e n s i t y  of V I I - V I I I .  The 
tunnels  and s to rage  holes i n  the reposi tory a r e  f i l l e d  4 t h  
conlpacted s o i l  mater ia l ,  rendering ruinor damage t o  s u p e r f i c i a l  
rock ins ign i f i can t .  

Earthquakes a r e  r a r e  and veak i n  Sveden. The e a r l i e s t  knmm 
earthquake occurred i n  the  year 1497. Since 1891, systematic s ta-  
t i s t i c s  have been kept  on earthquakes /Bath 7-30, 7-311. Since 
1951, earthquakes have been reg i s te red  by m a n s  of s e n s i t i v e  in- 
str-nts which can d e t e c t  quakes a t  sea  and i n  uninhabited re- 
gions a s  v e l l .  A reviev of known observations up t o  1972 was pub- 
l i shed i n  a s tudy by Kulhanek and Wahlstrijm 17-321. A map of Sve- 
d i s h  earthquakes during * ,e period 1951 - 1976 v i t h  cormrents and 
o t h e r  mater ia l  was obtained from Bath /7-331. 

The frequency of earthquakes e x h i b i t s  v ide  v a r i a t i o n s  during the 
observat ion period. The geographical d i s t r i b u t i o n  of earthquakes 
i n  Sveden and ad ja in ing  a r e a s  has, hawever, remained r e l a t i v e l y  
unchanged. 

Southeastern Sveden e x h i b i t s  extremely feu earthquakes. On the  
preliminary map i n  f igure  7-2 provided by Bath /7-33/, only 3 
quakes near  the  Roxen-Motala f a u l t  zone a re  s h m  f o r  the period 
1951 - 1976. Most of the  quakes a r e  ins tead located i n  a b e l t  ex- 
tending from the  west coast ,  across the Lake VBner d i s t r i c t  - 
vhere they a r e  r e l a t i v e l y  numerous - towards GZlvle and then along 



the  coaat af  the  Gulf of Bothnia. Prom the northernmost p a r t  of 
the Culf ?f Bothnia, the b e l t  turns tcnards the northwe-t and 
then agaih: t w a r d s  the southvest i n  the North Sea and runs along 
the  c o d t  of Nomay, thereby forming o c i r c l e  around cent ra l  
Scandinavia 17-341. The dis tr ibut ior?  of the quakes is thus re la t -  
ed t o  bedrock anvementr on and off  the Nomegian coast,  and i n  
Sweden a connection can be seen with the f au l t  l i ne s  i n  the 
Vanern-Vllttern region, the  western boundary of the subcambrian 
peneplain and the areas  of recent rock moveant i n  SkHne, V l s t e r  
bot ten and Norrbotten. This would indicate  - as is maintained by 
Kvale 17-35/ - t ha t  the Scandinavian earthquakes a re  re la ted  t o  
bedrock mvemants which a r e  independent of the ice  age. 



F@n 7-2 M q o f ~ ~ a ~ k S w d u ~ n m d b y i r u m u n m n d u r i r g r k y ~  1951-1976 
Nore the low number of quoh  in routheatem Swadcrr (Rvfemr Mahr Bdth. Dqmtmmt of 
seimo&gy at the Uniorrrty of upp=loL 



SUMMARY AND EVALUATION 

Bedrock and groundvater condi t ions  have been s tudied i n  f i v e  
areas:  a t  Karlshamn, Finnsji j  Lake. K r i k e d l a ,  k 6  and Forsmark. 

I n  the  f i r s t  th ree  a reas ,  l a r g e  volumes of uniform and sound rock 
with  a permeabi l i ty  of around 10'~ m / s  o r  l e s s  have been found. 

The Karlshamn a r e a  e x h i b i t s  the  l e a s t  occurrence of crush and 
f r a c t u r e  zones. . - 

The groundwater flow i n  sound rock a t  depths of around 500 m 
wi thin  the  a reas  has been ca lcu la ted  a t  0.2 l i t r e s  per  square 
metre and year  o r  l e s s .  

Determinations of groundwater age show tha t  the  t r a n s i t  time of 
the  groundwater up t o  the  su r face  of the e a r t h  from a rock repo- 
s i t o r y  i n  an a rea  of i n f l o v  can amount t o  several  thousand years. 

Deep groundvater samples have been found t o  be oxygenfree and 
weakly a l k a l i n e  v i t h  a pH of between 7 and 9. They contain biva- 
l e n t  i r o n  i n  solut ion.  Sulpkids, determined as  hydrogen sulphide,  
has beeq found i n  the  groundwater a t  Forsmark. 

The rad ioac t ive  v a s t e  elements, with the  exception of iodine and 
technetium, a r e  re ta rded  i n  the  bedrock i n  r e l a t i o n  t o  the move- 
ments of t h e  groundwater. 

Uranium, plutonium and o t h e r  transuranium elements can be preci-  
p i t a t e d  i n  t h e  form of inso lub le  oxides of bivalent  i ron  and 
sulphide o r  i n  t h e  form of hydrogen sulphide i n  solut ion.  

The e f f e c t s  of f u t u r e  rock movements i n  rock formations without 
major zones of f r a c t u r i n g  ar.d movement can ba neglected. 

The changes around a rock n . ~ o s i t o r y  vhich a re  caused by b l a s t i n g  
and t h e  heat  generated by t'*e v a s t e  a r e  of a highly local  nature.  
The r i s k  t h a t  nev flow pathli f o r  t h e  groundwater v i l l  be c rea ted  
i n  t h i s  manner is neg l ig ib le .  

The above conclusions, toge ther  v i t h  the  s a f e t y  ana lys i s ,  provide 
a b a s i s  f o r  the  judgement t h a t  the  th ree  c lose ly  s tudied areas  of 
Karlshamn, Finnsji j  Lake and KrKkedla  f u l f i l  the  bas ic  require- 
ments f o r  a s a f e  rock repos i to ry  f o r  high-level vaste.  This 
assumes t h a t  the  rock repos i to ry  is proper ly  s i t u a t e d  i n  r e l a t i o n  
t o  the geometry of t h e  e x i s t i n g  formations of iow permeabili ty.  
?he s tudy a reas  on Xvr6 and a t  Forsmark have been found t o  be 



less s u i t a b l e  and thm s t u d i e s  t h e m  ha- not  been ca r r i ed  to 
coapletion. 

On the  b a s i s  of cur ren t  knwledge, the  Blekinge coas ta l  gneiss  
a r e a  i s  the  most a t t r a c t i v e  from a geological point  of view of 
a11 the  s tud ied  a reas  f o r  a rock repository.  

The s l i g h t l y  g n e i s s i c  g ran i t e  a t  Finnsja  Lake a l s o  o f f e r s  l a rge  
volumes of good imperviousness. Exis t ing i n t e r n a l  f rac tu re  and 
crush zones, however, may present c e r t a i n  technical  problems of 
the  type vhich a r e  normally encountered i n  tunneling and rock 
cavern excavation. Compared t o  the  Blekinge coas ta l  gneiss,  t h i s  
type of rock permits g r e a t e r  freedom c f  choice i n  the  locat ion of 
a f u t u r e  rock reposi tory,  s ince  s imi la r  rock conditions a r e  found 
throughout l a rge  p a r t s  of southeastern  Sweden. 

The Cijtemar g r a n i t e  a t  K r a k e d l a  exh ib i t s ,  desp i t e  sec t ions  of 
very low permeabili ty,  a nrrmber of f ea tu res  vhich may require  
more e x t e m i v e  rainforcemtnt and grouting during the  construct ion 
phase. These fea tu res  include lower s t reng th ,  a r egu la r  f rac tu re  
system with  extensive hor izontal  f r a c t u r e  su r faces  and high l o c a l  
groundvater flow, vhich may a l s o  be associa ted v i t h  radon pro- 
blems. 

The t h r e e  s tudy areas  can be c lea r ly  arranged i n  order of p r io r i -  
ty: t h e  Blekinge gneiss,  the  gne i s s ic  granodior i te  i n  the  Finnsja 
a r e a  and the  undeformcd s tock l ike  g r a n i t e  i n  the  K r s k e d l a  area. 
This confirms previous experiences regarding the  s t r u c t u r a l  and 
v a t e r b e a r i n g  c h a r a c t e r i s t i c s  of these  types of rock. Against 
t h i s  background, o the r  gneiss areas  may a l s o  be of interes:. 



STRIPA E,YPERIMENTAL STATION 

9.1.1 Reasons f o r  an experimental s t a t i o n  I 
Only a very l imited quant i ty  of basic  da ta  on rock a t  great  
depths belov the ground surface (500 - 1 000 m) are  avai lable  to- 
day. Additional da ta  should be obtained cn which t o  base deci- 
s ions regarding the s ~ t i n g ,  design and construction of a f i n a l  
reposi tory fo r  high-level waste. For t h i s  purpose, an experiment- 
a l  s t a t i o n  a t  g rea t  depths is of great value. It a l so  provides an 
opportunity f o r  the  dewns t r a t i on  of varking methods and the de- 
s i gn  of t he  various sec t ions  of the f i n a l  repository. 

When KBS was organized i n  l a t e  1976, it vas decided t ha t  an expe- 
rimental s t a t i o n  should be establ ished i n  the S t r ipa  Mine, 15 ki- 
lometres north of Lindesberg. The ore i n  the mine vas nearly 
played out and i ron ore  mining was scheduled t o  be discontinued 
i n  ea r ly  1977. Iamediately adjacent t o  the mine is a grani te  
massif vhich is d i r e c t l y  accessible  a t  a l eve l  35Q m below the 
surface. Since the personnel and equipment required for  irsmdiate 
coummcement of the rock w r k  was avai lable ,  considerable savings 
i n  time and costs  could be made i n  c o q a r i s o n  with the al terna-  
t i v e  of constructing a nev experimental s t a t i on  somewhere e l se .  

An experimental s t a t i on  i n  rock permits the following s tud ies  and 
t e s t s  t o  be conducted: 

- t e s t i n g  and denwnstraticn of w r k i n g  methods f o r  a f i n a l  
waste repository, - de t a i l ed  character izat ion and s u m y i n g  of a rock massif a 
g r ea t  depth, - analyses and comparisons between the r e su l t s  of various 
rocasuring methods and ac tua l  conditions i n  order  t o  evaluate 
t he  accuracy of the methods t o  be used i n  fu ture  rock stud- 
ies ,  - s tud ies  of h m  blast ing,  heating and ,-outing a f f ec t  the 
rock and i ts charac te r i s t ics ,  - ana lys i s  of groundwater tmwernnt and grounLvater composition 
a t  g rea t  depth, - s tud i e s  of the  proper t ies  of the mmterials which may be used 
i? a fina: repository. 

A nrrmber of researchers and i n s t i t u t i ons  v i t h  special  expert ies  
i n  the f i e l d  of petrology vere contacted f o r  assis tance i n  plan- 



ning  appropria te  r tudies .  An advisory group of experts,  the "Cccr 
group", vas  formcd and ins t ruc ted  t o  propose s u i t a b l e  s t u d i e s  a t  
Str lpa .  The group a l s o  p a r t i c i p a ~ e s  i n  the  evaluat ion of the  t e s t  
r esu l t s .  

S t d i e r  wi th in  the  fo l Iav ing  subject  areas  ham been i n i t i a t e d  a t  
Str ipa:  

The 2f fec t  of b l a s t i n g  on surrounding rock 
Rock charac te r iza t ion  
Rock s t r e s s  measurements 
Mater ia l  p roper t i es  of the  S t r i p a  g ran i te  
Permeabili ty of the  rock a t  d i f f e r e n t  pressures and tempo- 
r a t u r e s  
Zheraul s t r e s s e s  
I n j e c t i o n  s tudieq 
Water analyses 

Most of the  r e s u l t s  obtained from KBS experiments a t  S t r i p a  v i l l  
be reported during the f i r s t  quar te r  of 1978. 

9.1.2 Construct ion 

Blast ing w o r k  f o r  t h e  t e s t  s t a t i o n  s t a r t e d  i n  December of 1976. 
The f i n a l  appearance of the excavated rock caverns is i l l u s t r a t e d  
i n  f igure  9-1. h e  tunnels were b las ted  using a technique known 
a s  smooth b l a s t i n g  and with nearly c i r c u l a r  o r  oval sec t ions  i n  
order  t o  minimize s t r e s s e s  on the rock. Cross-sectional tunnel 

T i m  tr# ho 

Rgwe + I .  KBS Prpcrimmnl stotio~ at Sntpr lk Iqyart of the urmrtcd m k  cu#nu ad 
t k  sites of the Illm'au testa on illusrntai in the f&e 



2 2 a r e a  v a r i e s  f r o a  12 m t o  26 m , depending on the  space required 
f o r  cons t ruc t ion  machines o r  t e s t i n g  a c t i v i t i e s .  

The q ~ a l i t y  and s t r e n g t h  of the  S t r i p a  g r a n i t e  is  very  good. 
Reinforcement b o l t i n g  has not  been considered necessary and no  
rock f a l l  has  been obzerved. 

I n  o rde r  t o  permit t h e  execut ion of planned experiments and 
t e s t s ,  a l a r g e  number of ho les  of varying l e c g r l ~  and diameter 
have been d r i l l e d  from t h e  tunnels .  A t o t a l  of approximately 
1 500 metres of ho les  have been d r i l l e d  f o r  US'S own t e s t s ,  be- 
yond those required f o r  t h e  b l a i t i n g  work. Host of the  ho les  have 
been diamond d r i l l e d  t o  a diameter of 56 w. 

B l a s t i n g  and d r i i l i n g  work has been i n  progress  f o r  about 10 
months and has  employed around 20 men. 

' 

Cooperation wi th  the  US ERDA 

KBS'S experimental  Frogranme i n  S t r i p a  has  a t t r a c t e d  in te rna t io -  
n a l  i n t e r e s t ,  and i n  the s p r i n g  of 1977, KBS was contacted by a 
grcdp from the  USA i n  o r d e r  t o  d i scuss  the  r o s s i b i l i t i e s  of a 
j o i n t  r e sea rch  p r o j e c t  concerning waste s to rage  i n  c r y s t a l l i n e  
rock. The condi t ions  f o r  such a j o i n t  p r o j e c t  a t  S t r i p a  were 
c l a r i f i e d  dur ing the  e a r l y  sumner, and an agreement was signed 
between SKBF (Svedish Nuclear Fuel Supplies Inc.) and t h e  US ERDA 
(United S t a t e s  Energy Research and Development Adminis t ra t ion) .  
According t o  t h i s  agreement, SKBF s h a l l  be responsible  f o r  hold- 
i n g  t h e  mine open through October of 1970 and f o r  a l l  rock b l a s t -  
i n g  work, rock d r i l l i n g  (approx. 3 800 m) and c e r t a i n  s e r v i c e s  on 
the  worksi te .  The US ERDA w i l l  be responsible  f o r  and defray the 
c o s t s  of t h e  a c t u a l  s tudy work. KBS is responsible  f o r  Swedish 
comi tments  dur ing its per iod of a c t i v i t y .  

The US ERDA has contracted Union Carbias t o  administer and execu- 
t e  an ex tens ive  developinent p r o j e c t  concerning the  f i n a l  deposi- 
t i o n  of high-level vas te .  A s p e c i a l  u n i t  hes been organized f o r  
t h i s  puLTase v i t h i n  Union Carbide - OWI, Off ice  of Wrste Isola- 
t ion .  T h e  execution of t h e  S t r i p a  programre has i n  tu rn  been en- 
t r u s t e d  to  a group of r e sea rchers  a t  the  Lawrence Berkely b b o -  
r a t o r y ,  LBL, a t  t h e  Unive r s i ty  of Ca l i fo rn ia .  

The resea rch  progranme vas  d r a m  up by LBL, but SKBF/KBS a r e  kept 
cont inuously  informed concerning the  planning and execution of 
t h e  t e s t s  a1.3 experiments and . ~ l s o  have a voice  i n  planning the  
experimental  Frogranme. The r e s u l t s  of the  t e s t s  w i l l  be the  c o w  
man proper ty  of the  p a r t i e s .  

STUDIES C O N D U m D  UNDER THE AUSPICES OF KBS 

Rock characterhat*  - 
I n  o r d e r  t o  be a b l e  t o  eva lua te  the  a l t e r n a t i v e  s i t e s  f o r  a repo- 
s i t o r y  f o r  high-level vas te ,  r e l i a b l e  and economically f e a s i b l e  
methods a r e  required t o  e s t a b l i s h  t h e  p r o p e r t i e s  of the  rock. The 
experimental  s t a t i o n  a t  S t r i p a  provides  an opportunity f o r  the  
t e s t i n g  and evaluation of such t e s t r n g  mcthods. For t h i s  purpose, 



t he  p r o p e r t i e s  of the  S t r i p a  g r a n i t e  must be well-known. For t h i s  
reason, a rock c h a r a c t e r i z a t i ~ n  must be c a r r i e d  out. This includ- 
es:  

- asaeabl ing a l l  a v a i l a b l e  geological  information on the  area 
i n  quest ion,  - mapping of the  network of f r a c t u r e s  on the rock su r faces  
which have been exposed f o r  the t e s t s ,  - core  surveys and TV examinations of diamond boreholes nea r  
the  tunne l s  before  and a f t e r  b l a s t i n g ,  - s t u d i e s  i n  a v e r t i c a l .  deep borehole from the  bottom of the  
mine (from the  410 m l eve l  t o  the  900 m l e v e l ) ,  - water  i n j e c t i o n  tests i n  a l l  boreholes. In cases where 
b l a ~ t i n g  has been c a r r i e d  out near the  hole,  t h i s  t e s t  is 
performed both before  and a f t e r  b las t ing .  

The dominant type of rock in  the  experimental area  in  the  S t r i p a  
mine is a red t o  grey,  mediuargrained, u n s t r a t i f i e d  g ran i t e .  The 
g r a n i t e  conta ins  a f eu  narrow, s t e e p  ve ins  of pegmatite and 
younger diabase.  

The g r a i n  s i z e  of the e s s e n t i a l  ma te r i a l s  i n  the g r a n i t e  v a r i e s  
between 1 and .5 nun. A t y p i c a l  sample e x h i b i t s  the following mine- 
r a l  composition: 

quar t z  44% 
plagicrclase { p a r t i a l l y  a l t e r e d )  39% 
mic ro l ine  12% 
c h l o r i t e  3% 
muscovite 2% 

The g r a n i t e  a t  S t r i p a  can be  s a i d  t o  be rep resen ta t ive  of a l a rge  
group of younger g r a n i t e s  i n  c e n t r a l  Sweden. 

Despite i ts  r e l a t i v e l y  high f r a c t u r e  frequency, the g r a n i t e  i s  
h ighly  impervious, wi th  permeabi l i ty  values  around' 10'10 m/s. 
This  can be explained by the  high degree of crack f i l l i n g .  

Rock s t r e s s  measurements 9.2.2 

The purpose of the  t e s t s  is t o  e s t a b l i s h  the primary stres!: t a t s  
i n  the  S t r i p a  g ran i t e .  This information i s  required f o r  c e r t . ~ i n  
o t h e r  t e s t s  and a s  a b a s i s  f o r  t h e o r e t i c a l  ca lcu la t ions  of s t r e s s  
and f l w  condi t ions .  

Three-diwnsional  s t r e s s  condi t ions  were measured a t  19 , . s 
along a 20 m long bcrehole from a s i d e  d r i f t .  Measurement c'ells 
based on Leeman's method were used i n  the procedure. The measure- 
ments showed t h a t  the  maximum main s t r e s s  is LO W a  and is o r i -  
ented p a r a l l e l  t o  t h e  s t r i k e  cf the  grani te .  The in termediate  
main s t r e s s ,  5.7 HPa. i s  nea r ly  hor izon ta l  and is o r i en ted  per- 
pendicular  t o  the  contact .  The miniman main s t r e s s  is 2.7  Wa. 
The measured v e r t i c a l  s t r e s s ,  9.8 m a .  i s  of the  same order  of 
magnitude a s  t h e  t h e o r e t i c a l l y  ca lcu la ted  s t r e s s  of 9.2 tWa. A 
d e t a i l e d  repor t  of obtained r e s u l t s  i s  provided i n  KBS technical  
r epor t  No. 49 /9-1/. 



9.2.3 Properties of 'the Stripa granite 

In order to interpret the obtained data and carry out 'theoretical 
calculations, information is required on the mechanical and phy- 
sical properties of the rock. Theoretical calculations and prac- 
tical test results.can then be compared in order to provide a 
more reliable basis for the evaluation of planned areas for vaste 
disposal. 

The following data have been obtained: 

- Modulus of elasticity, Poisson's ratio andouniaxial gomp- 
ressive fracture stress at 2S0c, SOOC, 100 C and 200 C. - Compressive fracture stress and el.asticity properties as a 
function of nonral stress. - Coefficient of linear expansion as a function of radial 
load. - Brazilian tensile fracture stress. - Residual shear strength as a function of normal stress. - Anisotropy ratios in styength and elasticity properties. - Coefficient of thermal conductivity. 

The following data have been calculated for the Stripa granite 
and do not eyAibit any significant deviations from normal data 
for central Swedish granite. 

Poisson's ratio 0.21 
Young' s modulus 69.6 GPa 
Uniaxial compressive streqgth 207.6 MPo 
Tensile strength 15.0 HPa 
Thermal conductivity 3.0-3.6 w/cOrn 

A detailed account of obtained results is provided in KBS techni- 
cal report No. 68 /9-21. 

9.2.6 Permecbility of the rock at various pressures temperatures 

This test is intended to provide information on variations in the 
permeability of the rock at different temperatures. 

The test equipment is shovn in fig. 9-2. The leakage water flow 
into a 300 w diameter and 10 m long vertical borehole was 
measured in the test. In a circle at a distance of approx. 1 m 
from the 300 ma hole, 16 3" holes were drilled. Water vas pumped 
into these hoies at a given pyassure m d  temperature. The rock 
maes was heated ta the desired temperature by circulating hot 
water in the boreholes. By changing the vater pressure at diff- 
erent temperatures and measuring the q-~antity of water leaking 
out of the ceotre hole. permeability can be determined as a 
function of pressure and temperature. The results of the tests 
are then compared vith theoretical calculations. 

Heas~~rernents of the permeability of the rock carried out thus far 
have given values vhich are approximately 10 times l w e r  than re- 
sul tr from conventional "packer test" measurement*. The test used 
here probably gives mcre correct values of the actural pemeabl- 
lity of a large rock formation. This indicates that the permeabi- 
lity values obtained from boreholes i a  the field studies may he 
too high. Preliminary test results have also shovn that penneabi- 



4 PREssURE GAUGE 

-re PL PmnaPbiiity rncaprmnenn By varying the nwtu prrracre and rhe tmpwncre, the 
manner in &h the prmta~bility of the n-ci vanes with p m r e  and tmpmmre  is rnmorrrd 

l i d y  decreases  t o  about hal f  vhen the  rock is heated from 10' t o  
40 C. 

Thermal s t r e s s e s  

This t e s t  is a i m d  a t  e l u c i d a t i n g  changes i n  e x i s t i n g  rock 
s t r e s s e s  and f r a c t u r e  condi t ions  vhich occur i n  a rock formation 
i n  connection wi th  loca l  heating.  Owing t o  the low thermal con- 
d u c t i v i t y  of the  rock, a r e l a t i v e l y  long t e s t  period is required 
f o r  such a t e s t .  

The t e s t  set-up i s  i l l u s t r a t e d  i n  f igure  9-3. The primary 3-di- 
menaional rock s t r e s s e s  i n  the  rock adjacent  t o  the t e s t  d r i f r  
a r e  measure&. 'The hea te r s  and measuring holes  a r e  o r i en ted  so  
t h a t  t h e i r  d i r e c t i o n  coincides  v i t h  the  d i r e c t i o n  of one of tne  
main s t r e s s e r  . 
n.e hea t  source c o n s i s t s  of a s p e c i a l l y  designed 5 kW e l e c t r i c  
h e a t e r  which is l w e r e d  i n t o  a XO ma borehole. Three 1 kW auxi- 
l i a r y  h e a t e r s  a r e  lowered around t h i s  cen t re  hole  a t  a d i s t ance  
of about 1.25 9. Temperature and rock s t r e s s e s  a r e  then ueasarcd 
continuously i n  t e n  boreholes p a r a l l e l  t o  the  cen t re  hole  and lo- 
ca ted r n  t h r e e  d i r e c t i o n s  and a t  a d i s t ance  varying between 2 rn 
and 6 m from the  cen t re  hole. The instruments a l s o  r e g i s t e r  
changes i n  the  width of major f i s s u r e s  wi thin  the  t e s t  area.  

The t e s t  is a l s o  a i m d  a t  recording ccndi t ions  during a cooling- 
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, off period after a amx. temperature of 60°c hns been reached in 
the central p o r t i o ~  of the test area, The obtained results will 
be compared with theoretical calculati one. 

9.2.6 Grouting 

A final repository for radioactive waste should be located in 
rock which is ar impervious as possible. Nwertheless, allowance 
must be made for the fact that some local rock volumes will be of 
hisher permeability. It is then possible to inject such fonna- 
tions with material which will remain intact over a lrery long pe- 
riod of time. 

A suitable grouting material seem to be silica (quartz). This is 
a highly durable material and is also available in very fine- 
grained form so that it can penetrate into very small fissures. 
However, during the preparatory work for a planned experiment, 
the permeability of the rock was found by hydraulic resting to be 
so low that grouting was not considered necessary. 

9.2.7 Water analyses - 
The chemical composition of the groundwater is of importance for 
the rate of corrosion of the encapsulation and buffer materials 
and for the leaching rate of the waste glass. 

Relatively fev data are available on the composition of ground- 
water at great depths. 

At Stripa, the groundwater is accessible at various levels from 
350 m down to about 900 m below the surface. Since the mine has 
been drained for a long time - the mine was opened about 500 
years ago - the grounkater conditions are disturbed, especially 
d m  to the level of the lowest point in the mine (-490 m) . The 
samples which have been collected are therefore not rapresenta- 
tive of groundwater at corresponding levels under undisturbed 
conditions. 

The following available results from analysis of the groundwater 
are worth mentioning: 

- its age 340 m beltw the surface of the ground is about 15-20 
years, - its chemical composition show low mineral and salt contents 
and - :he pH of the water is about 8.5. 

STUDIES UNDER COOPERATlON WITH US ERDA 

A large-scale p r o g r a m  of tests and studies is planned by LBL at 
Stripa. The content of this work can be sumarized in the follow- 
ing points: 

1 Investigation of how the properties of the rock (pressure, 
expansion, thermal conductivity etc.) are affected by local 
heating. 



2 Happing of the fissures in the rock (extent, rite, direction 
contents etc.) with the aid of borehole studies and geophy- 
sical surveys. 

3 Laboratory determination of variou moterial data for the 
rock (microcracks and permeability an a function of pressure 
and temperature). 

4 , Measure~nt of the total leakage of water into a rock cavern 
for determination of the permeability of the rock. 

5 Maaaurewnt of rock presrure by forcing water into borehoies 
to the point of fracture (hydraulic fracturing). 

As previously mentioned, these experiment:, are planned to be 
carried out during 1978 and 1979. The first results of the tests 
will therefore probably not he available until 1978. Consequent- 
ly, no results can be reported in KBS's -in report, and only in- 
complete results will be available when KBB concludes its activi- 
ties in the middle of 1978. 
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The KBS project was initiated in response to the requirements of 
the "Conditions Act", concerning the safety accountability of 
nuclear power facilities and was comenced in early 1977. The ob- 
jective has been to describe a safe way of handling and storing 
high-level radioactive waste. In order that current schedules for 
the fueling of nuclear power plants under construction could be 
me:, it was necessary for KBS to submit an initial report in late 
1977. 

This means that KBS had approximately 9 months to prepare the 
prosent report. In this short period OF time, it has not been 
possible to study all alternative solutions in detail. Instead, 
it has been necessary to make an early selection of those 
approaches which were deemed to have the best potential for 
achieving satisfactory results from the point of view of safety. 
Nor hds there been enough time for cost calculations with satis- 
factory accurancy. The design presented here does therefore not 
make any claims on technical-economical optimality; it is ure- 
sented merely as one possible alternative. 

The Faciiities which are described here are designed for the 
handling and storage of vitrified high-level waste. Corresponding 
facilities for spent nuclear fuel will be described in a later 
report. The status of the work for this later report is described 
in Appendix 1 to Volume I. 

The constructioa and operation of the described Facilities is 
based on technology for which experience is available from pre- 
vious nuclear installations or from other fields. 

Certain parts of the report are based on work done outside of 
KBS. Thus, the preliminary study on transportation systems and a 
central fuel storage facility conducted by PRAV (Swedish National 
Council for Radioactive Waste Management) comprises the basis for I 

chapters III:2 and III:3. The ccntinued work on facilities design l 
and the preparation of a siting application for the central fuel 
storage Zacility is being pursued within SKBF (Swedish Nuclear 
Fuel Supplies Company). Tne design of the central fuel storage 
facility as presented in the preliminary study and this regort 
may therefore be subject to revisiog. The intermediate fue? stor- @ 
age facility For waste cylinders described in chapter III:5 is 
modelled after a similar plant at Marcoule in France, whose do- 
signers - St Cobain Technique Nouvelle - have collaborated in the . 
KBS project. 

