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FOREWORD 

The Annual Report of SKB's activities during 1986 

cover the planning, building and operational activities 

as well as our research and development works. 

During 1986 the central interim storage facility for 

spent nuclear fuel - CLAB - was inaugurated and tak

en into full operation. The long interim storage in 

CLAB constitutes a fundamental part in the Swedish 

once-through system for final disposal of longlived 

wastes. With CLAB and the repository for final dis

posal of low- and intermediate level waste - SFR - un

der construction, Sweden will have a well integrated 

system for handling of all radioactive residues in the 

country for long time ahead. 

SKB also, during 1986, submitted a long-term pro

gramme for the final handling and disposal of nuclear 

waste to the National Board for Spent Nuclear Fuel. 

This programme is required by the Swedish Act on 

Nuclear Activities and will be the basis for SKB future 

R&D-work. 
International cooperation and exchange of infor

maton in all fields of the back-end of the nuclear fuel 

cycle is important and of great value for SKB's work. 

We hope that this annual report will be of interest and 

enhance the international information exchange. 

Stockholm in May 1987 

Swedish Nuclear Fuel and 

Waste Management Co 

Sten Bjurstrom 

President 



ABSTRACT 

This is the annual report on the activities of the Swed
ish Nuclear Fuel and Waste Management Co, SKB. It 
contains in part I an overview of SKB activities in dif
ferent fields. Part II gives a description of the research 
and development work on nuclear waste disposal per
formed during 1986. 

Lectures and publications during 1986 as well as re
ports issued in the SKB technical report series are list
ed in part III. 

Part IV contains the summaries of all technical re
ports issued during 1986. 

SKB is the owner of CLAB, the Central Facility for 
Interim Storage of Spent Nuclear Fuel, located at Os
karshamn. CLAB was taken into operation in July 
1985 and to the end of 1986 in total 360 tonnes of spent 
fuel (measured as uranium) has been received. Trans
portation from the nuclear sites to CLAB is made by a 
special ship, M/S SIGYN. 

At Forsmark a final repository for low- and medium 
level waste - SFR - is being built. The repository is 
situated in crystalline rock under the Baltic Sea. Dur
ing 1986 construction and installation work have been 
going on and when handling machines and auxiliary 
systems have been installed, the repository will be 
commissioned and ready to receive waste in the begin
ning of 1988. 

SKB is in charge of a comprehensive research and 
development program on geological disposal of nucle
ar waste. The budget for 1986 was about 70 MSEK. 

According to the act on nuclear activities (SFS 
1984:3) SKB submitted a comprehensive program for 

the research and development to the authority (SKN) 
on September 29, 1986. The program gives a general 
account of all measures that are needed until the final 
disposal of the wastes has been completed. 

Some of the main areas for research are: 

- Groundwater movements. 
- Bedrock stability. 
- Groundwater chemistry and nuclide migration. 
- Methods and instruments for in situ character-

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

fuel. 
- Properties of bentonite for buffer, backfilling 

and sealing. 
- Natural ageing of recipients in the biosphere. 
- Model development and safety assessment. 

Geological site-investigations are a substantial part 
of the program. SKB is also the managing participant 
of the international Stripa-project under OECD/ 
NEA. 

Cost calculations for the total nuclear waste man
agement system, including decommissioning of all re
actors, are updated annually. The total cost is estimat
ed to SEK 45 billion which is less than 10% of the 
value of the electricity being produced. 

Consulting services from SKB and associated ex
pert groups are now available on a commercial basis. 
They are coordinated and marketed through Swed
Power, which has the same main owners as SKB. 
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1 GENERALBACKGROUND 

1.1 THE SWEDISH NUCLEAR 
POWER PROGRAM 

Swedens nuclear power program consists of 12 nuclear 
reactors located at four different sites and with a com
bined capacity of 9 650 MW net electric power. Main 
data and location of the 12 units are shown in Figure 
1-1. The nuclear power plants generated 50% of the 
total Swedish electric power produced in 1986. 

Swedish reactors 

Reactor 

Oskarshamn 1 BWR 
Oskarshamn 2 BWR 
Oskarshamn 3 BWR 

Barseback 1 BWR 
Barseback2 BWR 

Ringhals 1 BWR 
Ringhals 2 PWR 
Ringhals 3 PWR 
Ringhals 4 PWR 

Forsmark 1 BWR 
Forsmark2 BWR 
Forsmark3 BWR 

NORWAY 

Power Commercial 
operation 

MW• 

440 1972 
595 1974 

1050 1985 

595 1975 
595 1977 

750 1976 
800 1975 
915 1981 
915 1983 

972 1980 
972 1981 

1050 1985 

SWEDEN 

STRIPA 
■ 

■ 

Energy 
availability 
in1986% 

83 
88 
92 

90 
85 

79 
57 
79 
77 

93 
93 
89 

FORSMARK 

11h~u 
STOCKHOLM 

I BWR 

I 
ffll 

u 

PWR 

CLAB, central facility for intermediate 
storage of spent fuel 

SFR, Final Repository for Reactor Waste, 
under construction 

Figure 1-1. The Swedish nuclear power program. 
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1.2 LEGAL AND ORGANIZA-
TIONAL FRAMEWORK 

The nuclear power plants are owned by the following 
four companies: 

- Statens Vattenfallsverk (Swedish State Power 
Board; Vattenfall) is the largest electricity producer 
in Sweden and owns the Ringhals plant. 

- Sydsvenska Varmekraft AB (subsidiary of Sydkraft 
AB) 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 Karnbranslehante
ring AB) has been formed by these four power utili
ties. SKB shall develop, plan, construct and operate 
facilities and systems for the management and dispos
al of spent nuclear fuel and radioactive wastes from 
the Swedish nuclear power plants. 

SKB is also in charge of the comprehensive re
search program in the waste field which the utilities 
are responsible for according to the law. Finally SKB 
handles matters pertaining to prospecting, enrich
ment 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 staff of SKB is about 45 persons. The or
ganization is presented in Appendix 1. The bulk of the 
work is made by contractors. 

SKB is the organization that has the lead operative 
role in the Swedish waste management program both 
with respect to planning, construction and operation 
of facilities and systems and with respect to research 
and development. The role has its roots in the legisla
tion briefly described below. Figure 1-2 gives an over
view of the most important laws and the correspond
ing authorities involved. 

There are three important laws which regulate the 
nuclear 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 prima
ry responsibility for the safety on the owner of a nucle
ar installation. The owner is thus responsible for safe
ty during design, construction and operation of nucle
ar facilities, for the handling and final disposal of nu
clear wastes and for the dismantling and decommis
sioning of the facility. The responsibility also includes 
the necessary research and development in the waste 
management field. According to the act a research 



NUCLEAR POWER UTILITIES 

Barseback Forsmark Oskarshar'nn Ringhals 
Sydkraft FKA 0KG Vattenfall 

SKB, Swedish Nuclear Fuel 
and Waste Management Co 

AUTHORITIES 
Act on Nuclear Activities 

Research & Development 

Systems design 

R & 0-programme (report every 3 years) 

Act on Financing of Future Expenses ... 

SKN, National Board 
for Spent Nuclear Fuel 

Cost calculations 
Cost-calculations (report each year) 

Facility design 

Construction 

Act on Nuclear Activities, 
Radiation Protection Act 

SKI, Nuclear Power 
Inspectorate 

Operation 
Application for construction or 
operation supported by safety 
analysis reports. (PSAR, FSAR) 

SSI, National Institute 
for Radiation Protection 

Contractors 

Figure 1-2. Legal framework for activities of SKB. 

programme must be submitted to the authorities ev
ery three years and the first programme was submitted 
in September 1986. 

The authorities for supervision of the safety provi
sions in the Act on Nuclear Activities are the Swedish 
Nuclear Power Inspectorate (SKI), and the National 
Institute for Radiation Protection (SSI). The research 
program is supervised by the National Board for 
Spent Nuclear Fuel (SKN). 

The latter authority is also supervising the adher
ence to the Act on Financing of Future Expenses for 
Spent Fuel. According to this law the waste manage
ment activities including future decommissioning of 
all reactors are financed from a fund built up from 
fees on the nuclear power production. 

The fee is revised annually by SKN, which proposes 
the fee for the next year to the government. The fee 
has been set to 0.019 SEK per kWh for the years 
1984-1986. 

The radiation protection act contains basic rules for 
protection against ionizing radiation 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 facilities. 

The competent authority in these matters is the 
Swedish National Institute for Radiation Protection 
(SSI). 

The three competent authorities have separate 
funds for the research needed to fulfil their obliga
tions. SKN is also supporting research intended to 
supplement the SKB-program. In order to coordinate 
the research programs carried out by the authorities a 
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special "Consultative Committee for Nuclear Waste 
Management" (KASAM) was founded in 1985. The 
council shall report to the government annually on the 
state of the art in the nuclear waste field. The first re
port of KASAM was issued in December 1986 /l-2/. 

1.3 THE SWEDISH NUCLEAR 
WASTE MANAGEMENT 
SYSTEM 

A complete system has been planned for the manage
ment of all radioactive residues from the 12 nuclear 
reactors and from research facilities. The system is 
based on the projected 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 de
commissioning waste will be generated when the reac
tors 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 man
agement of the waste categories is that short
lived wastes should be deposited as soon as feasible, 
whereas for spent fuel and other long-lived wastes an 
interim storage period of 30-40 years are foreseen pri
or to disposal. 

The main features of the planned system for nuclear 
waste management in Sweden are shown in Figure 
1-3. 

For low- and medium level reactor waste a central 
final repository, SFR, is under construction and is 



Table 1-1. Waste categories 

WASTE 
CATEGORY ORIGIN WASTE FORM PROPERTIES QUANTITY 

1 Spent fuel Operation of nuclear Fuel rods encapsu- High heat flux and 5 600 canisters 

reactors lated in copper can- radiation at first. (7 800 tu) 
isters Contains long-lived 

nuclides 

2 Transuranic- Waste from the Solidified in con- Low- to medium- 6000 m' 

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

3 Core components Scrap metal from Untreated or cast in Low- to medium- 19 000 m3 

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

elides 

4 Reactor waste Operating waste Solified in con- Low- to medium- 100 000 m' 
from nuclear power crete or bitumen. level. Shortlived 
plants etc. Compacted waste 

5 Decommissioning From dismantling of Untreated for the Low- to medium- 115 000 m' 

waste nuclear facilities most part level. Shortlived 

planned to be operative in 1988. SFR may later on be 
extended to accommodate also waste from the decom
missioning of the nuclear reactors. For spent fuel a 
central interim storage facility, CLAB, was taken into 
operation in July 1985. This facility has a capacity of 
3 000 tonnes of spent fuel, with a possibility to extend 
it to cover the total Swedish needs. 

the fuel will be encapsulated and deposited in the 
Swedish bedrock. The encapsulation and disposal will 
only start operation around 2020, and the site has thus 
not yet been chosen. A minor amount of spent fuel is 
contracted for reprocessing. 

