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FOREWORD 

The Annual Report on SKB'~ ac11v1ues during 1994 
covers planning. conslrucling and operational activiues as 
well as research. developmenL demonstration work and 
informalion activities. 

SKB has an operating and well integrated system for 
handling of all radioactive residues within Sweden. With 
the central repository for final disposal oflow and medium 
le\el waste. SFR. and the central interim storage facility 
for spent fuel. CLAB. in operation, SKB can take care of 
all radioactive waste produced inside Sweden for a long 
11me ahead 

For the remaining lacilities - the encapsulation plant 
and the final repository for spent nuclear fuel - compre
hensive research. development and planning activities is 
well under v.ay The aim of the programme is to start the 
permanent disposal of the long lived spent fuel around 
year 2008. Work is undertaken for the development of 
encapsulation technology on mdustrial scale and design 
of the plant The siting process for Lhe final repository for 
~pent fuel has started with feasibility studies in a couple 
of Swedish municipalities to evaluate the potential tech
nical condition~ and requirements and influence of the 
region. 

lnternauonal co-operation and exchange ol mforma
tion in all fields of lhe back-end of the nuclear fuel cycle 
is imporrnnt and ot great value for SKB ·s work. We are 
pleased to note the increasing international interest for 
international panicipauon 111 our Aspo Hard Rock Labora
tory. We hope this Annual Report will be of interest and 
that it will enhance the international information ex
change. 

Stockholm in June 1995 

SWEDISH "IUCLEAR FUEL A D \>\ASTE 
MANAGE\IENT CO - KB 

~""~ 
President 



ABSTRACT 

This is the annual report on the activities of the Swedish 

Nuclear Fuel and Waste Management Co, SKB. It con

tains in part I an overview of SKB activities in different 

fields. Part II gives a description of the research and 

development work on nuclear waste disposal performed 

during 1994. 
Lectures and publications during 1994 as well as re

ports issued in the SKB technical report series are listed 

in part III. Part III also contains listing of consultants 

which have contributed to the SKB work and of post

graduate theses supported by SKB. 
Part IV contains the summaries of all technical reports 

issued during 1994. 
SKB is the owner of CLAB, the Central Facility for 

Interim Storage of Spent Nuclear Fuel, located at Oskars

hamn. CLAB was taken into operation in July 1985 and 

to the end of 1994 in total 2 110 tonnes of spent fuel 

(measured as uranium) have been received. Transporta

tion from the nuclear sites to CLAB is made by a special 

ship, MIS Sigyn. 
At Forsmark the final repository for Radioactive Waste 

- SFR - was taken into operation in April 1988. The 

repository is situated in crystalline rock under the Baltic 

Sea. The first construction phase includes rock caverns 

for 60 000 m3 of waste. A second phase for additional 

30 000 m3 is planned to be built later. At the end of 1994 

a total of 15 500 m3 of waste have been deposited in SFR. 

SKB is in charge of a comprehensive research and 

development programme on geological disposal of nu

clear waste. The total cost for R&D during 1994 was 

185.5 MSEK of which 59.4 MSEK were investments in 

the Aspo Hard Rock Laboratory. 
Some of the main areas for SKB research are: 

- Groundwater movements. 
- Bedrock stability. 
- Groundwater chemistry and nuclide migration. 

- Methods and instruments for in situ characterization 

of crystalline bedrock. 
- Characterization and leaching of spent nuclear fuel. 

- Properties ofbentonite for buffer, backfilling and seal-

ing. 

V 

- Radionuclide transport in biosphere and dose evalu
ations. 

- Development of performance and safety assessment 

methodology and assessment models. 
- Construction of an underground research laboratory. 

Geological site-investigations are a substantial part of 

the programme. In the Aspo Hard Rock Laboratory meth

odologies for characterizing rock are refined and evalu

ated. In March 1995 there are 8 foreign organizations 

participating in the Aspo HRL project. 
SKB is planning to build an encapsulation plant for 

spent nuclear fuel and a deep repository for the encapsu

lated fuel and other long-lived waste. The encapsulation 

plant is proposed to be built adjacent to the CLAB facility. 

In the encapsulation plant the spent fuel will be encapsu

lated in a copper/steel canister. During 1994 conceptual 

design work was initiated for the facility. Also develop

ment work for the manufacturing and closing of the cop

per canister was performed. Siting activities for a deep 

repository included feasibility studies in the munici

palities of Storuman and Mala. Technical, geoscientific 

and socioeconomic studies were performed. Extensive 

local involvement and discussions is an important part of 

the siting activities. 
Cost calculations for the total nuclear waste manage

ment system, including decommissioning of all reactors, 

are updated annually. The total cost is estimated to 57 

billion SEK. 
SKB also handles matters pertaining to prospecting and 

enrichment as well as stockpiling of uranium as strategic 

reserves for the Swedish nuclear power industry. 

Consulting services from SKB and associated expert 

groups are available on a commercial basis. From the start 

of these services in 1985 and up to the end of 1994 more 

than 100 assignments have been accomplished in a var

iety of areas. 
Information activities are an integrated and important 

part of the Swedish radioactive waste management sys

tem. During 1994 successful public information activities 

have been carried out using mobile exhibitions in a tailor

made trailer and on the SKB ship MIS Sigyn. 
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1 GENERALBACKGROUND 

1.1 THE SWEDISH NUCLEAR 
POWER PROGRAMME 

The nuclear power programme of Sweden consists of 12 

nuclear reactors located at four different sites and with a 

combined capacity of 10 000 MW net electric power. Main 

data and location of the 12 units are shown in Figure 1-1. 

The nuclear power plants generated about 51 % of the total 

Swedish electric power produced in 1994. 

Swedish reactors 

Reactor Power Commercial Energy 
operation availability 

MWe in 1994 % 

Oskarshamn 1 BWR 445 1972 
Oskarshamn 2 BWR 605 1974 89 
Oskarshamn 3 BWR 1160 1985 89 

Barseback 1 BWR 600 1975 87 
Barseback2 BWR 600 1977 77 

Ringhals 1 BWR 795 1976 78 
Ringhals 2 PWR 875 1975 84 
Ringhals 3 PWR 915 1981 92 
Ringhals 4 PWR 915 1983 85 

Forsmark 1 BWR 970 1980 92 
Forsmark2 BWR 970 1981 93 
Forsmark 3 BWR 1160 1985 93 

1.2 LEGAL AND ORGANIZA
TIONAL FRAMEWORK 

The nuclear power plants are owned by the following four 

companies: 

Vattenfall AB is the largest electricity producer in 

Sweden and owns the Ringhals plant. 
BarsebackKraftAB (subsidiary ofSydkraftAB) is the 
owner of the Barseback plant. 
0KG AB is the owner of the Oskarshamn plant. 
Sydkraft is the major shareholder of 0KG. 
Forsmark Kraftgrupp AB (FKA) is the owner of the 

Forsmark plant. Vattenfall has 74.5% of the shares in 
FKA. 

The Swedish Nuclear Fuel and Waste Management 

Company, SKB (SKB = Svensk Karnbranslehantering 

AB) has been formed by these four power utilities. SKB 

shall develop, plan, construct and operate facilities and 

systems for the management and disposal of spent nuclear 
fuel and radioactive wastes from the Swedish nuclear 

power plants. On the behalf of its owners SKB is respon-

sible for all handling, transport and storage of the nuclear 

wastes outside of the nuclear power production facilities. 

SKB is also in charge of the comprehensive research 

programme in the waste field which the utilities are 

responsible for according to the law. Finally SKB handles 

matters pertaining to enrichment and reprocessing services 

as well as stockpiling of uranium for the Swedish nuclear 

power industry and provides assistance at the request of its 

owners in uranium procurement. 
The total central staff of SKB is about 7 5 persons. The 

organization is shown in Appendix 1. For the bulk of the 

work a large number of organizations and individuals 

outside SKB are contracted. As a whole about 700 persons 

are involved in SKB waste handling and research work. 

SKB is the organization that has the lead operative role 

in the Swedish waste management programme both with 

respect to planning, construction and operation of facili

ties and systems and with respect to research and develop

ment. The role has its roots in the legislation briefly 

described below. Figure 1-2 gives an overview of the most 

important laws and the corresponding authorities involv

ed. 

NORWAY 

RINGHALS ■ 

•••• 
BARSEBACK 

11 

SWEDEN 

FORSMARK 

STRIPA • 

• BWR 

I 
mi 

□ 

PWR 

CLAB, central facihty for intermediate 
storage of spent fuel 

SFR, Final Repository for Radioactive Waste 

Figure 1-1. The Swedish nuclear power programme. 
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Figure 1-2. Legal.fiwnework for activities of SKB. 

There are lhrce important laws which regulate the nu
clear activities. 

The Act on Nuclear Activities. 
The Act on the Financing of Future Expenses for 
Spent Nuclear Fuel etc. 
The Radiation Protection Act. 

The Act on Nuclear Activities / 1- 1/ puts the primary 
rcsporn,ibility for the safety on the owner of a nuclear 
installation. The owner is thus responsible for safety dur
ing design. construction and operation of nuclear fac ilities, 
for the handling and linal disposal of nuclear wastes and 
for lhe dismantling and decommissioning of the facility. 
The responsibility also includes the necessary research 
and development in the waste management field. Accord
ing Lo the acl a research programme must be submiued to 
the authorities every three year!>. T he first programme wm, 
submitted in September 1986, the second in September 
1989 and the third in September 1992. 

The authority for supervision of the safety provisions in 
the Act on Nuclear Activities as well as the SKB research 
programme is the Swedish Nuclear Power Inspectorate 
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(SKI). The Swedish Radiation Protection Institute (SSI) is 
supervising provisions of the Radiation Protection Act. 

The SKI is also supervising the adherence 10 the Act on 
Financing of FuLUre Expenses for Spent F ue l. According 
to this law the waste management activities including 
future decommissioning of a ll reactors are financed from 
funds built up from fees on the nuclear power production. 

The foes are revised annually by SKI, which proposes 
lhc fees for the next year Lo the government. The average 
fee on nuclear eleclricity has since 1984 been 0.019 SEK 
per kWh. 

T he radiation protection act contains basic rules for 
protection against ionizing radia1ion for 

those who work at nuclear installations and other 
facilities with potential radiation hazards. 
the general public who lives or stays outside such 
installations or fac ilities. 

The competent authori1y in these matters is the Swedish 
Radiation Protection Institute (SSI). 

The competent authrnities have separate funtl:,, ror the 
research needed to fu llil their obligations. SKI abo sup-



Table 1-1. Waste categories. 

WASTE 
CATEGORY ORIGIN WASTE FORM PROPERTIES QUANTITY 

1 Spent fuel Operation of nuclear Fuel rods encapsu- High activity level. 4 500 canisters 
reactors lated in canisters Contains long-lived (7 800tU) 

nuclides 

2 Transuranic- Waste from the Solidified in con- Low- to medium- c. 2 000m3 

bearing waste Studsvik research crete level. Contains long-
facility lived nuclides 

3 Core components Scrap metal from Untreated or cast in Low- to medium- c. 10000m3 

and internals inside reactor concrete level. Contains 
vessels some long-lived nu-

elides. 

4 Reactor waste Operating waste Solidified in con- Low- to medium- c. 90 000 m3 

from nuclear power crete or bitumen. level. Short-lived 
plants etc. Compacted waste 

5 Decommissioning From dismantling of Untreated for the Low- to medium- c. 100 000-
waste nuclear facilities most part level. Short-lived 150 000 m3 * 

* The amount of decommissioning waste to be disposed of will depend on how much material that will be decontaminated. 

ports additional waste management research beside the 
SKB programme. 

1.3 THE SWEDISH NUCLEAR 
WASTE MANAGEMENT 
SYSTEM 

A complete system has been planned for the management 
of all radioactive residues from the 12 nuclear reactors and 
from research facilities. The system is based on the pro
jected generation of waste up to the year 2010. 

Residues generated by the operation of the reactors are 
spent nuclear fuel and different kinds of low- and medium 
level wastes. Furthermore, in the future decommissioning 
waste will be generated when the reactors and other fa
cilities are dismantled. 

The types and total quantities of various nuclear waste 
categories currently estimated to be generated are given in 
Table 1-1. The basic strategy for the management of the 
waste categories is that short-lived wastes should be de
posited as soon as feasible, whereas for spent fuel and other 
long-lived wastes an interim storage period of30-40 years 
is foreseen prior to disposal. 
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The main features of the planned system for nuclear 
waste management in Sweden are shown in Figure 1-3. 

The first construction stage of the Swedish Final Repo
sitory for Radioactive Waste, SFR, was taken into oper
ation in 1988. SFR may later on be extended to accommo
date waste also from the decommissioning of the nuclear 
reactors. For spent fuel a central interim storage facility, 
CLAB, was taken into operation in July 1985. This facility 
has a current capacity of 5 000 tonnes of spent fuel. 

The spent fuel will be stored in CLAB for about 40 years. 
It will then be encapsulated in a corrosion-resistant canis
ter and deposited at depth in the Swedish bedrock. Accord
ing to the time schedule presented in the RD&D-Pro
gramme 92 SKB plans to expand the CLAB facility with 
an encapsulation plant in order to make encapsulated fuel 
available for disposal around 2008. 

The construction of the deep repository will be made in 
steps. A first stage of the repository, for 5 - 10% of the fuel, 
is planned to be put in operation in 2008. The next stage 
for the full repository will only be built after a thorough 
evaluation of the experiences of the first stage and a 
renewed licensing. The site for the deep repository has not 
yet been chosen. 

For the transport of spent fuel and other kinds of radio
active wastes a sea transport system is in operation since 
1982. 
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Figure 1-3. Main system for management of radioactive waste in Sweden. 
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2 INTERIM STORAGE OF SPENT FUEL, CLAB 

2.1 GENERAL 

The Swedi1,h interim spent fuel storage facility. CLAB. 
located on the Simpevarp peninsula adjacent to the 
Oskarshamn nuclear power station, was taken into active 
operation in July, 1985, see Figure 2-1. 

The facility has five underground pools with a storage 
capacity of 5000 tonnes of uranium (tU). The receiving 
building and the buildings for auxiliary systems and of
fices are located on ground level. The facility is designed 
to receive at least 300 tU per year. equivalent to about I 00 
fuel transport casks. and some I 0-20 casks comaining 
highly active reactor core components, see Figure 2-2. For 
the operation SKB has contracted 0KG Aktiebolag. one 
of SKB 's shareholders. operating three reactors at the site. 

2.2 OPERATING EXPERIENCES 

By the end of 1994 CLAB has been in operation for 9.5 
years and the perfonnance of the facility has been excellent 
since the start of operation. Improvements have gradually 

been introduced along with the experiences gained. In total 
around 2100 tU from the 12 Swedish reactors have been 
shipped to the facility and placed in storage. 

In 1994. 72 casks containing spent fuel assemblies from 
the Swedish reactors were received together with 16 reac
tor core component canisters. The total fuel quantity 
shipped toCLAB during the year amounted to 223 tU. Two 
of the shipments included a numberoffuel assemblie~ with 
minor leaks. These assemblies were placed in special 
bottles for failed fuel and were transported together with 
undamaged assemblies. In parallel to the fuel receiving 
activities 64 BWR assemblies and 94 PWR assemblies 
have been transferred from old canisters Lo new compact 
storage canisters in 1994, see section 2.3. By the end of the 
year about 2/3 of the total PWR fuel amount is stored in 
the new canister~. 

The total occupal'ional dose in 1994 was I 03 mmanSv, 
whkh is 14 mmanSv less than in 1993 and corresponds to 
about 40% of the value calculated in the safety assessment 
made during the design phase. 

The release of mdioactiviLy to the environment during 
1994 has been negligible, amounting to around 0.0 I% of 

Figure 2-1. The Oskarsha11111 Nuclear Site. CLAB i11 the foreground. 
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Figure 2-2. Fuel cask with pro1ectil'e shin being mol'ed 
from the cooling cell to the unloading pool. 

lhe pennissible release from CLAB and Lhe three adjacent 
reactors together. The release values have been of the same 
order of magnitude since the start of operation. 

The nexibility of the plant has been demonstrated by the 
fact that other lransport casks than lhe normally used 
standard cask have been used for shipments to CLAB al 
several occasions. E.g. a cask built in lhe 1960's is used 
for the transfer of post irradiation examination residues 
from theStudsvikNuclear Research CenLie. The operating 
procedures and involved equipment have been quite easily 
adapted LO the different casks. 

The experiences from more than nine years of operation 
are continuously used in the project work on the Encapsu
lation Plant. see section 6, which according to current 
plans will be buill wall to wall wilh CLAB. 
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2.3 INCREASED STORAGE 
CAPACITY 

The storage capacity of the pools was originally 3000 LU. 
which would cover the need until 1996. Preparations for a 
future expansion with additional caverns and pools were 
made during the construction of the facility in the early 
eighties. A study perfonned in 1988 showed that there was 
a great advantage if the expansion could be postponed by 
better utilization of the space available in the exiMing 
pools. 

This has been achieved by using new compact storage 
canisters with borated stainless steel as neutron absorbing 
material, allowing the number of fuel assemblies Lo be 
increased from 16 Lo 25 and from 5 lo 9 per canister for 
BWR respectively PWR fuel. see Figure 2-3. Due to this. 
a new cavern with pools will not be needed until around 
2004. 

The new canisters came into regular operation in the 
autumn 1992 and have since lhen been used for all the fuel 
arriving from the reactors and for fuel unloaded from old 
type canisters. These old canisters are decontaminated and 
conditioned before being shipped away from Lhe facility. 

Figure 2-3. BWR:fuel canister of the old and new types 
containing 16 respec1ively 25 fuel assemblies. The octa
gonal ccmis1ers are used for highly radioactive reactor 
core components. 



3 TRANSPORTATION 

3.1 GENERAL 

The sea transportation system consists of Lhe specially 
designed ship M/S Sigyn. I O transport casks for spent fuel, 
2 transport cash for core components. 27 IP-2 containers 
(ATB) for transport of low- and intermediate level waste 
and 5 terminal vehicles. One of the vehicles is specially 
designed for operation in the SFR repository. 

SKB has engaged the shipping line Rederiaktiebolaget 
Gotland to operate Sigyn. 

3.2 OPERATING EXPERIENCES 
fn 1994 the ship M/S Sigyn sailed around 37 000 n.m. 
during 154 days. The u·ansports of spent fuel and reactor 
waste from Lhc Swedish reactors to the CLAB facility and 
to the repository. SFR. have been performed without dis
turbances. In total 72 transport casks with spent fuel, 16 
transport casks for used core components and 95 TP-2 

Figure 3-1. Loading ofATB-container 011 board MIS Sigy11. 
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containers (ATB) with reactor waste ha vc been transported 
with the transportation system during the year, see Figure 
3-1. Like earlier years, no measurable dose rates have been 
registered to the ship's crew. 

Dw-ing Lhe first half of 1994 one transport cask for spent 
fuel was repaired at the CLAB facility. Originating from 
the manufacturing. damages on the inner steel liner of the 
cask had been found which hindered basket exchanges. 
The old liner was removed and a new was welded into the 
ca~k. This wa~ the first Lime an extensive work inside a 
cask. having been in operation. was performed. 

The successful decontamination allowed the personal to 
work inside the cask without special protection clothing. 
The repair work was finished in August and the cask was 
taken into operation during autumn 1994. 

A new license for the spent fuel cask has been approved 
by French and Swedish authorities allowing transport of 
fuel elements with higher enrichment and high burn up. 
Two casks will be equipped with increased neuu·on shield
ing in 1995. 



Figure 3-2. Loading of a 400 tonnes generator stator 011 

board MIS Sigy11. 
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When the ordinary transpo11 schedule has pem1itted. 
M/S Sigyn has been used on commercial basis for trans
ports of heavy equipment. sec Figure 3-2. During 1994 
twelve diffcrcm transports with heavy equipment have 
been transported with M/S Sigyn 

During the summer period M/S Sigyn was used, like 
earl ier years, as a noating exhibition of the Swedish nu
clear waste handling system making a voyage along the 
Swedish coast and visiting 14 cities. including the capital 
Stockholm. 



4 FINAL REPOSITORY FOR RADIOACTIVE 
WASTE, SFR 

4.1 GENERAL 
The Swedish Final repository for Radioactive Waste, SFR, 
was put into active operation in April. 1988. ll is a reposi
tory for low- and intermediate level waMe. built in the 
bedrock under the Baltic Sea close to Forsmark nuclear 
power plant. 60 metres of rod. covers the repository ca
verns under the sea bed, see Figure 4-1. The first stage of 
SFR. which is in operation, includes buildings on ground 
level. tunnels, operating buildings and disposal caverns for 
60 000 m3 of waste. A second stage for approximately 
30 000 m3 is planned to be built and commissioned after 
the year 2000. 

The total amount of waste from the Swedish program up 
to year 20 I 0 has been calculated to about 90 000 m3. 

All waste materials arc conditioned at the power plants 
and CLAB or at the nuclear research centre, Studsvik. Ion 
exchange resins are incorporated in either cement or 
bitumen. Scrap from maintenance work arc treated in the 
same way, if required. 

At the end of 1994 a total of 15 500 m3 of waste have 
been deposited in SFR. All waste producers have delivered 
waste. The experience from the operation has been good 
and the radiation doses 10 the personnel have been very 
low. 

Figure 4-1. O,•en•iell' of 11111nel.\ and .\torage chambers in 
theJirst construction .\/age of SFR. 

9 

4.2 DESIGN AND CONSTRUC
TION 

The SFR ha!i been sited under the sea in order to minimi,e 
the groundwater now in the repository area. Engineered 
barriers are used in order to further reduce the ground 
water now inside the caverns and through the waste. 

TI1ere are different caverns for ILW and LLW in SFR. 
The ILW-packages comaining most of the activity arc 
disposed of in a concrete silo structure and <,urrounded 
with a low permeable buffer material, bentonite. The space 
between the waste packages and the concrete construction 
in the silo arc subsequently filled with a porous concrete. 

Waste containing a minor part of the activity content arc 
disposed of in 160 m long caverns with various cross 
sections. The cavern with the largest cross section, BMA. 
is equipped with machines for remotely controlled hand
ling, similar to tho!.e used in the silo. sec Figure 4-2. 

LLW is handled with an ordinary. but shielded. forklift 
truck. 

4.3 WASTE ACCEPTANCE 
As :-.tipulated in the operational pem1its all waste that i, 
deposited in SFR should belong Lo a waste type that has 
received an approval by the safety authorities. A procedure 
for the description and approval of waste types has been 
developed. 

All relevant information about each waste package is 
documented and collected in a computerized waste regis
ter. Before the waste is transported to SFR, the contents of 
the waste register is transferred to a SFR-data base. 

The procedure for waste acceptance has been very time 
consuming. In 1994, 36 waste types (of a total of about 50) 
were accepted for disposal. In 1994 disposal has been 
carried out in the rock chambers and in the silo. 

4.4 OPERATION 
The operation of SFR has been subcontracted to Forsmark 
Kraftgrupp AB (FKA), the operator of the nuclear reactors 
at Forsmark. and is closely integrated in the local organi
auion. The staff for operation and maintenance of SFR 
com,ists of about 16 people. 

In full operation the facility has an annual disposal 
capacity of about 6000 m3. Up to the end of 1994 a total 



Figure 4-2. The opermional wa.sie is trt111sported in special transport containers. In SFR the waste packages are wiloaded 
with re111ote-cor1trolled handling equipment. 

of 15 500 m3 of waste has been deposited. During 1994, 
2470 m3 was deposited in SFR compared lo planned 2500 
m3 according lo a lim1 price agreement which has been 
established between FKA and SKB. 

The same amount is foreseen for 1995. 
The operating expe1ience is good both with regard to 

handling and availability. 
All activities down in SFR are directed and supervised 

from Lhe operations centre lhal is located in a building 
underground. centrally in the repository area. The oper
ations centre contains equipment for remote control of all 
handling machines. overhead cranes with waste and of the 
auxiliary systems, etc. 

During 1994 the system for preparation and handling of 
the cement grout for the waste package in the silo has been 
taken imo operation. The first grouting in the silo shaft 
took place during the year. 

A new data base system for SFR has been developed and 
will be taken into operation in 1995. 

A I 0-year programme for corrosion preventing acti
vities in the facility was started in l 994. 
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SFR is also an interesting facility for visitors. During 
1994 more than 20 000 people including many foreign 
visitors came to SFR. see Figure 4-3. 

Figure 4-3. Each yeur SFR receives more than 20,000 
visitors. An exhibition facility has been built u11dergrou11d 
in a cavern adjacent to the repository caverns. 



5 DEEP REPOSITORY PROJECT 

5.1 GENERAL 

Siting and construction of a deep repository for final 
disposal of spent nuclear fuel and other long-lived waste 
is one of the main remaining tasks within the Swedish 
nuclear waste programme. In the RD&D-Programme 92 
plans were presented for the work to start implementing 
deep disposal for a first stage by about the year 2008. A 
deep repository project has been set up and during 1994 
the activities have been focused on: 

Further development and description of siting criteria 
and the siting process. 
Background and national overview studies concern
ing different aspects of siting a deep repository. 

1995 

2000 

2005 

2010 

The repository can be expanded 
to full scale operation after evaluation 

Figure 5-1. Overall plan. 
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Feasibility studies in cooperation with interested and 
potentially suitable municipalities. 
Technical studies of the repository system. 
Planning of a site-investigation programme. 
Environmental impact assessment studies. 

5.2 THE PLANNED SITING 
PROCESS 

The overall plan for siting and construction of a deep 
repository is presented in Figure 5-1. Siting and construc
tion is made in well-defined phases. The first phase will 
end up in an application from SKB for detailed site charac
terisation of one site, including shaft-sinking or tunnel 

Act 
nt of 



Whole country 

Potentially suitable 
and interested 
municipalities 

Potentially suitable 
sites 

General studies Feasibility studies Site investigations 
.......................... ........................... ·••·••······················ 
Siting factors 

Overviews 

Surveys 

Information 

Geoscientific 
investigation 
Performance assessments 

Background data for proposal of site and application for detailed site 
characterization .................................................................................................................. 
System description, facility design 

Programme for detailed characterization 

Environmental Impact Assessment {EIA), including site-specific safety assessment and 
alternative surveys 

Figure 5-2. Siting activities, phase 1. 

down to planned repository depth. To start detailed site 
characterisation work approval from the municipality, the 
relevant authorities and the government is needed. 

The present siting activities, phase 1, are schematically 
illustrated in Figure 5-2. They aim at collecting all the 
necessary information needed to be able to propose a 
potentially suitable site for a deep repository and to apply 
for a permit to perform detailed site-characterisation at this 
site. This work, siting phase 1, is estimated to take about 
another 4 years. 

General background studies (overview studies) are 
being made for the whole country to provide an overview 
of possibilities and restrictions concerning siting of a deep 
repository in Sweden. Feasibility studies are performed for 
municipalities having a good potential for hosting a repo
sitory and being interested in such a study. SKB is planning 
to do 5-10 feasibility studies. 

A feasibility study takes about one year and examines 
the following questions: 

What are the general prospects for siting of a deep 
repository in the municipality? 
Within which parts of the municipality might suitable 
sites for a deep repository be located, considering 
geoscientific and societal factors? 
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How can the deep repository be designed with respect 
to local conditions? 
How can transportation be arranged? 
What are the important environmental and safety 
issues? 
What might the consequences be (positive and nega
tive) for the environment, the local economy, tourism 
and other business sectors within the municipality and 
the region? 

The studies are being conducted for the most part by 
universities and consultants. Between 20 and 30 reports 
will constitute the background material of a feasibility 
study. 

A preliminary assessment of whether it is possible or not 
to site a deep repository in a municipality is made in a final 
report. 

In parallel with the general and feasibility studies, the 
following phases in the work are being planned. The 
coming site investigations must be conducted according 
to a carefully worked-out plan. The work of preparing a 
programme for the site investigations has therefore been 
going on since 1993. Analyses have been carried out of 
previous experience in Sweden (study sites, Stripa, Aspo 
etc.) and in other countries, especially Finland and Ca
nada. These studies now form the basis for the basic site 



investigation programme, which is scheduled to be fin

ished in 1995. 

5.3 SITING ACTIVITIES 
During 1994 siting activities have mainly involved the 

development and presentation of siting criteria, general 

siting studies of the whole of Sweden and feasibility 

studies of two municipalities in northern Sweden. 

Siting criteria 
In RD&D-Programme 92 /5-1/, SKB gave an account of 

its strategy for the siting of a deep repository for the 

long-lived radioactive waste, including the spent nuclear 

fuel. The strategy was accepted in all essential respects by 

the regulatory authorities and the Government. However, 

there was some criticism on certain unclear points in the 

programme that lead to a Government stipulation that SKB 

shall supplement the above mentioned programme by 

describing the criteria and methods that can form a basis 

for the selection of sites suitable for a final repository. Also 

other supplementary accounts were requested, see Chapter 

12. 

Safety 
• Chemical environment 
• Mechanical stability 

• Transport in rock 

• Intrusion 

• Biosphere conditions 

Technology • Constructability in rock 

• Conditions on the 
surface 

• Transportation 

Land and • Other land use 

environment • Environmental 
requirements 

• Available industrial 
land 

Society • Infrastructure 
• Societal 

considerations 

• Public opinion 

Figure 5-3. Structure for siting factors and criteria. 
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In August 1994 SKB presented the siting criteria in the 

RD&D-Programme 92 Supplement /5-2/ A summary of 

the main groups of siting factors is presented below. For a 

more complete treatment, see /5-2/. 
The question of whether an area is suitable for siting of 

a deep repository is decided by the following main groups 

of siting factors: 

Safety 

Technology 

Land and 
environment 

Societal aspects 

Siting factors of importance for the 
long-term safety of the deep reposi
tory. 
Siting factors of importance for the 
construction, performance and safe 
operation of the deep repository and 
its transportation system. 
Si ting factors of importance for land 
use and general environmental im
pact. 
Siting factors connected to societal 
considerations and community im
pact. 

Figure 5-3 shows how each main group contains a host 

of criteria and factors that determine the suitability of a site 

I Biosphere conditions 

I Intrusion 

I Transport in rock 

I Mechanical stability 

Chemical environment 

- redox potential 
- sulphides 
- chlorides 
• potassium 

... 
- carbonate 
-humus 
- bacteria ... 

I Transportation ... 
I Conditions on the 

surface 

Constructability in 
rock 

- rock type 
• fracture frequency 
- rock stresses 
- water conduction ... 

I Available industrial 
areas ... 

I Envirpnmental 
reau1rements 

Other land use 

• nature conservation 
land 

- cultural monuments 
• recreation 
• hunting, fishing 
• agriculture and 

forestry ... I Public opinion 

I Societal 
considerations 

Infrastructure 

• roads, railways 
• schools 
- housing 
- social services 
- local business 

community ... 



for a deep repository. Some of the factors are absolute 
criteria that must be met if a deep repository is to be built 
on a given site. Examples of such absolute criteria are that 
the groundwater shall be oxygen-free at repository depth, 
that mineral deposits may not exist within the deep repo
sitory, and that the site may not be situated within a 
national park. 

However, most factors fall along a scale of favourable -
unfavourable, which means that they are important in an 
overall assessment of the suitability of the site, but are not 
by themselves crucial in deciding whether a site is suitable. 
Examples of unfavourable conditions are heterogeneous 
bedrock, long distance to an existing road/railway and 
competing land-use interests. 

The requirements within each of the four main groups 
can be formulated as follows: 

Safety 
The fundamental safety principle for the deep disposal 
system planned by SKB is to completely contain and 
isolate the spent nuclear fuel in tightly sealed canisters 
deposited at a depth of about 500 metres at the selected 
repository site. This isolation shall be achieved and 
preserved over very long periods of time so that the 
radioactive materials decay inside the canister and cannot 
be released. This means that an important safety-related 
function of the rock is to guarantee stable chemical and 
mechanical conditions for the engineered barriers over a 
long period of time. 

The safety strategy for a deep repository is based on the 
multiple-barrier principle. This means that safety must not 
be solely dependent on the engineered barriers' function
ing as planned. Another important safety-related function 
of the bedrock at a deep repository site is to retain the 
radionuclides or retard their transport if the engineered 
barriers should be damaged. 

For the sake of long-term safety, the following factors 
must be taken into consideration when selecting a site: 

chemical environment in the rock for canister, bento
nite and fuel, 
mechanical stability of the rock, 
conditions for transport of corrodants and radionu
clides in the rock, 
risk of future intrusion, i. e. mainly conceivable utili
zation of natural resources in the bedrock. 

Technology 
The requirements that transportation shall be safe can as a 
rule always be met by the use of appropriate technology 
and the necessary investments. It is advantageous if an 
existing infrastructure for sea and land transport can be 
utilized. It is a disadvantage if extensive new investments 
are required and if new harbours, roads or railways conflict 
with other important land-use interests. 

The parts of the bedrock where shafts, access tunnels, 
transport tunnels, deposition tunnels etc. are planned shall 
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possess such properties that the work can be carried out in 
a safe manner using known technology. 

When data from repository depth have been reported, 
the suitability of an area for construction purposes can be 
determined based on factors such as rock type, fracture 
frequency, location and character of fracture zones, hy
draulic conductivity, size and orientation of rock stress and 
mechanical properties of the bedrock. 

Land and environment 
Site selection and design of the facilities shall be done so 
that conflicts with competing interests are minimized. 
Consideration shall thereby be given to the natural, envi
ronment, cultural monuments, recreation, hunting, fish
ing, other outdoor activities, important natural resources, 
agriculture and forestry, current and planned land use. 
Facilities and transport routes shall blend in smoothly with 
the terrain. 

To comply with the requirements in the environmental 
legislation, the facility's environmental impact must be 
weighed against the specific environmental conditions in 
the area early in the siting process. 

The site for the deep repository shall have: 

few competing interests for land use, 
good prospects for being able to build and operate the 
facilities in compliance with all environmental pro
tection requirements. 

Societal aspects 
Socioeconomic considerations are important for both site 
selection and design of the facilities on the selected site. 
The establishment and operation of a deep repository will 
have different impacts on the locality and the region. These 
include e. g. impact on employment, the local business 
community and local services. Politically and in terms of 
public opinion, siting is a sensitive issue. Experience in 
both Sweden and other countries shows that strong feel
ings and opinions can be aroused. Opposition to industrial 
sitings in general is not unusual in modern society. Siting 
of a deep repository shall be carried out so that 

the siting process is carried out in stages involving a 
democratic decision-making process, 
social and socioeconomic consequences are taken 
into account. 

General siting studies 
The general studies constitute background facts for the 
municipality- or site-specific investigations that need to be 
done. With the aid of the general studies it will be possible 
to place the relevant sites in their national and regional 
contexts. Information is entered and stored in SKB's GIS 
system, which now comprises one of Sweden's largest 
databases of this type. The general studies will also pro
vide a picture of different areas in the country which are, 
for different reasons, less suitable for siting of a deep 



repository. They cannot, on the other hand, provide any 
specific guidance in the work of finding suitable sites. This 
requires studies on a more detailed scale and a dialogue 
with, among others, concerned local and regional politi
cians and population. 

In the general studies, comprehensive background ma
terial on geological, technical, environment-related and 
societal conditions is compiled. These studies have been 
published continuously as a part of the research and devel
opment work which SKB has been conducting since the 
late 1970s /5-2/. The studies include, among other things: 

General facility description and general background 
data for future environmental impact assessments. 
General survey of transportation system, including 
transshipment in harbour and transport by road or rail. 
Compilations of geographically related information 
on a national and/or regional scale concerning bed
rock, topography, nature conservation areas, mineral 
deposits, major regional fracture zones, earthquake 
frequencies, etc. 
Surveys, analyses and forecasts of e. g. effects of 
glaciation on the bedrock and on seismotectonic con
ditions for different parts of the Swedish bedrock. 

Results from geoscientific general siting studies pub
lished during 1994 are described in Section 15.3. 

An overview study started in 1994 to investigate the 
prospects for feasibility studies of those municipalities that 
host the nuclear power plants. 

SKB plans to compile a collective account of the general 
studies by 1995. 

Feasibility studies 
An important part of the siting programme involves feasi
bility studies of municipalities which have expressed a 
potential interest in hosting a repository facility or are not 
negative to such studies. 

Feasibility studies entail evaluation of siting prospects 
together with the positive and negative environmental and 
societal consequences of such a siting. The main purpose 
is to provide an adequate information basis such that the 
municipality and SKB can decide whether or not to con
tinue with site investigations. An essential prerequisite to 
continue further is that there is sufficient interest from both 
the municipality and SKB. 

SKB plans to carry out between five to ten feasibility 
studies mainly based on existing geoscientific and other 
data. During 1994 two feasibility studies, Storuman and 
Mala, were in progress of which the Storuman feasibility 
study was finalised. Figure 5-4 shows the location of the 
two municipalities. A summary of the feasibility study of 
the Storuman municipality is presented below. 

Feasibility study of the Storuman municipality 
The feasibility study in Storuman is the first to be con
ducted. It began during the second half of 1993 with the 
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Figure 5-4. Location of the municipalities Storuman and 
Malit The central interim storage facility for spent nuclear 
fuel is located at CLAB. If the deep repository is located 
at Storuman or Maia spent fuel will probably be trans
ported by ship to a harbour in the northern part of the 
Baltic sea and by train to the repository. 

conclusion of an agreement between the municipality and 
SKB. SKB has been in charge of the execution of the 
feasibility study. The municipality has had insight into and 
been able to influence the feasibility study through a 
steering group with two representatives for the munici
pality and two for SKB. 

Altogether about 30 reports have been published within 
the framework of the study. They are all in Swedish. A final 
report published in January 1995 summarizes the results 
of the various studies and presents the collective evalu
ation of the results. This report is also available in English 
/5-3/. The purpose of the studies has been to describe, in 
as much detail as possible, the prospects for siting a deep 
repository in the municipality of Storuman, and to shed 
light on the possible positive and negative consequences 
of such a siting. 

The feasibility study shows that areas exist within Stor
uman municipality which may offer good prospects for the 
siting of a deep repository. However, a more detailed 
assessment of long-term safety requires comprehensive 
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geoscientific investigations and a safety assessment. The 

top-priority area for further studies is Joran located within 

a granitic pluton, see Figure 5-5. The area is about 90 km2 

in size, the rock is well-exposed and consists entirely of 

granite. Available data indicate that the granite is homo

geneous, with a low fracture content and relatively few 

fracture zones. Due to the size of the area it should be 

possible to locate the facility with a connecting railway 

and road so that allowance is made for both the suitability 

of the bedrock conditions and the interests of landowners, 

nearby residents, reindeer herders and others. Factors that 

must be given particular attention in further investigations 

are the depth of the granite and the possible presence of 

flat-lying fracture zones, elevated rock stresses and radon 

emission. An area of secondary interest is Lumsen, see 

Figure 5-5. Here as well are presumable large volumes of 

homogeneous and fracture-poor granite. The degree of 

exposure is low, however, and the area is smaller than 

Joran. 
There are railways and roads of good standard close to 

Joran and Lumsen that can be utilized for shipments to a 

deep repository. The shipments could, for example, go by 

rail from Skelleftehamn or Umea to a deep repository in 

Storuman, see Figure 5-4. 
To shed light on all aspects, the feasibility study has not 

been limited to geoscientific and technical questions, but 

has included several enquiries into such aspects as tourism, 

the future outlook for the municipality, business oppor

tunities and the local economy. This material includes both 

facts and analyses, as well as the opinions of entrepreneurs 

and local citizens with different perspectives on the ques

tion. 
Like any other major industrial facility, the deep reposi

tory entails some environmental impact on the site where 

it is constructed. The feasibility study's environmental 

study finds that the impact is small compared with what is 

usual in industrial contexts. This is because there is no real 

industrial process and chemicals are used sparingly. 

700 
t/) 
.c 600 .2. 
al 500 C: 
.2 400 :!::: 
"Cl 
"Cl 300 m -0 200 

The radiological working environment will conform to 

the standards and requirements that apply to nuclear fa

cilities. The deep repository can be designed so that per

sonnel doses are kept well below existing safety limits. 

Granites with higher uranium concentrations than usual in 

Storuman can give rise to high radon concentrations in 

rock facilities. In a deep repository, the radon must be 

ventilated away so that levels can be kept under legal 

limits. 
Transport safety will be ensured through a system of 

transport planning, protective transport casks, physical 

protection and emergency planning. The shipments to the 

deep repository are not expected to entail any risks other 

than those that are usually associated with shipments of 

heavy goods. 
The design of the deep repository and all measures on 

conjunction with deposition are aimed at containing and 

isolating all radioactive material. A central part of an 

environmental impact assessment for the deep repository 

is the assessment of long-term radiological safety. The 

feasibility study does not include any such assessment of 

safety for a deep repository in Storuman, since this re

quires, among other things, borehole investigations, which 

cannot be done until a site investigation is undertaken. 

The results of the feasibility studies show that the estab

lishment and operation of a deep repository will affect the 

locality and the region in different ways. The deep reposi

tory entails jobs, an increase in population, support for the 

local infrastructure and new business opportunities for the 

local entrepreneurs. However, it also entails something 

unknown and new that can be perceived as a threat and 

create anxiety. 
A deep repository would, when fully operational, pro

vide about 200 direct and 100 or more indirect jobs, which 

would correspond to nearly 10% of the number of persons 

employed in the municipality today. Figure 5-6 shows 

direct and indirect employment effects of the deep reposi

tory. As the figure shows, the indirect employment effects 
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.c 100 employed with 
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Year 

Figure 5-6. Total number ofjobs created by deep repository, directly and indirectly employed with deep repository. 
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do not ebb out during the forecast period, but extend even 
further ahead in time. This means that the employment 
effects of the deep repository in Storuman span more than 
a hundred years. 

Nearly 500 more persons would live in the municipality 
between the years 2000 and 2050 with a deep repository 
than without one. It is estimated that more than 30% or 
about SEK 5 billion of the total cost of SEK 15 billion 
could be absorbed locally. 

SKB 's conclusion is that areas exist in the municipality 
that may offer good prospects. They will therefore be 
included in the siting material as being of potential interest 
for site investigations. Before any further studies can be 
considered a comparison with the results from other fea
sibility studies will be made. 

5.4 TECHNICAL STUDIES OF 
A DEEP REPOSITORY 
SYSTEM 

Following the judgement made in 1992 that the KBS-3 
design provides the most favourable possibilities in the 
Swedish crystalline bedrock the more detailed planning of 
the repository has been based on this design and the first 
step out of the five defined for the planning prior to 
construction has been worked through for three alterna
tives with respect to the system for access to the repository: 

Shafts only. 
Spiral ramp and shafts. 
Straight ramp implying separate locations of surface 
and underground parts as for the SFR facility. 

Each of these studies has been made on the level of 
detailing that is requested as a base for initiating the second 
step of the planning process, which may start when site
specific data are available and one preferred access system 
can be outlined. The preference may very well be different 
for different sites, but even if the same basic principle, e. g. 
straight ramp, is chosen the layout at two different places 
are expected to be different because of the many ways to 
plan, in detail, for layout, ventilation system, water drain
age system etc. 

The main feature of the KBS-3 design is the location of 
the canister in good rock outside the disturbed zone caused 
by the excavation, and a position vertically downwards 
below the tunnel bottom is favoured. The merits of a 
horizontal position are, however, also analyzed such as: 

Self-drainage of holes. 
Less volume of deposition tunnel per canister when 
positions are located in each wall of the tunnel. 
Weight of canister distributed over larger bentonite 
surface. 
Less excavated disturbed zone in rock wall. 
Canister sealing weld may be located in the bottom of 
hole and weld finish can be placed downwards. 
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In conjunction with the comparison of different reposi
tory concepts in the PASS study /5-4/ the economy of the 
KBS-3 concept was also assumed to be possible to im
prove by the location of two canisters in each hole, which 
also is considered. The repository planning strategy is 
requesting a detailed engineering in accordance with the 
definitions of the first step before the second step is started. 
Only the vertical position has so far been studied to that 
detailed level. During 1994 preparations have started to 
evaluate the pros and cons with other canister position 
options in order to provide the basis for comparison, and, 
in case of a positive outcome, further engineering studies. 

The technical studies on deep repository system com
prise developing and adapting known technologies, R&D 
results etc. to the repository conditions and to choose and 
develop e g underground excavation methods, method and 
equipment for canister and buffer emplacement, compac
tion technique for the bentonite blocks, design and appli
cation of plugs and seals after disposal. Studies, dis
cussions and planning has taken place on a broad range of 
topics during 1994. A more detailed presentation of these 
studies are given in Chapters 13 and 15. 

5.5 SITE INVESTIGATION 
PROGRAMME 

As a preparation for the forthcoming site investigations for 
candidate repository sites, work has been carried out in the 
following fields: 

development of the geoscientific investigation pro
gramme, 
preparation of techniques and routines for data 
management, 
preparation of instruments and methods, including 
development, refinement and investment, etc. 

A general base for the planning work is the experiences 
from earlier site investigations, including the Aspo Hard 
Rock Laboratory (HRL), conducted by SKB. 

The preparation of the site investigation programme is 
going on. The aim of the site investigation is to give site 
specific data for the performance and safety assessment 
and for the layout and constructability analysis for the 
deep repository. Areas for site investigations will be se
lected among possible areas with good prognosis for siting 
of a deep repository which will be evaluated during on
going and planned feasibility studies in a number of mu
nicipalities in Sweden. The site investigations will start 
with an initial step, aiming at investigate whether very 
unfavourable or discriminating geological conditions 
exist or not. The second step, complete site investigation, 
will be carried out at two sites, almost in parallel, accord
ing to present plans. 

The site investigation programme will first of all be 
based on the siting factors of importance for siting a deep 
repository. In special those which are related to the geo-



sphere and which are of relevance for the site investigation 

stage of the siting process. Secondly, the site investigations 

shall reach a general geoscientific understanding .of the 

site, i. e. the area and the rock volume must be described 

and understood with regard to existing conditions and 

ongoing processes. 
Preparation of techniques and routines for data manage

ment involves development of QA-routines, the geologi

cal database and rock modelling and visualization tool. 

Preparation of instrument and methods involves a new 

borehole-TV system, depth calibration of borehole 

measurements, development of high resolution radar etc. 

5.6 ENVIRONMENTAL 
IMPACT ASSESSMENT 

SKB plans for the deep repository include the preparation 

of Environmental Impact Statements. An EIA is formally 
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required for certain facilities in accordance with the Swed

ish Act on the Management of Natural Resources and the 

Act on Nuclear Activities. The deep repository is such a 

facility. 
The first, formal EIAhas to be presented before licences 

of the detailed site characterization. In 1994 the SKB 

continued to prepare what could be referred to as a pre

liminary work, based on a repository design, not linked to 

a given site. 
The studies include the impacts expected from all the 

activities associated with the repository project, from the 

site investigation, via the detailed site characterization, 

construction of the repository, operation of the repository 

system through the final closure and the long-term post

closure phase. 
The content of an EIA should be developed gradually in 

a process where all parties (SKB, municipality, regional 

and national authorities etc.) concerned try to agree upon 

aspects and items to be covered in the EIA. 



6 ENCAPSULATION PLANT PROJECT 

6.1 GENERAL 

The spent fuel elements are stored in water pools in the 

CLAB facility. Before the fuel will be disposed of in a deep 

geological repository it must be encapsulated in a canister. 

In the repository the canister is one of the essential barriers. 

It will keep the fuel elements separated from the ground

water for a very long time. The canister will also provide 

radiation shielding and protection during the handling of 

the fuel in the deep repository. 
The primary requirement for the canister is that it shall 

remain tight for a very long time in the environment that 

will prevail in the deep repository. It must not corrode in 

the groundwater or break from the pressure it is exposed 

to. To achieve these properties the canister is planned to be 

made of an outer shell of copper, which gives protection 

against corrosion and an inner container of steel, which 

gives mechanical strength. One canister can hold either 12 

BWR fuel elements or 4 PWR fuel elements. The canister 

is shown in Figure 6-1. 
Other designs of canisters have also been studied, such 

as a homogeneous copper canister, made by Hot Isostatic 

Figure 6-1. Design of canister for BWRfuel elements. 
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Pressing (HIP) technique, and a copper canister filled with 

lead around the fuel elements. Both these methods require 

that the encapsulation is done at a high temperature. This 

can be avoided with the present copper canister with an 

inner steel container. This fact has been decisive for the 

choice of canister design as the long time function is equal 

for the three types of canisters. 
The encapsulation is planned to be made in a new facility 

to be built in connection to CLAB. This siting gives 

advantages in comparison with other sites to be considered 

for the encapsulation plant. Advantages are e.g. logistics 

for the handling, use of existing resources and minimal 

impact on the environment. 

6.2 DEVELOPMENT OF CANIS
TER DESIGN AND LID 
WELDING TECHNIQUE 

Canister design 
The primary requirement on the canister is that it shall 

remain tight for a very long time in the environment found 

in the geological repository. This in turn puts requirements 

on long-term resistance to external and internal corrosion 

and on the mechanical strength of the canister. The canister 

shall further not affect the other barriers in the repository 

and be designed so that criticality is avoided. Other design 

features will be connected to the manufacturing of the 

empty canisters and to the handling of the canisters. 

The resistance to external corrosion is achieved by the 

use of copper as canister material and by the design of the 

copper canister (to avoid stress corrosion and radiolysis). 

Internal corrosion is avoided by drying the fuel elements 

before emplacement in the canister and by exchanging the 

air in the canister by an inert gas. 
The mechanical strength of the canister is given by the 

inner steel container. Earlier a preliminary design of the 

steel container was made. The basis for the preliminary 

design has been that the container shall resist an external 

uniform pressure of up to 15 MPa with a safety factor of 

3. This allows the canister to also withstand the increased 

pressure foreseen with an ice cover of three kilometres 

(with safety factor 1). The initial temperature is for the 

design assumed to be 100°C. After several thousand years 

the temperature will decrease to an ambient temperature 

near 20°C. 
Studies for the detailed copper canister design are under

way. At present a 50 mm thick copper shell is foreseen 

made of oxygen free copper with a slight addition of 

phosphorous. A minimum total thickness of steel and 



copper is determined to avoid radiolysis in the water 

outside the canister. 
The final design requirements for the canister will in the • 

next design phase be reviewed and specified. 

Welding techniques 
Development of electron beam welding as a method for 

sealing of the copper lid continued during 1994. Earlier 

work had already demonstrated that high quality welds can 

be made in thick section copper at reduced pressure (0.5 

mbar). In the beginning of the year a demonstration facility 

for canister lid sealing was commissioned. It is a welding 

chamber specially built for this purpose at The Welding 
Institute, TWI, see Figure 6-2. The upper part of the 

chamber has a rectangular cross-section to which the 

welding equipment is installed on a sliding seal. In the 

lower cylindrical part the copper cylinder is placed on a 

tum-table. The position of the top of the canister is moni

tored during the welding procedure and the sliding seal as 

well as the rotary motion is control by a computer. This 

way the joint can be tracked and followed even if the heat 

gives a length extension of the copper-cylinder. Once full 

diameter lids can be welded successfully, this chamber can 

be extended to welding full length canisters. 
The benefits of employing reduced pressure electron 

beam welding are as follows: 

Figure 6-2. Canister lid sealing demonstration facility. 

22 

• Outgassing from trapped volumes in the canister is 
not expected to occur and affect the electron beam 
welding process. 

• The integrity of vacuum seals in the chamber does not 
need to be as great for operation in reduced pressure 
(0.5-10 mbar range) as for high vacuum (0.005 mbar) 
systems. 

• Maintaining a positive flow of helium out of a small 
diameter nozzle avoids ingress of metal vapour, ions 
and gas into the equipment. This reduces discharge 
events and associated weld defects. 