~ 



As i n  t i le  tlLi C~ommit tee  (Go-~ernmen t  Commit tee  o n  R a d i o a c t i v e  
Waste)  st1:dy i t  is assumed t h a t  t h e  f i n a l  d i s p o s a l  o f  t h e  i ~ i g h -  
l e v e l  v a s t e  w i l l  he  a c c o m p l i s h e d  by d e p o s i t i o n  i n  c r y s t a l l i n e  
bedrock. p o s s e s s i n g  t h e  a p p r o p r i a t e  p r o p e r t i e s .  The' c a l c u l a t i o n s  
and  e v a l u a t i o n s  i n  t h i s  r e p o r t  a r e  based  on a r e ? b n ' i t o r y  d e p t h  o f  
500 rn. 

The f a c i l i t i e s  d e s c r i b e d  h e r e  have  been  d e s i g n e d  f o r  a t o t a l  
w a s t e  c a p a c i t y  c o r r e s p o n d i n g  t o  a p p r o x i m a t e l y  9 000 r n e t r i r  t o n s  
r i f  i l ranium - v h i c h  i s  t h e  q u a n t i t y  w i ~ i c h  v o u l d  b e  p roduced  by 1 3  
r e a c t o r s  o p e r a t i n g  o v e r  a  p e r i o d  o f  30 y e a r s .  I t  s h o u l d  be  empha- 
s i z e d  t h a t  t h e  t e c h n i c a l  s o l u t i o n s  wh ich  a r e  p r e s e n t e d  h e r e  would 
n o t  be  s i g n i f i c a n t l y  a l t e r e d  by  a n  i n c r e a s e  o r  d e c r e a s e  o f  t h i s  
f i ~ u r e .  

The s c h e d u l e  f o r  c o n t i n u e d  s t u d y  work and c o n s t r u c t i o n  of t h e  f a -  
c i l i t i e s  is p r e s e n t e d  i n  c h a p t e r  I : 1 4 .  This s c h e d u l e  i n c l u d e s  t i le  
f o l l o w i n g  main d a t e s .  

1987 Ci loice  of s i t e  f o r  i n t e r m e d i a t e  s t o r a g e  f a c i l i t y  

1990 I n t e r m e d i a t e  s t o r a g e  f a c i l i t y  c o m p l e t e d  and  r e a d y  f o r  
r e c e p t i o n  o f  v i t r i f i e d  w a s t e  

2000 C h o i c e  o f  s i t e  f o r  f i n a l  r e p o s i t o r y  ( i n c l .  e n c a p s u l a -  
t i t l n  s t a t i o n )  

2030 F:ncapsula t ion s t a t i o n  and f i n a l  r e p o s i t o r y  comp!eted 
and r e a d y  f o r  r e c e p t i o n  o f  v i t r i f i e d  w a s t e .  



TRANSPORTATION SYSTEMS 

STANDARDS AND GOVERNMENT REGULATIONS 

Relevant portions of the IAFA's "Regulation for the Safe Trans- 
port o f  Radioactive Haterialso* must be observed in connection 
with the transportation of spent nuclear fuel and other radioac- 
tive material /2-l/. 

Both the spent fuel and the vitrified high-level waste contain so 
much radioactivity that they must be transported in containers 
which m e t  international requirements. The requirements which are 
applicable here are the I,\Er\ regulations for type B packaging, 
which are described in greater detail in section 2.b.3. 

Every planned transport must be preregistered with the Nuclear 
Power Inspectorate, including specification of identification 
data for the selected fuel elements and a preliminary time-table 
for the transport. Administrative routines for this work will be 
established by the Suclear Power Inspectorate before the trans- 
portation syscem is put into operation. Physical protection of 
the transpoits will also be arranged in accordance with the di- 
rectives of the Nuclear Pouer Inspectorate. 

GENERAL PRINCIPLES, FLOW CHART 

Figure 2-1 shous in the form of a flow chart the various trans- 
ports involved in the back end of the fuel cycle. Solid 1 ines in- 
dicate the transports which require type B pzckaging while broken 
lines indicate internal transports there type B packaging is not 
required. 

The Swedish nuclear power plants are situated on the coast and 
have their own harbours. It is assumed that the central fuel 
storage facility and the intermediate storage facility will also 
be located near harbours. The transports will therefore be 
accomplished primarily by sea, with only short road transports to 
and from the harbours. 

Transport stages A, D, F and G (Fig. 2-11 are thus road trans- 
ports where the transport cask is carried by a r.ailer. This type 
of transport has already been practised in Sweden at, for examp- 
le, the Oskarshamn plcrnt in connection with the shipping of spent 
fuel to the English reprocessing plant at Windscale (Fig. 2-21. 

When the transport c.wk is loaded onto the ship for shipment to a 



- - Final 
dopmtmn 

figure 2-1. Fiow chart of transportation within the back end of  the f i d  cycle. :? packaging is 
required for rrunsporr stages A-H. Tmnsports A ,  D, F and G go by road. 

Fmre 2-2. Trailer and m s p o r t  cask ( B  plckugtng) orrtside of  Oskmrhmnn p h i .  This c g u p  
ment has 3mr used ro transport spmt fie1 ro the hmhour for funha shipmrnt to the reprocess- 
ing p h t  at WindscaIe. 



teprocmssing plant, responsibility for the transprs cask in 
anrrrmd by the reprocesring company's transportation organiza- 
tion. The Swedish transportatioa orga~ization assuraes responribi- 
lity only when the casks containing the vitrified high-level 
waste are unloaded in a Swedish harbour (transport stages B, C 
and H). C - 6 

Shipments of spent fue; from the various power plants to the 
central fuel storage facility by sea are handled by the Swedish 
transportation organization (transport stage El. 

EXISTING EQUIPMENT AND SYSTEMS 6 

The transportation of spent nuclear fuel imposes special require- 
ments on the transport equipment and on the supervision of the 
transports. The fuel contains fission products which make it 
highly radioactive. It also generates heat. Since the nuclear 
fuel contains fissionable material as well, the risk of critica- 
lity must be taken into consideration. This imposes special de- 
mands on the design of a transport cask. A large cooling surface 
area is required for effective heat dissipation. At the same 
time, the surfaces of the cask should be s m o t h  in order to faci- 
litate cleaning. The radiation shield must incorporate a material 
of high density in order to shield gamna radiation, but also a 
material of low density in order to shield neutron radiation. - 

European transport casks currently in use weigh between 30 and 70 
metric tons and can transport between 1 and 2.4tons of nuclear 
fuel. They are of French, German or English design. T112se thrcr I 
countries currently operate a joint company called Nuclear Trans- 
port Limited (NTL) which dominates the European market. 

I 
During the period 19661977, some 700 metric tons of spent I 

nuclear fuel have been transported from light-water reactors to @ 
various European reprocessing plants. In the beginning, only re- 

, 
latively low burnup fuel was transported, while in recent years I 

high burnup fuel ( 3 0  000 MWd/t) has been transported after only 
6-9 months of cooling time at the reactor. Fuel has been trans- ~ 
ported to the following plants through 1976: 

I - WAK, Kar lsruhe, West Germany - La Hague, France - Windscale, England - Eurochemic, Mol, Belgium 

85 tons 
255 tons 
270 tons 
90 tons 

Transport casks with a maximum weight of 40 metric tons are nor- 
mally carried on the public road netwrit, while transport casks I 

of higher weight are shipped by rail. The transportation of soent @ 1 
nuclear fuel from Italy, Spain, West Germany, Holland and Sweden 
to the English reprocessing plant at Windscale has been done by 
boat. I 

I 



T a b l e  2 -1 .  W e s t e r n  E u r o p e a n  t r a r l s p o r t  c a s k s  f o r  s p c n t  ~ ~ u c l e a r  firt.1 

Type  

Cove rrllrlen t  
' lpprovl l l  No. 

Cave  rrlment 
, ~ p p  r o v a  1 

. ( P r c j e n t  s t a t u s )  

---- 
NTL 2 

F 59 

Lit. 

NTL 3 
--- 

1  LO6 

-- 

Lit. 

Owner I XTL 1 NTL I NTL I NTI. i NTI. I N'I'L 
T--- 

C a p a c i t y  
F u e l  e l e n ~ e n t s l m m  

PWR 

35 
k  lJ 

Weight  ! r l ~ e t r i c  
I--- -----+-b-.d5- 169 176-- / 34 

t o n s )  

P a y l o a d  ( m e t r i c  
t o n s  o f  u r a n i u m )  

.- 

Coola11 t ( A i r  I Wa te r  Wate r  1 Water  l ~ i r  ' A i r  

Means o f  Roo11 
t  r a n s p r t  -- 
?Jurnber o f  c a s k s  2 

Elumber o f  c a s k s  - I 1 - 
i n  p r o d u c t i o n  
o r  o n  o r d e r  -- - -- -- 1 1  - - - - - - -- - - - . - - - 

- --- 
N'CI. 
--- 

P e n d i n g  L i c .  I ! 
-- I , - _ I - -  
N'l'L ' NTL BNFL 
- - a?--- 

5050  

-- 
A i r  Wate r  Wate r  

Kai 1  
s e a  s e a  

4887 

Wate r  

-- A--- 

R a i l /  , 
s e a  



Table 2-2. American transport casks for spent nuclear fuel. 

----- 
f NFS-I, NAC 1/? 

Government approval No. 1 6698 f 9010 1 9015 

Government approval Licensed 
(present status) - I-ILicensed Licensed 

Owner 

-- --- - -- I :  1 x 1  I T N Y  - 
Capacity I I I 

PLJR (fuel elements!mm) [ 11215 1/215 1 3!215 
BWR ( " I I - --- " ) 2/140 -- -- - 2/140 - 

Tire rmn l capacity . kW I l1 I l1 I 35 

keight (metric tons) 22 2 1 ----- ---- 
Payload (metric tons of 0.5 0.5 
uranium) - -- 
Cavity length (m) 452 1 4521 
Cavity diameter (mm) 34 3 32 1 -- 
Coolant Water Air 

----- -- 
Means of transport Road Road 

6280 
3x230 ---- 
Air 

----v 

Road 

Number of caska in 
operation 

tion or on order 
Number of casks in produc- 

--- ---- 



The t r e n d  is  towards i n c r e a s i n g l y  l a r g e  t r a n s p o r t  c a sks .  Trans- 
p o r t  c a sks  a r e  now be ing  vlanned v i  th  a  weight of -100 tons  an3  a  
c a p a c i t y  of  6 tons n u c l e a r  f u e l .  Such a t r a n s p a r t  cask  i s  expecl-  
ed t o  be i n  o p e r o t i o n  some t ime i n  !978. 

The c u r r e n t  s i t u a t i o n  w i t h  r ega rd  t o  a v a i l a b l e  and o lanned  t r a n s -  
p o r t  c a sks  i n  v e s t e r n  Europe is p r e sen t ed  i n  t a b l e  2-1. The s i t u -  
a t i o n  on t he  American market is  p r e sen t ed  i n  Tablc  2-2. As i s  
shown i n  t h e  t a b l e s ,  wes te rn  Europe (NTL) c u r r e n t l y  occup i e s  a  
l e a d i n g  p o s i t i o n  a s . a  s u p p l i e r  of t r a n s p o r t  c a sks  f o r  spen t  
n u c l e a r  f u e l .  

2.4 DESIGN O f  A SWEDISH TRANSPORTATION SYSTEM 

2.6 .1  Genera 1  

In p a r a l l e !  v i t h  the  conceptua l  s t udy  on t h e  c e n t r a l  f u e l  s t o r a g e  
f a c i i i t y ,  SKBF is examining v a r i o u s  a l t e r n a t i v e s  f c r  s e c u r i n g  a  
r e l i a b l e  supply  of t r a n s p o r t  r e sou rce s  w i t h i n  Sveden. 

Swedish t r a r l spo r t a t  ion  needs have been . i tudied f o r  t he  pe r i od  
1976-1931. Annual d i s cha rges  of f u e l  elercevts  expressed  i n  t ons  
of  uranium a r e  repor ted  i n  c h a p t e r  I : 2 .  These q u a n t i t i e s  a r e  Sa3- 
ed on the  s i x  u n i t s  now i n  o p e r a t i o n  and on cont lqued  expans ion  
t o  t h i r t e e n  u n i t s .  

I n  1976, d i s c u s s i o n s  were i n i t i a t e d  w i th  E ~ ~ r o p e a n  ant1 h e r i c a n  
o r g a n i z a t i o n s  vh i ch  work vi:h t he  t r a n s p o r t a t i o n  of s , lent  nuc i ea r  
€riel f o r  t h e  purpose of exp lo r i ng  t he  p o s s i b i l i t i e s  of  p rocu r ing  
t r a n q p o r t  casks .  

Nnr: l c.lr Transpor t  Limi t ? d  (NTT--Eurove) c u r r e n t  1 y  seems t o  be t h e  
l e ad ing  company i n  t h i s  t ; = l i .  I n  r e c e n t  y e a r s ,  hTL has  c a r r i e d  
o u t  hundreds of t r a n s p o r t s  i n  Europe t o  such d e s t i n a t i o n s  a s  
b ' indscalc and La Hague. The t ypes  of t r a n s p o r t  c a sks  used by NTL 
I r e  v e l l - s u i t e d  t o  Swedish t r a n s p o r t a t i o n  requi rements .  

The American consul tancy  company Nuclear  Assurance Corpo ra t i on  
(:IAC) has  des igned  four  t r a n s p o r t  c a sks ,  de s igna t ed  SAC-I, which 
a r e  c u r r e n t l y  i n  r o u t i n e  o p e r a t i o n  i n  t h e  USA. SAC i s  c u r r e n t l y  
d e s i g n i n g  a  t r a n s p o r t  cask w i th  a  c a p a c i t y  of  max. 3 t ons  of 
n u c l e a r  f u e l .  Th i s  cask i s  a l s o  we l l - su i t ed  t o  Swedish require- 
ments. 

SKRF is c u r r e n t l y  a v a i t i n g  f u r t h e r  developments on t h e  t r a r t apo r -  
t a t i o n  s i d e .  One of t h e  reasons  f o r  t h i s  is t h a t  COGEW aa.~ounced 
i n  J u l y  o f  1977 t h a t  they ? Ian  t o  e n t e r  t he  n u c l e a r  f u e l  t r a n s -  
p o r t a t i o n  f i e l d .  I t  i t s  important  t h a t  any t r a n s p o r t a t i f ~ n  sys tem 
vh i ch  is adopted be  compatible  w:th any e x i s t i n g  s tz5aard  Euro- 
pean system. 

2.L.2 Capac i t y  c o n s i d e r a t i o n s  

C3pac i ty  c o n s i d e r a t i o n s  a r e  based on ly  on t h e  need f o r  :ra:qyorts 
v i t h i n  Sweden. T r a n s p o r t s  o f  spen t  nuc l cz r  f u e l  t o  f o r e i g n  repro-  
c e s s i n g  p l a n t s  and r e t u r n  t r a p s p o r t s  of v i t r i f i e d  h igh- leve l  



wante to S n d e n  a m  anticipated to be inc1ud.Q infthe coaeitments 
of the reprocessing company. . i. 

. . 

In calculating the annual transport voluam to the central storage 
facility, various alternatives have been studied. The required 
number of transport casks and the annual number of sea transports 
will depend on the number of reactors in operation and oa the 
following factors: 

- Locationof thecantral starage facilityforspcntnuclear 
fuel. 

Of the three studied qites for the central storage facility, 
two - Forsmark and Oskarshamn - a m  located in connection 
with nuclear paver plants, vhich m a n s  that nuclear fuel 
from the reactors at these sites vill be transported direct- 
ly by trailer to ti.? central facility. Ln the case of Studs- 
vik, a11 transports will arrive by eer, vhich m a n s  m r e  
shipnmnts, requiring m r c  transport casks, since the average 
cycle t i m  per cask vill be longer. 

- Reception capacity of the ce-rral st3rage facility for spent 
nuclear fuel. 

The reception capacity of the central fuel storage facility 
will depend on how many casks can be handled simultaneously 
in the receiving section, the average receiving t h e  per 
cask, the amount of space available to accomdatr casks and 
equipment and the size of the personnel force in the receiv- 
ing section. On the basis of the proposed desigl of the 
facility, it is estimated that an average reception capacity 
of one cask per day could be achieved. 

In determining the capacity of the transportation system, the 
accuniula~ed quantity of fuel which is stored at tile nuclear paver 
plants when the central storage facility is com'saioned mist be 
taker into account. In addition to an annual furl quantity 
corre9ponding to the volume of fuel discharged from each reactor, 
the amount of fuel to be transported will also include this accu- 
mulated quantity, vhich must be transfermd to the central fuel 
stsrage facility as soon as possible, 

The annual discharge velum at equilibrium aftvr expansion to I3 
reactors vill be approximately 1 400 fuel elmx~i-s per year, 
correspondirrg to approximately 300 metric tons cf uraqium per 
year. A transport cask such ae NTL 11JN 17 or the equivalel~t 
(see 2 . 4 . 3 )  can transport max. tons of ncclear fuel. When equi- 
librium has been achieved, i.e. after the fuel accumulated at the 
nuclear power plants has been transferred to the central storage 
facility, the annual number of cask transports will be approxima- 
tely 100. 6-8 casks will be required for this volume. The trans- 
port distance for the sea transports from the nuclear nover 
plants to the three studied sites for the central fuel storpge 
facility (Forsmark, Oskarshamn and Studsvik) v a v  from 200 to 
1 100 km. 

A single shipload may consist of 1-8 transport casks. On the 
average, it is assumed that 21 h o ~ r s  will be required for all 
handling of each cask at the nuclear p w e r  plant. There will be a 
certain amount of overlap so that one cask will be transported 



i n t o  t t ie s t a t i o r  and p r e p a r e d  f o r  h a n d l i n g  b e f o r e  t h e  i m e d i ~ t c l y  
p r e c e d i n g  c . ~ s k  i s  r e t u r n e d  t o  t h e  s h i p  f i l l e d  u i - t h  f u e l .  Approx i -  
m.ntcly o n e  e x t r a  d a y  w i l l  t h e r e f u r e  be  r e q u i r e a  f o r  a s i n g l e  
sh ip lo ,nd ,  f o r  e x ~ m p l e  a t o t a l  o f  7 d a y s  w i l l  b% r e q u i r e d  f o r  6 
c.n..iks. 

?I* Iiclilrs wi I1  a l s o  h e  r e q u i t e d  f o r  t l ie  I " (  r c t i o ~ :  o f  e.izh f  i l  l e d  
c a s k  ~t t l lc  c e n t r a l  s t c r a p . r  f a c i l i t y  p l u s  c l ~ a n i n g  ~ n d  o r c n a r a -  
t i u n .  An e x t r a  dav  i s  a l s o  e x p e c t e d  t o  be  r e q u i r e d  h e r -  b e f o r e  
t i le  s h i p  i s  r e a d y  f o r  d e p a r t u r e ,  l o a d e d  w i t h  empty  c a s k s .  

The * ~ c r i n r l s  t r a n s p o r t  s t a g e s  a r e  d e s c r i b e d  b r i e f l y  be low.  Tlie 
n s c ~ r a p t i o n s  a r e  6 cns i t s  p e r  s ; , ; p m n t ,  a  t o t . 1 1  travelling t i n e  
onr-way o f  3 3  h n u r s  and no i l n i n r e s e e n  d e l a y s .  I l o w e v ~ r ,  a i  l o d a n c e  
mrist be  made f o r  b o t h  f o r e s e e n  and  ~ ~ n f o r e s e e n  d e l a y s  - sucli  a s  
p o o r  w e a t h e r ,  Imp1 anned  p r o d u c t  i n n  s t n p p a q e s  a t  t l ie power p l . ~ n t  s  
.inrl . ~ t  t l ie  r e n t r a l  s t o r a c e  f a r - i i i t y  e t r .  - i n  p!annir .p  t h e  t o t a l  
.lnnrral t r a n s p o r t a t i o n  c a p a c i t y  of :!ie s y s t e m .  

T y p i c 3 1  time:: r e q u i r e d  f o r  chc  t r . ~ n s p o r t a t i n n  o f  6 t r a n s p n r t  
c a s k s  f rom a n u c l e a r  p o v e r  p l a n t  t o  a  c e n t r a !  s t o r a g e  f . i c i l i t y :  

r r . i ncp ( ; r t  s t a g e  Time r e q ~ l i  reti  
I .  . ' t> t imey t o  n u c l e a r  power p l a n t  4 8  I iours  i s  . ~ ~ s ~ r n e ( t  i n  

u i t l i  6 empty  t r a n s p o r t  c a s k s  t h i s  ex.nmplc. 
o n h n . ~ r d .  

2 .  T r a l s f e r  fr,,m 5 h i p  t o  t r a i l e r  2 L  ' > o l r r s / c a r k  p l i ~ s  ? &  
o f  o n e  r a q k  .:t a t i m e .  1 . i f t  f r ~ m  h o u r s  f o r  e n t i r e  s l i i p -  
t r a i l e r  v i a  r e a c t o r  ha1 1  l e v e l  m n t  e q u a l  7 d a y s  f o r  
t o  p o o l ,  v h e r e  c a s k  i s  f i l ? e d  6 c a s k s .  
wi:ii f l i e l .  r l e s p a t c l ~ .  

2 ,  R r t l i r n  jn l i rney t o  c e n t r a l  s t n r -  Sam a s  t r i p  t o  p l a n t .  
a g e  f a c i l i t y .  In t h i s  e x a m p l e ,  

L8 h o u r s .  

. Receo:im- i n  t h e  c e n t r a l  s t o r a c e  21, h o u r s / c a s k  n i l , ;  71, 
f a r i l  i t y .  C c n l i n g ,  c l e ~ n i n c r ,  un- h o u r s  f o r  e n t i r e  s h i p -  
l o a d i n g  (>€  f u e l .  P r e p a r a t i o n  o f  ?rent,  i . e .  t o t a l  7 d . 1 ~ 4 .  
r a s k s  f o r  new s h i p m e n t .  Lnndinf i  
t3f t r a n s p o r t  c a s k s  on s h i p .  

The time r e q u i r e d  f o r  an  e n t i r e  t r a n s p o r t a t i t ~ n  c y c l e  v i l l  t l ~ u ;  h e  
1 8  d . ~ v s ,  and  t l ie number r7f s e a  t r a n s p o r t s  p e r  y e a r  v i l l  be  16-1 i .  

,I t r a n s p o r t  c a s k  c o n s i s t s  o f  t h e  l o 1  l i3vinx main  c~Tmponent s :  

- tin i n n e r  c a s k  f i t t e d  w i t h  a  n e u t r o n - a b s o r b i n g  srlbst .7nce -nil 
us11al l y  made o f  a heat -cc-nduct  i n g  m a t e r i a l .  

- t\ t l i i c k  Ranma r a v  s l ~ i e l 0  rn.~de .)I l ieavy m a t e r i a l  s u r h  <is 1 ~ 1 1 ~ 1  

o r  s t e e l .  
- ,\ n e i l t r o n  s h i e l d  t o  r e d u c e  necl t ron  emis s i r : n ,  m a i n l y  f;trm 

r u r i l l r n l ; 2  . i ~ d  - L A & .  

- H e a t - ( l i s s i p a t i r , p  f l a n g e s  o n  t h e  ~ > r i t s i d c  irf t h e  t r a n s p i r r t  
1-ask n t  a n  a i r - c o o l i n g  s y s t e m .  



- A shock absorber  t o  p r o t e c t  t h e  t r a n s p o r t  cask's  ccn-er and 
i t s  connections. . - 

A t r anspor t  cask must a l s o  m e t  the  s a f e t y  req6iremcnts of the  
I A U  t r a n s p o r t  r egu la t ions  f o r  type B packaging¶. Th i s  m a n s  t h a t  
i t  m a t  be a b l e  t o  withatand: 

-. A +metre f r e e  f a l l  onto  a  hard su r face .  - Free  f a l l  from a  he igh t  of 1 metre a g a i n s t  a  s o l i d  s t e e l  cy* 
l i n d a r  with a  diameter of 15 sm.  - Heating f o r  30  minute^ t o  800 C. - Submersion i n  water  t o  a  depth of 15 metres. 

The t r a n s p o r t  cask must a l s o  m c t  the  requirements imposed on 
type  A packaging by the  LAEA r egu la t ions .  ' 

The t r a n s p o r t  casks which w i l l  be used f o r  t h e  t r anspor t  of spent  
f u e l  i n  Sweden w i l l  most p r ~ b a b l y  be of European des ign.  The 
casks which a r e  t h e  moat l i k e l y  candidates  a r c  NTL 11 and Hn 12: 

KTL 11 'Fig. 2-3) i s  a  r e f ined  ve r s ion  o t  the  English Exellox 
t r a n s p o r t  cask, which has been used f o r  t r anspor t  between Oskars- 
h a m  and Windscale. NTL 11 was put i n t o  comnercial ope ra t ion  i n  
the  autumn of 1977 f o r  t r a n s p o r t  from the  Wurgassen r eac to r  i n  
Germany t o  the French reprocess ing p l a n t  a t  La Hague. The cask 
c o n s i s t s  of an o u t e r  s t e e l  con ta ine r ,  which serves  a s  the  
p res su re  vesse l ,  p lus  an inne r  lead conta iner ,  which se rves  a s  
the  gamna ray sh ie ld .  The inner  lead conta iner  is covered wi th  a  
s t a i n l e s s  s t e e l  l i n i n g  i n  o rde r  t o  f a c i l i t a t e  i n t e r n a l  c l ean ing  
af the  t r anspor t  cask.  KTL 11 w i l l  be used e x r i u s i v e l y  f o r  "vet" 
t r a n s p o r t s ,  i n  which the  t r a n s p o r t  ( a s k  is f i l l e d  v i t h  water dur- 
ing  f u e l  t r a n s p o r t a t i o n .  

NTL 12 (Fig.  2-11 i s  of French design and has the  l a r g e s t  capaci-  
t y  of any t r anspor t  cask on the  market. The cask c o n s i s t s  of a  
300 mm forged s t e e l  con ta ine r  which c o n s t i t u t e s  both the  p res su re  
vesse l  and the  gamna rap s h i e l d .  The t r anspor t  cask i s  l ined v i t h  
s t a i n l e s s  s t e e l .  In o rde r  t o  provide adequate neutron sh ie ld ing .  
the  s t e e l  cask is covered with a  100 mn t h i ck  organic  ma te r i a l .  
The l a rge  q u a n t i t i e s  of hea t  ( m x .  100 kW) a r e  d i s s ipa t5d  by a  
l a r g e  m~mber of copper f i n s ,  30 cm i n  length,  on t h e  o u t s i d e  of 
t h e  t r anspor t  cask. 

HTL 12 can b. used f o r  the  t r anspor t  of spent f u e l  wi th  e i t h e r  
water  o r  a i r  a s  r coolant .  

A t  presen t ,  one Klt. 12 cask is being mnuiac tu red  i n  Germany and 
w i l l  be ready f o r  use some time i n  1978. The French reprocessi:.g 
company COGEHA r ecen t ly  ordered 5  Kn. 12 casks.  The hTL 12 casa 
w i l l  be used p r imar i ly  fo r  t r a n s p o r t s  from nuclear  power p l a n t s  
and the  c e n t r a l  fue l  s to rage  f a c i l i t y  t o  reprocess ing p l a n t s .  

A number of S w d i s h  and western  Ellropean nuclear  power p l a n t s  
(BUR) of somewhat o l d e r  v in tage  a t e  not equipped f o r  the  h a n d l i n ~  
of XTL 12 casks.  For t h i s  renson, the  manufacture of a  s l i g h t l y  
sma l l e r  vers lon of the  KlL 12. des ignated TN 17, is planned. TN 
17 w i l l  be ready f o r  ope ra t ion  in  1S?9-1980. 

As was mentioned under 2.4.1, the French company COGEMA has 
announced i ts  plans  t o  e n t e r  the  spent ~ u c l e a r  f u e l  t r anspor t a -  
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: I F i p r e  2-3. ltTl, I I fMllSpf)rl cask f ir  .spent fuel (left). 

Finire 2-4. ,VT!, 1-1 :mnsp>rr rusk. ntis msk can he usedfir  eirhrr spertr fuel or rirrified itusre 
lrighrl. 

t i o n  F ;e l i l  and p l a n s  t o  m a n u f a c t u r e  t r a n s p o r t  c a s k s  d e s i r n a t e d  LK 
80 3 ,and L K  100 3 .  Data  a s i d e  f rom r a p a c i t y  and d i m e n s i o n s  h a v e  
no t  y e t  keen  o h t a i n e d  f o r  t h e s e  c a s k s .  

?.;.A Scn t r a n s p o r t 5  
-- - 

I t  i s  assrlmed t h a t  spe l t t  n u c l e a r  f u e l  w i l l  be t r a n s p o r t e t l  t o  t!re 
r e n t r n l  \tc>ral:e f a c i l i t y  by s e n .  The c o n s t r u c t i o n  of  a  s t l i p  d e -  
s i g n e d  e s p e c i a l 1  y f o r  t t i n t  p u r p o s e  i s  c o n s i d e r e d  w a r r a n t e d .  

r\ s r ~ i  t a b l e  size f o r  sucli  ,I s h i p  is n p p r o x i m a t e l y  1 000  t o n s  J u t .  
Srrcl~ ;I s h i p  can  tclke up t o  8 t r a n s p o r t  c a s k s  o f  t h e  F a r e s e e n  
s i z ' ,  c . ~ .  hTT. I1 o r  T?4 17 ,  a t  a  t i m e .  A v a i l a b l e  Swedish  t ~ 1 n n a g c  
i n  t h i s  s i z e  c l a s s  is  v e r y  l i l n i t e d .  ! lo rcove r ,  i t  i s  d i f f i c t i l t  t o  
a d a p t  e x i s t i n g  ! ; l ~ i p s  t o  t h e  r e q u i r e m e n t s  wl l i c l~  must he  n e t  by a  
s h i p  w h i r h  i s  u s e d  r e g u l a r l y  f o r  t h e  t r a n s p o r t a t i o n  of  s p c n t  
1111clen1 f ~ ~ e l  . I : :<is t ing s l l i p s  c o u l d  b e  c h a r t e r e d  f c r  o r c a s  i t l n ; ~ l  
t r a n s p o r t s ,  b u t  s i n c e  f u e l  wi 11 b e  t r a n s p o r t e d  c i ; ror~gl iout  mcls t  ,,f 
t h e  y c a r ,  t h i s  a l t e r n a t i v e  would be  uneconomical  ii: t h e  l o n g  rrln. 