For the transport of spent fuel and other kinds of 
radioactive wastes a sea transport system is used. 

After approx. 40 years of interim storage in CLAB, 

1900 TWh ~-----1 

140 tonnes 
r--
1 

+ 
Foreign 
reprocessing 

Spent fuel 
7800 tonnes 

Central storage 
for spent fuel 
CLAB 1985 

Encapsulation 

I Repository I 
(SFL) 2020 

Deep Geological 
disposal in 
crystalline rock 

12 nuclear power units 

Reactor waste 

100 000 m3 

Decommissioning waste 

115 000 m3 
I 

I 
I 
I 
I 
I 

Repository 
(SFR) 1988 

Rock cavern 

Figure 1-3. Main system for management of radioactive waste in Sweden. 
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2 NUCLEAR FUEL SUPPLY 

In the front end of the nuclear fuel cycle SKB handles 
matters pertaining to prospecting and enrichment as 
well as stockpiling of uranium for the Swedish nuclear 
power industry. SKB also provides assistance at the 
request of its owner utilities in uranium procurement. 

2.1 NATURAL URANIUM 
2.1.1 The Swedish Situation 
The Swedish nuclear power program has an annual 
natural uranium demand of about 1 300 metric 
tonnes. This demand could be higher or lower de
pending on a number of factors, which means that the 
planning of supply must be flexible. 

The demand for the period 1986 up to 1995 is 13 050 
tonnes. At the end of 1986, the Swedish utilities had 
contracts for supply of 10 500 tonnes during the same 
period. Most of the supply is based on long-term con
tracts. As the prices on the spot market were low in 
1986, some spot quantities were purchased. 

Natural uranium is delivered to Sweden mainly 
from Canada and Australia, but also from Niger, Ga
bon and USA. Canada is responsible for more than 
50% of future deliveries under present contracts. 

Exploration 
Uranium occurs in relatively high concentrations in 
certain parts of the Swedish Precambrian rock. SKB 
has therefore earlier been conducting exploration at a 
number of places in northern Sweden. Mineraliza
tions containing at least 6 000 metric tonnes of urani
um have been found with concentrations higher than 
1 000 g uranium per ton ore. These ores constitute im
portant reserves for the future. 

As uranium supply is abundant and the market price 
is low, SKB stopped exploration at the end of 1985. 

Ranstad 
Sweden has considerable uranium resources. Most of 
the proven reserves consist of relatively low-grade 
shale deposits near Ranstad with about 300 g uranium 
per ton of shale. These deposits are not exploitable at 
the present low price of imported uranium. 

2.1.2 The International Situation 
Demand and supply 1986 
The consumption of uranium in the world ( except cen
trally planned economies) is estimated to 41 000 
tonnes, while the production is estimated to 37 000 
tonnes. The low production does not present a prob
lem, as there are about 120 000 tonnes in stocks. 

Market-prices 
Figure 2-1 shows the price situation for uranium dur
ing the last years. Spot prices were low in 1986. 
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Long term price = Average price for long term deliveries 
to the European Community. 

Spot price = Average spot price each month 

Long Term Price 

published by the Gestner Company 
NU KEM. 

Spot price 

o~----+------+--------+--
1984 1985 1986 Year 

Figure 2-1. Long term and spot prices for uranium. 

The average price for long term deliveries in 1984--
1986 to the European Community was considerably 
higher than spot prices for the same delivery years. 

2.2 CONVERSION 
Conversion is a chemical process for production of 
uranium hexafluoride from uranium concentrates. 

The world conversion capacity is around 52 000 
tonnes of uranium per year while the demand is about 
37 000 per year. 

The Swedish utilities utilize conversion services 
from Canada, USA, United Kingdom and France. 

2.3 ENRICHMENT 
2.3.1 Supply to Sweden 
Up to 1983, enrichment deliveries to the Swedish utili
ties were dominated by DoE in the USA and Tech
snabexport in the USSR. 

The European enrichment industry became price 
competitive in the beginning of the 1980-ies. During 
the period 1983-1985 Swedish utilities signed con
tracts for deliveries from Western Europe, which 
started already 1984. 

For the period 1986-1990, most of the deliveries to 
Sweden will come from EURODIF with an enrich
ment plant in France and from UREN CO with enrich
ment plants in the Netherlands, the United Kingdom 
and in Germany. Deliveries from the USSR will con
tinue as earlier, while deliveries from the US will con
tinue on a reduced scale. This situation gives a reliable 
supply with deliveries from four different companies. 



2.3.2 Market 
The total enrichment capacity now available in the 
world, around 34 million SWUs per year, is higher 
than the demand for separative work, which can be 
estimated to 24 million SWUs in 1986. 

The present capacity will probably be sufficient up 
to the mid 1990-ies. 

2.4 FABRICATION OF FUEL 
ASSEMBLIES 

The Swedish utilities are purchasing fuel fabrication 
services with the objective of lowest fuel cycle cost. 
This procedure has led to many orders from 
ASEA-ATOM, but also orders from the US, the Fed
eral Republic of Germany and France. 

Fabrication of fuel assemblies both for BWRs and 
for PWRs as well as BWR channels, BWR control 
blades and other components are made in Sweden at 
the ASEA-ATOM plant in Vasteras. 

Fuel fabrication at ASEA-ATOM 1986 was around 
165 tonnes for BWRs and 25 tonnes for PWRs. Of this 
volume about 40 tonnes were exported to Finland, 
Federal Republic of Germany, Switzerland and USA. 

The new fuel assembly design, SVEA, where the 
fuel rods are divided in four minibundles with 4 x 4 
rods separated by a water cross, is now the dominating 
BWR fuel in Sweden. More than half of the ASEA
ATOM BWR fuel deliveries in 1986 were of this de
sign. The SVEA fuel design gives a more even burn
up, and thus a better possibility to utilize the energy 
from the inner fuel rods. Actually SVEA produces 
8-10% more energy than a conventional fuel assembly 
from a given amount of natural uranium and of enrich
ment. 

In 1986 a new type of SVEA-fuel called SVEA-100 
was introduced and six fuel assemblies of this type 
were loaded in two swedish BWRs. The SVEA-100 
fuel, where the fuel rods are thinner and divided i four 
groups with 5 x 5 fuel rods in each group, allows for 
more effective In-Core Fuel-Management and more 
flexible reactor power control characteristics. 

2.5 NUCLEAR FUEL 
STOCKPILE 

The Swedish Nuclear Fuel and Waste Management 
Co. is on behalf of the utilities responsible for stock
piling enriched uranium and zirkaloy corresponding 
to an electricity production of 35 TWh. This amount 
has been decided by the Swedish parliament. 

Uranium in the abovementioned stockpile, in fuel 
under fabrication and at the nuclear power stations is 
sufficient for about two years of operation of all 12 
units. 
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2.6 COSTS 
The costs for the front end supply and services of the 
nuclear fuel cycle in 1986 were as shown in Table 2-1 
(the production of nuclear electricity was 67 TWh in 
1986): 

Table 2-1. Costs for the front end of the nuclear fuel 
cycle. 

Natural uranium 
Conversion 
Isotope enrichment 
Fuel fabrication 
Strategic stockpile 

Total front end 

SEK/kWh 

0.011 
0.001 
0.012 
0.006 
0.001 

0.031 

Million SEK 
in 1986 

740 
70 

800 
400 
70 

2080 



3 INTERIM STORAGE OF SPENT FUEL, CLAB 

3.1 GENERAL 
The Swedish interim spent fuel storage facility 
CLAB, located on the Simpevarp peninsula adjacent 
to the Oskarshamn nuclear power station was taken 
into active operation on July 11th 1985. 

The facility consists of five underground storage 
pools for in total 3 000 tonnes of uranium. The recep
tion, auxiliary and office buildings are located on 
ground level. The facility is designed to receive at 
least 300 tonnes uranium per year which corresponds 
to the handling of about 100 transport flasks and some 
10 - 20 flasks containing reactor core components. 

Main suppliers contracted by SKB in realizing the 
CLAB facility has been ASEA-ATOM (AA), Swe
den, Societe Generale pour les Techniques Nouvelles 
(SGN), France and a Swedish building consortium 
consisting of SKANSKA, Aktiebolaget Vagforbatt
ringar (ABV) and Widmark och Platzer (WP). 

The operation of the facility has been entrusted to 
0KG AB, who is one of the SKB shareholders. 

3.2 OPERATION EXPERIENCES 
After a successful active test period during the second 
part of 1985, the Swedish Nuclear Power Inspectorate 
and the National Institute of Radiation Protection 
granted SKB a permanent operation license valid as 
from 1985-12-20. 

During the year 1986 spent fuel and core compo
nents have been received in CLAB on a routine base 
from the four nuclear power stations in Sweden. Be
tween July 1985 and end of 1986 in total 360 tonnes of 
uranium have been received corresponding to 1850 
BWR and 84 PWR assemblies. In addition 18 core 
components flasks have been received. The perfor
mance of the plant has been excellent and the received 
amount of spent fuel has been according to the plans 
for 1986. 

The cooling down system for the transport flasks, 
which contains cleaning filters for collection of crud 
and activation products from the cladding surfaces of 
the fuel assemblies, have been modified in order to 
increase their efficiency. The cooling down system is 
now after the modification operating according to its 
original design capacity. The mounting of the cooling 
skirt is shown in Figure 3-1. 

Based on experiences it was found necessary to in
crease the number of operator display terminals in the 
central control room. This improvement has been car
ried out to ensure a sufficient scope of information to 
the operating personnel, which is of vital importance 
for operation of the facility, since there is no conven
tional instrumentation in the central control room. 