During the year a series of 7 lids was welded to 50 mm 

thick copper cylinders with 900 mm diameter. The results 

show that it is feasible to seal the copper canister with 

electron beam welding technique. The quality of the seals 

has been tested by ultrasonic tests and radiography. Small 

defects have been detected and further studied after ma

chining of the sealed area. 
Concurrent with the welding technology development, 

methods for non destructive testing have been investi

gated. Both ultrasonic and digital radiography have been 

tested and the preliminary conclusions are that both 

methods are viable. For best results with ultrasonic testing, 

the copper material will have to be relatively fine-grained 

(<250 µ). The minimum detectable defects, as estimated 

from drilled hole targets, were found to be comparable and 

in the range of0.5 to 1 mm. 
As a first step for development of the future equipment 

for industrial welding of lids a new generation of "high 

power switch mode inverter" is being developed. A proto

type of this electrical supply and control unit will be 

operational at TWI in the spring 1995. 

Manufacturing tests 
The feasibility of manufacturing copper canisters of the 

size needed for the encapsulation of spent fuel will be 

tested by use of two methods; 

• Forming of copperplates to half cylinders to be joined 
by electron beam welding. 

• Extrusion of copper cylinders. 

After machining of the copper cylinder a bottom will be 

welded to it and a steel container will be put inside. The 

first two half cylinders have been manufactured so far and 

four canisters are planned to be manufactured until sum

mer 1995. 

6.3 DESIGN OF THE ENCAP
SULATION PLANT 

General plant description 
It is planned to extend the CLAB facility with buildings 

for the encapsulation plant, see Figure 6-3. The encapsu-
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Figure 6-3. Oven·ie11 of the e11cap.mlatio11 plant adjacent w the CLAB Jt1cilitv. 

la1ion plani shall be designed and con'>truc1ed mainly for 
the encapsulation process. Further shall it be po::.::.ible to 
extend the facility with a process line aho for treatmclll of 
core components. In 1he design work quc..,tiom, regarding 
operation. \afety and maintenance i.hall be studied. 

The encapsulation process starts with 1ransport of the 
fuel elements from the storage pools in the rock cavern\ 
and ends w11h the fuel encap ... ulated in copper cani,ten-. 
prepared for transport to the th.:cp repository. In parallel 
with the encapwlation plant an extension of the spent fuel 
,torage capacit} in CL\B i!> planned by building an addi
tional rod. cavern. Tl11S i::. aho a part of the project. The 
design of the new cavern with storage pool, and handling 
equipments is planned to be based mainly on the same 
technique w,ed for the exi,ung cavern. The cavern i<. 
planned lO be designed for 1200 storage canisters in four 
separate storage pooh. 

Encapsulation process 
In order 10 explore alternative de..,ign:,, and ,1a1e of lhc an 
for the encapsulation process. feasibility s1udie),, were 
pcrfo1mcd during 1993. Evalua1ion of 1he results was 
carried out during 1he winter 1993/94. The -.Ludie.., gave 
many in1eresting propo..,als for technical ,olution., for the 
variom; pa11s of the encapsulation process based on 
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experiem:es from reference facilities. I-or the next design 
phases the Conceptual and the Ba-;ic Design - an 111vi1a
tion 10 tender was sent in the spring 1994 to the variou, 
European compa111es who had contributed with s1u<l1cs for 
the feasibility study phase. 

In June 1994 a contract wa~ awarded 10 BNFL Engin
eering for the Conceptual De-.ign and optional Basic De
-..ign for the encapsulation process. The conceptual design 
work started in the summer and was reported in prelimi
nary documents al the end of the year. Anothcr contract 
was in September awarded 10 ABB Atom for design of 
service systems and ,ervice area, in the encap,ulation 
plant. 

The conceptual dc..,ign work started ba,ed on a prelimi
nary general now diagram for the encapwlation pn>eeM,. 
This flow diagrnm showed a prefem:d process based on 
the evaluation of the result ... from the feasibility ,tudies. 
The diagram showed e.g. that the preparation of the fuel 
1-hould be perfonned in water pools before entering the 
.. hot cell" for drying and emplaceme111 in the ca1m1er. II 
also showed that the encapsulatmn -..hould be carried out 
111 !..eparatc work-staliom,. The work in this fin,1 design 
phase was then focused on "optioneering" for the various 
parts of the proce,s. For each part or 1hc process al1cma11vc 
technical solutiorn, were identified and e\ aluatcd a, a ba.se 
for the conceptual design phase. Pre! i mi nary design of the 



various systems have then been performed and reported in 
preliminary system descriptions with drawings of major 
components. 

The conceptual design phase can be summarized with 
the following general description of the steps in the plan
ned process. 

The fuel is transferred from CLAB via the existing 
fuel elevator. 
After checking (safeguards), monitoring (power and 
reactivity) and sorting (to get the right power in the 
canister) the fuel is transferred to the dry handling 
cell. In the handling cell the fuel is dried and placed 
in the canister. Before the canister is moved to the next 
work-station a temporary lid is fitted to avoid conta
mination. 
In the filling cell the air in the canister is replaced by 
inert gas. Finally a steel lid is attached to the inner 
steel container. 
In the next station, the welding station, the copper lid 
is put on the canister and sealed by electron beam 
welding. 
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The canister is then transferred to the next station for 
machining and non destructive testing and finally 
contamination check before transfer to the buffer 
storage. 

6.4 ENVIRONMENTAL IMPACT 
ASSESSMENT 

From the start of the project close contacts have been held 
with representatives of the local community to explain the 
project and to explore the requests of the community. In 
the autumn of 1994 a formal discussion about the contact 
of the environmental impact assessment (EIA) took place. 
A working group has been created. It is chaired by the 
county authorities and has representatives from the 
Oskarshamn community council, the Nuclear Power In
spectorate (SKI), the Swedish Radiation Protection In
stitute (SSI) and SKB. 

The community has engaged a local coordinator for 
information transfer to the local population and for 
knowledge build-up in the community. This work is fin
anced by money from the Waste Funds. 



7 SUMMARY OF RESEARCH, DEVELOPMENT AND 

DEMONSTRATION· ACTIVITIES 

7.1 GENERAL 

According to the 12§ of the Act on Nuclear Activities the 

owners of the nuclear power plants are responsible for 

conducting research, development and other measures 

necessary for the safe handling and disposal of radioactive 

wastes arising from the nuclear power production. A pro

gramme for conducting the necessary activities must be 

submitted to the pertinent authority every third year. By 

the end of September 1992 SKB accordingly submitted its 

third RD&D-programme to the Swedish Nuclear Power 

Inspectorate - SKI. The programme was sent by SKI for 

review and comment to about 50 different authorities, 

institutes, universities, local community safetyboards, en

vironmental groups and other organisations. Based on the 

comments received and their own internal review SKI 

submitted their comments to the government by the end of 

March 1993. 
An independent review of the RD&D-Programme 92 

was made by KASAM - the Swedish National Council for 

Nuclear Waste Management. They gave their comments in 

a report to the government by the end of June 1993. 

The government decision on the programme was given 

December 16, 1993. It included the following statements: 

"The government finds like SKI that RD&D-Programme 

92 meets the requirements expressed in 12 § of the act on 

nuclear activities." 

"Like SKI and KASAM the government accepts SKBs 

plans for studies of different alternatives and system de

signs." 

"The government finds like SKI and KASAM that the 

change of the programme has considerable advantages 

even if the long-term performance of the repository not can 

be demonstrated .... " 

"The government decides that the following conditions 

shall apply for the continued research and development 

activities. 

SKB shall supplement RD&D-Programme 92 by ac

counting for 

the criteria and methods which can form a base for 

selection of sites suitable for a deep repository, 

a programme for delineation of prerequisites for the 

encapsulation plant and the repository, 

a programme for the safety analyses that SKB plans 

to establish, 
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an analysis of how different measures and decisions 

will influence subsequent decisions within the dis

posal programme." 

A supplement covering these points was submitted to 

SKI in August 1994 and then sent for review by SKI to the 

same reviewers as for the main report. By the end of 1994 

SKI submitted their review report to the government. They 

found that "concerning siting, safety analyses and commit

ments by different decisions has SKB given the account 

requested by the government in the decision 1993-12-16. 

Concerning design premises for the encapsulation plant 

and the repository the account is, however, partly incom

plete". 

A summary of the Supplement to RD&D-Programme 92 

is given in chapter 12 together with a brief account of the 

general SKI comments. 
The government decision on the supplement is expected 

to be taken in the spring of 1995. 

The work carried out during 1994 has in general fol

lowed the 1992 RD&D-programme. The expenditures for 

research and development within the SKB budget were 

185.5 MSEK of which 59.4 MSEK were investments in 

the Aspo HRL as compared to 180.3 MSEK and 78.2 

MSEK respectively during 1993. 

This chapter gives a brief overview of some of the main 

R&D-activities. A more detailed account of the progress 

of R&D-activities is given in chapters 13 through 20 and 

in a separate annual report for the Aspo Hard Rock Labora

tory. 

7.2 

7.2.1 

SAFETY ANALYSIS 

General 

As mentioned above the Government decision on RD&D

Programme 92 stipulated that a supplementary account 

should be submitted. With regard to the safety assessments 

it was found that the safety assessment methods that SKB 

uses should be further developed, especially with regard 

to how uncertainties are to be clarified and integrated. A 

strategy for the review of the relevance (validity) of the 

models should be developed based on the safety require

ments of the safety assessments. It was further required that 

SKB with regard to the safety assessments shall supple

ment the RD&D-programme with a programme for the 

safety assessments that SKB intends to prepare. 

In this supplement SKB has declared its intention to give 

an account of safety and radiation protection matters for 



both the operating phase and the post-closure phase at all 
important decision occasions. This will be done 

• in the form of (preliminary or final) safety reports 
(PSR/FSR) for the activities and the processes 

in the encapsulation plant 
in connection with transports and 
in the deep repository, as well as 

• in the form of safety reports on integrated assessments 
of the long term performance of the deep repository 
after deposition and closure. 

The evaluation of operating safety at waste facilities can 
be done in all essential respects using the same methodo
logy as is used for other nuclear facilities. 

In the programme for coming long-term safety assess
ments, the organization of the work and the methodology 
for performance and safety assessments for a deep reposi
tory are presented. 

The programme during the forthcoming six-year period 
aims at producing: 

• background data for sizing and designing the reposi
tory with respect to safety; 

• a suitable structure for how the safety assessment is 
to be presented; 

• a safety report on the long-term performance of the 
repository based on general data and preliminary site 
data prior to construction of the encapsulation plant, 
and a safety report (PSR) for the encapsulation plant; 

• a safety report on the long-term performance of the 
repository based on data from site investigations prior 
to detailed characterization for the deep repository 
and a general safety report (PSR) for the operation of 
the deep repository. 

In their review of the supplement SKI found that the 
presented plan for future safety assessments is well 
adapted to its purpose, and the description of how the 
assessments will be done is a good starting point for a 
dialogue between the stakeholders on the content and 
methodologies. 

7.2.2 Scenario methodology 

The first step in a safety analysis after defining the appro
priate system and system boundaries is to develop the 
scenarios to be analysed. The scenarios should cover a 
wide range of possible future events and together they 
should give a broad perspective on the safety margins of 
the total system. 

The first step in the scenario development methodology 
is to describe the repository system and the relevant pro
cesses involved. All the relevant features, event and pro
cesses (FEPs) that are found are assigned to either the 
Process System (a description of the repository system in 
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question) or regarded as external FEPs that might in
fluence the Process System. 

The RES methodology has been used in some applica
tions in SKB and seems so far be a good system to 
visualize the Process System in a comprehensive and 
transparent way. Further development and use of the meth
odology together with a linking to FEPs databases are 
under way. 

The last step in the scenario methodology is to select the 
actual scenarios to be subject to quantitative evaluation. 
The above mentioned scheme seems to be a helpful tool 
to find the most important and interactive pathways 
through the Process System and also for finding processes 
and issues that can be given less priority. All decisions can 
be documented and put in relation to the schemes and 
thereby the overview of the decision process and the 
motivations will become clearer. 

There will always be a certain amount of expert judge
ment in some parts of the scenario selection process but 
with a careful documentation of the above mentioned steps 
these more subjective expert judgements can be put to a 
minimum. 

7.2.3 Performance assessment of a 
copper/steel canister 

The Swedish system for the final disposal of spent nuclear 
fuel is based on a copper canister with a very long lifetime. 
In 1992 different canister designs were compared and 
ranked. The outcome was that a steel canister with a 
copper overpack was the most favourable alternative, 
partly for fabrication-related reasons and partly in view of 
the assessment of the mechanical integrity of the canister. 

The long time performance of this canister has been 
evaluated earlier, but a more complete assessment was 
made to clarify if the copper/steel canister meets the same 
safety standard as the previous reference designs. 

The study indicates that the copper/steel canister meets 
very high safety standards and that the new scenarios 
pertinent for the new design can be treated in an acceptable 
way. Main conclusions from the preliminary study were: 

The long-term effect of the hydrogen gas generation 
will depend on the generation rate and the ability of 
the bentonite barrier to permit the escape of the gas. 
A number of alternative gas migration routes through 
the bentonite have been considered, including both 
the dissolution of gas in the groundwater and the flow 
of a gas phase. The amount of gas that could escape 
through the bentonite by dissolving in the ground
water and diffusing away from the canister is small 
compared with the maximum gas generation rates that 
have been considered. Gas-phase flow through the 
bentonite must therefore represent the primary route 
for the gas to escape. 
The relationship between the pressure drop across the 
bentonite and the resulting gas-phase flow has been 



addressed. The scope of the analysis has been limited 

by the lack of availability of experimental data relat

ing to the mechanisms controlling gas-phase flow 

through water-saturated bentonite. 

Two crucial questions need to be addressed in the 

future with regard to the passage of gas through the 

bentonite and the degree of overpressurization of the 

canister. These questions relate to: 

The numbers (and size) of capillary-like path

ways that are present in the bentonite. If the 

pathways present in the bentonite are sufficient 

in numbers and in size to permit gas-phase flow 

at the maximum generation rate without ap

proaching the swelling pressure too closely, then 

the gas will be able to escape through the bento

nite and make its way in due course to the surface. 

The behaviour of the bentonite in response to 

increasing gas pressure, with respect to the en

largement of existing pathways and the formation 

of new pathways. If the pathways are insufficient, 

then it becomes important to consider the forma

tion and enlargement of pathways by the 

displacement of clay aggregates. The effective

ness of this process will determine whether the 

gas can escape while avoiding any excessive 

increase in gas pressure in the canister that might 

compromise the integrity of the repository. 

Once the gas has escaped from the bentonite, it will 

pass through into the tunnel area and the damaged 

zone. Gas-trapping in these zones could cause a small 

delay in the passage of the gas to the surface, but is 

unlikely to be significant over the long time scales that 

are considered in performance assessment. Transport 

of dissolved gas by diffusion or by advection in the 

groundwater flow is unlikely to represent a significant 

transport pathway at the gas generation rates con

sidered. 
The gas will eventually pass into the rock overlying 

the repository. Two alternative approaches have been 

adopted to assess the ease with which gas can pass 

upwards through the rock towards the surface. Both 

the continuum model and the discrete fracture model 

results suggests that there is ample capacity to trans

port gas away from the repository and up towards the 

surface. 

7.2.4 Modelling of transport in the far 
field 

Development for a Channel Network Model has been 

focused on improving the dispersion behaviour in the 

model. One option may be to include ideas from the field 

of self-similarity and fractals. A few algorithms have been 

tested. Work has also been devoted to using a system where 

only the fracture zones are represented. Each fracture zone 

within the target area would then be modelled as a 3D 
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block consisting of a channel network. Finally, some de

velopment has also been focused on how to enable the 

model to use site specific data. 

A series of verification studies have been carried out on 

HYDRASTAR. In general the agreements were found to 

be satisfactorily for all cases studied. Together with earlier 

studies on verification this help to build confidence that 

the code will produce correct results when applied to 

realistic cases. Use of hydraulic interference tests will 

probably improve simulation results by the large scale 

connectivity information. 

Within the Aspo International Task Force a modelling 

of groundwater flow and transport of solutes is made using 

the large data base at Aspo. 

The Channel Network Model was with comforting re

sults applied to data from the Aspo site as a part of the Aspo 

Task Force work to model the large scale pumping and 

tracer test. A region of Aspo was simulated and the calcu

lated drawdowns in boreholes were compared with the 

actual experimental outcome. The tracer tests were also 

analysed. Much work was focused on obtaining model 

parameters using available field information. In the per

spective of a Channel Network approach, some parameters 

are lacking in the Aspo data. 

7.3 

7.3.1 

SUPPORTING RESEARCH 
AND DEVELOPMENT 

General 

Chapter 15 in part II summarizes activities both on general 

development of understanding and databases in areas rele

vant for repository safety, and on specific supportive re

search actions that has been initiated to clarify unresolved 

issues. It is divided into sections on Spent Fuel, Canisters, 

Buffer and Backfill, Geoscience, Chemistry, Natural Ana

logue Studies, and The Biosphere. 

7.3.2 Engineered barriers 

The studies of spent fuel behaviour in the repository envi

ronment have provided results on the fuel pellet rim zone, 

on fuel corrosion, on alfa radiolysis and on fuel natural 

analogues. The experimental programme at Studsvik in 

progress since 1982 has accumulated contact times of up 

to 13 years on BWR fuel and 9 years on PWR fuel. 

Experimental studies of spent fuel fragments in contact 

with bentonite has indicated that technetium released from 

the fuel as TcO4 is reduced to Tc(IV) and strongly sorbed 

in the bentonite. 

The work on canister materials is now included in the 

encapsulation project, see chapter 6. 

Studies of buffer and backfill include testing and mod

elling of the physical behaviour and heat conductivity of 

water saturated and nonsaturated bentonite. Documenta

tion of bentonite longevity has continued as well as the 



studies of cement-clay interaction. Work on alternative 

backfill materials to the sand/bentonite mixture has been 
initiated. 

7.3.3 Geoscience 

The general geoscientific programme comprises activities 

which among others attempt to quantify probable impacts 

of earthquakes, glaciation and land uplift. These activities 

emphasise long-term geodynamic processes in the Baltic 

Shield, such as postglacial faulting and glacial impacts on 

hydrogeology and ground water chemistry. 
During 1994 the geoscience programme has focused on 

coupled processes. 
A time dependent glaciation model of Scandinavia was 

developed during 1992. The ice sheet model reconstructs 

the ice sheet thickness, the ice sheet temperature, includ

ing basal temperature, basal melting pattern and velocity 

distribution. The model has now been coupled to a subgla

cial Darcian groundwater flow model which in tum pro

vides boundary conditions for evaluations of long-term 

hydrogeological evolution at specific sites. 
The next phase of this project has the objectives to 

investigate possible glacially-generated fracturing of bed

rock and generating boundary conditions for a detailed 

study of time-dependent groundwater flow in the Aspo

Laxemar region. A further test of the climate/ice sheet 

model and an understanding of bedrock conductivity will 

be based on the chemical variability and the isotopic 

composition of groundwater recharge including glacier 

meltwater. 

7.3.4 Chemistry 

Included in the chemistry program are investigations of 

radionuclide chemistry and studies of chemical conditions 

that determine solubility, mobility and retention of radio
nuclides in a waste repository. 

Thermodynamic constants that determine the solubility 

of radionuclides are measured in the laboratory. The rele

vant chemical environment is deep groundwater, bentonite 

pore water and concrete pore water. It is necessary to prove 

that redox reactions do indeed occur since they are some

times inhibited. Therefore the kinetics of technetium re

duction has been investigated. It was demonstrated how 

the mobile negative pertechnetate ion is reduced in rock
groundwater to four-valent technetium, which has a low 

solubility and high sorption. 
Humic substances, colloidal particles and microbes 

exist in groundwater. In principle they can influence radio

nuclide solubility and mobility. Bacteria can also mediate 

geochemical reactions which are of importance such as 
oxygen consumption and sulphate reduction. Sampling of 

natural organic substances, colloids, and microbes in 

groundwater is performed at Aspo and Laxemar. Samples 

for comparison are also collected at the analogue investi

gation sites. SKB has together with AECL and ANDRA 
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supported the microbial investigation of the bentonite 
from the buffer mass heater test at URL in Canada. 

Surface complexation and ion exchange models are 

being tested by laboratory experiments in an attempt to 

describe sorption of radionuclides on rock minerals and 

bentonite particles in a more fundamental way. 
Cement has many applications in underground con

struction such as concrete structures, pavement, cement 

grouting of fractures and shotcrete on tunnel walls. How

ever, the normal Portland Cement contain portlandite and 

other hydroxides which create a high pH in the pore water. 

British Geological Survey has performed laboratory 

studies on the geochemical changes induced by cement 

pore water. The BGS-studies are jointly supported by 

NAGRA, NIREX and SKB. 

7.3.5 Natural analogue studies 

Natural analogue investigations are used in performance 

assessment to justify the assumptions made and validate 

the models. The SKB natural analogue program comprises 

four international projects; Jordan, Oklo, Palmottu and 

Cigar Lake, and the study of old concrete constructions 

(Portland concrete). 
The natural hyperalcaline areas found in Jordan are 

being studied as analogues to underground repositories for 

low- and intermediate level waste. Concrete in the waste 

and in the construction of such a repository will have a 
high pH pore water. Typical solid cement phases will form 

and the high pH may influence for example radionuclides 

and organic materials in the waste. The pH of groundwater 

in Jordan hyperalcaline areas reaches values of about 12-
13. Typical solid cement phases are occurring as natural 

minerals and the environment is rich in elements, which 
also occur as waste nuclides. The first phase of the project 

was jointly funded by NAGRA, NIREX and Ontario 

Hydro. SKB participated in the second phase together with 
NAGRA and NIREX. A third phase is now under way, 

jointly supported by HMIP (Her Majestys Inspectorate of 

Pollution), NAGRA, NIREX, and SKB. 
The 2 billion years (2 · 109 years) old reactor zones in 

Oklo, Okelobondo and Bangombe are being investigated 

as analogues to waste repositories. The study is directed 
by the French CEA and supported by EU. Organisations 

from other countries including SKB are participating in 

the study. Our involvement has been concentrated to the 
fossil reactor in Bangombe, which is situated about 20 km 

away from Oklo and Okelobondo. This reactor zone is 

close to the ground surface but has been seemingly well 

preserved. A total of 7 boreholes have been core drilled 

both into the Bangombe zone and outside. These boreholes 

have been sampled for geochemical investigations and 
used for hydraulic measurements. The first phase of the 

project will be finished in 1995. A continuation in a second 

phase is anticipated. Work completed so far has shown that 

the Oklo/Okelobondo/ Bangombe reactor zones hold great 

promise as a natural analog for processes associated with 



nuclear waste disposal. To date, however, direct use of 

these data in performance assessment of repository pro

cesses has not been undertaken. Plans are currently being 

formulated to develop a program that will provide a more 

direct linkage between the analog studies and performance 

assessment. This program will be proposed as a multi

national effort to EU for the next phase of the Oklo project. 

The 1.7 to 1.8 billion year old uranium-thorium deposit 

at lake Palmottu in southwestern Finland has been inves

tigated as a natural analogue to spent fuel in granitic rock 

since 1988. The discontinuous subvertical ore zone is 1 to 

15 m thick and extends from the surface and down to a 

depth of about 300 m. The uranium mineralisation, which 

has been investigated by 62 inclined prospection holes is 

situated in a host rock with the same hydrogeological, 

hydrochemical and geological conditions that are antici

pated for a Finnish (and Swedish) spent fuel repository in 

the Fennoscandian Shield. The uraninite has chemical 

properties in common with spent fuel and the fact that the 

mineralisation extends from the ground surface and down

wards makes it possible to study and compare the geo

chemical reaction of uranium under both oxidising (near 

the surface) and reducing (at depth) conditions. SKB has 

participated in the study. 

The uranium mineralisation at Cigar Lake in northern 

Saskatchewan, Canada, has been studied by AECL as a 

natural analogue to deep disposal of spent fuel since 1984. 

SKB joined the project in 1989 and Los Alamos National 

Laboratory, supported by US DOE, participates since 

1991. The three year phase starting in 1989 was finished 

in 1992 and the final report was issued in 1994. Conclu

sions were drawn in repository performance areas such as: 

UO2 dissolution and stability, clay sealing efficiency, col

loid transport, groundwater chemistry, radiolysis and 

radionuclide migration. Most of the evaluations were fo

cused on repository near-field issues for which Cigar Lake 

is a very good analogue. Due to the wealth of data gath

ered, we decided to continue the evaluation on results that 

are relevant to the SKB concept of spent fuel disposal. The 

working group that was set up for this purpose has com

pleted its task. 
Old constructions made of Portland cement have been 

sampled to investigate the development of the cement 

paste. Samples have been taken from the foundation of an 

old school built at the end of the 19th century in the 

Swedish town Gavle, from a dam (tunnel) in Alvkarleby 

in Sweden built in 1917 and from a 90 year old water tank 

from the castle in the Swedish town Uppsala. The results 

points to the benefits of a tight concrete and no hydraulic 

gradients over the construction. Saturated conditions, a 

tight concrete and stagnant groundwater will improve the 

quality of the cement by slow hydration reactions. 

7.3.6 Biosphere 

The biosphere studies treats the transport of radionuclides 

from the bedrock via primary receptors (e. g. sediments), 
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redistribution in nature and finally calculates the exposure 

dose to man and other biota. 

The activities have gradually switched from investiga

tion of general data, processes and methods, to confirma

tion of the models and methods used and acquisition of 

relevant site specific data. 

International cooperation is very important in the pro

cess of model confirmation. SKB follows and takes active 

part in several international projects i. e. BIOMOVS II and 

VAMP. The RES method has proven to be a useful tool in 

demonstrating process-interactions for different scenarios. 

One way of understanding long time transport processes 

in the biosphere is to study transport of natural occurring 

elements. Some well defined peat bog areas have been 

selected for preliminary analysis of how the variations in 

leached elements from surrounding till is reflected in the 

strata of the bog sediments. 

Site specific data is studied in the Aspo area, and has 

been studied in the Gidea area since the Tjernobyl fallout 

in 1986. These results are being used to calculate the 

realistic dose distribution to critical group, from eventually 

released nuclides. Emphasis is also payed to describing the 

uncertainty and variation in parameter data separately. 

7.4 OTHER LONG-LIVED 
WASTE THAN SPENT 
NUCLEAR FUEL 

Long-lived low and intermediate level waste (LLW and 

ILW) is a third category of waste in addition to spent fuel 

and short-lived LLW and ILW. The quantities are relatively 

minor and the main sources are waste from research acti

vities and used components from the power reactors which 

have been situated inside or near the reactor core ( core 

components and reactor internals). Core components are 

stored at CLAB and research waste are collected, stored 

and conditioned at Studsvik. The present concept for dis

posal of this waste is to build a facility near the repository 

for spent fuel and at a comparable depth. It will consist of 

three parts: SFL 3, 4 and 5. 

SFL 3 is designed as a cavern with concrete caissons 

where waste from Studsvik, operational waste from CLAB 

and the encapsulation plant will be emplaced. SFL 4 

consists of tunnels for decommissioning waste from 

CLAB and the encapsulation plant. SFL 5 consists of 

caverns for the disposal of reactor core components and 

internal parts, all packed in concrete containers. Concrete, 

sand and bentonite will be used as backfill in the various 

parts of the repository. 

The total volume of waste is estimated to about 25 000 

m3
, but strictly taken not all of this falls into the category 

of long-lived waste. More than half of the total volume 

consist of waste which could in principle be disposed of in 

SFR such as operational waste and decommissioning 

waste from CLAB and the encapsulation plant. However, 

SFL 3-5 is also intended to receive all LLW and ILW that 

arises in the post-closure period of SFR. 



At the end of 1992 it was decided to make an inventory 
of waste for SFL 3-5, to continue work on the design and 
to compile data for the safety assessments that will become 
necessary later on. In order to stimulate and direct these 
efforts it was decided to perform a prestudy that started 
early 1993 and ended late 1994. The aim of the prestudy 
was to make a first preliminary assessment of the near
field barriers to radionuclide dispersion. The prestudy has 
been reported in a series of four reports with the following 
titles: 

Low and intermediate level waste for SFL 3-5. 
Testing of Influence Diagrams as a tool for scenario 
development by application on the SFL 3-5 repository 
concept. 
Radionuclide release from the near-field of SFL 3-5. 
A preliminary study. 
Prestudy of final disposal oflong-lived low and inter
mediate level waste. 

The results of the prestudy indicate that the barriers of 
the conceptual design are efficient to protect man and the 
environment from the waste. However, the preliminary 
nature of the prestudy should be remembered and further 
work is needed prior to a complete safety assessment. The 
investigations have therefore been continued in a second 
phase starting in october 94 with the main aim to prepare 
for a safety assessment that will begin by mid 96. The 
second phase of the study of other long-lived waste con
sists of the following parts: 

Preparation of tables with radionuclide content and 
waste composition to be used in a safety assessment. 
Preparation of a chemical data base containing 
information on water chemistry, concrete composi
tion and chemistry, radionuclide sorption, diffusion 
and solubility, organic complexes and colloids. 
Analysis of alternative scenarios (e. g. ice age), hy
draulic influences, the effects of colloids, microbes 
and gas formation. 
Compilation of barrier properties; waste package, 
concrete construction, near-field rock, backfill of 
concrete, bentonite and sand. 
Comparison between different design alternatives. 
Testing and development of transport models. 

Disposal of long-lived LLW and ILW is being studied 
in other countries too. Therefore an informal exchange of 
experience have been established between SKB and the 
organisations ANDRA (France), NAGRA (Switzerland) 
and NIREX (the UK). This is reflected in the prestudy, 
where references have been made to recently published 
data from NAGRA and NIREX. 

30 

7.5 ASPO HARD ROCK 
LABORATORY 

The A.spa Hard Rock Laboratory is being constructed as 
part of the preparations for the deep geological repository 
of spent nuclear fuel in Sweden. An Annual Report 1994 
and Chapter 17 contains more detailed overviews of the 
work conducted. 

The present work is focused on verification of pre-in
vestigation methods and development of detailed investi
gation methodology which is applied during tunnel con
struction. Construction of the facility and detailed charac
terization of the bedrock are performed in parallel. Exca
vation of the main access tunnel was completed in Sep
tember 1994 and at the end of the year only minor exca
vation work remained. The last 400 m of the main tunnel, 
which has a total length of 3600 m, was excavated with a 
5 meter diameter tunnel boring machine (TBM). The 
tunnel reaches a depth of 450 m below ground. 

Office and storage buildings have been completed on 
the A.spa Island as well as buildings for ventilation equip
ment and machinery for the hoist. Together, these build
ings comprise the "A.spa Research Village", which is 
designed to look like other small villages in the surround
ing archipelago. The village was completed in 1994. 

The comprehensive work on data collection for detailed 
characterization of the underground at A.spa was nearly 
completed by the end of 1994. These results will be used 
for a comparison of the predictions made of rock proper
ties and groundwater flow and composition based on 
surface and borehole data with actual observations in the 
tunnel. The management of large quantities of data has 
now been developed to a point where SKB is in possession 
of a data production methodology that meets rigorous 
requirements on quality and overview. The final reporting 
of the experiences and results from the pre-investigation 
and construction phases is in progress. 

To obtain a better understanding of the properties of the 
disturbed zone and its dependence on the method of exca
vation ANDRA, UK Nirex, and SKB have decided to 
perform a joint study of disturbed zone effects. The project 
is named ZEDEX (Zone of Excavation Disturbance EX
periment). The experiment is performed in two test drifts 
near the TBM Assembly hall at an approximate depth of 
420 m below the ground surface. Measurements of rock 
properties have been made before, during, and after exca
vation. The preliminary analysis of the results obtained so 
far indicates that the measurable changes in properties 
induced by excavation of the TBM tunnel are small to 
negligible. 

The Redox experiment in Block Scale was completed in 
1994. The purpose of the block scale redox experiment 
was to investigate the chemical changes when oxidizing 
water is penetrating a previously reducing fracture sys
tems and to evaluate if complete flow paths can be oxi-



dized from the surface to the repository. The experiment 

started in 1991 and lasted until 1994. No oxygen break

through was observed and the chemical composition re

mained constant throughout the experimental time. The 

explanation for this is that the· high content of organic 

matter in the infiltrating surface water has been biologi

cally oxidized at the same time as the dissolved oxygen 

has been consumed. 
Preparations for the Operating Phase have started and 

detailed plans have been prepared for several experiments 

and for a few of them work has already been initiated. 

A "Program for Tracer Retention Understanding Experi

ments" (TRUE) was outlined in 1994. The basic idea is 

that tracer experiments will be performed in cycles with 

an approximate duration of 2-3 years. At the end of each 

tracer test cycle, results and experiences gained will be 

evaluated and the overall program for TRUE revised ac

cordingly. A test plan which details the work during the 

First TRUE Stage has been prepared.Investigations with 

the purpose of identifying a suitable test site within the 

Aspo Hard Rock Laboratory was started late 1994. 

The project Degassing of groundwater and two phase 

flow has been initiated to improve our understanding of 

observations of hydraulic conditions made in drifts, inter

pretation of experiments performed close to drifts, and 

performance of buffer mass and backfill, particularly dur

ing emplacement and repository closure. A pilot test did 

not show any degassing effects due to a very low gas 

contents in the hole selected for the test. 

The CHEMLAB probe is built to conduct validation 

experiments in situ at undisturbed natural conditions. This 

is a borehole laboratory built in a probe, in which migration 

experiments will be carried out under ambient conditions 

regarding pressure and temperature and with use of the 

formation groundwater surrounding the probe. The manu

facturing of the probe is presently under way. 

The Aspo HRL provides an opportunity for demonstrat

ing technology that will be used in the deep repository. The 

need to integrate existing knowledge and build an (inac

tive) prototype of a deep repository is recognized within 

SKB. A part of a deposition tunnel will be built and 

backfilled at Aspo. In conjunction with planning, design 

and construction, work descriptions and quality plans are 

being prepared which can later be used for the deep repo

sitory. The objectives include translating scientific 

knowledge into engineering practice, testing and demon

strating the feasibility of the various techniques, and dem

onstrating that it is possible to build with adequate quality. 

A programme for the prototype repository was prepared 

during 1994. 
A "Task Force" with representatives of the project's 

international participants has been formed. The Task Force 

shall be a forum for the organizations supporting the Aspo 

Hard Rock Laboratory Project to interact in the area of 
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conceptual and numerical modelling of groundwater flow 

and solute transport in fractured rock. The evaluation of 

Task No 1, the LPT2 pumping and tracer tests, is in 

progress. A wide variety of conceptual as well as numerical 

models have been used to predict water flow and tracer 

breakthrough in this rather large scale. Task No 2 on 

modelling tracer transport in a single fracture was finalized 

during 1994. The hydraulic impact of the tunnel excava

tion at Aspo HRL was defined as the 3rd Modelling Task. 

The objective will be to evaluate how the monitoring and 

the study of the hydraulic impact of the tunnel excavation 

may help for site characterization. This will be an exercise 

in forward as well as inverse modelling. 

Presently (April 1995) eight organizations from seven 

countries participate in the work at the Aspo Hard Rock 

Laboratory and contribute in several ways to the result 

obtained. The results of this work are reported in the Aspo 

International Cooperation Reports. 

During autumn 1994 negotiations with Bundesministe

rium fiir Forschung und Technologie (BMFT) in Germany 

has been taken place regarding cooperation in the Aspo 

Hard Rock Laboratory. 

7.6 ALTERNATIVE METHODS 
The main direction of the SKB RD&D-programme is 

towards completing the first step with deposition of some 

5-10% of the spent fuel in a repository within about 20 

years time. In parallel the work on alternative treatment 

and disposal methods is followed and supported in a 

limited scale. 
During the last few years the possibility for partitioning 

and transmutation oflong-lived radionuclides into shorter

lived isotopes (P&T) has attracted renewed interest. SKB 

supports some work in this area at the Royal Institute of 

Technology (KTH) in Stockholm and at Chalmers Institute 

of Technology (CTH) in Gothenburgh. The work at KTH 

is emphasized on safety related issues and at CTH on 

processes for partitioning. A status report on the P&T-work 

is planned for 1995. 
SKB is also planning further research work related to the 

disposal in very deep boreholes. 

7.7 INTERNATIONAL COOPER
ATION 

SKB has considerable programmes for international co

operation. The most prominent are through several bilat

eral information exchange agreements and the interna

tional participation in the Aspo Hard Rock Laboratory. 

These programmes are summarized in chapter 19 of Part 

II. 



8 COST CALCULATIONS 

8.1 COST CALCULATIONS AND 
BACK-END FEE 

According to Swedish law all back-end activities includ
ing the decommissioning of the nuclear power plants are 
the responsibility of the nuclear power plant owners. The 
costs are covered by a fee on nuclear electricity paid to the 
State and collected in funds, one for each nuclear power 
plant. The fee is set annually by the government. 

Each year SKB calculates the future electricity produc
tion and the future costs for the back-end operations related 
to this electricity production. The results of the 1994 
calculations were presented in PLAN 94 /8-1/. The total 
future electricity production (from 1994) was estimated to 
be about 1 150 TWh, if all twelve reactors are operated to 
the year 2010. Up to the end of 1993 about 850 TWh have 
been produced making a total of about 2 000 TWh in the 
Swedish programme. For this production a fuel amount of 
about 7 810 tonnes ofU is required. 

The total future back-end costs were estimated to be 
about GSEK 47.6 (price level of January 1994) 1 GSEK = 

109 SEK "" 0.14 · 109 US$. Up to and including 1994 
already GSEK 9.7 have been spent. The total cost for the 
back-end of the nuclear fuel cycle is thus about GSEK 
57.3. The breakdown of the costs are roughly (old repro
cessing costs excluded): 

Transportation of waste 

Interim storage of spent fuel 

Encapsulation and final disposal of spent 
fuel and long-lived waste 

Final disposal of operational and nuclear 
power plant decommissioning waste 

Decommissioning and dismantling of 
nuclear power plants 

Miscellaneous including R&D, 
pilot facilities, and siting 

5% 

17% 

40% 

5% 

22% 

11% 

Based on SKB 's cost calculations and a discussion about 
the time of operation of the reactors and the estimated real 
interest rate, the government has decided that the fee for 
1995 shall be SEK 0.019 per kWh on an average. This is 
the same fee as for the last twelve years. 

The fee is periodically paid into funds at the Bank of 
Sweden. These funds are administrated by The Swedish 
Nuclear Power Inspectorate (SKI), who in 1992 took over 
this responsibility from the previous National Board for 
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Spent Nuclear Fuel, SKN. The total sum in the four funds 
was at the end of 1994 about GSEK 15.4, an increase by 
GSEK 2.1 during 1994. 

In 1994 a review of the financing system and the man
agement of the funds was made by a Government Com
mission. The conclusions of the Commission were that the 
financing system has worked well, but could be improved 
in the following ways: 

the funds that are at present put in interest bearing 
accounts in the Bank of Sweden should be invested 
with the aim of attaining a higher return than is cur
rently possible, while still having a high security, 
the responsibility of the utilities to pay all the costs for 
the radioactive waste management should be made 
more apparent by the introduction of formal guaran
tees from the utilities, 
with the introduction of guarantees, the contingencies 
normally included in the fees could be removed so that 
the fees in the future should reflect the probable costs. 

The proposal is now studied by the Government and a 
proposal to Parliament to change the Financing Act along 
these lines is expected in 1995. 

8.2 REPROCESSING 

The Swedish policy for the management of spent fuel is 
the once-through strategy without reprocessing of the 
spent fuel. SKB has therefore transferred the rights to use 
its contracts with COGEMA to other customers. 

A small portion of the Swedish spent nuclear fuel ( about 
140 tonnes) is planned to be reprocessed at BNFL's facility 
at Sellafield. 

8.3 DECOMMISSIONING OF 
NUCLEAR POWER PLANTS 

In 1994 a comprehensive study of the technology and costs 
for decommissioning the Swedish nuclear reactors was 
completed /8-2/. The study was focused on two reference 
plants, the boiling water reactor (BWR) Oskarsharnn 3 and 
the pressurized water reactor (PWR) Ringhals 2. Sub
sequently the result from these plants have been translated 
to the other Swedish plants. 

The study gives an account of the procedures, costs, 
waste quantities and occupational doses associated with 
the decommissioning. Dismantling is assumed to start 



immediately after removal of the spent fuel, i. e. one - two 
years after final power production and the site is restored 
after decommissioning so that it can be used without 
restriction for other industrial activities. 

The study shows that a reactor can be dismantled in a 
radiologically safe manner. Most of the equipment that is 
required is already available and is used routinely for 
maintenance and refurbishment at nuclear power plants. 
Some special equipment will be needed, in particular for 
the cutting of the reactor pressure vessel. 

The dismantling of one reactor unit can be accomplished 
in about five years, with an average labour force of about 
150 persons, with a maximum of 300 persons during a 
shorter period in the beginning of the dismantling works. 

The cost of decommissioning Oskarshamn 3 was esti
mated to be about MSEK 940 in January 1994 prices. The 
estimate for Ringhals 2 was MSEK 640. In total for all 
twelve reactors the cost of dismantling will be MSEK 8 
800. 

Additional costs are incurred for the period from shut
down to start of dismantling. These are dependant on the 
length of this period, and will at a minimum amount to 
MSEK3000. 
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From the decommissioning of all twelve Swedish reac
tors a total of about 140 000 m3 ofradioactive waste will 
be generated (the exact amount of waste depends on how 
much material that will be decontaminated). Most of this 
will be transported to the SFR final repository at Forsmark. 
The cost for transportation and disposal is estimated to 
MSEK980. 

SKB 's engagement in the OECD/NEA international co
operative programme on decommissioning has continued 
during 1994. SKB is responsible for the programme coor
dinator function. The programme comprises 29 decom
missioning projects in 11 countries. The majority of the 
projects are small first generation power demonstration 
reactors. 

The projects include all stages of decommissioning from 
preparation for a long-term rest and surveillance period of 
the plant to a total dismantling. Examples of the latter are 
the Shipping port reactor in the USA where the disman
tling was completed in 1988, the Japanese JPDR reactor 
and the German Niederaichbach reactor where the dis
mantling has been almost completed. 



9 NUCLEAR FUEL SUPPLY 

Sweden imports all uranium for its nuclear power plants, 
and the purchasing is normally handled by the utilities. 

SKB is in charge of industry-wide coordination and 
matters relating to market surveys, strategic stockpiling of 
uranium and certain purchases of enriched uranium. 

9.1 NATURAL URANIUM 

The Swedish nuclear power plants have annual require
ments of about 1 600 tonnes of natural uranium. These 
requirements are met by producers from Australia, Ca
nada, Kazakstan, Uzbekistan and the Russian Federation. 
The uranium is mined mainly in modem mines, mostly 
open-pit mines. Production from Kazakstan and Uzbekis
tan is mined by in-situ leaching, ISL, which is a method 
that gives small impact on the environment. 

There are important stocks of uranium both in the west 
and in CIS-countries. As these stocks are now being sold, 
both the long term price and the spot price have been 
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Figure 9-1. Long term and spot prices for uranium. 
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lowered in recent years, in spite of the fact that uranium 
production is declining, see Figure 9-1. A new source is 
coming to the market as high enriched uranium from 
nuclear weapons disarmament will be diluted to low en
riched uranium in the Russian Federation and sold to the 
US. 

In Sweden there are low-grade uranium resources, how
ever the cost of producing from these resources would be 
much above world market prices. There was some produc
tion in southern Sweden from shales near Ranstad in the 
late 1960-ies. That area is now being restored by the SKB 
sister company SVAFO. 

9.2 CONVERSION AND 
ENRICHMENT 

Conversion is a chemical process for production of 
uranium hexafluoride from uranium concentrates. Natural 
uranium contains 0.71 % of the isotope uranium-235. En-

Long term prices 

1989 1990 1991 1992 1993 1994 

Long term price 
Spot price 

= Average price for long term deliveries to the European Community. 

= Average spot price each month for the unrestricted market, published by the German company 

NUKEM. 
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Figure 9-2. Gas ce11tr/{11ges in the Ural Electrochemical /111egrated Plant for enrichment of 11ra11i11m. 

richmem is a proces~ to increase this content up 10 3-5% 
of uranium-235. This low enriched uranium is a suitable 
fuel for light water reactors which are used in Sweden. 

The Swedish utilities have a diversified and reliable 
supply of conversion services from Canada, France. 
United Kingdom and Lhe USA. There is also a reliable 
supply of l!nrichment services from Eurodif in France. 
Urcnco in the Netherlands, the United Kingdom and Ger
many. and USEC in the USA. 

Techsnabexport Co Ltd in the Russian Federation de
livers low enriched uranium to the Swedish utilities, which 
means that this includes both natural uranium. conversion 
and enrichment. Deliveries to Sweden come from the Ural 
Electrochemical lmegrated Plam in NovouraJsk. see 
Figure 9-2. SKB transports such low enriched uranium by 
the ship M/S Sigyn from the pon of St Petersburg 10 Lhe 
fuel fabrication plant in Vastcras, Sweden. 

9.3 FABRICATION OF FUEL 
ASSEMBLIES 

The Swedish Util ities are purchasing fuel fabrication ser
vices with the objective of lowest fuel cycle cost. This 
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procedure has led to many orders 10 ABB Atom. but also 
orders to French, Gem1an. Spanish and US companies. 

Fabrication of fuel assemblies both for BWRs a11d for 
PWRs as well as BWR channels. BWR control rods and 
other components is done in Sweden at the ABB Atom 
plant in VaMen'b. 

Fuel fabrication at ABB Atom was around 210 tonnes 
of U02 for nuclear fuel during 1994. Of this volume about 
90 tonnes were exported to Belgium. Finland. France, 
Germany and Swiu.erland. The fuel assembly design 
SVEA 96/100 where the fuel rods are divided into four 
minibundles with 5 x 5 rods separaced by a water cross. is 
now the dominating BWR fuel manufactures in Sweden. 

The SYEA fuel utilizes the energy from the fuel rods in 
a better way, which means that about I 0% more energy 
can be produced from a given amoum of enriched uranium 
compared with the earlier type of fuel. 

9.4 NUCLEAR FUEL STOCK
PILE 

SKB is responsible for holding a strategic stockpile of low 
enriched uranium and zirkaloy, con-esponding to an elec
tricity production of 35 TWh. This amoum has been de
cided by the Swedish parliament. 



Uranium in the above mentioned stockpile, in fuel under 

fabrication and at the nuclear power stations is sufficient 

for about two years of operation of the twelve reactors in 

Sweden. 

Table 9-1. Costs for nuclear fuel in 1994. 

SEK/kWh 

Natural uranium 0.007 

Conversion 0.001 

Isotope enrichment 0.007 

Fuel fabrication 0.009 

Strategic stockpile 0.001 

Total nuclear fuel 0.025 

Million SEK 

in 1994 

490 

70 

490 

630 

70 

1750 
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9.5 COSTS 

The costs for front end supply of nuclear fuel in 1994 in 

Sweden are shown in Table 9-1 (the production of nuclear 

electricity was 70.2 TWh in 1994). 
The costs for nuclear fuel have decreased in recent years, 

however there was an increase in 1993 in SEK due to the 

lower value of the SEK in comparison with currencies such 

as USD, DEM and FRF. This is shown in Figure 9-3. 
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Figure 9-3. Nuclear fuel costs 1983-1994. 



10 CONSULTING SERVICES 

10.1 BACKGROUND 
The international review of the KBS reports ( 1978-84) 
made SKB'i. activities internationally recogni,ed. Since 
then SKB has actively panicipnted in international cooper
ation activities and strengthened its position as an attract
ive partner. As a consequence foreign organi,ations have 
shown an interc,t 111 contracting SKB for services in their 
own programs. 

The international interest for SKB has several reasons. 
Sweden ha<, developed a well functioning sy,tem for tran,
ports and disposal of radioactive waste. SKB has a facility 
for interim storage of spent fuel (CLAB) and a repository 
for low- and 111tennediate-le\'cl wa,tc (SFR). In addition 
SKB has a comprehen'>ive RD&D program and a broad 
tlistribuLion of technical reports. 
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Figure JO-I. {l,e SKB Co11.1·11lti11,: Sen1ices. 
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Smee 1984 there is a special group - NWM (Nuclear 
Waste Management) - within SKB for marketing and 
management of external services. For each assignment a 
tailored project team is organi,ed v.ith due consideration 
of the competence required. sec Figure 10-1. It may be 
experts from SKB's own staff or from groups contracted 
for different ta,k!. in the Swedish radioactive waste man
agemenL program. 

SKB 's external services shall. of course. carry their own 
costs with some margin. They arc. however. also of value 
by ,timulating the staff. improving their competence and 
broaden their viewi.. 

Since 1984 more than 100 assignments have been ac
complished for organt✓ations 111 Australia, Belgium. Ca
nada, Czech Republic, Finland, I lungary, Japan, Lithua
nia, Estonia. South Korea, Spam. Swi11erland. Taiwan. 

Client's Expert 
Groups 

Client 



United Kingdom and USA. The assignments have dealt 
wilh long-term safety, overall planning, canister and buffer 
materials. transports, field investigations, site selection. 
decommissioning and facility design. 

10.2 NWM WORK DURING 1994 

During l 994 SKB was contracted by organizations in 
United Kingdom, Estonia, Lithuania. Finland, Japan, 
Spain. Canada and Taiwan. Marketing activities have been 
going on in a number of countries among them lhe Russian 
Federation. China. Republic of Korea. Taiwan and Hun
gary. In all. some fifteen assignments have been con
cluded, distributed over eight countries. 

The marketing has as in the past year been focused on 
East Asia and Eastern Europe. The Republic of Korea 
become at the end of the year of special interest. since the 
governmenL made publicly known the site for the planned 
radioactive waste managemenL center, which among other 
will host a rock cavern type repo1>itory for short lived 
waste. 

The activities in Lithuania had high priority during 
whole the year. Unfortunately the project start for U1e 
in1crn1cdiate spent fuel storage was delayed l'or a number 
of months because of financial difficulties. However. the 
project finally started at the end of 1994 and storage casks 
manufacturing is scheduled LO April 1995 with lirst de
livery to Ignalina NPP at the end of 1995. 

A compactor for low level waste has been manufactured 
in Sweden and was delivered to lgnalina at U1e end of 
l 994, sec Figure I 0-2. 

A tendering procedure wm, started for a cement immo
bililalion facility forspenL resins. Seven tenders have been 
evaluated and negotiationi> have started with the short-

Figure 10-2. Co111pactnrfor low level waste, delivered 
to lgnalina NPP. 
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Figure l 0-3. /111erior picture from 011e of the 1wo shore
based submarines al Paldiski in Esronia. 

listed ones. A contract is planned to be awarded I.luring 
spring l 995. 

A long-term waste management plan for Lithuania has 
been prepared. Implementation of given recommenda
tions is planned lo start in the course of 1995. 

Decommissioning of the two shorebased nuclear sub
marines is of high priority in Estonia. sec Figure I 0-3. 
SKB is commissioned by U1e Swedish Radiation Protec
tion Institute. SSL to work out a dccommis1>ioning plan. 

Jn cooperation with the Spanish geological company. 
ITGE. SKB has continued to give support in the develop
ment of instruments for hydrogeological borehole instru
ments. 

Japan Nuclear Fuel Ltd. JNFL, has through Mitsubishi 
Corporation commissioned S KB to develop a report re
garding a R&D program for high level waste with priority 
given to geoscientifical questions. 

On behalf of Toyo Engineering Corporation in Japan 
transfer of know-how and operation experiences from 
cenain process system in CLAB has taken place. 

Experiences from the SFR licensing procedure has been 
compiled for the Radwaste Administration in Taiwan and 
presented in the form of a seminar in Taipei. 