TI:c t r a r i s p o r t  v e s s e l  s h o r ~ l d  be  e q r ~ i p p e t l  w i t h  c f f c r t i v e  s t e e r i n g  
 rid a ~ u r i n g  rn* . r ipmnt .  I t s  d r ; l r ~ ~ h t  w i l l  h e  l i m i t c l l  t o  3 - i  I n ,  

whic.li nenlrs ~ l i a t  c x i  s t i n g  , - i ~ n n ~ l c l s  and l ~ n r b o u r s  call b c  u s e d .  The 
sli i p  v i  l  l  he d c s  ig~ieci  For < . t ~ n v e n t  i o n a l  r a r G o  11n11d l  i n g  n r  f o r  
r o l  l-,311 r ~ l l  I -o f f .  I y i t l ~  ~:c1nvcntion;11 i i a n d l i n g ,  t l le rn rg r l  i s  l i i t r d  
cli r1,c.t l y  t l~lvn o n t o  tlrc hc>!ds hv r%an-; o f  (luck-based c r : incs .  Tl i i s  
n c r l ~ c ~ ~ l  i s  11set1 t ~ d . ? y  a t  t i le S~.ledis11 nrlcle31- p f l v e r  p l a n t s .  \;it!) 
i-t:l 1-gin r o l  l - u i i  Irandl i l l u ,  t l ie t r . i r r snor t  v c l ~ i c l e  - t h e  t r a i  i e r  - 



can drive on and off the ship vithout requiring any lifts by h a r  
bour cranes. The hhrbours at all of the nuclea~ mt plants can 
be adapted for such rational handling. 

The cargo muat be secured in the transport vessel in such a 
manner that it vill not come loose in the event of a collision or 
if the ship r m s  aground. The hull is divided by vatertight Fulk- 
heads for added security against sinking. Should the ship ne\er- 
theless go to the bottom, it must he easy to locate. It vill 
tl~erefore be equippod vith some such device as m undervater 
transmitter vhich is automatically activated if the ship should 
sink. l?le .!lipping lanes and channels are shallow enoi~gh to p e r  
mit salvage of both ship and cargo. 

nie hull of the ship must be designed for running through ice. 
BUL a vessel of the size in question cannot fi~nction as an ice- 
breaker, vhich means that the assistance of icebreakers vill be 
required under difficult ice conditions. 

preliminary study for a ship praject has been conducted /2-21. 
,.ccording to this study, the time for delivery of a vessel of tlie 
type described here from a Swedicii shipyard is currently 1 1/2 to 
2 years. 

- 

Operation of t h e  !ystem 

Below is an outline of a possible Svedislr transportation organi- 
tat ion: 

- The transportation organization (personnel, material etc.) 
is a unit within tlle organization of the central fuel stor- 
age facility. 

- Transport casks are procured by cooperation vith an esisting 
transportation organization. Alternatively, manufacturing 
under license may be considered. 

- Auxiliary equipment (trail-ers, tractors etc.) is procured by 
the transportation organization. - The transport vessel is built and owned by a Swedish shiop- 
ing company. The transportation organization charters the 
ship as needed (probably year-round). - The transportation organization is contracted by the Svedish 
nuclear pow-r industry to u~idertake the necessary trana- 
ports. 

TRANSPORTATIO! .: VlTRIFlED HIGH-LEVEL WASTE 

General 2.5.1 I 

The transportation of 
vaste cylinders from 
taken by tlie reprores 
zation contracted by 

,~itrified high-level waste in the for* . ~ f  
European reprocessing plants will be under 
sing company or by a transportation organi- 
the reprocessing cor-pany. 

Waste cylinders will be transported from the reprocessing plant 
to Syedcn in transport casks vhirli are in principle identical to 
those whicli are used for spent nuclear fuel. !3'L 12 is one of tlie 
types vhich may he used. This cask can transport up to h LOT- of 



nuclear fuel with a maximum permitted heat generation of 100 kW. 
Calculations carried out for this transport cask ~ h o v  that 15 
waste cylinders can be transported. 17 kW of heat-' i s  thereby ge- 
nerated, vhich is well below the permitted limijs: fur the cask. 
The gamma ray and neutron shield is fully adequate to meet IAEA 
standards. 

2.5.2 Scope of the t~dnsports 

After expansion of the Swedish nuclear pover industry to 13 reac- 
tors, the annual volume of discharzed nuclear fuel will be about 
300 metric tons of uranium, corresponding to 300 waste cylinders. 
The ships vhich are used today for the shipment of transport 
casks have a cargo capacity corresponding to 6 type NTL 12 casks. 
One transport vessel vould thus be able to transport a maximum of 
90 vaste cylinders, corresponding to 3-4 shi?nents, per year, if 
all nuclear fuel is reprocessed. 



3 CENTIAL STORAGE FACILITY FOR SPENT FUEL 

GENERAL 

The following chapter is based on the conceptual strS.dy carried 
out by the National Council for Radioactive Waste Hanagement 
(PRAV) concerning a central storage facility for spent nuclear 
fuel 13-11. 

The siz* and design of the central storape facility- has been bas- 
ed on a total storage capacity of 3 000 metric tons of spent 
fuel. The fuel wiIl be stared in the central storage facility for 
an estimated mavimum period of I0 years, after which it wiIl be 
transported either to reprocessing or other storage. 

The central storage facility will also be used to stare discarded I 

componc?ts from the reactor core. In some cases, these components 
will undergo meclranical treatment prior to storage in the fuel 
poals. It is assurred that the facility will be situated in rock. i 
The facility h3s t5r;e main sections: Receiving sectian, storage 
section an. auxiliary systems section (see Fig. 3-1 and 3-2). 

The fuel arrives at the central storage facility in transport 
casks which are unloaded, cleaned and cooled in the receiving 
section, after which the fuel is unloaded. 

The fuel is stored ; , I  the storage section in a ;lumber of fuel ' 
pools of tha s a m  basic type as those in a nuclear pawer station. 

The auxiliary systems section contains equipment for cooling, 
cleaning of the coolant water, waste treatment, process m n i t o r  
ing and pover supply. 

Storing spent fuel in vaterfilled pools is basically a relative- 
ly simple operation, from which many years of experience are 
available from nuclear power plants. However, due to the high 
handling frequency and large volume of fuel   to red in the central 
storage facility, careful thought rmst be given to layort and 
system design before the design of the facility can be finaliz- 
ed. The design goals shall be optimum operational availability, 
safety and economy. The design described below is tentative in 
certain respects, but nevertheless provides an idea of the basic 
principles for the handling and storage of spent fuel in a cent- 
ral storage facility. 





Fgum 3-2. C h ~ s u r k W )  of mnmd ST fm7it.v fiw s p u r  fUCL ( F m  rompnvl mdy by 
V:tiunol C u u ~ i l  for R a d ~ ~ h r r  kbuc Mamtgmmrl. 

3.2 DESlCN REQUlREMENTS AND PRlNClYAL DATA - 

3.2.1 Principal data' 

The capacity of the facility is based on the folloving design da- 
ta. 

Storage capacity, fuel 
Storage capacity, BWR elements 
(* P\dR elements 
11 core components 
Storage cassettes. 25 BUR elements 
Storage cassettes, 9 PWR elements 
Sumber of storage pools 
S o m a 1  amount of uranivm per pool 
Water volume per pool 

,3 000 tons uraniurr, 
12 000 
1 800 

700 tons 
480 
200 

6 
500 tons 

2 000 rn3 
Total max. cooling requirement 6.5 W 
Seawater flaw for coolin8 400 kg/s 
Temperature increase of coolant seawater ~ O C  

Pool temperature, normal 20- 30°c 
n , ma%. in nonnal operation 
v* 

60°c 
, mnx. at reduced cooling 1 OOOC 

capacity 
Receiving capacity 1 transport cask per day 
Total excavated rock 250 000 m3 

3.2.2 Design principles 

The plant will be designed and constructed to modarn technical 
standards in compliance with governnenc laws and regulations. 

The design of the facility shall be based on a service life of at 
least 60 years. Exceptions can be made for replaceable compo- 
nents. 

Buildings and systems shall be designed to pro-~ide somc protec- 



t i o n  a g a i n s t  s abo t age  and a c t s  of v a r .  The f u e l  s t o r a g e  poo l s  and 
a  sys tem vh i ch  s u p p l i e s  them wi th  v a t e r  v i l l  be earthquake-proof-  
ed . . - . . 
The f a c i  l i t y  v i l l  be equipped wi th  d i e s e l  gene>ators  f o r  s tand-by 
r o v e r  supp ly  i n  t h e  event  of a  f a i l u r e  of t h e  e x t e r n a l  mains pow- 
e r  System. 

S e p a r a t i o n  and redundancx - 
Systems vhich  p rov ide  c o o l i n g  of t h e  f u r l  o r  p r even t  o r  r e s t r i c t  
t h e  r e l e a s e  of r a d i o a c t i v i t y  s h a l l  be des igned  w i th  redundant 
c o n f i g u r a t i o n .  This  redundancy s h a l l  be d s s ighed  t o  en su re  high 
o p e r a t i o n a l  a v a i l a b i l i t y  and s o  t h a t  t h e  ma l func t i on  of one com- 
ponent  v i l l  no t  j e o p a r d i z e  t he  f u n c t i o n  of t h e  system. 

The tempera ture  of :he v a t e r  i n  t h e  f u e l  poo l s  v i l ?  be al lowed t o  
r i s e  t o  max. 60°c i f  on ly  one h e a t  exchanger o r  one pump i s  o u t  
of s e r v i c e .  A i r  t empera ture  and humidity v i l l  a l s o  be a l l o v e d  t o  
r i s e  in  t h e  even t  .of t he  f a i l u r e  of one component. I f  t he  r e g u l a r  
c o o l i n g  system f a i l s  comple te ly ,  t h e  t empe ra tu r e  of t h e  v a t e r  i n  
t h e  poo l s  v i l l  r i s e  t o  1 0 0 ' ~  a f t e r  about  one week. I n  o r d c r  t o  
gua ran t ee  t h a t  t h e  f u e l  is kept  covered v i t h  v a t e r ,  t h e  f a c i l i t y  
v i l l  be equipped with a  make-up v a t e r  system which caq supply  t h e  
r equ i r ed  q u a n t i t y  of make-up wa t e r  t o  t he  pools  fror .  3 s t o r a g e  
tank .  This  system w i l l  be p h y s i c a l l y  separated from t h e  p o o i ' s  
normal c o o l i n g  system and v i l l  no t  r e q u i r e  an  e l e c t r i c a l  supply .  

The poo l s  w i l l  be des igned  t o  w i th s t and  t h e  s t r e s s e s  t o  which 
they can be sub j ec t ed  i n  connec t ion  v i t h  b o i l i n g .  

F i r e  - 

The f a c i l i t y  v i l l  be equipped wi th  f i r e  d e t e c t i o n  and ex t i ngu i sh -  
i ng  systems.  F i r e  zones w i l l  be de s igna t ed  f o r  evacua t i on  and 
f i r e  f i g h t i n g .  

A f i r e  must no t  be a b l e  t o  d i s a b l e  t he  e l e c t r i c a l  pover  supply  t o  
bo th  pool systems.  A f i r e  i n  t h e  o p e r a t i o n  c o n t r o l  c e n t r e  may be 
pe rmi t t ed  t o  t empora r i l y  d i s a b l e  SoLh p r o c e s s  l i n e s .  Xanual s t a r t  
of a t  l e a s t  one of t h e  p roce s s  l i n e s  s h a l l  he  p o s s i b l e  from a  
p l a c e  o t h e r  than  t n e  o p e r a t i o n  c o n t r o l  c e n t r e .  

Operation c o n t r o l  c e n t r e  

Tlie f a  . i l i t y  wi 11 have an underqround o p e r a t i o n  c o n t r o l  c e n t r e  
and a  number of l o c a l  c o n t r o l  rooms. It v i l l  a l s o  be p o s s i b l e  t o  
mon i to r  c e r t a i n  v i t a l  p roce s s  parameters  from a  mon i to r i ng  s t a -  
t i o n  an t he  s u r f a c e .  

Type of Fuel t r a n s p o r t  

The systems and equipment i n  t h e  r e c e i v i n g  s e c t i o n  w i l l  be de- 
s i gned  t o  r e c e i v e  w a t e r - f i l l e d  f u e l  t r an spo7 t  c a sks .  Casks f o r  
d ry  t r a n s p o r t  of t he  f u e l  w i l l  no t  be used f o r  f u e l  t r a n s p o r t s  t o  
t h e  f a c i l i t y ,  but may be usad f o r  ? r a n s p o r t s  from the  f a c i l i t y .  



fh. saturation p r m s u m  in the c w k  ia nofirllp 2-3 bar when it 
arriws filled vith fuel. 

. . 
It is ass-d that the facility vill be l&t=d' neat a harbour. 

c- 

3.3 DESIGN OF FACILITY 

3.3. ' General 

The facility vill be located in rock in order to satisfy require- 
ments on protection, especially of the storage section, from sa- 
botage and acts of ver. Since it has been judged expedient to lo- 
cate the receiving section directly adjacent to the storage sec- 
tion, the storage and receiving sections vill ba located in a 
line in a rock tunnel approximately 21 m vide, 25-35 a high and 
280 m long (see Fig. 3-1 and Fig. 3-21. 

The facility's waste system and the cooling and cleaning systew 
for the receiving and storage pools will be located in the lower 
part of the receiving se-tion. 

Electrical p w e r  supply and monitoring equipment for the equip- 
ment in the rock caverns will be located in a gallery which runs 
parallel to the gallery for reception and storage and in a t r a p  
sept between these galleries. 

Ocher auxiliary system components will be installed in a building 
on ground level. The antry, administration and service sectioys 
of the facility %i l l  be located in conqection with the auxiliary 
system section on the surface. 

The surface units will be connected to the rock cavern9 through a 
vertical shaft for comnications, pipes, cables and ventilation. 

Nuclear fuel, core components and other heavy materials vill be 
transported into the facility through descent tunnels from ground 
level down to the receiving section and autiliary systems section 
at a depth of 50 metres below the surface. The gradient in these 
tunnels vill be about 1:lO. One loop of the transport tunnel vill 
also pass through the far end of the storage section. Additional 
tunnels may be required to expedite quick and economical blasting 
of the rock caverns. 

The receiving and storage sections will be designated as c o w  
trolled areas in accordance with radiation protection regula- 
tions. 

Personnel will be admitted to these areas via the shaft from thc 
surface installation down to the changing quarters in the tran- 
sept betveen the tvo galleries. 

The only controlled area on the surface is the exhaust fan area. 



i.3.2 R e c e i v i n g  s e c t i o n  

Flost h a n d l i n g  of  a r r i v i n g  and d e p a r t i n g  r a d i o a c t i y e ' m a t e r i a l  
t a k e s  p l a c e  i n  t h e  r e c e i v i n g  s e c t i o n .  The g a l l e r y  measures  20 m 
i n  wid th  and 35 m i n  h e i g h t .  

The r e c e i v i n g  s e c t i o n  c o n t a i n s  equipment For r e c e p t i o n ,  c l e a n i n g ,  
c o o l i n g  and un ioad ing  o f  t h e  f u e l  from t h e  t r a n s p o r t  c a s k s .  Sex t  
t o  t h e  r e c e i v i n g  s e c t i o n  is  a  workshop f o r  main tenance  of t h e  
t r a n s p o r t  casks .  

A f t e r  t h e  t r a n s p o r t  ?ask h a s  been unloaded Crom  he s h i p ,  i t  i s  
: r a n s p o r t e d  down t o  t h e  o f f - l o a d i n g  s t a t i o ~ r  i n  tlre r e c e i v i n g  sec-  
t i o n  on a  t r a i l e r .  The a f f - I o a J i n g  s t a t i o n  is  des igned  a s  a  lock 
anu i s  s i t u a t e d  i n  3 t r a n s v e r s e  p a s s a g e  undernea th  t h e  Eloor of  
t h e  r ~ c e i v i n g  h a l l .  

Tlle t r a n s p o r t  c a s k  w i t h  i t s  t r a n s p o r t  c r a d l e  a r e  l i f t e d  up 
th rough  c l ~ e  t r a n s p o r t  open ing  i n  t h e  lock by ar; overhead c r a n e  
and p l a c e d  i n  one of  t h e  r a d i a t i o n - s h i e l d e d  h o l d i n g  pens a t  f l o o r  
l e v e l .  

I n  t h e  h o l d i n g  pen, t h e  shock a b s o r b e r  and t h e  Fns ten ings  which 
anchorcd t h e  cask  d u r l n g  t r a n s p o r t  a r e  d e t a c h e d .  >. s p e c i a l  i i f t -  
inp, yoke r s  connectad to  t h e  c a s k ,  a f t e r  which i t  i s  r a i s e d  bv 
t h e  c r n n c  and c a r r i e d  t c  s p e c i a l  c e l l s  For t e s t i n g ,  c o o l i n g  and 
c l e a n i n &  nf t h e  w a t e r  i n  t h e  c a s k s .  

The c a s k  is  First prov ided  =it11 a j a c k e t  which p r o t e c t s  t h e  coo l -  
in; Flanges From c o n t a m i n a t i o n  d u r i n g  t h e  f o l l o w i n g  c p e r a t i o n s .  
rhe condi:ion of t h e  f u e l  is  then  checked by sampling t h e  w a t e r  
i n  t h c  c a s k .  The cask  is  then  connected t o  a  s p e c i a l  c i r c u l a t i o n  
sys tem f o r  coo l i r ,g  and c lea : , ivg  which reduces  t h e  tempera ture  and 
t h e r e b y  n l s c  t h e  p r e s s u r e  i n  thz cask .  The r a d i o a c t i v i t y  l e v e l  i n  
t h e  o u t g o i n g  w a t c r  i s  checked d u r i q g  t h e  p r o c e s s ,  p r o v i d i n g  
further i n d i c a t i o n  of  any d e F e c t s  i n  t h e  Fuel c l a d d i n q  and of t n e  
p r o g r e s s  of t : ~ e  c a s k - r i n s i n g  o p e r a t i o n .  

Fo l lowing  t h i s  phase o f  t h e  r e c e p t i o n  p r o c e s s ,  t h e  c a s k  i s  renov- 
ed t o  a  r e c e i v i n g  p o o l .  With t h e  proposed d e s i g n  of t h e  r e c e i v i n g  
sec:ion, t h i s  can he i o n e  i n  two d i f f e r e n t  ways, depending on t h e  
t y p e  and d e s i g n  of t h e  cask  which is used .  

Casks of s t a n d a r d  t y p e  in tended  For Swedish t r a n s p o r t a t i o n  re-  
q u i r e m e n t s  w i l l  be lowereu dovn i n  a  s h a f t  and p laced  on a  t r a n s -  
p o r t  wagon whiclr can be moved v i a  a  h o r i z o n t a l  t r a n s p o r t  passage  
t o  4 I lolding pen undernea th  t h e  r e c e i v i n g  p o o l .  

Thc t o p  p a r t  of t h e  cask  is connected t o  a  t r a n s p o r t  open ing  i n  
t h e  b o t t c m  of t h e  pool  by means of a  mobi le  mechanical  s e a l i n g  
d e v i c e .  

The above-described means of t r a n s p o r t  t r  t h e  receiving pool  re-  
q u i r e s  a  c e r t a i n  t y p e  of cask  and can  t h e r e f o r e  n o t  be ~ p p l i e d  
g e n e r a l l y .  3 t h e r  t y p e s  of c a s k s  may a l s o  be u s e d ,  e . g .  f b ,  t r a n s -  
po - t s  t o  f o r e i g n  r e p r o c e s s i n g  p l a n t s .  These c a s k s  a r e  lovered  d i -  
r e l t l y  dovn i n t o  t h e  r e c e i v i n g  pool  i n  t h e  c o n v e n t i c n a l  manner. 



The advantage of the former method is that contamination of the 
outside of the czsk during unloading can b. canglqtely eliminat- 
ed. 

.& 

The unloading process takes place under water in the receiving 
pool. The fuel is unloaded by a series of tools which are stored 
in the pool or are mounted on a gantv crane u:iich covers the rrr 
tire w r k  area. The gantry crane is equipped with a telescopic 
device for handling the fuel elements and with lifting equipment 
for handling of tools, transport cask covert and linings etc. 

The unloading operations are basically the 9- for 3 transport 
cask in the pool as for a transport cask in the holding pen I;* 

dernedth the pool. The follbving operations are carried out: 

- The cover is removed and -laced next to the cask. - The fuel elements are lifted out of the cask by means of the 
telescopic device and taken to a storage cassette in the re- 
ceiving pool. Each element can be inspected for cladding da- 
mage and, if necessary, the positions in the cassette can be 
covered with a lid and connected to a vacuum extraction sys- 
tem. 

If the cask insert has to be replaced for-tlre transport of an- 
other type of elemnt, the following operations are performed: 

- The insert if lifted up by the auxiliary hoist on the gantry 
crane and moved over to a side part of the pool which con- 
tains equipment for decontamination of the entire insert. - A new insert is installed in ?he cask. 

Uhen the cask has been emptied, the cover is fitted. If the cask 
has been i~rwrsed in the pool, the cask and its protective jacket 
are externally washed during the lifting operations to prevent 
contamination of the transport path across the floor. If the cask 
has been in the holding pen underneath the pool, washing in con- 
nection vith transport up to floar level should not be required. 

Tlre cask is then conveyed to a station for decontamination .nd 
inspection before i t  leaves the facility. This station is located 
adjacent to the looling station and, like the cooling station, 
consists of a sub-floor cell. The protective jacket is ramved 
and external parts are washed so that the surface activity of the 
cask is reduced to acceptable values. 

After transport to the holding pen and placerant on the transport 
cradle, the cask is ready for despatch and loading onto the ship. 

The capacity of the receiving section has been estimated to be 
about one cask per day. 

3.3.3 Storage section 

The stotage section consists of six water-filled pools connected 
with each other and with the receiving section through a trans- 
port channel There is a door in each pool leading into the trans- 
port channel. T,:e pools are located separately and in a row, one 
after the other, in the rock gallev, which is about 20 n! vide 
and 25 m high at this point. 



Each pcol normally contaitrs about 500 tons of fuel -and has a w,- 
,ter volume of about 2 GOO m3 and a depth of aboa'l2 m. 

The pools are lined with stainless steel so as to permit inspec- 
tion for leakage. Furthemre, the pools are equipped with 9 spe- 
cial leakage monitoring system and are covered. 

The fuel is stored vertically in special cassettes in the pools. 
The cassettes are portable and are also used for transporting the 
fuel from receiving pool to storage pool. A special caasette- 
handling crane, which runs on beams on either side of the pools, 
is used to transport the cassettes. 

The cassettes are of standard dimensions. One cassette for BUR 
fuel can hold 25 elements, while one cassetce for PUR fuel can 
hold 9 elements. A total of 680 cassettes will be required for 
3 000 tons of uranium, with the expected distribution between BkR 
and PUR elements. 

The spent core components consist primarily of the fuel channels 
(boxes) which enclose the fuel elements in a BUR reactor, spent 
control rods, neutron emitters and detector equipment from the 
reactor cores. It is assumd that this material will be stored in 
stainless steel cases with the same external dimensions as the 
fuel storage cassettes after reduction of their volume by means 
of chopping and compacting of bulky components. An estimated 20- 
30 or so storage cases will be required up until 1990. 

Adjacent to the receiving pool section is a special pool for 
hand1 ing (chopping and compacting) of core components. 

Catwalks run alongside the receiving section outside of the paths 
of the overhead crane. Supply and discharge pipes for pool cool- 
ing run underneath these levels. The supply pipes are connected 
to the pools on the long sides, vhile the discha :e pip~s carry 
water away from the overflow veirs clong the short sides of the 
pools. 

3.3.4 Auxiliary systems section 

The auxiliary systpns section is divided into above-ground and 
underground installations. The radioactive systems are located 
underground and close to the receiving section in order to mini- 
mize the number of radioactive pipes and avoid long radioactive 
pipe d~cts. There is also an-inactive "uncontrolled" unit under 
ground, which mainly contains electrical power supply and moni- 
toring equipmrnt for the underground systems, and an operation 
control centre from which the facility is co~trolled qnd monitor- 
ed. 

Tbc surface systems include a saltwater cooling system, parts of 
Jn intermediate cooling system, a compressed air system, ventila- 
tion system, power supply, switchgear, diesel generators etc. 

Radioactive cooling and cleaning systems 

The cooling systems for pool water are located in connectioii with 
the storage pcols and between the storage pools and the receiviag 



pools. Ihe discharge pipes fra.the pools lead tu a level control 
vell underneath the receiving hall. The p-8 &&heat exchangers 
for the pool cooling systems are located on t ~ p l e v e l  k l o u  the 
level control vell. These heat exchangers are tooled via an 
intermdiate cooling system. The heat exchangers tor the inter 
mediate cooling system are located in the surface building and 
are in turn cooled by seawater. The intermediate cooling systea 
is connected to the pool cooling system vie piper in the comarr 
nications shaft. 

The cooling and cleaning systema for cask and pool vater are i~ 
cated next to thc delivery lock acd close to the cask handling 
positions in the receiving section. A radioactive pipe duct runs 
between the two handling lines in the receivim section. 

The filters for the cleaning SySt=?QS are located on either aide 
of this pipe duct in radiation-shielded cells. A service room for 
these filters and a charging room froa which the filters a m  
covered vith filter material are located on the level above the 
filter cells. 

Underneath the filters are pipe and ventilation ducts and under 
neath these are tanks for used filter material. The filter mate- 
rial is pumped out of these tanks via a radioactive oipe duct to 
trancport casks for spent filter material. These casks are sta- 
tioned in radiation-shielded positions in the vaste secticn of 
the receiving section next to the transport lock, from which they 
can be transported out via the lock and the transport tunnel. 

Besides equipmnt for spent filter material, the vaste systems 
include systems for recovery, treatmnt and discharge of vater. 
These systems incorporate an evaporator and a number of coIlec- 
tion tanks for vater of various grades and in various stages of 
the treatmnt 21ocess. They are located fcr the most part under 
neath the vorkshop section next to the receiving hall. Pipes run 
via the radioactive pipe duct. 

A control station for controlIed areas is located u d e m e a t h  the 
transport lock and in connection vi:h the vaste systems. Certain 
parts of the process can be monitored and controlled from this 
control station. 

Electrical systems 

The entire electrical section is an uncontrolled, i.e. inactive, 
area vith the exception of certain personnel and ventilation 
areas. Personnel enter tile electrical settion at one end of the 
rock chamber via the commmications shaft. 

The facility's operation control centre is situated w that it 
provides a direct view over the receiving and storage halls. P e r  
sonnel quarters are located adjacent to the operation control 
centre. 

The electrica! .action is divided into fire cells to that elec- 
trical systems vhich belong to different redundant components and 
sub-systems are physically and atmospherically isolated from each 
other. 



Auxiliary system* on the surface 

The surface huiiding contains an electrical ss$cion, diesel gene- 
rators, co~ling system, ventilation system and office and service 
quarters. Thr u;esel generator section contains an extra ventila- 
tion level and the electrical section has an underground cable 
level. 

The surface facility is an uncmtrolled area, with the exception 
of certain areas for ventilation of tl:s controlled oarts of the 
rock cavern facility. 

The surface building is entered from the oivtside vi;r an entrance 
hail on ground level vhich is supervised f r ~ m  a guard room. The 
guard room is also situated to permit supervision ~f the entrance 
to the comnunications shaft. The rnmnicatinns shaft is surroun- 
d6.d by a thick concrete missile shield. Office a ~ d  personnel 
quarters are located adjacent to the entrance hall. 

The ventilatio? svstems are divided into a controlled section, 
vhich serves the *maerground controlled receiving and storage 
sections. ani an unccntrolled section, vhich serves the under- 
ground electrical systejm and the surface building. 

ilie controlled surface sertion is entered via a changing room in 
the surface personnel ~ection. 

The cooling systen: consists of pumps and heat exchaqgers vhich 
helong to the seawater cooling circuit and serves thc intermedi- 
ate cooling system for the pool vater cooling and treatment sys- 
t ems. 

The power supply systems are located at ground level above a 
cable !eve1 which is connec:ed with the cahle !evcls for the un- 
derground electrical svstems via cable condui:~ in the coniinuni- 
cations shaft. 

SERVICE LIFE AND DECOMMISSIONING 

It is estimated that the central storage facility will have an 
economic life of approximately 60 years. This does not mean that 
the facility will no longer be useful for its purpose after this 
period of time. Naturally, machinery and equipment n ~ s t  be main- 
tained and renovated as needed during the lifetime of the facili- 
ty, but it serves no purpose to anticipate a !or,ger service life 
at this tiw. 