The radiological working environment has been fol
lowed with special care during this first year of normal 
operation. The total occupational dose during 1986 

19 

Figure 3-1. Mounting of the cooling skirt on a transport 
flask in CLAB. 

was 65.8 mSv which is approximately 25% of what was 
expected according to the final safety report. With the 
75 persons in radiological work this corresponds to an 
average of 0.88 mSv/individual and year. Only 49 of 
the 75 workers received measurable doses during the 
year. 



4 TRANSPORTATION SYSTEM 

4.1 GENERAL 
The sea transportation system consists of a specially 
designed ro-ro/lo-lo ship. M/S Sigyn, 10 transport 
flasks for spent fuel, 2 flasks for core components and 
3 terminal vehicles. It is actually being expanded by 25 
special transport containers to be used for transporta
tion of reactor wastes to the final repository for reac
tor waste, SFR. These containers will be delivered 
during 1987 and the first transport to SFR is planned 
for late 1987. 

4.2 OPERATION EXPERIENCE 
During 1986 fourteen sea-voyages, each with 4-5 
transport casks, have been carried out to the CLAB 
facility. On-site fuel transports 0KG - CLAB ha~e 
been performed at five occasions with 2 - 5 flasks m 
each campaign. 

The operation of the transport system has been suc
cessful and the radiation doses to the crew of the ship 
have been below detection limit. The decay heat in 
the transport flasks has been below 15 kW compared 
to the permitted 43,5 kW. 

Most of the flasks have gone through the 8 - 10 cycle 
maintenance control at CLAB. During this, mainte
nance procedures from the manuel called "Green 
book" is followed and no significant damages or re
pairs have been reported. The "Green book" is a 
manual used by COGEMA, NTL, BNFL and SKB. 

A prototype of the special transport containers 
(ATB), see Figure 4-1, for reactor waste to SFR has 
been tested onboard Sigyn, with good results. 

As the weight of an ATB could be up to 120 tonnes, 
the cargo deck on-board Sigyn has been reinforced. 

During 1988 regular transports with ATB to SFR 
will start and about 15 - 20 transports are foreseen. 

Fig 4-1. Transport vehicle with ATE transport container for reactor waste. 
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5 FINAL REPOSITORY FOR REACTOR WASTE, SFR 

5.1 GENERAL 
The construction of the Swedish final repository for 

reactor waste, SFR, has continued as planned during 

1986. SFR is located under the Baltic sea, close to the 

Forsmark nuclear power plant. The repository is situ

ated in crystalline rock with a minimum rock-cover of 

60 m from the caverns to the sea bed. Two 1 km long 

access tunnels have been built from the Forsmark har

bour area to the repository. The first construction 

phase includes four 160 m long rock caverns and one 

70 m high cylindrical cavern called "the silo". In a fu

ture second phase one additional silo is planned to

gether with one or two more rock caverns, see Figure 

5-1. 
Construction work started in summer 1983 and in 

the beginning of 1986 all the tunnels and rock caverns 

in the first phase were excavated. During 1986 con

struction and installation work have been going on in 

the various repository areas. After the installation of 

handling machines and auxiliary systems, the reposi

tory will be commissioned and ready to receive waste 

in the beginning of 1988. The second phase of caverns 

is planned to be built within 10-15 years. 
The waste which will be disposed of in SFR origi

nates from the operation of Swedens twelve nuclear 

power reactors and CLAB. This waste contains short

lived radionuclides and can be classified as low- and 

intermediate level waste. A small amount of similar 

waste from research and medical activities will also be 

disposed of in SFR. The total amount of waste from 

the Swedish program up to year 2010 has been calcu

lated to about 100 000 m3 • 

All wastes are conditioned at the power plants or at 

the nuclear research center, Studsvik. Ion exchange 

' ' ' 

~.-: •• ,,,i;:t ·: . - '-,-'.~~=-.-;-_~-- ~-

.,~~==--

Figure 5-1. Overview of tunnels and storage chambers 

in the first construction phase. 
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resins are incorporated in either cement or bitumen. 

Scrap from maintenance work can also be treated in 

the same way, if required. These categories are classi

fied as intermediate level waste and needs shielding 

during handling and transport. Low level waste is 

treated in different ways and finally enclosed in stan

dard freight containers. The total activity content is 

calculated to be 3 x 106 GBq by year 2010. Dominating 

nuclides are Co-60 and Cs-137. 

5.2 DESIGN, CONSTRUCTION 
AND COSTS 

For the design and construction of SFR, SKB has con

tracted Vattenfall (The Swedish State Power Board). 

The tunnelling work started in October 1983 and the 

tunnels reached the repository area in the beginning 

of 1985. All tunnels and caverns were excavated in 

March 1986. 
In 1986 buildings on ground level have been con

structed. A building for personnel and maintenance 

work, a terminal building for containers and a ventila

tion building at the entrance of the access tunnels, see 

Figure 5-2. Down in the repository concrete struc

tures have been built in the various tunnels and cav

erns. Buildings for auxiliary systems and an oper

ational building for personnel have been built in small 

caverns, situated at the transport tunnel, see Figure 

5-3. 
The installation of auxiliary systems as ventilation, 

drainage and electrical supply started during 1986. 

The permanent system for electrical supply was com

missioned and the installation of ventilation equip

ment was completed in the ventilation buildings and 

the transport tunnel. Some small overhead cranes 

were installed and commissioned in the auxiliary 

buildings. 
In the repository areas most of the construction 

work is concentrated to the silo and the cavern for in

termediate level waste, BMA. The work has proceed

ed as planned in the BMA repository, where concrete 

walls are constructed. After this work a machine for 

remote handling of waste packages will be installed. 

In the silo repository, difficulties occurred with the 

slipforming of the concrete silo. The work started as 

planned but had to be stopped, because the internal 

walls got stuck in the slipform. After some improve

ments of the equipment, the slipforming of the silo 

was carried out successfully in the beginning of 1987. 

The commissioning of SFR will take place as 

planned in spite of the delay of the construction work 

in the silo repository. The repository will then be 

ready to receive the first waste in the beginning of 

1988. 
Until the end of 1986 the accumulated cost for the 

project is around 475 MSEK. The total cost for this 

first phase is calculated to 740 MSEK. 



Figure 5-2. SFR - Overview of buildings on ground level. 

Figure 5-3. Central part of underground facilities with the operational building and three small buildings for 
auxiliary systems and maintenance work. 
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5.3 SAFETY ASSESSMENT 
Depending on the origin and activity content, the 
waste will be disposed of in either a rock cavern or in a 
concrete silo. The latter is surrounded by a clay bar
rier and contains most of the radioactivity. 

The natural and engineered barriers together with 
the low groundwater flow in the repository area en
sures a very slow release rate of substances from the 
waste. A preliminary safety report, used as a base for 
the license for construction of SFR, indicated a con
servatively calculated dose for the post operational 
period of 3 x 10-6Sv/year for the most exposed indi
vidual. 

A Final Safety Report (FSR) is now under prepara
tion. The application for a license to operate the re
pository will be based on this FSR. 

5.3.1 Final Safety Report 
The contents of The Final Safety Report, FSR, con
sists of: 

a detailed description of the design and operation, 
- analysis of the environmental impact during oper

ation and after final sealing. 

In parallel to the preparation of the FSR, a pro
gramme for characterization of the various waste 
packages is carried out. In general, every waste pack
age has to be licensed for disposal before it is deposit
ed in SFR. 

The safety analyses are mainly concerning the post
closure period. Since the excavation work now is fin
ished, it is possible to use more accurate and less con
servative data in the calculations. 

5.3.2 Research Program 
Before and during the excavation work a lot of data 
have been collected and used for description of the 
geological and hydrogeological situation in the reposi
tory area. 

The transport mechanism for radionuclides leaving 
the repository, is by the groundwater flow in the bed
rock. Calculation of the groundwater flow has been 
performed by using available information compiled 
and conceptualized into descriptive models. The data 
constitute the results from drillings, mapping of tun
nels and cores, testing in and between boreholes and 
groundwater inflow and head measurements at the 
site. 

The investigations are summarized in a description 
of an about 85 km2 large Regional model. In this mod
el the major fracture zones are considered together 
with the fracture zones close to the repository area. In 
a local area of about 1.7 km2, see Figure 5-4, a more 
detailed model of the hydraulic units has been com
piled into a local model, see Figure 5-5. In total 22 
boreholes have been monitored (68 sealed off sec
tions) during different lengths of time. The effect of 
skin-zones around tunnels and grouting of permeable 
zones has been taken into account as the numerical 
model is calibrated against measured inflow rate of 
groundwater into the repository. 
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Figure 5-4. Geometry of the Fracture zones included in 
the Local Model for calculation of the hydraulic regime 
in SFR. 
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Figure 5-5. Hydraulic head on a horizontal (top) and 
vertical (bottom) cross-section (A-A) through the 
Local Model. 



The accuracy of the numerical results has also been 
checked by a comparison of calculated and measured 
potentials in boreholes, see Figure 5-6. 

In addition to the above mentioned investigations, 
tests have been carried out on the material used for 
the engineered barriers in the repository. 

The chemical environment in the repository and its 
impact on the migration of radionuclides have been 
investigated. Experiments/studies on processes which 
could possibly affect the barriers have been per
formed. 

5.4 SOME DATA ABOUT SFR 

Table 5-1. SFR-data 

First construction phase 
1983-1988 

Excavated rock volume 
Concrete structures 
Steel structures 
Buildings on ground level 
Buildings in rock caverns 
Waste storage volume 

430 000 m' 
22 000 m' 

600 tonnes 
28 000 m' 
22 000 m' 
60000 m' 

Second construction phase planned 
1995-1998 

Excavated rock volume 
Waste storage volume 

Operational phase 
1988-2013 

Operating personnel 
Reception of waste 
Electrical power supply 
Ventilation system 
Groundwater drainage 

180 

160 

140 

120 

20 40 

120-170 000 m' 
20-30 000 m' 

20-25 persons 
5-6 000 m'/year 

4 500 kVA 
65-70 m'/h 
30-40 m'/h 

---I 

1----- ---; 

!- - --; = MEASURED VALUE 
----.! = CALCULATED VALUE 

.& - PACKER POSITION 

60 80 100 

distance in borehole (m) 

Figure 5-6. Calculated and measured potentials along a 
borehole. 
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6 RESEARCH AND DEVELOPMENT 

6.1 GENERAL 
The research and development programme of SKB 
started in 1976-77, when a new law, the Stipulation 
Act, was passed by the Swedish Parliament. This law 
was specific to the final disposal of high level waste 
from nuclear power plants. It stipulated that the own
er of a reactor must show to the satisfaction of the gov
ernment how and where high level waste or spent nu
clear fuel can be finally disposed of in a safe manner. 
The evidence submitted by the owner had to be ap
proved before the first loading of fuel to any new pow
er reactor. The act thus required demonstration of 
feasibility of a safe disposal method but not an opti
mized solution. The provisions in the Stipulation Act 
were replaced by similar provisions in the Act on Nu
clear Activities which went into force on February 1, 
1984. 