A number of radar reflection measurements have been 
carried out in deep boreholes in Finland on behalf of TYO 
as well as LVO. 



11 PUBLIC AFFAIRS AND MEDIA RELATIONS 

11.1 GENERAL 

According lo Swedish Jaw, the nuclear power u1ilities arc 
obliged to lake whatever measures arc needed to manage 
and dispose of the nuclear waste in a safe manner. It is SKB 
who bear, responsibility for thi, in practice. In order to be 
able to build and operate the necessary facilities. SKB 
must win society's confidence in thc me1hods that have 
been developed. A fundamental prerequisite is, of course, 
that SKB should conduct ils activities with a high level of 
scienulic and technical quali1y. But it is also important to 
disseminate information in society abou1 the nature of the 
waMc. in what way it can be dangerous. the research being 
conduclcd and 1he solutions that have been arrived at. 

The electricity consumers who are already paying 1he 
coMs of waste managemenl today are entilled lo com
prehensible information. 

The goal ofSKB's infonnation is to broaden and deepen 
the public's knowledge regarding: 

• The radioactive was1c lhal exist.<; today, and the fact 
that it will pose a risk in the future if it is not deal! with 
properly. The necessary knowledge on different ways 
LO build safe rcpositoric!. exists interna1ionally. SKB 
participates actively in lhc international research. 

• The fundamental ethical and technical principles that 
guide Swedish wruae management policy. The nuclear 
waste shall be deal! wilh in a responsible fashion with 
high standards of'iafely. The planned !.ystcms must be 
designed ,o that we do not ,hifl an) environmental or 
financial burdens 10 fu1ure generation\. 

• The system we have built up in Sweden and that is 
already being used to dispose of all mdioactive wa-,te 
for a long time LO come. 

• The work thal SKB has now begun of siting a deep 
repository for ,pcm nuclear fuel. In 20 years there will 
be a method, a "ite, a \tarted facility and money to 
continue along the chosen path. But freedom mu<;t 
also exist to choose 01hcr solutions. 

11.2 SKB's INFORMATION 
ACTIVITIES 

The most effective way to dis<,eminate infom1ation i, 
two-way human communication. SKB therefore holds ex
hibilions on a large scale. employing it1, own mobile ex
hibition trailer for this purpose. Visits to schools, munici
pali1ic, and cxpo✓fairs of various kinds arc made through
out the year. 
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Figure 11-1. SKB:v transport 1·esse/ MIS Sigyn is 11.red 
during the .m111111er as a J7omi11g exhihitio11 hall. /11 the 
rnrgo hold. visitors meet SKB'.v perso1111e/, who tell them 
aho11t Sweden\ radioacti1·e waste. 

In the summertime. SKB', personnel host an exhibition 
on board the wa<,te transport ship M/S Sigyn. In thi., way 
SKB meets the public, associations and community lead
ers face-to-face, see Figure 11-1. 

SKB's facilities - CLAB. SFR and the Aspo Hard Rock 
Laboratory - arc open to, isitors by appointment and have 
pern1ane11L exhibitions that can be vbitcd year-round. At 
the localities where SKB is initiating or conducting feasi
bility sLUdies, site offices arc opened with their own ex
hibitions. lnterc.,ted persons can come into direct contact 
with representatives of SKB there. 

During 1994 sKB·s exhibition trailer visited 11 e>.pos/ 
fairs and 26 schools. Tn addition, SKB visited some mu
nicipalities that panicularl} wanted to have more infonna
tion on the deep repository for spent nuclear fuel. Visi1s 



Figure 11-2. SKB conducts extensive information acti
vities i11 Sweden'.~ schools. 

were made to 203 school classes with a total of 5,082 
pupils during the year, sec Figure 11-2. SKB's instruc
tional material Pa djupet ('"At Depth") was used by many 
teachers in the classroom. During the summer. 14 ports 
were called at by the transport ship M/S Sigyn. which 
served as a floating exhibition hall. 

At the exhibitions. SKB's personnel provided infom1a
tion on waste management, research and siting of the deep 
repository. As in previous years. visitors were able to view 
equipment used in the handling of the waste. such as 
transport casks, as well as models of the planned deep 
repository and the canister that is intended to be used. The 
exhibitions were visited by about 61.000 people from the 
general public. school classes. local community and gov
ernment leaders. and associations. 

SKB's facilities were visited by more than 27,000 
people from 32 counuies during 1994. 

In Maia. where SKB is conducting a feasibility study, a 
site office was opened with its own exhibition. see Figure 
11-3. There is a similar office with exhibition in the 
feasibility study municipality of Storuman. 

Figure 11-3. SKB'v site nj]ice i11 Maia. 
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11.3 SKB's INFORMATION 
MATERIAL 

SKB also has a broad selection of information material, 
such as brochures and reports. video cassettes. overhead 
transpm·encies with speaker scripts, audio cassettes. mini
exhibitions. touch-screen computers, etc. 

To make it easier for the public to obtain info1mation. 
SKB offers Frisvar (''Free response''), whereby people 
can write to the company postage-free. and a Loll-free 020 
number. where information can be ordered round lhe dock 
for the cosl of a local call (both these offers arc available 
in Sweden only). 

The basic philosophy is thal everyone who wants to 
should be able 10 find out about the facts, principks and 
future plans for the radioactive waste, and also discuss this 
with representatives of SKB. 

A new video was produced during the year. It is called 
'·Deep repository for spent nuclear fuel" and is about the 
planned deep repository. The film makes heavy use of 
computer-graphic animation. It has been widely dis
tributed and is available al all the audiovisual centres in 
the country. AnotJ1er film has also been produced about 
natural analogues, examples of how nature has isolated 
various materiab over long period~ of time. It i!> a co-pro
duction with Belgium. Canada. Swittcrland. Spain. the 
UK and the USA. 

Lagerbladet. SKB's newsletter. was distributed with 
four issues during 1994. The newsletter has more than 
25,000 subscribers. 
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12 SUPPLEMENT TO RD&D-PROGRAMME 92 

12.1 BACKGROUND 

According to the 12§ of the Act on Nuclear Activities the 

owners of the nuclear power plants are responsible for 

conducting the research, development and other measures 

necessary for the safe handling and disposal of radioactive 

wastes arising from the nuclear power production. A pro

gramme for conducting the necessary activities must be 

submitted to the pertinent authority every third year. By 

the end of September 1992 SKB accordingly submitted its 

third RD&D-Programme /12-1/ to the Swedish Nuclear 

Power Inspectorate - SKI. The programme was sent by 

SKI for review and comment to about 50 different au

thorities, institutes, universities, local community safety

boards, environmental groups and other organisations. 

Based on the comments received /12-2/ and their own 

internal review /12-3/ SKI submitted their comments to the 

government by the end of March 1993 /12-4/. 

An independent review of the RD&D-Programme 92 

was made by KASAM - the Swedish National Council for 

Nuclear Waste Management. They gave their comments in 

a report to the government by the end of June 1993 /12-5/. 

The government decision on the programme /12-6/ was 

given in December 1993. The government decided that the 

programme should be supplemented by SKB by account

ing for 

the criteria and methods which can form a base for 

selection of sites suitable for a deep repository, 

a programme for delineation of prerequisites for the 

encapsulation plant and the repository, 

a programme for the safety analyses that SKB plans 

to establish, 

an analysis of how different measures and decisions 

will influence subsequent decisions within the dis

posal programme. 

The supplement thus requested by the government was 

submitted by SKB to the Nuclear Power Inspectorate in 

August 1994/12-7 /. A summary of the supplement is given 

in section 12.2. 

The inspectorate sent the supplement for comments to 

the essentially same reviewers as for the main programme. 

Based on the comments thus received and their own review 

submitted a review report to the government in December 

1994 /12-8/. SKI's main comments are summarized in 

section 12.3. 
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12.2 SUMMARY OF SKB's 
SUPPLEMENT 

BACKGROUND 

In RD&D-Programme 92, SKB gave an account of its -

and thereby the concerned power industry's -planning for 

deep disposal of the long-lived radioactive waste, includ

ing the spent nuclear fuel, that arises in connection with 

the operation of the Swedish nuclear power plants: 

The goal is to begin deposition in a deep repository 

of a small portion (5-10%) of the spent nuclear fuel 

in 2008, in compliance with all environmental and 

safety requirements. For this an encapsulation plant 

and a deep repository are required. Furthermore, 

additions to the existing transportation system are 

needed to ship the encapsulated fuel from the en

capsulation plant to the deep repository. The basic 

scheme is encapsulation in copper canisters and 

deep disposal in accordance with the KBS 3 con

cept or a closely-related optimized version at a 

depth of about 500 m in the crystalline bedrock. 

The encapsulation plant shall be built as an exten

sion of CLAB. The deep repository shall be built 

on a suitable site in Sweden that both enables the 

stringent safety requirements to be met and allows 

the necessary work to be carried out in consensus 

with the concerned municipality and the local 

populace. The safety and radiation protection as

pects will be thoroughly penetrated and satisfac

torily accounted for before a decision on essential 

binding measures is taken. 

The main strategy described in RD&D-Programme 92 

has been accepted in all essential respects by the regulatory 

authorities and the Government. 

The regulatory authorities also level criticism at certain 

unclear points in the programme. With reference to this 

criticism, the Government decision stipulates that a sup

plementary account be submitted to SKI as follows: 

SKB shall supplement RD&D-Programme 92 by describ

ing 
the criteria and methods that can form a basis for 

selection of sites suitable for a final repository, 

a programme for description of the specifications for 

the design of an encapsulation plant and final reposi

tory, 
- programme for the safety assessments which SKB 

intends to prepare, 



an analysis of how different measures and decisions 
influence later decisions within the final repository 
programme. 

The recommendations made by SKI and KASAM in their 
statements of comment should be taken into consideration 
in the supplementary account to the RD&D-Programme. 

SKB sees this supplementary account as a natural step 
in the continued planning of the measures required to 
implement the approved main alternative. A number of 
important consequential decisions regarding environmen
tal impact assessments, siring, safety reporting, invest
ments, permits under various laws etc. must be made on 
the way up to completed final disposal. Background infor
mation of varying scope is required for these decisions and 
will be provided by the work now begun. Naturally, such 
information can also occasion re-evaluation and changes 
in the chosen main alternative and thereby also affect the 
schedule. 

Some fundamental premises presented in RD&D-Pro
gramme 92 are that: 

• in SKB 's judgement, the current level of knowledge 
makes it possible to proceed from research and devel
opment to implementation, 

• the need for further information on geological condi
tions is chiefly site-related, 

• project-oriented work with clear goals is necessary to 
maintain the level of quality in the work. 

The following report first presents an analysis of differ
ent measures and decisions in response to the last point in 
the Government's stipulations on a supplementary ac
count. The reason is that such an analysis provides an 
overview of the entire process, while the other points deal 
with more specific programmes. 

ANALYSIS OF DIFFERENT MEASURES AND DE
CISIONS 
The requirement for "an analysis of how different 
measures and decisions influence later decisions within 
the final repository programme" concerns both overall 
measures and more short-term measures within the de
cided programme. The overall measures are discussed in 
this section, while the more short-term measures come 
under consideration in the specific programmes. Con
struction of an encapsulation plant and a deep repository, 
encapsulation of spent fuel and deposition of encapsulated 
fuel in the deep repository embrace a large number of 
measures regarding which decisions are made step by step. 
Measures that concern the deep repository embrace a time 
span of sixty years or more from the start of feasibility 
studies up to completed closure of the repository. 

Decisions regarding different measures always entail 
certain commitments in different respects. In this context 
it may be purely physical commitments, i. e. the measure 
entails changing the physical state or properties of the 
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waste in a way that makes it difficult or impossible to 
return to previous states or to choose an alternative path 
later on. It may also be that a decision on a certain measure 
ties up large resources, which in turn means that switching 
to an alternative path is more difficult due to a lack of 
resources. 

In the plan presented by SKB, physical measures that 
directly affect the waste will not be carried out until 
encapsulation has begun after the necessary development, 
design and construction work has been carried out and the 
necessary permits have been obtained from the authorities. 
This will not occur until 2007 at the earliest. However, 
large resources will be committed earlier - especially 
when the construction work for the encapsulation plant is 
begun and when detailed characterization starts for the 
deep repository. 

In the initial construction stage for the deep repository, 
approximately 10% of the spent fuel will be deposited. 
This will be followed by thorough evaluation and a new 
permit will be required to continue along the same path. 
SKB's judgement is, as was asserted in RD&D-Pro
gramme 92, that the deep repository will be expanded to 
full scale. 

The approximately 400 fuel canisters that are deposited 
can, however, be retrieved if this should be deemed desir
able. The cost of such retrieval is estimated at SEK 600 
million. The investments that will then have been made in 
the encapsulation plant and in the deep repository are 
considerable - a total of about SEK 5,000 million, of 
which SEK 4,000 million will be invested prior to the first 
encapsulation of nuclear fuel. 

One reason for retrieval could be, for example, that 
(international) technological developments in the field 
have led to a situation where other handling and/or treat
ment methods for the spent fuel are found to be very 
attractive. Another possible reason could be that it has 
been decided not to continue on the selected site. 

The option of interrupting the deposition work and 
retrieving deposited waste will exist throughout the con
struction and operating periods for the deep repository, but 
naturally at progressively increasing costs. Before the 
repository is closed and sealed, it can be kept under 
surveillance for as long as desired. 

Information on the repository will be filed and the site 
of the repository will be marked in an appropriate fashion. 
Even after closure of the repository, this information will 
make it technically possible for a long period of time to 
retrieve the waste, if desired. After closure, each gener
ation will have to decide what kind of surveillance and 
monitoring they wish to have on the site. 

An important principle for the encapsulation and deep 
repository projects is that each new step shall be based on 
an adequate body of technical data. Regulatory authorities, 
municipalities and other concerned bodies shall be given 
sufficient time to review the material thoroughly before 
making important decisions. At the same time, it must be 
borne in mind that it is important to keep the process 
moving forward at a certain pace, not least for the quality 
of the work. SKB believes that fifteen years is sufficient 



to complete the first construction stage in the deep reposi

tory programme. The necessary facilities are of neither 

such a size nor such a complexity that more time is needed. 

Another important aspect is the interaction between 

supportive research, development, design and construc

tion of the planned facilities. The development work 

within the framework of RD&D-Programme 92 is there

fore being planned with the needs of the encapsulation and 

deep repository projects in mind. An example is the A.spa 

Hard Rock Laboratory (HRL), where the first phase with 

geological investigations and construction will be con

cluded during 1995. It is yielding important material for 

the design of site investigations and later detailed charac

terization for the deep repository. The next phase of ex

periments and investigations at A.spa will similarly yield 

material for safety assessments and for the final design of 

the deep repository and its barrier systems. 

CRITERIA AND METHODS FOR SITE SELEC

TION 

Criteria for siting 

Of greatest importance for siting of the deep repository is 

to choose a site where the safety-related conditions are 

very good. Since the mid-1970s, SKB has carried out 

extensive study site investigations and other studies of 

geological conditions at depth in the Swedish bedrock. 

Furthermore, SKB and other organizations have con

ducted a number of detailed safety assessments for final 

disposal in the environment existing in the Swedish bed

rock. Considerable knowledge also exists from siting and 

construction of underground rock facilities for mines, 

power plants, oil storage and defence purposes in most 

parts of the country. Based on this knowledge and experi

ence, many municipalities are judged to have sites with 

very good conditions from a safety viewpoint. It is there

fore reasonable and realistic to start with municipalities 

who actively wish to participate or otherwise show an 

interest and investigate the prospects for siting of a deep 

repository there. The possibilities in municipalities that 

already have nuclear activities will also be examined. 

Among municipalities with good safety conditions and 

with an expressed interest in a deep repository, siting will 

proceed on the basis of the results of a closer assessment 

of safety and environmental impact, transportation situ

ation, experience of industrial activity and existing infra

structure in other respects. 

This means that the organization of the siting work is 

based on a conviction that it is necessary and possible to 

find a site that meets high environmental and safety stand

ards at the same time as a local understanding for the 

establishment of a deep repository is sought. This approach 

is well in agreement with the intentions underlying the 

applicable legislation in, for example, the Act on the 

Management of Natural Resources and the Act on Nuclear 

Activities. It also complies closely with the recommenda

tions issued by the Nordic countries' radiation protection 

and safety authorities. The existing Swedish system with 
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interim storage in CLAB also provides ample time and 

opportunity to consider the possibilities for executing deep 

disposal in collaboration. 

Siting factors and criteria 

Siting of the deep repository must take place in consider

ation of a number of factors (data, properties, conditions). 

The criteria which these factors must fulfil ( or be evaluated 

against) for a deep repository site can be grouped under 

the following headings: 

Safety Siting factors of importance for the long

term safety of the deep repository. 

Technology Siting factors of importance for the con

struction, performance and safe operation 

of the deep repository. 

Land and 
environ
ment 

Societal 
aspects 

Si ting factors of importance for land use 

and general environmental impact. 

Siting factors connected to political con

siderations and community impact. 

Fulfilment of the safety requirements is of primary im

portance, as already pointed out. Certain of the construc

tion-related requirements are closely linked to safety. The 

most important requirements in this respect concern: 

• the chemical environment in the rock for canister, 

bentonite and fuel; 

• the mechanical stability of the rock; 

• conditions for transport of corrodants and radionu

clides in the rock; 

• the risk of future intrusion, mainly for utilization of 

natural resources in the bedrock. 

In an initial siting phase, the availability of data on the 

bedrock in areas judged to be of interest for siting is very 

limited. Many factors that are important for assessing 

long-term safety and construction-related aspects can only 

be clarified after comprehensive investigations on the site. 

Until then it is necessary to rely on generalknowledge 

as a basis for selection of study sites. Since surveying 

general land and environmental factors as well as societal 

aspects is simpler to do at an early phase, these siting 

factors can be clarified more completely to begin with. 

Key questions in the initial siting phase are: 

• Which sites have particularly good chances of meet

ing the requirements with regard to safety, technology, 

land and environment as well as societal aspects? 

• Which of these sites offer good opportunities for later 

carrying out a reliable characterization of, above all, 

the important environmental and safety factors? 

• How can these sites be identified based on existing 

material? 



The following conditions are thereby particularly fa
vourable for the selection of study sites: 

• A common rock type without interest for other utili
zation of natural resources. 

• A large site with few major fracture zones. 
• Few opposing land-use and environmental interests. 

Secondarily, the following conditions are also favour
able: 

• Local positive interest. 
• Availability of necessary infrastructure. Good means 

of transportation. 

In the initial siting phase, i. e. without data from field 
investigations, the evaluation of the geoscientific material 
is focused on identifying unsuitable or unfavourable con
ditions based on publicly available information. Condi
tions that should be avoided are firstly: 

• abnormal (for Swedish bedrock) groundwater chem
istry; 

• highly heterogeneous and difficult-to-interpret bed-
rock; 

• known deformation zones and postglacial faults; 
• pronounced discharge areas for groundwater; 
• rock types that might be of interest for prospecting. 

In subsequent phases (during execution of site investi
gations and, eventually, also detailed characterization -
see below) efforts are directed at firstly clarifying the 
conditions that will prevail for the repository as a whole, 
secondly for the different repository parts, and fmally for 
the individual canister positions. The following conditions 
are particularly favourable: 

• reducing groundwater chemistry; 
• normal (for Swedish bedrock) groundwater chemistry 

in other respects; 
• homogeneous and easy-to-interpret bedrock; 
• few fracture zones and low to moderate fracture den

sity; 
• low groundwater discharge; 
• normal (for Swedish bedrock) rock stresses, strength 

properties and thermal conductivity. 

Conditions which can lead to a site being abandoned in 
a site investigation and/or detailed characterization phase 
are above all: 

• extreme groundwater chemistry, e.g. oxidizing 
groundwater; 

• valuable ores or minerals in the repository area; 
• several closely-spaced water-bearing fracture zones; 
• extreme rock-mechanical properties. 
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Siting studies 
The purpose of the s1tmg studies is to gather all the 
background information that is needed to be able to select 
a site and obtain permission for detailed characterization. 
For this, SKB is carrying out or plans to carry out 

General studies that provide a general background 
and general conditions. They cover the entire 
country or major regions. A collected account is 
planned for 1995. An overview and exemplifica
tion of the material that exists now within the 
general studies is provided in Appendix A. 

Feasibility studies that examine the prospects for 
a deep repository in potentially suitable and inter
ested municipalities. The general land and environ
mental factors and the societal aspects are scru
tinized in the feasibility studies. Judgements of 
siting factors for safety and technology are based 
on general knowledge and data. A feasibility study 
results in a judgement regarding if and where sites 
exist with good potential from both a geoscientific 
and planning viewpoint. It also provides a basis for 
judgements of impact on local industry and the 
local community. Two feasibility studies are cur
rently being carried out. SKB plans to conduct 
feasibility studies for 5-10 municipalities. 

Site investigations primarily comprise geoscien
tific surveys from the ground surface and in bore
holes of a specific site. The safety-related and 
technical siting factors are clarified as far as 
possible. Some further investigation of local land 
and environmental factors in particular is also 
done. The purpose is to gather material to permit a 
preliminary determination of whether it is possible 
on the site to build a deep repository that can meet 
all environmental and safety requirements. Selec
tion of sites is made based on a combined assess
ment of the results offeasibility studies and general 
studies. The results of the general studies will be 
reported before the first site is selected so that this 
site can be placed in its regional and national con
text. The results of all feasibility studies will have 
been reported before the second site is selected. 

A site investigation is carried out in a number of 
stages. If it is found in the initial stages that a site 
has characteristics that would have a negative im
pact on the safety of a deep repository, the investi
gation is naturally interrupted and an alternative 
site chosen. The results of a complete site investi
gation are compiled in a site-specific environmen
tal impact assessment (BIA), including an assess
ment oflong-term safety. 

When two complete site investigations have been car
ried out, all relevant material from the siting work is 
compiled in an application for permission to carry out 



detailed characterization on one of the two sites. The 

reasons for the choice of site are described, along with all 

background material in the form of data, analyses, sur.veys, 

appraisals and judgements. 

Public insight, local collaboration and EIA process 

An extensive programme for collaboration and informa

tion is required throughout the siting process. It embraces 

the municipal, county and regulatory authorities as well as 

the local inhabitants, local non-governmental organiza

tions, concerned neighbouring municipalities and the 

general public. Regular information will also be furnished 

to scientists and other qualified experts with a particular 

interest in the field of nuclear waste. 

In conjunction with the start of the site investigations, a 

local safety committee or similar body should, in SKB 's 

opinion, be established in concerned municipalities and be 

given resources to follow the work in a qualified way. 

It is essential that clear forms be established at an early 

stage for producing an environmental impact assessment 

(BIA process). For the siting of the deep repository, this 

should be done before site investigations are begun in a 

municipality. Principles must thereby be stipulated for 

how the process is to be organized and documented. Im

portant parties are above all those in whose jurisdiction the 

facility may be built (the municipality), those who will 

build and operate the facility (SKB), the regulatory au

thorities and the county administrative board. 

Concerned municipalities should be given resources to 

follow and participate in the siting work in a qualified way. 

It is important that clear forms be established for such 

support, for example via funds from the waste reserves 

administered by SKI. It is also important to establish forms 

at an early stage for scientific/technical support to con

cerned municipalities from the regulatory authorities for 

safety and radiation protection. 

PROGRAMME FOR DESCRIPTION OF DESIGN 

SPECIFICATIONS 

The design specifications are described for each step in the 

design process. The specifications are determined grad

ually as different kinds of material become available. The 

major facilities are designed in layout steps. In its work, 

SKB follows the design model that has been developed 

during the past two decades and applied with good results 

in, for example, the power industry for important civil 

engineering projects. 

The geometric layout of the deep repository for spent 

nuclear fuel is being planned by and large in accordance 

with the KBS-3 concept. This consists of a number of 

deposition tunnels in the bottom of which holes are bored 

for placement of canisters with spent nuclear fuel and 

surrounding bentonite buffer. The deposition tunnels are 

interconnected by tunnels for transport and communica

tion, which are also connected to a central service area and 
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ramp/shaft to the ground surface. The exact placement of 

the deposition tunnels and deposition holes is adapted to 

local rock conditions. The repository depth is about 500 m 

in the normal case, but local adaptation will take place 

within the range 400 to 700 m. 

The deep repository is planned to be constructed in two 

stages. The first stage is estimated to accommodate about 

10% of the total quantity of spent fuel. The second stage 

includes deposition of the remaining quantity of spent fuel 

and other long-lived waste. Parts of the construction work 

for the deep repository will be commenced at the start of 

detailed characterization. 

In the design process, known technology or known 

methods will be adapted to the special conditions and 

requirements of the deep repository. A number of methods 

that will be used will be based on know-how obtained from 

ongoing R&D programmes. Important technology areas 

for the deep repository are: 

• Construction method for tunnels and rock caverns, 

including boring of deposition holes. 

• Grouting for sealing of water inflow. 

• Compaction of bentonite blocks. 

• Deposition procedure. 

• Options for retrieval. 

• Backfilling and closure. 

The first two areas will be of importance already during 

the detailed characterization phase, while the others will 

not be applied until operating phase 1. The activities within 

supportive R&D and at the Aspo HRL are aimed at 

carrying out the necessary work in time for rational appli

cation during detailed characterization and during the first 

construction phase of the deep repository. Full-scale tests 

with certain special mechanical equipment, e. g. machines 

for compaction of bentonite blocks, are not planned to be 

done until during construction of the deep repository. 

Before the spent fuel is placed in the deep repository it 

will be encapsulated in a durable canister. The most im

portant requirement on the canister is that it shall remain 

intact for a very long time in the environment that will 

prevail in the deep repository. Accordingly it shall have a 

high corrosion resistance in the groundwater present in the 

rock and have a capacity to withstand by the mechanical 

stresses to which it is subjected in the deep repository. 

The canister is planned to be constructed with an inner 

cylinder of steel, which provides mechanical strength, and 

an outer shell of copper, which provides corrosion resist

ance. Copper corrodes very slowly in the oxygen-free 

groundwater found at depth in Swedish bedrock. Com

pleted studies show that the canister will probably remain 

intact for millions of years, providing a considerable mar

gin of safety. 

To determine dimensions for tunnels, deposition holes 

and radiation shields and requirements on mechanical 

equipment in the deep repository, the dimensions and 

properties of the canister must be known. Important par-



ameters are weight, overall dimensions and maximum 
radiation level. These data need to be determined before 
the detailed investigation is begun. 

Encapsulation is planned to take place in a new encap
sulation plant connected to CLAB. There the fuel will be 
received from CLAB's storage pools and placed in the 
canister after being checked and dried. Before the lid on 
the inner steel container is put on, the air in the canister 
will be replaced with inert gas and the void filled with e. g. 
boron glass beads. Then the copper canister will be sealed 
with a copper lid fastened by means of electron beam 
welding. Very stringent requirements are made on the 
leaktightness of this weld and the capability to test this 
leak.tightness. In designing the encapsulation plant, great 
emphasis will be placed on radiation protection for the 
personnel and the environment. This means, for example, 
that the actual encapsulation procedure will be performed 
by remote control from heavily radiation-shielded com
partments called "hot cells". A large part of the handling 
of canisters will also be done by remote control. Experi
ence from CLAB and SFR, as well as from various foreign 
facilities, will be drawn upon. 

The work of fuel encapsulation is divided in the pro
gramme into canister design, sealing method and plant 
design. 

Key issues for canister design are: functional require
ments, material selection and tests for both copper and 
steel components, sizing of canister and steel components, 
inserts and possible backfilling in canister, detailed design 
of the lid with regard to lifting and non-destructive testing, 
and fabrication and inspection methods. 

To meet the high requirements on sealing of the copper 
canister, a method for sealing by means of electron beam 
welding to industrial scale is currently being developed, 
along with methods for non-destructive testing. The latter 
will be used to verify that the seal meets the specified 
requirements. 

The work on development of the sealing method in
cludes the following steps: development and testing of 
inspection methods, trial welding of lids on copper cylin
ders, welding of prototype canisters and manufacture of 
prototype plant for testing of welding equipment and 
welding chamber before they are incorporated into the 
plant. 

PROGRAMME FOR SAFETY ASSESSMENTS 
SKB intends to give an account of safety and radiation 
protection matters for both the operating phase and the 
post-closure phase at all important decision occasions. 
This will be done 

• in the form of (preliminary or final) safety reports 
(PSR/FSR) for the operational activities; 

in the encapsulation plant, 
in connection with transports and 
in the deep repository, as well as 
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• in the form of safety reports on integrated assessments 
of the performance of the passive storage of the deep 
repository after deposition and closure. 

The evaluation of operational safety at waste facilities 
can be done in all essential respects using the same meth
odology as is used forothernuclear facilities. It is therefore 
not discussed further here. 

In the present programme for coming long-term safety 
assessments, the organization of the work and the meth
odology for performance and safety assessments for a 
deep repository are presented. 

The programme during the coming sex-year period aims 
at producing: 

• assessments for sizing and designing the repository 
with respect to safety; 

• a suitable structure for how the integrated safety 
assessment is to be presented; 

• a safety report on the long-term performance of the 
repository based on generic geologic information and 
preliminary site data prior to construction of the en
capsulation plant, and a safety report (PSR) for the 
encapsulation plant; 

• a safety report on the long-term performance of the 
repository based on data from site investigations prior 
to detailed characterization for the deep repository 
and a general safety report (PSR) for the operation of 
the deep repository. 

The continued assessment work for subsequent safety 
reports will be carried out in basically the same way as for 
those mentioned above, but with progressively more de
tailed background data. 

Regardless of whether the assessments constitute per
formance assessments of barriers or sub-systems, or 
whether they are safety assessments of the total perform
ance of the entire disposal system, the work is carried out 
as follows: 

• Definition of the purpose of the assessment. 

• Definition of given assumptions for the assessment. 

• Clarification of the conditions for which the system 
is to be assessed (scenarios). 

• Clarification of the processes that are essential to the 
performance of the system. 

• Definition of calculation models for quantifying the 
performance of the system. 

• Quantification of the performance of the system and 
essential changes in performance. 

• Discussion of uncertainties and of the validity of the 
assessment with respect to its purpose. 

The programme describes how the studies of barriers 
and sub-systems are compiled into integrated safety as
sessments, and how uncertainties and validity will be 
handled. 



12.3 SKI's REVIEW AND COM
MENTS TO THE SUPPLE
MENT 

The following is an excerpt from the SKI statement to the 
government December 22, 1994 concerning the Supple
ment to the RD&D-Programme 92 from SKB: 

"General statement 
SKI finds that concerning siting, safety analyses and com
mitments by different decisions SKB has given the account 
requested by the government in the decision 1993-12-16. 
Concerning delineation of prerequisites for the encapsula
tion plant and the repository the account is, however, partly 
incomplete. 

The general overview studies that SKB currently makes 
should be reported before the start of additional feasibility 
studies and not later than in RD&D-Programme 95. The 
siting factors and criteria given by SKB are a suitable basis 
for the continued siting work but the criteria should be 
successively amended and quantified. A programme for 
site investigations should be presented before they are 
started. The programme should show the safety related site 
properties which actually can be measured and how they 
will be measured. SKB should also address these issues in 
the R&D-Programme 1995. 

SKI would like to emphasize that SKB must clarify the 
prerequisites for the design and construction of the canis
ters. SKI considers that SKB at the latest in R&D-Pro
gramme 1995 shall describe the plans for establishment of 
design criteria which at first hand but not only are based 
on the role of the canister in the repository system evalu
ated from performance and safety analyses, plans for de-
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velopment of technique in industrial scale for fabrication 
and closure of canisters and plans for qualification of 
canisters for final disposal. A plan for development of 
safety analysis of operation of the encapsulation plant and 
of the repository should also be described in the R&D-Pro
gramme 1995 at the latest. These plans should be well 
coordinated with SKB 's plans for design of the encapsu
lation plant." 

SKI also presents proposals and comments concerning 
guidelines for the licensing of the remaining waste man
agement facilities in Sweden. The proposals concern 

coordinated review and evaluation with respect to 
different laws, 
independent review, 
insight and participation in preparations for an 
Environmental Impact Statement, 
financial support to municipalities, 
responsibility for repository closure, 
prerequisites for licensing of facilities. 

The last of these points are mainly directed to the licens
ing of the encapsulation plant where SKI argues that the 
application for a siting and construction permit must be 
supported by an analysis and evaluation of alternatives 
including a "zeroalternative" and by a complete safety 
analysis of the whole repository system. Further SKI con
siders that SKB must show that canisters of required and 
verifiable quality can be fabricated in series production 
and by site investigations show that there exist a site which 
meets the demands according to the safety analysis on the 
site specific properties that can be measured at site inves
tigations. 



13 TECHNICAL PLANNING OF SITE INVESTIGA

TIONS AND CONSTRUCTION OF A DEEP 

REPOSITORY 

13.1 PREPARATION OF A SITE 
INVESTIGATION PRO
GRAMME 

13.1.1 General 
As a preparation for the forthcoming site investigations for 

candidate repository sites, work has been carried out in the 

following fields: 

development of the geoscientific investigation pro

gramme, 
preparation of techniques and routines for data 

management, 
preparation of instruments and methods, including 

development, refinement and investment, etc. 

A general base for the planning work is the experiences 

from earlier site investigations, including the Aspo Hard 

Rock Laboratory (HRL), conducted by SKB. 

13.1.2 Geoscientific investigation 
programme 

The preparation of the site investigation programme is 

going on. The aim of the site investigation is to give site 

specific data for the performance and safety assessment 

and for the layout and construction analysis for the deep 

repository. Areas for site investigations will be selected 

among possible areas with good prognosis for siting of a 

deep repository which will be evaluated during ongoing 

and planned feasibility studies in a number of munici

palities in Sweden, see Chapter 5. The site investigations 

will start with an initial, relatively comprehensive step, 

aiming at investigate whether very unfavourable or dis

criminating geological conditions exist or not. The second 

step, complete site investigation, will be carried out at two 

sites, almost in parallel, according to present plans. 

The site investigation programme will first of all be 

based on the siting factors of importance for siting a deep 

repository /13-1/. In special those which are related to the 

geosphere and which are of relevance for the site investi

gation stage of the siting process. These siting factors will 

be specified in the programme and favourable and/or 

unfavourable conditions will be discussed. 

Secondly, the site investigations shall reach a general 

geoscientific understanding of the site, i. e. the area and 
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the rock volume must be described and understood with 

regard to existing conditions and ongoing processes. 

The site investigation programme shall be goal-oriented 

rather than specifying how the investigations will be per

formed in detail. Main goals and sub-goals for different 

tasks and steps of the site investigations are general and 

non site-specific. How to perform the investigations, on 

the other hand, are to some degree site-specific. Hence, the 

written programmes will be structured as follows: 

general programme for site investigations. Will pre

sent the general goals, strategies etc of the site inves

tigations, 
site-specific programmes for initial site investiga

tions, and 
site-specific programmes for complete site investiga

tions. 

These site-specific programmes will not be finished 

until the areas for site investigations have been selected. 

Site specific goals and site-specific plans of the perform

ance will be presented in these programmes. 

One major experience base for the site investigation 

programme is the Aspo HRL, pre-investigation phase. An 

evaluation report on the feasibility and usefulness of site 

investigation methods was published in 1994 /13-2/. 

Experiences from similar site investigation programmes 

abroad will also be of value for SKB. For that purpose 

experience reports from site investigations in Canada 

(AECL) and in Finland (TVO) have been compiled/13-3/, 

/13-4/. 

13.1.3 Techniques and routines for data 

management 

Efficiency and correctness in the management if data is of 

most importance for a site investigation programme. Strict 

handling of data will be needed for the quality assurance 

of the investigations, in which the traceability of data of 

all steps in the data refinement chain, from data collection 

to final result, is a major task. All investigations will be 

carried out according to QA-plans which in tum refer to 

manuals or other specifying documents. Some of these 

manuals will be adopted more or less directly from the 

Aspo HRL, while other manuals must be written separ

ately. Routines for the QA procedures are under prepara

tion. 
A central database for the site investigations will be 

used. The intention is that the database will be used as 



QA-tool for the ongoing investigation as well as an archive 
for the long-term storage of all data from the site investi
gations. Based on experiences of the previous geological 
database GEOTAB and an activity database SADB, de
veloped in the .Aspo HRL, a new database is under devel
opment, se further description in section 20.4.7. 

As a tool for modelling and visualization of structures, 
rock type bodies, etc in the rock volume, a "Rock Visuali
zation System" (RVS) is under development. Based on the 
Microstation CAD system various application programme 
modules will be developed for different tasks of the mod
elling work. Major goals for the integrated RVS are: 

to simulate the main rock elements; rock types and 
structures, 
to present existing and planned boreholes in the rock 
model, 
to present and adapt the layout of underground con
struction to the rock conditions, 
efficiency in the modelling work, in data exchange 
with other databases, visualisation etc. 

For further details of the development work, see the 
.Aspo Annual Report /13-5/. 

13.1.4 Instruments and methods 

BIP-1500 borehole-TV System 

For geological documentation of boreholes, in special for 
orientation of fractures and other structures, TV inspection 
of the borehole wall is the most promising method. As 
discussed in the last annual report SKB was testing a 
borehole-TV system from Japan. After a second demon
stration measurement in our KLX02 borehole SKB de
cided to purchase the BIP System from RaaX Co, Japan. 
However, the system had to be modified in order to fulfil 
some additional requirements of SKB: 

measurements down to 1500 m in 56 mm diameter 
borehole, 
automatic orientation of the TV-probe. 

An upgraded version of the system, BIPS-1500, was 
delivered in December, 1994, after a development cooper
ation between RaaX and Mala GeoScience. The fiber-op
tical data communication system and power supply tech
nique, developed for the borehole radar, RAMAC, was 
adopted also to the BIP System. This resulted in increased 
resolution of the images and moreover in the advantage of 
having the same logging cable for the two system. 

At the delivery test TV-logging was performed down to 
1400 m in the KLX02 borehole. Examples of 0-360° im
ages of the borehole wall are presented in Figure 13-1. 
Images can be presented in different ways and in different 
scales. Analyses of fracture orientations are semi-auto
matic, i. e. the fracture is defined by the geologist with a 
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set of points on the computer screen and the computer will 
calculate the strike and dip of the fracture. 

In conjunction with the delivery of the BIPS a documen
tation survey of a part of the TBM tunnel in the .Aspo HRL 
was demonstrated. Only a special camera module had to 
be added to the borehole BIP System /13-5/. 

High resolution borehole radar 
The borehole radar system RAMAC is working in two 
different frequencies of the electromagnetical waves, 22 
MHz and 60 MHz. Separate antennas are used for the two 
frequencies and for the 60 MHz frequency also directional 
antenna (receiver antenna) are used for the true orientation 
of reflectors from single hole reflection measurements. 

The range and resolution of the method are dependent 
on the frequency and on the electrical conditions of the 
rock, i. e. resistivity of rock and pore water. The blind 
window around the hole, i. e. where no reflectors can be 
seen is also dependent on the frequency. Higher frequen
cies generally result in a shorter range but in a better 
resolution and a smaller blind window. In low resistivity 
rock the range becomes smaller. 

The development of antennas, control electronics, etc, 
for an additional, higher frequency for the borehole radar 
is going on. The center frequency will be 250 MHz and 
this will result in better resolution and smaller blind win
dow, but the range will be somewhat shorter. In special for 
low resistivity conditions the smaller blind window is 
supposed to increase the usefulness of the radar method. 

Depth calibration technique 
Comparisons of results from different measurements in 
boreholes, or integrated analysis of collected data, some
times fail due to incorrect depth data for the measure
ments. Even with relatively good accuracy of the depth 
measurements during logging etc, like O .1-1 % , the abso
lute incorrect may be as much as 1-10 m for a 1000 m 
borehole. The incorrectness is different for the different 
borehole equipment, as well as it is a function of the 
inclination of the borehole, groundwater level etc. The 
difficulties of calibrating elongation of logging cables, 
pipes, wires etc for all these conditions, hence, are easy to 
understand. 

To increase the correctness in this matter, SKB has 
developed a depth calibration technique for borehole 
measurements. After the drilling of a borehole is com
pleted, diamond-impregnated copper rings are drilled in 
as markers in the borehole wall, for example every 200 m 
along the hole. These markers will then be detected by 
sensors attached to every logging probe or other borehole 
measurement tool, hence calibrating the depth measure
ments for the ongoing measurement, see Figure 13-2. 

The in-drilling of a number of markers has been made 
in a test borehole. The way of attaching sensors to the 
different measurement systems has been prestudied, and 
this work will continue in 1995. 
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Figure 13-2. The principle of the depth calibration technique for boreholes and borehole measurements. 

Others 
Beside the described development work also work on 
technical documentation of SKB developed instruments is 
going on. The documentation level of instruments and 
methods must be relatively high in order to fulfil the goals 
for the quality assurance of the site investigations. 

A programme for service and maintenance of SKB 
equipment is running. Even if not in use at present, the 
accessibility and functionality of all instruments must be 
high for field measurements. 

Instruments and methods related to the A.spa HRL, i. e. 
underground investigation methods and instruments for 
experiments (planned or ongoing) of various kind are 
reported in /13-5/. 

Feasibility Conceptual Basic General 

13.2 

Planning 

TECHNICAL STUDIES 
CONCERNING THE CON
STRUCTION OF A DEEP 
REPOSITORY SYSTEM 

The design process introdur.ed in the Deep repository 
project comprises a step-by-step approach with more de
tailed engineering of selected solutions in each step, as 
illustrated in Figure 13-3 /13-1/. 

During 1994 the planning on the E-phase continued with 
the analysis of two alternatives to the access system with 
only shafts, featuring spiral ramp and straight ramp. The 

Documen-
studies design design engineering Engineering tation 

PHASE~ I I 
Project start 

E I I 
Planning 
decision 

D I I 
Construction 

decision 

C I I 
Start-up 
decision 

Figure 13-3. Schematic illustration of the repository design process. 
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Figure 13-4. Schematic illustration of three alternative access systems. 

difference between these three access systems is illustrated 

in Figure 13-4. 
Several different analyses were launched during the year 

with the objectives of eventually providing information on 

questions related to design and layout so that evaluation 

and comparison of different alternatives can be made and 
engineering in the E-phase be made of favourable solu

tions. As no investigations on any candidate site has started 

the work has to rely on general data only. The aim with the 

E-phase, therefore, is to generate solutions in such detail 

that only site-specific data are needed in order to make the 

final choice among the studied solutions. The initiated 

studies concern: 

Repository depth. 
Layout of deposition tunnels if it would be excavated 
by mechanical means (TBM). 
Pros and cons of the three studied access systems. 
Deposition method with respect to vertical or horizon
tal positioning of canisters and with respect to separ
ate or combined deposition of canister and buffer. 
Transport systems in shafts and in ramp. 
Transport system on repository level. 

Test of boring full-scale vertical deposition holes 

The high degree of proven technology in the proposed 

methods for excavation of shafts, tunnels and caverns is 

referring to work that has been carried out in different 

underground constructions, while the specific task of ex-
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cavating the deposition holes has been referring to adap
tation of proven technology only, as no need has been 

raised in underground construction for excavation of blind 

holes with the KBS-3 dimensions. The most efficient 

boring technique for the job is a reversed raise-boring 

technique with the head pushed downwards instead of 

pulled upwards as in raise-boring. The removal of the 

cuttings can be solved in many ways and existing systems 

favour flushing or pumping as they are used in deeper 

holes than 10 m. Air suction also has been tried and is more 

favourable in a repository because no handling of large 

quantities of water is required. 
In order to verify the feasibility of adapting efficient 

boring technology to the task a project was set up by SKB 

in cooperation with TVO of Finland that comprised the 

boring of three full-scale deposition holes in the research 

tunnel of the Finnish repository for final disposal of LLW 

and MLW in Olkiluoto. This tunnel is situated at a depth 

of 60 m in tonalite gneiss. Drillcon Contracting AB was 

contracted for the job and furnished the boring machine 

including vacuum suction unit and carried out the boring. 

They subcontracted AB Sandvik Rock Tool for delivery of 

the head with vacuum suction nozzles, and Kroll-Disab 

AB for modifying the vacuum suction unit. 
A standard small size raise-boring machine - Subter

ranean 005 - was used for creating the torque and thrust 

force. The machine was placed on a frame so that ample 

space was left below it for mounting the head. A used 

Sandvik head was redesigned and equipped with eight 

roller button cutters and four gauge rollers. The cuttings 



Figure 13-5. Test of boring J11/l-sca/e vertical deposition holes. The boring machine was placed on a frame in order to 
provide space for moullling the rnllerhead. 

was sucked through the cullerhead and drillstring. and 
collected in a filter unit in the LUnnel. The test set-up is 
shown in Figure 13-5. 

The work comprised boring of three holes to a depth of 
7.5 m and the diameter of the hole was made with the size 
of the available cuuerhead of 5 feel ( 1.524 m). The head 
is shown in Figure 13-6. 

During the boring tests were carried out in order to study 
the impact of major operating parameters for the perform
ance of the equipment and the quality of the hole. Most 
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important was the penetration rate and the efficiency of 
the vacuum suction system. The quality of the hole was 
investigated with respect to the roughness of the walls and 
the mechanically induced disturbance in the rock walls. 
The hole during boring is shown in Figure 13-7. 

In all three holes a pilot hole was made first. whereafter 
the head was mounted and the hole reamed to full width. 
In one hole the pilot hole ended above the final bottom and 
boring without a pilot hole was tested. Cutting samples 
were taken during the boring to find out the effect of 



Figure 13-6. The nwerhead. 

different thrust forces and rotation speeds. And the tem
perature of the cullers was monitored as well as the dusl 
co□tent of tbe air in the tum1cl. 

The analysis of the test is still in progress but some 
preliminary results can be presented. One conclusion is 
that deposition holes can be bored effectively by using a 
boring technique which is based on fullface rotary crush
ing and removal of the cuttings by air vacuum suction. No 
pilot hole is needed and the deposition hole can be made 
lO full width in one step. The highest rate of penetration 
achieved during the test was about I m/h with a total 
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maximum thmst of73 tonnes and a rotation speed of8 rpm. 
Test with different rotation speeds resulted in a decreased 
depth of cut per rotation when the speed was higher than 
8 rpm but maintained the same below that value. This 
implies that the ceiling capacity of the vacuum suction 
system was reached al this point and that improved design 
of the nozzles in the head need lo be made in order to meet 
the capacity of a more powerful boring machine. The 
measured correlation between rate of penetralion and 
thrust force was linear which is in agreemem with the 
model. This model predicts a theoretical capacity of up to 



Figure 13-7. Borehole close ro being completed. 

3 m/h if the total load the cutters can take is applied. In 
practice. however, the plausible rate of penetration is 
expected 10 be signilicantly lower than that. 

Cracks in rock caused by mechanical excavation 
Rock indentation by a bit is the fundamental mechanism 
in disc cutting and most drilling methods. The bit is forced 
into the rock and the rock near the bit is crushed into small 
or large fragments and further away penetrated by differ
ent sets of surface cracks. An efficient creation of cracks 
in the front are of importance for a high rate of penetration 
in drilling. But cracks will also be fonned that penetrate 
imo the wal I of the tunnel or borehole and cause a remain
ing dislllrbance. These cracks may help to distribute 
groundwater around the buffer and backfill in deposition 
holes and in TBM-excavated deposition tunnels so that 
water sorption and swelling take place evenly in the ben
tonite. In order 10 outline the possibility of modelling the 
remaining disLUrbance in the rock wall and to estimate the 
possible impact different mechanical applications may 
give a study on cracks in rock caused by mechanical 
excavation has been initiated. 

From numerous experimental results a general picture 
of fractures in rock under indentation can be summarized 
as shown i Figure 13-8 /13-6. 13-7/. Underneath the in
denter there is a compacted zone. a crushed zone and a 
cracked zone. Outside the cracked zone three kinds of 
cracks may develop: median cracks, radial cracks and side 
cracks. In some cases so called Hertian cracks have also 
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Figure 13-8. Conceptual view of cracks in rock caused by 
mechanical excavation. 

been observed. The size of the crushed or the cracked zone 
and the length of various kinds of cracks are mainly 
dependent on 1he load magniwde and U1e macro mechan
ical properties of rock, but they are also innuenced by the 
geometry of the indemer. The micro structure of the rock 
has less innuence on the fracture process and the crack 
pattern compared to U1c macro mechanical properties if 
the characteristic size of the micro strucLUre is smaller than 
the indenter. 

Conclusions drawn from laboratory work indicates 
among other things that the cmshed zone and part of the 
cracked zone will only develop in the front and not in the 
side walls. The mos1 important cracks concerning the 
hydraulic conductivity in the near field rock are radial and 
median cracks. These have for TBM-excavations been 
judged to have a maximum penetration depth of 100 mm 
into the wal I in semi-inlinite granite/ 13-6/. 

Grouting 
Grouting operations may play a major role in the constmc
tion of the deep repository for preventing groundwater 
innow to tunnels and caverns and for providing mechan
ically stable conditions in very fractured rock. In order 10 

be able to prescribe correct methods to meet the needs and 
predict the outcome in the actual construction a deeper 
theoretical understanding of methods and materials is 
required than is at hand today. Under special conditions 
such as high water pressure and transmissive discon
tinuities also strategics and methods have to be developed. 
During 1994 a compilation of pre5ent knowledge and 
estimated demands were initiated with the objective to 
ouUine specific repository related topics which need to be 
addressed. The major conditions to consider are the trans
missive discontinuities with high piezometric pressure. 
But also fine fractures are of concern following the results 
of grout and grouting developed in the Stripa project. Data 
collected during the construction of the ramp in the Aspi'i 
Hard Rock laboratory are unique in that respect that they 
can be used to evaluate the lessons learned in analysis of 
information available prior to grouting and after passing 
the grouted part of a discontinuity or rock zone. 



14 SAFETY ANALYSIS 

14.1 GENERAL 

During 1993 the SKB RD&D-Programme 92 was re

viewed by the Swedish Nuclear Power Inspectorate and 

KASAM. In the Government decision /14-1/ it found that 

the programme fulfilled the requirements of the Act on 

Nuclear activities. The regulatory authorities also levelled 

criticism at certain points in the programme. Thus the 

Government decision stipulated that a supplementary ac

count should be submitted (cf Chapter 12) /14-2/. 

With regard to the safety assessments it was found that 

the safety assessment methods that SKB uses should be 

further developed, especially with regard to how uncer

tainties are to be clarified and integrated. A strategy for the 

review of the relevance (validity) of the models should be 

developed based on the safety requirements of the safety 

assessments. It was further required that SKB with regard 

to the safety assessments shall supplement the RD&D-pro

gramme with a programme for the safety assessments that 

SKB intends to prepare. 

In this supplement, chapter 6 - "Programme for safety 

assessments" - SKB has declared its intention to give an 

account of safety and radiation protection matters for both 

the operating phase and the post-closure phase at all im

portant decision occasions. This will be done 

• in the form of (preliminary or final) safety reports 

(PSR/FSR) for the activities and the processes; 

in the encapsulation plant, 
in connection with transports, and 

in the deep repository, as well as 

• in the form of safety reports on integrated assessments 

of the long term performance of the deep repository 

after deposition and closure. 

The evaluation of operating safety at waste facilities can 

be done in all essential respects using the same methodo

logy as is used for other nuclear facilities. 

In the present programme for coming long-term safety 

assessments, the organization of the work and the metho

dology for performance and safety assessments for a deep 

repository are presented. 
The programme during the coming sex-year period, see 

Figure 14-1, aims at producing: 

• background data for sizing and designing the reposi

tory with respect to safety; 

• a suitable structure for how the safety assessment is 

to be presented; 

• a safety report on the long-term performance of the 

repository based on general data and preliminary site 
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data prior to construction of the encapsulation plant, 

and a safety report (PSR) for the encapsulation plant; 

• a safety report on the long-term performance of the 

repository based on data from site investigations prior 

to detailed characterization for the deep repository 

and a general safety report (PSR) for the operation of 

the deep repository. 