Mien the central storage facility has s-rved out its Life, de- 
cormnissioning is Facilitated hy tile location of the facility in 
rock. Decommissioning may proceed as follows: 

- Furl is rtmoved to anoth'er storage facility, to reproceqsing 
or to dirert disposal. 

- High-level ct3nipcnents other than fuel Ire remved to final 
disposal. 

- The iaci l i ty is tlinrnughl y decontaminated. Srrap and bui ld- 
,urn-unste are ing cornpnilents whirl1 constitute In- and med: 

tpken w a y  for disposal. 



The facility c m  then be -aed once again for nuclear or other ac- 
tivities. If the rock caverns are not to be utilit-d for other 
ourposes, but rather sealed off, the work of dfuaantling and de- 
contamination may be reduced. 

The decoamissioninp, of a central fuel storage facility poser feu- 
et problem8 than tile deconmissioning of a nuclear nover piant. 
This is primarily due to the fact that the central storage faci- 
lity does not contain heavy equipnent or w m m e n t  installationr 
which are highly radioactive, 

OPERATION OF FACILITY 

The central storage facility for spent nuclear fuel will be under 
the supervision of the same authorities as a nuclear pover Flant, 
n a ~ l y  the National Nuclear Power Inspectorate, the National In- 
stitute of Radiation Protection etc. These authorities issue 
directives and regulations governing both the design and the 
operation of the facility. 

Administrative surveillance of the fuel vill be carried out under 
the supervision of the Svedish Nuclear Porer Inspectorate (SKI) 
and the International Atomic Energy Agency (1Al:A). 

The operating personnel, an estimated 100 or so persons, vill re- 
ceive both theoretical and practical training in matters such as 
radiation protection, criticality, design and function of systens 
and components and operating and maintenance technology. Practi- 
cal training of the personnel vill include on-the-job duty at 
operative nuclear pover plants with a special emphasis on fuel 
handling. 





4 REPROCESSING AND VITRIFICATION + 
- * 

The s p e n t  nuc lea r  f u e l  vh ich  is t o  be repiocessed v i l l  be t rans-  
por ted  e i t h e r  d i r e c t l y  o r  v i a  t h e  c e n t r a l  f u e l  s t o r a g e  f a c i l i t y  
t o  a r ep rocess ing  p l an t .  N o  such p l a n t s  a r e  c u r r e n t l y  planned i n  
Sveden, s o  r ep rocess ing  s e r v i c e s  must be purchased from abroad. 
f o r  t h i s  reason,  t h e  des ign  and ope ra t ion  of t hese  p l a n t s  v i l l  be 
d e a l t  v i t h  i n  l e s s  depth  than t h e  ocher  p l a n t s  vhich  a r e  inc luded 
i n  t h e  nuc lea r  f u e l  cyc le .  The main emphasis of t h i s  c h a p t e r  is 
on the  of t h e  v i t r i f i e d  v a a t e  vhich v i l l  be  re turned 
t o  Sweden f o r  f i n a l  s t o r a g e .  

4.1 REPROCESSING 

4.1.1 Processes  

The p l a n t s  f o r  t h e  r ep rocess ing  of spent  nuc lea r  f u e l  vhich  have 
a l r e a d y  been e r e c t e d ,  a r e  under cons t ruc t ion  o r  a r e  i n  the  
p lanning s t a g e  a r e  a l l  based on v a r i a t i o n s  of t h e  American Purex 
process .  In  b r i e f ,  t h i s  process  involves  chopping t h e  f u e l  e l e -  
ments, d i s s o l v i n g  t h e  f u e l  i n  n i t r i c  a c i d ,  s epa ra t ing  uranium and 
plutonium from the  f i s s i o n  products  i n  the  f u e l  hy means of ex- 
t r a c t i o n  v i t h  an o rgan ic  so lven t ,  s e p a r a t i n g  the uranium and plu- 
tonium from each o t h e r  and f i n a l  refinement of the  uranium and 
plutonium. 

Reprocessing of t he  spen t  f u e l  d i v i d e s  t h e  f u e l  i n t o  fou r  f rac-  
t i o n s  con ta in ing  uranium, plutonium, c ladding v a s t e  and h i g h - l c  
v e l  v a s t e  i n  so lu t ion .  Fig.  4-1 shows a flow scheme of t h e  repro- 
c e s s i n g  of  spen t  n u c l e a r  f u e l  from l ight -water  r e a c t o r s .  

L i g h t r a t e r  r eac to r s .  vhich  dominate new r e a c t o r  c o n s t n ~ c t i o n ,  
u se  f u e l  elements v i t h  uranium i n  t h e  form of an oxide .  Burnup i n  
t h i s  f u e l  amounts t o  about 30 OCO per  day pe r  ton  of uranium. 
T h i s  i s  much h ighe r  than  irr the  English and French gas-cooled 
power r e a c t o r s  and i n  m i l i t a r y  r eac to r s .  Most r ep rocess ing  expe- 
r i e n c e  is f o r  f u e l  from the  l a t t e r  type  of r eac to r .  

Process ing  t k ; s  f u e l  presented  mare t echn ica l  d i f f i c u l t i e s  than 
expected.  7ha problems were a s soc ia t ed  v i t h  the  mechanical chopp- 
i n g  of  t h e  f u e l ,  t h e  d i s s o l u t i o n  of uranium oxide,  t he  s e p a r a t i o n  
of s o l i d  p a r t i c l e s  from the  l i q u i d  and the  h igher  r a d i a t i o n  le-  
*e l ,  vh ich  l eads  t o  some d i s i n t e g r a t i o n  of t h e  organic  process  
l i q u i d s .  The r ep rocess ing  of l i gh t -va t e r  r e a c t o r  f u e l  has  ncw 
been demonstrated i n  5 p l a n t s .  Eurochcmic i n  Belgium, WAK i n  West 
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Germany, Uindsca1.e i n  England, La Hague i n  France  and Nuclear  
Fue l  S e r v i c e  i n  t h e  USA. 

P a r a l l e l  t o  t h e  main p r o c e s s  a r e  a  number of a u x i l i a r y  svs tems  
f o r  t r e a t m e n t  oE t h e  s o l v e n t  t o  rende. i t  s u i t a b l e  f o r  r e u s e ,  re-  
cove..-y of n i t r i c  a c i d  and t r e a t m e n t  of gas-borne and l i q u i d  
v a s t e .  These sys tems  r e q u i r e  expens ive  and adranced technology  
f o r  p r o c e s s  c o n t r o l  a s  v e l l  a s  f o r  p e r s o n n e l  p r o t e c t i o n .  

The f u e l  e n t e r i n g  t h e  p l a n t  i s  s t o r e d  i n  w a t e r  p o o l s  which pro- 
v i d e  c o o l i n g  and r a d i a t i o n  s h i e l d i n g .  The f u e l  is taken  o u t  of  
t.he p o o l s  a f t e r  a  c o o l i n g  p e r i o d  of a t  lc-ast  one y e a r  f o r  pre-  
Trea tment ,  i n  which t h e  f u e l  e lements  a r c  f r e e d  of t h e i r  e x t e r n a l  
s t r u c t u r a l  p a r t s  and chnpped i n t o  5-8 cm long  p i e : e s .  

The chopped m a t e r i a l  is  t r a n s f e r r e d  i n  a  b a s k e t  t o  a  j i s s o l v e r ,  
v h e r e  t h e  uranium o x i d e  v i t h  i ts  f i s s i o n  p r o d u c t s  anc t r a n s u r a n i -  
um e l e m e n t s  i s  d i s s o l v a d  i n  b o i l i n g  n i t r i c  a c i d .  The leached  
h u l l s  remain u n d i s s o l v e d  and a r e  t r a n s f e r r e d  t o  w a s t e  c a n i s t e r s  
f o r  s t o r a a e .  T h i s  s c r a p  c o n t a i n s  induced r a d i j a c t i v i t y  i n  t h e  
z i r c a l o y  c l a d d i n g  a s  v e l l  a s  t r a c e s  of  f u e l .  Ga3eous f i s s i o n  pro- 
d u c t s  - m a i n l y  i o d i n g ,  k r y p t o n  and t r i t i u m  - a r e  evo lved .  The 
i o d i n e  i s  s z p a r a t e d  i n  t h e  exhaus t  gas  sys tem by means o f  a lka-  
l i n e  s c r u b b i n g  and s p e c i a l  f i l t e r s .  Methods a r e  a l s o  a v a i l a b l e  
f o r  s e p a r a t i n g  kryp ton  from che exhaus t  gas .  

,The s o l u t i o n  c o n t a i n i n g  t h e  f u e l  d i s s o l v e d  i n  n i t r i c  a c i d  i s  fed  
i n t o  a  s j s t e m  where two innniscible  l i q u i d s  - t h e  n i t r i c  a c i d - f b e l  
s o l u t i o n  and ar. o r g a n i c  s o l v e n t  - f low i n  o p p o s i t e  d i r e c t i o n s  



while the liquid phases ar? alternately remixed and separated 
(countercurrent extraction). Uranium and plutonium are highly se- 
luble in the. w g m i c  solvel~t under the prevailing -anditionr. 
vhile the solubility of the fission products iq nrp IOU. Th. li- 
quid phase f l m ~ n g  out of the systen contain8 * .9% of the 
fission prod~cts 14-211. This liquid contains the high-level 
waste. 

The high-level waste solutim then goes to processing stages for 
concentration and storage. After separation in the first extrac 
tion stage. the product f l w  is delivered to another extraction 
stage. Here, conditions are adjusted so that plutonium is conver 
ted to a chemical form vhich is virtually insoluble in the orga- 
nic phase, while the solubility of the branim rcmins unchanged. 
As a result, uranium and plutonium are separated from each other. 
By maan8 of additional refinement stager, both uranium and plu- 
tonium achieve the desired purity. 

Uranim is finally obtained in the form of uranyl nitrate s o l w  
tion, which is calcined to uranium trioxide. The calcinate is. 
transported to a plant for conversion to uranium hexafluoride and 
renewed enrichment. Plutonium is stored in the f o m  of plutonim 
nitrate solution and converted to plutonium dioxide before it can 
be used for fuel manufacture. 

The high-level waste solution contains 99.9% of the fission pro- 
ducrs, about 0.1% of the original quantity of uraniun, about 0.5% 
of the original quantity of plutonium and all of the other trans- 
urani~un element.. The solution is evaporated and nonually stored 
for a period of time in the. form of liquid concentrate in cooled 
and monitored stainless steel tanks. After storage, the high-le- 
vel waste is calcined and vitrified. 

4.1.2 Reprocessing plants 

The high-level processes in a reprocessing plant must be carried 
out behind radiation shields in "hot ceils" with metre-thich con- 
crete walls. The sections in uhi:h uranium or plirtoniwbeariag 
substances are handled must be designed for absolute security 
against criticality. This is achieved by georaetric delimitation 
of the process equipment, limitation of the quantity of fisrile 
rneterial in the solutions or the addition of neutron-absorbing 
svbstances. 

A repmcessing plant is divided into different sections on the 
basis of radiation levals and activity conients. A number of ptir 
tcctive barriers are used. For example, the stainless steel ves- 
sel for dissolving t~ie fuel is provided with special ventilation 
vhich maintains a negative pressure in the vessel. The dissolver 
is encl3sed in a call vhose f l o ~ r  and walls are lined vith stain- 
less steel. The cell is ventilated so that it is at a lclvcr 
pressure than surtounding spaces with l a n r  activity levels. 

The principles c f  plant maintenance are v e ~  important in the de- 
sign of a reprocessing plant. Remote-eontmlled maintenance is 
ionnally required for the mechanical cquipmnt in the cell where 

, 

the fuel elements are chopped up. R e  cell is equipped with mani- 
pulators and other equipment which permit repairs without human 
contact. 



A h i g h  s u r f a c e  f i n i s h  is of v i t a l  impor tance  to pe rmi t  thorough 
c l e a n i n g  (decontamina t ion)  of p i p e s  and v e s s e l s  p r i o r  t o  main- 
t enance .  Traps ,  pocke t s  and s h a r p  c o r n e r s  i n  p i p e l i n e s  h e r e  ra- 
d i o a c t i v e  s l u d g e  could  accumulate and be d i f f i c u I f . t b  remove n u s t  
a l s o  be kep t  t o  a  minimum. 

i4hr;eever h i g h l y  r a d i o a c t i v e  l i q u i d s  a r e  t r a n s f e r r e d  between pro- 
c e s s  v e s s e l s ,  a n  a t t emp t  is made t o  avoid  t h e  use  of e q u i p r e n t  
w i t h  moving p a r t s  (mechattical pumps e t c .  ). I n s t ead ,  s team in j ec -  
t o r s ,  ga s  l i f t  pumps o r  l e v e l  d i f f e r e n c e s  between t he  v e s s e l s  a r e  
used. T h i s  reduces  t h e  r i s k  of l eakage  and minimizes maintenance.  

4 .1 .3  O p e r a t i o n a l  e x p e r i e n c e  

The r e p r c c e s s i n g  i n d u s t r y  has  a  30-year h i s t o r y .  S ince  t h e  19409, 
f u e l  from m i l i t a r y  p roduc t i on  r e a c t o r s ,  r e s e a r c h  and expe r imen t a l  
r e a c t o r s  and gas-cooled pover  r e a c t o r s  have been reprocessed .  The 
t echnology  f o r  sucn r e p r o c e s s i n g  has  been demonstrated i n  Europe 
on an  i n d u s t r i a l  s c a l e  f o r  many y e a r s  a t  Windscale,  Marcoule, La 
Hague and Eurochemic. 

Exper ience  from t h e  f i r s t  s t a g e  i n  r e p r o c e s s i n g  - r e c e i v i n g  and 
s t o r a g e  of t h e  f u e l  i n  poo l s  - have l ed  t o  t he  i n s t a l l a t i o l  of 
more e f f i c i e n t  sys tems  f c r  c l e an ing  t he  pool water .  Equipment f o r  
i s o l a t i n g  and cove r ing  l e a k i n g  f u e l  i s  ano the r  means t o  reduce 
t h e  dose  load on personnel  who vork  i n  t h e  r e c e i v i n g  s e c t i o n .  

High r e l i a b i l i t y  i n  t h e  u n i t  f o r  choppiny :he f u e l  elenrents  is of  
fundamental importance i n  en su r ing  h igh  o p e r a t i o n a l  a v a i l a b i l i t y  
i n  r ep roce s s ing .  At t h e  r ep roce s s ing  p l a n t  i n  Kar l s ruhe  (WAK), 
t h e  chopping c e l l  ha s  no t  been e n t e r e d  s i n c e  i t  was pu t  i n t o  se r -  
v i c e  4 112 y e a r s  ago. A La Hague, where t he  e n t i r e  f u e l  bundle i s  
chopped, t h e r e  have been some i n i t i a l  d i f f i c u l t i e s ,  bu t  t h e s e  
seem t o  have been overcome now. 

A i a r g e  q u a n t i t y  of i n s o l u b l e  f i s s i o n  p roduc t s  i s  ob t a ined  from 
the  d i s s o l u t i o n  of high-burr.up ox ide  f u e l  a s  compared w i th  f u e l  
from gas-cooled r e a c t o r s .  These f i s s i o n  p roduc t s  a r e  ob t a ined  i n  
t h e  form of a  f i n e  pnwder. I n  a d d i t i o n ,  t i r c a l o y  ch ip s  a r e  forned 
vhen t h e  f u e l  r o d s  a r e  chopped. The s o l i d  p a r t i c l e s  can i n t e r f e r e  
v i t h  t h e  e x t r a c t i o n  p roce s s  and must t h e r e f o r e  be s e p a r a t e d .  T h i s  
can be accomplished by means of c e n t r i f u g i n g  o r  f i l t e r i n g .  

One of  t h e  main problems i n  t h e  e x t r a c t i o n  p roce s s  f o r  high-burn- 
up f u e l  h a s  been ie r a d i o l y s i s  of o r g a n i c  s o l u t i o n  accompanied 
by t h e  p r e c i p i t a t i o n  of  z i rconium b u t y l  phosphate,  vh ich  can d i s -  
r u p t  t h e  procF?ss. The e x t r a c t i o n  appa ra tu s  must t h e r e f o r e  be de- 
s i gned  t o  p rov ide  minimum con t ac t  time between the  o r g a n i c  s o l -  
v e n t  and t h e  r a d i o a c t i v e  s o l u t i o n .  Pu l s a  columns and c e n t r i f u g a l  
r o n t a c t o r s  can g i v e  c o n t a c t  times which a r e  a  f a c t o r  of 10 lower 
than  m i z e r s i d i m e n t e r s .  The Trench atomic energy  comnission has  
developed s p e c i a l  mu l t i - s t age  c e n t r i f u g a l  c o n t a c t o r s  which w i l l  
be used a t  t h e  p l a n t  f o r  ox ide  f u e l  i n  La Hague. 

Zirconium and ruthenium a r e  the  f i s s i o n  p roduc t s  which a r e  most 
d i f f i c u l t  t o  s e p a r a t e  from uranium and p lu tonium i n  t h e  f i r s t  ex- 
t r a c t i o n  c y c l e .  They can t h e r e f o r e  c o n t r i b u t e  t o  a  h i g h e r  r ad i a -  
t i o n  l e v e l  i n  t h e  f o l l o v i n g  s t a g e s  f o r  s e p a r a t i o n  and p u r i f i c a -  
t i o n  of t h e  uranium and p?utonium s o l u t i o n s .  Th i s  ha s  been a 



problem in plants where the rgoiplmt m e?iginally deri3.d for 
fual of lovet boms~p. 

- - 
'The exhaust gas cleaning pracesa in a reproeesaing plant m s t  be 
able to separate the iodine isotopes 1-131 akl 1-129 efficiently. 
1-131 is short-lived (half-life 8 days) and need only be taken 
into consideration h e n  the spent fuel is reprocessed less than 6 
months after it is dischayed f~ ::m reactor. This is not a 
possibility which need be considered in tha case of light-water 
fuel. Owing to reduced lipits for the release of 1-129 and 
problem in the handling .of iodinecontaining alkaline washing 
solutiuns, solid filters with silverintpregnated catalysts are 
now being used to an inc easing degree. Tests of such filters 

111000th. 

i have shorn that they reruce iodine releases to less than I 
I 

The Eurochemic. WAK, W ndscale and La Hague plants have demon- 
strated the rPprocessi g of oxide fuel on a* industrial scale. A t  
La Hague, impjoved aplaratus has been developed and tested for i the chopping of oxide.fue1, the separation of solid particles and 
liquid axtrahion vit,h short contact tim. The outlook is there- 
fore favourcble for Jatisfactory operational reliability and 
plant availability i.h future large-scale operation. 

Working environmend and safety 

The main factor +'ich distinguishes the working environment in a 
reprocessing plan2 from the working environment in other chemical 
plants is, of cot!rse, the level of radioactivity. The radiation 
envirorment in a:reprocessing plant can be kert under control by 
effective measu:ernent and monitoring of radiation levels and re- 
gistration of pdrsonnel doses. Such direct registration and moni- 
toring are often not possible with respect to chemical environ- 
mental factors: The recomnendations of the International Comnis- 
sioh for Radiological Protection (IRCP) limit the annual dose to 
ra~iologically employed personnel to a maxi- of 5 rems. The 
fundamental H a l  of radiation protection work shall be to keep 
radiation doceu as low as is practically possible. 

The internal envi romnent at La H a g w  

The new receiving plant for fuel from light-water reactots has 
been in c ~ e r a c i m  for a short period of time. Experienct-s from 
the processing of fuel from gas-cooled reactors are, hwever, 
considered sufficiently representative to provide a picture of 
the expected working environment situation which will be associ- 
ated with operation with light-water fuel. 

The reprocessing plant has a unit for company medical services 
(Service Midical de Travail; SHT) as wcll as a medical laboratory 
(Laboratoire d'Analyse HLdical; I N ,  which performs routine toxi- 
cological and radiotoxicological analyses. The SHT unit employs 
12 persons while the IAH unit eqloys 16 /&221, 

Radiation protection of the plant is under the super~ision of 
Service Central Protection de la Radiation Ionizee (SCPRI) an 
agency under the Ministry of Public Health. ICRP standards are 
followed. The mean dose per employee in radiological work was 



350 =-/year in 1975. Employees in tha decladding section 
(approx. 60 persons) and employees who w r k  with decontamination 
(approx. 50 persons) had received a m a n  dose of 1600-1700 mrems 
per year. These two groups are exposed to the highest doses in 
the reprocessing plant. * 

Exposure data and other working environment matters are evaluated 
and discussed monthly by a cowittee which includes representa- 
tives of both COGMA and the trade union. 

There has been a hea!th and safety c m i t t e e  at La Hague with lo- 
cal represzrtatives from the employees and the company management 
for many years. Following a strike, a larger health and safety 
comnittee was appointed in November of 1976 with representatives 
from the employees' central trade union associations and the corn 
pany management in Paris. This cornittee submitted its final re- 
port 14-231 in June of 1977. The cornittee's recomnendations are 
unanimous. They contain 47 points aimed at improving the working 
environment. The different points are of varying scope. 11 of the 
points had been acted on by June of 1977. There is a timetable 
for each point and all points are to be implemented by 1981. 
COGEMA's b ~ a r d  has decided to implement the 47-point programne in 
accordance with the cornittee's proposal. 

The 47-point p r o g r a m  is divided into the following sections: 

- short- and mediumrange refoms 
- medimrange larg~scale investments 
- recruitment of nev personnel (such as radiation protection 

personne!) 
- safety equipment 
- organization and methods 
- studies - training 
- technical problems 
- personnel problems 
- technical organization and methods 

Representatives of the employees on the health and safety corn 
mittee agree that safety is good 14-241, but that the 47-point 
p r o g r a m  must be implemented in order to provide adequate safety 
m.1 rgins. 

External environment 

Releases into the air and water from the plant at La Hague are 
carefully monitored. The French radiation protection authorities 
have established the following limits for water releases: 

B-radiation 40 000 curieslyear 
tritium 60 000 " 
a-radiation 90 " 

Water releases were measured at B = 32 000 curies, tritium 
11 000 curies and a = 13 curies for 1975. B releases were reduced 
in 1976 to 19 000 curies 14-251. 

An extensive network of monitoring stations at La Hague measures 
atmospheric emissions (mainly krypton) and vater releases and 



a u l y x m  the l m l r  of radioutim e l a n t s  in th. mviramrrrt. 
fa 1975, 2 200 samples w t a  taken, an vhich 6 800 analyses w r e  
p e r f 0 4  /4-26/. Samples a m  taken f r m  the, air, rainvater, 
streams, groundwater, plants, milk, seawater,-sand and sediment, 
algae, crustaceans and fish. S-lea are ta$en totb near the 
plant and farther away. 

In s-ry it can be said that radioactivity releases from La 
Hague to the most highly exposed grovp of people are estimated a t  
1 mredyear from the co~asvmptios of fish and crustacean and 5 
mreaur/yerr from atmospheric emissions, mainly of krypton-85. 
Additional iqformetion is provided in /4-26/. These values can be 
conpared to the natural external radiation level at La Hague, 

@ 
which is 100 rnreras, and internal radiation from potassilm-40 in 
the huppa body, which is 25 mr- /4-21/. I 

Hethods for the infusion of the higtrlewil waste in glass are 
currently being developed in a number of countries. At the French 
PIVER pilot plant in Marcoule, 15 tons of high-level glass of the 
borosilicate type have been produced. A batch process using a 
special furnace is employed. The material is evaporated, calcined 
and melted to glass in the same apparatus. The furnace vhich is 
used is made of inconel and is heated by means of induction /4- 
27/. 

The waste solution is mixed with a weak nitric acid solutian 1 
which is added to the furnace and which contains the vitrifying 
additives in the form of tiny particles. The temperature is in- 
crea:.ed at the rate of 1 0 0 ~ ~  per hour up to 1 150°c, at vhich 
point calcination takes place and vitrification begins. After 3-4 
hours, the molten glass is allowed to run d m  into P container i @ 

of chromiunrnickel steel /4-20/. I 

An initial industrial prototype plant, KJl4 (LIAtelier de Vitr~fi- 1 
cation de Marcoule) is based on previous experience from the 
PIVER plant and is currently being trial-operated with inactive I 
material. The plant wall be put into radioac-ive operation in 
early 1978 /4-28/. It will solidify the high-level waste from the 
reprocessing of relatively lwburnup fuel fram gas-cooled reac- 
tors and fuel from research reactors. The construction of a simi- 
lar plant for the solidification of waste from reprocessing of 
oxide fuel is also planned in La Hague. 

The AVH process is continuous. First, the higtrlevel liquid is 
dried to a povder (calcinate) vhich is then fused with borosili- 
cate glass in a furnace at about 1 1 0 0 ~ ~ .  A homogeneous glass if 

@ 
formed, since the borosilicate glass mass dissolves all of the 
metallic oxides in the higblevel waste. The glass is then cast 
in a chromiunrnickel steel container. When the container is full, 
a lid is welded on so that it is hermetically scaled. 

There is an intermediate storage facility for high-level waste at 
Marcoule where 154 waste cylinders vith a total activity of 5 @ 
million curies have been stored for the past 6-8 years. The s t o r  
age facility is located underground and is of concrete construc- 
tion with vertical round holes in which the glass cylinders are 
stacked on top of one another. A 1 ?/2 a thick concrete plug is 



in!~erted into each hole. There is no danger to persons above the 
storage facility. 

4.3 SOLUBILITY OF THE VlTRlFlED WASTE 

L.3.1 - Time dependence I?f leaching rate 

Tlie glass is made up of a network with a coherent, three-dinen- 
sional structure contai-ing silicon, boron and aluminium oxides. 
Other substances are then bound in this network. 

The substances incorporated in the glass are leached out in two 
different ways ih-11. Elements integrated in the network are 
dissolved directly from the surface. This mechanism applies for 
example to silicon, boron, aluminium and plutonium. Ir! the case 
of cesium and strontium, the elements are first replaced by hy- 
drogen ions in the glass lattice. This results in a diffusion- 
controlled leaching rate which diminishes with time. After a pe- 
riod o f  a few weeks or less, leaching of these 'lements as well 
will be detemined by a direct dissolution of the surface 14-2/. 

The exact shape of the leaching curves depends on the structure 
of the silicic-acid-rich film vhich is formed in contact with the 
leaching solutioo. It has been found experimentally that even 
elements which initially exhibit great differences in leaching 
rate will have very similar leaching rates after a f w  months. 
This means that the leached quantities will be proportional to 
the levels of the various elements in the glass dissolved frnm 
the surface, and that the rate of surcace dissolution c.in bc 
equated dith the leaching rate. 

In the case of laboratoq-fabricated French glass uf the light- 
vater reactor trpc which contains 20X fission products. it \as 
been found after about 3 months that the leaching rate per day is 
consti - in tests with high water flow rates. The leaching rates 
are th t about 2.10'~ grams per cm2 and day at room temperature. 
This corresponds to a dissolution rate of 3.10-4 m per year 
14-3, 4-29/. Even lower values (down to 5.10'11 grams per cm2 and 
day) have been obtained for strontium after 15 years in field 
tests with buried blocks of Canadian nepheline syenite glass 
14-4/. 

In order to calculate the leaching of a radioactive element from 
a glass body, the leaching rate is first multiplifd by the sur- 
face available for leaching and then by the fract~on which the 
radioactive element comprises of the glass. 

In the final repository, the water flow around the encapsulat~d 
glass wlll be very 1.m (see II:5). The 1eachir.g rate will thereby 
be lwer than the rates determined at high ra:es of water flow 
16-30/. This question is treated in greater cepth in section 
IJ:6.3. 

Influence of groundwater romposition 4.3.2 - -  
Variations in the cornpasition of the leaching agent can affect 
its attack on tt,e glass. This applies especially to its content 



o f  subr tancen which can break up t h e  Si-O bond6 i n , t h e  rehrork .  
Hydroxide and f l u o r i d e  i ons  r e a c t  i n  t h i s  mannar 1.4-5., 4-61, 
v h i c h  m a n s  t h a t  t h e  pH of t h e  v a t e r  can be an *pi tan t  f a c t o r .  
The c o n c e n t r a t i o n  of f l u o r i d e  i ons  i n  mst groundSiaten is lw, 
and they  have maximm e f f e c t  a t  law pH values.  Low pH va lues  do  
n o t  n e c e s s a r i l y  mean lov  v a t e r  flow r a t e ,  s i n c e  t h e  l ezch ing  
mechanism f o r  g l a s s  gene ra t e s  a b o r a t e - s i l i c a t e  b u f f e r  w i th  a pH 
of about  9. Bentoni te  a l s o  s t a b i l i z e s  tll- pH value  a t  t h i s  l e v e l .  

Leaching r e s i s t a n c e  can  t h e o r e t i c a l l y  a l s o  be a f f e c t e d  by t h e  
subs t ances  i nco rpo ra t ed  i n  t h e  g l a s s  i t s e l f  vhich ,  upon long-term 
c o n t a c t  betdqen a smel l  q u a n t i t y  of leaching  l i q u i d  and g l a s s ,  
c an  b u i l d  up t o  h i ~ h e r  c o n c e n t r a t i o n s  i n  t h e  l i q u i d  14-71. Uhen 
g l a s s  of t h i s  type  is used - a6 it w i l l  be f o r  t h e  v i t r i f i c a t i o n  
o f . r a d i o a c t i v e  waste - sodium, b o r i c  ac id  and s i l i c i c  a c i d  con- 
c e n t r a t i o n s  of s e v e r a l  hundred ppm m y . b u i l d  up. Sodium ions  may, 
bv r e d i f f u s i o n  i n t o  t h e  g l a s s ,  reduce the  co r ros ion  r a t e  som- 
what. French experiments wi th  sal t  s c l u t i o m  and s o l u t i o n s  con- 
t a i n i n g  f i s s i o n  p roduc t s  i n d i c a t e  t h a t  t he  e f f e c t  of t h e  dis-1- 
ed subs t ances  on t h e  leaching  r a t e  is s l i g h t  /&-a/. 