To fulfil the legal requirements the utilities with nu
clear power plants started the KBS-project in late 
1976. The project-group was later organized as a divi
sion within SKB and since January 1, 1985 the re
search and development programme is managed by 
the "Division of Research and Development". The 
organization and staff of this division as of May 1987 is 
given in Appendix 1. 

The main task of the R&D staff is the planning, ini
tiation and coordination of the work and compilation 
and documentation of results. More than two hundred 
experts and consultants at universities, industry and 
other companies are engaged in various aspects of the 
R&D-work. In order to get a thorough review and dis
cussion of results and methods as well as a construc
tive feedback to the programme, the progress and re
sults are published as SKB Technical reports and in 
appropriate scientific publications. 

In 1979 and 1980, four new power reactors were 
granted fuel loading permits according to the Stipula
tion Act. These permits were based on a report 
(KBS-1) /6-1/ describing how and where vitrified high 
level waste from reprocessed spent nuclear fuel could 
be finally disposed of and also on reprocessing con
tracts with COGEMA in France. In 1984 two addi
tional new reactors were granted fuel loading permits 
this time according to the Act on Nuclear Activities. 
The basis was the KBS-3-report /6-2/ published in 
May 1983. This study describes a method for final dis
posal of unreprocessed spent nuclear fuel from light 
water reactors. 

The above mentioned Act on Nuclear Activities 
(SFS 1984:3) also prescribes that the owners of nucle
ar power plants must together establish a comprehen
sive programme for the research and development 
and other measures that are needed in order to take 
care of the radioactive wastes from nuclear power 
plants in a safe way. The programme must be submit
ted to the National Board for Spent Nuclear Fuel, 
SKN, every three years beginning in 1986. The first 
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such programme, R&D-programme-86 /6-3/, was sub
mitted by SKB to SKN on September 29, 1986. The 
programme gives a general account of all measures 
that are needed until final disposal of the wastes has 
been completed. For the period 1987-1992 a more de
tailed programme is given. A condensed summary of 
the programme is included as chapter 10 in part II of 
this annual report. 

The R&D-work during 1986 was partly dominated 
by the planning of the R&D-programme-86. A num
ber of other significant activities were, however, pur
sued. These are briefly highlighted below and more 
comprehensively summarized in chapters 11 through 
22 of part II. 

6.2 SUMMARY OF RESEARCH 
ACTIVITIES DURING 1986 

The main research activities during 1986 are part of a 
programme based on experiences from the KBS-3 
study and the comments received in the review of that 
report. In addition some studies related to alternative 
concepts to KBS-3 have been going on. 

6.2.1 Engineered Barriers and Repository 
Design 

In early 1986 SKB started a specially organized pro
ject for a comprehensive evaluation of the perfor
mance, safety and cost characteristics of the so called 
WP-Cave concept. This concept was originally devel
oped by a group within Boliden WP-Contech AB. In
vestigations on the concept were supported by SKN 
during the period 1982-85. The evaluation made by 
SKB is intended to be finished early 1988. The work 
through 1986 was mainly concentrated on analysis of 
repository long term performance and on analysis of 
costs. Two different sizes of repository design were 
considered - capacities 1500 and 3750 tonne of U spent 
fuel respectively. 

A preliminary study of the feasibility of disposal of 
spent fuel in very deep (several km) boreholes in cry
stalline rock was initiated in the end of 1986. 

The studies of spent fuel as a waste form have con
tinued in accordance with the long term plans. These 
studies are the dominating ones concerning waste 
forms in the SKB programme. The work through 1986 
was mainly devoted to three areas - leach studies of 
PWR fuel with 41 MWd/kg burnup, studies of the ef
fects of gamma-radiolysis on fresh UOAuel and devel
opment of models describing spent fuel dissolution. 
The early results from PWR fuel leaching (82 and 172 
days contact time) are in good agreement with pre
vious results from BWR-fuel. The modelling work 
was started during 1986 and will be a rather long term 
effort. 

An important project started during 1986 was aim
ing at the development of out-of-vacuum equipment 



for electron beam welding. The project is sponsored 
by several countries in Europe under the umbrella of 
the EUREKA-agreement. Management and execu
tion is by the Welding Institute in UK. SKB is partici
pating with a limited contribution. The results could 
be of significant importance for the technology to seal 
thick metallic canisters for spent fuel. 

Studies of local corrosion of copper and carbon 
steel have continued and started respectively. The car
bon steel studies are made at Harwell in UK and are 
mainly directed towards statistical analysis of pit 
growth data. 

The research on buffer and backfill material have 
continued with the main emphasize on bentonite of 
various type. French smectite rich clays are evaluated 
in a research program in cooperation with CEA, 
France. Tests are made in the Stripa mine and in labo
ratories in France. A survey of candidate buffer mate
rials in Sweden has been made. 

Tests concerning settlement of canisters and the 
shear effects on canisters from rock movements were 
initiated during 1986. The borehole, shaft and tunnel 
sealing tests in the Stripa mine were finalized as part 
of phase 2 in the Stripa Project. The results have fully 
confirmed the technique applied using dense smectite 
clay. 

6.2.2 Geoscience 
The geoscience programme covers research and de
velopments in geology, geophysics and geohydrology. 
It also includes the development of new methods, 
models and instruments for measurements and evalu
ations. The research is to a great extent organized in 
projects that give opportunity to interact between spe
cialized disciplines. 

A major project initiated during 1986 was the plan
ning of a new underground research laboratory. This 
was first announced in the R&D-programme-86. The 
laboratory is tentatively planned to be located close to 
the Oskarshamn nuclear power plant where also the 
CLAB-facility is located. The final decision on the 
site must, however, await the results of preliminary 
geological studies. These were started late 1986 by 
low-altitude airborne geophysical measurements over 
a 800 km2 area around the site. 

The studies of fracture zone characteristics contin
ued within the Finnsjon area. A subhorizontal zone of 
about 70 m width is investigated. The zone has been 
found to have a dominating influence on the ground 
water flow. The saline content in the groundwater is 
about 5000 mg/I below the zone and a factor of ten less 
above the zone. The fracture zone studies have been 
extended to include a zone on Avro close to the Os
karshamn nuclear power plant and also mapping and 
measurements in several tunnels and underground fa
cilities in Sweden. The fracture zone project is cur
rently planned to be completed in 1989. 

A major project on bedrock stability has been de
fined and studies have started of postglacial move
ments along a fault at Lansjarv in Northern Sweden. 
The project includes various geophysical and seismo
logical measurements as well as structural analysis and 
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rock mechanics modelling. Some drilling through the 
fault zone with postglacial movements is also planned. 

The investigations at the Klipperas study-site have 
been completed and most of the analysis and report
ing is also complete. Downhole radar measurements 
were for the first time extensively used on a study-site. 
Results of these will be published early 1987. In 
R&D-programme 1986 it was concluded that future 
site investigations should be concentrated on gneissic 
and granitic rocks and no further investigations be 
made on basic rocks (gabbro and similar). No new 
study-sites are planned to be investigated in the forth
coming three-year period. Efforts will be concentrat
ed on supplementary measurements on previously 
studied sites. In 1986 rock stress measurements were 
made in a borehole at the Gidea site. 

6.2.3 Biosphere 
The characterization of the Klipperas site with regard 
to natural radioactive substances in shallow ground 
waters, soil and biota was supplemented in 1986. The 
studies of the natural ageing process of a lake was con
tinued and the main part of phase two was completed. 
A third phase aiming to modelling of the longterm be
haviour of radionuclides in a lake ecosystem was initi
ated. 

The accident of the Chernobyl reactor no. 4 caused 
a major release of radionuclides into the atmosphere, 
which then partly was deposited through fallout in 
Sweden. Two of the SKB study-sites (Finnsjon and 
Gidea) are located close to the areas with relatively 
high fallout. A sampling programme was started in 
the summer 1986 and will continue in order to evalu
ate the possibilities for using the data to validate mod
els for radionuclide transport in the biosphere and in 
shallow groundwaters. 

6.2.4 Chemistry 
The research in this field spans over a wide range of 
chemistry related areas like groundwater chemistry, 
radionuclide chemistry, nuclide transport modelling 
and validation of models by help of natural analogue 
studies. 

The measurement and analysis of groundwaters and 
of fracture minerals and isotopes at the Klipperas 
study-site show very interesting, high quality and con
sistent results. They confirm the general picture of the 
geochemical conditions at depth in granitic rocks, 
which was used in e.g. the KBS-3-study. 

Humic and fulvic acids may have an impact on the 
radionuclide transport in ground waters. Such acids 
are collected from deep ground waters and isolated 
and purified for complexation experiments. The ex
periments are made by a working group at the Univer
sity of Linkoping in cooperation with a group at CEA 
in France. 

6.2.5 Safety Assessment 
A special working group for integrated performance 
analysis (SFG = samfunktionsgruppen) was formed 
within the R&D-division. The major tasks for the 



group are - establish a basis for comparison of various 
alternatives with regard to safety; follow ongoing 
studies of alternatives and give advice on how to ana
lyse performance and safety; compare various alterna
tives for design and safety and give input to culling 
and prioritization; review the status of knowledge in 
critical areas for repository safety and suggest supple
ments or changes to R&D-programme. The main 
work of the group has so far been related to the on
going WP-Cave-study. 