The continued assessment work for subsequent safety 

reports will be carried out in basically the same way as for 

those mentioned above, but with progressively more de

tailed background data. 
Regardless of whether the assessments constitute per

formance assessments of barriers or sub-systems, or 

whether they are safety assessments of the total perform

ance of the entire disposal system, the work is carried out 

as follows: 

• Definition of the purpose of the assessment. 

• Definition of given assumptions for the assessment. 

• Clarification of the conditions for which the system is 

to be assessed (scenarios). 

• Clarification of the processes that are essential to the 

performance of the system. 

• Definition of calculation models for quantifying the 

performance of the system. 

• Quantification of the performance of the system and 

essential changes in performance. 

• Discussion of uncertainties and of the validity of the 

assessment with respect to its purpose. 

The programme describes how the studies of barriers 

and sub-systems are compiled into integrated safety as

sessments, and how uncertainties and validity checking 

will be handled. 

14.2 SCENARIO METHOD
OLOGY 

14.2.1 Scenario development strategy 

The first step in a safety analysis after defining the appro

priate system and system boundaries is to develop the 

scenarios to be analysed. The scenarios should cover a 

wide range of possible future events and together they 

should give a broad perspective on the safety margins of 

the total system. The scenario development strategy has 

during 1993 been revised. The different steps in the scena

rio development process have to be documented to give 

the necessary transparency for future review and updating. 
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Figure 14-1. Logic diagram of upcoming safety assessments for deep disposal of spent nuclear fuel. 
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High demands will be put on completeness in the material 
and that all critical issues for the safe disposal of radioac
tive waste have been addressed. 

14.2.2 Main steps of the Scenario 
methodology 

The structuring of the scenario methodology started in a 
joint work between SKI and SKB in 1988. In 1989 the joint 
study resulted in a report /14-3/ which is the basis for the 
present scenario development work. In the study all the 
relevant features, event and processes (FEPs) that where 
addressed were assigned to either what is called a Process 
System or regarded as external FEPs that might influence 
the Process System. The Process System is defined as "the 
organized assembly of all phenomena required for descrip
tion of barrier performance and radionuclide behaviour in 
a repository and its environment, and that can be predicted 
with at least some degree of determinism from a given set 

of external conditions". 
The first step in the present methodology is to construct 

the Process System in text and with visual methods so that 
all known links between the processes involved are ad
dressed. The mapping of all FEPs in the Process System 
can be done in several ways and during 1991-1994 at
tempts have been made with several different methods 
1) visualization of the FEPs in a tree structure, /14-4/, 
2) using Influence diagrams and 3) using the Rock Engin
eering Systems (RES) approach /14-5/. 

A description of each of these approaches as well as a 
comparison between them can be found in SKB TR 94-28 

/14-6/. 
The influence diagram methodology research was in 

1994 mainly driven by SKI but was also used by SKB in 
a study concerning other longlived wastes than spent nu
clear fuel /14-7 /. 

The RES methodology have been used in some applica
tions in SKB and seems so far be a good system to visualize 
the Process System in a comprehensive and transparent 
way. The total repository system is presented in a few 
smaller submatrices as indicated in Figure 14-2. Further 

development and use of the methodology together with a 
linking to FEPs databases are under way. A typical 
example of one of the submatrices can be seen in Figure 
14-3. 

The second step in the scenario methodology is to select 

the actual scenarios to be subjected to numerical evalu
ation. The above mentioned schemes seems to be helpful 

tools to find the most important and interactive pathways 
through the Process System and also for finding processes 
and issues that can be put less emphasis on. All decisions 
can be documented and put in relation to the schemes and 

thereby the overview of the decision process and the 
motivations will become clearer. 

There will always be a certain amount of expert judge

ment in some parts of the scenario selection process but 
with a careful documentation of the above mentioned steps 
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Figure 14-2. The RES-matrices applied for visualizing the 

total repository system. 

these more subjective expert judgements can be put to a 
minimum. 

14.3 MONITOR 2000 
A need for a more user friendly system for managing 
complex model calculations has been identified during 
previous work on safety assessments at SKB. Therefore, 

preliminary studies of a graphic user interface were carried 
out during 1994. This "Graphic System for Managing 
Complex Model Calculations" has been named Monitor 

2000. 
Compared to the present system which is based on 

text-files, the use of a graphic interface would result in 
improved quality assurance, better documentation, inde
pendence of specialist competence for managing complex 
calculations and considerable time savings in the set-up 

and documentation steps of the calculations. 
The results of the preliminary studies will form the basis 

for the construction of a graphic user interface in 1995. 

14.4 PERFORMANCE ASSESS
MENT OF A COPPER/ 
STEEL CANISTER 

The Swedish system for the final disposal of spent nuclear 
fuel is based on a copper canister with a very long lifetime. 
Originally, in the KBS-3 /14-8/, there were two different 
canister designs, a hot isostatically pressed pure copper 
canister and a lead filled copper canister. In the PASS 
/14-9/, different canister designs were compared and 
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Figure 14-4. Copper/steel canister with BWR assemblies. 

ranked. The outcome of this project was that a steel canis

ter with a copper overpack, see Figure 14-4, was the most 

favourable alternative, partly for fabrication-related rea

sons and partly in view of the assessment of the mechanical 

integrity of the canister. The copper/steel canister was 

chosen as the reference canister alternative for the future. 

This meant that a new performance/safety analysis has to 

be done to evaluate the new canister concept. 

The long time performance of this canister has been 

evaluated earlier /14-10/, but a more complete assessment 

is required to demonstrate that the copper/steel canister 

meets the same safety standard as the previous ones. This 

presentation will focus on the areas which are considered 

the most important for the time being: 

A as far as possible complete assessment. The "Rock 

Engineering Systems /14-llf' scenario analysis 

methodology has been used to ensure that all interac

tions are treated. 
The copper/steel canister is, in principle, identical 

with the previous canisters. The difference shows up 

when there is a defect in the corrosion protective 

0 890 

\ 
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so 
So 

Canister surface (m2 ) 15.23 
Remaining internal void (m3) 1.22 

Estimated weight (kg): 
Copper canister 6 380 

0 ..,- Steel canister 4950 
a, 
<:r 

Canister weight 11 330 

Fuel assemblies 3 640 

Filling 1 800 

Total 16 770 

copper overpack of one or more canisters. The follow

ing topics are only important when there is such a 

defect. 
A more detailed release model. This canister lacks the 

extra protection, that was given by the lead, in the lead 

filled canister. Therefore, a more detailed description 

of the behaviour of the canister internals and void, in 

the case of a defect canister, is useful to ensure that 

the release calculations are given a reasonable degree 

of conservatism. 
The effect of the steel corrosion products. If there is a 

defect (small) in the copper overpack, the steel will 

start to corrode. The expansion of the corrosion pro

duct may widen the defect in the copper. The magni

tude of this process has to be evaluated, since a limited 

defect is an important mass-transfer resistance. 

The gas migration from the canister. It is important to 

ensure that the hydrogen gas, created by the corrosion 

of the steel, does not jeopardize the function of the 

repository. 

These processes have been studied in detail. 



The Rock Engineering Systems (RES) approach is used 
to identify scenarios in order to ensure that all aspects of 
the problem are being covered. The method is objective 
based, and thus proceeds always bearing the objective in 
mind. The basic device used is the interaction matrix, in 
which the main parameters are identified and listed along 
the leading diagonal of a square matrix. The interactions 
between the parameters occur in the off-diagonal terms. 
When more than two parameters are involved, the interac
tion is a pathway through the matrix, and then the order of 
parameter sequence is important. Using the RES approach 
the system parameters were listed along the leading diag
onal of a llxll matrix. All the binary interactions were 
identified. Events, like an initial failure, were imposed on 
the matrix and the interaction pathways were identified. 
The final result showed that the RES approach is an 
excellent tool to get a complete and transparent picture of 
the scenarios that are affecting the canister, see Section 
14.2. 

The development of a more detailed release model has 
focused on the effect of the canister internals. The most 
likely scenario is that all canisters in the repository are 
intact for a very long time. However, in a performance 
assessment it is important to illustrate the effect of an early 
canister failure and to demonstrate the robustness of the 
system. Release calculations has been done with a com
partment model in witch many of the mass-transfer resist
ances in the near field are included /14-12/. 

In the reference failure scenario, a 5 mm2 defect in the 
copper overpack is assumed (a result of a unsuccessful 
welding and quality control). It is also assumed that the 
steel canister will lose its mechanical integrity after 5000 
years and all mass-transfer resistance in the canister wall 
will than be lost. The result of the release calculations for 
some of the most important radionuclides are shown in 
Figure 14-5. To investigate the sensitivity for some of the 
model parameters on the release of radionuclides the fol
lowing variations have also been studied: 
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Glaciation at 50 000 years with rock movement 
resulting in a large breach in an initially intact 
canister and doubled water flow in the host rock. 
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Figure 14-5. Reference scenario release from the near 
field. 
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Figure 14-6. Release of Cs-137. 

V2a Only 1 zirkaloy tube damaged up to 5000 years. 
V2b 1 % of the tubes damaged up to 5000 years. 
V3a No filling material in the canister. 
V3b A stabilizing filling material that will maintain the 

mechanical stability of the canister. 
V3c A filling material with ability to sorb Cs and Sr. 
V 4 Large breach in the canister immediately after de

position. 
V 5 Lower sorption for Pu. 

The results for the release calculations of Cs-137 and 
Pu-239 are shown in Figures 14-6 and 14-7. 

Calculations have been done to estimate the effect of 
swelling corrosion products, assuming that there is a cir
cumferential crack in the copper overpack. The calcula
tions /14-13/ suggests that a typical stress on the copper 
overpack is in the form: 

where 
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Figure 14-7. Release of Pu-239. 
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is the rate of increase in thickness of the corrosion residue 

in the annulus. A diffusion calculation implies that under 

most repository conditions, corrosion will continue to take 

place over a significant fraction of the steel surface, and 

therefore the crack in the copper overpack is unlikely to 

"yawn". The only scenario that could lead to a widening 

of the crack occurs if the repository is saturated with 

groundwater and the corrosion is aerobic. Such conditions 

exist, if at all, only for a short time in the lifetime of the 

repository. 
The hydrogen gas produced by the corrosion of the steel 

canister can not escape through the buffer material by 

aqueous diffusion, at least not if a conservative corrosion 

rate is used in the calculation. This means that the estab

lishment of gas phase flow paths must represent a signifi

cant gas transport mechanism. Models have been con

sidered to investigate the displacement of clay aggregates 

by the penetrating gas. Some calculations have been 

undertaken to assess the sensitivity of the models to the 

input data and to try to estimate the pressure increase in 

the canister required to support the necessary gas flux. 

In the event of water ingress to the canister, hydrogen 

will be generated as a result of anaerobic corrosion of the 

carbon steel inner canister. A study /14-14/ has addressed 

the potential overpressurization of the canister and the 

possible effects of the gas on water movement around the 

repository. The principal objectives of this preliminary 

programme of work were to determine the mechanism by 

which gas can migrate from a canister, to identify the 

possible consequences of gas generation and to determine 

the likely fate of the gas. 

The main conclusions from this preliminary study were 

as follows: 

The long-term effect of the hydrogen gas generation 

will depend on the generation rate and the ability of 

the bentonite barrier to permit the escape of the gas. 

A number of alternative gas migration routes through 

the bentonite have been considered, including both 

the dissolution of gas in the groundwater and the flow 

of a gas phase. The amount of gas that could escape 

through the bentonite by dissolving in the ground

water and diffusing away from the canister is small 

compared with the maximum gas generation rates that 

have been considered. Gas-phase flow through the 

bentonite must therefore represent the primary route 

for the gas to escape. 

The relationship between the pressure drop across the 

bentonite and the resulting gas-phase flow has been 

addressed. The scope of the analysis has been limited 

by the lack of availability of experimental data relat

ing to the mechanisms controlling gas-phase flow 

through water-saturated bentonite. 

Two crucial questions need to be addressed in the 

future with regard to the passage of gas through the 

bentonite and the degree of overpressurization of the 

canister. These questions relate to: 

The numbers (and size) of capillary-like pathways 

that are present in the bentonite. If the pathways 
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present in the bentonite are sufficient in numbers and 

in size to permit gas-phase flow at the maximum 

generation rate without approaching the swelling 

pressure too closely, then the gas will be able to escape 

through the bentonite and make its way in due course 

to the surface. 
The behaviour of the bentonite in response to increas

ing gas pressure, with respect to the enlargement of 

existing pathways and the formation of new path

ways. If the pathways are insufficient, then it becomes 

important to consider the formation and enlargement 

of pathways by the displacement of clay aggregates. 

The effectiveness of this process will determine 

whether the gas can escape while avoiding any ex

cessive increase in gas pressure in the canister that 

might compromise the integrity of the repository. 

Once the gas has escaped from the bentonite, it will 

pass through into the tunnel area and the damaged 

zone. Gas-trapping in these zones could cause a small 

delay in the passage of the gas to the surface, but is 

unlikely to be significant over the long time scales that 

are considered in performance assessment. Transport 

of dissolved gas by diffusion or by advection in the 

groundwater flow is unlikely to represent a significant 

transport pathway at the gas generation rates con

sidered. 
The gas will eventually pass into the rock overlying 

the repository. Two alternative approaches have been 

adopted to assess the ease with which gas can pass 

upwards through the rock towards the surface. Both 

the continuum model and the discrete fracture model 

results suggests that there is ample capacity to trans

port gas away from the repository and up towards the 

surface. 

This study indicates that the copper/steel canister meets 

very high safety standards and that the new scenarios can 

be treated in an acceptable way. 

14.5 MODELLING OF TRANS
PORT IN THE FAR FIELD 

14.5.1 Background 
Predictive modelling of groundwater flow in fractured, 

low-permeable rock is complex since the flow is concen

trated within fractures. Still, calculations of water move

ment and transport of radionuclides constitute an impor

tant part of the safety analysis. Conceptual, mathematical 

and numerical models need to be further refined. SKB also 

needs to show the impact of different conceptual models 

on the simulated results. 
Verification and testing of models are extremely impor

tant. Therefore, the modelling of groundwater flow and 

transport of solutes within the Aspo Hard Rock Laboratory 

project is of special interest. A Modelling Task Force was 

initiated in 1992 as a part of the international cooperation 

at Aspo HRL. The work will increase our understanding 



of the fundamental processes involved as well as give an 
opportunity to test our models with site-specific data. 

1994 has been a year of further development which may 
be seen when comparing the sections below. 

14.5.2 Development of models 

The Channel Network approach describes the flowpaths 
in fractured rock as a network of connected channels with 
different lengths, conductivities, volumes and widths. The 
model can simulate the transport of a solute through this 
network where the solute may diffuse into the rock matrix. 
It is the water-conductive channels and not the fractures 
in the rock that constitute the basis for the model. 

Development has been focused on improving the disper
sion behaviour in the model. One option may be to include 
ideas from the field of self-similarity and fractals. A few 
algorithms have been tested. Work has also been devoted 
to using a system where only the fracture zones are repre
sented. Each fracture zone within the target area would 
then be modelled as a 3D block consisting of a channel 
network. Finally, some development has also been focused 
on how to enable the model to use site specific data. 

HYDRASTAR is a tool for Stochastic Continuum mod
elling of groundwater flow. Realizations of the hydraulic 
conductivity field are generated using the Turning Bands 
algorithm and can be conditioned on measured values of 
the conductivity using kriging. Version 1.4 is provided 
with a user-friendly input data interface as well as a 
transient solver. Furthermore the documentation has been 
improved /14-15/, /14-16/. 

A series of verification studies have been carried out on 
HYDRASTAR. The studies concern the accuracy of the 
implementation of the Turning Bands algorithm and the 
transport and dispersion of fluid particles in two and three 
dimensions. In general the agreements were found to be 
satisfactorily for all cases studied /14-17 /. Together with 
earlier studies on verification this help to build confidence 
that the code will produce correct results when applied to 
realistic cases. It may also be mentioned that the verifica
tion work was performed by AEA Technology, England, 
using the SKB CONVEX computer via Internet. This way 
of communication worked out extremely well. 

The methodology in HYDRASTAR will be further de
veloped. Use of hydraulic interference tests will probably 
improve simulation results by the large scale connectivity 
information. Calibration procedures for taking account of 
both steady-state and transient groundwater head data 
have been examined /14-18/. The study involved develop
ment of a 2D simulator for method evaluation and what-if 
simulations in MATLAB. An inverse modelling proce
dure, the pilot point method /14-19/, was found to have the 
greatest potential for development. Large uncertainties are 
obtained for geosphere performance measures given few 
data. The methodology has a great potential for variance 
reduction. Significant improvement in variance by further 
conditioning will be obtained as the number of data 
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becomes much larger. However, inverse modelling proce
dures are a structured way of utilising available site 
groundwater head information as opposed to manual cali
bration. 

An investigation regarding performance assessments 
requirements on radionuclide transport modelling has 
been carried out /14-20/. Specifically, the methodologies 
for performance assessment specific models have been 
discussed in an international perspective. Possible devel
opment and alternative methods have been identified in 
relation to the existing methods /14-21/. 

The PHOENICS/PARTRACK groundwater flow and 
transport modelling tool utilised in the Aspo HRL project 
has been the focus for a study evaluating the possibility of 
using the tool for performance assessment purposes 
/14-22/. The PARTRACK algorithm does implicitly treat 
the processes influencing radionuclide migration in frac
tured media. A few lacking features were identified such 
as no radioactive chain decay included and that additional 
work is needed in order to relate PARTRACK input par
ameters to actual field data available. 

14.5.3 Application of models 

The Channel Network Model has been applied to data 
from the Aspo site as a part of the Aspo Task Force work 
/14-23/. The task in question is the large scale pumping 
and tracer test LPT2. The Aspo International Task Force 
will focus on modelling of groundwater flow and transport 
of solutes using the available large data base at Aspo. 

The Channel Network approach was applied for the first 
time using site data. A 1000 m by 700 m by 700 m region 
of Aspo was simulated and the drawdowns in boreholes 
could be compared with the actual experimental outcome. 
The tracer tests were also analysed. Mainly, this was a 
feasibility study with comforting results. Much work was 
focused on obtaining model parameters using available 
field information /14-24/. Some parameters are lacking 
from Aspo in the perspective of a Channel Network ap
proach. 

In the Aspo Task Force group the modelling activities 
will be further evaluated. 

14.5.4 Planned work 

The Channel Network model will be further developed. 
This includes a new method in order to model fracture 
zones in the channel network model concept, improve
ment of the dispersion behaviour of the model by intro
ducing the notion of self similar structures. 

Further work will be headed towards alternative sto
chastic approaches for groundwater flow simulation and 
the effect on transport predictions. The aforementioned 
inverse modelling technique has to be applied using site 
specific data. 



15 SUPPORTING RESEARCH AND DEVELOPMENT 

This chapter presents the activities both on general de

velopment of understanding and databases in areas rele

vant for repository safety, and on specific supportive re

search actions that have been initiated to clearify unre

solved issues. It is divided into the sections Spent Fuel, 

Buffer and Backfill, Geoscience, Chemistry, Natural Ana

logue Studies, and The Biosphere. 
The canister research has been presented together with 

the development work on canister design and production 

in Chapter 6. 
Activities related to the development and testing of 

methodology and tools for performance and safety assess

ments have in general been presented in Chapter 14. The 

investigations regarding longlived radioactive wastes 

other than spent nuclear fuel are presented in Chapter 16. 

All the in-situ experiments and sampling made in the HRL 
are reported in Chapter 17. 

15.1 SPENT FUEL 
The experimental programme in the hot-cells at Studsvik 

Nuclear has been in progress since 1982. Two specimens 

of BWR fuel from this first series are still being corroded 

using a sequential corrosion scheme, where the corrosion 

solution is replaced with fresh solution after predeter

mined contact periods. These specimens have now reached 

an accumulated contact time of over 13 years. Other on

going long term experiments are a series of PWR spe

cimens, started in 1986, also with sequential exposure to 

water. 
The cooperation with other groups in the world perform

ing similar studies has continued during 1994, through the 

spent fuel workshop that was held in Montebello, Quebec, 

Canada, and arranged by AECL Research, Canada. More 

direct cooperative work has also been performed with 

AECL Research. 

15.1.1 Fuel characterization 

Since alpha and beta radiolysis are probable driving forces 

for oxidation and dissolution of spent fuel under reducing 

conditions, high-magnification scanning electron micro

scopy studies of corroded fuel specimens have been per

formed during the past few years. Particular attention has 

been paid to the pellet periphery, which has a higher 

burnup and alpha activity than the bulk pellet. Although a 

few specimens appeared to show evidence of corrosive 

attack at the periphery, examination of other specimens, 

which would be expected to show a similar effect, did not 

confirm these results. 
This was discussed in a previous report /15.1-1/, 

together with a presentation of an indirect method for 
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determining the locations in the pellet, where the uranium 

is dissolved during corrosive attack. Direct measurements 

of the 236ul235U ratio of the uranium in solution from 

corrosion tests were compared with calculated values for 

bulk fuel and pellet peripheries, determined from quanti

tative measurements of the radial burnup at three locations 

in the rod, and a series of ORIGEN calculations, which 

were used to establish a relationship between the 
236u;235u ratio and burnup. It had tentatively been ex

pected that the experimental values would fall somewhere 

between the calculated bulk fuel and the periphery, indi

cating some selective attack at the high alpha dose periph

ery. It was found that the ratios in solution were grouped 

around the bulk fuel values. 
The use of ORIGEN calculations to predict actinide 

compositions at the pellet rim is, of course, subject to 

uncertainty. Experimental evidence for the existence and 

size of the change in 236u;235u ratios at or near the rim 

would be very useful. Measurement of the radial variation 

in a high burnup PWR fuel pellet by means of laser 

ablation and ICP-MS has been reported /15.1-2/. However, 

the size of the laser-sampled crater, about 0.5 mm, gave 

inadequate spatial resolution for the rim zone, and the 

reported change in isotopic ratio was only about 20%. 

In order to obtain more experimental data, a few tenta

tive attempts have been made to analyse very small fuel 

fragments from a fuel that shows pronounced rim effect 

with respect to radial profiles for burnup and alpha activity. 

Eleven randomly chosen fuel particles showed a 236u; 
235u ratio of 1.13 ± 0.09. These were compared with ana

lyses of three scrapings from the pellet periphery, which 

suggested that there is a radial variation of about 30% in 

this specimen. The values of the 236u;235u ratio obtained 

in the last two contact periods of corrosion on the specimen 

were, in each case, 1.11 ± 0.02, which also suggests bulk 

corrosion rather than preferential corrosion at the fuel rim. 

15.1.2 Spent fuel corrosion 

In March 1990, a corrosion test was started of fuel from a 

stringer rod with variable burnup along its length. The 

burnup ranged from 21.2 to 49.0 MWd/kgU (Series 11). 

Since the local linear heat-rating was proportional to the 

burn up, the rod was well suited for investigating the effects 

on corrosion of migrational effects during reactor oper

ation. Sixteen sections of fuel/clad were used for the 

corrosion tests and two shorter sections for burnup and 

inventory determination. So far, the tests have consisted of 

8 completed contact periods; the 9th is still in progress. Ten 

of the 16 fuel specimens were corroded in synthetic bicar

bonate groundwater under oxic conditions, while the re

maining 6 were corroded in the same groundwater under 



nominally anoxic conditions produced by flowing 
5%HiAr over the solution surface. 

Since 1992, the ICP-MS technique has been used for 
analysis of the solutions. The analyses have been per
formed directly, without employing separations or isotope 
dilution techniques. The potential and limitations of direct 
analyses of actinides from oxic and anoxic corrosion ex
periments were studied in conjunction with the analyses 
of the solutions from the 8th contact period of Series 11 
/15.1-3/. 

A complication in using ICP-MS on samples containing 
fission products and actinide is that the isotopic composi
tion departs significantly from those in the lithosphere, and 

can also vary from sample to sample depending on enrich
ment of the original fuel, the irradiation conditions, burnup 

and decay time. A consequence of this is that the pattern 
of isobaric interferences will differ from lithospheric ma
terial, and will not be predictable other than by calcula
tions performed external to the instrument. Corrections for 
isobaric interferences, however, were found to be rela
tively straightforward for fission products. For actinides, 
total inventories and isotopic compositions are strongly 
dependent on both irradiation conditions, fuel burnup and 
radioactive decay, and their accurate calculation is diffi
cult. This is a particular problem in Series 11, where the 
burnup varies along the length of the fuel rod. 

An illustration of the results from the ICP-MS analysis 
is shown in Figure 15.1-1, which presents the mass spectra 
of the actinides in fuel specimens from the high-burnup 
end of the fuel rod. The upper spectrum is the dissolved 
inventory fuel specimen. The lower spectrum is of the 
corrosion solution from a fuel specimen close to the inven
tory specimen and, therefore, with very similar actinide 

inventories and isotopic composition. 
The determination of uranium from tests performed 

under oxic conditions presents few problems, since the 
concentrations are in the range of 10-5 mol/dm3. Under 
anoxic conditions the uranium solubility decreases sharply 
to about 10-7 mol/dm3, but poses no difficulties in the 
analyses. 

For the transuranic actinides, Np, Pu, Am and Cm, the 
concentrations in solution depend both on the dissolution 
of the UO2 fuel matrix in which they are in solid solution 
and on their own solubilities. Under oxic conditions, the 

concentrations of Am and Cm are always low, while Np 

and Pu are typically at the levels of 8 • 10-10 mol/dm3 and 

1.6 • 10-9 mol/dm3, respectively. Under anoxic conditions, 

their concentration decrease to about 1.6 • 10-11 mol/dm3 

and 5 · 10-11 mol/dm3, respectively. For americium and 
curium, it was found that the low levels in solution made 
it unfeasible to directly determine the concentrations. 

In conclusion, it can be stated that under oxic conditions, 
concentrations of both Np and Pu can be directly measured 
with satisfactory accuracy and precision if multiple ana
lyses are performed. Under anoxic conditions, their con
centrations can be determined at least to within one order 
of magnitude. 

An experiment was started in 1985, where spent fuel 

corrosion was studied in the presence of compacted ben-
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Figure 15.1-1. Actinide spectrafrom specimens from the 
high burnup end of the stringer fuel rod. 

Upper; Dissolved fuel from the inventory specimen. 
Lower; Solution sample from 8th contact period of a fuel 
specimen close the inventory specimen. 

tonite. Part of a fuel pin, 42 MWd/kgU, with its Zircaloy 

cladding was sawn into 4.8 mm thick slices. Dry com

pacted bentonite clay with a dry density of 2100 kg/m3 

was placed around each fuel piece. The fuel and clay 

arrangement was placed in a diffusion cell, which was put 

in a stainless steel container with 1 dm3 of synthetic 
groundwater, which had been pre-equilibrated with the 

bentonite clay. In some diffusion cells, additives of metal

lic iron, metallic copper or the mineral vivianite were 

mixed with the clay. The experimental design and earlier 

results are described Skalberg et al. /15 .1-4/ and by Albins

son et al. /15.1-5/. A schematic view of the diffusion cell 

is shown in Figure 15.1-2. During 1994, the release and 

migration of 90sr in the clay after contact times of 101, 

197, 386, and 2213 days have been published /15.1-6/. 

From the distribution of 90sr from the fuel after 101 days 

an apparent diffusivity of 6.3 • 1 o-12 m2/s was determined, 

see Figure 15.1-3. 
The total amount of strontium released in this experi

ment was 0.016% of the inventory. In fuel leaching experi

ments using the same fuel the corresponding amounts 
were 0.10 to 0.17%. However, experiments under anoxic 



Bentonite clay Fuel piece 

Figure 15.1-2. Schematic view of the diffusion cell. 

conditions show a 90sr release fraction of 0.02 % after one 

year /15.1-7 /. Thus, the present experiment shows release 

rates more indicative of anoxic conditions. 

The apparent diffusivity of technetium has measured in 

the fuel-leaching/diffusion experiments. Previously, the 

101 days experiments have been evaluated, using radio

metric methods /15.1-5/. In the present study, the analysis 

was made using ICP-MS /15.1-8/. With this technique, a 

detection limit of 0.45 pg/ml was achieved. The apparent 

diffusivity of technetium after 101 days was found to be 

9.9 • 10-13 m2/s, which is in agreement with what was 

reported in /15.1-5/. However, a lower apparent diffusivity 

(3.1 • 10-13 m2/s) was observed after 386 days of diffusion 

time and an even lower after six years of diffusion time 

(6.1 · 10-14 m2/s). 

10000 
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10 
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Figure 15.1-3. Diffusion profile of 90sr in compacted 

bentonite, pd=2100 kglm3. The dotted line represents an 

apparent diffusivity of 6.3 · 10-12 m2/s. 
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Figure 15.1-4. Diffusion profile of 99Tc in compacted 

bentonite, pd=2100 kg/m3 after different contact times. 

The apparent diffusivity seems to differ by a factor 

corresponding to the diffusion time used in the evaluation. 

If the apparent diffusivity is calculated from the concentra

tion profile obtained after 2213 days, but using a diffusion 

time of 101 days, almost the same apparent diffusivity is 

obtained as in the 101 days experiment. The diffusion 

profiles after different diffusion times are shown in Figure 

15.1-4. An explanation is that technetium is released from 

the fuel as Tco4- and diffused into the bentonite clay, 

whereafter it is reduced to Tc(IV), probably TcO2 or 

TcO(OHh, which will be sorbed strongly in the clay. The 

total amount of released Tc was about two orders of 

magnitude lower than in fuel corrosion experiments per

formed under oxic conditions. 

15.1.3 Alpha radiolysis 

The production of H2, 0 2 and H2O2 by radiolysis of the 

leach solution have been studied in a closed system con

taining fragments of irradiated PWR fuel and argon purged 

distilled water /15.1-9/. 
The radiolysis of water produces equivalent amounts of 

oxidising and reducing species. Oxidation of used fuel by 

radiolytically formed oxidants results in a net production 

of reducing species, primarily as H2• However, it is not 

clear to which extent the radiolytically produced oxidants 

effect the dissolution behaviour of the UO2 fuel matrix. In 

/15.1-9/, the mass balance for radiolytically produced oxi

dants, reductants and dissolved uranium was studied in a 

closed system initially containing fragments of used fuel 

and oxygen free distilled water. 
During a first contact, H2 and 0 2 concentrations initially 

increased in the gas phase above the leach solution. The 

increase in H2 reached at steady state within about a week. 

The 0 2 concentration, however, increased to maximum 

value in about the same time, whereafter it decreased with 

time, see Figure 15.1-5. In a second contact, H2 behaviour 
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Figure 15.1-5. Oxygen concentration in gas phase plotted 
versus leach time. ( 1.88 g fuel, 14 cm3 distilled water, 50 
cm3 Ar). 

was the same, while only a very low 0 2 concentration was 
observed. Very low concentrations ofH2O2 and dissolved 
uranium were observed in the aqueous phase at the end of 
the experiments. 

After these two contacts, the fuel was leached in an 
anaerobic solution of 10 mmol/dm3 of carbonate solution 
in order to dissolve any U(VI) on the fuel surface. It was 
found that there was a clear deficiency of oxidants in the 
overall redox system. The concentrations of uranium in the 
experiments performed in distilled water were in the range 
0.6-1.7 · 10-6 mole/dm3, in close agreement with the ex

pected concentrations in equilibrium with UO3 · xH2O. 
However, in the presence of carbonate, the observed 

steady state uranium concentrations (6 • 10-6 mole/dm3) 

were far from what is expected if the surface oxidation had 
proceeded up to U(VI). The observed uranium concentra
tions were close to the ones expected in equilibrium with 
a UO2+x surface oxide. The findings of this preliminary 
work indicate that redox buffering by the UO2 oxidation 
to UO2+x may be a mechanism of critical importance to 
assess the effects ofradiolytic oxidation. 

Additional experiments of this kind with controlled 
chemical conditions should indicate the overall effect on 
master variables like pH and pe, as well as on the release 
of minor nuclides. From this more realistic models to 
describe the radiolytic oxidation of spent fuel could be 
derived. Such experiments are currently in progress. 

15.1.4 Natural analogues 
The dissolution behaviour of uraninite, becquerelite, 
schoepite and uranophane has been studied /15.1-10/. The 
information obtained under a variety of experimental 
conditions has been combined with extensive solid phase 
characterizations, performed under both leached and un
leached samples. The overall objective is to construct a 
thermodynamic and kinetic model for the long-term oxi-
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dation alteration of UO2(s), as an analogy of the spent 
nuclear fuel matrix. 

The dissolution of bequerelite under anoxic conditions 
in distilled water gave solubilities much lower than calcu
lated by the solubility constant found in the literature. A 

solubility product of 32.7 ± 1.3 has been proposed based 
on the results of the dissolution experiments. The solu
bility product of uranophane was determined to be 

7.8 ± 0.8. In some experiments, the reaction progress 
showed initial dissolution ofuranophane followed by pre
cipitation of a solid phase, characterized as soddyite. With 
the data obtained, a solubility product for soddyite of 

3.0 ± 2.9 was suggested. 

The kinetics of dissolution ofuraninite, uranophane and 
schoepite have been studied under oxidizing conditions 
conditions in synthetic groundwater. The normalized rates 
of dissolution of uraninite and uranophane were cal

culated, referring to uranium release, as 1.97 • 10-8 mole/ 

h • m-2 and 4 · 10-9 mole/h • m-2, respectively. For schoe
pite, no measurement of surface area was performed, due 
to the lack of sufficient amount of sample. However, for 
schoepite the dissolution process showed two different 

stages, with a relatively fast initial rate of 1.97 • 1 o-8 

mole/h followed, after approximately 1000 hours by a 

slower one of 1.4 • 10-9 mole/h. No formation of second
ary phases were observed in those experiments, although 
final uranium concentrations have in all cases exceeded 
the solubility ofuranophane, the thermodynamically more 
stable phase under the experimental conditions. 

It was concluded that further work should be concen
trated in establishing the thermodynamics and kinetics of 
uranophane and soddyite synthetic samples to ascertain 
the final pathway for the long-term bahaviour of spent 
nuclear fuel under oxic repository conditions. 

15.2 BUFFER AND BACKFILL 

15.2.1 Buffer and backfill encyklopdia 

The more than 15 years of research and investigation of 
smectite-based buffer materials have developed a broad 
know-how of the behaviour of the material under reposi
tory conditions as well as laboratory experience of how to 
prepare samples and measure the properties. In the future 
phase of designing a repository there is a need for a 
compilation of the relevant information summarizing uni
fied definitions of physical and chemical terms, stan
dardized and recommended laboratory and field test 
methods, and mathematical models for describing and 
predicting practically important processes and bulk beha
viours. Such documentation has started and is intended to 
consist of three parts of which the first one has been 
completed in a preliminary version within the frame of 
current cooperation between TVO and SKB. 

This first part deals with units and definitions, soil 
characterization, contents, consistency, physical and 
chemical properties, and routine methods for quality as-



surance of large quantities of buffer material. The second 
part is planned to be a material handbook with description 
of practically important parameter d.ita, and with recom
mended methods for preparation of buffers and backli II in 
bulk and block fonns. The third part will contain a compi
lation of models for predicting major transport processes 
and rheological behaviours. 

15.2.2 General microstructuraJ model for 
bentonite 

The practically important transport and rheological 
propenies of smectite-bascd buffers and backfills depend 
on the microstructural constitution. Thus the hydraulic 
conductivity and diffusive transport capacity, expanda
bility and compressibility, shear strength and creep beha
viour are controlled by the arrangement and physical and 
chemical interaction of the mineral constituents and so
lutes. An underscanding of the microstructure has been 
shown helpfol in the interpretation of measured data ob
tained from various testing of buffer and backfill in the 
laboratory /15.2-1/. 

Based on an early developed conceptual model funher 
improvements have been made. Information on the micro
structural constitution. especially concerning the distribu
tion of immobile and mobile porewater. has been derived 
by use of electron microscopy and application of fun
damental physical models that are based on the ratio of 
these two porewater types and that yield microstructural 
pauems of the sort depicted in Figure 15.2-1. This figure 
shows that the voids between the clay pai1icles, that are 
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Figure 15.2-1. Basic pauem of granules in highly com
pacted bellfonite clay: 

I) Expanded po11·der grains. 
II) ··External" voids filled with day gels with a den

sity that is related to the void size. /15.2-2/ 
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Figure 15.2-2. Preliminary material calculation of the 
111at11ratio11 rate of be11to11ite granule assemblage in ben
tonite/ballast mi.xture. Upper: Schematic microstructure. 
Centre: Early stage with a large part o_f voids .will unfilled. 
Lower: La1e .wage with a small part of void~ 1111.filled. Red 
is high density. yellow intermediate density and blue very 
low density. 

filled with clay gels, are not developing a homogeneous 
density after saturation but a density that is depcndem on 
Lhe size of Lhe void. The softer parts of the smeclite gel 
serve as the most permeable passage for nowi ng water and 
diffusive tram,port of ions as well as for gas. The gas may 
expand the passages and make them permanent. 

In order 10 quantify the properties of the buffer and 
backfill the conceptual model has to be supplemented with 
a numerical model and such work has started. An improved 
physical model has been adapted to the general rheological 
model /15.2-3/ working with the ABAQUS code. Its lirst 
form in 2D for pure bentonite pa1ticles as well as for 
mixtures of bentonite granules and ballast grains verifies 
Lhm lai·ge inhomogeneities may prevail even after com
plete maturation as illustrated by Figure 15.2-2115.2-4/. 

15.2.3 Modelling of degradation process 

A technique for modelling buffer degradation processes 
that require transport of one reaction component from the 



near field or from the buffer boundary has been developed 
/15.2-5/. The technique is based on the finite difference 
code FLAC, using FLAC thermal logic for simulating 
transport to the buffer boundary as well as transport within 
the buffer, and the FLAC built-in programming facility for 
implementing the reaction mechanism taking place in the 
buffer. The modelling technique has been applied to the 
process of smectite-to-illite conversion with fixation of 
potassium ions in cation exchange positions. The dis
solved potassium is assumed to diffuse in the clay. The 
reaction mechanism has been represented by a rate equa
tion and the conversion reaction is assumed to follow 
Pyttes and Huangs models /15.2-6/. For cases which could 
be checked with analytical solutions the modelling tech
nique has been found to give accurate results. One 
example of application is the deposition hole model, in 
which potassium is assumed to be supplied from the tunnel 
floor and the rock walls of the deposition hole. The results 
indicate that even for very conservative estimates regard
ing the rate of potassium supply and the effective diffusiv
ity in the clay at least 50% of the bentonite buffer remains 
unconverted after 100 000 years, and thus that the buffer 
performance still is dominated by the properties of smec
tite at that time. 

15.2.4 Cements impact on bentonite 

The work concerns possible mineral alteration in construc
tion with bentonite in close contact to cement and is carried 
out as a joint project between NAGRA and SKB. The 
investigation comprises 1, 4 /15.2-7/ and 16 months test 
series with hydrothermal cell tests, percolation tests and 
diffusion tests. The MX-80 bentonite quality from Ameri
can Colloid Ltd has been used in all tests after conversion 
to a monoionic sodium state. Two types of artificial cement 
pore water solutions were used, one dominated by alkali 
hydroxides which consequently has a high pH (approxi
mately 13.5), and the other dominated by calcium hydrox
ide and thereby with a more moderate pH (approximately 
12.5). The clay density is 1.8 g/cm3 after saturation with 
distilled water and the temperature has been held at 40°C 
in all tests. The swelling pressure and the hydraulic con
ductivity were measured during the whole test period in 
the percolation tests. After termination the clay was ana
lyzed with respect to changes in element distribution, 
mineralogy and physical properties. The water solutions 
were analyzed with respect to ion content and pH. The 
most important findings concern the samples contacted to 
the most reactive cement solution, in which e. g. small but 
significant increases in 10 A minerals were found. How
ever, the preliminary results from the 16 months tests 
indicate a retarding rate of the reaction which produces 
this mineralogical change. 
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15.2.5 Testing and modelling of physical 
behaviour of bentonite in unsatu
rated form 

The work up till now has been focused on saturated 
conditions but has now also been expanded into unsatu
rated conditions. During the water uptake the buffer will 
be exposed to a thermal gradient that induces mechanical 
and hydraulical as well as chemical processes. During 
1994 thermo-hydro-mechanical properties have been in
vestigated by laboratory tests, material modelling and 
adaptation of the coupled model to the ABAQUS code 
/15.2-8/. This preliminary model includes several sub
models as follows. 

Heat conduction. 
Effect of the evaporation-condensation process on the 
heat flux. 
Effective stress theory corrected for the degree of 
saturation controlled by the mechanical properties of 
the pore water and the particles. 
Porous elasticity model. 
Drucker-Prager plasticity model. 
Darcys law for water flux. 
A negative pore pressure directly related to the degree 
of saturation. 
Vapour flux driven by a thermal gradient. 
Thermal expansion of the pore water and the particles. 

The model is a compromise between the available func
tion of the latest version of ABAQUS and a tentative 
material model based on the latest knowledge of the beha
viour of unsaturated buffer material. Some additional 
functions like the vapour flux have been coded and incor
porated in the program. The code has been used in calcu
lations for evaluating its validity. This has shown that the 
model often yields acceptable results but does not apply 
to all investigated cases. Especially the mechanical mod
elling is lacking accuracy. 

15.2.6 Salt accumulation in bentonite 
exposed to a thermal gradient 

During the saturation process, after emplacement of buffer 
and canister, the clay takes water from the surrounding 
rock as a wetting front moves towards the hot canister. At 
high temperature gradients, which may be present in the 
repository, enrichment of ions can take place. Two differ
ent processes of possible importance have been noticed 
both in pilot laboratory tests and in field experiments 
/15.2-9/, i. e. the transport of ions from easily dissolved 
impurities in the buffer or from the surrounding ground 
water to the wetting front in the clay, and precipitation of 



compounds that have a lower solubility at higher tempera
tures. Series of tests have been performed in order 10 

fu11her develop the understanding of the processes. al
though with exceeded temperature and sail gradients. The 
perfonned laboratory results validate the hypothesis of 
accumulation of cementing compounds at the warmer part 
of a buffer but the processes observed under laborato1y 
conditions may be much slower and less obvious under 
true repository conditions. 

15.2.7 Precompaction of bentonite blocks 

The emplacement of the bentonite buffer around the can
ister in the deposition hole is planned to be made with 
precompactcd blocks, which during the saturation phase 
swell and fill the hole yielding a final density of approxi
mately 2 g/cm3. The feasibility of precompacting bento
nite blocks was demonstrated in the Stripa project in 
conjunction with block manufacturing for the buffer mass 
tests carried out in underground experiments. The tech
nique used was isostatic compaction of bentonite with its 
natural water content. The blocks were then cut to suitable 
shapes by sawing. 

However, the sawing is a time-consuming operation and 
a good geometrical precision is difficult to obtain. An 
improved way of compaction is therefore desired. Further
more, the strong infiuence of the degree of water saturation 
on the thennal conductivity of the buffer makes it also 
desirable to compact blocks with a high initial water 
content. The development work during 1994 has been 
focused on uniaxial compression. and a production process 
for blocks of a size that is possible to handle by man, i. e. 
I 0-20 kg, has been outlined /15.2-10/. 

If such blocks would be used in the repository some 
1000-2000 would be required in each deposition hole and 
the production of each block consequently has to be fast. 
One industry in Sweden using a suitable method is the 
brick ractory of Hoganas Bjur A8 in Bjuv in southern 
Sweden. and SKB's knowledge orbentonile and Hoganas 
Bjuf AB's experience in brick production has been com
bined to yield a fca~ible technique. This development 
includes series of tests in the Bjuv production equipment. 

Production under industrial conditions puts special de
mands on the technique like a very high compact.ion rate, 
and several practical problems have been identified and 
addressed with proper solutions. One main problem was 
cracking or the blocks. and several different types of cracks 
with different origins were discovered. such as: 

Expansion or the block at extraction from the form. 
Friction against the form walls during compaction. 
Entrapped air in the block. 
Briule edges with low strength. 

These problems were overcome by using the following 
techniques: 
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Addition of water to yield a water ratio of 18% in the 
bentonitc from the naturally occurring I 0%. 
Granulated bentonite with a well defined grain sile 
distribution. 
Decrease of the gap between the fomi and the piston. 
Lubrication of the walls of the form. 
Stepwise compaction. 

Figure 15.2-3 shows an example of a block compacted 
with this technique. 

The work has also started with respect 10 compaction of 
magnum blocks with the aim of' fabricating blocks with a 
diameter of about 1.5 m in one piece. which would fit in 
the deposition hole with a diameter of about 1.6 m. The 
compaction technique for such blocks differs in many 
respects from the one developed for manually manageable 
blocks. The large form needed is difficult to combine with 
the very high stiffness, and a more advanced technique is 
required in order to get a high quality of the blocks. Tests 
in a small scale fonn with a diameter of 0.25 m have 
indicated similar problems with cracking as were en
countered in the Bjuv factory, but they were solved in a 
slightly different way by applying: 

Low compaction rate. 
Vacuum suet.ion during compaction. 
Sealing rings of copper in the bcntonite in contact with 
the piston. 
Slightly conical shape of the form. 

The coming step is lo apply the technique on an almost 
full scale with a form ror blocks with a diameter of 1.0 m 
and a height of 0.4 m in a press with a capacity of 30 000 
tonnes. This press is situated in a plant in Ystad in the 
southern part of Sweden. Also uniaxial compaction of full 
scale blocks is possible to Lest in this press. 

Figure 15.2-3. Be11to11ite block compacted in the Hiiga11iis 
Bjl!{ AB brick plant for production offireday bricks before 
sintering. 



15.3 GEOSCIENCE 

15.3.1 Overview 

The geoscientific research at SKB is related to the crystal
line bedrock and to the projected repository design. The 
research work is guided primarily by the need for input 
data for the long-term safety assessments that are being 
done. Furthermore, the geoscientific R&D work is sup
posed to be of benefit in solving the civil engineering 
problems that are associated with the construction of a 
deep repository. 

The rock has a number of fundamental properties that 
are being exploited for the long-term performance and 
safety of the repository. These are: 

Mechanical protection. 
Chemically stable environment. 
Slow and stable groundwater flux. 

These properties can be more or less coupled to each 
other through physical or chemical processes. 

The rock provides long-lasting mechanical protection 
against external forces. A final repository in rock also 
provides good protection against changes in climate. Cli
matic changes can result in a changed biosphere with a 
considerably higher sea level, or alternatively can give rise 
to permafrost and formation of glaciers, with a lowering 
of the sea level as a result. The impact of such changes is 
minimized if a repository is placed in deep geological 
formations. 

It is of fundamental importance for the safety of the 
repository that the chemical environment is stable. Unoxic 
(=reducing) conditions of the groundwater are of great 
importance for the life of the canister and for the slow 
dissolution of the fuel matrix. Groundwater chemistry is 
determined for the most part by interaction between the 
minerals of the rock and the groundwater and is conse
quently stable over long spans of time. The chemical 
environment of the rock is also important for how radio
nuclides can be transported. Here the interaction between 
the different nuclides and rock is of importance. 

The low groundwater flux in the rock is of importance 
both for the durability of the barriers and for the slow 
transport of none or weakly sorbing nuclides in the rock. 
The water flux is generally determined by the topography 
of the ground surface and by the hydraulic conductivity of 
the rock, which is in turn dependent on its fracture content. 

The geoscientific programme at SKB embraces broad 
knowledge build-up within geology, geophysics, rock 
mechanics and geohydrology. The programme also in
cludes method development and development of numeri
cal computer models. A strong link exists to SKB's pro
gramme for instrument development. 

The activities and the projects within the geoscientific 
programme are often coordinated with other special areas, 
such as geochemistry and hydrochemistry. Furthermore, 
the work is integrated with the research activities that are 
being conducted within: 
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The Aspo Hard Rock Laboratory. 
Safety assessments. 
Natural analogues. 
The siting programme. 

The overall objectives and main activities of the 1994 
geoscience programme are expressed in the SKB RD&D
Programme that was released in September 1992. During 
1994 the geoscience programme has involved the follow
ing main tasks: 

Groundwater Movements in Rock. 
Bedrock Stability. 
Groundwater and Rock-Mechanical Numerical Mod
elling. 
The Laxemar Deep Drilling Project. 
Geochemistry. 
Development of Instruments and Methods. 

15.3.2 Groundwater movements in rock 
A thorough understanding of groundwater movements is 
essential for a detailed safety analysis of a repository. The 
groundwater flow affects the degradation of engineered 
barriers, the dissolution of the waste and the transport of 
solubles in the water. 

The relative importance of the parameters that describe 
flow in the bedrock can be treated in performance assess
ments and safety analyses. One of the factors that has 
importance for assessment of radionuclide transport of 
non-sorbing and sorbing species is the flow-rate of water. 
The flow rate of water in the bedrock is dependent on 
conductivity, connectivity of fractures and the driving 
forces. 

The conceptualization of the groundwater flow distribu
tion is important for the overall assessment of radionuclide 
transport, both nonsorbing and sorbing. 

Geometry and hydraulic characteristics of rock frac
tures 
The geometrical features of the intersections between 
joints and fractures in rocks have an influence on the 
groundwater flow and transport. Enlarged apertures along 
the intersection are more or less supposed to form channels 
with higher conductivity compared to the average conduc
tive properties of the individual joints. 

A three year programme was initialized 1992 in order to 
develop an investigation method to obtain more informa
tion on the void geometry inside joints and their intersec
tions. 

During 1994 laboratory experiments were accomplish
ed by means of a biaxial cell. 

The lengths of the samples in the tests were about 400 
mm and the core diameters approximately 190 mm. The 
drilled core samples had fractures parallel to the core axis 
and were placed inside the biaxial cell during the tests. The 
water pressure gradients and the compression stresses 



were varied and tracers were also added to the flow. After 

the flow tests on a sample, the aperture distribution was 

measured for a certain compression by injecting an epoxy 

resin into the fracture. The thickness of the resin layer was 

studied in saw cut sections by an.image processing system. 

The results from the experiments will be used to select 

relevant stochastic models for aperture distributions and to 

confirm mathematical models for flow and transport simu

lations according to those aperture distributions /15.3-1/. 

Overview of in-situ hydraulic testing 

During 1994 an ad hoe-group on the knowledge of hy

draulic testing and interpretation was created. The overall 

objective of the group (HYDRIS) was to formulate state 

of the art in general terms and identify future R&D-acti

vities in the subject for SKB on the basis of a well struc

tured overview. A report is foreseen during 1995. 

15.3.3 Bedrock stability 

An in-depth analysis of the possible effects of geological 

processes on a final repository is under way. Essential 

questions are whether recent movements can lead to new 

fracturing and whether load changes or rock block move

ments can decisively alter the geohydrological situation 

around a final repository. The objectives are to: 

quantify or set limits on the consequences of earth

quakes, glaciation and land uplifts of importance in 

analysing the safety of a final repository for spent 

nuclear fuel, 
process, evaluate and increase knowledge concerning 

the geodynamic processes in the Baltic Shield. 

Tectonic regimes in the southern part of the Baltic 

Shield during the last 1200 Ma 
A compilation work about tectonic regimes of southern 

Sweden was reported last year. The compilation has now 

been extended to the whole Baltic shield. The review is 

meant to give an introduction for scientists dealing with 

different fields of radioactive waste disposal not familiar 

with the tectonic history of Sweden /15.3-2/. 