Other  subs tances  i n  t he  l each ing  s o l u t i o n  may a t  l e a s t  temporari-  
l y  reduce  the  l each ing  r a t e  by fonning a p r o t e c t i v e  f i l m  of e . g .  
ca rbona te s  o r  s u l p h a t e s  on t h e  s u r f a c e  under s t a t i o n a r y  condi- 
t i o n s .  A t  t h e  pH which can be expected t o  p r e v a i l  i n  t h e  ground- 
w a t e r ,  p r e c i p i t a t i o n  r e a c t i o n s  v i l l  a l s o  take  p l ace  i n  t h e  l i -  
qu id ,  f o r  e x a m l e  of ca rbona te s ,  a s  v e l l  a s  t he  conp1ex;ng of 
uranium and plutonium, which a f f e c t s  t h e  f u r t h e r  t r a n s p o r t  of 
t h e s e  elements.  An important  f a c t o r  i n  t h i s  r e spec t  is t h e  hydro- 
gen ca rbona te  concen t r a t i on .  Chlor ide ,  &i:h p iays  an important  
r o l e  i n  t h e  c o r r o s i o n  of m e t a l l i c  m a t e r i a l s ,  does not  i n f l u e n c e  
t h e  c o r r o s i o n  of  French g l a s s .  This  has been shown both by t h e  
f a c t  t h a t  i t  does no t  a f f e c t  t he  mchanism of g l a s s  l each ing  and 
by t h e  aforementioned French experiments.  

I t  can  be added t h a t  Engl i sh  experiments have found leaching  
r a t e s  which a r e  10-30 tims h ighe r  f o r  ion-free water  than f o r  
n a t u r a l  wa te r  14-91. But i o ~ r f r e e  water  hes  never been e n c o u n t e r  
ed  and cannot e x i s t  i n  t h e  Swedish bedrock. 

I n f l u e n c r  pHif r e s i s t a n c e  t o  l each ing  

Exparintents h a w  been conducted a t  Uateoule i n  France / b e /  w i t h  
g l a s s  cor.;aining r a d i o a c t i v e  f i s s i o n  products  i n  o r d e r  t o  s tudy  
t h e  i n f l u e n c e  of  t he  pH on t h e  l each ing  r a t e s ,  e s p e c i a l l y  f o r  
c e s i u m l 3 7  and s t r o n t i u m 3 0 .  

The experiments.  vh i ch  vere conducted on a French g l a s s ,  shaved 
t h a t  t h e  l each ing  r e s i s t a n c e  of t h e  g l a s s  d i d  no t  change v i t h i n  
t h e  pH i n t e r v a l  4-11. A t  pH 3, the  leaching  r a t e  was 10 times a s  
g r e a t ,  and a t  pH 16 i t  was 20 t imes a s  g r e a t  a s  a t  pH 14-111. 
These r e s u l t s  i ~ d i c a t e  t h a t  g l a s s  w i th  incarpor-ted f i s s i o n  pro- 
d u c t s  is cons ide rab ly  l e s s  pH-sensit ive wi th  r e spec t  t o  t h e  
l e a c h i n g  r a t e  than  o r d i n a r y  soda g l a s s .  This is e s p e c i a l l y  t r u e  
w i t h i n  t h e  e l k a l i n e  range ,  where a s u b s t a n t i a l  i n c r e a s e  i n  t h e  
l each ing  r a t e  is noted f o r  o rd ina ry  g l a s s  a t  pH 9-10. Res i s t ance  
t o  a c i d ,  h w e v e r ,  is poor according  t o  information from Euroche- 
mic and Uarcoule. However, pH va lues  b e l w  4 a-• extremely im- 



p r o b a b l e  under  t h e  c o n d i t i o n s  which p r e v a i l  around t h e  g l a s s  body 
i n  f i n a l  s t o r a g e .  

In  o r d e r  t o  conf i rm t h e  r e s i s t a n c e  of t h e  b o r o A l i c a t e  g l a s s  t o  
m o d e r a t e l y  a l k a l i n e  s o l u t i o n s ,  measurements a r e  b e i n g  c a r r i e d  o u t  
s t  S t u d s v i k  of  t h e  l e a c h i n g  a t  7 0 ' ~  of an i n a c t i v e  b o r o s i l i c a t e  
g l a s c  a t  pH 10 .5  and 8.5. T h i s  g l a s s  h a s  a chemica l  compos i t ion  
v h i c h  is t h e  same a s  t h e  g l a s s  which is t o  be  use& f o r  f i n a l  
s t o r a g e ,  i . e .  v i t h  about  3% f i s s i o n  p r o d u c t s .  R e s u l t s  o b t a i n e d  t o  
d a ~ e  i n d i c a t e  a  d o u b l i n g  of t h e  l e a c h i n g  r a t e  a t  pH 10.5 i n  
comparison v i  t h  pH 8.5. The l e a c h i n g  r a t e  a t  pH 8.5 is  comparable 
t o  t h a t  f o r  r a d i o a c t i v e  French  g l a s s .  

Among t h e  p r e r e q u i q i t e s  which must be f u l f i l l e d  by p o t e n t i a l  
s i t e s  f o r  a  f i n a l  r e p o s i t o r y  f o r  h igh- leve l  v a s t e  i n  S w d e n  i s  
t h e  c o n d i t i o n  t h a t  t h e  s t o r a g e  s i t e  must have a  v e r y  low ground- 
w a t e r  f l o v  (on t h e  o r d e r  of a  few d e c i l i t r e s  p e r  m2 and y e a r ) .  
T h i s  means t h a t  o n l y  a  r e l a t i v e l y  small q u a n t i t y  of  v a t e r  v i l l  
come i n t o  c o n t a c t  v i t h  a l a r g e  a r e a  of g l a s s .  S i n c e  t h e  mechanism 
f o r  t h e  r e a c t i o n  between g l a s s  and v a t e r  l e a d s  t o  t h e  r e l e a s e  of 
a l k a l i ,  o n e  would expec: t h e  pH t o  r i s e .  

Hovever, measurements a t  S t u d s v i k  performed on a  b o r o s i l i c a t e  
g l a s s  c o n t a i n i n g  i n a c t i v e  s i m u l a t e d  f i s s i o n  p r o d u c t s  s h w  t h a t  
t h e  pH remains below 9.3 a t  70 '~.  The o r i g i n a l  pH of t h e  l e a c h i n g  
a g c n t  was t h e r e b y  8.5. I n  a n o t h e r  exper iment ,  i n  which ground- 
w a t e r  v a s  i n  c o n t a c t  v i t h  p u l v e r i z e d  g l a s s  c o n t a i n i n g  s i m u l a t e d  
f i s s i o n  p r o d u c t s  a t  room t e m p e r a t u r e  t o r  about  9 months, a  pH of  
a b o u t  8 v a s  measured. I n  t h i s  exper iment ,  t h e  r a t i o  b e t v e e n  t h e  
g l a s s  s c r f a c e  a r e a  and t h e  l e a c h i n g  volwne v a s  f a i r l y  s i m i l a r  t o  
t h e  r a t i o  f o r  t h e  g l a s s  b o d i e s  a t  low w a t e r  f low.  One r e a s o n  vhy 
a g r e a t e r  pH i n c r e a s t  i s  n o t  o b t a i n e d  i s  t h a t  t h e  g l a s s  c o n t a i n s  
boron o x i d e ,  which n e u t r a l i z e s  d i s s o l v e d  a l k a l i  vhen i t  goes i n t o  
s o l u t j o n  and s t a b i l i z e s  t h e  pH v i a  a  b u f f e r  sys tem of  b o r a t e s .  

The l a r g e  q u a n t i t y  of f i l l e r  m a t e r i a l  v h i c h  s u r r o u n d s  t h e  was te  
a l s o  h a s  a  s i m i l a r  s t a b i l i z i n g  e f f e c t  on t h e  pH v a l u e ,  k e e p i n g  i t  
between 8 and 9. 

4 . 3 . 4  Tnf luenc: ,o_l t t?mperature 

A l l  e x p e r i e n c e  from l e a c h i n g  t e s t s  v i t h  g l a s s  of v a r y i n g  c o q o s i -  
t i o n  shows t h a t  t h e  l e a c h i n g  r a t e  and t h e r e b y  t h e  r a t e  of a t t a c k  
on t h e  g l a s s  i n c r e a s e s  s h a r p l y  w i t h  t h e  t e m p e r a t u r e .  T h i s  i s  an 
i m p o r t a n t  p a r a m e t e r ,  s i n c e  t h e  v a s t e  v i l l  h e a t  t h e  s u r r o u n d i n g  
bedrock.  Measurements have been made a t  ? la rcoule  of  t h e  i n c r e a s e  
of  t h e  l e a c h i n g  r a t e  f o r  cesium and s t r o n t i u m ,  vhereby  i t  was 
found t h a t  t h e  l e a c h i n g  r a t e  is about  4  t imes  g r e a t e r  a t o 5 0 0 ~ ,  10 
t i m e s o g r e a t e r  a t  70°C 14-111 and 35 t imes  g r e a t e r  a t  100 C  t h a n  
a t  25 C. 1 n t e r p o l a t i r . n  g i v e s  3  t imes  g r e a t e r  l e a c h i n g  r a t e  a t  
GOOC t h a n  a t  r o m  temperature. 

T r i a l s  a r e  b e i n g  conducted a t  S t u d s v i k  a t  room t e m p e r a t u r e  and a t  
60°C. 

The t e m p e r a t u r e  c o n d i t i o n s  i n  t h e  f i n a l  r e p o s i t o r y  a r e  i l l u s t r a t -  
e d  i n  F ig .  b-2. X a t u r a l l y ,  l e a c h i n g  cannot  b e g i n  u n t i l  t h e  c a n i s -  
t e r  and t h e  c h r o m i u m n i c k e l  c y l i n d e r  have been p e n e t r a t e d .  



4.3.5 Leaching tests with French glass at Studsq~ik 

Tests vcre begun in July of 1977 vith the leaching of French 
glass containing high-level fission products. In addition to 
gaining experience in the testing of radioactive glass, these 
tests are aimed at exploring the effects of the conditions vhich 
can be expected to prevail in a final repository in the Swedish 
bedrock. The variables vhich are of greatest interest in this 
respect are temperature, pH and groundwater comp~sition. The ra- 
dioactive glasses containing waste fram lightrater fuel vhich 
are nau being leached contain 20% fission product oxiaes in cam- 
pariron with the approximately 9% vhich are planned for the final 
storam of reprocessed Swedish waste. 

The active glaas is leached in an apparatus vhich is similar to 
the one ustd in France 14-81, An initial stage of dynamic leach- 
ing is follond by a stage of static leaching (at higher tempera- 
ture). 

fhe coapoaition of the leaching agent was as follws (pH 8.5): 



Of t h e  g l a r s e s  vh i ch  were leached ,  twr, vere of t ypes  which a r c  
b e i n g  cons ide r ed  f o r  t he  s o l i d i f i c a t i o n  of l i g h t - u a t e r  r e a c t o r  
was t e ,  bu: i n  t h i s  c a s e  wi th  approximate ly  20Z f i r s i o n  p roduc t s .  
R a d i o a c t i v i t y  was about 1  000 C i ,  which means th%t most of t h e  
f i s s i o n  product  c o n t e n t  c o ~ l s i s t e d  of s imu la t ed  f i s s i o n  p roduc t s .  
Another  c y l i n d e r  con t a ined  l i gh t -wa t e r  r e a r t o r  g l a s s  w i t h  sim- 
l a t e d  f i s s i o n  p roduc t s  and approximately 3% p l u t o ~ i u r n  d i o x i d e .  

The l e a c h i n g  s o l u t i o n s  from t h e  g l a s s e s  c o n t a i n i n g  r a d i o a c t i v e  
f i s s i o n  product,r were measured w i th  r e s p e c t  t o  s t r o n t i u m 9 9  and 
c e s i u m l 3 7 .  The l e ach ing  s o l u t i o n s  from t h e  p l u t o n i u w b e a r i ~ g  
g l a s s  v s r e  measured w i th  r e s p e c t  tr, plu tonium and, i n  S C P Z  

c a s e s ,  americium. I t  should  be noted i n  t h i s  connec t ion  t h a t  n o r  
ma1 g l a s s  Con t a in ing  f i s s i o n  p roduc t s  on ly  c o n t a i n s  about  0.02% 
plutonium. I t  v a s  nece s sa ry  t o  boos t  t he  c c n t e n t  by a  t a c t o r  of 
more t han  100 s o  t h a t  t h e  p lu tonium cou ld  be ana lyzed  i n  t h e  
l e ach ing  s o l u t i o n .  

The French g l a s s e s  g i v e  l e ach ing  r a t e s  of 2. g p e r  cm2 and 
day a f t e r  about  100 days a t  room tempera ture .  The va lue  f o r  t h e  
p lu tonium g l a s s e s  is roughly t h e  same. 

R e s u l t s  ob t a ined  t o  d a t e  a t  S tudsv ik  f o r  s t r m t i u m  and cesium 
shov  l e a c h i n g  r a t e s  a t  2 5 " ~  of 6 . 10 '~  and 2 . 1 0 ' ~  g p e r  cm2 and 
day a f t e r  40 days. 

The l e ach ing  r a t e s  f o r  s t r o n t i u m  and cesium dec l i ned  d u r i n g  t h e  
t e s t  pe r i od ,  vh i ch  l a s t e d  f o r  40 days.  I f  t he  experiment  had been 
ex tended  t o  100 davs ,  i t  is e s t ima t ed  t h a t  t h e  l e ach ing  r a t e s  
would have approached t h e  same v a l u e  vh i ch  v a s  ob t a ined  a t  U a r  
coule ,  namely 2 . 1 r 7  g  p e r  cm2 and day. I n  o r d e r  t o  permi t  t he  
measurement of  l e ach ing  r a t e s  a t  h ighe r  t empe ra tu r e s ,  t h e  tempe- 
r a t u r e  was i nc r ea sed  a f t e r  LO days t o  60 '~ .  77-R f i r s t  v a l u e s  a t  
60°c shov t h a t  t h e  l e ach iqg  r a t e  i nc r ea sed  by a  f a c t o r  of 10 
14-121. 

0 
The l e ach ing  r a t e  f o r  plutonium a t  25 C has been measured a t  
S tudsv ik  t o  be a b o ~ r t  3 . 1 ~ - ~  g pe r  cn2 and day a f t e r  30 days .  The 

0 f i r s t  v a l u e s  from 60 C shcu  t h a t  the  change of t he  l e ach ing  r a t e  
v i t h  t empe ra tu r e  is l e s s  than  i n  t h e  ca se  cf s t r o n t i u m  and cesium 
14-12/. 

When e v a l u a t i n g  t he  r e s u l t s  o t  t h e  t e R t s  a t  S tudsv ik ,  i t  is  im 
p o r t a n t  co n o t e  t h a t  they  were condu:ted w i th  approximate ly  20% 
f i ? s i o n  p roduc t s  i n  g l a s s e s  c o n t a i n i n g  42.9 and 46.0% S i02 ,  re- 
s p e c t i v e l y .  I n  t h e i r  r e p r o c e s s i n g  cor r t rac t  u i  t h  COGEMA, SKBF has 
chosen  a  g l a s s  wi th  on ly  a b ~ u t  9% f i s s i o n  ~ r o d u c t s ,  which means 
t h a t  t h e  S;J2 con t en t  w i l l  be more t han  50%. Tile g l a s s  d i l l  
t h e r e f o r e  have  a  1-r l e a c h i n g  r a t e  f n r  f i s s i o n  p r o d u c ; ~  and ac- 
t i n i d e s  /4-181. 

4.4 DURABILITY OF M E  WASTE C U S S  

4.4.1 General  on g l a s s  - an amorphous m a t e r i a l  

G la s s  pos se s se s  a  c e r t a i n  amount of f l u i d i t y .  This  p r o p e r t y  i s  
v a l u a b l e  f o r  w i th s t and ing  t h e  s t r e s s e s  vh icn  a r i s e  ove r  a long 
pe r i od  of s t o r a g e .  C e r t a i n  o b s e r v a t i o n s  c o z f i n n  t h i s :  



a) Energy accumulation due to ionizing radiatioai is low and re- 
lease does not take place instantaneously. Ditfibcations can 
be absorbed by the "plastic"  loss structuir better than by 
crystalline materials. 

b) Helium formation in glass caused by alpha radiation over a 
long period of time does not lead to embrittlement. The urr 
ordered gloss structure contains voids which can absorb 
large quantities of gases in the dissolved state. These 
gases can diffuse -re readily through the glassy structure. 

C )  Electron irradiation over long periods of time docs not pro- 
duce any demonstrable effects, but the salr energy d o w  in a 
short period of time sometimes leads to the formation of 
small bubbles. The glass structure haa s certain "selfheal- 
ing" capacity. 

Class seems to have s good capacity to dissolve the highly vari- 
able mixture of radionuclides contained in the waste. There are a 
total of about hO different elements in the waste, and as tim 
passes, many of these e-ements are transformed into new elements 
by radioactive decay, vhich means different-sized atoms and new 
chemical properties. An unordered structure can more e a s i l y  a& 
sorb these changes than an ordered crystal structure 14-181. 

4.4.2 Resistance of French borosi1i:ate $lass 2 radiation 

Radiation damage may be caused by gamma, beta, alpha and neutron 
radiation. Alpha radiation, vhich consists of the heaviest p a r  
ticles and is quickly retarded in the glass, is considered to 
present the greatest risk for radiation damage. 

Gamna radiation could only damage the glass structure indirectly 
by the formation of secondary electrons. Possible damage by gamna 
radiation is therefore covered by experiments vith beta radiation 
/&- 331. 

Beta radiation 

In order to study the effect of internal beta radiation in high- 
level glass, specimens have been irradiated in French laboratcr 
ties at Saclay 14-11, 6-13, 4-14!. 

The beta dose for waste glass containing 92 fission products at 
various periods of time after vitrificatioa is shovn below 
(vitrification 10 years after discharge OF spent fuel from reac- 
tor). 

Years after vittif ication Rads 



The additional increment of beta radiation after 500 years is ve- 
ry slight. 

In the French tests, irradiation lasted 12 days Gith a total fiose 
of 1.2 . 1011 rads. Such accelerated radiation tests are thought 
to place a heavier load on the glass specimen than tests at nor- 
mal dose rates, since the glass structure has less time ta adjust 
to any structural changes. 

khen the irradiated glass specimens vere compared with unirradi- 
ated specimens, it was found: 

- that no accumulation of energy (Vigner effect) ,could be de- 
monstrated; 

- that the leaching rate for cesium-137 and strontium-90 h3d 
not changed due to irradiation; - that structural ecamination by means of X-ray diffraction 
did not reveal any crystallization due to irradiation. Exa- 
minations by means of infrared spectrometry an6 scanning 
electron microscopy did not reveal any structural changes 
either. 

British experiments 14-331 with beta radiation in high-voltage 
electron microscopes showed that borosilicate glass was not 
affected by a beta radiation dose which was 100 times higher than 
the expected total dose to the glass. The tests were conducted at 
room temqerature. 

Alpha radiation 

The greatest risk for ~adiation damase can be expected from alpha 
radiaticn 14-11, 4-131. In order to examine the effects of such 
rqdiation, %lass specimens were prepared which contained alpha 
emitters vhich emit a dose corresponding to storage for 1 000 
years in a period of only 1-2 years. Actinide levels are then 
.:bout 100 times higher than in normal waste glass. rossible 
effects include formation of helium, accumulation of energy, 
structural changes, changes of leaching values and changes of 
mechanical properties. 

German experiments 14- 341 involving doping the glass v.: th curium 
isotopes show that no significant change can be expected in the 
properties of borosilicata glass even after storage for 10 000 
years. 

Table 1.-1 shows the load to which waste glass containing 9% 
fission products is subjected by alpha radiation vhen the spent 
fuel has been reprocessed 10 years after discharge from the reac- 
tor. This late reprocessing leads to a high level of americiur~l- 
241 in the glass. If :he fuel is instoad reprocessed 3 years af- 
ter discharge from the reactor and the high-level liquid in vit- 
rified 10 years after discharge, all of the figures in tbe table 
can be divided by a factor of approximately 2.5. 



Tab10 4-1. Al ,fir radiation for wanto #la.. contain. ftasion crrodwts. 
0.SZ of Pu to thr waste. Qmrocesain8 10 y8.il a f t e r  dimcham 
Iran reactor. 

i- 

- -- - - 

! l ~ a k r  of N d e r  of N W r  of Nukr  of Weloped D..rlopd He 
years a f te r  alpha n a r  alpha p a r  rad8 energy 
discharge t i r l r s  per ticlen per 

3 
kUh/l a /I( a l e s /  

from reactor cylinder g glans g1a.a cylinder 

30 6 .9  ,lo2' 1.76.10'~ 1.4 . I0  10 103 6.5 0.119 

The f o l l w i n g  specimens, were f a b r i c a t e d  i n  o rde r  t o  s imula t e  
t h e s e  e f f e c t s :  

Weight, of  Weight of Energy kWh per  
a c t i n i d e  g l a s s  block i i t r e  and yea r  

V i r t u a l l y  a l l  of  t h e  developed energy is d i s e i p a t e d  in the f o r n  
of heat .  A sma l l e r  q u a n t i t y  of m e r g y  is acc\anrlated i n  t h e  
g l a s s .  Th i s  q u a n t i t y  has  been m a s u n d  t o  be about 40 j o u l e s  p e r  
gram g l a s s  a f t - r  one y e a r  of s t o r a g e  wi th  a h igh a c t i n i d e  l e v e l .  
T h i s  energy is re l eased  g radua l ly  i n  connection wi th  hea t ing .  So 
t h e n  is no  sudden, r ap id  r e l e a s e  of energy r e s u l t i n g  i n  a r s p i d  
rise i n  temperature.  

He1 ium formation 

The tests wi th  americium and plutonium have now been i n  p r o g r e s s  
f o r  597 and 525 days,  r e spec t ive ly .  Ca lcu la t ions  shov t h a t  5 
( 5 . 2 )  m3 of He have been formed per  gram g la s s .  The t e s t  wi th  
c u t i n n  has  no t  y e t  Seen completed. I t  is es t imated  t h a t  50 m3 a f  
He per  g g l a s s  have a l r eady  been formed i n  t h i s  e r s t .  

The unordered s t r u c t u r e  of the  g l a s s  can d i s s o l v e  helium* b u t  i f  



t h e  q u a n t i t y  beconas  t o o  g r e a t ,  t h e r e  is a r i s k  t h a t  t i n y  b u b b l e r  
v i l l  form and t h a t  i h e  g l a s s  v i l l  become amre b r i t t l e .  

The r e s u l t s  a f  t h e  t e s t  v i t h  americium i n d i c a t e a h  change o f  t h e  
mechanical  p r ~ p e r t i e s  of t h e  g l a s s  a f t e r  597 days ,  w h i l e  t h e  sp?-  
cimen v i t h  plutonium ;ras d i f f i c u l t  t o  m a s u r e  i n  t h e  f i r s t  p l ace .  
T h i s  is because  a  h igh  l e v e l  of  p lu ton ium r e s u l t s  i n  phase sepa- 
r a t i o n  i n  t h e  g l a s s  - a  problem vh i ch  is not  encountered  a t  nor- 
mal p lu ton ium l e v e l s  i n  t h e  was t e  g l a s s .  

In  o r d e r  t o  ob:ain compara t ive  d a t a  r egq rd ing  t h e  s o l u b i l i t y  o f  
g a s e s  i n  g l a s s ,  n a t u r a l  v u l c a n i c  g l a s s  v h i c h  is abz~ut  A00 000 
y e a r s  o l d  " a s  been analyzed.  I t  c o n t a i n s  200 rrm3 of g a s  p e r  g 
g l a s s  (of  which 70% Hz) and v a s  found n o t  toobe b r i t t l e .  The en- 
t r a i n e d  ga s  is evolved upon h e a t i q g  t o  1  050 C /4-11/. 

Tab l e  4-1 shows t h a r  he l ium fo rma t ion  i n  t e s t s  on g l a s s  v i t h  a  
h igh  a c t i n i d e  c c n t e n t  cor responds  t o  r e l a t i v e l y  s h o r t  s t o r a g e  pe- 
r i o d s  f o r  o u t  was t e  g l a s s .  The curium t e s t  cor responds  t o  a s t o r -  
age  p e r i o d  o f  about  300 yea r s .  The n a t u r a l  g l a s s  c o n t a i n i n g  
200 d He/g, hovever ,  co r r e sponds  t o  a  s t o r a g e  pe r i od  of  100 000 
y e a r s  /4-32!. 

Helium v h i c h  is formed i n s i d e  t h e  g l a s s  can e i t h e r  remain i n  
p l a c e ,  i n  which ca se  t h e  amount of he l ium p e r  g g l a s s  i n c r e a s e s ,  

, o r  d i f f u s e  throsigh t h e  g l a s s  t o  t n e  open space  a t  t he  top  of t h e  
c v l i n d e r .  The d i f f u s i o n  r a t e  of he l ium i n c r e a s e s  v i t h  i n c r e a s i n u  
tempera ture  i n  t h e  g l a s z .  B r i t i s h  t e s t s  1'4-33/ r evea l  s i g n i f i c a n t  
he l ium d i f f u s i o n  a t  170 C. Even i f  a l l  t h e  he i ium vh i ch  is formed 
d i f f u s e s  t o  t h e  t op  of t h e  c y l i n d e r ,  however, t h e  gas  p r e s s u r e  i n  
t h e  c y l i n d e r  a f t e r  10 m i l l i o n  yea r s  v i l l  on ly  be about  30 a t g ,  
v h i c h  is lower than  the  v a t e r  p r e s s u r e  on t h e  o u t s i d e .  

Neutron r a d i a t i o n  
.- . . 

Neutron r a d i a t i o n  i n  t he  g'lass o r i g i n a t e s  primarLly from t h e  
(q-n) r e a c t i o n .  Tbe maximum es t ima t ed  neut ron  emiss ion  r a t e  is 
t v o  neu t rons  p e r  r . i l l i o n  -~;pha p a r t i c l e s .  4pproxlmately 60% of 
t h?  neu t rons  have an  energy of more thqit 1 MeV.. The e f f e c t s  of  
neu t ron  r a d i a t i o n  a r e  s l i o , h t  i n  comparison w i th  a lpha  r a d i a t i o n  
/4-321. 

4 . 4 . 3  Hechanica l  p r o p e r t i e s  

When t he  g l a s s  h a s  been c a s t  i n t o  t h e  chro.nium-r.ickel s t e e l  c y  
l i n d e r ,  a  l i d  is welded on, p roducing  a  h e r m e t i c a l l y  s e a l e d  con- 
t a i n e r .  Uhen t h e  c y l i n d e r  i s  cooled ,  t he  s t e e l  w i l l  s h r i n k  nmre 
t h a n  t h e  g l a s s ,  which means t h a t  the  g l a s s  v i l l  b e  s u b j e c t e d  t o  
compressive s t r e s s  / 4 - 1 6 / .  The g l a s s  is ve ry  r e s i s t a n t  t o  such - 
s t r e s s .  Upon r a p i d  c o o l i n g ,  c r acks  may forin i n  t h e  g l a s s ,  r e s u l -  
t i n g  i n  s u r f a c e  enlargement .  The c y l i n d e r  may be cooled i n  
cunnec t i on  w i th  decontamina t icn  o r  lower ing  i n t o  a  v a t e r  pool .  
COGEMA h a s  conducted exper iments  a t  Harcoule i nvo lv ing  t h e  ex- 
t remely  r a p i d  coo l i ng  of i n a c t i v e  c y l i n d e r s ,  a f t e r  vh i ch  t he  
g l a s s  cy l i : .ders  a e r e  examined. Uhen t h e  g l a s s  i s  c a s t ,  i t  becomes 
bonded t o  t h e  chromiunrn icke l  s t e e l  s u r f a c e ,  making i t  d i f f i c u l t  
t o  de t e rmine  u h i c k  c r acks  formed due t o  c o o l i n g  and vh i ch  formed 
when t h e  metal was p r i e d  loose.  According t o  t he se  t e s t s ,  s u r f . ~ c e  



enlargement corresponds to a factor of about 2-10. If excessiv8 
rurface enlargement is ruspected, the glass c p  be r m 1 t e d  in 
its rteel container by heating to r b w t  1 000 C a114 gradual 
cooling without ilrermal shock. -. 

Most data on franc) borosilicate glass concerns vaste from gas- 
cooled reactors. Te. ts have a180 been conducted on borosilicat~ 
glass from light-vatet reactors, however. The c.apposition of such 
v lass is: 

NiO 1.00% 

Fission products 25.80% 

0 This glass has a melting ternper$ture-of about 1 000 C. minimum 
crystallization temperature 640 C and maximum crystallization 
temperature 930'~. The maximum crystallization rate is 0.01 urn/ 
minute at about 8 0 0 ~ ~ .  

At the transfom~tion paint (approx. SSO~C), there is no risk of 
crystallization for borosilicate glass with approx. SOX silicon 
dioxide, even over a long period of storage. 

Since,no experience ia available from the storage of borasilicate 
glass*fnr thousands of years, however, it was decided that it 
would be of interest to study which fa'ctors influence the rate of 
crystal growth and what would happen if crystallization should 
eventually occur over a'long period of time. 