The development of the probabilistic performance 
assessment computer model called PROPER contin
ued throughout the year. SKB participated in a bench
mark study organized by the OECD/NEA Probabilis
tic Systems Assessment Code User Group. The study 
involved 10 organizations in 7 countries. 

6.3 INTERNATIONAL COOPE-
RATION 

Cooperation and exchange of information on an inter
national or bilateral basis is an integrated part of the 
R&D-activities of SKB. 

International development in the field has been fol
lowed through participation in a number of confer
ences, where papers by SKB or its consultants have 
been presented, see Appendix 2. Staff member of 
SKB and experts engaged by SKB have also partici
pated in activities within the IAEA and the OECD/ 
NEA. 

SKB has since several years bilateral information 
exchange agreements with DoE in USA, AECL in 
Canada, NAG RA in Switzerland and CEA in France. 
A similar agreement with Euratom has been conclud
ed in 1986. Information exchange without formal 
agreements has been made with organizations in the 
Federal Republic of Germany, Belgium, United King
dom, Japan, Finland and Spain. 

During 1986 Swedish specialists and consultants to 
SKB have worked for longer or shorter periods of 
time at research organizations in France (CEA, Fon
tenay aux Roses) and USA (Battelle Memorial Insti
tute). In a similar way foreign experts have been 
working at Swedish research institutions within the 
framework of the SKB Research programme. 

Several important actions were taken on interna
tional projects during 1986. The multinational 
OECD/NEA Stripa Project managed by SKB 
reached agreement to continue with a new five year 
Phase 3 - programme. Seven countries have joined 
this phase - Canada, Finland, Japan, Sweden, Swit
zerland, United Kingdom and the United States of 
America. The phase 3-programme includes an inte
grated study of a granitic rock mass of 125 x 125 x 50 m 
size. The study involves characterization and model
ling. For characterization methods and techniques de
veloped throughout the previous phases of the project 
will be used as well as results from some further devel
opment of these methods included in the new phase. 
The programme also includes further studies of chan
nel flow in fractured rock and a major effort to devel-
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op and test various materials for grouting and sealing 
of fractures in crystalline rock. Work on phase 3 start
ed in the autumn of 1986 and will be finished in 1991. 

Phase 2 of the Stripa project has essentially been 
completed and most of the reports from that work will 
be published in 1987. A few experiments will not be 
finished until mid-1987. The results of phase 2 have 
been very valuable. In particular the development of 
borehole radar and cross hole seismic measurements 
have been very successful. The same holds for the 
borehole, shaft and tunnel sealing experiments, which 
fully have demonstrated the ability and applicability 
of bentonite for these purposes. 

During 1986 SKB intensified the cooperation with 
AECL in Canada and reached an agreement that SKB 
will participate in the URL-project of Whiteshell in 
Manitoba for a four year period. 

The Japanese-Swiss-Swedish project, JSS, for stud
ies of highly radioactive waste glass has been expand
ed with a phase V which will be the final one. The 
project is sponsored by CRIEPI in Japan, NAG RA in 
Switzerland and SKB. Experiments are made at 
Studsvik in Sweden and at EIR, Wurenlingen in Swit
zerland. A major modelling effort is made at the 
Hahn-Meitner-Institute in Berlin (West). The work 
throughout 1986 has proceeded according to plans. 
The modelling work so far has been rather successful. 

A new international project was started in 1986 -
The Po9os de Caldas project. Participants are SKB, 
NAGRA in Switzerland, UKDOE in Great Britain 
and CNEN, Nuclebras and Rio de Janeiro University 
in Brazil. The scope of the project is studies of natural 
analogues at a large and rich thorium deposit Morro 
do Ferro and at the Osamu Utsumi uranium mine. 
Both are located close to the town Po9os de Caldas in 
Brazil. The DoE in USA has expressed its intent to 

join the project. The programme which covers a three 
year study is divided in two major tasks: 

- To evaluate the transport and speciation of natural 
radionuclides and rare-earth elements in a fissure 
flow system in crystalline rock under both oxidizing 
and reducing conditions. This will mainly be done 
in the uranium mine which has very distinct redox 
fronts. 

- To study colloid formation and mobility in natural 
groundwaters and the role of colloids in radionu
clide transport. This will mainly be done at Morro 
do Ferro. 

SKB is participating in the international HYDRO
COIN-project which is coordinated by a secretariat 
set up by the Swedish Nuclear Power Inspectorate and 
OECD/NEA. SKB has also taken part in the planning 
of a follow-on project called INTRA VAL which is 
planned to start in 1987. 



7 SYSTEM PLANNING AND COST CALCULATIONS 

7.1 SYSTEM PLANNING 
ACTIVITIES 

The waste management system described in Chapter 1 
is the basis for the planning of the work to be per
formed within SKB concerning R&D and Facilities. 
As some of the steps will not be implemented until 30 
years from now, changes in the systems are very prob
able. 

A systematic approach to the study of alternative 
disposal concepts has been presented in the 
R&D-programme. The technical and economical im
pact on the waste management system of the different 
concepts are studied in parallel with the safety as
pects. 

During 1986 an evaluation of the WP-Cave-concept 
has been started by SKB. It continues the work done 
in a preproject sponsored by SKN. The purpose is to 
evaluate the WP-Cave concept from a technical/econ
omical point of view as well as from a safety point of 
view. Further information on the WP-Cave concept is 
given in Chapter 11.2. 

7 .2 REPROCESSING 
For the Swedish situation it is considered that the 
once-through strategy without reprocessing of the 
spent fuel is the most rational and cost-effective. The 
work on transferring the Swedish reprocessing con
tracts with COG EMA to other customers have there
fore continued in 1986. 

One step in this direction was the agreement con
cluded in 1985 between SKB and four utilities in the 
Federal Republic of Germany to exchange fuel. In 
June 1986 the Swedish Government approved the ex
change, which meant that 57 tonnes of Swedish spent 
fuel stored at La Hague were taken over by the Ger
man utilities before reprocessing. In exchange SKB 
will receive 24 tonnes of Mixed Oxide (MOX) fuel for 
interim storage in CLAB and subsequent final stor
age. The transports from Germany to Sweden will 
start in 1987. 

7.3 COST CALCULATIONS 
7.3.1 Plan -86 
According to Swedish law all costs for the manage
ment of radioactive waste, including the decommis
sioning of the nuclear power plants, have to be born 
by the owners of these plants. The costs are covered 
by a fee determined annually by the government. 

The basis for the fee is a cost calculation of all the 
activities for the back-end of the nuclear fuel cycle, 
which is carried out by SKB each year /7-1/. The cost 
calculation is based on the scenario for the back-end 
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activities described in Chapter 1.3. The cost calcula
tions include the costs for construction, operation and 
decommissioning of all necessary facilities and equip
ment. These are: 

- Transport system. 
- Interim storage for spent fuel, CLAB. 
- Encapsulation station. 
- Disposal facility for spent fuel and other long-lived 

wastes. 
- Disposal facility for reactor operation wastes and 

decommissioning wastes, SFR. 

Also included are the costs for R&D and for the 
decommissioning and dismantling of the nuclear pow
er plants, as well as the costs to be paid to COG EMA 
in accordance with the remaining reprocessing con
tracts. In the cost calculations it is, however, assumed 
that no Swedish fuel will be reprocessed under these 
contracts. 

The estimated future costs, at the price level of Jan
uary 1986 are about SEK 39 billion. Up to and includ
ing 1986 already SEK 5.3 billion have been spent. 
This figure includes costs for CLAB, SFR and the 
transportation system as well as for reprocessing ser
vices and the R&D-program. The total cost for the 
back-end of the nuclear fuel cycle in Sweden is thus 
about SEK 45 billion. The value of the corresponding 
electricity produced at the nuclear power plants is 
about SEK 500 billion. 

Many of the costs will be incurred fairly far in the 
future. The total expenditures will be spread out over 
a period of more than 70 years. Figure 7-1 gives a 
rough account of the distribution of costs in time. 
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Figure 7-1. Approximate distribution in time of future 
waste management costs for Sweden's nuclear power 
program. 



If the reprocessing costs are excluded, the break
down of costs is roughly: 

Transportation of wastes 
Interim storage of spent fuel 
Encapsulation and final disposal of spent 
fuel and long-lived wastes 
Final disposal of operational and 
decommissioning wastes 
Decommissioning and dismantling of 
nuclear power plants 
Miscellaneous incl. R&D and pilot 
facilities 

8% 
21 % 

39 % 

4% 

19 % 

9% 

The cost calculations are based on a preliminary de
sign of the different facilities. In this work the exper
iences gained from the construction of the CLAB and 
SFR facilities are very valuable as background for the 
cost data. 

7 .3.2 Waste Management Fee 
Based on the cost calculations the government has de
cided that the fee for 1987 should be SEK 0.019 per 
kWh on an average which corresponds to a total cost 
for the Swedish nuclear utilities of SEK 1.3 billion/ 
year. The fee is paid into funds, one for each utility, at 
the Bank of Sweden. The funds are administered by 
the state authority, SKN (The National Board for 
Spent Nuclear Fuel), which also allocates money from 
the funds to the various waste management activities 
performed by SKB. 

7.4 DECOMMISSIONING 
The costs for the decommissioning and dismantling of 
the nuclear power plants make up a substantial part 
(about 20%) of the total back-end costs. In 1985 SKB 
together with the utilities initiated a study of the tech
nology and costs for decommissioning /7-2/. The study 
has been performed in close cooperation with person
nel from the nuclear power plants. 

The result of the study shows that, from the view
point of radiological safety, a nuclear power plant can 
be dismantled immediately after it has been shut down 
and the fuel has been removed, which is estimated to 
take about one year. Most of the equipment that will 
be used in decommissioning is already available and is 
used routinely in maintenance and rebuilding work at 
the nuclear power plants. Special equipment need 
only be developed for dismantlement of the reactor 
vessel and for demolishing of heavy concrete struc
tures. 

The dismantling of a nuclear power plant can be ac
complished in about five years, with an average labour 
force of about 200 persons. 

The cost of decommissioning a boiling water reac
tor (BWR) of the size of Ringhals 1 has been estimat
ed to be about MSEK 540 in January 1986 prices, and 
for a pressurized water reactor (PWR, Ringhals 2) 
about MSEK 460. The costs for the other Swedish nu
clear power plants lie in the range of MSEK 410-760. 
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These are the direct costs for the decommissioning 
work, to which must be added the costs of transporta
tion and disposal of the decommissioning waste, 
about 100 000 m'. These costs have been estimated to 
be about MSEK 600 for the 12 Swedish reactors. 