The review is focused on tectonics and palaeostress 

regimes in the Baltic shield during the last 1.2 Ga, i.e. from 

the onset of the Sveconorwegian period to present. This 

time period was chosen to include both orogenic and 

anorogenic events. Some time-definable objects like frac

tures, dykes an faulted markers have been used (with less 

attention to Skane and the Caledonides ). The features were 

created during specific stress regimes and have also esti

mated the thickness of sedimentary covers. 

The authors conclude that the present surface in Baltica 

exhibits a fracture pattern and other hetrogenities formed 

and developed during a time period of many hundreds of 

million years. Although specific patterns are recorded 

from different areas within the Baltic shield most fracture 

directions are represented within each of them. The experi-
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ence shows that deformed/fractured rocks will generally 

be deformed by subsequent events along preexistent ani

sotropies. Active stress during the next 100 000 years will 

thus most probably reactive older zones and fractures of 

weakness within the crust. 
The present situation of passive response to the Mid

Atlantic ocean floor spreading as an anorogenic period of 

the Baltic shield history will not change substantially 

within the immediate future and will thus also prevail 

within the next 100 000 years. However, one has to con

sider a future ice cover which will influence the stress 

situation of the upper crust within this time period. 

First order shear zones 
The Fennoscandia rock basement is a cratonic region, 

stabilised more than 1000 million years ago from the 

lithological point of view. Regarding structural geology in 

a regional perspective different conceptualisations are as

sessed for the present. One theory says that Sweden is 

divided by NW-directed shear zone regions into large 

blocks (approx 200 kms). A compilation work summarizes 

the interpretation of these first order shear zones /15.3-3/. 

Tectonic framework of the Hano Bay area 

The Hano Bay is located offshore southeastern Sweden 

along the southwestern border of the East European Plat

form. The sedimentary bedrock ranges in age from Early 

Palaeozoic to Late Cretaceous. Minor remnants of Tertiary 

sedimentary deposits may be present. The Quaternary 

sediment cover includes deposits from at least two glaci

ations followed by postglacial clays and muds. 

A separate project /15.3-4/ has analysed the post-Palae

ozoic tectonic development of the Hano Bay and the 

geodynamic relation of this area to the Tornquist Zone. The 

tectonic framework and structural outline presented have 

been based on seismic stratigraphy, and therefore no abso

lute timing of the separate tectonic events has been 

possible. However, a special emphasis has been made to 

separate post-Tertiary (neotectonic) movements from 

older tectonic phases. 
The results are largely obtained from single channel 

seismic reflection profiles recorded during the period 

1975-1982. This seismic data set contains about 5000 km 

of seismic reflection profiles in the Hano Bay displayed in 

0.5 s. TWT. Two additional seismic data sets, used for this 

study, contain about 1200 km ofunmigrated multi-channel 

seismic reflection profiles displayed normally in 2-3 s. 

TWT. These latter data sets were recorded by Oljeprospek

tering AB (OPAB) between 1971 and 1973 and by Dansk 

Boreselskab AS between 1975 and 1976. 

The Hano Bay has been interpretated as subdivided into 

four areas of different geologic settings. These are: 1) The 

Hano Bay slope, which forms a southward dipping con

tinuation of the rigid Blekinge coastal plain. 2) The east

ward dipping Kalmarsund Slope which southwards from 

Oland forms the western part of the Palaeozoic Baltic 

Syneclise. 3) The Mesozoic Hano Bay Halfgraben, which 

forms the central and southern parts of the Hano Bay. The 



subsidence of the Halfgraben has been estimated to be in 
the order of20-60 m during the Quaternary. 4) The Yoldia 
Structural Element which forms a deformed, tilted and • 
possibly rotated block of Palaeozoic bedrock located east 
of the Hano Bay Halfgraben. 

Two tectonic phases dominate the postPalaeozoic devel
opment of the Hano Bay these are: 1) The Early Kimme
rian phase, which initiated subsidence and reactivated 
older faults. 2) The Late Cretaceous phase, which is the 
main subsidence phase of the Hano Bay Halfgraben. 

Fracture mechanisms 
Some R&D-activities at SKB are aiming at developing a 
numerical model which ea be used to study generic rock 
fracture mechanisms. The modelling concept has been 
based on an initially unfractured volume ofrock which has 
been subjected to a tectonic stress which induces sub
sequent fracturing. In order to make recommendations for 
the numerical modelling of the joint initiation and pro
pagation a separate literature compilation project was set 
up. Issues like joint set patterns, joint kinematics, joint 
fracture mechanisms and classification have been com
piled /15.3-5/. 

Constructability 
During 1993 an ad hoe-group on "bedrock moveability," 
formulated state of the art in general terms and identified 
future R&D-activities in the subject for SKB on the basis 
of a structured overview. According to this activity special 
interest was also devoted the constructability issues. The 
design and lay-out aspects have been compiled in a separ
ate progress report /15.3-6/. Among the recommendations 
one may note the need for further studying the effect of the 
repository as a possible indication of mechanical weak
ness in the regional scale perspective. 

15.3.4 Groundwater and rock mechanical 
modelling 

Numerical models are primarily refined within the frame
work of the activities at the Aspo Hard Rock Laboratory. 
However, some supplementary efforts emphasizing 
coupled processes are pursued within the SKB general 
R&D programme. 

Thermal-Hydro-Mechanical modelling 
Development and verification of coupled thermo-hydro
mechanical models is taking place in the DECOVALEX 
project, (international cooperative project for de DEvelop
ment of coupled models and their VALidation against 
EXperiments in nuclear waste isolation). DECOVALEX 
was initiated by SKI and SKB is a member of the Steering 
Committee for the project. Within the DECOVALEX pro
ject SKB emphasizes the analytical approaches for a better 
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understanding of the calculation results and their depend
ence on boundary conditions and dimensionality. 

On behalf of SKB the so called Test Case 3 within the 
DECOVALEX programme has been modelled with the 
finite element code ABAQUS /15.3-7/. The test concerns 
a full scale laboratory experiment of a deposition hole. 
This so called Big Ben experiment has been conducted by 
PNC to study the Japanese concept for nuclear waste 
disposal. The calculations resulted in a complete predic
tion of the temperature, void ratio, degree of water satura
tion, pore water pressure and effective stress in the buffer 
material. 

Another modelling exercise has calculated a thermo
mechanical large scale test, Test Case 2, in the French 
uranium mine Fanay Augeres at a depth of 100 m./15.3-8/ 

The Test Case 6 of DECOVALEX has addressed the 
hydro-mechanical behavior of fractured crystalline rocks 
submitted to high pressure testing between double
packers. Special interest has been devoted to the behavior 
of a single horizontal fracture when pulse testing, jacking 
testing and constant pressure testing. In some high-press
ure response tests, the flow of water into the rock increases 
with time. The conclusion of an analysis says that in such 
cases a governing equation of the diffusion type for the 
flow in the fracture cant be valid. The reason is that the 
fracture aperture depends not only on the local pressure, 
but also on the multidimensional stress field and the de
formation of the rock. Another reason for the increasing 
flow may be fracture propagation with time-lag between 
pressure change and fracture opening. /15.3-9/ 

15.3.5 The Laxemar deep drilling project 
The natural groundwater flux at repository level is not 
necessarily controlled by the local flow gradients, but is 
more likely governed by regional topographic conditions. 
It is judged essential to further refine regional flow models 
that shed light on long-term transient changes. This is 
especially true for coastal repositories, where the transient 
flow changes can be affected by glaciation, deglaciation, 
land uplift and the salt/fresh water boundary, which in turn 
alter the boundary conditions of the calculation models. 
To obtain a better understanding of the water flux in a 
regional perspective, surrounding Aspo HRL, and at 
depths exceeding 1000 m, a hole was drilled in autumn 
1992. The coredrilling was carried out in the Laxemar area 
near the Simpevarp peninsula in the municipality of Os
karshamn. 

The Wire Line drilling technique (WL) was chosen and 
a rig with drillers experienced in WL coring was con
tracted. The hole was drilled from 200.8 m to a total depth 
of 1700.5 m with standard NQ dimension (diam. 75.7 
mm). The time needed was roughly 900 hours for core 
drilling and tests during drilling. This was approximately 
200 hours less than scheduled. The average rate was just 
under 2 m/h, core-trips and time for shut-downs included. 
The average bit life was roughly 70 m and 22 bits were 
used. The number of core trips was 302, giving an average 



core length of 5 m. The core recovery was close to 100% 

(0.6 m loss). To minimize contamination by drilling fluid 

entering the rock the hole was air-lift pumped. This was 

performed by using a 200 m deep predrilled hole, (diam. 

215 mm), in which the air-lift equipment and core drilling 

casing were installed. The predrilling was successfully 

carried out in two steps using the DTH-method modified 

for straight hole drilling. 
Inclination and drilling parameters were recorded dur

ing the core drilling. Furthermore, the amount of flushing 

water entering and leaving the hole were recorded. At 

certain levels short pumping tests were performed using a 

packer and air-lift technique. Finally the hole was com

pleted to allow further investigations. 
From a technical drilling point of view the WL system 

proved to be very successful. However, at certain levels 

high torque became a potential risk due to unsatisfactory 

hole cleaning and the fact that no lubricating fluid additive 

was allowed to be used, because of groundwater contami

nation aspects. For future similar projects it is recom

mended that the air-lift system should be modified to avoid 

sedimentation of cuttings in the predrilled hole /15.3-10/. 

During 1993 the investigation phase commenced and the 

following activities were accomplished during 1994: 

Compilation of technical data and administrative do

cuments. 
Compilation of mineralogical and petrographic core 

mapping. 
Analysis of borehole radar reflectors. 

Groundwater chemistry sampling and analyses. 

Evaluation of hydraulic tests while drilling. 

Initiation of hydraulic testings. 

In 1995 the hydraulic testing programme will continue 

and successively the rock-mechanical aspects will be em

phasized. An integrated analysis and interpretation is fore

seen to late 1995 or 1996. /15.3-11, 15.3-12, 15.3-13, 

15.3-14, 15.3-15, 15.3-16, 15.3-17, 15.3-18/ 

15.3.6 Geochemistry 
Geochemistry involves the chemical processes and inter

actions taking place in the bedrock and which are of 

importance for assessment of the long-term safety of a 

repository. In this context it is mainly the chemistry of the 

groundwater which is considered. The chemistry of the 

minerals is of interest only through its potential effects on 

the hydrochemistry and on the retardation of radionuclides 

transported by the groundwater. In favourable and stable 

hydrochemical conditions the copper canisters are likely 

to remain intact for millions of years. 
The groundwater chemical composition is a result of 

chemical processes and mixing. A good knowledge of the 

chemical processes makes it possible to differentiate be

tween mixing and reaction, and to delineate the end-mem

bers which are mixed to the samples collected. The end

members can be considered as tracers added to the ground

water at different occasions in the geological past. When 
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and if these occasions can be defined it is to some extent 

possible to track the evolution of the groundwater system, 

sometimes very far back into the past. When the conditions 

of the past are known the knowledge can be used to predict 

the conditions of the future. 

Aspo 
Within the Aspo HRL project geochemistry has been de

veloped further as a practical investigation tool. Some 

important results reported in 1994 are: 

• Evaluation of data from tunnel section 2265-2874 m 

/15.3-19/. 

• Trace elements in water from low-conductive rocks 

in the Aspo Hard Rock Laboratory /15.3-20/. 

• SKBIDOE Hard Rock Laboratory Studies. Task 3. 

Geochemical investigations using stable and radio

genie isotopic methods /15.3-21/. 

• A compilation of data for the entire tunnel length has 

been made regarding groundwater flow measure

ments and hydrochemistry monitoring in surface 

boreholes on Aspo /15.3-22/. A similar compilation of 

data from the tunnel is reported in the 1995 year series. 

During 1995 all results from the pre-investigation and 

the construction phases will be evaluated in view of the 

verification of pre-investigation methods. Future activities 

are concentrated to different types of experiments. 

An important field of refining the hydrochemistry inves

tigation methods has been the test of prediction methods 

/15.3-19/. Numerical and analytical mathematical 

methods have been applied to the same data sets and the 

predicted values are compared to the observations. The 

underlying concepts can be evaluated through the com

parison of predictions and outcome. 
The integration of hydrology and hydrochemistry 

models is subject to a specially defined project together 

with the international partners of the Aspo project. A 

geochemistry workshop was held in June of 1994 at Aspo. 

The outcome of the workshop is two modelling tasks to be 

incorporated into a geohydrochemical description of 

Aspo. Proceedings of the workshop are published in the 

international cooperation report series /15.3-23/. More 

details are given in the Annual Report of the Aspo HRL 

project /15.3-24/. 

Redox conditions 
The most important chemical issue in the deep repository 

is a reducing environment. At undisturbed conditions this 

will always be the case. During operation however, oxi

dizing conditions could be expected due to an enhanced 

inflow of oxidizing surface water. The redox experiment 

in block scale at Aspo has demonstrated that even in such 

a case the biological activity is fast enough to reduce the 

infiltrating oxygen rich water if the content of organic 

matter is greater than the amount of oxygen. The final 

reports will be published in 1995. 



ReacLions between the groundwater anti the rock for
ming minerals result in weathering of the minerals. fn the 
absence of organic matter it is the weathering process 
releasing reducing elements. iron and sulphide, which 
reduce the oxygen that has been trapped in I.he repository 
at closure. A careful examination or the weathering or 
biotite and chlorite has recently been linalize<l /15.3-25/. 
This study has also been the basic background for planning 
of the REX (redox experiment in detailed scale). see Aspo 
HRL Annual report/ 15.3-24/. 

Groundwater mixing-reaction modelling 
The investigations of the Laxemar deep borehole KLX02. 
see section 15.3.5, have been used as a test case for future 
repository site hydrochemicaJ investigations. The model
ling has improved the identiticaLion of end-members in the 
Sirnpevarp region groundwater system. sec Figure 15.3-1. 
A recem report on the investigation and results is a fun
damental basis for any further geochemical modelling in 
the area /15.3-26/. At a depth of 1400 m and downwards, 
the total salinity is 8%, i.e. more than twice the one of the 
atlantic ocean. This brine has probably been stagnant for 
millions of years. 

The basic knowledge of conditions at the different study 
sites. combined with the detailed knowledge of the mixing 
end members and palaeohydrogeological conditions at 
A.spa, has given I.he basis for using a prediction model for 
forecasLing the hydrochemical conditions of any given 
site. Jn the development of the predictive tool data from 
the Swedish Geological Survey well records have been 
used. The greatest difficulty is to convert the relatively 
shallow well records daLa 10 deep groundwater conditions. 

For further improvement of the end member mixing 
modelling, especially Lo understand the paJaeohydrogeo
logy of Aspo, the past conditions of the Baltic Sea areas 
have been examined through a literature review / 15.3-27/. 
A systematic description of important parameters. oxygen. 
deuterium, strontium isotopic ratios, carbon dioxide press
ure eLc. has been defined for the glaciation cycle, before, 
during and after an ice age. 

A detai led study of a single fracture caJcite has been 
utilized by a laser technique, where a thin section of the 
sample is vapourized and analyzed in a mass-spectrometer 
for C-13 and O-J 8 isotopic ratios. As earlier indicated the 
results prove that the calcite has been precipitated in 
different generations. Uranium disequilibrium series ana
lyses date some of Lhese generations LO be less than 
120.000 years, while most of them are older. The isotopic 
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mixing modelling in the AspiJ-La.xemar region. 
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differences tell that the equilibrium conditions have dif

fered when the calcites were formed. 

15.3.7 Development of instruments 
and methods 

The main goal for Instruments and Methods is to see to it 

that feasible methods and instruments for geoscientific 

characterization of rock volumes are available, in special 

for the siting of SKB deep repository. 

Through the years, SKB has invested quite a lot in 

developing site investigation techniques and instruments, 

resulting in a high level of competence in this field. Work 

in this field during 1994 was organized as follows: 

in Deep Repository Project; 

Most of the development, modification and purchase 

of methods and instruments, is tightly connected to 

the preparation for the coming site investigations for 

the Deep repository. This work is further described in 

chapter 13. 
in the Aspo Hard Rock Laboratory; 

Development of Instruments and Methods for ongo

ing and future experiments during operational phase 

of the Aspo HRL. Also some supplementary instru

ment work for the construction phase was made 

during 1994. This work is described in /15.3-28/. 

in Supporting Research and Development; 

No real instrument development work has been made 

under this heading. However, instrument work aiming 

at prepare for measurement in the deep borehole 

KLX02 is described here. 

Preparation for deep borehole measurements 

To recall from last years annual report, the deep borehole 

KLX02 was drilled to 1700 m depth. However, due to 

instability in a fracture zone at approximately 1430 m 

depth all measurements will stop at that depth. But even 

that depth is deeper than 1000 m, which has been the 

"standard" design depth for all instrument developments 

carried out by SKB. This means that all instruments must 

be checked and sometimes modified before measuring 

down in the deeper parts of KLX02. 

Hence, during 1993 geophysical logging of various 

kinds, borehole radar and hydrochemical investigations 

were carried out in the deep borehole. In 1994 a hydraulic 

testing programme was started in the autumn. In order to 

fulfil the requirements of testing at deeper levels the Pipe 

String System for hydraulic tests was checked and modi

fied. The strength of the pipe string joints was sufficient 

but the lift rig had to be upgraded. The packers were 

modified for higher differential pressure. The downhole 

system was set up in order to support both injection tests 

and pumping tests to be made without lifting the system or 

even deflating the packers. For that purpose a second pipe 

connection beside the pump and additional downhole 

valves for switching between pumping and injecting mode 

was installed. 
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After the first successful test, the system was stuck in the 

borehole during hoisting, probably due to a piece of rock 

falling out in between the packers. When over-stressing 

the pipe string it was broken just above the upper packer, 

where the pipe strength is reduced, and the signal cable 

and hydraulic tubing could be taken out from the hole. The 

upper packer was now situated at about 1700 m, in the 

reamed-up part of the borehole (the lower packer at 470 

m). A fishing operation with a drilling rig was established. 

By using a special designed, hydraulic operated fishing 

tool, the upper packer was grabbed and the drill hammer 

vibrated the packer free, and the hole was open again. The 

hydraulic testing programme will continue during spring 

1995. 
The next planned measurements in the deep borehole 

will be rock stress measurements. The hydraulic fracturing 

method, normally conducted by a 1000 m umbilical hose 

system, will be used. But this time the high pressure 

fracturing system will be hoisted up and down the borehole 

with the Pipe String System, mentioned above. The prep

aration of the instrument modification was started in 1994. 

Other instrument and method activities are discussed in 

Chapter 13. Among these activities are the implementation 

of a new borehole-TV, BIP-1500 System, which was also 

used in the KLX02, down to 1400 m depth. 

15.3.8 Miscellaneous activities 

During 1994 SKB organized a short course in Hydrogeo

logical Decision Analysis. The course provided an intro

duction to the application of decision analysis to engineer

ing design for projects in which the hydrogeological envi

ronment plays an important role. 

The SKB geoscientific programme often deals with 

interdisciplinary approaches. Thus it is essential to discuss 

the obtained R&D results in informal manners where 

different points of view could be ventilated. The following 

seminars have been arranged with participation of the 

authorities and different experts in the broad field of geo

science: 

Direct fault dating trials at the Aspo Hard Rock La

boratory. 
Reconstructing the last 100 million years tectonic 

history of Sweden. 
Siting and probabilistic geological maps. 

Hydrogeological decision analysis. 

The impact of regional topography on groundwater 

flow. 
The Swedish height data base. 

Beside these open discussions it is of great importance 

to present and assess the ongoing R&D work within the 

international scientific society. The SKB Geoscience pro

gramme encourages the involved consultants and re

searchers to attend international meetings as well as to 

publish papers in scientific journals (see also Appendices 

2 and 7 in part III). 



15.4 CHEMISTRY 

15.4.1 Solubility and speciation of radio
nuclides 

Experiments with plutonium have been given high priority 
due to the importance of plutonium solubility and mobility 
for the long-time safety of radioactive waste disposal. 
However, plutonium is difficult to work with for reasons 
such as safety and a complicated redox chemistry. There
fore much effort has been spent on preparations during the 
last year. It remains to be seen what can be achieved in 
terms of measurements and determination of thermody
namic constants. 

Technetium(VII) is soluble and has a high mobility in 
the form of the negative pertechnetate ion. This would be 
the stable form of technetium in aerated groundwater, but 
under reducing conditions as found in deep groundwater 
we would expect technetium to appear as Tc(IV). Tetra
valent technetium has a low solubility and will be retained 
effectively by sorption on minerals. Although we know 
that Tc(IV) is thermodynamically the stable form under 
reducing groundwater conditions it was felt necessary to 
confirm that the reduction took place. There are two 
reasons for that. First redox reactions are sometimes in
hibited. Secondly literature data on the rate of technetium 
reduction are inconsistent. Therefore experiments have 
been performed on technetium reduction in groundwater
mineral systems. The spontaneous reduction of per
technetate to Tc(VI) in natural systems has been confirmed 
and the details of the experiments will be published in 
1995. 

Experimental studies of the solubility of microcrystal
line ThO2 in carbonate and phosphate media respectively 
have been published as a part of a dissertation by Eric 
bsthols at the Dept. of Inorganic Chemistry at the Royal 
Institute of Technology, Stockholm /15.4-1/. Equilibrium 
constants were obtained and the importance of carbonates 
versus the unimportance of phosphates under repository 
conditions were confirmed by the results. 

SKB is continuously supporting international activities 
in the areas of thermodynamic data compilation, geo
chemical calculations and validation of geochemical 
codes. Swedish experts are participating in the OECD/ 
NEA project TDB and we are also actively taking part in 
the EU project CHEMVAL. 

15.4.2 Organic complexes, colloids 
and microbes 

Dissolved organic matter in groundwater has been 
sampled and studied since 1982 with the aim to elucidate 
the potential influence on radionuclide release and trans
port. The results have been used in the performance as
sessment studies KBS-3 (1983) and SKB 91 (1992). The 
actions taken have been to reduce the sorption coefficients 
(Kd-values) of the more sensitive radionuclides according 
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to the analysed concentrations of humic and fulvic acids, 
and the results from the laboratory measurements /15.4-2/. 
An overview has been jointly produced by experts on 
performance assessment and organic influence from Ca
nada (AECL), Finland (TVO), France (ANDRA), Japan 
(PNC), Sweden (SKB and University of Linkoping) and 
Switzerland (PSI) /15.4-3/. It was recognised that humic 
and fulvic acids will form complexes with for example 
three-valent actinides and that surfaces of inorganic col
loids will be influenced. However, due to the low concen
trations of these substances in deep granitic groundwater, 
their effects on solubility and sorption are ranging from 
small to insignificant in this environment. In comparison 
the concentration in surface water would be much higher 
and humic complexes more important there. 

Some open questions still remain, such as; what are the 
nature of the hydrophilic carboxylic acids that are found 
together with the humic substances, what is the geochemi
cal and geomicrobial influence of dissolved organics, how 
can they be used in the evaluation of a site etc. 

The conclusions made in the overview were based on 
the results of recent studies of concentrations and 
characteristics of humic substances, for example the dis
sertation by Irina Valarie at the Dept. of Water and Envi
ronmental Studies, Linkoping University /15.4-4/, where 
functional groups and physico-chemical properties offul
vic acids have been determined. The complexation of 
radionuclides with humic substances have been studied by 
Maria Norden and recently presented in her dissertation at 
the Dept. of Water and Environmental Studies, Linkoping 
University /15.4-5/. The results support the approach 
made in KBS-3 and SKB-91 to make minor corrections of 
some sorption coefficients, see Figure 15.4-1. 
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Figure 15.4-1. The effects of fulvic acid concentration on 
the adsorption of Eu on alumina (0.10 M NaClO 4) /15.4-5 
and 15.4-61. 
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Recent sampling of dissolved natural organics has been 
mac.le in groundwater from the deep borehole in Laxemar 
(near Aspo Hard Rock Laboratory) and from lhe site of1he 
fossil reactors in Bangombe (near Oklo in Gabon). 

Column experiments with inorganic colloids and radio
nuclides have continued. The results will presumably be 
summarised in a dissertation by Birgit Satmark in 1995. 
Radionuclide transport by naturally occurring inorganic 
particles is considered relatively unimportant in deep 
granitic groundwater/ 15.4-2/. The concentrations or col
loids there are 10 low lo be significant. However. according 
to recent publications colloids can be caITied by gas 
bubbles. This has been demonstrated by experiments 
/ 15.4-7 and J 5.4-8/. We have decided to investigate this to 
sec, if it is of any importance for the performance of the 
near-field and the rock as barriers to radionuclide disper
sal. 

Recent sampling of natural colloidal particles has been 
made in groundwater from the deep <lrillhole in Laxemar 
(near Aspo). 

Sam pi ing of bacteria from deep groundwater continues. 
A variety of underground environments has been investi
gated so far, sec Figure 15.4-2. Much or the sampling has 
been concentrated 10 underground conditions typical for a 
deep repository in Sweden such as Aspo Hard Rock La
boratory, Laxemar (near A.spo) and Stripa mine. Uranium 
rich environments in Oklo, Okelobondo and Bangombe in 
Gabon and in Palmouu. Finland have also been sampled 
as a part of the analogue investigations carried out there. 
For that reason samples have also been taken from the 
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hypcralkalinc groundwaters in Maqarin, Jordan. S KB has 
together with AECL and ANDRA supported the microbial 
investigation of the bemonite backfill from the buffer mass 
heater Lest in URL (Underground Rock Laboratory) in 
Canada. The microbe study in URL is managed by AECL. 

The 16S-rRNA gene sequencing technique has become 
increasingly more important as a method to characterise 
bacteria. This method also provides a way to discriminate 
between genuine deep bacteria and those due to sample 
contamination. The sampling and analyses are perrom1ed 
by researchers from the University of Gothcnburg. 

15.4.3 Sorption and diffusion 

Radionuclide sorption on mineral phases has been investi
gated in detail. 10 lind the sorption mechanisms. Such 
experiments using thorium and silica as model substances 
have been reported by Eric Osthols in his dissertation at 
U1e Dept. of Inorganic Chemistry, Royal Institute of Tech
nology. Stockholm / J 5.4- 1 /. The spectroscopic method 
EXAFS (Extended X-ray Absorption Fine Structure Spec
troscopy) was used to detem1ine how thorium is bound to 
the silica surface and parameters of the surface complex
ation model were measured by nomial wet-chemistry 
methods, such as titrations. Determination of' parameters 
for detailed modelling of sorption mechanism!> has also 
been reported by Karl Vannerberg in his licentiate lhcsi~. 
presented at the Dept. of Nuclear Chemistry at Chalmers 
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Figure 15.4-3. Sorption of sr2+ on fracture filling min
erals as a function of pH. The different symbols refer to 
different series of experiments. The full line is calculated 
using swface titration data /15.4-121. 

Technical University /15.4-11/. In this study ions of Na, 
Co, Pm(III) and Np(V) were used for sorption on goetite, 
hematite and silica. 

In our opinion these investigations serve to explain the 
details of radionuclide sorption on minerals, but they also 
support the more simplistic approach of using sorption 
coefficients (Kd-values) in performance assessment calcu
lations of radionuclide transport in rock fractures. For 
example, the more elaborate surface complexation model 
is difficult to use for that purpose. However, an important 
task in performance assessment is to foresee the variations 
in Kd-values in different scenarios. It may be possible to 
use detailed sorption models to find the variations in 
sorption due to changes in the water chemistry. An 
example of that is a recent study of strontium sorption on 
fracture filling minerals /15.4-12/. The substrate was char
acterised by surface titration and careful measurements of 
strontium sorption/desorption were performed. Complete 
reversibility was demonstrated and the dependence of 
sorption on pH explained, see Figure 15.4-3. 

The method of surface titration has also been applied to 
the clay mineral montmorillonite in order to establish the 
acid/base buffering properties ofbentonite /15.4-13/. The 
results were interpreted by a two-site model with surface 
sites and edge sites. This will be used to describe the 
chemical composition and stability of bentonite pore 
water. 

Diffusion of radionuclides into the connected water 
filled micropores of the rock, i.e. matrix diffusion, is a 
considerable retention mechanism and therefore plays a 
very important role in the performance assessment of the 
rock as a barrier to radionuclide dispersion. A lot of inves-
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tigations of matrix diffusion have been performed over the 
last 15 years by laboratory experiments and by observa
tions in nature (analogue investigations). Considering the 
importance of the subject it was decided to make a lit
erature search and a summery of the present state-of-the
art. Work started towards the end of 1994. 

Diffusion of cesium in bentonite is of particular import
ance in a scenario of an initially damaged spent fuel 
canister. It is also of importance for performance assess
ment of near-field barriers in a repository for low- and 
intermediate level waste when bentonite backfill is used 
to isolate the waste. Numerous experiments have been 
performed with cesium diffusion in bentonite, but there is 
still some uncertainty about what is the appropriate chemi
cal model. An attempt has therefore been made to explain 
the cesium diffusion assuming sorption in bentonite by ion 
exchange /15.4-14/. It was demonstrated that the sorption 
behaviour of cesium in compacted bentonite (and in ben
tonite suspensions) could be described with a one-site ion 
exchange model, see Figure 15.4-4. The ion exchange 
constant for cs+JNa+ was measured to logKex 0 = 1.6. 

More experiments on diffusion of cesium, strontium and 
iodine in bentonite clay have been started. The aim is to 
measure directly the constants governing the rate of mass 
transport through a bentonite buffer and the uptake of 
radionuclides in such a case (Da, De and Kd). 

15.4.4 Validation experiments 

Tracer migration experiments are being carried out in an 
overcored natural rock fracture. A large fractured drill core 
( a single natural fracture) has been arranged in a laboratory 
setup in such a way that different rock pressures can be 
applied perpendicular to the fracture plane. These experi-
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Figure 15.4-4. Comparison of measured and calculated 
sorption coefficients for cesium in bentonite clay, evalu
ated from batch and diffusion experiments. The model is 
based on the assumption of one-site ion exchange 
/15.4-141. 



ments have taken more time than originally expected due 

to several technical problems such as: lack of stiffness 

(volume changes in the fracture due to variations in the 

internal hydraulic pressure), formation of bubbles in the 

water, non linearity in the optical detection system etc. 

In-situ experiments with radionuclides are planed for the 

Aspo Hard Rock Laboratory to be carried out in the so 

called CHEMLAB-probe. The experiments in-situ will be 

performed at pressure conditions that are much different 

to what is normally used in laboratory tests. A bench-scale 

model of the in-situ experiment has been constructed to 

test the functions and the response to pressure and pressure 

differences. A diffusion cell has also been constructed that 

will be installed in the CHEMLAB-probe. 

Cement is frequently used in underground construction 

for several reasons, for example concrete structures and 

pavement, cement grouting of fractures and shotcrete on 

tunnel walls. Concrete made of Ordinary Portland Cement 

has a pore water with a high pH due to alkali hydroxides 

(NaOH and KOH) and portlandite (Ca(OH)i). There are 

models to calculate the interaction between concrete pore 

water and the rock, but they need to be tested. Therefore 

experiments have been performed where synthetic cement 

pore fluids are percolated through columns filled with 

crushed rock minerals. British Geological Survey is per

forming the experiments, jointly supported by NAGRA, 

NIREX and SKB. The reactions with granitic minerals are 

slow, but the CSH (Calcium Silica Hydrate) phases formed 

tend to diminish the flow porosity in the columns. This is 

in general agreement with observations made in old con

crete samples, see Section 15.5.5. The column experiments 

have been carried out as "blind tests" in order to test the 

capabilities of currently available coupled chemical and 

flow models to predict product solids and output fluid 

composition as a function of time. The calculations are 

made by research teams at BOS, Harwell and PSI. 

15.5 NATURAL ANALOGUE 

STUDIES 

15.5.1 Jordan 

The minerals, groundwater and hydraulic conditions at the 

hyperalcaline springs in the Maqarin area of NW Jordan 

are being investigated as a natural analogue to concrete in 

a nuclear waste repository. The analogue study in Jordan 

is part of an international project which started in 1990 

jointly funded by the NAGRA, NIREX and Ontario 

Hydro. SKB became involved in 1991. The results of the 

first phase of the project have been compiled and reported 

/15.5-1/. The project is now in its third phase which is 

funded by NAGRA, NIREX, HMIP (Her Majesty's In

spectorate of Pollution, UK) and SKB. The third phase is 

being administrated by SKB. 

The rock consists of Cretaceous marls and bituminous 

limestones overlain by Tertiary chalks and limestones 

/15.5-2/. The rock-forming minerals are calcite, quartz, 
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dolomite, apatite, pyrite and clays, such as illite and kaoli

nite. Travertines, stalactites and stalagmites are common 

around springs and seepages. The organic content of the 

bituminous rock is between 15 - 20%, mainly ofkerogenic 

nature. The bituminous rock has undergone spontaneous 

combustion in many places, where temperatures above 

1000°C have been reached that caused widespread thermal 

metamorphic reactions. The hyperalcaline groundwaters 

are generated by the reactions between normal aquifer 

waters with the thermally metamorphosed (burnt) marls 

which contain burnt lime and calcium silicates. The reac

tion products increase the pH from around neutral to 

between 12 - 13. The hydration reactions generate mine

rals such as portlandite, ettringite, thaumasite and 

numerous other cement minerals. 

Groundwater and minerals were sampled from bore

holes, an exploration adit, various seepage localities and 

natural springs in the Maqarin area. Three sampling bore

holes were drilled at the beginning of phase III of the 

project. Groundwater parameters such as pH, Eh and tem

perature were measured in-situ. Major and trace element 

ions, and environmental isotopes were analysed sub

sequently. Regarding trace element studies, the main focus 

has been on Sn, Se, Ni, Pb, Ra, Th and U. Samples for 

analyses of microbes, colloids and dissolved organic sub

stances were also taken. 

An important objective of the study has been to make 

"blind" predictive calculations of the trace element solu

bilities in the hyperalcaline waters, and subsequently to 

compare the results between the various modelling teams 

and with observations /15.5-3/. Thermodynamic data can 

be poor in the high pH-region and calculated values have 

to be used with caution when the pH is high. The Maqarin 

results are used to test the applicability of thermodynamic 

models in the high pH-region. 

Recently a study has been published where carbonation 

reactions in Portland cement grout are compared to the 

carbonation reactions observed in Maqarin and central 

Jordan /15.5-4/. The attenuation of carbon-14 in cement is 

considered an important barrier function for low and 

intermediate level waste from the Canadian CANDU re

actors. The study is not entirely conclusive, but the ana

logue observations tend to support the laboratory observa

tions. 
The specific objectives of the phase III study include the 

following: 

Establish the origin and chemistry of the western 

spring groundwaters using hydrogeological and iso

topic data. 
Petrographical and mineral chemical studies of tex

tures and mineral phases resulting from high pH 

water-rock interactions. 

Examine the effects of the hyperalcaline ground

water-rock interactions on the accessibility of the host 

rock to radionuclide diffusion. 

Test codes that couple mass transport and chemical 

reactions, and are used to assess the influence of 

cement in a repository. 



Investigate the zeolites at the eastern and western 
spring localities, and compare to literature informa
tion on zeolite formation under hyperalcaline condi
tions. 
Investigate the clay minerals at Maqarin and in cenral 
Jordan to assess their stability under hyperalcaline 
conditions. 
Study the role of colloids and organics in trace ele
ment transport at the eastern and western spring lo
calities. 

15.5.2 Ok:Io 

Evidence for ancient nuclear reactions in the uranium ore 
bodies at Oklo, Gabon, was discovered in 1972 when 
isotopic analysis of the ore gave a lower than normal 
235u;238u ratio. Early studies at the Oklo site showed the 
potential for using the chemistry of the zones where nu
clear reactions had occurred - so-called reactor zones -
and the nearby country rock as analogs for many of the 
processes that might occur in association with the disposal 
of high level nuclear waste /15.5-5/. At the time when the 
Oklo uranium sustained nuclear reactions (nearly 2000 
million years ago) the 235ut238U ratio in the ore was 
0.0368, which is similar to the ratio used in present nuclear 
reactor fuels and is five times higher than the present 
naturally occurring uranium isotopic ratio. 

The uranium deposits are located in a sedimentary se
quence with the deposits occurring in a sandstone layer 
about 3 to 6 meters thick. The uranium-rich layer is over
lain by mudstones, shales, dolomites, and organic-rich 
shales. The sedimentary sequence was formed 2065 mil
lion years ago and the uranium became trapped in the 
sandstone later, probably because of precipitation through 
interaction with the organic matter. 

Over the past few years a project called "Oklo, Natural 
Analogue for a Radioactive Waste Repository" has been 
conducted by the French CEA with support from the CEC 
and participation by SKB and others /15.5-6/. A total of 16 
reactor zones have been identified at Oklo, and an addi
tional two zones were found in uranium deposits nearby 
at Okelobondo and at Bangombe, which is about 20 km to 
the south. The recent investigations at Oklo have focused 
on reactor zones 10 and 13 at the Oklo mine and the small, 
near-surface remains of the reactor zone at Bangombe. 
More limited studies have been conducted at Okelobondo. 

The objectives of the Oklo Natural Analogue project 
were as follows: 

Investigate and describe the most recently discovered 
reactor zones at Oklo. 
Study the migration of fission products from the re
actor zones both due to ancient events and to recent 
phenomena. 
Carry out mathematical modelling of the present 
water and solute transfer pathways from the nuclear 
reactor zones to the surface discharge areas. 
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Through these studies, it is hoped that insights will be 
gained into the potential performance of a high level 
radioactive waste repository. In particular, the present 
objectives of the Oklo project are to develop a second 
phase of study that will focus on the application of results 
from Oklo studies to the validation of process models for 
the Performance Assessment tasks of waste repository 
programs. 

Work conducted by SKB in conjunction with the Oklo 
project has centered on hydro geology and hydro geochem
istry investigations of the Bangombe reactor zone. The 
Bangombe zone lies close to the present topographic sur
face and is in a region with relatively simple tectonic 
setting. This has several advantages over the main Oklo 
site reactor zones. First, the area has not been disturbed by 
mining activities, so interpretations of the data are less 
complicated than for the mined areas at Oklo. Second, the 
near surface location allows access to the zones of interest 
using short boreholes, thus reducing the logistic difficul
ties and costs for sampling operations. Finally, the near
surface location has resulted in the reactor zone becoming 
subjected to oxidizing conditions, which allows us to 
follow the changes in the ore material as it is met by a redox 
front. 

The original ore body contains abundant organic matter 
in the form of nodules of graphitic bitumen. The organic 
matter imposed a highly reducing environment that pro
tected the uranium deposit from dissolution and dispersion 
because of the very low solubility of u4+. Rain water that 
percolates into the Bangombe ore body now carries dis
solved oxygen to the uranium and can begin to oxidize the 
uranium to the u6+ state, which has a much higher solu
bility. The amount of uranium remaining at the Bangombe 
site in the reactor zone is too small to have sustained 
criticality and produced the observed depletions in 235u. 
This suggests strongly that a large amount of uranium has 
been removed by weathering in the near-surface oxidizing 
environment. In contrast, the deeper reactor zones at Oklo 
appear to have retained most of their uranium in situ or 
very nearby, both during and after the period of criticality 
/15.5-7/. Comparison of the uranium behavior at the Oklo 
and Bangombe sites should be of assistance in evaluation 
of the potential effects of oxidizing conditions that might 
be produced due to radiolysis reactions in water in a high 
level waste repository. 

The Bangombe reactor area was the subject of an exten
sive drilling campaign in the autumn of 1992 and a follow
up program in summer of 1993. A total of 7 new boreholes 
were drilled and cored to provide geological and geo
chemical samples as well as forming the basis for a de
tailed hydrologic and hydrogeochemical sampling pro
gram. In addition, 4 old exploration boreholes were reop
ened and cleaned. The local geology and the borehole 
locations are shown in Figure 15 .5-1. The hydrology data 
collected from these boreholes have been analyzed and 
used to develop a model for the local hydrologic system 
at Bangombe. Water enters the rock units from rainfall on 
the plateau to the SW of the reactor zone and percolates 
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Figure 15.5-1. The Bangombe site. Geology and location of boreholes and piezometers. 

downward until it finds a lateral flow path. Groundwater 

flow in the vicinity of the reactor zone is vertically upward 

with discharge occurring to topographic low points to the 

NE. Figure 15.5-2 shows measured piezometer levels that 

were used to develop the local flow model at Bangombe 

/15.5-8/. 
Rainwater that enters the ground contains little or no 

dissolved chemicals and has a pH of about 4.5 to 5 because 

of dissolved C02 from the atmosphere. As water passes 

through the soil and underlying rock units, it slowly dis

solves small amounts of the solids and changes its chem

istry. The general trend of evolution of the water with time 

when the rocks are relatively rich in silica will be to 

increase the level of total dissolved solids and to increase 

in pH as the silica content in solution increases. Water 

samples have been collected from the Oklo/Okelobondo 

area and analyzed to determine their chemical composi

tion. The most soluble major cation in natural waters is 

sodium, so it is the best indicator of the extent of reaction 

between the water and the country rocks. For an area where 

the rocks are similar in composition, following the in

crease in sodium content in the water is equivalent to 

mapping the residence time of the water in the ground, or 

its age. Figure 15.5-3 shows the conceptual hydrogeologi

cal model for the Oklo region with the sodium concentra

tions for water samples mapped onto the cross-section 

/15.5-9/. As can be seen from the map, water enters the unit 

at topographic high points and has low sodium values. As 
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the water flows through the rocks, it increases in sodium. 

The highest sodium values are seen in the center of the 

flow region where the water begins to flow upward toward 

the discharge areas under the Mitembe river. 

Another water chemistry feature that can be used to 

estimate residence time, and hence flow rate in the ground, 

is the tritium content of the water. Atmospheric hydrogen 

has a rather well known content of tritium (3H) relative to 

non-radioactive isotopes of hydrogen. When water is iso

lated from the atmosphere and from other sources of 

tritium, the tritium content decreases because of radioac

tive decay. Thus, a decrease in tritium content would 

correspond to an increase in the age of the water - i. e., the 

length of time the water has been in the groundwater 

system. For the Oklo waters, another indicator of age is the 

increase in pH from the original values of 4.5 to 5 towards 

a value appropriate for equilibrium with clay minerals. We 

would then expect a plot of tritium content versus pH to 

show a negative correlation if the only factor involved was 

age of the water. Figure 15.5-4 /15.5-9/ shows that for the 

Oklo waters a rather good correlation is found, indicating 

that residence time of the water in the rock system is the 

dominant factor in the chemical evolution of the water. 

Another parameter of importance in water chemistry is 

the oxidation potential of the water. This will have a very 

strong effect on the corrosion of canister materials and on 

the solubility of the waste form in the repository. Model

ling of redox control in water systems is complicated by 
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Figure 15.5-4. Tritium content and pH in groundwater at 

the Oklo-Okelobondo site. 

processes that have sluggish kinetics, so the system fre

quently cannot be modelled simply with thermodynamic 

equilibrium models. At Oklo, the water chemistry redox 

has been studied in detail. The rocks contain iron in the + 2 

oxidation state. When this dissolves, there is Fe(Il) in 

solution, sometimes in equilibrium with Fe(II)carbonate 

(siderite). The dissolved ferrous iron can then react with 

dissolved oxygen or other redox active species to give 

Fe(III). Because of the lower solubility of ferric iron, this 

precipitates to give Fe(OHh (ferrihydrite ). For units con

taining abundant organic matter, the iron II-III redox con

trol gives way to very reducing conditions imposed by the 

organics /15.5-9 and 15.5-10/. 

The reactor zones at Oklo were first identified because 

their 235u !238u was lower than the natural terrestrial value 

of0.00725, with the lowest value found so far being 0.0029 

/15.5-11/. It was originally thought that most of the ura

nium had remained in situ, despite the severe conditions 

of the nuclear criticality event and hydrothermal alteration 

that accompanied the event. Later, however, it was realized 

that some uranium had been mobilized and could be ident

ified by the unusual isotopic depletion in the 235/238 ratio. 

Clay minerals in the argillaceaous rocks in the neighbour

hood of the reaction zone 10 show uranium with 235/238 

ranging from 0.0056 to the normal value of 0.00725, 

indicating movement either during the period of criticality 

or later /15.5-12/. One clay sample with low uranium 

concentration was found to have a uranium component 

that showed a higher than natural 235/238 ratio. This is 

interpreted to show migration of 239Pu during or shortly 

after the period of nuclear reactions /15 .5-12/. The Pu was 

incorporated into the structure of a clay mineral formed in 

the alteration halo around the reactor zone and then de

cayed in situ to 235u. The amount of Pu involved in the 

95 

migration was small, so the enriched 235U can only be seen 

when the total U in the mineral is low. 

The evidence of depleted uranium ratios in clay minerals 

around the reactor zones shows that migration of uranium 

occurred at some time in the past, but does not tell us when 

the movement occurred. Uranium isotopic analysis of 

water samples can reveal, if they show depleted uranium 

ratios, that uranium migration is occurring today. The 

solubility of uranium in the Oklo/Okelobondo/Bangombe 

groundwaters is low, even in the Bangombe region that is 

influenced by near-surface oxidizing conditions, so only 

small amounts of uranium are found in the waters. Ground

waters with significant depletions of uranium isotopic 

composition have been found in both Okelobondo and 

Bangombe drill hole samples, with the lowest ratio being 

0.00683 /15.5-12 and 15.5-13/. Since the reactor zones 

occur within a much larger ore deposit that did not undergo 

natural fission reactions, the uranium dissolved in the 

groundwater is a mixture of uranium with natural isotopic 

composition and that from reactor zones with depleted 

compositions. Even though the effect of the lower isotopic 

composition is diluted, it provides a unique tracer for 

studies of uranium migration since the source of the 

uranium in solution can be identified. 

The uraninites at Oklo and Bangombe are of particular 

interest to the waste management community because they 

are the closest naturally occurring material in chemical 

composition to spent nuclear reactor fuel. When uranium 

fissions, the fission products are contained within the 

original uranium oxide material in a variety of ways. Some 

elements are retained in solid solution in the crystal lattice; 

rare earth elements are an example of this type of fission 

product. Other elements combine to form a separate phase 

present as small grains that collect within or along the 

boundaries of uraninite grains. In reactor fuels, a 5-metal 

phase containing Ru, Mo, Rh, Pd, and Tc is found. Some 

other fission products, such as Cs, are retained in the fuel 

lattice, but are relatively easily lost (at least in part) if the 

fuel is subject to alteration. 

Studies of the uraninites at Oklo and Bangombe on the 

microscopic scale show evidence for dissolution of the 

original uraninite crystals and the separation of Ru and 

other metals into small grains in a fashion analogous to that 

seen in reactor fuels /15.5-13 and 15.5-14/. Isotopic ana

lyses of U and Pb at Oklo have shown that Pb, which is the 

daughter product from the decay of uranium by alpha 

emission, has been removed from the uraninite grains and 

precipitated nearby, sometimes in fractures in the uraninite 

grains themselves, as PbS approximately 750 my ago. This 

Pb migration has been attributed to the thermal effects of 

a dyke intrusion near the ore body at that time /15.5-13/. 

Unfortunately, it is not possible with presently available 

data to determine the time of the uranium mobilization 

event or events. The restructuring of uraninites observed 

on the microscopic scale could reflect, in large part, events 

that occurred during the high temperature, hydrothermal 

period associated with the fission reactions themselves. 

Work completed so far has shown that the Oklo/Okelo

bondo/ Bangombe reactor zones hold great promise as a 



natural analog for processes associated with nuclear waste 
disposal. To date, however, direct use of these data in 
performance assessment of repository processes has not 
been undertaken. Plans are currently being formulated to 
develop a program that will provide a more direct linkage 
between the analog studies and performance assessment. 
This program will be proposed as a multinational effort to 
the CEC for the next research program period. 

15.5.3 Palmottu 

A 1.7 to 1.8 billion year old uranium-thorium deposit at 
lake Palmottu in southwestem Finland is being investi
gated as a natural analogue to spent fuel in granitic rock. 
The discontinuous subvertical ore zone is 1 to 15 m thick 
and extends from the surface and down to a depth of about 
300 m. The total length is about 400 m. The average grade 
of the ore is 0.1 % U and uranium occurs mainly as 
uraninite, its alteration products (e.g., coffinite) and zir
con. Thorium is present as monazite. The host rock con
sists of Precambrian gneisses and migmatites. The domi
nant minerals are K-feldspar, quartz and biotite. Fracture 
minerals include calcite (dominant), kaolinite, sulphides 
and iron oxyhydroxide. 

The uranium mineralisation was discovered in the late 
1970s and investigated by 62 inclined prospecting bore
holes. 

The Palmottu Analogue Project started in 1988, first 
funded directly by the Finnish Ministry of Trade and 
Industry Energy Department and after that through STUK 
(Finnish Centre for Radiation and Nuclear Safety). In
volved in the project are GTK (Geological Survey of 
Finland), Department of Radiochemistry at the University 
of Helsinki, Laboratory of Engineering Geology and Geo
physics at the Technical University of Helsinki and VTT 
(Technical Research Centre of Finland). 

One reason for setting up this study was that the min
eralisation is situated in a host rock with the same hydro
geological, hydrochemical and geological conditions that 
are anticipated for a Finnish (and Swedish) spent fuel 
repository in the Fennoscandian Shield. The uraninite has 
chemical properties in common with spent fuel and the 
fact that the mineralisation extends from the ground sur
face and downwards makes it possible to study and com
pare the geochemical reaction of uranium under both 
oxidising (near the surface) and reducing (at depth) con
ditions. For example, it has been indicated by the Palmottu 
investigations that uranium is capable of controlling the 
redox environment /15.5-17/. 

The main technical objectives of the project include the 
following: 

Characterisation of the structural and geohydro
logical conditions of the deposit area. 
Identification and quantification of the phenomena 
that have controlled the liberation of radionuclides 
from their primary minerals. 
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Identification and quantification of the phenomena 
that have controlled the retardation of radionuclides 
in the rock-water system. 
Identification of the factors favouring the migration 
of radionuclides. 
Determination of the time-dependence of the pro
cesses identified. 
Assessment of the net migration of radionuclides. 

The results and progress of the project have been pres
ented in the series of yearly progress reports from GTK 
/15.5-15, 15.5-16, 15.5-17 and 15.5-18/. 

SKB has participated in the study as an "active ob
server", which has implied support of the field investiga
tions by, for example, radar measurements /15.5-19/ and 
spinner logging /15.5-20/, and participation in the plan
ning discussions. 

15.5.4 Cigar Lake 

The 1.3 billion year old (1.3 109 a) uranium deposit Cigar 
Lake in northern Saskatchewan, Canada has been studied 
as a natural analogue to a deep repository for spent fuel. 
SKB has been engaged in the Cigar Lake project from 
1989 to 1992 together with AECL and later Los Alamos 
National Laboratory. The final report was issued in 1994 
/15.5-21/. Important conclusions relevant to the long-time 
safety of spent fuel disposal were drawn in areas such as: 

UO2 dissolution and stability. 
The importance of clay sealing. 
Colloid transport. 
Influence of natural organics and microbes. 
Evolution of groundwater chemistry. 
The effect of radiolysis. 
Radionuclide migration in the near-field. 

This is treated in detail in the final report /15.5-21/. 
However, considering the wealth of data from the project 
and that Cigar Lake is the most "complete" analogue to a 
deep spent fuel repository so far available, it seemed 
worthwhile to make a more extensive evaluation. For this 
purpose a working group was set up in spring 1994 to 
concentrate on those Cigar Lake results of most relevance 
to the SKB concept for spent fuel disposal. The following 
issues have been treated by the working group: 

Formation of the orebody and alteration halo. 
Comparison with present day conditions. 
Determination of large-scale changes that have oc
curred. 
Radiolysis. 
Stability ofUO2. 

Radionuclide and trace-element solubility and speci
ation. 
Physical properties of the clay horizon. 
Geochemistry across the ore/clay interface. 
Clay horizon as a barrier to radionuclide migration. 