The tests at Marcoule /4-11/ show that crystallization tendency 
increases as the level of fission products increases and as the 
level of m l y b d e n m  increases. For glass with 9% fission products 
and approx. 20% boron oxide, crystallization tendency is low. 

In order to study the effects ef crystallization on borasilicake ' 
glass. test blocks were heated at Marcoule for one year at 500 C 
and 600% as -11 as for 100 hours at 8 0 0 ~ ~  /4-ll/. Ai'ter heat 
treatment, the specimens remained intact and were not cracked. It 
is known that the size of the crystals in glass which has crys- 
tallized at 8 0 0 ~ ~  are relatively large. But if crystallization of 
the borosilicate glass were to occur over a long period of tima 
at a temperature below 550°c, the crystals would be smaller. The 
risk of cracking is then even !ess than for crystallization at 
80o0c. 

Leaching tests were conducted on glass blocks which were heat 
treated and thereby crystallized. 

The leaching rate for these specimens was compared with the 
leaching rate for non-heat-treated specimens. It was found that 
heat treatmnt increases the lcaclring rate slightly fcr certain 



elements, such as cesium, 4. ile it reduces the leaching rate for 
other elements, such as strontium. The same tendency was noted in 
inactive Swedish tests /4-17/. The difference in leaching rate 
are small - on the order of 50%. The probable.ex#kanation is that 
upon crystallization, the glass forms a glass-ceramic material in 
which certain elements are bound m r e  tightly in the crystals, 
while other elements are concentrated at the boundaries between 
the crystals and are thereby more easily leached cut. 

The conclusion is that: 

- the risk of crystallization is low below 5 5 0 ~ ~ ;  - if cr;?stal!ization should nevertheless occur over a long pe- 
riod of time, the glass will not crack and changes in leach- 
ing rates will be mall. 

At the Glass Research Institute in V3xjG /4-17/, glass bodies 
have been fabricated of French type borosilicate glass containing 
9X inactive simulated fissiu:i products. The composition of the 
qlass is given in table 4-2. 

Table 4-2. The composition of the teat glass is: 

-- 
Consri- I by Consti- f by Consti- % by 
t uent weight tuent weight tuent weight 

SiO, 53.0 BaO 0.46 CJO 0.026 

9a20 11.3 0.15 SnO 0.014 
'.2O3 

B?O 3 19.4 Lr02 1.28 
Sb203 

0.0036 

A1203 2.1 Moo3 1.63 Ce02 0.75 

Fe203 
1.3 COO 0.21 Nd203 1.21 

In order to study phvsical changes in connection with crystalli- 
zation, some of the glass bodies vere heat-treated at 800'~ for 
15 days, whereby a certain amount of crystallization occurred. 
The results show that crysta1l;zation does not have any signifi- 
cant effect on strength, coefficient of expansion, transformation 
point, softening point or density. Nor do the speciments crack. 
In the case of cesium, the learhing rate after crys~allization 
increased by a b o ~ t  501, while the leaching rate for strontium de- 
creased. 

Yolybdate phase - 
The Fission prodricts contain inactive molybdenum vhich, after 
calcination is present in the form of molybdenum oxide /4-171. At 
a fission product level of 9% in the glass, the molybdenuin level 



is about 1.62 i4003. When the glass is rlted together vith the 
fission products, i t  may somtillrs happen that a phase consisting 
primarily of sodim molybdate separates from thr glass. Under the 
most unfavourable circumetances, Bonniaud at EIorioule found that 
0.5% of the glass vould consist of a separate ablybdate phase 
14-31/. This separation grobably takes place vithin fixed tempe- 
rature interval (600-800 C, according to British findings), after 
which the phase redissolves in glass at higher temperatures. The 
mlybdate phase consists mainly of inactive components, but may 
also incorporate some active strontium and cesium. It might alaa 
possibly dissalve small quantities of actinides. The molybdate 
phase is soluble in vater, vhereby the constituent strontium and 
cesim vill alsa come out in the water. 

The devclop~aent work on high-level glass has thus far indicated 
the following methods for counteracting the formstion of iaolyb- 
date phaae: 

- A lower level of fission products in the glass ( l w  Moo3 
content). - A high boron oxide level reduce8 mlybdate phase, according 
to French experiments. - Avoid contamination with sulphate - reduces molybdate phase, 
according to English experiments /4-19/. 

At Marcoule it is estimted that no more than 1% of the glass cy- 
linders will contain molybdate phase. 

4.6.6 Important parameters for French borosil icate glasr 

The following parameters characterize French borosilicate glass 
which is obtained in the vitrification of high-level waste 
14-151: 

- Leaching rate at 25Oc: 2.10~~ grams.per cm2 and day. - Factor for increase of leaching rate at 70'~: 10 times. - Increase of surface area in connection vith handling and 
transport: 2-10 times. - Transformation point (= temperature belov vhich crystalliza- 
tion does not take place): 5 5 0 ~ ~ .  - Tncreaseof leachingrateif cryatallizationoccurs: 502. - Density: 2.8gper cm3. - Thermal conductivity: 1.2 W per m t r e  and degree Celcius. 

The chemical canposition of French vaste glass f r m  light-water 
reactors is: 

1.1 (from structural components of the fuel 
b u d  les I 



Actinide oxides 1.1 

Fission products 9.0 F 

A typical composition of the actinide oxides is: 

% by weight 

*) COCEMA calculates that 0.15% of the plutonium in spent fuel is 
retained in the waste glass at La Hague, which corresponds to a 
level of 0.0074% PuOz. The safety analysis, hovever, has assumed 
a Pu02 level in the glass which corresponds to 0.5% of the levei 
in the spent fuel. 

Typical contents of the most important fission products are: 

I by weight 4 by weight 

H*3 
1.63 

Pr203 
0.40 

BaO 0.55 2'3 
0.18 

The distribution of the fission prnducts varies with the degree 
of burnup of the spent fuel and the time after dischargr. 



'he steoi cy l inda t  i n  vhich tho vast* g lass  is wt is made of l 
heat-resistant s t a i n l e s s  st-1 (type 2 15 a 2,&12: chromium 262, 
nickel  12-132, carbon 0.152). The cyl inder  i s . i l l m t r 8 t e d  i n  Fig. 
4-3. Its diucls iona and m i g h t  a r e  given be l - r*  

= 

Di m t e r  600- 
Overall height 1 500 rn 
Thickness, stainless s t e a l  3 no, cyl inder  she l l  

4 om, cylinder ends 
Class -1- 150 l i t r e s  
Class  weight 420 kg 
Total  weight, appror. 470 kg  

v i a  





INTERMEDIATE STORAGE AND ENCAPSULATION 

GENERAL 

An intermediate storage facility and on encapsulation station for 
the waste cylinders from the rearocessing nlant will be con- 
structed adjacent to the final repository. (Possibilities for al- 
ternative siting of these facilities arc discussed in chapter 
I: 11). 

The waste cylinders will be stored for 30 years in the intrmedi- 
ate storage facility (this storage period can be extended). The 
purpose of intemediate storage is: 

- t ~ ~ r e d u c e  heat flux from the vaste in the final repository. 
During a 30-year period, heat flux decreases from approx. 
1 200 W to anprax. 525 W ner waste cylinder /+I/ - to postpcne the encansulation of the waste and the construc- 
tion of the final re-ository. This provides time for further 
develooment and ootimiza;ion of the encapsulation nrocedure 
and the design of the fi.nal repository. 

Before the waste cylinders are nlaced in the intermediate storage 
facility, they pass through a receiving section, vhere they are 
unloaded from the transport cask in which they arrive at the fa- 
cility and vhere the inside of the transport cask is checked and, 
if necessary, decontaminated. 

When the waste cylinders are to be transferred to the final r e p  
sitory after the end of the storage period, they aass through ar: 
encapsulation station, where they a m  encased in a lead-titanium 
canister. The putnose of this canister is to nrovida long-term 
resistance to corrosion and radiation shielding. The radiation 
shielding reduces radiolysis of the groundwater in the final re- 
pository to a negligible level and also simlifies handling. 

The plant thus has three main sections: receiving, interrmdiate 
storage and encapsulation. Most of the facility is located und-r- 
ground to provide pmtection against external forces (acts of war 
and jabotage). The facility can store 6 000 waste cylinders and 
receive and encaasulate 3% per year. The design of the facility 
is based on existing techr.ologv. The intenac~iate sturage facili- 
ty is similar to the storage facility for vitrified waste which 
is currently in operation at Marcoule in France. The Marcoule fa- 
cility was designed by the French cornpany Saint rmbain Techniques 
Nouvelles, which has also been engaged by KBS for this aroject 
/5-2/. 



For a more detailed description of the facility, see the drawings 
at the end of this chapter. 

5.1 DESCRIPEON OF FACILITY 

5.2.1 Layout 

The layout of the plant is illustrated by Fig. 5-1, which also 
shows 'its location in rciation t: the final repository. 

The surface installations consist primarily of an entrance build- 
ing with administration and service premises. This building is of 
conventional design and is not described further in this report. 
The other parts of the facility are located underground with a 
rock cover aonroximately 30 metres thick. 

m e  undergrounr' part of the facility consists of two rock galle- 
ries laid out in the fonn of a T with reception and encapsulation 
in a line and with intermediate storage perwndicuiar to them. 
The two rock galleries are seoarated fr-m each other (comnica- 
tioq is provided through two smaller tunrels) in order to avoid 
large spans at the noint of intersection. The rock galleries have 
a maximum snan of 20 metres and a height of 30 metres, which is 
not exceptional comuared to existing rock cavern facilities in 
Sweden and in other count-ies. Thz rock galleries are stabilized 
by means of conventional cnnstruction methods. 

The underground Dart of the facility can be entered via a tunnel, 
through which the transoort cask with the waste cylinder arrives 
on its trailer, or via a vertical shaft for nersonnel etc. Con- 
nection with the final renository is ~rovided through a horizont- 
al tunr~el from the encapsulation section to a vertical shaft 
which leads dovn to the final repository. 

See I:14 for the schedule for the construction of the facility. 

5.2.2 Reception 

The waste cylinders from the reorocessing olant arrive at the fa- 
cLlity in a transaort cask on a trailer (see chapter 2). The cy- 
iinders have a diameter of 40 cm, a height of 150 cm and a volume 
of 150 litres. An NrL 12 transport cask can hold 15 was:e cylin- 
ders. 

After external washing in the arrival hall, the transport cask is 
lifted from the trailer through an air lock into the receiving 
room (see Fig. 5-21, where it is nlaced on a -Jagon in a vertical - 
position. The radioactivity of the air which is blovn through the 
cask is monitored to check whethei- :he cask is internally conta- 
minated. The bolts which retain the cover are rrmoved, and the 
c3sk is moved to a Dosition underneath the unloading cell and 
connected to an o~ening in the floor of the cell. Uhen all glass 
cylinders have been lifted out of the transoort cask into the un- 
loading cell. the cask is flushed with water if the monitoring 
indicated that its inside was contaminated. The transport cask 
can then be retrrrned to the reorocessing olant. 



Fgure -5-1. Pmpctive dmviug of phrt for k ~ L n  sttmqe a d  mcnpnrbtkm It h hand 
und-nd w'th a ruck c o r s  qqmximrrrly 30 metm thick lk p k t  is bcond a b a  rk 
fimi npositwy. 



R.ann ing  a l l .  fa 
drruOld a amtuntnmd 
mrt. cylindrr 
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KEY P U N  

Fyrre 5-2 Schematic diqnm of rrccption In this serrion, hmuport m s k  are rrceiPcd and the 
w s t e  cy!indm are u n W d  Dmagea' or contaminated c y l W m  mr mcmcd in mr  out^ cmtni. 
n a  of drvmirm-nickel s teL 



The cy l inders  a r e  unloaded from the tranmport cask i n  the un!oad- 
i n g  c e l l .  This c e l l  is encloaed i n  concrete of s u f f i c i e n t  thick- 
ness t o  provide rad ia t ion  sh ie ld ing  f o r  the,ncrsomrel. T h  c e l l  
h a s  four  handling s t a t i o n s ,  each equipped 6 t h  a radiation- 
shielded window and a p a i r  of m a s t e r s l a v e  t e l e = m i p u l a t o n  s o  
t h a t  work i n  the  c e l l  can be done from the outride. .  

Mater ia ls  a r e  moved i n s i d e  t h e  c e l l  by means of a remote-con- 
t r o l l e d  overhead crane with a l i f  t i n 3  capacity of 8 tons. Uhen i t  
is not being used o r  when it require6 aaintenmce,  the  crane i s  
moved t o  an in te rven t ion  c e l l  through an opening vhich can be 
closed by a radiation-shielded s l i d i n 2  door. 

The waste cyl inders  a m  brought i n t o  the  unloading c e l l  thteugh 
an opening i n  the f l o o r  which is connected t o  the t ranspor t  cask 
i n  the  receiving mom. The opening is closed by m a n s  of r radi- 
ation-shielded s l i d i n g  door when it  is not k i n g  used. 

When the  t ransnort  cask has been connected, its c - v e t  is removed 
by the  overhead c r a m  and olaced i n  a sealed box i n  order  t o  n r r  
vent  spread of any contamination. 

The waste cy l inders  a r e  l i f t e d  out of the  t ransnort  cask and 
placed in  a temporary s to rage  i n  the  c e l l  by the overhead crane, 
which is equinped with  a spec ia l  grapple. 

Uhen a waste cyl inder  is t o  be t ransferred t o  the  i n t e r m d i a t e  
s to rage  sect ion,  i t  is placed by the crane in  a a o s i t i o n  u n d e r  
neath an opening in  the  roof of the  c e l l .  This opening is coverod 
by a radiation-shielded s i i d i n g  door when it is not being used. 

I f  the  ins ide  of the t ranspor t  cask has been fcazd t o  be contami- 
nated,  a l l  waste cy l inders  from such a cask a r e  assumed t o  be 
contaminated and a r e  taken t o  the recanning a, where they a r e  
encased i n  an ou te r  container  s i m i l a r  t o  the one wi:h which they 
were provided i n  the  reprocessing n lan t  i n  order t o  prevent con- 
tamination of the intermediate s to rage  section. 

The recanning c e l l  has two handling s ta t ions ,  each equipped with 
a rad ia t iowshie lded  windw and a p a i r  of m a s t e r s l a v e  telemani- 
pulators .  I t  is connected t o  the unloading c e l l  through two own- 
i n g ~  i n  the  roof, one t o  lover the waste cyl indets  i n t o  the  c e l l  
and one t o  l i f t  them out. T l u  openings can ba sealed by concrete 
plugr. 

A rad ia t io r r sh ie lded  arrangement maker i: nars ib le  t o  br ing caspty 
ou te r  containers  and t h e i r  l i d s  i n t o  the c e l l  f-am t h e  maiste- 
nance c e l l .  They a r e  placed on a cdrousel which br ings  them i n t o  
a p o s i t i o n  where they can receive a waste cylinder a s  i t  is 
lavered fnw the  unloading c e l l  througkl the opening i n  the  roof. 
In the  Fext pos i t ion ,  the  l i d  is nlaced on the f i l l e d  ou te r  
container  and welded i n  place. It is then moved i n t o  a p o s i t i o n  
underneath the  second obcning and l i f t e d  w in to  the  unloadin8 
c e l l  by the  overhead c-ane. 

In the  unloading c e l l ,  the  ou te r  containers are  decontaminated 
e x t e r n a l l y  by washing with v a t e r  under high pressure. a r e  
then moved by the werhead crane i n t o  a position underneath the  
o?ening i n  the  roof of the  c e l l  f o r  t r a n s f e r  t o  the intermediate 
s to rage  system. 



5.2.3 Interm diate storage 

The waste cylinders are transferred to the intermediate storage 
section inside a radiation-shielded transfer cask. 

The transfer cask is enclosed in a lead jacket 25 w thick which 
is lined on the inside with stainless steel and covered on the 
outside with a 20 cm thick layer of polyethylene. These layers 
provide adequate radiation protection for the operating n e r  
sonnel. The transfer cask has its own ventilation syqtem with a 
fan and filters at the air intakk azd outlet. Uhen a waste cy- 
linder is inside the transfer cask, the ventilation system is 
used for cooling (when required) and to check whether the outside 
of the waste cylinder is contaminated by monitoring of the 
radioactivity of the filter at the air outlet. 

The transfer cask is nositioned over the opening in the roof of 
the unloading cell, which is covered by a radiation-shielded 
sliding door. There is a similar door in the bottom of the trans- 
fer cask, and both doors ere opened simultaneously. The waste cy- 
linder, ilhich is positioned underneath the opening in the urload- 
ing cell, is 'then lifted into the transfer cask by the hoist with 
which the cask is equipped. Uhen the waste cylinder is in.ci.de the 
cask, bath sliding doors are closed and the transfer cask is 
taken to the intermediate storage hall by a nortal crane on rails 
to a position where it can be reached by the overhead crane in 
the intermediate storage hall. 

In the intermediate storage section, the waste cyl1ndr:rs are 
stored i* steel pits inside a steel frame in a concrq-te trench 
(see Fig. 5-31. Each trench contains 150 steel nits spaced at 
centre-to-centre intervals of just under 1 metre ar.d each with 
m o m  for 10 waste cylinders stacked on top of one another. Each 
trencii thus hslds 1 500 waste cylinders. The intermediate storage 
section has four trenches in two groups with room for ventilation 
equipment between the grouns. Each group has its own ventilation 
system. The total storage capacity of the facility is thus 6 000 
waste cylinders. 

The storage trenches are covered by a concrete slab which is - 
thick enounh to orovide radiation orotection for the intermediate - 
storage hall above it. Furthemre, the air oressure in the hall 
is maintained at a higher level than that in the trenches. so air 
from the trenches cannot enter into the hall. Above each storage 
pit, the concrete slab has a hole which is sealed with a remov- 
able concrete plug. 

The waste cylinders are cooled by the circulation of air through 
the storage pits by the ventilation systems in the intermediate 
storage section. The ventilation systems communicate with the at- 
n.csphei2 through ventilation shafts and stacks on the surface 
(see also under 5.2.5). 

Uhen a waste cylinder is to be deposited into a storage nit: a 
mobile radiat ion-shielded sliding door and a nlug removal cask 
are positioned above the  it. After the nlug has been ?IZced into 
the cask, the sliding door is clos-S and the cask with the olug 
is lifted away. The transfer cask containing the waste cylinder 
is then positioned on top of the sliding door, which is opened at 
the same time as the transfzr cask door. The waste cylinder is 
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then lowered into the storage pit by mans of the hoist in the 
cask. The doors are then closed, the transfer cask is removed and 
the plug is replaced by the reverse of the procedure which was 
used to remove it. All handling is done by the overhead crane in 
the intermediate storage hall, which has a lifting capacity of 35 
tons. 

5.2.0 - Encapsulation 

When the waste cylinders are to be transferred to the final repo- 
sitory after 30 years (or more) in intermediate storage, they are 
moved to the encaosulation cell by means of a orocedure which is 
the reverse of that which was used when they were transferred 
from the unloading cell to the intermediate storage section. 

Like other cells, the encapsulation cell is enclosed in concrete 
of sufficient thickness to provide radiation protection for the 
operating personnel. 

# 

The cell has five handling stations, each with a radiation- 
shielded window and a pair of masterslave telemanioulitors (see 
Fig. 5-41. 

Inside the cell, material is moved by means of a remote-controll- 
ed overhead crane with a lifting capacity of 8 tons. Wnen it is 
not being used or when requires maintenance, the crane is 
moved to the intervention cell through an opening which can be 
closed by means of a radiatiorrshielded door. 

The waste cylinder is brought into the cell from the trinsport 
cask through an ooening in the roof of th6 cell (which is closed 
by m a n s  of a radiation-shielded sliding door when it is not 
being used) and is placed on a wagon which serves the five hand- 
ling stations. 

At the first station, a prefabricated part of a lead-titanium ca- 
nister is placed over the waste cylinder. This part of the canis- 
ter (which is fabricated outside of the facility) is brought into 
the cril through an ooening in the roof. Tlre opening is sealed by 
a concrete plug when it is not being used. 

At the second station, the canister is turned over do that the 
waste cylinder is uoside-dm and molten lead is poured into the 
canister, filling the space between the prefabricated part and 
the waste cylinder as well as the space above th,e waste cylinder. 
The lead is brought into thc cell from a furnace situated in a 
room above the cell. 

At the third station, the surface of the lead which was oured at 
the preceding station is machined (following cooling) in order to 
facilitate the attachment of a titanium lid. 

At the fourth station, a titanium lid is nlaced on tha canister 
by means of a remote-controlled handling device and is welded to 
the titanium shell of the prefabricated part by an automatic wel- 
ding machine. After welding is finished. the canister is turned 
to the upright position again. 

At the fifth station, :he canister is rotated so that the lid 
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veld passes before an X-ray transmitter, vhich exposes a film in 
a device which permits film to be changed frcr the outside of the 
cell. The canister is then placed in a box in vhich its tightness 
is checked by m a n s  of helium under vacuum. 

The finished cmister (see Fig. 5-51  is then placed in nosition 
underneath an opening in the roof of the cell and is ready to be 
taken to the final rewsi tory. 

The prefabricated part of the canister is fabricated usin8 a lead 
. casting technique vhich is also used in the fabrication of trans- 
port casks. 

An alternative method of fabrication is extrusion, vhich is used 
in cable manufacture 15-31.  In this technique, a lead cover is 
joined to the prefabricated part by means of oressing in the 
cell, vhereby a homogeneous lead container is obtained. In this 
version as well, the orefabricated part has a titanium shell and 
a titanium lid is welded on, after vhich the canister is checked 

F w  5-5. Lcnbtitmhrm cnniste~fa  ate cyiindm u'th nm'm vmn. Totel weight apfmx 
3.9 ton 



a a  d e a e r i b d  .bo*.. I n  t h i a  n t h o d ,  lead is nor u a t  i n  tha  c e l l .  
The f i n a l  choice of t a b r i a t i o m  mthod  w i l l  ba made on the  baa i s  
of a technical-acurramical evaluation. 

Auxi 1 i a r y  systemS 

The f a c i l i t y  v i l l  contain s y s t a n  f o r  decontamination of trans- 
p o r t  cask8 and v a s t e  cyl inders ,  f o r  f l o o r  and groundwater drain- 
age e tc .  These systenm a r e  similar t o  the  ones i n  a nuclear  naver 
s ta t ion .  "Ovn" I w  and r m d i w a c t i v e  waste (water, f i l t e r s ,  so- 
l i d  waste e tc . )  w i l l  be co l lec ted  and s e n t  to n lan t s  vhich a r e  
equipped t o  receiva and t r e a t  such material .  

Diesel-powered generators  vill sunply a u x i l i a r y  bawar t o  v i t a l  
systems (ven t i l a t ion ,  draiage ecc.) i n  the  event of an ex te rna l  
power fa i lu re .  In the  event of melfunctionr of n q s  f o r  the  
groundwater draiage system, the  water w i l l  be co l lec ted  i n  a 
bas in  with enough canaci ty  t o  prevent the  f a c i l i t y  from being 
flooded, even i n  t h e  event of an extended bo#r f a i l u r e .  

A cascade of o r e s s u n  d i f f e r e n t i a l s  w i l l  be mvintained by the 
v e n t i l a t i o n  system in  the  underground par t  of the  f a c i l i t y  i n  
accordance with the po ten t ia l  r i sk  of contamination i n  the var i -  
ous areas.  The intake a i r  w i l l  be f i l t e r e d  and conditioned t o  
orovide pleasant  working conditions.  

A i r  f o r  the  unloading c e l l  and the  encapsulation c e l l  w i l l  be 
supplied by means of a screw device equipped with a darner and 
non-return valve in  such a manner a s  t o  prevent p o s i t i v e  oressure  
i n  the  c e l l .  

The v e n t i l a t i o n  system f o r  the intermediate s torage sec t ion  i s  
desigred t o  maintain negative f ressure  in  the s torage trenches. 
I t  has a capacity of 150 000 m /h fo r  each group of two trenches.  
The a i r  e n t e r s  through a low pressure  chamber on the surface and 
passes through a bank of f i l t e r s  before enteri.ng the  s torage 
trenches. 

All  exhaust v e n t i l a t i o n  a i r  from the underground a a r t  of the fa- 
c i l i t y  passes through absolute  f i l t e r s  with an e f f i c iency  of 
99.99% before  i t  is released i n t o  the atmoanhere. ( l t  is nossible  
t h a t  modificati0n.r i n  the design of the  f a c i l i t y  v i l l  e l iminate  
t h e  necessity of such f i l t e r s  i n  p a r t s  of the v e n t i l a t i o n  sys- 
tem. 1 

A i r  is c i r c u l a t e d  i n  the  s to rage  trenches by two fans, wi th  a 
t h i r d  fan i n  r e s e w .  These three  fans a r e  located i n  a room next 
t o  the  s to rage  trenches. A fourth fan, with the  same capaci ty  but 
located on the sur face  f o r  b e t t e r  a c c e s s i b i l i t y  i n  emergency si- 
tua t ions ,  nrovides addi t ional  reserve capacity.  

I f  only one fan is i n  operation, 651: of the  a i r  f l a v  provided by 
tvo fans  can be maintained. In *he event of a f a i l u r e  of a l l  
fans,  a bvpass l i n e  with an automatic damer  mnnits a i r  t o  c i r  
c u l a t e  with na tura l  convection without ~ m s s i n ~  through the  f i l t e r  
systems. 

l n  normal ooeration, the  t e m e r a t u r e  of =he exhaust a i r  w i l l  be 
80Oc /5-2/ when the temperature of the sunply a i r  is ZOO and when 



t h e  t o t a l  h e a t  produced by the v a s t e  c y l i n d e r s  is -xi-1 ( 3  000  
kW). With o n l y  one  f a n  i n  o p e r a t i o n ,  t h i s  t e m p e r a t u r e  i n c r e a s e s  
t o  1 1 2 O ~  a f t e r  40 hours .  I f  a l l  f a n s  a r e  o u t  o f  o p e r a t i o n  and t h e  
s t o r a g e  s e c t i o n  is b e i n g  cooled  by n a t u r a l  a i r  c o n v e c t i o n  a l o n e ,  
t h e  t e m p e r a t u r e  o f  t h e  e x h a u s t  a i r  v i l l  b e  3 ~ 6 ~ ~  a f t e r  40 hours .  
The s u r f a c e  tempera ture  of  t h e  h o t t e s t  c y l i n d e r  vill o n l y  be  a  
f e u  d e g r e e s  h i g h e r  than  t h e  t e m p e r a t u r e  o f  t h e  e x h a u s t  a i r  and 
t h e  c e n t r e  t e m p e r a t u r e  o f  t h e  g l a s s  v i l l  o n l y  b e  20-30° h i g h e r  
t h a n  t h e  s u r f a c e  tempera ture .  S i n c e  t h e  g l a s s  does n o t  crya-  
t a l l i z e  at  te - ra tu res  b e l o v  5 5 0 ~ ~  ( s e e  c h a p t e r  4 ) .  t h e  v a s t e  
c y l i n d e r s  v i l l  n o t  be damaged even  i f  a l l  f a n s  a r e  o u t  o f  opera -  
t i o n .  

The f a c i l i t y  h a s  been d e s i g n e d  i n  s u c h  a  manner t h a t  t h e  h o t  a i r  
v i l l  n o t  c a u s e  any damage t o  b u i l d i n g  s t r u c t u r e s  and i n s t a l l a -  
t i o n s .  To t h i s  end,  t h e  s t o r a g e  t r e n c h e s  and v e n t i l a t i o n  d u c t s  
a r e  l i n e d  v i t h  steel s h e e t  v i t h  a n  a i r  s p a c e  b e t v e e n  t h e  s h e e t  
and t h e  c o n c r e t e .  

5.3 CHARACfERlSTICS OF ENCAPSULATION MATERIAL 

Genera l  5.3.1 

In  t h e  f i n a l  r e n o s i t o r y ,  t h e  w a s t e  c a n i s t e r s  a r e  s u b j e c t e d  t o  t h e  
a c t i o r .  of  t h e  groundwater  i n  t h e  rock. The e n c a p s u l a t i j n  m s t e r i a l  
s h o u l d  t h e r e f o r e  p o s s e s s  good r e s i s t a n c e  t o  such a c t i o n .  

The v a s t e  g l a s s  e x h i b i t s  a  v e r y  l o v  l e a c h i n g  r a t e  i n  v a t e r  ( s e e  
c h a p t e r  4 ) .  p r o v i d i n g  an e s s e n t i a l  b a r r i e r  a g a i n s t  t h e  e s c a p e  and 
d i s p e r s a l  of t h e  r a d i o a c t i v e  s u b s t a n c e s .  But t h e  s o l u b i i i t y  of  
t h e  g l a s s  i n c r e a s e s  w i t h  t h e  t e m p e r a t u r e ,  s o  t h e  g l a s s  should  n o t  
come i n t o  c o n t a c t  w i t h  t h e  g r o u n d v a t e r  durinp: t h e  p e r i o d  vllen i ts  
t e m p e r a t u r e  is h igh  due t o  t h e  h e a t  j ienerated by t h e  was te .  An 
a d d i t i o n a l  b a r r i e r  a g a i n s t  t h e  e s c a p e  of  r a d i o a c t i v e  s u b s t a n c e s  
t o  t h e  b i o s p h e r e  r h 3 u l d  a l s o  be prov ided  d b r i n g  t h e  p e r i o d  when 
t h e  t o x i c i t y  of  t h e  w a s t e  is v e r y  h i g h  ( s e e  Fig. 5-6). 