SKB is presently not doing any technical 
R&D-work on decommissioning. The development of 
special methods and equipment will only be started a 
few years before the nuclear power plants are taken 
out of operation. To follow the development in other 
countries, however, SKB is engaged in an internation
al cooperative programme sponsored by the OECD/ 
NEA. SKB holds the programme coordinator func
tion. 



8 CONSULTING SERVICES 

The know-how and experience gained by SKB and its 
Associated Groups are available to foreign countries 
on a consultative basis, However, consulting services 
are not a business of SKB, Therefore, such services 
from SKB and Associated Groups are marketed and 
coordinated in the name of SKB's sister company 
SwedPower, SwP. 

SwedPower, which has the same main shareholders 
as SKB, renders world-wide services based on the en
tire Swedish power technology. SwP is utilizing the 
relevant resources of the member companies as well as 
of other power related companies in Sweden. The 
main objective of SwedPower is to commercially 
transfer know-how and experience from the Swedish 
power industry. Formal responsibility to the client 
rests with SwP as the contracting party. 

For each assignment, a project team of selected in
dividuals is formed and a project leader is appointed. 
The advantage of appointing specialists from the cli
ent's staff to the project groups is considered, see Fig
ure 8-1. 

During 1986 a contract was signed with Battelle 
Memorial Institute, USA, regarding assistance in the 
studies for a final repository for high level wastes in 
crystalline rock. A similar project was also carried out 
within the site characterization program in Finland. 

A feasibility study regarding a wet interim storage 
facility was carried out for Korea Nuclear Fuel Com
pany and negotiations for further work are in pro
gress. 
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A one-year study regarding a total nuclear back end 
strategy was initiated for the national utility Taiwan 
Power Company. 

During 1986, SwedPower/SKB was also engaged 
for radar measurements at the Grimsel Rock Labora
tory in Switzerland and for stress measurements at the 
Underground Research Laboratory in Canada. 

Finally, a cooperation was established with the 
Spanish national waste management organization, 
ENRESA, regarding future assistance in nuclear 
back-end studies. 

Swed Power 
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Nuclear Waste Management 

SKB 
and Assosiated Groups 

Project 
Teams 

Clients 
Expert 
Groups 

Figure 8-1. Business areas and organization of SwedPower consulting services. 
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9 INFORMATION AND PUBLIC AFFAIRS 

9.1 GENERAL 
Information to the public concerning facilities and the 
safety of the systems is a very important part of the 
waste management program. In order to achieve ac
ceptance of the site for a final repository at the end of 
the 1990's extensive information will have to be fur
nished both locally and on a national level. 

After the Chernobyl accident in April, 1986 it was 
noted that the debate in Sweden turned away from the 
waste management questions towards nuclear power 
plant safety issues. However, there have already been 
signs that the debate gradually will focus anew on 
waste management issues. 

The implementation of the waste management sys
tem will not be possible unless it is accepted by the 
general public. 

9.2 SKB INFORMATION 
ACTIVITIES 

SKB has already since it started the R&D-program on 
waste disposal in 1977 informed the public on its ac
tivities. The aim, based on the awareness that the 
public is entitled to open and clear information about 
the handling and disposal of nuclear waste, has been 
to give a clear and unbiased description of the main 
issues. 

In order to broaden the general information about 
SKB activities and their relation to the Swedish nucle
ar power program a Department of Public Affairs and 
Media Relations was established within SKB in 1985. 
During 1986 public opinion was polled in three differ
ent parts of Sweden. With the help of external con~ul
tants a careful analysis was made of the commumca
tion measures necessary to improve the common 
knowledge of waste management issues. 

Two main news events was generated by SKB dur
ing 1986: 

- The CLAB facility was inaugurated at April 29 with 
the participation of hundreds of distinguished 
guests. The press coverage was extensive, when 
viewed in relation to the fact that the Chernobyl ac
cident was revealed on the day before. 

- In September two simultaneous press conferences 
were held at different places in Sweden to present 
the first SKB three-year R&D-program as required 
by the 1984 Act on Nuclear Activities. Great inter
est was shown by the press at this occasion. 

During the year there has also been a number of 
interviews and programmes on Swedish radio and 
television with the participation of experts from SKB, 
as well as an extensive press coverage of different SKB 
research work done locally. 

More than 50 groups of foreign specialists and poli
ticians was received at the SKB facilities CLAB, SFR 
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and Stripa. Swedish politicians, local schools as well as 
the general public have of course also been frequent 
visitors to these facilities. 

Information material, such as brochures and video 
films, is being produced on a continuous basis. The 
items currently available in English are listed below. 

An in-house magazine, SKB-nytt (SKB News), be
gan publication during 1986 with the aim to reach not 
only the employees but also the wide selection of sci
entists researchers and consultants working for SKB. 

SKB has appeared during the year at a number of 
exhibitions, e.g. in Geneva at the meeting organised 
by FORATOM and ENS (European Nuclear Soci
ety). 

BROCHURES 
- SKB - Activities 
- SFR - Final Repository for Reactor Waste 
- CLAB - Central Interim Storage Facility for Spent 

Nuclear Fuel 
- MIS Sigyn 
- Stripa - A Deep Underground Research Facility 
- Data on Nuclear Power and Waste 

VIDEO CASSETTES AND FILMS 
- Progress of the Stripa Project 
- A Final Repository at Forsmark 
- CLAB in Action 
- Looking Deep into the Rock 
- Nuclear Fuel and Waste (produced during 1986) 
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10 R&D PROGRAMME 1986 

According to the act on nuclear act1v1t1es (SFS 
1984:3) the owners of Swedish nuclear power plants 
must together establish a comprehensive programme 
for the research and development and other measures 
that are needed in order to take care of the radioactive 
wastes from nuclear plants in a safe way. 

The nuclear utilities have instructed The Swedish 
Nuclear Fuel and Waste Management Co. - SKB - to 
establish the programme required by the law. The 
programme must be submitted to the pertinent au
thority every three years beginning in 1986. The first 
such comprehensive programme was submitted by 
SKB to SKN on September 29, 1986 /10-l/. The pro
gramme gives a general account of all measures that 
are needed until the final disposal of the wastes has 
been completed. For the period 1987-1992 a more de
tailed programme is given. This is in accordance with 
the requirements in the law. The programme is sup
plemented by two background reports /10-2, 10-3/. 
The following sections give a condensed summary of 
the R&D-programme-86. 

10.1 GUIDELINES 
The goal of radioactive waste management in Sweden 
is to dispose of all radioactive wastes generated at the 
Swedish nuclear power plants in a safe manner. 

The following general guidelines apply to the waste 
management system: 

- The radioactive waste shall be disposed of in Swe
den. 

- The spent nuclear fuel shall be temporarily stored 
and finally disposed of without reprocessing. 

- Technical systems and facilities shall fulfil high 
standards of safety and radiation protection and sat
isfy the requirements of the Swedish authorities. 

- The systems for waste management shall be de
signed so that requirements on the control of fis
sionable material can be fulfilled. 

- In all essential respects, the waste problem shall be 
solved by the generation that utilizes electricity pro
duction from the nuclear power stations. 

- A decision on the design of the final repository for 
spent nuclear fuel shall not be taken until around 
the year 2000 so that it can be based on a broad 
body of knowledge. 

- The necessary technical solutions shall be arrived at 
within the country, at the same time as available 
foreign knowledge shall be gathered. 

- The conduct of the work shall be guided by the reg
ulatory authorities' continuous review and assess
ment and the directives issued by them. 

- The activities shall be conducted openly and with 
good public insight. 

From the Swedish nuclear power plants there will 
be three main types of waste - spent nuclear fuel, re
actor wastes and decommissioning wastes. A simpli-
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fied scheme for the necessary components of a com
plete waste management system for these types of 
wastes is shown in Figure 10-1. Maj or parts of this sys
tem have already been taken into operation or are un
der construction. This is the case for the transporta
tion system, the interim fuel storage - CLAB - and 
the repository for reactor wastes - SFR. For these 
parts of the system the R&D-phase is already past. 
The programme is therefore mainly directed towards 
handling and disposal of spent fuel. 

The research is aimed at obtaining the necessary in
formation base for a site-specific siting application for 
a final repository for spent nuclear fuel around the 
year 2000. Until then a system optimization must be 
carried out so that a system adapted to a given site can 
be specified. 

The research and development work shall be con
ducted with the intention to protect the environment 
from the harmful effects of radioactive waste with due 
regard to: 

- economy, 
- comprehensiveness, 
- flexibility, 
- relevance to the dominating problems and the need 

for a broad acceptance in society, both among spe
cialists and government authorities and among the 
general public. 

The requirement on comprehensiveness in the re
search means that various alternatives shall be studied 
and evaluated. Flexibility should therefore be re
tained for as long as possible. Effective R&D requires 
defined goals and delineated frames. It is therefore 
important to select and focus the research work in 
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I I I 
Sea transport system I 
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Figure 10-1. The Swedish Waste Management System. 



such a manner that priority is given to the most inter
esting and realistic alternatives. The research must be 
continuously related to those phenomena that are of 
relevance to the function and safety of the final reposi
tory. 

Up to 1984, the main goal of SKB's research was to 
demonstrate that a safe final disposal of spent nuclear 
fuel can be effected in Sweden. Efforts were concen
trated on a specific method. This is described in the 
KBS-3 Report /10-1/. The safety account in KBS-3 is 
based on a number of pessimistically chosen premises. 
Credit is not taken for inadequately understood condi
tions and factors if they act in a favourable direction. 
Methods and data have consistently been selected to 
provide an estimated upper limit for the impact of the 
final repository on the biosphere. The safety analysis 
in KBS-3 therefore contains considerable margins of 
safety that were not possible to quantify at the time. 
One important goal of the continued R&D work is to 
gain better knowledge of the actual margins of safety. 
Improved knowledge in this respect provides a better 
basis for an optimization of the final disposal method 
and allows greater freedom in the choice of a reposi
tory site. 
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10.2 OVERVIEW OF PLANNED 
RESEARCH AND 
DEVELOPMENT 

The safety of a final repository is based on a system of 
barriers that prevent or limit the dispersal of radioac
tive materials from the final repository. Some of the 
barriers are natural (geological) and some are engi
neered ( canister, buffer, waste matrix). The research 
concerns the properties and performance of these bar
riers with the aim of arriving at an optimized choice of 
barrier system and repository site. Figure 10-2 shows 
an outline of a timetable for the measures needed be
fore start of construction of a final repository for spent 
fuel. 