Role played by colloids, microbes and organic sub
stances. 
Coupling of hydro geology and hydrochemistry. 

The working group has completed its task and the results 
have been reported. A concluding report will be edited. 

15.5.5 Old concrete 

Old constructions made of Portland cement have been 
sampled to investigate the development of the cement 
paste /15.5-22/. This is much dependent on the environ
ment. For example, samples taken from the foundation of 
an old school in the Swedish town Gavle were found to be 
porous and carbonated. The school had been built at the 
end of the 19th century. Since then the concrete had been 
subjected to humid but unsaturated (aerated) conditions. A 
considerable portion of unhydrated clinker still remained. 
On the other hand, it was found that the cement paste in 
samples taken from locations under waterin a dam (tunnel) 
in Alvkarleby in Sweden from 1917 was as tight as modern 
cement paste with a water/cement ratio below 0.35. The 
strength of the old concrete was about 100 Mpa. The 
results indicate that Portland concrete will slowly hydrate 
under water-saturated conditions, develop additional 
strength and become less conductive. 

Continued hydration of remaining clinker particles has 
also been indicated in samples from a 90 year old water 
tank from the castle in the Swedish town Uppsala. The 
porosity of the paste today corresponds to a water/cement 
ratio of about 0.4. Large crystals of portlandite are found 
in the cement paste and large crystals of ettringite, calcium 
aluminate and portlandite are found in the pore spaces. The 
concrete is still in good conditions and the underlying steel 
tank has been well protected from corrosion. 

Where flowing water has penetrated the concrete con
struction, as can be observed at certain locations in the 
tunnel at the Alvkarleby dam, it is interesting to note that 
portlandite seems to remain in favour of the clinker par
ticles, which have been dissolved. This indicates that the 
rest of the cement paste remains stable until all the old 
clinker has been consumed. 

The results underline the importance of having a tight 
concrete to start with and to avoid hydraulic gradients over 
the construction. Saturated conditions, a tight concrete and 
stagnant groundwater will improve the quality of the ce
ment by slow hydration reactions. 

15.6 THE BIOSPHERE 
This subject treats the transport of nuclides from the 
aquifers above the bedrock, through natural and domestic 
ecological systems and into different foodstuffs. As usual 
endpoint, the dose to man is calculated and commonly 
compared to regulative limits. Dose to (or effect on) biota 
other than man is also considered. 
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In short, the contaminants reaching the biosphere are 
considered to 

enter primary receptors, 
be transported in ecological systems, possibly causing 
external dose, 
accumulate in foodstuffs like plants, animals and fish, 
be consumed and cause to internal dose. 

The modelling of processes in receptors and ecosystems 
starts with the outflow of dissolved radionuclides from the 
bedrock to an aquifer. This aquifer feed contaminated 
water into different receptors (well, river, lake) and the 
contaminants can be transported through different physi
cal compartments like soils, sediments, waters and air. The 
processes considered include chemical/physical activity 
such as sedimentation, biological activity such as biotur
bation and human activity such as farming. 

This part of the modelling is done with compartment 
models for which volumes and transfer factors between 
compartments have to be calculated. Solving the (linear) 
differential equations produces time dependant concentra
tions for the different compartments. 

After this the accumulation in foodstuffs, intake and 
dose calculations are pure multiplication for each scenario. 

15.6.1 Validation of models 
The vast number of transport processes involved, can be 
rationally treated with compartment models where several 
processes are put together into one transfer rate. Such 
models have been extensively used in this area since the 
70-ties. General validation of such complex models is 
really not possible, but some attempts to determine a 
justified area of application for some models have been 
made in BIOMOVS /15.6-1/, VAMP /15.6-2/ and PSAC 
/15.6-3/. The numerical performance of a code is easier to 
validate, and has been done in PSAC. 

BIOMOVS 
The BIOspheric MOdel Validation Study is an interna
tional cooperative study initiated in 1985 to test models 
designed to calculate the environmental transfer and bio
accumulation of radionuclides and other trace substances. 
To SKB this has been an opportunity to test the widely used 
modelling tool BIO PATH and the uncertainty tool PRISM 
in several applications. The first study was run for five 
years and ended in 1990. BIOMOVS I forcefully demon
strated the shortcomings of our present capabilities for 
biosphere modelling /15.6-1/. 

In 1991 the second phase, BIOMOVS II, was started, 
jointly managed by the five organisations AECB, AECL, 
CIEMAT, ENRESA and SSL SKB has put emphasis on the 
theme "Reference Biospheres", as it is of great value to get 
an international consensus how to deal with the modelling 
and conceptual uncertainties arising with time. A general 
methodology and a list of FEPs (features events and pro-



cesses) have been published. The RES method has proven 
to be a useful tool in demonstrating process interactions 
for different scenarios. 

The proposed "reference" methodology and FEP list, is 
also used and tested in a related theme "Complementary 
studies" with emphasis on the processes involved in mod
elling. In a validation scenario for 14C within the "Valida
tion and Uncertainties" group, we are stochastically test
ing the model used for the SFR safety assessment with 
almost all parameters as PDFs. 

VAMP 
SKB has been participating in an IAEA/CEC program 
"Validation of Models on the transfer of Radionuclides in 
Terrestrial, Urban and Aquatic Environment and Acquisi
tion of Data for that Purpose" (VAMP). In the aquatic part 
of this programme, modelling of 137Cs in lakes and uncer
tainty analysis is intercompared between several working 
groups from several countries. The implications are that 
simpler models with site specific parameters reflecting 
retention time give the best estimation /15.6-2/. 

15.6.2 Site specific studies 

Aspo 
The long term transport from the geosphere to the bio
sphere has been addressed for a specific site in this project. 

Postglacial and glacial sediments and soils have been 
studied in the archipelago around Aspo, with special in
terest to the influence of discharging groundwater. Long, 
2.5 - 5 m deep sediment profiles have been taken from the 
strait between Halo and Aspi:i and in a peat bog on the 
island. The chemical composition of pore-water and the 
solid phase has been investigated, using INAA and ICP 
spectroscopy for about 30 elements. 

The stratigraphy and element concentrations reflected 
changing sedimentation and weathering conditions. Of 
special interest is the presence of gravel zones between the 
clay layers as they may constitute important paths for 
element transport. They may be analogous to the moraine 
zone between the clay and the bedrock. 

Studying sediments at Aspo, 90 - 99% of the original 
content of Na, Cl and Brin the pore water were leached, 
probably into the underlying bedrock /15.6-4/. The total 
amount of leached ions is considerable and may signifi
cantly have contributed to the salinity of the groundwater 
in the bedrock. /15.6-5/. 

Dose factors in the Aspo area 
A set of more realistic dose factors were calculated for 
seven nuclides; 14c, 99Tc, 1291, 135cs, 237Np, 240J>u and 
241 Am. An approximately 100 km2 big area west of Aspo 
was studied and six types of recipients could be identified. 
Using pathways identified at the site and current habits a 
set of dose factors with uncertainty intervals was calcu-
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lated /15.6-6/. The volumes, currents and residence times 
in the straits around Aspo have also been estimated /15.6-
18/. 

NATAN 
One way of understanding long time transport processes 
in the biosphere is to study transport of natural occurring 
elements. In particular, sorption and migration of radionu
clides in the interface between biosphere and geosphere is 
of special interest. An inventory of good candidate sites 
were produced 1993 /15.6-7/. A specific scenario was 
submitted for a validation exercise in BIOMOVS but not 
enough knowledge seams to be present to predict nuclide 
transfers in soils and sediments for this limited time span. 

The Chernobyl fallout 
In order to utilize the Chernobyl fallout for validation of 
nuclide migration models in the shallow ground waters and 
the upper soil layer, samples have been collected and 
measurements have been made in two Swedish areas since 
1986. This project is now in the documentation phase 
/15.6-8,13,14,15,16/ 

15.6.3 The distribution of radionuclides in 
soils and sediments 

The modelling of transport in soils and sediments has been 
heavily relying on the sorption assumption expressed as a 
single Kd-value. 

To deepen the knowledge about the theoretical back
ground to Kd-values, available theoretical models for ion
exchange and surface-complexation have been adapted 
for biospheric conditions. The results show that the work 
with surface complexion model for actinides increases the 
understanding of both laboratory measurements as well as 
studies of natural systems. The triple layer surface com
plexation model could estimate the dependence of Kd as a 
function of important chemical parameters such as pH and 

Eh. 
The power of the surface complexation model is that 

equilibrium constants obtained under well controlled la
boratory conditions on well determined minerals easily 
can be used to estimate sorbtion under a much wider 
variety of conditions. Kd-value for Ra could be more 
precisely determined if the Ca concentration in the envi
ronment was known. The elements handled were Cs, Ra, 
Np, U and Pu. /15.6-9/. 

15.6.4 Effects on biota other than man 

In the Radiation Protection Act from 1988 it is stated that 
man and nature should be protected from harmful effects 
of radiation. The need for consideration of protection of 
nature within the EIA process has been pointed out by both 



SSI and SKI. The effects on plants and animals can be 
summarised as 

Change in species diversity or number of individuals. 
Reduction of number of individuals of rare and threat
ened species. 
Introduction of new species or prevention of normal 
regrowth 
Reduction of agriculture or otherwise productive area. 
Degradation of habitat of existing species. 
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These effects are not likely to occur at acute doses below 
0.1 Gy or doserates below 1 mGy/d for animals or 10 
mGy/d for plants /15.6-10/. 

A literature survey was completed during 1993 /l 5. 6-11 / 
and is now being followed by an attempt to estimate the 
natural and seminatural levels of radionuclides in nature 
/15.6-12/. Estimating the doses that some species normally 
get and looking for effects may add in understanding the 
possible effect on ecological health. 



16 OTHER LONG-LIVED WASTE THAN SPENT 

NUCLEAR FUEL 

16.1 BACKGROUND 
In addition to the short-lived LLW and ILW that is sent to 

SFR there is also some long-lived LLW and ILW. The 

quantities are relatively minor and the main sources are 

waste from research activities and used components from 

the power reactors which have been situated inside or near 

the reactor core (core components and reactor internals). 

Core components are stored at CLAB and research waste 

is collected, stored and conditioned at Studsvik in SE 

Sweden. 
The present concept for disposal of this waste is to build 

a deep underground facility near to the repository for spent 

fuel and at a similar depth. It will consist of three parts: 

SFL 3, 4 and 5. The waste is packed in steel drums and 

containers of steel or concrete. Concrete is also used for 

conditioning of some of the waste such as spent ion-ex

change resin filters etc. SFL 3 is designed as a cavern with 

concrete caissons where waste from Studsvik and 

operational waste from CLAB and the encapsulation plant 

will be emplaced. SFL 4 consists of tunnels for decom

missioning waste from CLAB and the encapsulation plant. 

This waste will arise very late in the program. SFL 5 

consists of caverns for the disposal of reactor core compo

nents and internal parts, all packed in concrete containers. 

Concrete, sand and bentonite will be used as backfill in the 

various parts of the repository. 

The total volume of waste is estimated to about 25 000 

m3 (sum of outer volume of the waste packages). Not all 

of this waste falls into the category oflong-lived LLW and 

ILW. More than half of the total volume consists of 

operational waste and decommissioning waste that could 

in principle be disposed of in SFR. However, the intention 

is that SFL 3-5 should receive all LLW and ILW that arises 

in the post-closure period of SFR. 

Solid and liquid waste are treated at Studsvik. The raw 

waste consists of activated and contaminated scrap metals, 

precipitations, ashes, ion exchange resins, glove boxes, 

disused radiation sources and contaminated laboratory 

outfit, and radiation protection equipment etc. Sludge from 

the treatment of liquid waste from Studsvik and univer

sities is immobilised in concrete in 200-litre drums. Solid 

waste is packaged in drum which are placed in concrete 

containers. Alpha-active waste from previous research 

activities that has not yet been conditioned is also kept at 

Studsvik. It will be treated at Studsvik in the same manner 

as outlined above. There is also older conditioned waste at 

Studsvik containing plutonium and uranium. 

The strong neutron flux in the reactor core and its 

immediate vicinity during operation induces radioactivity 
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in the components present there. Most of the nuclides 

formed are short-lived such as Co-60 and Fe-55, but some 

long-lived are also generated like Ni-59 and Nd-94. 

Examples of core components are control rods, neutron 

detector probes, neutron source probes and boron plates. 

Examples of internals with high induced activity are core 

grids and core support plates. The most abundant material 

is stainless steel. Additional materials are boron steel, 

boron carbide, hafnium, zircalloy, inconell and boron 

glass. After a period of interim storage in steel cassettes in 

CLAB, the intention at present is to put the waste in 

concrete containers, backfill with concrete and send the 

concrete moulds for disposal in SFL 5. 

16.2 APRESTUDY 
At the end of 1992 it was decided to make an inventory of 

waste for SFL 3-5, to continue work on the design and to 

compile data for the safety assessments that will become 

necessary later on. In order to stimulate and direct these 

efforts it was decided to perform a preinvestigation that 

started early 1993 and ended late 1994. The aim of the 

preinvestigation was to make a first preliminary assess

ment of the near-field barriers to radionuclide dispersion. 

For the calculations we used the design which is presented 

in Plan 93 /16-1/. An actual site has not been selected yet, 

so we used general assumptions about the hydro geological 

conditions in the repository rock based on earlier experi

ences and evaluations of field investigations. 

16.2.1 Waste characterisation 

A first and important step in the preinvestigation was to 

make an inventory and characterisation of the waste. 

Calculations and best estimates were made of the radionu

clide content and other safety relevant components in the 

waste, such as metals, organic materials, concrete etc, see 

Tables 16-1 and 16-2. The waste inventory is presented in 

a report "Low and Intermediate Level Waste for SFL 3-5" 

/16-2/. The information was used to calculate temperature, 

gas formation and other parameters that were needed to 

assess the performance of the near-field barriers. 

The waste volume, including the packages, was esti

mated to about 5000 m3 in SFL3, 10 000 m3 in SFL4 and 

10 000 m3 in SFL 5, giving a total volume of about 25 000 

m3. This is less than one third of the total volume of waste 

that is planned to be disposed ofin SFR 1. The total activity 

in SFL 3-5 at repository closure was calculated to roughly 
1017Bq. 



Table 16-1. Amounts (metric tonnes) of different 
materials in SFL 3-5 waste ( excluding package-
ings). 

Material SFL3 SFL4 SFL5 Total 

Metals 
Steel 217 ssoobl 1900 10917 

Aluminium 51 51 

lead 7.5 7.5 

Cadmium 1.2 1.2 

Brass and copper 7.5 7.5 

Beryllium 0.3 0.3 0.6 

Hafnium 4 4 

Zircaloy 30 30 

Organics 
Ion-exchange resins 270 270 

Cellulose 46 46 

Plastic/Rubber 67 67 

Others 2.8 2.8 
Concrete/Cement") 2360 850 3210 

Others 
Ferrocyanide precipitates 4.6 4.6 
Uranium contaminated ashes 2.9 2.9 

Total 3038 9650 1934 14622 

a) solidified waste and contaminated concrete, 
b) including transport casks and transport containers . 

The dominating metal in the waste is steel, mostly 
stainless steel, which will be present in all repository parts. 
The total quantity was estimated to 11 000 metric tonnes. 
Aluminium, which has a strong potential for gas forma
tion, is mainly found in the Studsvik waste. This waste is 
allocated to SFL 3 and the estimated amount is about 51 
metric tonnes. 

It has been established that waste containing organic 
material will be concentrated to SFL 3 and that the cellu
lose content will be low, about O .5 % of the total weight of 
the concrete in the waste packages. Cellulose can poten
tially generate complexing agents and has therefore at
tracted special attention. 

16.2.2 Chemical data 

Laboratory experiments and literature studies of important 
chemical properties were performed within the prestudy 
to get data for the assessment of near-field barrier perform
ance. The studies included cellulose degradation, concrete 
leaching, sorption and diffusion of radionuclides in con
crete and bentonite. During 1993 the following investiga
tions were initiated at different organisations: 

Batch studies of radionuclide sorption. Crushed con
crete from SFR is used as the solid substrate. Both 
normal construction concrete and porous backfill 
concrete is represented. Fresh cement porewater and 
leached concrete porewater are used as the liquid 
phase. Radionuclides are used and the elements stud-
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ied are: Eu, Th, Np, Am, Cm, Pm, Co, Ra, Ni and Cs. 
For some of the elements the dependence on concen
tration is included in the study (Dept. of Nuclear 
Chemistry, Chalmers University of Technology). 
Radionuclide diffusion in cement paste. The elements 
studied are: Ni, Cs and tritium (Dept. of Nuclear 
Chemistry, Chalmers University of Technology). 
Static leaching of cement paste. Synthetic ground
water is used to simulate deep geochemical condi
tions varying from saline (NASK water) to normal 
(Allard water). The ions that are analysed in the 

leachate are: Na+, K+, Ca2+, Mg2+, Off, SO~-, er, 
and Si101 (Dept. of Nuclear Chemistry, Chalmers 
University of Technology). 
Radionuclide diffusion in a 85/15 mixture of 
sand/bentonite (Wyoming MX-80) in a cement domi
nated chemical environment. Radionuclides are used 
and the elements studied are: Cs, Tc, and Ni (Dept. of 
Nuclear Chemistry, Chalmers University of Tech
nology). 
Solubility measurements of Ni, Pu and Eu (Eu as 
model of three-valent actinides) under cementitious 
chemical conditions (Dept. of Nuclear Chemistry, 
Chalmers University of Technology). 
Studies of the formation ofpoly-hydroxy compounds 
during the degradation of cellulose in an aerobic or 
anaerobic environment at pH 10 and 12 (Dept. of 
Water and Environmental Studies, Linkoping Univer
sity). 
Chemical degradation of gluconic acid in an aerobic 
or anaerobic environment at pH 10 and 12 (Dept. of 
Water and Environmental Studies, Linkoping Univer
sity). 
A library of model compounds has been compiled in 
order to identify the degradation products from cellu
lose and gluconic acid by capillary electrophoresis 
(Dept. of Water and Environmental Studies, Linko
ping University). 
The formation of metal complexes with poly-hydroxy 
compounds is being investigated (Dept. of Water and 
Environmental Studies, Linkoping University). 
The influence of poly-hydroxy compounds on the 
absorbtion of metal ions on concrete and rock mine
rals is being studied (Dept. of Water and Environmen
tal Studies, Linkoping University). 
The present state of knowledge on concrete stability 
under deep repository conditions is being summarised 
(Swedish Cement and Concrete Research Institute, 
Stockholm). 

Laboratory experiments and calculations performed in
dicated that the leaching of concrete in the repository is 
slow and that pH will remain above 12.5 during at least 
the first 106 years. Sorption in concrete is an important 
barrier function that works for most of the radionuclides 
in the waste. The value of solubility retention is less well 
established but demonstrated to be effective for radionu
clides of Ni (and Zr) in SFL 5. Solubilities of for example 



Table 16-2. Radionuclide inventory in SFL 3-5 at year 2040 given in Bq. 

Nuclide*) Half life SFL3 SFL4 SFLS Total 

H-3 l.2· 101 l .9· 1015 1.6· 109 2.4·1015 4.3·1015 

Be-10 l.6·106 l.4· 1011 1.4·1011 

C-14 5.7·103 9.0·1012 9.3·1013 l.0·1014 

Fe-55 2.7·10° 6.5·1011 9.3·1013 5.1·1014 6.1 · 1014 

Co-60 5.3•10° 8.3·1013 5.4.1013 5.2· 1015 5.3·1015 

Ni-59 7.5·1a4 9.4·1012 3.8·1010 1.2-1015 l.2· 1015 

Ni-63 9.6·101 8.0·1014 6.0·1012 l.1 · 1017 1.1-1017 

Sr-90 a 2.9·101 9.9·1011 l.1 ·1012 3.8·1011 2.5·1012 

Zr-93 1.5·106 4.7·107 5.4·107 2.2·1012 2.2· 1012 

Nb-93m 1.4· 101 l.9·107 2.6·108 l.9· 1012 l.9·1012 

Nb-94 2.0·104 9.2-109 5.5·108 3.1 ·1012 3.1 · 1012 

Mo-93 3.5· 103 1.8·107 5.4·107 3.8·107 l.1·108 

Tc-99 2.1·105 3.0·109 5.4·107 3.3·1011 3.4·1011 

Ru-106 b 1.0-10° 6.5·105 5.7·1010 7.0·101 5.7·1010 

Sb-125 c 2.8·10° 9.2-1010 5.4-1012 2.1·109 5.5·1012 

1-129 l.6·107 l.9·107 4.4·105 3.1-105 l.9·107 

Cs-134 2.1-10° 3.6·1<>9 7.1 ·1011 2.1·107 7.2·1011 

Cs-135 2.3·106 1.9·108 1.6·107 l.1 · 107 2.2·108 

Cs-137 d 3.0·101 2.l ·1013 1.1·1012 3.9·1011 2.3·1013 

Eu-152 1.3· 101 2.9·1010 2.9·1010 

Eu-154 8.8•10° 5.6·1<>9 5.6·109 

Eu-155 5.0-10° 4.0·1<>9 4.0·109 

Pb-210h 2.2-ul 7.8·1011 7.8•1(>11 

Ra-226 e 1.6·103 9.8·1011 9.8·1011 

Ac-227g 2.2-ul 4.4·Uf 4.4·Uf 

Th-230 7.7-J(f 2.7·Jv3 1.3-J<fJ 2.7-Ja3 

Th-232 f l.4·1010 3.0·1<>9 3.0·109 

Pa-231 3.3.J(f 8.7·Uf 8.7•Uf 

U-234 2.4•JD5 1.5·107 9.4·Ja3 l.5·107 

U-235 7.0·108 8.2·1<>9 8.2·109 

U-236 2.3•107 6.6·JD5 2.4·U>1 6.6•JD5 

U-238 4.5·109 2.0-1010 2.0·1010 

Np-237 2.l•Uf 2.5•107 l.3-la3 2.5·107 

Pu-238 8.8·101 1.3-1011 1.8· 108 9.8·107 l.3·1011 

Pu-239 2.4·104 2.l ·1012 3.4·107 2.4·107 2.1·1012 

Pu-240 6.5·103 4.6·1011 3.9·107 2.7·107 4.6·1011 

Pu-241 1.4· 101 2.2·1012 1.2-1010 l .9· 109 2.2·1012 

Am-241 4.3·102 1.6· 1012 1.2·107 2.1·108 l.6·1012 

Am-243 7.4·103 9.0·lo8 3.9·106 2.7-106 9.1·108 

Cm-243 2.9· 101 4.2-108 7.4·107 2.6·107 5.2·108 

Cm-244 l.8· 101 9.6·109 2.2·107 4.8·106 9.6·109 

Total 2.8·1015 1.6·1014 l.2·1017 1.2-1017 

*) The estimated inventory of nuclides formed by ingrowth up to the time of repository closure is given in italic. 

a Sr-90 is in equilibrium with the daughter nuclide Y-90, 

b Ru-106 is in equilibrium with the daughter nuclide Rh-106 , 

C Sb-125 is in equilibrium with the daughternuclide Te-125m, 

d Cs-137 is in equilibrium with the daughter nuclide Ba-137m, 

e Ra-226 is in equilibrium with daughternuclides until Pb-210, 

f Th-232 is in equilibrium with daughter nuclides, 

g Ac-227 is in equilibrium with daughter nuclides, 

h Pb-210 is in equilibrium with daughter nuclides. 

Ni in concrete cannot be calculated from existing thermo

dynamic databases, because there is a lack of constants 

relevant for high pH conditions. In this case it is necessary 

to rely on direct measurements of solubilities. 
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Important results in this field have been obtained in other 

countries with long-lived LLW and ILW. Therefore an 

informal exchange of experience has been established 

between SKB and the organisations ANDRA (France), 

NAGRA (Switzerland) and NIREX (the UK). This is 



reflected in the prestudy, where references have been made 
to recently published data from NAGRA and NIREX. 

16.2.3 Scenario selection 

Safety assessments of radioactive waste repositories are 
based on predictive modelling of the performance of 
engineered barriers and natural barriers for very long time 
scales. Assumptions must be made on the future evolution 
of engineered barriers and natural conditions in order to 
evaluate the performance of a repository. One way to 
describe the possible sequences of processes and events 
that influence the release of contaminants from a reposi
tory is to formulate scenarios. There is an advantage to do 
this in a systematic way so that the scenarios are do
cumented together with all the material used for the identi
fication, formulation and selection of scenarios. 

We decided to use a method recently developed and 
tested by SKI /16-3/. The method is based on the use of 
Influence Diagrams with the documentation linked to it. 
Features, Event and Processes, FEPs, considered relevant 
for the deep disposal of waste are compiled, described, 
sorted and screened. The majority of the FEPs remaining 
after screening are assigned to the Process System. FEPs 
kept outside the Process System, External FEPs, are con
sidered as scenario generating FEPs and hence scenarios 
are formulated by combining the Process System with one 
or a combination of external FEPs. An Influence Diagram 
is constructed from the Process System where FEPs within 
the system are represented by boxes and interactions be
tween FEPs are illustrated by lines between the boxes. The 
Influence Diagram shows, in a structured and well do
cumented way, how the Process System responds to Exter
nal FEPs. 

Within the prestudy an inventory was made ofFEPs that 
can influence the performance of the repository barriers to 
radionuclide release. Premises for a Reference Scenario 
were defined and the importance of the identified FEPs for 
this Reference Scenario was evaluated. A Reference Case 
was selected from that and analysed. This is a relatively 
new approach and the exercise has contributed to the 
development in this relatively new field which is fre
quently referred to as the scenario method for performance 
assessment. A more detailed description of the performed 
study is given in one of the reports from the prestudy 
/16-4/. 

We conclude that it was possible to carry out the differ
ent steps of a systematic scenario methodology based on 
Influence Diagrams to obtain a Reference Scenario and to 
define a Reference Case to be quantitatively analysed as 
well as prepare a list of remaining issues which should be 
addressed in future studies. An important result so far is 
the data base with FEPs descriptions, specification of 
influences and protocols of the decisions behind the de
velopment of the Reference Scenario. The use oflnfluence 
Diagrams is a stringent way to develop and document the 
scenarios to be further analysed and evaluated. One draw
back is the graphical description with its complex system 
of boxes and arrows. 
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16.2.4 Performance of near-field barriers 

Calculations were performed to test the resistance of the 
near-field barriers to radionuclide release. Two modelling 
approaches were used. First the stirred tank model was 
used to get an indication of release levels and important 
radionuclides. All transport resistances in the waste pack
ages, concrete structures and sand backfill were neglected 
in this approach, and the calculations were performed for 
all radionuclides in the inventory for which chemical and 
physical data were available. 

Release calculations for the defined Reference Case of 
the Reference Scenario were performed with the computer 
code TRUMP /16-5/ considering advective and diffusive 
transport ofradionuclides in the barriers, see Figure 16-1. 
A subset of radionuclides were selected for the calcula
tions. The subset consisted of the nuclides judged to be 
representative with respect to their abundance in the waste, 
their mobility in the barriers and their expected contribu
tion to dose calculations. The TRUMP-model was also 
used to calculate the release of lead and beryllium from 
SFL 3 to exemplify the release of chemotoxic elements 
from the repository. 

To get a measure of the radiotoxicity of the calculated 
near-field release, a conversion to intermediate doses was 
made by assuming that the total release from the repository 
was captured in a well with a capacity of 2000 m3/year and 
that an individual consumed 0.6 m3/year of this well water, 
see Table 16-3. 

The calculations of contaminant transport, conversion 
to intermediate dos etc are described in detail in one of the 
reports from the prestudy /16-5/. Also presented in that 
report is a calculation of the temperature increase due to 
the decay of radionuclides and estimates of gas generation 
due to corrosion, microbial action and radiolysis. The 
calculated temperature increase was less than 2°C and 
therefore neglected. Gas formation caused by corrosion of 
steel and aluminium is of importance, but the conse
quences of this has not been evaluated in detail in the 
prestudy. 

16.2.5 Results and conclusions from the 
prestudy 

The prestudy has involved a first attempt to characterise 
the waste presently planned for SFL 3-5, the testing of a 
systematic scenario methodology and a first evaluation of 
the barrier performance. The conclusions from the study 
are as follows: 

The metallic waste from the reactors disposed of in SFL 
5 will dominate the total activity in SFL 3-5. At repository 
closure, the activity in the different parts will decrease in 
the order SFL 5 > SFL 3 > SFL 4 with more than one order 
of magnitude difference between them. 

SFL 4 is dominating the calculated release for the first 
10 000 years despite the relative low content of radionu
clides compared to SFL 3 and 5. The main reason for this 
is the limited retention in SFL 4. The dominating radionu
clides are Cs-137, Ni-53 and Ni-59. 
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Figure 16-1. Radionuclide release from SFL 3-5, Reference Case. 

Tablel6-3. Maximum intermediate doses from maximum near-field releases above 1 Bq/year, 
Reference Case. 

Radionuclide Half-life 
(year) 

Maximum intermediate dose (Sv/year) 

SFL 3 SFL 4 SFL 5 

Ni-59 
Co-60 
Ni-63 
Zr-93 
Nb-94 
I-129 
Cs-134 
Cs-135 
Cs-137 

7.5·104 

5.3 
9.6·101 

l.5·106 

2.0·104 

1.6· 107 

2.1 
2.3·106 

3.0·101 

1-10-9 

4-10-10 

2-10-10 

SFL 3 and 5 are dominating the calculated release after 
10 000 years. The dominating radionuclides are Ni-59, 
Zr-93 and Cs-135. 

Assuming that the total calculated near-field release was 
captured in a well with a capacity of 2000 m3/year and an 
annual water consumption of 0.6 m3 per individual, the 
estimated intermediate doses were always bellow 0.1 
mSv/year for all the radionuclides studied. The highest 
intermediate dose arises from Cs-137 after about 100 
years. 

A well capturing the near-field release of the chemotoxic 
elements lead and beryllium from SFL 3 would obtain 
concentrations of these elements that are below the guide
line values of drinking water. This demonstrates that the 
barriers which are effective to prevent release of radionu
clide will also be efficient in this case. 
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1-10-9 1-10-9 

3.10-ll 

5-10·8 

6-10-13 3-10-11 
3· 10-12 6-10-12 

s-10-9 2-10-l0 

4-10-9 

6·10-10 1-10-10 

3-10-5 1-10-8 

No attempt was made to change the conceptual design 
given in Plan 93 /16-1/ and according to the prestudy it 
provides the barrier functions needed for the long-time 
safety of the repository. 

The summary report of the prestudy will appear in 1995 
/16-7/. 

16.3 SECOND PHASE 
The preliminary nature of the prestudy should be remem
bered and further work is needed prior to a complete safety 
assessment. The investigations have therefore been con
tinued in a second phase starting in october 94 with the 
main aim to prepare for a safety assessment that will begin 



by mid 96. The second phase of the study of other long
lived waste consists of the following parts: 

Preparation of tables with radionuclide content and 
waste composition to be used in a safety assessment. 
Preparation of a chemical data base containing 
information on water chemistry, concrete composi
tion and chemistry, radionuclide sorption, diffusion 
and solubility, organic complexes and colloids. 
Analysis of alternative scenarios (e. g. ice age), 
hydraulic influences, the effects of colloids, microbes 
and gas formation. 
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Compilation of barrier properties; waste package, 
concrete construction, near-field rock, backfill of 
concrete, bentonite and sand. 
Comparison between different design alternatives. 
Testing and development of transport models. 

The last point, "testing and development of transport 
models", is connected to the safety assessment program of 
SFL 2, because ideally the same calculation models should 
be used for all the different parts of the deep repository. 



17 THE ASPO HARD ROCK LABORATORY 

The Aspo Annual report /17 -1/ provides a detailed de

scription of the achievements for 1994 and the reader is 

referred to this publication for further information. 

17.1 BACKGROUND 

The scientific investigations performed within SKB's re

search program are part of the work for investigating a 

suitable site for and designing a repository for spent nu

clear fuel. This requires extensive field studies regarding 

rock characterization methods and the interaction between 

different engineered barriers and the host rock. 

A balanced appraisal of the facts, requirements and 

evaluations presented in connection with the preparation 

ofR&D-Programme 86 led to the proposal to construct an 

underground research laboratory. The proposal was very 

positively received by the reviewing bodies. 

In the autumn of 1986, SKB initiated field work for the 

siting of an underground laboratory in the Simpevarp area 

N 

* D 5 

Figure 17-1. Location of the A.spa Hard Rock Laboratory. 

10km 

107 

in the municipality of Oskarshamn. At the end of 1988, 

SKB arrived at a decision in principle to site the facility 

on southern Aspo, about 2 km north of the Oskarshamn 

Nuclear Power Station, see Figure 17-1. Construction for 

the Aspo Hard Rock Laboratory started October 1, 1990 

after approval was obtained from the concerned au

thorities. 
The work within the Aspo Hard Rock Laboratory, HRL, 

has been divided into three phases; the pre-investigation, 

the construction, and the operating phase. 

The pre-investigation phase aimed at site selection for 

the laboratory, descriptions of the natural conditions in the 

bedrock and prediction of changes that will occur during 

construction of the laboratory. The investigations have 

been summarized in six Technical Reports /17-2 -17-7/. 

The construction of the access ramp is used to check the 

predictive models set up from the pre-investigation phase, 

to develop methodology for construction and testing inte

gration, and to increase the database on the bedrock in 

order to improve models on groundwater flow and radio-



nuclide migration. A program for the operating phase was 
outlined in the RD&D-Programme 92. The operating 
phase is aimed at research and development on models for 
groundwater flow and radionuclide transport, tests of 
methods for construction and handling of waste and pilot
tests of important parts of the repository system. Detailed 
plans have been now prepared for several of the projects 
planned for the operating phase. 

17.2 INVESTIGATIONS AND 
EXPERIMENTS-
NEW RESULTS 1994 

Stage goal 1 - Verification of pre-investigation methods 

Excavation of the main access tunnel was completed in 
September 1994 and the investigations tied to the con
struction work a few months thereafter. The main experi
ences gained during the first two phases of the Aspo HRL 
will be compiled in a report that will be completed in 1995. 
In general, the site characterization approach used has 
been found useful. The idea of dividing the investigations 
into different stages, scales and key issues has simplified 
the evaluation work considerably and further use of this 
approach is advocated. Due to the lithological heteroge
neity, it seems that block scale predictions were not as 
useful as site and detailed scale predictions. 

Based on data from the pre-investigation phase it was 
found difficult to determine: 

The exact position and orientation of minor sub
vertical fracture zones ( e.g. NNW-structures at Aspo). 
The detailed character and importance of sub-vertical 
fracture zones. 
The relative importance of the different sub-horizon
tal fracture zone indications. 
The location and distribution of minor rock units at 
depth (e.g. greenstone lenses and veins of fine
grained granite). 
The validity of the theoretical model of the scale 
dependency of hydraulic properties. 
The hydraulic properties of minor rock types. 
The absolute water pressures in boreholes at great 
depth due to varying salinity with depth. 
The groundwater chemistry in low conductive rock 
masses. 

During the pre-investigation phase, stress measure
ments were conducted in some of the deep surface bore
holes. Based on these early results, stress conditions at a 
number oflocations along the access ramp were predicted. 
Stress measurements have been conducted in short holes 
drilled from selected locations along the access ramp. The 
CSIRO Hollow Inclusion overcoring technique has been 
used, and 3-5 overcoring tests made in each borehole at a 
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distance from the ramp sufficient to ensure that data are 
not influenced by excavation-induced stresses. 

Some of the data obtained are indicated in Figure 17-2. 
The most striking characteristic is a consistent, near
horizontal, NW-SE orientation of the maximum stress. 
This is in accordance with results from the surface bo
reholes and seems to apply for the entire site. The stress 
field is highly anisotropic with differences between the 
maximum and minimum principal stresses of a factor of 
three or more. The maximum stress increases rapidly with 
depth, resulting in magnitudes of some 30 MPa at 400 m 
depth. This is in the high range as compared to general 
background data from Scandinavia. 

The island of Aspo is divided into two main granite 
blocks by the more than 100 m wide fracture zone EW-1 
(Aspo shear-zone) trending NE. The zone EW-1 was indi
cated very early in the pre-investigation phase by aero
geophysical measurements. Geological and ground geo
physical investigations complemented with an inclined 
core borehole (KAS04) contributed to a more exact local
ization and characterization of EW-1. Data from a bore
hole drilled from the tunnel (KAI 755A) mainly support 
the prediction of EW-1 as a complex fracture zone com
prising two intense highly fractured branches, partly my
lonitized. 

The statistical distribution of the hydraulic conductivity 
for tunnel section 2265-2875 agrees approximately with 
the predictions. However, the estimated hydraulic conduc
tivity in the tunnel is somewhat less than the hydraulic 
conductivity estimated from the surface holes. 

The predicted composition of the groundwater in major 
fracture zones and the salinity in the zones is different from 
the observation. The reason for this is currently not well 
understood. There are, however, different possible expla
nations such as mixing ahead of the tunnel front and/or 
incorrect conceptual models. 

The recalculations of the drawdowns caused by the 
construction of Aspo HRL using the measured flow into 
the tunnel and with the same numerical model as was used 
for the predictions has been published in /17-8/. The 
simulations indicate for example that there should be a 
conductive structure crossing the elevator shaft above 
-215 m to get reasonable drawdowns close to the shaft with 
the given flow rates into the shafts. 

Stage goal 2 - Finalize detailed investigation methodo
logy 

The detailed characterization of a repository will encom
pass investigations during construction of shafts/tunnels 
to repository depth. Finalizing the detailed investigation 
methodology is Stage goal 2 of the Aspo project. 

Detailed characterization work produces large amounts 
of data. The management of the large quantities of data has 
been developed to the point where SKB is now in pos
session of a data production methodology that meets 
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Figure 17-2. Compilation of stress measurement results. Overall trend with depth for maximum principal stress (upper) 

and data from recently completed tests (lower). 

exacting requirements on quality and overview. This meth

odology is applicable to the planned detailed characteriza

tion work for a deep repository. The methodology was first 

developed for conventional tunnelling. Starting at a depth 

of about 420 m, the tunnel has been excavated using 

full-face boring - TBM. This has facilitated a test of 

different excavation methods and associated modifi

cations of data collection methodology and procedures. 

In the pre-investigation phase, the characterization of 

the rock was to a large extent based on data collected from 

boreholes. In the construction phase, a lot of data are 

collected by observations made in drifts. However, obser

vations made in boreholes and in tunnels differ with re

spect to the quality and density of data collected for a 

specific parameter and also with respect to what types of 

data that can be collected. A study has been initiated in 

order to understand how the differences in data collected 

in boreholes and tunnels influence our understanding of 

the rock. The first step of this study was to investigate if 
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geophysical borehole logging methods can be used as a 

tool to determine lithology, RQD, RMR and type of alter

ation in a borehole. Another purpose was to compare the 

information obtained from a borehole and the actual situ

ation in a tunnel parallel to the borehole. The investigation 

was made in two 200 m cored boreholes parallel to the 

tunnel (KA1131B and KA2048B). 

The results show that geophysical borehole logging 

together with interpretations based on pattern recognition 

techniques can be used in order to determine lithology and 

RQD in a borehole. Prediction models of alteration could 

not be established, since the core mapping did not provide 

a good estimate of alteration. In one borehole, RMR was 

estimated using geophysical measurements and informa

tion obtained from the drilling report. The results from this 

test indicate that a good estimate of RMR in the borehole 

can be obtained. The study also shows that boreholes give 

very useful information but must not be used as an infal

lible information source, especially as structures may 



change character away from the borehole. Moreover, there 
is a need to use a borehole radar with directional antenna 
or an oriented core to obtain information on the orientation 
of fractures. 

Borehole KA3191F was drilled from the TBM assembly 
hall in the center line of the TBM tunnel down to the lowest 
position of the excavation at a depth of 450 meters below 
ground surface in the vicinity of the shafts. The borehole 
was 210 m long. The objective of the hole was to provide 
characterization data in advance of TBM-tunnelling and 
to provide data for comparison with geological and geo
physical data collected from the tunnel. 

To obtain a better understanding of the properties of the 
disturbed zone and its dependence on the method of exca
vation ANDRA, UK Nirex, and SKB have decided to 
perform a joint study of disturbed zone effects. The project 
is named ZEDEX (Zone of Excavation Disturbance EX
periment). The objectives of ZED EX are: 

to understand the mechanical behavior of the Excava
tion Disturbed Zone (EDZ) with respect to its origin, 
character, magnitude of property change, extent, and 
dependence on excavation method, 
to perform supporting studies to increase under
standing of the hydraulic significance of the EDZ, and 
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to test equipment and methodology for quantifying 
theEDZ. 

The experiment is performed in two test drifts near the 
TBM Assembly hall at an approximate depth of 420 m 
below the ground surface. Measurements of rock proper
ties have been made before, during, and after excavation. 
The investigation program includes measurements of frac
turing, rock stress, seismic velocities, displacements, and 
permeability. 

The core logging and drift mapping shows that the 
ZED EX experiments were carried out in a volume ofrock 
which is predominantly Aspo Diorite. Two main sets of 
dikes have been observed at the ZEDEX site, which have 
self consistent orientations (i.e. North West). 

Acoustic Emission (AE) monitoring of micro-cracking 
due to stress release was made when TBM excavation was 
stopped during the night at 9 m, 15 m, 22 m, and 25 m 
measured from the start of the TBM tunnel. When the 
TBM stopped at 9.0 meters the majority of the recorded 
and subsequently located AE activity (232 events) defined 
a narrow zone directly in front of the position of the TBM 
face, see Figure 17-3. Generally, events were located 
around the tunnel within 1 meter of the tunnel perimeter 
and ahead of the tunnel face. 
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Figure 17-3. Acoustic Emission source locations while the tunnel boring machine was stopped overnight at 9 mfrom 
its starting position (232 events), 
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The preliminary analysis of the results indicates that the 
measurable changes in properties induced by excavation 
of the TBM tunnel are small to negligible. 

Stage goal 3 - Tests of models for groundwater flow and 
radionuclide migration 

It is necessary to demonstrate the safety of the deep repo
sitory over long spans of time. Important phenomena that 
must be taken into account in the safety assessment are: 

transport of corrodants to the canister, and 
possible transport of radioactive materials away from 
a defective canister. 

These phenomena are in tum highly dependent on 
groundwater flow and chemistry. 

There are today several fundamentally different models 
for describing groundwater flow and radionuclide trans
port. Great uncertainty exists regarding the accuracy, pre
cision, and reliability of the models. This uncertainty in
cludes conceptualization of heterogeneity, the ability to 
collect realistic data over an entire repository area, and the 
ability to carry out realistic calculations. It is important to 
test and demonstrate different approaches in practice in 
preparation for the licensing process. 

The conductivity of a single rock fracture is governed 
by the geometry of the fracture aperture. The geometry of 
a fracture was studied in the Pore Volume Characterization 
project which was completed in 1994 /17-9/. A highly 
conductive, minor fault at the tunnel section 1/140 was 
selected for the study. Before excavation of this section of 
the tunnel, the fracture had been grouted with a red-colored 
cement grout. Five boreholes with a diameter of 200 mm 
were drilled parallel to the fracture plane in order to obtain 
core samples containing segments of the fracture plane. 
The result from this study shows larger aperture values, 
larger aperture variation and longer correlation distances 
as compared to results from similar studies reported in the 
literature. The explanation for this is suggested to be the 
difference in type of fracture studied and the difference in 
scale of measurements. The frequency distribution of the 
aperture shows that a large part of the data lies below the 
measurement limit, i.e. that the "contact area" is large 
( approximately 40% ). 

Several experiments are planned for the Operating Phase 
of the Aspo HRL. These experiments require sites which 
meet specific requirements with respect to rock conditions 
and groundwater properties. A separate project was carried 
out which provided base data and recommendations for 
locating experiments /17-10/. Based on this work a provi
sional allocation was made of experimental sites for the 
Radionuclide Retention Experiment (RN), the Redox Ex
periment on a local scale (REX) and the Tracer Retention 
Understanding Experiment (TRUE) at the experimental 
level (340-m level). It was identified that access to the 
allocated rock volumes, with one exception, is facilitated 
by drilling 20-30 m long boreholes from existing niches 
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along the tunnel spiral. A separate project, the SELECT 
project, was set up to realize the above intention. 

The plans for tracer experiments outlined in the SKB 
RD&D-Programme 92 comprised experiments in the De
tailed and Block Scales. The experiments in the Detailed 
Scale consisted of three; Pore Volume Characterization 
(PVC), Multiple-Well Tracer Experiment (MWTE), and 
the Matrix Diffusion Experiment (MDE). During 1994 
detailed Test Plans were prepared for MWTE and MDE. 
Following review and evaluation the SKB HRL Project 
management decided to integrate the Detailed and Block 
Scale experiments within a common framework. This 
framework is described in a "Program for Tracer Retention 
Understanding Experiments" (TRUE) /17-11/. The basic 
idea is that tracer experiments will be performed in cycles 
with an approximate duration of 2-3 years. At the end of 
each tracer test cycle, results and experiences gained will 
be evaluated and the overall program for TRUE revised 
accordingly. 

The general objectives of the TRUE experiments /17 -11/ 
are to: 

Develop the understanding of radionuclide migration 
and retention in fractured rock. 
Evaluate to what extent concepts used in models are 
based on realistic descriptions of rock and if adequate 
data can be collected in site characterization. 
Evaluate the usefulness and feasibility of different 
approaches to model radionuclide migration and 
retention. 

A test plan which details the work during the First TRUE 
Stage has been prepared /17-12/. The defined objectives 
of the First TRUE Stage are: 

to conceptualize and parametrize an experimental site 
on a detailed scale (L~5m) using conservative tracer 
tests in a simple test geometry, 
to improve tracer test methodologies for conservative 
tracer tests in a detailed scale, 
to develop and test a technology for injection of epoxy 
resin on a detailed scale and to develop and test 
techniques for excavation (drilling) of injected vol
umes and subsequent analysis, 
to test sampling- and analysis technologies to be em
ployed in the analysis of matrix diffusion, and 
to assess the usefulness of applied models. 

The project Degassing of groundwater and two phase 
flow has been initiated to improve our understanding of 
observations of hydraulic conditions made in drifts, inter
pretation of experiments performed close to drifts, and 
performance of buffer mass and backfill, particularly dur
ing emplacement and repository closure. To provide a 
basis for defining the scope of the project a literature 
review has recently been completed and reported /17-13/. 
This report also presents results of some initial laboratory 
tests on two-phase flow properties in artificial fractures. 



These tests show flow reductions by approximately a 
factor of two for two-phase flow conditions compared to 
single phase (water) flow. 

The in-situ test program began with a pilot test with the 
objective to get data on the magnitude of degassing effects 
on permeability, time scales required for resaturation, and 
requirements on equipment for subsequent tests. The test 
showed no two-phase flow effects. Subsequent measure
ments indicated that the gas contents ofKA2512A (0.5% 
v/v) were probably too low to cause two-phase flow ef
fects. The results show no evidence of other processes that 
might reduce transmissivity at low borehole pressures, 
such as calcite precipitation, increase in effective stress, or 
turbulence. 

The Redox experiment in Block Scale was completed in 
1994. The purpose of the block scale redox experiment 

was to investigate the chemical changes when oxidizing 
water is penetrating previously reducing fracture systems 
and to evaluate if complete flow paths can be oxidized 
from the surface to the repository. The experiment started 
in 1991 and lasted until 1994. The results of the first two 

years have been reported /17-14/. The results so far have 
indicated that most likely the enhanced water circulation 
in the fracture zone has not caused any significant pene
tration of oxidizing surface water. No oxygen break
through was observed and the chemical composition re
mained constant throughout the experimental time. The 
explanation for this is that the high content of organic 
matter in the infiltrating surface water has been biologi
cally oxidized at the same time as the dissolved oxygen 
has been reduced. The population of bacteria has increased 

in order to be able to match the increased water circulation. 
The detailed scale experiment (REX) is planned to focus 

the question of oxygen and other redox active material that 
is trapped in the tunnels when the repository is closed. The 
objectives of the experiment are: 

How does oxygen trapped in the closed repository 
react with the rock minerals in the tunnel and deposi
tion holes and in the water conducting fractures? 
How long time will it take for the oxygen to be 
consumed and how far into the rock matrix and water 
conducting fractures will the oxygen penetrate? 
What is the role of microbes in the transient stage after 
closure of the repository? 

A draft test plan for the experiment has been prepared. 
Laboratory studies under natural conditions are ex

tremely difficult to conduct. Even though the experiences 
from different scientists are uniform it is of great value to 

be able to demonstrate the results of the laboratory studies 
in situ. It is possible to have the natural contents of col
loids, of organic matter, of bacteria etc in the experiments. 
Laboratory investigations have difficulties to simulate the 
natural conditions in the groundwater and are therefore 
dubious as validation exercises. It is therefore suggested 

to use the CHEMLAB probe, see Figure 17-4, to conduct 
validation experiments in situ at undisturbed natural con

ditions. The CHEMLAB probe is a borehole laboratory 
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built in a probe, in which migration experiments will be 
carried out under ambient conditions regarding pressure 
and temperature and with use of the formation ground
water surrounding the probe. The manufacturing of the 
probe is presently under way. 

A "Task Force" with representatives of the project's 
international participants has been formed. The Task Force 
is a forum for the organizations supporting the Aspi:i Hard 
Rock Laboratory Project to interact in the area of concep
tual and numerical modelling of groundwater flow and 
solute transport in fractured rock. In particular, the Task 
Force shall propose, review, evaluate and contribute to 
such work in the project. Much emphasis is put on building 
of confidence in the approaches and methods in use for 
modelling of groundwater flow and nuclide migration in 
order to demonstrate their use for performance and safety 

assessment. 
The evaluation of Task No 1, the LPT2 pumping and 

tracer tests, is in progress. The different modelling acti
vities have been reported in the Aspi:i International Co
operation Report (ICR) Series. A wide variety of concep
tual as well as numerical models have been used to predict 

water flow and tracer breakthrough in this rather large 
scale. The very large data base available have been utilized 
to different extent and the calibration efforts are varying. 

Task No 2 was finalized during 1994. This concerned 
design calculations for some of the planned experiments 
at the Aspi:i site, for the Matrix Diffusion Experiment and 
for the Multiple Well Test Experiment. Five reports con
cerning Task No 2 have been printed in the Aspi:i ICR 
series. 

The hydraulic impact of the tunnel excavation at Aspo 
HRL was defined as the 3rd Modelling Task. The objective 

will be to evaluate how the monitoring and the study of 
the hydraulic impact of the tunnel excavation may help for 
site characterization. Task No 3 will be an exercise in 
forward as well as inverse modelling. 

A4th Modelling Task was defined as predictive analyses 
of the TRUE 1st stage experiment in the detailed scale. 
Site characterization data will become available next year 
and these data are the basis for the predictions. 

Stage goals 4 and 5 - Development of construction and 

handling methods, pilot tests 

The safety of a repository is determined by: 

the properties of the site, 
the design of the barriers, 
the quality of execution of the deep repository. 

AKBS-3-type deep repository is supposed to hold about 

4500 canisters in rock caverns at a depth of about 500 m. 
The different barriers ( canister, buffer, rock) work together 
to isolate the waste. Backfilling/plugging of tunnels, shafts 

and boreholes limits the flow of groundwater via the 
potential flow paths opened up by the construction and 
investigation work, thereby making it more difficult for 
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corrodants and any escaping radionuclides to be trans
poned up to or away from the canisters/waste. All of this 
worl,. with barriers. plugs etc. must be executed with a 
given minimum quality. 

The Aspo I IRL provides an opportunity for demonstrat
ing technology that will provide this necessary quality. 
Current experience from the construction of the Aspo 
facility will be evaluated and reported. 