However, rite c h r o m i u m n i c k e l  s t e e l  c o n t a i n e r  i n  which t!ie v i t r i -  
f i e d  v a s t e  is e n c l o s e d  i n  t h e  r e p r o c e s s i n g  p l a n t  is n o t  a c c r e d i t -  
e d  v i t h  any  a n p r c c i a b l e  ; e m i c e  l i f e  i n  c h l o r i d i c  g r o u n d v a t e r  
15-41. E n c a p s u l a t i o n  v i t h  c o r r o s i o r i - r e s i s t a n t  m a t e r i a l  is t h e r e -  
f o r e  n e c e s s a r y  t o  p r e v e n t  t h e  g l a s s  from coming i n t t  c o n t a c t  w i t h  
t h e  groundwater  f o r  a  long  time a f t e r  d e p o s i t i o n .  

A combina t ion  of l e a d  and t i t a n i u m  w i l l  b e  used f o r  t h i s  enrapsu-  
l a t i o n .  The l e a d  a l s o  s e r v e s  a s  a  r a d i a t i o n  s h i e l d .  

5.3.2 C o r r o s i o n  n r o n e r t i e s  - of t i t a n i u m  

A d e t a i l e d  s t u d y  h a s  been conducted c o n c e r n i n g  t h e  s u i t a b i l i t y  of  
t i t a n i u m  a s  a  c o r r o s i o n - r e s i s t a n t  e n c a p s u l a t i o n  m a t e r i a l  f o r  
x - l r i f i e "  h i g h - l e v e l  w a s t e  15-51. The s t u d y  was based n o t  o n l y  on 
d ~ t a  from tlre 1 i c e r a t u r e  on t h e  c o r r o s i o n  Lehaviour  of  t i t a n i u m  
i n  t h e  c o r r o s i v e  environment  i n  q u e s t i o n  (which is assumed t o  h e  
e q u i v a l e n t  t o  B a l t i c  s e a w a t e r  aL a DH of 4-10 and 1 0 0 " ~ ) .  h u t  11- 
s o  on i n f o r m a t i o n  from p r ~ m i n e n t  t i t a n i u m  r e s c a r c h e r s  i n  Ellgland, 
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Japan, the USA and Cermany. The types of corrosion which are 
dealt with in :he study are the following: 

- general corrosion, i.e. uniformly distributed attack on 
the titanium surface caused either by oxidation or by a gra- 
dual dissolution of the passive film of titanium dioxide 
which protects the titanium - -- local corrosion in the fcrm of pitting, crevice corrosion, 
st ress-corrosion crackinn c.- corrosion fatieue - - hydrogen embrittlement as a result of the diffusion into the 
encapsulation material of hydrogen formed by corrosion or 
radiolysis of the water. 

General corrosion 

As can be seen from a pH notential diagram, the thermodynamically 
stable form of titanium under tne storage conditions which will 
exist in the final repository is titanium dioxide ('ii02). This 
oxide, which has the same chemical composition as the stable ti- 
tanium material which accurs in nature (rutile), is formed soov 
taneously on the surfa;e of the titanium (the titanium is passi- 
vated) in contact wi-h water and protects the metal against con- 
tinued corrosion. Tile thickness of this passive film is about 30 
A at room temperatute. The passive fiim resists crrrosion at nH 
2-14, regardless of the oxygen content of the water 15-131. 

Since general corrosion in water does not n.orm.illy have :o be 
taken i ~ t o  consideration, the literature contains very few values 
for oxidation or corrosion rates at temperatures below 200'~. In 
one case, however, a corrosion rate of 0.25 umlyear was measured 
in both air-saturated and argon-saturated 3.5% NaCl solution at 
60'~. This value, which was obtained under conditions which are 
fairly similar to thme which are exoected to prevail iq the fin- 
al repository, gives by linear extrapolation a corrosion devth of 
0.25 mm over a periud of 1 000 years. Another value obtained from 
9 months of exposure in water from the Pacific Ocean gives a 
corrosion rate of 0.1 rm per 1 000 years, and the results of au- 
toclave exposures still in progress at AB Atoaenergi at 100 and 
130'~ give a maximum of 0.5 m per 1 000 years 15-6 and 5-71. The 
corrosion environment in the latter experiment, which has now 
been in progress for 100 days, is Baltic seawater adjusted to a 
pB of 4.5 to which 10 ppm F- has been added. 

The above corrosion data are very low and do not limit the ser- 
vice life of the 6 mm thick titaniun casing for thousands of 
years. They must also be regarded as very conservative, since 
they have been calculated under the assumption of a constant 
corrosion rate over this long period of time. In actuality, the 
oxidation of titanium decreases with time. 

Local corrosion 

Of the fo~ms of local corrosion mentioned above, corrosion fati- 
gue can be excluded, since cyclical tensile stresses cannot occur 
in the canister. Stress corrosion in seawater is theore:irally 
possible, but requires such larqe Fracture indications and stress 
intensities that this type of local corrosion can also he pre- 



vented if the canister is rabricated under adequate control o r e  
cedures. , . 

Pitting and crevice corrosion of titanium h a w  been dealt with by 
soma researchers as two separate f o r m  of corrosion. 'Rm present 
study shavs, however, that in actual practice, local corrosion 
consists mainly of crevice corrosion. The follaving principal 
criteria must be mat in order for crevice corrosion to occur in 
ticanium: 

1 Very n a r r w  crevices and a sufficiently large exposed tita- 
nium surface for the initiation of crevice corrosion via an 
oxygen concentration cell with the crevice as the anode and 
the surrounding titanium surface as the cathode. 

2 A certain critical temperature which declines vith ri-ing 
chloride concentration and falling pH in the solution. Cre- 
vice corrgsion in unalloyed titanium haa not been observed 
belav 120 C in contact with chloride solutions up to the 
concentration of Atlantic seawater (3.5% NeC1). 

3 A mechanical roughening or cold worltinp, of the surface (for 
-example due to scratching, grinding. etc.) appears to have 
ail accelerating effect. This is nrobably due to the effect 
of microcrevices. 

4  Contamination with base metals, especially iron, is not an 
absolute prereq~~isite, but pFomotes the initiation of cre- 
v;ce corrosion. Correspondi~g treatment with halogenide 
salts, with the exception of fluorides, is said to have a 
similar effect 15-81. 

The above-mentioned conditions for crevice corrosion on titanium 
are, of course, based on relatively short-tern laboratory tests. 
However, nearly 25 years of experience with titani~m as a design 
material for components which come into contact with seawater, 
such as heat exchangers, pipes and pumps, slaw that titanium's 
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susceptibility to crevice corrosion does not increase over such a 
period of time. 30th Swedish 15-91 and foreign experiments 14-10/ 
indicate that incubation times longer than 500 hours are unlike- 
ly, probably due to an equalization of the oxygen gradient 
between the crevices and the surrounding titanium surface. 

No locad corros;on has ken observed aftet 100 days of testing at 
100-130 C in acidified (pH 4 . 5 )  Baltic seawater despite narrav 
crevices and scratching of the surface with iron /%a/. 

For the above-cited reasons, unalloyed titanium can be expected 
to have a very long service life (at least thousands of years), 
even when local corrosion is taken into consideration. In choos- 
ing the site for the final repository and in designing the manner 
of storage, appropriate measures will be taken to make sure that 
extremely high chlciride levels in the groundwater are avoided. 
The system for watering the storage holes which is described in 
greater detail in sectiori 6.2.3 is designated to eliminate the 
risk of salt enrichment (due to evaporation) during the period 
immediately follo ,nu deposition and to keen the temperature of 
the canister at an adequately lou level (approx. 65O~). 



Hydrogen embrittler~cnt 

The risk of hydrogen embrittlement caused by hydrogen - created 
by radiolysis of water or by corrosion - diffusing into the tita- 
nium and causing hydride foraration has been thoroughly investi- 
gated. 

The total quantity of hydrogen generated by radiolyrir of water 
over a period of 10 000 years has been estimated to be on the or- 
der of 10'~ g/cm2, which corresponds to an increase of only about 
4 ppm of the original hydrogen content of the titanium of 10-20 
ppm. Hydrogen due to corrosion can only be formd after crevic J 

corrosion has been initiated and laas ztarted to grow. If this 
extremely improbable situation arises, a local hydration will be 
of subordinate importawe comuared to the damage which has al- 
ready occurred. 

Thus, the presence of hydrogen is judged to be negligible, and 
even if a sufficient quantity of hydrogen should c o m  into c o w  
tact with the titanium surface, diffusion data shaw that it would 
take hundreds of years before the titanium would be hydrated to 
brittleness. 

In order to guarantee that the original hydrogen content of the 
titanium :annot be enriched to stress concentrations, and thereby 
lead to delayed fracture over the long run, a hydrogen content of 
max. 20 ppm has been specified for the titanium used in the ca- 
nister. This value corresponds to che solubility of hydrogen in 
titanium at room temperature and thereby renders hydride precipi- 
tation impossible. 

Corrosion properties of lead 

Like titanium, lead depends for its corrosion resistance on the 
formation of a protective film on the surface which impedes or 
prevents further-corrosion. The composition and proverties of the 
protective film depend on the nature of the surrounding medium. 
In a suitable environment, the film can exhibit considerable re- 
sistance to corrosion. Obviously, lead corrosion is not even a 
possibility until the titanium casing has been nenetrated. 

Besides resisting corrosion, the lead in the canister functions 
as a radiation shield which reduces the radiation level outside 
the canister to such a l w  level that it is of no nractical im- 
portance to the corrosion behaviour of the titanium. Calculations 
s h w  that concentrations of oxidizing agents induced by radiation 
are very l w  /5-11/. 

Since rha lead is protected by the titanium casing, general 
corrosion can be disregarded. -- 
If the titani~m casing is penetrated, houever, some local corro- 
sion may be expected on the lead surface which is thereby expos- - 
ed . 
This corrosion will thereby be highly localized and sill develo~ 
in the form of pittins. If it is assumed that the reaction will 
be limited by the available supply of oxidants - oxygen in the 
surrounding water, radiolysis products etc. - the amount of lead 



vhich  can go i n t o  s o l u t i o n  is 1.24 kg per 1.000 years  aed metre 
of c a n i s t e r  length,  i.e. s l i g h t l y  amm t h ~  2 kg oet c a n i s t e r  
( t o t a l  weight 3 900 kg). The corrosion attack w i l l  pene t ra te  i n t o  
t h e  lead a t  a diminishing ra te .  I t  is t e n t a t i v e l y  estimated t h a t  
p i t t i n g  v i l l  pene t ra te  tho  lead l i n i n g  a f t e r  about 500 years ,  but  
t h i s  f igure  is probably gross ly  underestimated 15-11/. 

The Swedish Corrosion Research I n s t i t u t e  was coumissioned by KBS 
t o  i n v e s t i g a t e  t h e  corrosion r e s i s t a n c e  of the proposed encaoscr 
l o t i o n  mater ia ls .  The i n s t i t u t e  i n  turn  appointed a reference 
group composed of s p e c i a l i s t s  wi th in  the  f i e l d  of corrosion and 
mate r ia l s  t o  conduct t h e  study. 

I n  a s t a t u s  repor t  dated 27 September 1977 and reproduced i n  KBS 
Technical Report No. 31 /5-12/, the  i n s t i t u t e  and its reference 
group submitted the  following assessment of the s e r v i c e  l i f e  of 
t h e  lead-ti tanium c a n i s t e r :  

"The corrosion res i s t ance  of the  t i tanium casing is based - -  
e n t i r e l y  on the  exis tence of a v ro tec t ive  pass iva t ing  film. 
Under the  condi t ions  p reva i l ing  i n  a f i n a l  reposi tory,  t h i s  
f i l m  has a se l f -heal ing capaci ty  i n  the event of damage of 
l imi ted extent .  Under the assumed circumstances and on the  
b ~ s i s  of cur ren t  knowledge, the  t i tanium casing should have 
a se rv ice  l i f e  of mre than 1 000 years. However, t h i s  e s t i -  
mate is sub jec t  t o  a c e r t a i n  degree of uncer ta inty  i n  t h a t  
previous experience of p i t t i n g  and crevice corrosion i n  ti- 
tanium comes from experiments and appl icat ions  of r e l a t i v e l y  
( i n  t h i s  context)  shor t  duration. In order t o  reduce t h e  
r i s k  of l o c a l  corrosion, the s torage s i t e  and s torage method 
should be se'.ected t o  avoid the  v a s s i b i l i t y  of extremely 
high l e v e l s  of C1' i n  the  gi-oundwater. 

I f  the  t i t a n i m  casing is penetra ted a s  a r e s u l t  of mechani- 
c a l  damage o r  loca l  corrorion, the  lead l i n i n g  thus  exposed 
may be a t tacked by galvanic  corrosion. The r a t e  of t h i s  
corrosion is determined by the  supply of oxygen and other  
oxidants  which a r e  present  i n  the  groundwater o r  a r e  created 
by r a d i o l y s i s  as well as by c o r r o s i o w i n h i b i t i n g  consti tu- 
e n t s  i n  the  water, f o r  example hydrogen carbonad. ions. I n  
contact  with the  postula ted s torage environment, i t  has been 
concluded t h a t  the  lead l i n i n g  w i l l  g rea t ly  prolong the  ser- 
v i c e  l i f e  of the  can i s te r .  

The s e r v i c e  l i f e  of the  lead-lined t i tanium c a n i s t e r  is 
c u r r e n t l y  estimated by sonre members t o  be a t  l e a s t  1 000 
years ,  whi le  o t h e r  members estimnte the s e r v i c e  l i f e  t o  be 
a t  l e a s t  500 years.  Before a finf.1 a s s e s s m n t  is made, 
f u r t h e r  s tudy should be conducted i n  t h i s  area." 

The conclusions of the  Corrosion Research I n s t i t u t e  a r e  supported 
unanimously by t h e  s p e c i a l i s t s  i n  the reference group. Supplemen- 
t a r y  statements by members of the reference group have a l s o  been 
appended t o  the  s t a t u s  rewrt. 

In  one of the  supplementary statements,  it is claimed t h a t  t h e  
es t imates  given i n  the  s t a t u s  repor t  a r e  conservative and repre- 



doctmentation of variuur quality-guaranteeing Prasures should be 
divided between the owner and an official institution, such as 
the Swedish Plants Inspectorate, in a manner similar to that 
which is followed in the case of nuclear power plants. This divi- 
sio-I shall be based on couqetence and on safety considerations 
and shall be approved by the Svedish Nuclear P m r  Inspectorate 
(SKI). Responsibility for coordinating such activities shall rest 
with the amer, who shall also submit periodic reports tc SKI. 

The owner shall also submit a report to SKI, in good tima before 
the start of construction, specifying a program for the organi- 
zation and fimctions of quality control and quality assurance. 
Supplementary instructions shall subsequently be issued as re- 
quired and the prcgramns shall be subjected to continuous follar 
up by SKI. The programna shall include the f o l l d n ~  points: 

- Definition of the application of the programma to various 
building sections and installations based on safety classes. - Description of the ovner's organization an6 cooperating o r  
ganizations, with specification cf areas of responsibility 
and channels of contact. - Directives for design examination. Designs should be examin- 
ed by an independent body. - Purchasing directives with respect to quality requirements. - Inspection and identification of purchased material. - Production and installation control appropriate to the im-. 
portance of the product for plant safety and operational 
availability. - Frogramne for recurrent periodic testing and inspection of 
certain plant components. - Directives for operation and maintenance of the facility, 
including comprehensive instructions for abnormal operatio- 
nal situations and events. - Routines for the submittinq of reports to the supervisory 
authority. 

A quality control plan for the vitrified waste and the canister 
should include the follwing points: 

Class body: 

- Compositional analysis - Hardness testing - Leaching test 

Chromiwnickel cylinder: 

- Compositional analysis of saterial - Tensile testing of material - Material identification - Dimensional check of material - Welding procedure check - Supervision of welding work - Visual and dimensional inspection of welds - Penetrant testing of welds before and after filling - Identification of cylinder material before filling - Visual and dimensional inspection of cylinder before fillinn - Marking and issuing of test certificate 



sent o lower limit for the durability of the encapsulation mate- 
rial. 

It is furthermore submitted that on the basis of existing k n o w  
ledge, it is highly probable that further study will reveal a 
considerably, longer life for the encapsulation material. KBS 
shares this opinion. 

5.4 OPERATION OF FACILITY . e 
Only some 3+40 persons will be required for the operation of th,e 
facility. 

The entire underground part of the facility is classified as a 
controlled area and is divided into zones according to the poten- 
tial risk of contamination, in the same manner as in a nuclear 
parer station. 

All handling of waste cylinders is done by remote zcntrol when 
tbe cylinders are in radiation-shielded cells or with the aid of 
a radiation-shielded transfer cask. If a power failure should 
render motordriven equipmnt inoperable, the work can be done 
manua 11 y. 

All cells are connected to an intervention cell to which all 
equipment in the cells can be transferred via remote control and 
in which minor repairs can be effected. If major repairs are re- 
quired, the equipment can be decontaminated and taken out of the 
intervention cell into a metal-lined room situated above the 
cell. From here, the equipment can be sent avay for repair. 

The facility's operating systems are based on existing tcchnclogy 
and on experiences from similar systems in existing facilities. 

The facility will be under the supervision of auhorities such as 
the Sdedish Nuclear Power Inspectorato and the National Institute 
of Radiation Protection in the same manner as a nuclear Dower 
station. The facility will be designed in coripliance with the re- 
gulations issued by these authorities and by the occupational 
safety authorities and in consulration with concerned nersonnel 
o-ganizaticns. 

With regard to wrking environment and safety, see III:7. 

5.5 QUALITY CONTROL 

In order to satisfy the stringent requirements on safety and 
operational availability which are imosed on the activities 
described here and in order to ensure absolute safe final s t o r  
age, the quality of plant and material must conform to a suffi- 
ciently high standard. This requires effective quality assurance, 
which entails that all measures aimed at achievii~g end maintain- 
ing the necessary level of quality shall be planned, systematic 
and documented. 

The owner of the facility shall aiso be responsible for ensuring 
that quality control and quality assurance activities are organ- 
ized and executed in a satisfactory manner. The execution and 
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Titaniurslead canister: 

Compositional analysis of titanium and lead 
Tensile testing of titanium 
Dimensional check after first lead-casting 
Visual inspectioc of final surfacr 
Pressure testing of cylinder after first lead-casting 
Welding procedure check 
Purity control prior to welding 
Supervision of welding work 
Penetrant testing of welds 
Tightness test ins by means of Hr after sealing 
Marking and issuing of test certificatr 

Some of these q~alit;. control procedures may take the form of 
random sample tests, the frequency of which shall be determined 
on thc basis of the probability of defects. 

Quality control which is related to the glass body and the chro- 
m i w n i  ckel cylinder ui 11 be performed at the foreign reprocess- 
ing plant. The exten: to which quality control and quality assur- 
ance shall be carried out by the manufacturer, an independent 
quality control institution or the owner shall be determined in 
consultation between the parties involved and the supervisory 
authoritv. The manufacturer is expected to provide sample materi- 
al so that the owner can perform his own tests in Sweden. 

When the facility is no longer required and there are no waste 
cylinders or canisters left in it, the facility shall be ar:?nta- 
minated and all "own" radioactive waste, contaminated scrap and 
building materials ;tiall be taken away to facilities which are 
equi~ped to receive and treat such materials. ?he facility can 
then be modified for other use or sealed by filling vith crushed 
rock* concrete etc... 

In general, very little contamination can be expected, sc, deconr 
missioning shauld not present any difficult problems. 

. - 
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FINAL STORAGE 

6.1 GENERAL 

The final repository is situated in rock underneath the facility 
for intenmediate storage and encaprulation at a depth of approxi- 
matelv 500 metres below the surface. 

The main criterion for the design of the final reporitory is that 
it shall be possible to seal and finally aba~~don the facility and 
still r?tain its fundamental function: to prevent the escape of 
radioactive substances to the biosphere. 

The st~dies which have been conducted of nosribla sites for a 
final repository (see volunm 11, Geology) have indicated that it 
is possible to fulfil this criterion. Bedrock and groundvater 
conditions at the investigated sites have proved to be such that 
the rock will constitute a barrier to the migration of the radio- 
active substances from the waste to the biosphere. The vitrified 
waste itself, with its low leaching rate, the canister, vith its 
high resistace to corrosion, and the buffer material vith which 
the storage holes, tunnels and shafts in the final remsitory are 
filled, vith its special isolating properties, constitute addi-, 
tional barriers to such a migration. The rock also provides orb- 
trction against external forces, such ar acts of var, sabotage, 
meteorite impact etc. An evaluatian ,nf the function of the vari- 
ous barriers is provided in volume IV, Safety Analysis. 

The final reporitory has been designed for the demsition of 
9 000 waste canisters and on tha baris of the assumtion th9t 300 
canirtero will be transferred to the fiaal repository each year 
from the intermediate storage facility and encapsulation station. 
The design of the facility is based on existing technology. For a 
more detailed description of the facility, see tha drawings at 
tha end of this chapter. 

I 
6.2 DESCRIPTION OF FACILITY 

I 

@ . I  

6.2.1 Layout 

The final repository consists primarily of a system of oarallel 
storage tunnels located approximately 500 metres below the s v r  
face, with appurtenant transport and service tunnels ond shafts 
for comnication with the surface and vith the faciiiry for in- 
tewdiate storage and encapsulation. Tha tunnel system also in- 



cludo diverse service areas (see Fig. 6-11. The encapsulated 
waste is deposited in vertical holes drilled in the floors of the 
storage tunnels. 

6.2.2 0esig.l and construction of rock cavern facilitx 

After introductory design warL and preliminary studies, which may 
include a pilot plant, wark on the rock facility vill comwnce 
vith the sinking of a shaft from the surface of the ground d m  
to the level of the repository. From this shaft, drifts will be 
driven vhich vill permit th* excavation of other shafts by the 
driving of raises /bl/. 

Tunnels for service areas will be constructed next to the reposi- 
tory. Blast rubble will be transported to the surface via a skip. 
The material will be crushed first, hovever, since the size of 
the blocks which a skip can accormdate is limited. 

Blasting of the repository's tunnel system will start with the 
hoist tunnels at the periphery and in the centre and the ..~nti- 
lation tunnel situated above the aid-tunnel. These tunnels will 
provide good general information on the characteristics of the 
rock at the site so that the layout of the storage tunnels can be 
modified if necessary in order to avoid sections of poor rock not 
indicated by the preliminary studies. 

Blasting of the storage tunnels is then comaenced with great care 
so as to disturb the surrounding rock as little as possible. V e r  



tical deposition holes rm drilled in the flootr of these tunnels 
for the wcrte canisters. Before such r hole is drilled to its 
full rize, a smaller hole is fi-t drilled in vhich the permaabi- 
lity of the surrounding rock is determined by aanr of water in- 
jection tests. If pemeability is found to be sufficiently lw, 
the deposition hole is then drilled to f ~ l l  size. If prtmrability 
is too high, the rock is grouted and the hole is tested auain. If 
permeability is still too high, the hole is nlugged with a mix- 
ture of sand and bentonite and the site ir not used for the depw 
rition of a waste canister. If pemability is sufficiently law, 
the deposition hole is drilled to full size. H.3 hole will be 
drilled near faults and other joint planes in the rock. 

Electrical equipnrent vill be used for tunnel constnsction in 01- 
der to minimize air pollution. Diesel-driven service vehicles 
may, hovever, be used. The work will be executed uaing conventiw 
nal mining and constnsction wthods. 

See T:14 for the qchadule for the constnscticn of the facility. 

The centrrtwcentre spacing of the storage tunnels (25 metres) 
and of the deoosition holes in the tunnels (4 metres) has been 
determined on the basis of rock mchmics considerations, includ- 
ing the effects of the heat generated by the canister. The aeoo- 

6.2.3 Deposition of waste canisters 

When a waste canister is to be transferred from the facility for 
intermediate storage ana encapsulation to the final repository, 
it is first lifted out of the encapsulation cell into a radia- 
tiowshielded transfer cask by means of a procedure similar to 
that used for handling cf the waste cylinders in the facillty fot 
intermediate rtorage and encapsulation. The cask is similar to 
tha one described under 5.2.3, but the lead jacket is only 10 cm 
thick, since the radioactivity of the waste is 1-r follawing 
rtorage and since the lead in the canister provides t1.s addit iw 
nal radiation protection which is required. The transfer cask is 
carried on r railbouna wagon which is dram by an electric trac- 
tor 16-3/ .  

sition holes have a diameter of 1 m and a depth of 5 m. Each hole 
is intended for 1 canister. With the spacinz selected, the Gross 
Thermal Loading in the initial phase will be 5.25 watts per mZ, 
which resrllts in a relatively mderate increase in temperature in 
the surrounding rock formotion (see Fig. 6-21. The effects of 
this heating at the surface on the climate, land elevation etc. 
will scarcely be noticeable /6-21. 

The transfer cask is taken via a horizontal tunnel from the en- 
capsulation cell to an elevator vhich runs in a vertical shaft in 
the rock. The elevator takes the transfer cas* dcvrl to the level 
of the storage tunnels (see Fig. 6-31. 

I 

I 

The elevator is of the same design as a conventional mine eleva- 
tor with guides and a vinding sheave and 6 t h  a n d e t  of inde- 
pendent braking systems. The elevator cage is suspended from a 
number of cables which a n  strong enough so that a feu cables 
alone can support the load 6 t h  a good mrrrgin of safety (10-fold 
safety). Aa an additional safety precaution, there is a vater 
pool at the bottom of the hoist shaft which d a w n s  the impact of 
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a falling elevator and vhich ptovides radiation shielding in the 
event that 8 canister should be damaged. 

When ,he elevator has reached :k level of the repository, the 
transfer cask is taken on its vagon through the tunnel system and 
positioned above the hole in vhich the vaste canister is to be 
deposited. 

&fore the transfer cask is moved into position, the deposioion 
hole is first drained of any vater and titanium irrigation riper 
(see below) are installed. A bed of sand (902) and bentonite 
(10%) is then deposited at the bottom of the hole. The bed is 
compacted by means ~f a hydraulically operated vibrator olate. 
Finally. a mabile radiation shield is positioned at the opening 
of the hole to protect the personnel when the canister is being 
lowered into the hole. 

The canister is now lowered into the hole by the hoist inside the 
transfer cask and deposited on the sand/bentonite bed. The trans- 
fer cask is then moved avay, the mbile radiation shield is re- 
moved and the hole is filled vith a mixture of sand (8%) and 
bentonice (15%). The fill is deposited and c ~ a c t e d  in layers 
10-20 nm thick by means of hydraulicaily operated equipment, see 
Fig. 6 4  and /6-4/. 

The proportions of sand and bentonite are determined by such con- 
sideration as the fact that a higher bentonite content pruvides 
lower pemability but also lover b--.-ring strength. The bottom 
bed antst be able to support the ueig.i of the canister and should 

F v  6-4. Lkpsikm of tar* (at kfr) d m o f  dcpoacpoaria M /rr Mrl Thrfilk, 
n , ~ m i d  mu31'sn of P m u m  of q m m  sad and bcnnmile 
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therefore have a lower bentonite content than the rest of the 
fill, for vhich lovest possible permeability is the primary cri- 
terion. See further under 6.3 below. 

After backfilling is concluded, the deposition hole is sealed 
with a lid of cast-in-situ concrete. A prefabricated concrete 
yoke i3 placed on top of the lid and grouted in recesses in the 
tunnel walls (see Fig. 6-5). The irrigation pipeq are connected 
to a piping system through which water is injected into the hole. 
The purpose of the lid is to prevent water from seeping out or 
evaporating from the hole. It also orewnts the fill from swell- 
ing when the bentonite absorbs the water. This further compacts 
the fill, making it denser (see 6.3). The filler material pro- 
vides adequate radiation protection for the personnel who work in 
the storage tunnels. 

The system for irrigation of the deposition holes is maintained 
for the entire period of time during which the repository is 
open. During this period, the facility is drained and ventilated 
and the irrigation system and the lid over the hole prevent the 
filler material in the holes from drying out due to the heat Re- 
nerated by the canisters. This would reduce the thermal cor~ducti- 
vity of the filler material and thereby increase the temperature 
of the canister (which is about 65'~ when the fill is vatersatu- 
rated, 16-21]. Drying of the filler material could also lead to 
.an enrichment of the salt in the groundwater. The increase in 
temperature and the salt enrichment vould have a negative effect 
on the resistance of the canister to corrosion (see II1:5.3). 
However, it is possible that further study and analysis of the 
effects of heat generation on the filler material and the ground- 
water will shov that the irrigation system described here can be 
simplified or dispensed with a1 together. 

6.2.4 Auxiliary systems 

The facility vill contain auxiliary systems for water supply, 
severage, electric power, cc7pressed air, fire protection, tele- 
coamunications, tra:lsport of personnel and material etc. These 
systems are similar to those in coriventional lairling installa- 
tions. 

The ventilation system is designed to provide a free circulation - 
of a;r in tunnels and shafts 16-11. It shall supply the facility 
with fresh air and remove dust, fumes and gases from blasting and 
from vehicles. The air temperature shall be maintained at a 
pleasant level in all areas occupied by personnel. 

Radioactive contamination of the air is not expected to occur. 
Even in the event of a handling accident, it is highly improbable 
that the encapsulated waste cylilriler would be damaged to the ex- 
tent that the vitrified waste would be shattered into such small 
particles that they would become airborne. 