Up to the mid-1990s, goal-oriented research is 
being conducted on alternative designs of the barrier 
system and on the fundamental phenomena of impor
tance for safety, optimization and choice of system 
and site. At the same time, the necessary develop
ment of analysis models is being pursued. 

In parallel with this, the general area characteriza
tion that has been going on since the end of the 1970s 
will be completed. In the early 1990s, a couple of sites 
will be selected for detailed investigations. For all the 
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Figure 10-2. Overall timetable for measures up to the start of construction of the final repository and the treatment 
plant. 
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sites that could be candidates for a siting application 
in the year 2000 these investigations should not be be
gun later than 1993. 

In the mid-1990s, the studies of barrier systems will 
be summarized and one or possibly two main alterna
tives will be chosen as a basis for a site-specific opti
mization of the final repository system. The optimiz
ation will be carried out until 1998, when work will 

begin on a siting application. The application will be 
submitted in the year 2000. 

To sum up, the choice of system is planned for the 
mid-1990s and the choice of site for 1998. 

For the period 2000-2010, the emphasis is foreseen 
to lie on technology development and demonstration 
of the function of the chosen system. Pilot tests and 
long-term in-situ tests should be begun in good time 
before the year 2000 in order to provide support for a 
siting application. These tests should be conducted in 
the underground research laboratory that is presented 
in section 10.7. Larger-scale and integrated demon
stration trials will probably be conducted at a later 
stage either in the underground research laboratory or 
on the selected repository site. The design of these tri
als is dependent on the development of the techno
logy. Certain demonstrations and in-situ tests are also 
foreseen during the construction phase. 

Research and development within fundamental 
fields of importance for safety and long-term function 
will continue even after the mid-1990s. But their 
scope is expected to decrease and the emphasis to shift 
towards phenomena of special importance for the sys
tem( s) chosen as the main alternative(s). 

The results of continued detailed observations on 
the selected site, of tests in the underground research 
laboratory, of supplementary basic research, of dem
onstration trials and of ongoing technology develop
ment will be summarized in a safety report that will be 
reviewed by the authorities prior to the start of con
struction. 

10.3 STUDIES OF ALTERNATIVES 
An important part of the programme for the next few 
years is to evaluate different alternative designs of the 
repository system. 

The barriers can be varied in different ways by 
choice of material and design. Similarly, adaptation of 
the barriers to the site can be accomplished in several 

ways for the different basic disposal alternatives. If 
the fact that such factors as repository depth, rock 
types etc can vary is also taken into consideration, a 
very large number of possible variants are obtained. A 
narrowing-down of the studied alternatives must be 
made continuously in order to obtain a manageable 
basis for an optimal design of the final repository. 

During 1986-87, SKB is conducting a performance 
and cost analysis of the WP-Cave, which is one exam
ple of an alternative departing from KBS-3. Other in
teresting alternatives are horizontal emplacement of 
the canisters in full-face driven tunnels (studied by 
NAGRA in Switzerland); disposal in very deep holes 
drilled from the surface and plugged at the top; dis-
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posal in long tunnels at great depth in the rock be
neath the Baltic Sea etc. 

Within the framework of a specific base alternative 
different materials and designs can be selected for the 
canister and the buffer. A review of different possibili
ties will be made. 

10.4 SPENT FUEL STUDIES 
The waste form - spent fuel - is given in the main alter
natives being studied. Studies of spent nuclear fuel in 
a final repository environment are therefore a very 
important part of the research programme. The em
phasis lies on experimental studies of the interaction 
between fuel, groundwater and substances that may 
be dissolved in the groundwater. This work has been 
going on for many years and will continue for a con
siderable time. The research aims at clarifying the 
chemical-physical processes that govern the dissolu
tion of radionuclides from the fuel. Besides the ex
perimental work, considerable work is therefore also 
being done on developing theoretical models. The 
goal is to have a model that can describe the process of 
fuel dissolution and be used in an optimization of the 
barrier system by the mid-1990s. The studies of spent 
fuel are being conducted in close contact with similar 
projects in other countries, mainly Canada and the 
USA. Other major nuclear power countries have re
processing of the spent fuel as their main alternative 
and are consequently concentrating their research on 
vitrified high-level waste from reprocessing. 

10.5 GEOSCIENCE STUDIES 
Research and development in the geoscientific field is 
being concentrated on the following areas, which are 
of central importance for design, safety analysis and 
site selection: 

- Groundwater movements in the rock. 
- Stability of the rock. 
- Study-site investigations. 
- Radionuclide transport in the rock. 

In connection with the work in these areas there is a 
continued effort to further develop methods and tech
niques for geoscientific measurements and investiga
tions. Groundwater movements are and will be stud
ied in several projects such as: 

- the third phase of the international Stripa-Project 
1986-1991, 

- field studies of fracture zones at Finnsjon and Avro, 
- studies of fractures, fracture zones and water inflow 

in some tunneling projects in Sweden, 
- measurements and observations at SFR, 
- supplementary investigations at study-sites pre-

viously studied by SKB. 

In addition to these field studies an extensive devel
opment of mathematical models to describe ground
water movements is also included in the work. Several 
different methods will be tested in order to achieve 



increased accuracy in the safety analyses.The bedrock 
stability is investigated in a recently started study of a 
postglacial movement near Lansjarv in northern 
Sweden. This project includes field studies of seismol
ogy, rock mechanics etc. Further, consequences of 
earthquakes, glaciation etc will be evaluated. 

10.6 STUDY-SITE INVESTI
GATIONS 

Geological investigations on different scales have so 
far been carried out on a total of 14 sites. Relatively 
extensive investigations have been carried out on 
eight study-sites. Limited surface investigations, and 
in some cases also limited drillings, have been carried 
out on an additional six sites. On the basis of these 
investigations and other preliminary studies and re
connaissances, it can be concluded that there are good 
possibilities of finding sites in Sweden that possess the 
geological characteristics required for the construc
tion of a safe final repository. 

The bedrock on the study-sites where more exten
sive investigations have been carried out consists of 
gneissic or granitic rock types. The data currently 
available on these types of rock are judged at present 
to be sufficient to permit a comparison between differ
ent sites and an assessment of existing variations. 
There is, however, reason to supplement the data by 
special in-depth investigations on one or more of the 
already investigated study-sites. The scope of these 
supplementary investigations will be defined in a spe
cial study being carried out during 1986-87. Further 
investigations of additional sites in gneiss/granite us
ing the present-day standard programme cannot be 
expected to make more than a marginal contribution 
to the existing state of knowledge. 

Among the other rock types in Sweden besides 
gneiss and granite that have been discussed as alterna
tives for hosting a final repository, the one which has 
aroused the greatest interest is gabbro. The advan
tages of gabbro are its geohydrological and geochemi
cal properties. A disadvantage could be its poorer 
thermal conductivity. However, the investigations 
that have been carried out to date in gabbro are not 
sufficient to determine whether gabbro could be a 
favourable alternative. 

Further studies are required in order to fully evalu
ate basic rock types such as gabbro. Drillings on a 
gabbro site were commenced in the autumn of 1985 at 
Kolsjon in Uppland County, in part for the purpose of 
meeting the requirements of the Nuclear Activities 
Act on comprehensiveness in this geological respect 
as well. However, the investigations had to be termi
nated due to local protests. 

In connection with the evaluation of previous re
sults and experience on which this research pro
gramme has been based, the question of gabbro inves
tigations was also considered. Investigations already 
completed and general experience of gabbro show 
that it would probably be relatively difficult to find 
sufficiently large homogeneous formations among the 
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relatively sparsely occurring gabbro massifs, in com
parison with gneiss or granite. On the other hand, as 
has previously been noted, there are many places in 
Sweden with gneiss/granite where a final repository is 
fully possible. The benefit of any further investiga
tions of gab bro is deemed marginal and further inves
tigations of this rock type are not a prerequisite for the 
implementation of the final disposal scheme. 

The conclusion is that it is best to concentrate 
further geological studies on gneiss and granite. These 
rock types are sufficiently good and are the most likely 
candidates for hosting a final repository. 

10.7 UNDERGROUND RESEARCH 
LABORATORY 

The planned R&D work shall be of high quality, have 
a balanced scope and be carried out effectively. These 
demands have been evaluated based on the experi
ence that has been gained from the study-site investi
gations, from the Stripa project, from the SFR project 
and otherwise from the geohydrological studies in 
particular. An evaluation of facts, demands and ap
praisals clearly points towards the need for more de
tailed and comprehensive investigations. The site 
where these are performed should possess the neces
sary geological characteristics and be undisturbed. In 
order to meet these and other needs, an underground 
research laboratory is planned. The purpose of this 
laboratory is to: 

- Provide a base for development and testing of the 
detailed investigation methods that are to be used 
in detailed site investigations in the 1990s. 

- Study in detail the groundwater flow within a larger 
region (than in Stripa) and how this flow is affected 
by shaft sinking or tunnelling. 

- Serve as a site for geoscientific investigations and 
experiments. 

- Permit tests of nuclide transport (with the ground
water) to be carried out within well-characterized 
and representative regions. 

- Provide a site for pilot tests with certain system 
components or certain equipment. 

- Provide a site for in-situ tests for studies ( over a rel
atively long period of time) of the cofunction of 
parts of a repository system. 

- Provide a site for large-scale demonstrations. 
- Provide a site for the testing of civil engineering 

methods or construction technology for a final re
pository. 

- Serve as a well-characterized reference site for stud
ies of different repository alternatives. 

Some of these purposes will already be fulfilled dur
ing the preliminary investigation and construction 
phase. The data obtained at that stage will provide a 
basis for validation and refinement of mathematical 
models for eg groundwater flow. They also permit 
validation and improvement of the preliminary inves
tigation methods used. Other purposes will not be ful
filled until the laboratory stands completed. 