Plan-; for construction of an initial stage of a deep 
repository were presented in RD&D-Prognimme 92. 
These plans have been received positively hy the review
ing bodies. The need to integrate existing knowledge and 
build an (inactive) prototype of a deep repository is recog
nized within SKB. For example; A pru1 of a deposition 
tunnel will be built and backfilled at Aspo. In conjunction 
with planning. design and construction, worl,. descriptions 
and quality plans are being prepared which can later be 
used for the deep repository. The objectives include trans
lating scientific knowledge into engineering practice. test
ing and demonstrating the feasibility of the various tech
niques. and demonstrating that it b possible to build with 
adequate quality. A programme for the prototype reposi
tory was prepared during 1994 / 17-15/. 

In conjunction with com,truction of the prototype pro
posed above. different types of models will be used to 
describe 1he perfonnance of the prototype in conjunction 
with water absorption and restoration of groundwater 
pressure!.. etc. The performance of the prototype wi 11 then 
be monitored at a large number of measurement points for 
a period of 5-15 years. Following this there will be an 
opportunity to study in detail any chemical and physical 
changes in e.g. the bentonite surrounding ihe canis1ers. Tn 
addition to the prototype repository. studies will be under
tal,.en to tesl alternative materials and methods for backfill 
of t.leposilion lllnnels. 

The concept of rock volume descriptions within the 
SKB program for suitable nearlicld design is being de
veloped LO provide a basis for planning. design. and con
struction of a repository. The tenn rock volume descrip
tions has not a strict delinuion. but is aimed at using 
existing infom1ation on geology, swbility. building condi
tions. hyclrogeology, and groundwater che1111stry at every 
investigation stage of repository establishment. The maxi
mum number of canisters on a specific length of the 
reposiLOry tunnel is given with respect to practical condi
tions. e.g. tunnel-dimensions and drilling equipment. An 
important issue i!> how well this maximum capacity can be 
used. depending on geology. stability, hydrogeology. and 
geochemistry. A measure, or index, or the capacity relative 
to the maximum capacity may be defined as the prob
ability at a specific confit.lence level 1ha1 a canister position 
within a given rock volume is acceptable. A Markov
Baye~ Geostatistical Model. partly developed within the 
SKB siting program. was modified and applied in the 
calculations/ 17-16/. 
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17.3 ENGINEERING AND 
CONSTRUCTION WORK 

The construction of the Aspo HRLcomprises several parL~ 
and stages. A tunnel ramp has been excavated from the 
Simpevarp peninsula 1.5 km ou1 under 1he As()<i Island. 
The descent to the tunnel is situated in the vi<.:inity or the 
Oskarshamn nuclear power plant. The research LUnnel 
reaches the Aspi.:i island at a depth of 200 m. The area of 
the LUnnel section is 25 m2. The tunnel then continues in a 
hexagonal :.piral under Aspo. The first tum of the spiral 
was completed in the :,ummer or 1993. The depth at that 
point is 340 m below sea level and the total length of the 
tunnel was 2600 m from the lllnnel entrance. The tunnel
ling of this lirst construction part was done by means of 
conventional drill and blast. 

In the second part of the spiral ( from 340 to 460 m level). 
full-face boring with a Tunnel Boring Machine. TBM, ha:, 
been tested. The first part of the second spiral follows a 
hexagonal shape and was done by drill and blast. A rock 
cavern was excavated at 420 m level for assembly of the 
TBM. The tunnel then goes down 10 the 450 m level close 
10 the shafts and continues horizontally westward to an 
experimental volume. The diameter of the TBM drilled 
tunnel is 5 m. Figure 17-5 shows an overview of the 
facility. 

Three shafts have been built for communication and 
supplies to 1he experimental levels. 1\vo shafts (diam 1.5 
111) are built for ventilation. and one shaft (diam 3.8 m) is 
built for the hoist. The shafts are excavated by raise-boring 
technique. 

Figure 17-5. Oven•iew of !he Aspo Hwd Rock Labora-
10ryfaci/i1ies. 



Office and storage buildings have been built on the Aspo 

Island as well as buildings for ventilation equipment and 

machinery for the hoist. Together, these buildings com

prise the "Aspo Research Village", which is designed to 

look like other small villages in the surrounding archipe

lago. 
The tunnelling from the 340 m level down to the cavern 

for assembly of the TBM started in November 1993 and 

was finalized in March 1994. The rock cavern was exca

vated in April and the assembly of the TBM started in May. 

The TBM drilling started on June 14th and was com

pleted on September 16th. 420 m of tunnel was excavated 

by the TBM. Boreholes for grouting and hydraulic tests 

have been performed successfully from the TBM, with two 

drilling rigs. Holes have also been bored through the 

drilling head. 
All excavation work was completed in February 1995. 

17.4 INTERNATIONAL PARTICI
PATION 

The construction of the Aspo Hard Rock Laboratory 

(HRL) has attracted significant international attention. The 

experience being gained at Aspo concerning, for instance, 

site investigation methodology, rock excavation, measure

ment techniques, and collection of data of importance to 
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safety assessments, will be of interest to most countries 

that have their own plans for deep geological disposal of 

nuclear waste. SKB is open to and welcomes international 

participation in the Aspo HRL. Presently (April 1995) 

eight organizations from seven countries participate. They 

are: 

Atomic Energy of Canada Limited (AECL), Canada. 

The Power Reactor and Nuclear Fuel Development 

Co. (PNC), Japan. 
The Central Research Institute of the Electric Power 

Industry (CRIEPI), Japan. 

Teollisuuden Voima Oy (TVO), Finland. 

Agence National pour la Gestion des Dechets 

Radioactifs (ANDRA), France. 

United Kingdom Nirex Limited (NIREX), United 

Kingdom. 
National Cooperative for the Disposal of Radioactive 

Waste (NAGRA), Switzerland. 

United States Department of Energy (USDOE), USA. 

During autumn 1994 negotiations with Bundesministe

rium fiir Forschung und Technologie (BMFT) in Germany 

has been taken place regarding cooperation in the Aspo 

Hard Rock Laboratory. 



18 ALTERNATIVE METHODS 

The main direction of the SKB RD&D-programme is 

towards completing the first step with deposition of some 

5-10% of the spent fuel in a repository within about 20 

years time. In parallel the work on alternative treatment 

and disposal methods is followed and supported in a 

limited scale. 
During the last few years the possibility for partitioning 

and transmutation has attracted renewed interest. SKB 
supports some work in this area at the Royal Institute of 

Technology (KTH) in Stockholm and at Chalmers Institute 

of Technology (CTH) in Gothenburg. The work at KTH is 

emphasized on safety related issues and at CTH on pro

cesses for partitioning. 
SKB is also carrying out further research work related 

to the disposal in very deep boreholes. A brief account of 

the work conducted on the alternative methods during 

1994 is given in the following sections. 

18.1 KTH WORK ON TRANS
MUTATION 

18.1.1 Introduction 

The research activities in the project "Safety analysis of 

accelerator-driven systems for transmutation of nuclear 

waste and for nuclear power production" during its second 

year were concentrated on studies of two different acceler

ator-driven systems. The first one, proposed by Los 

Alamos National Laboratory and the second, proposed by 

a CERN-group, headed by C Rubbia. Having in mind the 

aim of this project - evaluation of the prospects of 

accelerator-driven systems from the point of view of their 

safety and feasibility for Swedish conditions we have also 

been developing ideas on how to design an accelerator

driven system suitable for the Swedish nuclear power 

program. 
The international contacts and cooperation were very 

extensive during the reported period. The cooperation with 

Los Alamos National Laboratory has been continued and 

broadened, a common project was carried out with the 

Rubbia's group, contacts were established with some re

search centers in Russia. 

18.1.2 Research 

The research activities 1994 were concentrated on the 
detailed analysis of the neutronics and some safety aspects 

of two different accelerator-driven systems: 

1. Graphite-moderated, thermal neutron system with the 
molten-salt fuel with capabilities to transmute (burn) 

minor actinides, rapidly burn weapon plutonium, to 
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transmute some of the fission products and finally to 
produce net energy based on U-Pu or Th-U fuel cycles 
- so called Los Alamos system. 

2. Water-moderated, thermal (or epithermal) neutron 
system with the fast Th-U fuel devoted only to energy 
production - so called Rubbia-system. 

A detailed, 3-dimensional geometry model of these sys

tems were designed and a number of computer simulations 

were performed based on the Monte-Carlo technique. The 

simulations were focused on investigations of some im

portant parameters of these systems like: reactivity mar

gins, temperature reactivity coefficients, power distribu

tion etc. The calculations of the Rubbia-system were per

formed with the close cooperation with the senior engin

eers from ABB and a lot of efforts were put into designing 

of as realistic spallator system as possible. The results of 

these investigations were presented on the International 

Conference on Accelerator-Driven Transmutation Tech

nologies in Las Vegas /18-1/. The analysis of the results 

for the Rubbia-system lead to the conclusions that it would 

be virtually impossible to achieve all the safety advantages 

claimed for this system (inherent subcriticality, economi

cal reliability etc.) Along with our involvement in the 

simulations of the Rubbia-system we performed a number 

of studies and calculations on the Los Alamos system. The 

temperature reactivity coefficients and some of the neu

tron kinetics parameters were simulated for the graphite 

Pu-burner and Thorium energy producer. Some of the 

results were reported on Las Vegas Conference (paper in 

final revision) and we contributed to the further develop
ment of this system. 

From July 94 one graduate student from the group, Erik 

Moller, began his studies and research at the Los Alamos 

Laboratory. The efforts are put into developing of the 

numerical procedures for bum-up simulation coupled with 

the Monte-Carlo technique. It will allow us to perform 3-D 

simulations on short-time neutron kinetics, reactivity 

calculation, system dynamics and long time bum-up cal

culations. Most of the results will be reported on the 

Global-95 Conference in France and these results will be 
basis for E. Moller's "licentiat" Autumn 1995. Erik Moller 

has also taken part in designing of the molten lead spalla

tion source experiment. 

18.2 CTH WORK ON PARTI
TIONING 

18.2.1 Introduction 

In 1993 a R&D project was initiated at the Department of 

Nuclear Chemistry, CTH, with the objective to investigate 



separation processes intended for transmutation purposes 
(partitioning). It will always be required to separate the 
radionuclides to be transmuted from different matrixes. 
The questions dealing with partitioning can roughly be 
divided in two different areas, first the separation of radio
nuclides intended for transmutation from different types 
of waste forms such as spent nuclear fuel or high level 
liquid waste, HLLW and secondly the separation of the 
radionuclides not transmuted in an irradiation cycle. It will 
never be possible to transmute all radionuclides within one 
irradiation cycle, so transmutation must be interleaved 
with separation in order to remove the transmutation prod
ucts. The requirements of the partitioning process will 

depend on the transmutation strategy chosen. Generally 
two transmutation concepts are considered, 

critical assemblies where it is enough fissile material 
in order to sustain a chain-reaction ( e.g. thermal or fast 
reactors) the excess neutrons are used for transmuta
tion of non-fissile radionuclides, 

ii sub-critical assemblies that uses an accelerator driven 
spallation target to produce neutrons that transmutes 
radionuclides by fission or neutron capture. The neu
tronics will determine what radionuclides (e.g. 
mixtures), the amount of radionuclides and tolerable 
amounts of other elements (e. g. neutron poisons) that 
can be present in the assembly. 

Several types of partitioning processes are considered. 
Aqueous based, molten salt and molten metal based sep
aration schemes have been proposed. Of these, aqueous 
based separation has been used for reprocessing of spent 
nuclear fuel for more than 50 years. With regard to the 
current knowledge, aqueous processes seems to be the 
most realistic concept within a time perspective of 10-20 
years. The molten salt and molten metal processes have to 
be proven with regard to technical applicability and re
coveries of radionuclides, which will require large efforts 
of research. 

The research project at the Department of Nuclear 
Chemistry, CTH, was decided to be focused on aqueous 

based separation processes in order to evaluate if it is 
possible to meet all requirements that would be put on a 
partitioning process to be used for transmutation purposes. 
Some of the requirements on partitioning processes are 
discussed together with different objectives for transmu
tation in /18-2/. 

18.2.2 Separation research 

Aqueous based separation procedures utilizing solvent 
extraction techniques can be used for separation of radio
nuclides from high level waste. Aqueous based processes 

can also be used in connection with transmutation if the 
irradiated target can be transformed to an aqueous solu
tion. 
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Dissolution of solid target materials can be achieved in 
strong acids or bases. Among the mineral acids, nitric acid 
has shown to be most appropriate for dissolution of spent 
nuclear fuel in reprocessing. It was therefore decided that 
the partitioning studies in this project will be focused on 
aqueous phases consisting of nitric acid. 

The basic principle of solvent extraction is transfer of 
elements between two immiscible solvents, such as water 
and kerosene. The transfer is usually facilitated by an 
extraction reagent (extractant), which often is more so
luble in an organic solvent than in the water phase. Several 
different types of extractants can be considered, depending 
on the chemical bindings that are formed between the 
extracted element and the extractant. In principle it is 
possible to speak about three different types of extractants; 

ion-pair forming reagents acting as liquid ion-ex
changers forming ion-pairs with the extracted 
elements, 

n chelate forming reagents forming strong complexes, 
of covalent character, with the extracted elements and 

iii solvating reagents which usually are more losely 
bound to the extracted elements but making them 
coordinatively saturated. 

Since some of the most radiotoxic elements in high level 
waste are the actinides, one of the important research 
topics in solvent extraction chemistry has been to find 
suitable extractants for the separation of actinides from 
fission products and other elements. One of the problems 
is to separate the trivalent actinides from the lanthanides. 
Usually actinides and lanthanides are extracted together in 
the first stage of the process and the trivalent actinides and 
lanthanides are then separated from each other in a second 
stage. Recent development in solvent extraction chemistry 

shows, however, that it may be possible to develop extract
ants that separates all actinides and even separates the 
trivalent actinides from the lanthanides. 

The research project at the Department of Nuclear 
Chemistry is focused on two different types of extractants, 
anion-exchange reagents and new nitrogen containing ex

tractants. 

Anion-exchange extractants 
In 1993 one PhD student was engaged in the project with 
the objective to investigate the extraction of various el
ements from nitric acid using Aliquat-336 (tricapryl
methylammonium nitrate). Aliquat-336 is a liquid anion 
exchanger consisting of a quaternary ammonium salt. The 
use of Aliquat-336 for separation in connection with trans

mutation was first proposed by Los Alamos National 
Laboratory, LANL, in their baseline separation process 
/18-3/. In addition to Aliquat-336, the extractant HDEHP 
(bis-2-ethylhexyl phosphoric acid) was suggested to be 
used for separation of trivalent actinides from the lan
thanides in a second stage of the process. This part of the 



process is based on the CTH-process, that earlier was 

developed at the Department of Nuclear Chemistry, CTH 

/18-4/. 
During an initial literature survey it was found that there 

is a considerable lack of extraction data for Aliquat-336, 

which motivated an experimental programme. The first 

experimental results were presented in the annual report 

of 1993 /18-5/. In 1994 the extraction investigation of 

some trivalent elements with Aliquat-336 has been fin

ished. The results were presented in a paper at the Interna

tional Conference on Accelerator-Driven Transmutation 

Technologies and Applications (ADTT) that was held in 

Las Vegas USA, July 1994 /18-6/. The paper concluded 

that most of the trivalent elements attained the best extrac

tion at about 2 M nitric acid, where Aliquat-336 is sup

posed to extract the actinides plutonium and neptunium 

according to the LANL process. Using 0.2 M Aliquat-336, 

lanthanum has the highest distribution ratio, about 0.05, 

among the trivalent elements. A first process calculation 

shows, however, that the trivalent elements not will inter

fere in the Aliquat-336 part of the process. During the 

experiments it was found that nitric acid will influence the 

distribution ratios to a large extent. It was therefore de

cided to investigate the extraction of nitric acid. By poten

tiometric titration of both the aqueous and organic phases 

using sodium hydroxide it was possible determine the 

extraction behaviour of nitric acid. In order to avoid a 

two-phase titration, the organic phases were titrated in 

ethanol. Mass balances showed to be better than 5% for all 

titrations. The extraction of nitric acid as function of the 

initial concentration of nitric acid in the aqueous phase is 

shown in Figure 18-1 and the extraction of nitric acid as a 

function of the Aliquat-336 concentration in the organic 

phase is shown in Figure 18-2. These results will later be 

used for a model approach of the Aliquat-336 extraction 

system. 

0.1 

DHN03 0.01 

0.001 

0.01 0.1 10 

Figure 18-1. Distribution ratios for nitric acid as a func

tion of the initial nitric acid concentration using 0.20 M 

Aliquat-336 was dissolved in 1,3-diisopropyl benzene with 

5% by volume dodecanol. 
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Figure 18-2. Distribution ratios for nitric acid as a func

tion of the Aliquat-336 concentration in the organic phase. 

Aliquat-336 was dissolved in 1,3-diisopropyl benzene with 

5% by volume dodecanol. 

Amide extractants 
In 1994 additional one PhD student was engaged in the 

project with the objective to look for new interesting 

extractants that can be used for partitioning. The work 

during 1994 has been focused on a literature survey for 

new extractants that can be of interest in connection with 

partitioning and transmutation. The literature survey is 

presented in /18-7 - 18-8/. 
Extractants containing oxygen-, phosphorous-, ni

trogen-, or sulphur-donor groups are considered as good 

extractants for separation of actinides. Most of the inves

tigated extractants are efficient for both actinides and 

lanthanides. This is due to the formation of strong com

plexes between the hard acceptor f-series elements (ac

tinides and lanthanides) and hard donor groups such as 

N-C=O and P=O. 
In order to separate actinides and lanthanides there have 

been an interest to use lipophilic nitrogen donor extract

ants. Such extractants will extract the actinides better than 

lanthanides because of a stronger covalent character of the 
actinide-nitrogen bound. Nitrogen-oxygen containing ex

tractants are not only interesting because of the possibility 

to separate actinides and lanthanides. They are also com
pletely incinerable, which means that they do not contrib

ute to any secondary waste. The different types of nitrogen 

containing extractants considered are monoamides, dia

mides and picolinamides. Most of the research with 

amides as extractants for actinides has been done at CEA 

in France. 

The monoamide N,N-di(2-ethylhexyl)-3,3-dimethyl

butyramide, see Figure 18-3A, is considered to have an 



optimal structure for extraction of tetra- and hexa-valent 
actinides, i. e. plutonium and uranium. It is considered to 
be possible to replace TBP (tributyl phosphate) in the 
current PUREX-reprocessing facilities with this mono
amide, only requiring minor changes of the facilities. This 
monoamide have several advantages compared with TBP. 
It is completely incinerable and the extraction selectivity 
is higher for uranium compared with plutonium /18-9/. 

Diamides or N,N-tetraalkylmalonarnides, see Figure 
18-3B, are efficient extractants for tri-, tetra- and hexa
valent actinides /18-10 - 18-11/, but they will also extract 
lanthanides. Other nitrogen containing complexing agents 
such as TPTZ (tri-pyridyl triazine) may be used in a second 
step of a separation procedure in order to separate the 
trivalent actinides from the lanthanides. It is considered to 
be possible to use diarnides for advanced reprocessing, 
i. e. separation of actinides from HLLW. Pilot tests with 
diarnides using high active waste solutions are planned at 
e. g. the European Transuranium Institute in Karlsruhe. In 
order to gain knowledge about diarnides, an experimental 
programme has been initiated at the Department of Nu
clear Chemistry, CTH. The molecule structure of the dia
mide is important for the extraction capability. The possi
bility to synthesize diamides, with alternative structures to 
the previously studied diamides, is investigated. Changing 
the basicity of the functional groups in the molecule, by 
changing the substitutents (i. e. the R-group in Figure 
18-3B, may improve the extraction capability. 

Picolinamides, see Figure 18-3C, are newly syn
thesized extractants with very interesting qualities. Picoli
narnides seems to extract all tri-, tetra- and hexa-valent 
actinides without any extraction of lanthanides. Musikas 
et al. /18-12/ found a separation ratio of about 100 between 
americium and neodymium. The separation from fission 
products seems also to be good. The molecular structure 
of picolinarnides is still not optimized. By changing the 
substitutents (i. e. R, R' and R" in Figure 18-3C) it may be 
possible to optimize the extraction capability, the synthesis 
procedure and thereby the price. At the Department of 
Nuclear Chemistry, CTH, a study of the possibility to 
synthesize picolinarnides with different substituents has 
been initiated. 

18.3 

Sweden 

COLLABORATIONS ON 
PARTITIONING AND 
TRANSMUTATION 

A group was formed during 1993 with the objective to 
coordinate the Swedish research in partitioning and trans
mutation /18-13 -18-14/. The coordination-group consists 
of representatives from universities and industry: 

• Chalmers University of Technology, Goteborg, 
Prof J O Liljenzin, Dr M Skiilberg, 
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Figure 18-3. Amide extractants 

A. Monoamide (N,N-di-(2-ethylhexyl) 3,3, dimethylbuty
ramide). 

B. Diamide, where R, R' and R" usually are alkyl-sub
stitutents. 

C. Picolinamide, where R, R' and R" usually are alkyl
substitutents. 

• Royal Institute of Technology, Stockholm, 
Prof T Thedeen, Dr W Gudowski, Dr F J annouch, 

• Uppsala University, Prof H Conde, 

• Manne Siegbahn Laboratory, Stockholm, 
Dr M af U gglas, 

• The Industrial Group, Dr C Mileikowsky. 

The group has been involved in applications of funding 
for Swedish research in partitioning and transmutation and 
is also involved in arranging the second international 
conference on Accelerator-Driven Transmutation Techno
logies and Applications (ADTT) that is planned to be held 
in Sweden 1996. 

Japan 
Japan Atomic Energy Research Institute (JAERI), Depart
ment of Fuel Cycle Safety Research initiated a collabora
tion with the Department of Nuclear Chemistry, CTH, 
during 1993. It is agreed to exchange information, results 
and personnel between JAERI and CTH. In November 
1994 professor Jan-Olov Liljenzin visited JAERI as a 



guestscientist for one month. This initiated a closer colla

boration between JAERI and CTH. One of the first topics 

studied in this collaboration, is the definition of per

missible losses from partitioning. 

France 
A collaboration with Dr Claude Musikas was initiated in 

1994. Dr Musikas, who is a former research director at 

CEA, was invited to the Department of Nuclear Chemistry, 

CTH, in July 1994, where he gave two seminars about 

amide extraction. It was agreed that Dr Musikas will 

follow the work with amide extractants at the Department 

of Nuclear Chemistry, CTH, and review the research pro

gramme for these extractants. 

USA 
An agreement between the Los Alamos National Labora

tory, LANL, and the Department of Nuclear Chemistry, 

CTH, about exchange of information and results was 

formed in 1992. The research objectives for partitioning 

and transmutation have been changed at LANL since then 

and there is now only little interest in aqueous based 

partitioning at LANL. There is, however, one group work

ing with Aliquat-336 at LANL who presented their results 

at the International Conference on Accelerator-Driven 

Transmutation Technologies and Applications (ADTT) 

that was held in Las Vegas USA, July 25-29, 1 994. 

The cooperation between the KTH-group and Los 

Alamos National Laboratory initiated 2 years ago has 

further developed. Dr Charles Bowman, the head of 

ADTT-group visited Stockholm in May 94 and gave sev

eral seminars. Waclaw Gudowski, KTH, has visited Los 

Alamos preparing the program for Erik Moller studies 

there, and participating in Los Alamos research activities. 

For the time being we run the common projects in develo

ping of the numerical procedures fol bum-up simulation 

coupled with the Monte-Carlo technique in order to be able 

to perform the integrated 3-D simulations on short-time 

neutron kinetics, reactivity calculation, system dynamics 

and long time bum-up calculations. 

Others 
In the first part of 1994 the cooperation between Rubbia's 

group at CERN and the KTH-group was established and 

the extensive analysis of the Rubbia's-system was per

formed and has been published. 

The contacts were established by the KTH-group with 

scientists from Russia working in the frame of ISTC pro

ject: "Feasibility Study of Principal Technologies in Ac

celerator Based Conversion of Military Pu and Long

Lived Radioactive Waste". W Gudowski has participated 

in their workshop in October 94. 

Initial discussions about collaboration within the frame 

of the European Community started during a visit by the 

CTH-group to Germany in November 1994. 

121 

18.4 GEOSCIENTIFIC AP
PRAISAL OF CONDITIONS 
AT LARGE DEPTHS 

SKB is conducting complementary background research 

related to assessment of conditions at larger depths in the 

geosphere. 
As part of this work, a project has been established with 

the overall objective is to improve understanding of par

ameters and processes at large depths in the geosphere, and 

of concern to waste disposal. The scope is multidiscipli

nary, and embraces geology, geohydrology, geophysics, 

geochemistry and geomechanics. The depth interval con

sidered is roughly 1000-5000 m. At the present stage 

efforts are concentrated to the study of important charac

teristics of the geological medium. Implications with re

spect to possible disposal concepts and drilling develop

ment are followed up. 
In a first phase, data from the literature on fundamental 

parameters are compiled and reviewed. Examples of par

ameters of interest are frequency of fractures and fracture 

zones, pore pressure, hydraulic conductivity, temperature 

and stress conditions. The focus is on information from 

continental shield areas, in order to obtain data that are 

relevant with respect to Swedish bedrock. As compared to 

the uppermost 1000 m, data from larger depths parameters 

are sparse. Important sources of from which information 

is gathered are, however: 

Deep boreholes. 
Deep mines. 
Seismic data, either from natural or induced ground 

seismic activity, or from seismic investigations. 

Other geophysical information. 

As a introductory activity, an inventory of existing deep 

boreholes has been made. Research-oriented national deep 

drilling programmes have been conducted, or are currently 

underway, in a number of countries. These programmes 

have generated comprehensive geoscientific information. 

In particular data from deep holes penetrating crystalline 

formations in the former Soviet Union and in Germany 

have been found valuable in the present context. 

In a second phase of the project, the intention is to 

integrate interpretation work, with the aim to develop 

descriptive models of the geosphere at depth. Important 

issues that should be addressed include the validity of 

using existing, localized data from large depths as a basis 

for more generalized descriptions, and the possibilities to 

extrapolate surface or near-surface information on various 

parameters to support predictions of conditions at large 

depths. 



19 INTERNATIONAL COOPERATION 

An important part of SKB's programme is to follow the 

corresponding research and development work conducted 

in other countries and to participate in international pro

jects within the field of nuclear waste management. 

These efforts give positive results in many ways e.g.: 

contributions to method- and model development, 

broadened and strengthened databases, 

exploration of alternatives for repository and barrier 

design, material selection etc., 

insights in programmes to broaden the public confi

dence in waste management systems. 

The international work gives a perspective to the do

mestic programme and is an aid to the SKB strive for 

maintaining state-of-the art in relevant scientific areas of 

nuclear waste management. 

19.1 SKB 's BILATERAL 
AGREEMENTS WITH 
FOREIGN ORGANIZATIONS 

SKB has signed formal bilateral agreements with the fol

lowing organizations in other countries: 

- USA- US DOE (Department of Energy), 

Canada - AECL (Atomic Energy of Canada Ltd) and 

ONTARIO HYDRO, 
Switzerland - NAGRA (Nationale Genossenschaft 

fiir die Lagerung Radioaktiver Abfalle), 

France - CEA (Commissariat a l'Energie Atomique), 

ANDRA, DCC and IPSN, 

EC - EUROATOM, 

Finland - TVO and IVO, 

- Japan- JNFL (Japan Nuclear Fuel Ltd.). 

The formal agreements are similar in their construction 

and cover information exchange and cooperation within 

handling, treatment, storage and final disposal of radioac

tive waste. Exchange of up-to-date information (reports), 

as well as results and methods obtained from research and 

development, are main points in the agreements. Arrang

ing joint seminars and short visits of specialists to other 

signatories' facilities are other examples of what is in

cluded within the framework of the agreements. General 

reviews of the signatories' waste programmes and activity 

planning are held at approximately one to two years inter

vals. 
In the case of exchanges of personnel of long duration 

or extensive direct project cooperation, special agreements 
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are generally concluded within the framework of the 

general agreement. 
SKB also has information exchange without formal 

agreements with organizations in the other Nordic 

countries, Germany, Belgium and Great Britain. 

19.2 COOPERATION WITH DOE, 
USA 

The cooperation between USDOE and SKB during 1994 

has mainly been focused on activities lined out in the joint 

project agreement concerning the Aspo Hard Rock 

Laboratory, see section 19.13. 

19.3 COOPERATION WITH AECL 
AND ONTARIO HYDRO, 
CANADA 

During 1994 SKB has reviewed parts of the AECL Envi

ronmental Impact Statement document. AECL has taken 

part in the Aspo Hard Rock Laboratory international meet

ings. 
The cooperation has mainly been concentrated to the 

following issues: 

Natural analogues. Concerning the joint AECL/SKB 

work at Cigar Lake see section 15.5.4. 

Buffer and Backfill. SKB has together with ANDRA 

in France supported the AECL investigation of the 

bentonite backfill from the buffer mass heater test in 

URL, see section 15.4.2. 

Spent fuel. Cooperation work has during 1994 been 

performed with AECL Research and through the spent 

fuel workshop held in Canada, see section 15.1. 

19.4 COOPERATION WITH 
NAGRA, SWITZERLAND 

SKB has during 1994 had an extensive cooperation with 

NAGRA. Some of the items involved have been 

safety analysis and performance assessment, 

natural analogue studies, see section 15.5.1, 

underground construction material performance, see 

section 15.2.4 and 15.4.4, 

other long-lived waste than spent nuclear fuel, see 

section 16.2.2. 



19.5 COOPERATION WITH CEA, 
ANDRA, DCC AND IPSN, 
FRANCE 

The cooperation with organizations in France have mainly 
concerned the following issues: 

Natural analogues. SKB is engaged in the CEC spon
sored natural analogue project in Oklo which CEA is 
managing, see section 15.5.2. 
Instruments. IPSN/CEA in Cadarache, France, has 
performed development work on a borehole probe 
(CHEMLAB), see section 17.2. 
Buffer and Backfill. As mentioned in section 19.3 
above, ANDRA has participated in the work on ben
tonite buffer from the Canadian URL facility, see 
section 15.4.2. 
Other long-lived waste than spent nuclear fuel. Infor
mal exchange of experience has been established, see 
section 16.2.2. 

19.6 COOPERATION WITH TVO 
AND IVO, FINLAND 

SKB has a very close cooperation with TVO in many fields 
of the research on nuclear waste management. Following 
areas have during 1994 been the most active cooperation 
items: 

Safety analysis. 
Exchange of experience and technology for site 
investigation. Finnish representatives are included in 
the reference group for the Hard Rock Laboratory. 
Boring technology for full-scale deposition holes, see 
section 13.2. 
Documentation work on relevant information on 
buffer and backfill materials, standardized and re
commended laboratory and field test methods etc, see 
section 15.2.1. 
SKB is following the investigations at a uranium 
mineralization in Palmottu as an observer, see section 
15.5.3. 

SKB and TVO scientists have during 1994 had nu
merous meetings where information and experience ex -
change have been carried out. 

19.7 COOPERATION WITH 
JNFL,JAPAN 

During 1994 the cooperation has been carried out through 
study visits at SKB facilities and through informal infor
mation exchange meetings. 
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19.8 COOPERATION WITH 
NIREX, UK 

Though there is no formal agreement on general informa
tion exchange with NIREX, a lot of general cooperation 
work has been performed outside the Aspo HRL work in 
which NIREX is participating. The areas where this co
operation has been made are mainly: 

Natural analogue studies, see section 15.5.1. 
Other long-lived waste than spent nuclear fuel, see 
section 16.2.2. 

19.9 COOPERATION WITH 
EURATOM, CEC 

19.9.1 coco 
The working group COCO (Colloids and Complexes) was 
formed by CEC to explore the importance of colloids and 
organic complexes for the migration ofradionuclides. An 
important part of the cooperation is comparative experi
ments with different methods used at different labora
tories. SKB is supporting the participation of a Swedish 
specialist active within the field. 

19.9.2 CHEMVAL 

The first phase of the CEC project CHEMVAL for verifi
cation and validation of chemical equilibrium calculation 
programs and coupled models for geochemistry transport 
was finalized and reported during 1990. A new phase of 
the CHEMVAL project called CHEMVAL2 started up 
during 1991 with participants from the EC countries, 
Sweden, Finland and Switzerland. The project has run 
from 1991-1994 and comprised temperature effects, ion 
strength effects, organic complexes, sorption, coprecipita
tion and coupled geochemical transport, see section 
15.4.1. 

19.9.3 Natural Analogue Working Group 

Natural Analogue Working Group (NAWG) is an inter
national group working with natural analogues and their 
use in the safety assessment modelling. It's organized by 
CEC. 

SKB has been represented in this group since its start in 
1985. Presently one of SKB consultants, Dr John Smellie, 
is the chairman of the group. 



19.10 COOPERATION WITHIN 
OECD NUCLEAR ENERGY 
AGENCY 

19.10.1 RWMC 

One of OECD/NEA's principal areas of cooperation is 

radioactive waste management in the member countries. 

These questions are dealt with by the Radioactive Waste 
Management Committee (RWMC), where SKB is rep

resented through Per-Eric Ahlstrom. Some work is carried 

out in joint international projects, and working groups are 

formed to facilitate information exchange or prepare ma

terial as a basis for joint opinions or coordination. 

Seminars and workshops are arranged within important 

areas to document and discuss the state of development 

and the direction of future work. 
The groups and projects within the area of radioactive 

waste management where SKB during 1994 was providing 

personnel or funding are listed below. 

PAAG (Performance Assessment Advisory Group) 

functions in an advisory capacity to RWMC in matters 

pertaining to cooperation on means and methods for per

formance and safety analyses of final disposal systems. 

Member from SKB: Tonis Papp 

SEDE (Site evaluation and design of Experiments for 
Radioactive Waste Disposal) functions in an advisory 

capacity to RWMC in matters pertaining to the activities 

of experimental work in the member countries. 

Member from SKB: Lars-Olof Ericsson 

PSAG (Probabilistic Safety Assessment Group) is a 

cooperation group between those who develop and those 

who use mathematical models for probabilistic analyses of 

repository systems. The emphasis lies on coordinating the 

development and comparing the quality of the models. 

Member from SKB: Nils Kjellbert 

Cooperative Programme for the Exchange of Scientific 
and Technical Information Concerning Nuclear 

Installation Decommissioning Projects is a forum for 

information exchange and cooperation on various decom

missioning projects all over the world. 
Member from SKB: Hans Forsstrom. SKB is also sponsor

ing a programme coordinator, Shankar Menon, Studsvik 

Energiteknik AB. 

Expert Group on Geochemical Modelling and Data 
deals with matters of common interest within geo

chemistry, including the buildup of a common thermody

namic database TDB and augmentation of the database for 

sorption data, SDB. 
Member from SKB: Fred Karlsson 
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Working Group on the Assessment of Future Human 
Actions at Radioactive Waste Disposal Sites deals with 

different aspects on human intrusion into waste reposi

tories. The group was initiated in 1990. 
Member from SKB: Torsten Eng. 

19.10.2 TDB 

The TDB Project (Thermochemical Data Base) is under 

the direction of OECD/NEA. The goal is to develop a 

chemical thermodynamic database for a number of el

ements that are of importance for the safety assessment of 

the final disposal of radioactive waste. The development 

of the database entails not only collecting and storing 

published data, but also critical review. Review is carried 

out by a group of international experts selected for each 

element. At present the work is concentrated on neptu

nium, plutonium, americium and technetium. The uranium 

database was the first to be completed. 
The TDB Project is a very important effort to develop a 

well documented, reviewed and internationally accepted 

database. SKB is supporting the activity and Swedish 

experts are participating in the review work. For SKB, as 

well as for other participants, it will naturally be necessary 

to have an operational database available before TDB for 

different calculation purposes. However, the results from 

TDB will be incorporated as they become available. A 

good example of this is the Uranium Database at SKB. 

19.10.3 INTRAVAL 

INTRA VAL is an international project whose purpose is to 

validate calculation models for radionuclide transport in 

the geosphere. The project is a follow-up of the previous 

projects HYDROCOIN and INTRACOIN. All of these 

projects were initiated by SKI, which also appointed the 

secretariat that coordinates the work within INTRAVAL. 

A total of 14 test cases were included in the project phase 

I, which involved evaluation of results of selected labora

tory tests, field tests and studies of natural analogues. In 

many of the cases, it was possible for different model 

groups to perform predictive modelling before the 

measurement results had become available. 
Five of the fourteen test cases were SKB-linked: 

laboratory tests of migration in overcored frac

tures/KTH, 
tracer tests at Finnsjon within the fracture zone pro

j ect/SGAB, 
Stripa 3D migration/KTH, 
Poc;os de Caldas Project, 
colloid transport/BGS, 
redox front/KTH. 



The detailed results of INTRAVAL phase I were pub
lished during 1991. 

Phase II of INTRAVAL started in 1990. This phase 
emphasizes on validation efforts based on field studies and 
natural analogues. The number of test cases are less than 
in phase I and cover validation issues like scale 
dependency, heterogeneity and coupled processes. SKB 
is supplying data for this study. 

19.11 COOPERATION WITHIN 
IAEA 

Cooperation has during 1994 also been conducted within 
the International Atomic Energy Agency, IAEA, concern
ing the management of radioactive waste. 

The cooperation is conducted in different ways, includ
ing the publication of reports consisting of: 

proceedings from international symposia, 
guidelines and standards within established areas of 
activity, 
status reports and methodology descriptions within 
important areas undergoing rapid development. 

IAEA has an expert advisory group for its waste man
agement programme (the International Waste Manage
ment Advisory Committee, INWAG) and arranges for 
information exchanges within different special areas 
through Joint Research Programmes. IAEA publishes an 
annual catalogue on current research projects within the 
waste management field in the member countries. 

An important new IAEA initiative is the RADWASS 
programme to work out international safety standards and 
guidelines. SKB will participate in the Standing Technical 
Committee for Disposal within the RADWASS pro
gramme. 

19.11.1 VAMP 

SKB is participating in an IAEA/CEC program on "Vali
dation of Models on the Transfer of Radionuclides in 
Terrestial, Urban and Aquatic Environment and Acquisi
tion of Data for that Purpose" (VAMP), see section 15.6. 

19.12 OTHER INTERNATIONAL 
COOPERATION 

19.12.1 BIOMOVS 

As indicated in section 15.6 SKB is participating in an 
international cooperative study BIOMOVS II (BIO-
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spheric MOdel Validation Study) to test models for calcu
lation of environmental transfer and accumulation of 
radionuclides in the biosphere. SKB has during 1994 taken 
active part in the scenario definition work where the RES 
methodology work, see section 14.2, has been used. 

19.12.2 DECOVALEX 

Interest in developing coupled models has increased in 
recent years. The purpose is to be able to describe condi
tions in the near field of a repository in particular with 
greater realism. Within the framework of the DECOVA
LEX project (international cooperative project for the 
DEvelopment of coupled models and their VALidation 
against EXperiments in nuclear waste isolation), develop
ment and verification of coupled thermo-hydro-mechan
ical models is being conducted. SKI initiated the project 
during 1992 and is also the organization in charge of its 
execution. Nine countries are participating in the project 
which will run up to 1995, see section 15.3.4. 
Member from SKB: Lars-OlofEricsson 

19.13 INTERNATIONAL 
COOPERATION IN THE 
ASPO HARD ROCK 
LABORATORY 

As is mentioned in Chapter 17 the Aspo HRL has gained 
great international interest. The following organizations 
have up to the end of May 1994 signed agreements to 
cooperate in joint work at the Aspo HRL: 

AECL, Canada, 
PNC,Japan, 
CRIEPI, Japan, 
ANDRA, France, 
TVO, Finland, 
UK NIREX, UK, 
USDOE, USA, 
NAGRA, Switzerland. 

Most of the participating organisations have one or 
several groups working on models for groundwater flow 
and radionuclide migration. To coordinate this work a 
special Task Force has been formed. 

For further information, see the Aspo Hard Rock 
Laboratory Annual Report 1994 /17-1/. 



20 DOCUMENTATION 

The scientific work in the SKB programme is docu

mented at different levels: 

in reports requested by law and submitted to the 

Swedish Government or its authorities such as KBS-

3, RD&D-Programme 92 and PLAN 94, 

in the series of SKB Technical Reports, in contribu

tions to scientific journals, symposia and conferences 

in different subject areas, see Appendix 2, 

in SKB Arbetsrapporter, 
in SKB HRL Progress Reports, 

in SKB Djupforvar Projektrapporter, 

in internal SKB memos, 
in technical memos and notes. 

Further, the bulk of basic data from geological site 

characterization activities, spent fuel studies etc. are col

lected and stored in the electronic data base systems at 

SKB. 

20.1 TECHNICAL REPORTS 
SKB Technical Reports and many main reports, like for 

instance the KBS-3 report, are written in or translated to 

English. They are given a broad distribution to the scien

tific community in the nuclear waste management field in 

order to get feedback to the program by the comments, 

discussions and contacts between specialists that they may 

give rise to. SKB Technical Reports are filed as microfiche 

at IAEA in Vienna and are available through them. Ab

stracts of the 1994 Technical Reports are included in part 

IV of this Annual Report. 

20.2 CONTRIBUTIONS TO PUB
LICATIONS, SEMINARS 
ETC 

The contributions to conferences, symposia and scientific 

journals have been extensive during 1994, see Appendix 

2. 
Both SKB own staff as well as the contractors of SKB 

have been involved in this work. 

20.3 SKB BIBLIOGRAPHICAL 
DATABASE 

SKB has built up a database containing bibliographical 

data and abstracts on all reports currently available in the 

SKB library. The database, called BIBAS, contained by 

the end of 1994 about 10 700 references. The software used 
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to manage the database is AskSam which has a powerful 

free-text search capability. 

20.4 THE GEOLOGICAL DATA
BASE SYSTEM - GEOTAB 

The data from the geological site investigations, including 

the Aspo hard rock laboratory, is managed by and brought 

together in GEOTAB, a common database system. The 

aim of this database system is threefold, namely to 

facilitate retrieval and combination of data from dif

ferent disciplines, 
provide an archive, independent of the different data 

collecting contractors, 
assure the quality of measurements and calculations 

performed. 

20.4.1 Technical 
GEOTAB is a so called relational database, giving the 

investigator the possibility to freely select and combine 

information. The stored data can be kept at the high initial 

quality due to the implied data structure. It is run on a SUN 

(UNIX) workstation running INGRES. The codes are 

generally written in the either the language C, using 3-GL 

calls to the database manager, or in the 4-GL languages 

VISION or WINDOWS-4GL (INGRES). Typical re

sponse times are 1 to 20 seconds for a selected retrieval 

from two combined tables with 1.000 records in each. 

20.4.2 Structure 
Like all relational databases the data tables are free tables 

that each contain a set of information. In this database there 

are many tables though - about 500. To facilitate retrieval 

they are also hierarchically structured in "sciences", 

"subjects" and "methods". The set of tables making up a 

"method" is normally one or two "flyleaf' tables, a com

ment table, some data tables and possibly some calculated 

data tables. The "flyleaf' tables contain information about 

who, when, equipment and other features of the measure

ment. A set of "methods" makes a "subject" and a set of 

"subjects" and "methods" makes a "science". 

20.4.3 Documentation 

The data acquisition techniques are documented in techni

cal reports. As new measuring methods and data acquisi

tion techniques are applied, new methods and tables are 

created and the documentation is completed with working 

reports. Overview and Users Guide are of course important 
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documents for the occasional user. All documentation is in 
English. 

20.4.4 Content 
The data stored in the database are of course limited to 
what can be captured in letters and digits. The open con
cept however allows other programs to directly interact 
with the database thus extending the use of the database to 
geometrical or graphical information used in CAD (Com
puter Aided Design) and GIS (Graphical Information 
System) systems. 

The database now contains surface data from 43 sites 
and data from 489 boreholes in many of these. Total 
borehole length that is investigated is about 150 km. 

20.4.5 Statistics 

Hydro 350000 1.6 m geof .47 geolo .05 kemi 

Data are as mentioned above structured in "sciences", 
"subjects" and "methods" and tables. Currently there are 
about 500 tables containing ea 10 columns each and about 
4.7 millions of tupels (lines). In addition there is one log 
table corresponding to each data table and some 50 tables 
containing system and meta data (information about the 
hierarchical structure, units, formats), totalling to more 
than 1000 tables. The integrity of the data is maintained 
with a system of insert and update rules, currently about 
1700 rules and 1250 procedures. Data type of each column 
is described in the ea 450 "domains" defined in the system. 

Total data volume is about 1.5 Gbyte. 

20.4.6 QA routines 
The system is designed to have new data continuously fed 
into it with a time lag varying between one day and some 
weeks, depending on which quality-assurance routines 
that must be applied. Due to the difficulties with primary 
data collected in dBase format at the Aspo laboratory and 
validation of these data, this time lag is now more than one 
year for some data. A special application (SADB) has been 
designed to solve this problem using an ingres database 
with a user friendly graphical user interface (GUI). After 
entry in GEOTAB the stored data are checked again by the 
investigator and signed off. 

20.4. 7 Future development 
Due to difficulties in the process of gathering data, the 
Aspo laboratory has developed an activity oriented data
base application " SADB. This approach has shown to be 
more efficient when it comes to adding data to the data
base. Geotab and SADB will therefore be fused into a new 
database system " SICADA. This fusion is planned to be 
finalized in mid 1995. 
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20.5 COMPUTER SYSTEM AT 
SKB 

An overview of the network and the computers at SKB is 
shown in Figure 20-1. 

20.5.1 Computer Network - LAN and 
WAN 

The computers owned by SKB are placed in six physical 
locations; the office at Brahegatan, the computer room at 
Birger-Jarlsgatan (both in Stockholm), the office of Aspo 
Hard Rock Laboratory, north of Oskarshamn, the offices 
in Storuman and Mala 800 km north of Stockholm and at 
two consultants in KTH Stockholm and Lulea. 

The computers at all sites are connected to a local area 
network (LAN type "thin wire ethernet"). The LANs in 
Stockholm and Aspo are connected via two pairs of ether
net bridges, operating over leased 64kbps lines. SUN 
workstations are routing the traffic via ISDN connections 
to Storuman, Mala, Lulea and KTH, making the segments 
appear as one. 

Only one standard protocol is used in the network -
TCP/IP. TCP/IP is used by all connected computers 
(nodes) and also used for PC networking, terminal 
sessions, NIS, DNS, mail and file transfer. This facilitates 
implementation of new communication applications. 

The SKB network is very open in the sense that an user 
at any node can log into any other node (except PCs), 
depending on his rights. Most filesystems are shared 
throughout the whole SKB network. 

The connection to the Internet (64 kbps) is mostly used 
for incoming terminal and file transfer sessions, making it 
possible for contractors at the Swedish universities as well 
as in UK and US, to work interactively with our computers 
and browse our databases. This incoming access is limited 
to a few identified hosts and to certain types of traffic but 
outgoing access is unlimited. All workstations and PCs 
have direct connection to the internet and the use of 
common tools as WWW is increasing. 

As SKB is contracting several companies for different 
work in the computer system a wide area network (WAN) 
with serial communication lines has emerged during the 
years. Currently 40 lines are connected to the computers 
in the computer room. Of these, 9 are used as dial up lines 
(2 in Gothenburg) and the rest connected via multiplexors 
and leased lines to 9 different sites in Stockholm and to 
Uppsala, Lulea and Gothenburg. 

20.5.2 Electronic mail 
The mail systems in all multi user machines are integrated 
and externally connected to the E-mail international mail
ing system, covering 90% of all UNIX machines world
wide. All UNIX and PC users has a worldwide E-mail 
address on the form skbsn@skb.se where "sn" is the 
person's initials, the preceding "skb" identifies the organ-



ization and "skb.se" identifies the SKB network domain. 
During 1995 mail applications for PCs are planned. 

20.5.3 Minisupercomputer 
The CONVEX C220 is a 2-processor vector computer. 
Despite it's age (1989), it can still outperform most current 
workstations " especially when it comes to memory in
tensive floating point calculations. It has been very easy 
to operate, running 24 hours a day with no major problems 
and with the expected vector capacity of about 24 Mflops 
(floating point operations per second). The operating 
system is a BSD UNIX 4.3 system with system V exten
sions. The current hardware configuration is 128 Mbyte 
main memory, 6 Gbyte on 6 disks, a 6250 bpi tape drive, 
2 ethemet transceivers and 16 asyncronous ports. 

20.5.4 Workstations and measuring 
system 

Currently 12 SUN workstations are mainly used as PC 
network servers and communication servers, but they are 
of course also used as personal workstations and for pres-
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entation purposes (GIS and CAD). One workstation will 
run the legal accounting system in 1995. 

The different data media coped with are Exabyte tapes 
(2, 5 and 7 Gb), QIC tapes (0.15 and0.3 Gb), CDs, 1/2-inch 
tapes and diskettes. 

The main machine in the automatic measuring system 
at Aspo is also a UNIX-like system, connected to the 
network, sharing disk and backup device with a SUN 
workstation and accessible from the all other nodes in the 
WAN. 

20.5.5 PC network 
The networking software used for PC networking is 
PCNFS from SUN Microsystems. The main use is to keep 

a common secure file system, making document transfer 
very easy and the common software and standards consist
ent throughout the company. A PC in this LAN is served 

by several file servers simultaneously, to improve per
formance, at least one server has been sited at each site. A 
typical PC is nowadays a 486/66 with at least 200 Mb disk 

running DOS 5 Windows 3.1, WordPerfect 5.2 and others. 
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MBT Umwelttechnik AG, Zurich, Switzerland l); Chal

mers University of Technology, Gothenburg, Sweden 2) 

June 1994 

TR 94-11 
Aspo Hard Rock Laboratory Annual Report 1993 
SKB 
June 1994 

TR 94-12 
Research on corrosion aspects of the Advanced Cold 
Process Canister 
Blackwood, D J; Hoch, A R; Naish, C C; Rance, A; 

Sharland, SM 
AEA Technology, Harwell Laboratory, UK 
January 1994 
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Widen, Hans l); Sellin, Patrik 2) 
Kemakta Konsult AB, Stockholm, Sweden l); Svensk 
Kiirnbranslehantering AB, Stockholm, Sweden 2) 
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TR 94-15 
Modelling of nitric acid production in the 
Advanced Cold Process Canister due to irradiation of 
moist air 
Henshaw, J 
AEA Technology, Decommissioning & Waste Manage
ment/Reactor Services, Harwell, UK 
January 1994 

TR 94-16 
Kinetic and thermodynamic studies of uranium min
erals. Assessment of the long-term evolution of spent 
nuclear fuel 
Casas, Ignasi 1 ); Bruno, Jordi 1 ); Cera, Esther 1 ); Finch, 
Robert J 2 ); Ewing, Rodney C 2) 
MBT Tecnologfa Ambiental, Cerdanyola, Spain 1); De
partment of Earth and Planetary Sciences, University of 
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Summary report of the experiences from TVO's site 
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Saanio & Riekkola Consulting Engineers, Helsinki, Fin
land 1); Fintact Ky, Helsinki, Finland 2); Imatran Voima 
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TR 94-18 
AECL strategy for surface-based investigations of 
potential disposal sites and the development of a geo
sphere model for a site 
Whitaker, S H; Brown, A; Davison, C C; Gascoyne, M; 
Lodha, G S; Stevenson, D R; Thome, GA; Tomsons, D 
AECL Research, Whiteshell Laboratories, Pinawa, Mani
toba, Canada 
May 1994 
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TR 94-19 
Deep drilling KLX 02. Drilling and documentation of 
a 1700 m deep borehole at Laxemar, Sweden 
Andersson, 0 
VBB VIAK AB, Malmo 
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TR 94-20 
Technology and costs for decommissioning the Swedish 
nuclear power plants 
Swedish Nuclear Fuel and Waste Management Co, Stock
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TR 94-21 
Verification of HYDRASTAR: Analysis of hydraulic 
conductivity fields and dispersion 
Morris, S T; Cliffe, KA 
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Evaluation of stationary and non-stationary geostatis
tical models for inferring hydraulic conductivity values 
at.Aspo 
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Rhen, Ingvar 3); Stan/ors, Roy 4); Wikberg, Peter 5) 
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Kinetic modelling of bentonite-canister interaction. 
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Heat conductivity of buffer materials 
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Eriksson, L O; Oppelstrup, J 
StarprogAB 
December 1994 

TR 94-31 
The implications of soil acidification on a future HLW 
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SKB Technical Report 94-01 

Anaerobic oxidation of carbon steel in granitic 
groundwaters: A review of the relevant literature 

Platts, N; Blackwood, DJ; Naish, C C 

AEA Technology, UK 

February 1994 

ABSTRACT 

This report reviews the published literature on the an
aerobic oxidation of iron in aqueous solutions which are 
of particular relevance to Swedish granitic ground waters. 
The thermodynamics of iron corrosion in water are briefly 
considered. Following this the experimental data found in 
the literature are presented and discussed. Results were 
found for corrosion of iron in both pure water and solutions 
containing mineral salts. The literature work on the nature 
of the films formed on iron surfaces under anaerobic 
conditions is reviewed and the possible mechanisms of 
film formation are discussed. Conclusions are drawn on 
the factors most likely to influence and control film 
growth. 