Thue, the function of the ventilation system is to create and 
maintain pleasant and hygienic working conditions in the final 
repository. It has no direct cormection with the function of the 
waste canisters. R e  principles for the design of the system are 
illustrated in Fig. 6-6. 



Fytrr 66. Pmpective dtuwing of vcntihrion system in fhol nspnsitvry. Depnition hPs 3mr 
conchcdai within a m  A and is in warrrsr in a m  B. Bhrtina has bmr cnnchded within arm C . - - 
md is in proscn within arcail. 

Fans a t  ground l eve l  blaw a i r  down i'irough it  v e n t i l a t i o n  s h a f t  
and t h i s  a i r  i s  then d i s t r i b u t e d  t o  the  tunn-j system and t h e  
h o i s t  sha f t s .  Af te r  each s to rage  tunnel has  Seen b l a s t e d  t o  i t s  
f u l l  length ,  i t  is v e n t i l a t e d  by means of f r e e  a i r  flow from the  
o u t e r  t r amspor t  t unne l s  t o  the  c e n t r e  tunnel.  From here,  t h e  a i r  
is evacuated v i a  v e r t i c a l  s h a f t s  t o  an exhaus: a i r  tunnel  s i t u a t -  
ed above the c e n t r e  tunnel,  which a l s o  se rves  a s  an evacriation 
tunnel  f o r  smoke i n  the  event of f i r e  i n  any p a r t  of thu tunnel  
system. Tha a i r  is c ~ n v e y e d  through t h e  exhaust  a i r  tunnel  t o  t h e  
rock h o i s t  s h a f t ,  whlch a l s o  se rves  a s  an a i r  evacuatioii s h a f t .  
Evacuation duc t s  from the s e r v i c e  a r e a s  a l s o  empty i n t o  t h i s  
dhaf t .  Fans on t h e  exhaust  a i r  s i d e  ( a t  t h e  oper ing of the  s h a f t  
on t h e  su r face  and i n  the  tunnels  which lead t o  the o u t l e t  s h a f t )  
a l s o  a s s i s t  i n  the  evacuation o f  the  exhaust  a i r .  

In  each s to rage  tunnel and between the  s e r v i c e  a r e a s  and t h e  
t r a n s p o r t  passages a r e  doors wi th  dampers which can be used t o  
r e g u l a t e  the  d i s t r i b u t i o n  of a i r  t o  the  va r ious  a reas  according 
t o  immediate requirements,  which a r e  dependent upoil t he  na tu re  of 
t h e  work and temperature condi t ions  i n  the  va r ious  p a r t s  of the  
f a c i l i t y .  

V i t a l  c r i t e r i a  f o r  the  design and capac i ty  of the  v e n t i l a t i o n  
system a r e  the  f r e sh  a i r  requirement dur ing t h e  cons t ruc t ion  De- 
r i o d  and t h e  n e c e s s i t y  of keeping t h e  temperature b e l w  approxi- 
mately 2 5 ' ~  i n  tunnels  where work is i n  progress .  

Although it  is  assumed t h a t  both vah lc l e s  and machines used i n  
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t h e  f a c i l i t y  &.till Se e i e c t r i c a l l y  powered, the vbn t i l a t i on  system 
has been designad so  t ha t  its capaci ty  can be. madi*,sufficient f o r  
d i e s e l  operat ion a s  well. The need f o r  temperature .redaction 
wi th in  p a r t s  of th.? tunnel alystem is met by the  reg t i l ab i l i ty  of 
the  verr t i la t ion dampers. 

Even i f  a l l  fans  should f a i l ,  na tura l  a i r  convection w i l l  provide 
s u f f i c i e n t  a i r  exchange t o  permit work i n  the f i n a l  reposi tory t o  
proceed f o r  a l imited perind of tima, ponsibly with some r e s t r i c -  
t ions.  

A drainage system w i l l  be provided i n  the f i n a l  repori tory f o r  -- 
the  co l l e c t i on  and removal of groundwater which leaks i n t o  the 
repos i to ry  and sp i l l age  water from r ins ing  operations e tc .  Conca- 
minatecl water from workshops, personnel areas  e tc .  w i l l  be dis- 
posed of by a separate  sewerage system. 

The bottoms of the tunnels a r e  designed so  t ha t  water leaking in- 
t o  the  tunnels is col lected i n  a gu t t e r  and conveyed t o  pump 
sumps s i t u a t e d  i n  the t ransport  runnels. The s u p s  have spec i a l  
chambers f o r  sludge separation. 

Sumps w i l l  a l so  be prcvided i n  the se rv ice  areas  and i n  the  
shaf t s .  Water from a l l  sumps i s  pumped through pipes t o  the cent- 
r a l  sha f t ,  aqd from there  t o  the  nearesl  su i t ab l e  rec ip ien t  on 
the  surface. ?-amping through the sha f t  is e f fec ted  i n  tuo s tages  
v i a  a booster pump. 

The number and s i z e  of t he  pump sunps w i l l  be f i n a l l y  determined 
on the bas i s  of the leakage r a t e  which is observed during the 
i n i t i a l  s tages  of construccion. The sumps and the par t s  of the 
s h a f t s  below the bottom leve l  of the reposi tory sha l l  have su f f i -  

* 
c i e n t  capaci ty  to  prevent flooding of the tunnels i n  the event of 
extreme flows and pump breakdowns. The pmps a t e  operated automa- 
t i c a l l y .  Alarms a r e  issued i n  the event oi. abnormal water levels .  

V i t a l  s y s t e m  (ven t i l a t ion ,  drainage, ho i s t s ,  emergency systems) . 
s h a l l  be packed up by auxi l i a ry  d i e se l  gr:nerators. 

PROPERTIES OF S.4NDIBENTONlTE FILL 

The mater ia l  used t o  b a c k f i l l  d e p o s i t i ~ n  haler  and s ea l  tunnels 
and s h a f t s  ( see  6.6) should possess the f o l l w i n g  propert ies :  

- bearing capacity; t o  keep the can i s t e r s  i n  place i n  the de- 
pos i t i on  holes and t o  hold back pieces  of rock which may 
break off  from the rock surface. - p l a s t i c i t y ;  t o  maintain the homogeneity of the mater ia l  
desp i te  minor movements i n  the hpdrock. - low permeabili ty; t o  minimize d~ . rundwate~  flow i n  deposi t ion 
holes  nnd i n  backf i l l ed  tunnels and shaf ts .  - good t h e n e l  conductivity; to transmit the  heat generated by 
the waste can is te r  t o  the rock without the can is te r  becoming 
excessively hot. - high ion exchange capacitv: t o  re tard the  migration of radi-  
oact ive nuclides u h i c i  may leak out from the can is te r .  - long-term s t a b i l i t y  against  weathering, cementation o r  o ther  
changes; so t ha t  the  r a t e r i a l  w i l l  r e t a i n  the above praner- 
t i e s  throughout the  se rv ice  l i f e  of the repositorg. 



Nor shall the material have a negative effect on the corrosion 
resistaxe of the canister. 

Tests and studies /6-5 to 6-13/ have shorn that a mixture of 
quartz sand and bentonite possesses most of the above-specified 
properties. Both materials are available in the required quanti- 
ties. They can be mixed to a homogenecus material without diffi- 
culty, e.g. in an ordinary concrete mixer. 

In order for the mixture to possess good bearing capacity and 
thermal conductivity as, well as low permeability, it is desirable 
that the sand and bentonite fractions be mixed in such propor- 
tions as to provide a good (mrain-like) particle size diszribu- 
tion. 

Bentonite is characterized by a high swelling capacity when it 
absorbs water. It also has a high ion exrhar.ge capacity. 

A high oentonite content increases the plasticity and ion ex- 
change capacity of the mixture. It also improves the material's 
density, since its swelling will fill the pores in the material. 
At the same time, however, a higher bentonite content reduces the 
bearing capacity and thermal conductigity of the mixture and it 
becomes more difficult to handle. t 
Tests have shown that mixtures of 80-90% quartz sand and quartz 
filler and 10-20% be.~tonite pzovide a good balance of the desired 
properties. 

The bentonite vhich is used is sodium ber.tonite (Volclay Hx 8(j or 
' 

the equivalent) in granulated form with a particle size distribu- 
tion of 0.07 - 0.8 mn. It has good swelling properties, ever af- 

I 
ter heating to 3o0°c. j i 
The sand is pure quartz sand (98% Si02) with a particle s i z ~  
distribution of 0.063-2 m. It has a sintering point (1 400 C) 
which lies vell above the temperature encountered in the reposi- 
tory. 

The results of field and laboratory tests on,tha aixture can be 
sumarized as f ollovs i 

- The strength and deformation propertibs of the mixture are 
approximately the S a m  as those of a clayed moraine. The 
bearing capacity of the material is camposed of a cohesion 
coqtonent and a fricticm component. An increase of the be* 
tonice content increases cohesion and reduces friction. - Permeability varies betveen loo8 and 10'11 m/s when svellins 
is restrained. iJith unrestrained swelling, permability is 
higher. - Thermal conductivity is between 0.3  and 1.7 w/mOc when the 
water content varies between 5 and 25%. - Haximrnn dry solids density is l.9CL2.03 t/n at an optimum 
water content of &12%. - Unrestrained swelling whtn the material is in contact with 
water leads to an increase OF its original vollmte by 5-20%. 
The swelling pressure of the material under restrained 
swelling conditions is on the order of 30-150 ~ P J .  

Studies conducted for ltBS have s h m  that the properties which 
I 



are of importance fot bearing capacity, iic~.sicp, t h e m 1  condbc- 
tivity and ion exchange-will not undergo any qsenrial change 
over long periods of time /6-:qand 6-12/.. .- 

-- \ 
The sand/bentanite filler material can offect the grounciklater 
chemically by acting as a pY buffer, whereby.s stsbilizatio~, of 
the DH to a value betveen 8 and 9 can be exoected 4t the tempera- 
tures in question, accardinp, to :he results of studies currently " 

in proqress (cf. sectioa 4 . 3 . 3 ) .  - 
OFERATION OF FACILITY -. 

'... 
Canister deposition begin3 vhen approximately one-qua>&er of the 
total number cf storage tunnels have been completed. The facility 
is designed ;n such a manner that the construction work can con- 
tinue without any interference from the transport and deposition 
of canisters. Next t9 the centre tunnel, the storage tunnels are 
closed off hy a concrete wall with a door and with dampers for 
regulating the ve~tilation flov in the storage tunnel. 

The equipment for transporting and handling canisters and back- 
fill~ng the deposition holes is railbound. It is pulled by an 
electric tractor. After deposition is concluded in a tunnel, :he 
rails are mci~ed to the next tunnel. 

Only some 3 + i O  persons will be required for the operation of the 
facility (not including the construction work). 

Up until the time the final repository is to be sealed, the stor 
age tunnels in which canisters have been deposited can be inspec- 
ted and checked and measurements can be made of rock stresses, 
temperatures, groundwater leakage etc. 

The facility will be inspected by authorities such as the Swedish 
Nuclear Power Inspectorate and the National Institute of Radia- 
tion Protection in the same way as a nuclear power station. It 
will be designed in accordance with the regulations issued by 
these authorities and in consultation with concerned personnel 
organizations. 

With regard to working environnrmt and safety, see I11 :7. 
. . 

QUALITY CONTROL 

Besides the quality control of the rock and the grc~undvater.vhich 
is carried out during the construction and opsratitn period, 
quality control will be primarily aimed at verifying the proper 
ties of the sandlbentonite fill. This w;J1 be accomlished by 
sampling and analysis of delivered material, of the finished 
mixture at the mixing station and of the completed fill. The 
resting procedure is similar to that used for the csre of an 
e~.-th dam. The equipment for compacting the filler material in 
the deposition holes also has instrunter~ts which indicate and re- 
giqter :he degree of compaction which is achieved. 

For other quality control, sea under 5.5. ' 



PERMANENT CLOSURE 

After the final repository has been filled vitli canisters to its 
design capacity, the facility Carl be kept open and inspected as 
long as surveillance and maintenance of the drainage and ventila- 
tions systems and other essential auxiliary systems are consider 
ed desirable. The facility can then be sealed and finally aban- 
doned. 

When it is sealed, the tunnels, shafts and horeholes are filled 
with a mixture of sand and bentonite simile, CL that used to fill 
the deposition holes. 

The fill is deposited in the tunnels in layers and compacted by 
means of vibratory rollers. The material is brought to t'ie fill- 
ing site on a conveyor belt and is spread by tractors. Before the 
work is begun, the tunnel floo. is cleaned. If desired, the lids 
on the deposition holes and their yokes can also be removed. 

The fill is applied in the top part of the tunnels by means of a 
spraying technique similar to the one which has long been used 
for lining the roofs of tunnels with concrete. Tests /6-4/ have 
shown that this technique is suitable for spraying sand/bento- 
nite. The spraying technique and the swelling capacity of the 
bentonite permit complete filling of che tunnel section with a 
high (70-80%) degree of compaction. See Fig. 6-7 ar.d 6-8. 

A mixture of sand and bentonite will also be used for backfilling 
vertical shafts. A fine-grained moraine may also be used in the 
upper part of the shafts. Holes drilled in connection with the 
preliminary study of the rock formation are filled with pure ben- 
tonite. 

In this manner, all cavities and voids in the rock are filled 
with material which is at least as impervious as the surrounding 
rock. The ion-exchanging properties of the bentonite will thereby 
constitute an additional barrier to a migration of radioactive 
nuclides in the filler material. 

It is assumed that observations and mensuremcnts of the ground- 
water system, rock stTesses, temperatures etc. will be performed 
for a certain period of time following the closure of the final 
repository. A p r o g r a m  for such activities will be drawn up in 
cooperation with the concerned authorities. 



Figure 6 7. When the fid repository is sealed, the tunnels sr find with o mixrum of  qum 
d and bmtonrte. The l o w  pml ir pkced by mn-rorr a d  vibmmlbd The upps port of  
the mnr l  ir finad by 
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SAFETY 

7.1 WORKING ENMRONMENT 

7.1.1 Authorities a& regulations 

The scope of the facilities will be outlined in the application 
for siting pennission which is required by the provisions of Sec- , 

tion 136 a of the Building Act. In the consideration of such 
applications, concerned authorities and interest organizations 
shall. be given an onoortunity to exaress their views. Working en- 
vironment conditions can thereby be given early attention and, if 
necessary, be regulated in connection with the granting of p e r  
mission. 

The design of buildings and equipment and conditions on the work- 
site during the construction and operation phases shall comply 
with the requirements of applicable laws and regulations. In o r  
der to guarantee thlt full attention is given to occupational 
safety and health matter?, Loth the Workers' Protection Act and 
various statutes and ordinances require that inspection authori- 
ties and employee organizations be given an opportunity to exa- 
mine work methods and the plant of the worksite prior to the 
start of construction. 

7.1.2 Working environment during the construction nhase 

Construction work on the intermediate storage facility, the en- 
capsulation station and the final repository will include: 

- Buildings on ground level for offices, oersonnel quarters, 
dining halls, workshops and storerooms, electrical installa- 
tions, water works. sevage installations, ventilation sys- 
tems and facilities for the reception, treatment and'storage 
of buffer and backfill material. - Buildings in rock galleries with approx. 30 m rock cover for 
reception, intermediate storaue and final encapsulation of 
waste cylinders. - Repository with service facilities approx. 500 m below the 
surface for the final storage of waste. 

Certain installations on ground level as well as the upper rock 
cavern installation (the intemediate storage section) shall be 
ready for operation m c h  earlier than the lower rock cavern in- 
stallation (final repository). Blasting and construction work and 



deposition will be pursued simultaneously in The final reposito- 
ry. There will therefore be no distinct delineation in time be- 
tveen the construction and the operation phases. Comaissionect 
plant sections shall therefore be separated from ongoing con- 
struction activities. 

Different types of working environment problems will be encount- 
ered in different work areas. But since existing technology vill 
be used i r ~  the different types of construction work, the various 
environmental problems will be familiar. It should be possible to 
solve environmental problems in a satisfactory manner through co- 
operation between the olant m e r ,  the inspection authorities and 
the concerned employee organizations. 

Working environment during the operation ohas? 

As during the construction phase, occupational hygiene aroblems 
will vary from one work area to another. Occupational hygiene re- 
quirements pertaining to the function of the plants are already 
known. The design of  remises and installations shall be approved 
in the usual manner by inspection authorities and employee orga- 
nizations. 

- 

Most of the inscallations for water and power supply will be lo- 
cated on the surface, along with certain workshovs and equipment 
for the preparation of buffer material and backfill. 

Less extensive experience is available with resnect to the in- 
stallations for recention, storage and treatment of buffer and 
backfill material containing quartz sand and bentonite. The 
quartz sand will contain a certain amaunt of fine-grained materi- 
al, giving rise to some dust hazard. 

In order to protect the personnel against quartz dust, the dust 
sources shall be encl~sed and suitable ventilation shall be pro- 
vided. Dust-generating processes shall be supervised from areas 
under pressurized ventilation. In connection with maintenance 
vork and in the event of millage, personnel shall be protected 
by the use of functionally designed work equipment and personal 
safety equipment. . 
Prepared buffer and backfill material shall be watered d m  prior 
to transport to the site of application. The dust hazard is 
thereby limited to oreparation. 

Waste cylinders are received, stored and encapsulated in the up- 
per rock cavern facility. Encapsulation involver the casting of 
lead and the welding of titanium. Work with waste cylinders and 
canisters shall be remte-controlled from radiation-shielded 
areas. 

Rock vork will be done using largely the s a m  techniques which 
are normally used in rack cavern excavation and tunnel driving. 
This means that working environment precautions can be based for 
the most part on existing technology. Work machines and transport 
equipment shall be electrically driven whereever possible. 



7.2 RESCUE SERVtCE 

7.2.1 Authorities and regulations 

According to the Fire Protection Act, rescue service activities 
are aimed at minimizing damage to human beings, property and the 
environment in the event af fires, oil spills, cave-ins, land- 
slides, floods or other emergencies. According to the Act, each 
municipality in Sweden is responsible for providing its awn res- 
cue service and instituting preventive measures. 

- According to Section 14 of the Fire Protection Act, it is e n c w  
bent upon the owners of buildings, storage depots or other faci- 
lities to procure and maintain the necessary equipment for ex- 
tinguishing and rescure work in connection with fires and to 
adopt all other measures which are necessary to prevent and 
combat fire, all within the bounds of reasonable cost. 

The County Administration issues the fire regulations for the mu- 
nicipalities and may be regarded, along rich the National Fire 
Service Board (which is responsible for issuing recomwndat ions 
and instructions), as the inspection authority for the municipa- 
lities. - - 

General rules for fire :rotection in connection with the erection 
of industrial plants are provided in the Swedish Building Code, 
SBN 1975, issued by the National Board of Physical Planning and 
Building. But these rules are not applicable to an underground 
facility for the final storage of nuclear waste. 

The necessary examination is normally undertaken in connection 
with the processing of building permit applications. 

7.2.2 Design of facility 

It is often difficult to satisfy requirements on evacuation and 
fire extinguishment 011 large wrksites during the construction 
phase. It may be necessary to organize a fire fighting organiza- 
tion on the workside in cooperatian with the municipal fire bri- 
gade. 

SpecCal temporary alarm and extinguishing syztems may have to be 
installed. But it should be possible to put the permanent systems 
into service as soon as possible. 

Special precautions must be adopted in connection vith the plan- 
ning of installations which involve special fire hazards in the 
underground facility for the final repository. The principles for 
the design of such plants are sumnarized in "Und.?rground fire 
protection", published by the Swedish Nine-Owners' Association in 
1976. 

Evacuation routes and fire mtilation devices vill be planned 
and designed in consultation with fire authorities in the sama 
manner as in mines. 



Enforcement routines 

The person who is made responsible for the fire protection of a 
facility shall, in consultation with the municipal fire chief, 
ensure that the personnel are well-acqrrainted dith the steps 
which are to be taken in the event of an alarm in different work 
areas. He shall also be responsible for enforcing fire protection 
requirenents in connection with the various construction and ooe- 
ration phases. 

RADIATION PRCYTECI'ION 

Authorities - and - regulations 
Matters pertaining to the handling of radioactive waste as well 
as occupational hygiene conditions in connection with work in a 
radioactive environment are dealt with by the National Institute 
of Radiation Protection with the support of the Radiirtion Protec- 
tion Act. 

In 1977, a proposal was submitted for certain amendments to the 
Atomic Energy-Act. The proposal is aimed at making the Swedish 
Nuclear Power Insvectorate responsible for the inspection and 
~upervision of the handling and storage of radioactive waste pro- 
ducts. Regulations pertaining to permissible releases as well as 
radiation protection matters vould, however, continue to be 
handled by the National Institute of Radiation Protection. 

Design plans will be submitted to the National Institute of Radi- 
ation Protection for critical examination prior to the start of 
coastruction. 

The law requires that a radiology officer approved by the Natio- 
nal Institute of Radiation Protection be present at the com- 
missioning of plants. The radiology officer is responsible for 
ensuring that the rules and regulations issued by the institute 
are complied vith. 

7.3.2 Enforcement and routines 

The facilities will be divided up so that premises for the handl- 
ing and storage of radioactive substances arc separated in a safe 
manner from other activities. Such separation shall be provided 
in the final repository by intkrvening space. 

Activities in the final repository aainly comprise the handling 
of encapsulated radiation sources with knovn activity contents. 
Required radiation shielding can therefore be calculated with 
good accuracy. 

All work operations with waste cylinders shall be remotely con- 
trolled with a radiation shield between the operator and the cy- 
linder. For transports outside of specially shielded compart- 
ments, the cylinders shall be enclosed in radiation-shielded 
transfer casks. 

The rules for reporting of personal doses etc. are established by 



the radiation protection authorities. The authority also issues 
rules governing h w  special operations entailing abnormal dose 
loads shall be reported for evaluation before the work is com- 
menced. 

PHYSICAL P R m C Z l O N  

Autharities regulations. 

The Swedish Nuclear Power Inspectorate (SKI) is, according to the 
Atomic Energy Act and with the support of its provisions, the in- 
spection authority for the physical protection of fissionable ma- 
terial and nuclear energy facilities. The authority notifies the 
owners of the facilities of regulations and directives and super- 
vises and enforces compliance therewith. The expression "physical 
protection'' encompassts a series of overlapping sar'eguards 
against attack, sabotage and other acts of violence. 

For matters pertaining to physical protection, trtere is an advi- 
sory board (the board for the concrol of fissionable material) 
vhose function is to supervise activities, provide advice concer- 
ning the application of existing agreements and make proposals 
for revisions of international agreements for the control of 
fissionable material. 

With regard to police activities in connection with physical pro- 
tection, SKI cooperates with tbe National Police Boara, whose in- 
structions direct them to cooperate with agencies vhose activi- 
ties pertain to police activities. To the extent specified in 
their instructions or in special regulations, the National Police 
Board is required to issue directives to lower police authorities 
and to direct police activities. 

The county administrations are the highest police authorities 
within their respective counties and the county police cLief - 
vho is an officer in the country administration - is direct;y 
responsible for upholding order and security within the county. 
Owners of nuclear pawer facilities shall cooperate with the uo- 
lice district in question with regard to matters pertaining to 
physical protection. 

Dir'ectives and regulations governing the physical protection of 
cowissioned nuclear p m r  installations and the transport of 
fissionable material within the country can be issued by SKI. 

Special regulations for facilities for the handling and storage 
of spent nuclear fuel and high-level waste have not been issued. 
Such facilities are considerably less technically complicated 
than nuclear p w e r  plants, so the regulations governing physical 
protection at such facilities should be simpler. The information 
required for the formulation of detailed directives and regula- 
tions will not be available until th* facilities have reached the 
detailed planning stage. 

The KBS studies have a s s m d  that physical protection shall be 
basically the samcr ae at a nc~clear p a M r  plant, i.e. divided into 
the following main components: 



1 District crr peripheral protection, which consistr of a se- 
curity fence provided with devices which detect and issue 
alarms in the event of unauthorized entry. It shall be 
possible to verify the cause of the alarm through closed- 
circuit television. 

2 Shell protection, vhich comprises sufficiently robust build- 
ing structures in combination with security control arrange- 
ments at points of passage into and out of the facility. 

3 Special protection for safcty-related equipment. This pro- 
tection may ccnsist of physi-ally separate redundant sys- 
tem, protective building structures or administrative rules 
for admission etc. 

The structural design of the physical protection must conform to 
the requirements on evacuation and extinguishing in the event of 
fire. The detailed design of the installation will therefore be 
submitted to the fire authorities for approval. 

7 . 4 . 2  Design facility 

The need for physical protection measures has Seen taken into 
account in the design of the facilities for the handling and 
storage of high-level macerial. 

The rock chambers, with their few and easily supervised poin:s of 
access, offer good opportunities for physical protection with a 
high level of security. Tunnel doors are designed to satisfy the 
requirement for protection against unauthorized entry, together 
with installed alarm devices. V~nrilatinn nneninzs, vater intakes 
and vital surface installations will be protected against un- 
authorized entry and/or demolition. 

Other points of access to the facilitie~ will be designed so as 
to permit security control of personnel and inspection of arriv- 
ing vehicles and cargoes. 

For fire protection and other reasons, consequence-mitigating 
safeguards will be provided in the form of physical separation 
and redundancy of safety-related equipment and of vital systems. 
Such safeguards may include, for example, back-up battery sup- 
plies for vital functions and auxiliary power supply and gene- 
rating equipment vhich considerably increase the inherent protec- 
tion of the plant and thereby also protect against sabotage. 

The facilities will be guarded by a permanent guard staff as well 
as by monitoring equipment. The guard staff can also be assigned 
functions within fire protection. 

In the detailed design of protected areas, special attention will 
be devoted to the geographic situation of the facilities and the 
consequent feasibility of assistance from the police. Information 
on protective and alarm devices as well as a list of particularly 
vital parts of the facility will be submitted to the inspection 
authority as part of the safety repcrt on the facilities. 

h e  to strict &averment regulations and control, the siting of 
sensitive facilities in rock and the nature of the technical 



equipment, the probability of acts of jabotage is judged to be 
very low. Since the consequences of such acts would be limited, 
the faciiities should not be attractive targets for potential sa- 
boteurs. 

7.1.3 . Transport and operatioc? 

High-level radioactive material will be transported in a contain- 
ment which virtually eliminates the possibility of mechanical da- 
mage or attack. The size of the transport casks will be deter- 
mined by other requirements, including mechanical strength. 

All transports, both by land and by sea, will be guarded in 
accordance with detailed plans dravn up in advance. In the event 
of fire, accident or other disturbances which may jeopardize the 
safety of a transport, telecorr~nunications with stand-by potential 
will be provided to agencies in the c o m n i t y  which could be af- 
fected. 

Before commencement of the planned operation of the facilities, 
special safety plans shall be drawn up. These plans shall specify 
both administrative and technical measures for physical protec- 
tion and shall be submitted to the* licensing authority for exami- I 

nation and approval. Plans for personnel recruitment and compe- 
tency requirements for the operating personnel shall also be sDe- 
cif ied. 

7.5 WARTIME PROTECT ION 

, ;  
7.5.1 Authorities and regulatjons 

I 
According to Section 136 a of the Building Act, applicatiuns for 
siting permission shall be submitted to the government for each 
facility for the handling and storage of high-level material. 

Opinions concerning such applications shall be obtained from the 
Commander-in-Chief of the Swedish Anned Forces, who shall hereby 
judge the proposed site in the light of defence plans. These 
opinions shall be considered by the govermnt in its review of 
the siting application. 

Facilities vhich may be vital to the country's power supplies in 
wartime shall be examined by the Board for the Wartimo Protection 
of Power Stations for approval of the protection level of the fa- 
cilities. 

Facilities for the handling and storage of spent nuclear fuel 
are, however, not directly necessary for power production and 
distribution in wartime. They are therefore not a m n g  the types 
of facilities which the Board for the \Jartime Protection of Power 
Statirqs is instructed to deal with. 

The requirements of wartime protection pertains first and fore- 
most to protection dgainst damage which may lead to releases of 
radioactivity. SKI shall therefore issue the directives and gui- 
delines which may be called for from the viewpoint of wartime 
protection, in consultation with the Coarnanderin-Chief of the 



Swedish Anned Forces and the National In8titute of Radiation Pro- 
tection. 

O.5.2 Design of facility 

The emplacement of the intermediate storage facility in rock pro- 
vides good protection against conventional weapons. Conventional 
bombs aause groundvibrations upon contact, but the 30 m rock 
cover should insulate the facility against such damaging factors. 
Possible effects shall be taken into consideration in the design 
and construction of the concrete enclosure of che rock chambers. 
R e  final repository, with a rock cover of 530 m, is adequately 
protected even from nuclear weapons. 

The effects 3f airborna shock waves in the intermediate storage 
facility caused by a bomb exploding outside of the facility have 
been reduced by the design of the access descents to provide a 
blwthrough path. Ventilation of the intermediate storage faci- 
lity has been designed in such a way that cooling can be accomp- 
lished by natural convection in the event of fan failure. This 
also provides some protection against airborne shock waves. This 
protection is enhanced by mans of a stack design which permits 
blwthrough at the intake and outlet points. 

The intake and outlet openings of the ventilation stacks are pro- 
tected by concrete cover. The lover portions of the stacks may be 
constructed in the form of thick concrete cylinders. The vertical 
portion of the ventilation shafts down into the rock are provided 
with b m b  traps. 

Electric lead-in bus) -gs into the rock cavern facilities can be 
bomb-protected by con~rete encasement and drainage openings. 
Where required, redundant connections can be-provided st safe 
distances. 
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