SKB Technical R~port 94-02 

Time evolution of dissolved oxygen and redox 
conditions in a HLW repository 

Wersin, Paul; Spahiu, Kastriot; Bruno, Jordi 

MBT Tecnologia Ambiental, Cerdanyola, Spain 

February 1994 

ABSTRACT 

The evolution of oxygen in a HLW repository has been 
studied using presently available geochemical background 
information. The important processes affecting oxygen 
migration in the near-field include diffusion and oxidation 
of pyrite and dissolved Fe(II). The evaluation of time 
scales of oxygen decrease is carried out with (1) an analy
tical approach involving the coupling of diffusion and 
chemical reaction, (2) a numerical geochemical approach 
involving the application of a newly developed diffusion
extended version of the STEADYQL code. 
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Both approaches yield consistent rates of oxygen de
crease and indicate that oxidation of pyrite impurities in 
the clay is the dominant process. The results obtained from 
geochemical modelling are interpreted in terms of evol
ution of redox conditions. Moreover, a sensitivity analysis 
of the major geochemical and physical parametres is per
formed. These results indicate that the uncertainties asso
ciated with reactive pyrite surface area impose the overall 
uncertainties of prediction of time scales. Thus, the ob
tained time of decrease to 1 % of initial 02 concentrations 
range between 7 and 290 years. The elapsed time at which 
the transition to anoxic conditions occurs is estimated to 
be within the same time range. Additional experimental 
information on redox sensitive impurities in the envi
sioned buffer and backfill material would further constrain 
the evaluated time scales. 

SKB Technical Report94-03 

Reassessment of seismic reflection data from the 
Finnsjon study site and prospectives for future 
surveys 

Cosma, Calin 1 ); Juhlin, Christopher 2 ); Olsson, Olle 3) 

Vibrometric Oy, Helsinki, Finland 1); Section for 
Solid Earth Physics, Department of Geophysics, Upp
sala University, Sweden 2); Conterra AB, Uppsala, 
Sweden 3) 

February 1994 

ABSTRACT 

Reprocessing of data from the seismic reflection survey 
performed at Finnsjon in 1987 show that reflection seis
mics is a viable technique for mapping fracture zones in 
crystalline rock. Application of state of the art processing 
algorithms clearly image a gently dipping fracture zone 
located in the depth interval 200-400 m. In addition, 
several other reflectors were imaged in the reprocessed 
section, both gently and steeply dipping ones. Correlations 
with borehole data indicate that the origin of these reflec
tions are also fracture zones. The data acquisition proce
dures used at the Finnsjon survey were basically sound 
and could, with minor modifications, be applied at other 
sites. The results indicate that both sources and receivers 
in future surveys should be placed in boreholes a few 
meters below the ground surface. 



SKB Technical Report 94-04 

Final report of the AECL/SKB Cigar Lake 
Analog Study 

Cramer, Jan (ed.) l); Smellie, John (ed.) 2 

AECL, Canada 1); Conterra AB, Uppsala, Sweden 2) 

May 1994 

ABSTRACT 

The Cigar Lake uranium deposit is located in northern 
Saskatchewan, Canada. The 1.3-billion-year-old deposit is 
located at a depth of about 450 m below surface in a 
water-saturated sandstone at the unconformity contact 
with the high-grade metamorphic rocks of the Canadian 
Shield. The uranium mineralization, consisting primarily 
of uraninite (UO2), is surrounded by a clay-rich halo in 
both sandstone and basement rocks, and remains ex
tremely well preserved and intact. The average grade of 
the mineralization is -8 wt. % U; local! y grades are as high 
as -55 wt. % U. 

The Cigar Lake deposit has many features that parallel 
those being considered within the Canadian concept for 
disposal of nuclear fuel waste. The study of these natural 
structures and processes provides valuable insight toward 
the eventual design and site selection of a nuclear fuel 
waste repository. The main feature of this analog is the 
absence of any indication on the surface of the rich 
uranium ore 450 m below. This indicates that the combi
nation of natural barriers has been effective in isolating the 
uranium ore from the surface environment. More specifi
cally, the deposit provides analog information relevant to 
the stability of UO2 fuel waste, the performance of clay
based barriers, radionuclide migration, colloid formation, 
radiolysis, fission-product geochemistry, and general as
pects of water-rock interaction. The main geochemical 
studies on this deposit focus on the evolution of ground
water compositions in the deposit and on their redox 
chemistry with respect to the uranium, iron and sulphide 
systems. 

Since 1984, through cooperation from the owners of the 
Cigar Lake deposit, analog studies have been conducted. 
AECL, with support from Ontario Hydro under the aus
pices of the CANDU Owners Group, initiated interna
tional participation in 1989 through collaboration with the 
Swedish Nuclear Fuel and Waste Management Company 
(SKB) and, more recently, with the Los Alamos National 
Laboratory (LANL). This report gives the results of the 
various studies carried out during the 3-year collaboration 
between AECL and SKB, as well as a summary of the 
LANL study. It provides detailed information on the gener
ated databases and models, and integrates this information 
into conclusions for use in safety as a summary of the 
LANL study. It provides detailed information on the gener
ated databases and models, and integrates this information 
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into conclusions for use in safety assessment of the Cana
dian, Swedish and United States disposal concepts. 

SKB Technical Report 94-05 

Tectonic regimes in the Baltic Shield during the 
last 1200 Ma - A review 

Larsson, Sven Ake 1 ), 2 ); Tullborg, Eva-Lena 2) 

Department of Geology, Chalmers University of Tech
nology/Goteborg University 1); Terralogica AB 2) 

November 1993 

ABSTRACT 

This report is a review about tectonic regimes in the Baltic 
(Fennoscandian) Shield from the Sveconorwegian (1.2 Ga 
ago) to the present. It also covers what is known about 
palaeostress during this period, which was chosen to in
clude both orogenic and anorogenic events. A summary is 
given in table form, and a litho-stratigraphic map of Bal
tica including adjacent sea areas is enclosed. 

Plate movements are the ultimate reason for stress build
up in the crust. It is concluded that continental drift and 
rotation velocity have changed during the earth's history. 
Periods of convergence and collision between continents 
are succeeded by periods of continental break-up. The 
different stress regimes, which prevailed during fractur
ing, produced specific fracture patterns on different scales. 
These fractures were reactivated during later favourable 
stress regimes. Within the next 100 000 years the stress 
situation of the Baltica crust will not change, except for 
the effects imposed by the growth and melting of all ice 
cover. 

SKB Technical Report 94-06 

First workshop on design and construction of 
deep repositories - Theme: Excavation through 
water-conducting major fracture zones, Sasta
holm Sweden, March 30-311993 

Biickblom, Goran (ed.); Svemar, Christer (ed.) 

Swedish Nuclear Fuel & Waste Management Co, SKB 

January 1994 



ABSTRACT 

Final disposal of high-level nuclear waste has not yet been 
carried out in any country today. The concepts under 
development are all based on geological repositories, i.e., 
disposal at a sufficient depth below the surface to provide 
stable mechanical, hydrological and chemical conditions 
during the period the waste needs to be isolated from man. 
In the cases where crystalline bedrock is considered the 
proposed repository depths vary between 300 - 1000 m. 

The construction, operation and sealing of a deep geo
logical repository must meet various criteria that in many 
respects are more detailed and more demanding than usual 
in underground construction projects today. The work shall 
be done so that occupational safety is ensured. The work 
also shall conform to whatever restrictions are necessary 
for ensuring pre-closure operational safety and post-clo
sure long-term safety. 

March 1993 SKB arranged a two-day international 
workshop to discuss design and construction of reposi
tories. Close to 40 participants from eight countries shared 
experiences regarding passage of major water-conducting 
fracture zones and other matters. This report summarizes 
the contributions to the workshop. 

SKB Technical Report 94-07 

INTRAVAL Working Group 2 summary report 
on Phase 2 analysis of the Finnsjon test case 

Andersson, Peter (ed.) 1 ); Winberg, Anders (ed.) 2) 

GEOSIGMA, Uppsala, Sweden 1); Conterra, Gote
borg, Sweden 2) 

January 1994 

ABSTRACT 

A comprehensive series of tracer tests on a relatively large 
scale have been performed by SKB at Finnsjon, Sweden, 
to increase understanding of transport phenomena which 
govern migration of radionuclides in major fracture zones. 
The experimental sequence of tracer tests consisted of; a 
preliminary tracer test during hydraulic interference tests, 
a radially converging test and a dipole test. Both sorbing 
and slightly sorbing tracers were used. The conducted 
experiments were subsequently selected as a test case in 
the international INTRAVAL Project, in part because the 
tests at Finnsjon invite to direct address of validation of 
geosphere models. This report summarizes the study of the 
Finnsjon test case within INTRAVAL Phase 2, which has 
involved nine project teams from seven countries. Porous 
media approaches in two dimensions dominated, although 
some project teams utilized one-dimensional transport 
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models, and even three-dimensional approaches on a 
larger scale. The dimensionality employed did not appear 
to be decisive for the ability to reproduce the observed 
field responses. It was also demonstrated that stochastic 
approaches can be used in a validation process. Only four 
out of nine project teams studied more than one process. 
The general conclusion drawn is that flow and transport 
in the studied zone is governed by advection and that 
hydrodynamic dispersion is needed to explain the break
through curves. Matrix diffusion is assumed to have small 
or negligible effect. The performed analysis is dominated 
by numerical approaches applied on scales on the order of 
a 1000 m. Taking scale alone into account, the results of 
most teams are possible to compare. A variety of valida
tion aspects have been considered. Five teams utilized a 
model calibrated on one test, to predict another, whereas 
the two teams utilizing stochastic continuum approaches 
addressed; 1) validity of extrapolation of a model cali
brated on one transport scale to a larger scale, 2) perfor
mance assessment implications of choice of underlying 
distribution model for hydraulic conductivity, respec
tively. 

SKB Technical Report 94-08 

The structure of conceptual models with applica
tion to the Aspo HRL Project 

Olsson, Olle 1 ); Biickblom, Goran 2 ); Gustafson, Gun
nar 3); Rhen, Ingvar 4); Stan/ors, Roy 5); Wikberg, 
Peter 2) 

Conterra AB 1); SKB 2); CTH 3); VBBNIAK 4); RS 
Consulting 5) 

May 1994 

ABSTRACT 

In performance assessment a sequence of models is used 
to describe the function of the geological barrier. This 
report proposes a general structure and terminology for 
description of these models. A model description consists 
of the following components: 

a conceptual model which defines the geometric 
framework in which the problem is solved, the dimen
sions of the modelled volume, descriptions of the 
processes included in the model, and the boundary 
conditions, 

- data which are introduced into the conceptual model, 
and 

- a mathematical or numerical tool used to produce 
output data. 



Contradictory to common practice in geohydrologic 
modelling it is proposed that the term conceptual model is 
restricted to define in what way the model is constructed, 
and that this is separated from any specific application of 
the conceptual model. Hence, the conceptual model should 
not include any specific data. 

SKB Technical Report 94-09 

Tectonic framework of the Hano Bay area, south
ern Baltic Sea 

Wanniis, Kjell O; Floden, Tom 

Institutionen for geologi och geokemi, Stockholms 
universitet 

June 1994 

ABSTRACT 

The tectonic framework and the general geologic develop
ment of the Hano Bay, from the Scanian coast in the west 
to south of Oland in the east, has been investigated by 
means of reflection seismic methods. The Hano Bay is in 
this paper subdivided into four areas of different geologic 
settings. These are: 1) The Hano Bay slope, which forms 
a southward dipping continuation of the rigid Blekinge 
coastal plain. 2) The eastward dipping Kalmarsund Slope, 
which southwards from Oland forms the western part of 
the Paleozoic Baltic Syneclise. 3) The Mesozoic Hano Bay 
Halfgraben, which forms the central and southern parts of 
the Hano Bay. The ongoing subsidence of the Halfgraben 
is estimated to be in the order of 20-60 m during the 
Quaternary. 4) The Yoldia Structural Element, which 
forms a deformed, tilted and possibly rotated block of 
Paleozoic bedrock located east of the Hano Bay Half
graben. Two tectonic phases dominate the post-Paleozoic 
development of the Hano Bay, these are: 1) The Early 
Kimmerian phase, which initiated subsidence and reacti
vated older faults. 2) The Late Cretaceous phase, which is 
the main subsidence phase of the Hano Bay Halfgraben. 
The tectonic fault pattern of the Hano Bay is dominated by 
three directions, i.e. NW-SE, NE-SW and WNW-ESE. The 
two main tectonic elements of the area are the Kullen-
Christianso Ridge System (NW-SE) and the Bornholm Gat 
Tectonic Zone (NE-SW). Sinistral strike-slip movements 
in order of 2-3 km are interpreted to have occurred along 
the Bornholm Gat Tectonic Zone during the Late Creta
ceous. 
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SKB Technical Report 94-10 

Project Caesium - An ion exhange model for the 
prediction of distribution coefficients of caesium 
in bentonite 

Wanner, Hans l); Albinsson, Yngve 2); Wieland, Erich 1) 

MBT Umwelttechnik AG, Zurich, Switzerland 1); 
Chalmers University of Technology, Gothenburg, 
Sweden 2) 

June 1994 

ABSTRACT 

A surface chemical model is established to thermodynami
cally describe caesium sorption on bentonite. Caesium 
sorption is studied on Wyoming bentonite MX-80 in sol
utions of NaCl, KCl, MgCh, CaCh, NaNO3 and 
Ca(NO3)2 of concentrations varying between 0.025M and 
IM, as well as in the weakly saline Allard groundwater 
and the strongly saline Aspo groundwater. Based on these 
experiments it is shown that the sorption behaviour of 
caesium on bentonite can be described, within the ex
perimental and model uncertainties, in terms of a one-site 
ion exchange model. The ion exchange constant for the 
replacement of Na+ on montrnorillonite by Cs+ is 
logKex O = 1.6. The model predictions compare well with 
sorption data published in the open literature on both 
Wyoming bentonite MX-80 and other types ofbentonite. 

For the analysis of diffusion experiments in compacted 
bentonite, the apparent diffusivity of tritiated water, HTO, 
is used as an analogue to estimate the pore diffusivity of 
Cs+. Since insufficient information is available at present 
to estimate the porosity actually available for diffusion in 
compacted bentonite, it is assumed that the diffusion po
rosity can be approximated by using the value of the bulk 
porosity. Under these circumstances, the cation exchange 
capacity (CEC) found to be available for the diffusing 
species in compacted bentonite corresponds to about 12% 
of the total CEC of bentonite. It is recognised that the 
errors made in the estimation of the pore diffusivity and 
of the diffusion porosity are contained in the reduction 
factor of the CEC. A discussion of the factors affecting the 
diffusivities of radionuclides and the problem of establish
ing consistent sets of diffusivity data is given in the 
Appendix. 



SKB Technical Report 94-11 

Aspo Hard Rock Laboratory Annual Report 1993 

June 1994 

ABSTRACT 

The Aspo Hard Rock Laboratory is being constructed in 
preparation for the deep geological repository of spent fuel 
in Sweden. This Annual Report 1993 for the Aspo Hard 
Rock Laboratory contains an overview of the work con
ducted. 

Present work is focused on verification of pre-investiga
tion methods and development of the detailed investiga
tion methodology. Construction of the facility and inves
tigation of the bedrock are being carried out in parallel. As 
of December 1993, 2760 m of the tunnel had been exca
vated to a depth of 370 m below the surface. 

An important and integral part of the work is further 
refinement of conceptual and numerical models for 
groundwater flow and radionuclide migration. Detailed 
plans have been prepared for several experiments to be 
conducted after the end of the construction work. 

Eight organizations from seven countries are now par
ticipating in the work at the Aspo Hard Rock Laboratory 
and are contributing in different ways to the results being 
achieved. 

Research on corrosion aspects of the Advanced 
Cold Process Canister 

Blackwood, DJ; Hoch, AR; Naish, CC; Rance, A; 
Sharland, SM 

AEA Technology, Harwell Laboratory, Didcot, Oxford
shire, UK 

January 1994 

ABSTRACT 

The Advanced Cold Process Canister (ACPC) is a waste 
canister being developed jointly by SKB and TVO for the 
disposal of spent nuclear fuel. It comprises an outer copper 
canister, with a carbon steel canister inside. A concern 
regarding the use of the ACPC is that, in the unlikely event 
that the outer copper canister is penetrated, the anaerobic 
corrosion of the carbon steel container may result in the 
formation of hydrogen gas bubbles. These bubbles could 
disrupt the backfill, and thus increase water flow through 

181 

the near field and the flux of radionuclides to the host 
geology. 

A number of factors that influence the rate at which 
hydrogen evolves as a result of the anaerobic corrosion of 
carbon steel in artificial granitic groundwaters have been 
investigated. A previously observed, time-dependent de
cline in the hydrogen evolution rate has been confirmed 
as being due to the production of a magnetite film. Once 
the magnetite film is about 0.7-1.0 µm thick, the rate of 
hydrogen evolution reaches a steady state value. The pH 
and the ionic strength of the groundwater were both found 
to influence the long-term hydrogen evolution rate. The 
results of the experimental programme were used to up
date a model of the corrosion behaviour and hydrogen 
production from the Advanced Cold Process Canister. 

Assessment study of the stresses induced by cor
rosion in the Advanced Cold Process Canister 

Hoch, A R; Sharland, SM 

Chemical Studies Department, Radwaste Disposal Di
vision, AEA Decommissioning and Radwaste, Harwell 
Laboratory, UK 

October 1993 

ABSTRACT 

The Advanced Cold Process Canister (ACPC) is a concept 
for the encapsulation of spent nuclear fuel for geological 
disposal. The basic design of the ACPC consists of an 
outer oxygen free copper overpack covering a carbon steel 
inner container. 

In this report the stresses exerted on the copper overpack 
as a result of an early failure of the canister and the 
subsequent corrosion of the steel are calculated. 

~KJ.J.Tecbnical Report••94.;14 

Performance of the SKB Copper/Steel Canister 

Widen, Hans 1); Sellin, Patrik 2) 

Kemakta Konsult AB, Stockholm, Sweden 1); 
Svensk Karnbranslehantering AB - SKB, Stockholm, 
Sweden 2) 

September 1994 



ABSTRACT 

The performance of the SKB copper/steel canister has 
been analyzed. The present knowledge oflong-term func
tion of the canister is summarized. Radionuclide release 
calculations for a reference failure scenario and the effect 
of some variations on release rates are shown. The Fea
tures, Events and Processes (FEPs) that are affecting the 
studied scenarios have been classified according to the 
"Rock Engineering Systems" methodology as defined by 
SKB for the copper/steel canister. 

Radionuclide release rate is calculated for a reference 
failure scenario where a small hole in the weld of the outer 
copper overpack is assumed to exist at the time of deposi
tion. The hole in the copper overpack is assumed to be of 
constant size until the inner steel canister loses its mech
anical integrity. The steel is assumed to maintain mechan
ical stability during 5 000 years and after this time period 
the hole through the copper is assumed to be 0.1 m2, which 
translate to insignificant transport resistance from the can
ister wall. 

The release rates forC-14, Sr-90, 1-129, Cs-137, Pu-239 
and Am-241 are calculated for the reference failure scena
rio and for a number of variations. The variations include 
glaciation, only few of the Zircalloy tubes damaged, dif
ferent canister filling materials, variations in sorption 
properties of the bentonite clay and different life-time of 
the inner steel canister. The performance of the canister 
and near-field, concerning the release rates of the studied 
radionuclides, is as expected, comparable to the release 
rates obtained in SKB 91. 

SKB Technical Report 94-15 

Modelling of nitric acid production in the Ad
vanced Cold Process Canister due to irradiation 
of moist air 

Henshaw, J 

AEA Technology, Decommissioning & Waste Manage
ment/Reactor Services, Harwell, UK 

January 1994 

ABSTRACT 

This report summarises the work performed for SKB of 
Sweden on the modelling of nitric acid production in the 
gaseous environment of the Advanced Cold Process Can
ister (ACPC). The model solves the simultaneous chemi
cal rate equations describing the radiation chemistry of a 
He/Ar/N2IO2/lhO gas mixture, involving over 200 chemi
cal reactions. The amount of nitric acid produced as a 
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function of time for typical ACPC conditions has been 
calculated using the model and the results reported. 

SKB Technical Report 94-16 

Kinetic and thermodynamic studies of uranium 
minerals. Assessment of the long-term evolution 
of spent nuclear fuel 

Casas, Ignasi I); Bruno, Jordi I); Cera, Esther 1 ); 
Finch, Robert J 2 ); Ewing, Rodney C 2) 

MBT Tecnologia Ambiental, Cerdanyola, Spain 1); 
Department of Earth and Planetary Sciences, Univer
sity of New Mexico, Albuquerque, NM, USA 2) 

October 1994 

ABSTRACT 

We have studied the dissolution behavior of uraninite, 
becquerelite, schoepite and uranophane. The information 
obtained under a variety of experimental conditions has 
been combined with extensive solid phase characteriza
tions, performed on both leached and unleached samples. 
The overall objective is to construct a thermodynamic and 
kinetic model for the long-term oxidation alteration of 
UO2(s), as an analogy of the spent nuclear fuel matrix. 

We have determined the solubility product for becque

relite (logKso=32.7 ± 1.3) and uranophane (logKso=7.8 ± 
0.8). In some experiments, the reaction progress has 
shown initial dissolution of uranophane followed by pre
cipitation of a secondary solid phase, characterized as 
soddyite. The solubility product for this phase has been 

determined (logK8o =3.0 ± 2.9). 
We have studied the kinetics of dissolution of uraninite, 

uranophane and schoepite under oxidizing conditions in 
synthetic granitic groundwater. BET measurements have 
been performed for uraninite and uranophane. For 
schoepite, the measurement has not been performed due 
to the lack of sufficient amount of sample. The normalized 
rates of dissolution of uraninite and uranophane have been 
calculated, referred to the uranium release, as 1.97 · 10-8 

1 h-l -2 d 4 0 10-9 1 h-1 -2 . 1 mo es m an . · mo es m , respect:Ive y. 
For schoepite, the dissolution process has shown two 
different rates, with a relatively fast initial dissolution rate 
of 1.97 · 10-8 moles h-1 followed, after approximately 
1000 hours, by a slower one of 1.4 · 10-9 moles h-1. No 
formation of secondary phases has been observed in those 
experiments, although final uranium concentrations have 
in all cases exceeded the solubility of uranophane, the 
thermodynamically more stable phase under the ex
perimental conditions. 



SKB Technical Report 94-17 

Summary report of the experiences from TVO's 
site investigations 

Ohberg, Antti l); Saksa, Pauli 2); Ahokas, Henry 2); 
Ruotsalainen, Paula 2 ); Snellman, Margit 3) 

Saanio & Riekkola Consulting Engineers, Helsinki, 
Finland 1); Fintact Ky, Helsinki, Finland 2); Imatran 
Voima Oy, Helsinki, Finland 3) 

May 1994 

ABSTRACT 

Teollisuuden Voima Oy (TVO) has completed preliminary 
site investigations at five sites in Finland. At the end of 
1992 TVO presented the final report to the authorities. The 
preliminary site investigation phase 1986 - 1992 was 
conducted according to the investigation programme com
piled by TVO. 

The aim of this report was to compile a report on 
experiences from TVO's site investigations. The main 
interest was focused on investigation strategies and the 
most important investigation methods for the conceptual 
modelling. 

The objective of the preliminary site investigations was 
to obtain data on the bedrock properties in order to evaluate 
the areas. The programme was divided into four stages, 
each stage having its own subobjective. The site-specific 
investigation programme for each site included a large 
common part and a small site-specific part. 

The strategies (objectives) and experiences from differ
ent disciplines, geology, hydrogeochemistry, geophysics 
and geohydrology, are presented in the report. 

The conceptual modelling work procedure including 
both bedrock and groundwater modelling is described 
briefly using the Olkiluoto site as an example. Each of the 
other areas has undergone similar phases of work. The 
uncertainties associated with conceptual modelling are 
also discussed. 

The usefulness of the investigation strategy and the 
investigation methods for conceptual modelling is dis
cussed in the report. 

Some new equipment, methods or enhancements that 
have not yet been used in TVO's site investigations have 
become new tools in site characterisation and are briefly 
presented in the report. 
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SKB Technical Report 94-18 

AECL strategy for surface-based investigations 
of potential disposal sites and the development of 
a geosphere model for a site 

Whitaker, S H; Brown, A; Davison, C C; Gascoyne, M; 
Lodha, G S; Stevenson, D R; Thome, GA; Tomsons, D 

AECL Research, Whiteshell Laboratories, Pinawa, 
Manitoba, Canada 

May 1994 

ABSTRACT 

The objective of this report is to summarize AECL's 
strategy for surface-based geotechnical site investigations 
used in screening and evaluating candidate areas and 
candidate sites for a nuclear fuel waste repository and for 
the development of geosphere models of sites. The report 
is one of several prepared by national nuclear fuel waste 
management programs for the Swedish Nuclear Fuel and 
Waste Management Co. (SKB) to provide international 
background on site investigations for SKB's RD&D pro
gramme on siting. 

The scope of the report is limited to surface-based 
investigations of the geosphere, those done at surface or 
in boreholes drilled from surface. 

The report discusses AECL's investigation strategy and 
the methods proposed for use in surface-based reconnaiss
ance and detailed site investigations at potential repository 
sites. Site investigations done for AECL's Underground 
Research Laboratory are used to illustrate the approach. 
The report also discusses AECL's strategy for developing 
conceptual and mathematical models of geological condi
tions at sites and the use of these models in developing a 
model (Geosphere Model) for use in assessing the perfor
mance of the disposal system after a repository is closed. 
Models based on the site data obtained at the URL are used 
to illustrate the approach. Finally, the report summarizes 
the lessons learned from AECL's R&D program on site 
investigations and mentions some recent developments in 
the R&D program. 

SKB Technical Report 94-19 

Deep drilling KLX 02. Drilling and documenta
tion of a 1700 m deep borehole at Laxemar, 
Sweden 

Andersson, 0 

VBB VIAK AB, Malmo 

August 1994 



ABSTRACT 

In this report the preparation and execution of the deep 
core drilling KLX 02 is described. 

The hole was drilled with the wireline method, NQ 
dimension (0 76 mm, to a final depth of 1700.5 m. 

Prior to core drilling a 0 215 mm pilothole was pre
drilled to 200 m with controlled hammerdrilling (DTH). 
In this hole casing and air-lift equipment was installed with 
the aim to support the circulation of drilling fluid. 

During core drilling there was a measurement of major 
drilling parameters and drilling fluid in and out of hole. As 
a fluid tracer uranine was used. 

Each 300 m of core drilling air-lift pumptests were 
performed. After completion a flow-meter log was run to 
finalize the project phase. 

It can be concluded that both the predrilling and core 
drilling methods used proved to be successful. No severe 
technical problems occurred. However, potential risks 
have been pointed at in the report. 

The air-lift system functioned only partly and has to be 
modified for further use. Also the technique for monitoring 
of drilling parameters needs improvement as does the 
method for air-lift pumptests with packer. 

The organisation model for planning and realization 
functioned satisfactory and can be recommended for simi
lar future projects. 

SKB Technical Report 94.;20 

Technology and costs for decommissioning of 
Swedish nuclear power plants 

Prepared by a working group within the Swedish Power 
Industry 

June 1994 

ABSTRACT 

This decommissioning study for the Swedish nuclear 
power plants has been carried out during 1992 to 1994 and 
the work has been led by a steering group consisting of 
people from the nuclear utilities and SKB. 

The study has been focused on two reference plants, 
Oskarshamn 3 and Ringhals 2. Oskarshamn 3 is a boiling 
water reactor (BWR) and Ringhals 2 is a pressurized water 
reactor (PWR). Subsequently, the result from these plants 
have been translated to the other Swedish plants. 

The study gives an account of the procedures, costs, 
waste quantities and occupational doses associated with 
decommissioning of the Swedish nuclear power plants. 
Dismantling is assumed to start immediately after removal 
of the spent fuel. No attempts at optimization, in terms of 
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technology or costs, have been made. The nuclear power 
plant site is restored after decommissioning so that it can 
be released for use without restriction for other industrial 
activities. 

The study shows that a reactor can be dismantled in 
about five years, with an average labour force of about 150 
persons. The maximum labour force required for Oskar
shamn 3 has been estimated to about 300 persons. This 
peak load occurred the first years but is reduced to about 
50 persons during the demolishing of the buildings. 

The cost of decommissioning Oskarshamn 3 has been 
estimated to be about MSEK 940 in January 1994 prices. 
The decommissioning of Ringhals 2 has been estimated 
to be MSEK 640. The costs for the other Swedish nuclear 
power plants lie in the range MSEK 590-960. 

SKB Technical Report 94-21 

Verification of HYDRASTAR: Analysis of hy
draulic conductivity fields and dispersion 

Morris, S T; Cliffe, KA 

AEA Technology, Harwell, UK 

October 1994 

ABSTRACT 

HYDRASTAR is a code for the stochastic simulation of 
groundwater flow. It can be used to simulate both time-de
pendent and steady-state groundwater flow at constant 
density. Realizations of the hydraulic conductivity field 
are generated using the Turning Bands algorithm. The 
realizations can be conditioned on measured values of the 
hydraulic conductivity using Kriging. This report de
scribes a series of verification studies that have been 
carried out on the code. The first study concerns the 
accuracy of the implementation of the Turning Bands 
algorithm in HYDRASTAR. The implementation has 
been examined by evaluating the ensemble mean and 
covariance of the generated fields analytically and com
paring them with their prescribed values. Three other 
studies were carried out in which HYDRAS TAR was used 
to solve problems of uniform mean flow and to calculate 
the transport and dispersion of fluid particles. In all three 
cases the hydraulic conductivity fields were uncondi
tioned. The first two were two-dimensional: one at small 
values of the variance of the logarithm of the hydraulic 
conductivity for which there exists analytical results that 
the code can be compared with, and one at moderate 
variance where the results can only be compared with 
those obtained by another code. The third problem was 
three dimensional with a small variance and again analy
tical results are available for comparison. 



Evaluation of stationary and non-stationary geo
statistical models for inferring hydraulic conduc
tivity values at Aspo 

La Pointe, Paul R 

Golder Associates Inc., Seattle, WA, USA 

November 1994 

ABSTRACT 

This report describes the comparison of stationary and 
non-stationary geostatistical models for the purpose of 
inferring block-scale hydraulic conductivity values from 
packer tests at Aspo. The comparison between models is 
made through the evaluation of cross-validation statistics 
for three experimental designs. The first experiment con
sisted of a "Delete- I" test previously used at Finnsjon. The 
second test consisted of "Delete-10%" and the third test 
was a "Delete-50%" test. The analysis was carried out 
using the commercial code Isatis 1.3 (Geovariances, 
1994). 

Preliminary data analysis showed that the 3 m and 30 m 
packer test data can be treated as a sample from a single 
population for the purposes of geostatistical analyses, with 
the possible exception of the data from well KAS02. 
Analysis of the 3 m data does not indicate that there are 
any systematic statistical changes with depth, rock type, 
fracture zone vs non-fracture zone or other mappable 
factor. Directional variograms are ambiguous to interpret 
due to the clustered nature of the data, but do not show any 
obvious anistropy that should be accounted for in geostat
istical analysis. A Kriging neighborhood divided into 8 

angular sectors with a radius of 200 m provided good 
results while making computations efficient compared to 
the other neighborhoods tested. This neighborhood defini
tion was used for the remainder of the analyses. 

Stationary analysis suggested that there exists a sizeable 
spatially uncorrelated component ("Nugget Effect") in the 
3 m data, on the order of 60% of the observed variance for 
the various models fitted. Four different nested models 
were automatically fit to the data: 

1) Nugget Effect+ Spherical 
2) Nugget Effect + Exponential 
3) Nugget Effect+ Spherical(short range)+ Exponen

tial(long range) 
4) Nugget Effect + Spherical(short range) + Spheri

cal(long range) 

Results for all models in terms of cross-validation stat
istics were very similar for the first set of validation tests, 
but the model consisting of the Nugget Effect, Spherical 
and Exponential elementary models performed slightly 
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better overall and was chosen for the additional cross-vali
dation tests. 

Non-stationary analysis established that both the order 
of drift and the order of the intrinsic random functions is 
low. For the neighborhood selected, drift is either zeroth 
or first order; the elementary covariance models are zero 
and third order. 

In terms of cross-validation statistics, the non-stationary 
models were slightly better than the stationary models in 
terms of Mean Error (ME), but much worse in terms of 
Mean Reduced Error (MRE) and Mean Square Reduced 
Error (MSRE). Mean Squared Error (MSE) was slightly 
better for the stationary case. These results strongly sug
gest that stationary models will produce smaller cross
validation errors at Aspo. Unlike the situation at Finnsjon, 
the packer test data at Aspo seem to be very stationary with 
no trend and only low order drift, so that advantages of 
using intrinsic random functions are lost and stationary 
models may more accurately model the covariance. 

Regularization of packer test data to larger intervals 
using Norman's (1992a) formula overpredicts the regu
larized interval hydraulic conductivity. A simple arith
metic average produces less biased results, but any regu
larization of this type introduces additional uncorrelated 
noise into the data, and will tend to obscure the true spatial 
properties of the hydraulic conductivity field. A moving 
average regularization process as currently implemented 
in Inferens 1.1 may also introduce other undesirable ef
fects, and it is recommended that geostatistical analysis 
and estimation be performed on unregularized data, with 
regularization to block-scale hydraulic conductivity 
values performed after geostatistical estimation or simu
lation. 

This study also suggests that conventional cross-valida
tion studies and automatic variogram fitting are not 
necessarily evaluating how well a model will infer block 
scale hydraulic conductivity values. It is suggested that a 
series of stochastic modeling experiments be conducted to 
examine how sensitive the hydrological modeling results 
are to uncertainties in the geostatistical inference model 
and the upscaling process. 

SKB Technical Report 94-23 

PLAN94 

Costs for management of the radioactive waste 
from nuclear power production 

Swedish Nuclear Fuel and Waste Management Co 

June 1994 



ABSTRACT 

SKB prepares every year, on behalf of the nuclear power . 
utilities, a calculation of the costs for all the measures that 
are required to manage the spent nuclear fuel from the 
reactors and the radioactive waste deriving from it and to 
decommission and dismantle the reactor plants. The cost 
calculation is submitted to the Nuclear Power Inspectorate 
(SKI). SKI uses this as a basis for calculating a proposal 
for the fee for management of the radioactive waste pro
ducts of nuclear power that is levied on nuclear-generated 
electricity. 

The calculation, which is based on specific scenarios for 
energy production, waste quantities and required 
measures, are presented in annually issued reports, the last 
one PLAN 94, dated June 1994. 

PLAN 93 was a comprehensive report giving an over
view of the Swedish radioactive waste management 
system. The 1994 status regarding general premises, fa

cilities, systems, RD&D, etc., differs only slightly from 
1993, and the present English edition of PLAN 94 has 
therefore been reduced to include only an updated set of 
those tables and other significant data that were included 
in PLAN 93. The reader is kindly advised to consider the 
present report as an addendum to PLAN 93. 

SKB Technical Report 94-24 

Aspo Hard Rock Laboratory - Feasibility and 
usefulness of site investigation methods. Experi
ences from the pre-investigation phase 

Almen, Karl-Erik (ed.) l); Olsson, Par 2); Rhen, lngvar 

3); Stanfors, Roy 4); Wikberg, Peter 5) 

KEA GEO-Konsult 1); SKANSKA 2); VBBNIAK 3); 
RS Consulting 4); SKB 5) 

August 1994 

ABSTRACT 

One of the main goals set up by SKB for the Aspo HRL 
project is to "test the quality and appropiateness of differ
ent methods for characterizing the bedrock with respect to 
conditions of importance for a final repository". An exten

sive investigation programme was carried out during the 
project's pre-investigation phase that in part was based on 
experience from SKB 's previous site investigations and in 
part entailed the testing of new or other unestablished 

methods. 
Previous technical reports have described the methods 

that have been used and the results, models and predictions 

that have been produced. All the methods used are dis-
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cussed in the present report in terms of how they have 
contributed in different analysis stages to the total geos
cientific characterization of the rock at Aspo. The useful
ness of each method for modelling and prediction on 
different scales is evaluated, and aspects of the practical 
execution of the methods under different conditions are 
discussed. 

The report sheds light on the importance of dividing 
large investigation programmes such as this one into suit
able stages to get an opportunity to evaluate the results 
obtained and plan in detail the investigations in the next 
stage. Furthermore, the way in which the characteriza
tion/modelling work on different geometric scales has 
been done for the different investigation stages is dis

cussed, along with whether this has been found to be a 
suitable approach. The importance of pursuing an inter
disciplinary strategy throughout the pre-investigation pro
cess cannot be overemphasized. For the planning, execu
tion, analysis and reporting of the results of the pre-inves
tigations, this has been guaranteed by an organization in 
which an interdisciplinary group has been in charge of the 
investigations, together with the project manager. 

SKB Technical Report 94-25 

Kinetic modelling of bentonite-canister interac
tion. Long-term predictions of copper canister 
corrosion under oxic and anoxic conditions 

Wersin, Paul; Spahiu, Kastriot; Bruno, Jordi 

MBT Tecnologia Ambiental, Cerdanyola, Spain 

September 1994 

ABSTRACT 

A new modelling approach for canister corrosion which 
emphasises chemical processes and diffusion at the ben
tonite-canister interface is presented. From the geochemi
cal boundary conditions corrosion rates for both an anoxic 
case and an oxic case are derived and uncertainties thereof 
are estimated via sensitivity analyses. 

Time scales of corrosion are assessed by including 
calculations of the evolution of redox potential in the near 
field and pitting corrosion. This indicates realistic corro
sion depths in the range of 10· 7 and 4 · 10·5 mm/yr, 

respectively for anoxic and oxic corrosion. Taking conser

vative estimates, depths are increased by a factor of about 
200 for both cases. From these predictions it is suggested 
that copper canister corrosion does not constitute a pro
blem for repository safety, although certain factors such 
as temperature and radiolysis have not been explicitely 
included. The possible effect of bacterial processes on 



corrosion should be further investigated as it might en
hance locally the described redox process. 

SKB Technical Report 94-26 

A surface chemical model of the bentonite-water 
interface and its implications for modelling the 
near field chemistry in a repository for spent fuel 
Wieland, Erich 1 ); Wanner, Hans 1 ); Albinsson, 
Yngve 2); Wersin, Paul 3); Karnland, Ola 4) 

MBT Umwelttechnik AG, Ziirich, Switzerland 1); 
Chalmers University of Technology, Gothenburg, 
Sweden 2); MBT Tecnologia Ambiental, CENT, Cerda
nyola, Spain 3); Clay Technology AB, Lund, Sweden 
4) 

July 1994 

ABSTRACT 

Understanding the surface chemical properties of mont
morillonite in near-neutral and alkaline media is essential 
for establishing a chemical model of the bentonite/water 
interaction applicable for repository conditions. A pre
treated and well-characterised Wyoming MX-80 bentonite 
has been used for investigating the acid/base characteris
tics of Na-montmorillonite. The CEC of Namontmo
rillonite was determined to 108 meq/100 g for pretreated 
bentonite and to 85 meq/100 g for the bulk material. The 
BET surface area was (31.53±0.16) m2/g. 

Potentiometric titrations of montmorillonite suspen
sions at ionic strengths I = 0.005 M, 0.05 M and 0.5 M 
were conducted as batch-type experiments. Deprotonation 
of surface OH groups possibly exposed at the edge surface 
causes an overall negative charge (given by a negative 
value in the proton balance) on the surface ofmontmoril
lonite in the alkaline pH range. In this pH range, the 
protolysis degree of OH groups increases with increasing 
pH and ionic strength. The proton density on the surface 
of montmorillonite increases with decreasing pH in the 
acidic pH range (pH< 7.5). In this pH range, two simulta
neously occurring surface reactions account for the ob
served proton density on montmorillonite: Protonation of 
edge OH groups and ion exchange of the major cations for 
H+ at the structural-charge sites. 

The experimental results are interpreted in terms of a 
two-site model with structural-charge surface sites (X 
layer sites) and variable-charge surface sites ( edge OH 
groups) as the reactive surface functionalities. The total 
population of the surface sites are estimated to TOT-OH = 
2.84 · 10·5 mol/g, TOT-X = 2.2 · 10·5 mol/g. The intrinsic 
acidity constants for the OH groups are determined to 
pKalint = (5.4± 0.1) and pKa2int = (6.7 ± 0.1), respectively, 
using the configuration of the diffuse double layer model 
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(DDLM). The thermodynamic constant for the Na/Hex
change at structural-charge sites is estimated to logK~ = 
(4.6 ±0.2). 

Experimental data of the potentiometric titration of 
montmorillonite which are reported in the open literature 
can be interpreted within the scope of the presented two
site model for montmorillonite by implementing a third 
type of surface sites, denoted as Y layer sites. The charac
teristic parameters for the second 7pe of layer sites (Y 
layer sites) are: TOT-Y = 1.06 · 10· mol/f for pretreated 
Wyoming MX-80 bentonite and 8.3 · 10· mol/g for raw 
Wyoming MX-80 bentonite, respectively, and logK~ = 
3.0. 

Ca-Na-exchange isotherms were measured on pre
treated Wyoming MX-80 bentonite. The thermodynamic 
exchange constant was estimated to logK~ = (0.43± 0. 17). 

The near field chemistry under repository conditions is 
predicted based on the proposed three-site bentonite 
model. Model computations indicate that the edge OH 
groups of montmorillonite excert a strong control on the 
buffer capacity in highly compacted bentonite. Model 
calculations predict a pH value of7.3 and an alkalinity of 
1.92 · 10·2 eq/dm3 in the porewater of highly compacted 
bentonite. 

Long-term predictions of the near field chemistry are 
presented on the basis of the mixing tank model. The 
evolution of the chemical composition of bentonite pore
water and the relative proportion of exchangeable cations 
on montmorillonite are established for Allard and Aspo 
groundwaters in contact with compacted bentonite. The 
model suggests that pH and alkalinity of the porewater are 
controlled by the buffering capacity of the edge surface 
sites and calcite dissolution. In contact with Allard 
groundwater, the pH values of the porewater in compacted 
bentonite range from pH = 7.1 - 8.4 depending on the 
stage of conversion of Na-bentonite to Ca-bentonite. The 
corresponding pH range for Aspo groundwater is pH= 6.0 
- 6.5. The transformation ofNa-bentonite to Ca-bentonite 
strongly depends on the amount of calcite present in 
bentonite and the chemical composition of the ground
water. Once the carbonate pool is depleted, the conversion 
ofNa-bentonite to Ca-bentonite proceeds at a much lower 
rate. 

Sl{B T~hnicalReport·94.-27 

Experimental study of strontium sorption on fis
sure filling material 

Eriksen, Trygve E; Cui, Daqui 
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Institute of Technology, Stockholm, Sweden 

December 1994 



ABSTRACT 

We have carried out a comparative study of sorption and 
desorption of strontium in groundwater on separated mag
netic and size fractions of fissure filling material taken 
from natural fissures in granitic rock. 

Complete reversibility of the sorption process was dem
onstrated by identical Freundlich isotherms, isotopic ex
changeability and pH dependence of the distribution coef
ficients Rd. 

The sorption was found to be strongly pH dependent in 
the range 3-11. The pH effect can be accommodated in the 
sorption model by considering the surface areas and sur
face charges of the minerals in the fissure filling material. 
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Scenario development methodologies 

Eng, Torsten I); Hudson, John 2); Stephansson, Ove 3); 

Skagius, Kristina 4); Wiborgh, Marie 4) 

Swedish Nuclear Fuel & Waste Management Co, 
Stockholm, Sweden 1); Rock Engineering Consultants, 
Welwyn Garden City, Herts, UK 2); Div. of Engineer
ing Geology, Royal Institute of Technology, Stockholm, 
Sweden 3); Kemakta, Stockholm, Sweden 4) 

November 1994 

ABSTRACT 

In the period 1981-1994, SKB has studied several metho
dologies to systemize and visualize all the features, events 
and processes (FEPs) that can influence a repository for 
radioactive waste in the future. All the work performed is 
based on the terminology and basic findings in the joint 
SKI/SKB work on scenario development presented in the 
SKB Technical Report 89-35. 

The methodologies studied are a) Event tree analysis, b) 

Influence diagrams and c) Rock Engineering Systems 
(RES) matrices. Each one of the methodologies is ex
plained in this report as well as examples of applications. 

One chapter is devoted to a comparison between the two 

most promising methodologies, namely: Influence diag
rams and the RES methodology. 

In conclusion a combination of parts of the Influence 
diagram and the RES methodology is likely to be a promi
sing approach. 
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Heat conductivity of buffer materials 

Borgesson, Lennart; Fredrikson, Anders; Johannesson, 
Lars-Erik 

Clay Technology AB, Lund, Sweden 

November 1994 

ABSTRACT 

The report deals with the thermal conductivity of bento
nite based buffer materials. An improved technique for 
measuring the thermal conductivity of buffer materials is 
described. Measurements and FLAC calculations ap
plying this technique have led to a proposal of how stand
ardized tests should be conducted and evaluated. The 
thermal conductivity ofbentonite with different void ratio 
and degree of water saturation has been determined in the 
following different ways: 

• Theoretically according to three different investiga
tions by other researchers. 

• Laboratory measurements with the proposed method. 

• Results from back-calculated field tests 

Comparison and evaluation showed that these results 
agreed very well, when the buffer material was almost 
water saturated. However, the influence of the degree of 
saturation was not very well predicted with the theoretical 
methods. Furthermore, the field tests showed that the 
average thermal conductivity in situ of buffer material 
( compacted to blocks) with low degree of water saturation 

was lower than expected from laboratory tests. 

SKB Technical Report 94-30 

Calibration with respect to hydraulic head 
measurements in stochastic simulation of 
groundwater flow - A numerical experiment 
using MATLAB 

Eriksson, L O; Oppelstrup, J 

StarprogAB 

December 1994 



ABSTRACT 

A simulator for 2D stochastic continuum simulation and 
inverse modelling of groundwater flow has been de
veloped. The simulator is well suited for method evalu
ation and what-if simulation and written in MATLAB. 
Conductivity fields are generated by unconditional simu
lation, conditional simulation on measured conductivities 
and calibration on both steady-state head measurements 
and transient head histories. The fields can also include 
fracture zones and zones with different mean conducti
vities. Statistics of conductivity fields and particle travel 
times are recorded in Monte-Carlo simulations. 

The calibration uses the pilot point technique, an inverse 
technique proposed by RamaRao and La Venue. Several 
Kriging procedures are implemented, among others Krig
ing neighbourhoods. In cases where the expectation of the 
log-conductivity in the truth field is known the non-bias 
condition can be omitted, which will make the variance in 
the conditionally simulated conductivity fields smaller. 

A simulation experiment, resembling the initial stages 
of a site investigation and devised in collaboration with 
SKB, is performed and interpreted. 

The results obtained in the present study show less 
uncertainty than in our preceding study. This is mainly due 
to the modification of the Kriging procedure but also to the 
use of more data. Still the large uncertainty in cases of 
sparse data is apparent. The variogram represents essential 
characteristics of the conductivity field. Thus, even uncon
ditional simulations take account of important informa
tion. Significant improvements in variance by further con
ditioning will be obtained only as the number of data 
becomes much larger. 

SKB Technical Report 94-31 

The implications of soil acidification on a future 
HLW repository. Part II: Influence on deep 
granitic groundwater. The Klipperas study site as 
test case 

Wersin, Paul 1 ); Bruno, Jordi 1 ); Laaksoharju, 
Marcus 2) 

MBT Tecnologia Ambiental, Cerdanyola, Spain 1); 
Geopoint AB, Spanga, Sweden 2) 

May 1994 

ABSTRACT 

The effect of acidification on deep groundwater is assessed 
with a geochemical box model based on the STEADYQL 
code. The application of the model to the Klipperas study 
site shows a remarkable agreement between observed and 
predicted groundwater composition and offers an adequate 
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description of the geochemical evolution of the aquifer. 
Proton fluxes are shown to be controlled mainly by calcite 
weathering and organic carbon degradation processes. 

The impact of increased acidification is evaluated on the 
basis of various test cases and by including the soil com
partment in the model framework. The results indicate that 
calcite weathering will be increased by a factor of two to 
three as a result of increased acidification. Furthermore, 
the calculations suggest that, once the powerful carbonate 
buffer is depleted, the buffer capacity is provided mainly 
by anaerobic respiration and ion exchange processes. Fur
ther ongoing acidic loading would lead to neutralization 
of alkalinity fluxes leaving the system with a very low 
buffering capacity towards fluctuations in proton fluxes. 

Estimation of time scales of aquifer acidification was 
assessed under the focus of calcite depletion with aid of 
two acidification scenarios. These predict a time range of 
12' 400 to 370' 000 years for calcite depletion to take place 
down to 500 meters depth. It is suggested from inherent 
model assumptions that these estimated time scales are 
conservative. 

SKB Technical Report 94-32 

Calculated distribution of radionuclides in soils 
and sediments 

Puigdomenech, Jgnasi; Bergstrom, Ulla 
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December 1994 

ABSTRACT 

The description of the accumulation of radionuclides in 
some biospheric compartments is in general based on a 
sorption distribution coefficient Kc!. This value is very 
decisive for the concentration of long-lived radionuclides 
in reservoirs that are important from the dose point of 
view. 

Sorption is due to several processes such as ion-ex
change and a variety of physical and chemical interactions 
which are difficult to interpret with the current Kc!-meth
odology. In addition, many of the Kct values are obtained 
from laboratory or geospheric conditions not comparable 
to conditions prevailing in the biosphere. The main objec
tive with this work is to deepen the knowledge about the 
theoretical background ofKc!-values. To achieve this pur
pose, available theoretical models for ion-exchange and 
surface complexation have been adapted for simulation 
under biospheric conditions. The elements treated are 
cesium, radium, neptunium, uranium and plutonium. The 



results show that a triple layer surface complexation model 

may be used in estimating Ka-values for actinides as a 

function of important chemical parameters such as pH and 

Eh, 
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It is concluded that by estimating some equilibrium 

constants and making some careful approximations, sur

face complexation models can be used for performance 

assessment of radioactive waste repositories. 