The underground rock laboratory should be avail
able when Stripa phase 3 is concluded, ie at the begin
ning of the 1990s. This means that the preparatory 
work should start immediately. The activities at the 
laboratory will probably extend over a period of at 
least 15 years. Experience from other underground fa
cilities especially Stripa, URL in Canada and SFR 
will be taken into account in planning, preliminary in
vestigations and design work. 

An underground research laboratory should be sit
uated on a site with suitable geology and where an ex
isting infrastructure and some services are available. 
To begin with, the suitability of one of the nuclear 
power sites, especially Simpevarp at the Oskarshamn 
power plant, will be explored. 

Investigations for and establishment of a research 
laboratory are planned to take place in phases. The 
first phase, which is planned to begin in early 1987, 
includes preliminary studies and investigations from 
the surface. The purpose is to get an idea of the possi
bilities offered by the geology for the establishment of 
an underground research laboratory. The information 
needed to locate a shaft or an entrance tunnel will also 
be gathered. After evaluation, detailed investigations 
will be conducted from the surface and in boreholes, 
followed by shaft sinking ( or tunnelling). The final 
phase includes establishment of the research laborato
ry and investigations from drifts (tunnels) as they are 
extended. The final phase is scheduled to start 1993. 
Additional investigations and planning are required 
before the exact time can be determined. 

The detailed investigation technique that will later 
be used on the candidate sites for the final repository 
will be developed and tested during construction and 
operation of the underground research laboratory. 

10.8 CHEMISTRY 
Transport of radioactive substances from the waste to 
the biosphere via the groundwater is the most impor
tant transport mechanism. The chemical parameters 
that control this process are therefore as important for 
safety as the groundwater movements. The chemical 
parameters are also of crucial importance for possible 
corrosion of canister material. Further chemistry 
studies are therefore an important part of the R&D 
work. The chemistry has a bearing on all parts of the 
barrier system, both engineered and natural barriers 
and their function. 

In order to study how radioactive substances are 
transported with the groundwater, various tests are 
being conducted with tracer substances. The tests pro
vide fundamental information on water flows in frac
tures and on chemical interaction between dissolved 
substances and fracture or rock minerals. Such tests 
have been conducted and are being conducted within 
the Stripa project. Further tests are planned both in 
phase 3 of the Stripa project and within the framework 
of the fracture zone investigations. In a later phase, 
tracer tests will be performed at the underground re
search laboratory. 
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10.9 NATURAL ANALOGUES 
The tests that are being conducted in the field and in 
the laboratory can, for natural reasons, only be per
formed on a relatively short time scale and the results 
can therefore not be used to validate models for ra
dionuclide transport on the longer time scale that is 
relevant for a final repository. In order to obtain data 
that are more representative of this longer time scale, 
so-called "natural analogues" are being studied_ 
These include the transport of naturally occurring ra
dioactive materials. SKB is participating together 
with NAGRA in Switzerland and the Department of 
the Environment in Great Britain (UKDOE) in a 
study of a uranium mineralization and a thorium min
eralization (with very high contents of uranium and 
thorium, respectively) at PofOS de Caldas in Brazil. 
This project started in 1986 and is planned to extend 
over a three-year period. Further studies of similar 
natural analogues are underway or planned. 

10.10 SITE-SELECTION 
Before a site is chosen for the final repository, more 
detailed investigations are required than those that 
have thus far been carried out on the study-sites. Only 
on the basis of such investigations can the necessary 
information be obtained for the site-related optimiz
ation of the final repository and the preparation of a 
siting application. 

Detailed investigations should be carried out on 
two sites during the 1990s. The investigations should 
cover a period of at least five years and be completed 
by no later than 1998 to provide a basis for the final 
choice of a site for the final repository. The investiga
tions at this site will then continue for an additional 
number of years. 

Before a site is chosen for detailed investigation, a 
general geological survey equivalent to a study-site in
vestigation should be carried out. This means that in
vestigations on any new sites are planned to take place 
no later than during the period 1990-1992. 

The basis for the selection of sites for detailed inves
tigations will be the study-site investigations that have 
been conducted during the past ten years and the 
further inventories and reconnaissances that SKB will 
have done up to that stage. The latter will be complet
ed during the period 1986-1989. If conditions prove 
suitable, the site for the rock laboratory may be one of 
the sites chosen for detailed investigations. The expe
rience gained from the establishment of the research 
laboratory will be of great importance in the choice of 
sites for detailed investigations. 

10.11 REVIEW OF THE 
R&D-PROGRAMME-86 

The research and development programme is re
viewed by the National Board for Spent Nuclear Fuel 
(SKN) who shall report its findings and recommenda
tions to the Swedish government before June 11987. 



SKN has sent the programme for review to a large 
number of authorities, institutes, universities and in
terest groups in Sweden as well as to several organiza
tions abroad. Thus the programme is reviewed by 
panels set up by NEA and by IAEA. Other foreign 
reviewers are TAC in Canada, VTT in Finland, CEA 
in France, NRPB in UK, NIREX in UK and BGS in 
UK among others. In conjunction with its report to 
the government SKN must also suggest an adequate 
procedure for taking the necessary decisions with re
spect to selection of sites for detailed characterization 
and finally of repository site. This request was put for
ward by the government in a special directive issued in 
December 1985. 

10.12 EXECUTION OF THE 
PROGRAMME 

The programme will be executed under the leadership 
of SKB, who is responsible for planning, initiation 
and coordination of the work. The R&D work will 
mainly be carried out under contracts to research in
stitutions at universities and institutes of technology, 
to industry, consultants or other Swedish and Foreign 
groups with the necessary competence. SKB will be 
responsible for continuous documentation and com
pilation of the results and for their application. 

The planning of large projects, as well as results and 
their application, will be discussed in reference 
groups including outside specialists. The results will 
be continuously reported in SKB Technical Reports, 
in scientific journals and at international conferences 
and seminars. In this way, a review and assessment of 
the scientific quality of the work will be obtained. 

Safety, performance, feasibility and development 
potential will be continuously analyzed for the various 
alternative system designs in an integrated perfor
mance group consisting of persons from both SKB 
and engaged consultants. 

The work in reference and integrated performance 
groups, and the review and assessment of the results 
of the R&D work, will provide a basis for a continu
ous steering of the research direction. A gradual re
allocation of priorities between different studied al
ternatives is foreseen on the basis of the results ob
tained in this fashion. 

The cost of executing the programme is estimated 
to be a total of about SEK 600 million during the six
year period 1987-1992, of which about SEK 175 mil
lion is the expected cost of the underground rock labo
ratory. 

The R&D work is being financed from the funds 
that are built up through a special fee levied on nucle
ar power production. The funds are administered by 
the National Board for Spent Nuclear Fuel, which 
also disburses money to SKB. 
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11 REPOSITORY DESIGNS 

11.1 GENERAL 
The main purpose for the investigations of engineered 
barriers after the acceptance of the KBS-3 report in 
1984 has been to evaluate what possible alternatives 
there are to the disposal concepts presented in KBS3. 
In the background report on Alternative Disposal 
Methods /11-1/ a number of possible repository de
signs/concepts have been discussed. Of these alterna
tives only the WP-Cave has been subject to major in
vestigations during 1986. 

The WP-Cave concept was originally developed by 
the Boliden WPContech AB, and had been investi
gated by the National Board for Spent Nuclear Fuel 
(SKN) during the period 1982-1985 /11-2/. Early in 
1986 the concept was adopted for evaluation by SKB. 
The programme comprises evaluations of the perfor
mance, the potential safety and the economy of the 
concept and possible variants of it. The intention is to 
have the potentials of the WP-Cave evaluated during 
1988. 

In December 1986 a conceptual study of another al
ternative disposal method was initiated - the very 
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deep borehole disposal concept. 
The intention is to bring up the knowledge of the 

various alternatives to a level where the repository de
signs can be compared with regard to technical feasi
bility, potential safety and economy. 

11.2 WP-CAVE 
11.2.1 Design 
The main features of the WP-Cave design are: 

- A central, compact storage space for the spent fuel. 
- A wide, low-permeable bentonite slot surrounding 

the central part at a distance. 
- An outer structure of drifts and drillholes short-cir

cuiting the groundwater gradients over the reposi
tory. 

The structure is egg-shaped as seen in Figure 11-1. 
The design is developed for construction in crystalline 
rock. The depth can be chosen on the basis of site-spe
cific data on rock structure, virgin stresses and hydro
geology. 

---® 
~+-HI,~-® 
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7. CANISTER IN STORAGE CHANNEL 9. INNER VENTILATION SHAFT 

a OUTER VENTILATION SHAFT 10. HEAT EXCHANGER 

Figure 11-1. Artist's view of a WP-Cave structure with the capacity of about 1500 tonnes of U. 

The dimensions of the bentonite-quartz barrier are 300 m in height and 130 m in width. 
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Different sizes of the structure are studied. The one 
shown in Figure 11-1 has a storage capacity of about 
1500 tonnes of U. The dimensions of the bentonite
sand slot are 300 m in height and 130 m in diametre. 

The storage space consists of one central shaft from 
which the entrances of the radial, sloping canister 
channels are reached. A canister channel is connected 
to one outer shaft and one inner shaft, forming a loop 
for air circulation. The canister is positioned centrally 
in the channel with a gap for the air to pass around. 

Outside the disposal area at about 20 m distance a 
slot is excavated and filled with a mixture of bentonite 
and sand, 

The technique for this excavation and refilling oper
ation is outlined in accordance with the mining meth
od "Cut-and-Fill", /11-3/. The function of the benton
ite layer is to constitute a barrier against water flow 
between the waste in the center and the groundwater 
outside. 

Two variants are investigated, one alternative is a 
structure with a bentonite-sand slot totally surround
ing the storage space, the other alternative has no slot 
around the bottom, see Figure 11-2. 

Outside the bentonite-barrier a structure of hori
zontal, annular drifts and vertical drillholes is made. 
This structure has been named "Hydraulic Cage". It 
will provide preferential pathways for the ground
water around the repository, thus eliminating the hy
draulic gradient over the storage area. 

BENTONITE-
SAND BARRIER--

o som 

Figure 11-2. Two alternative designs of the bentonite~ 
sand slot. Left hand side alternative with totally sur
rounding slot. Right hand alternative with open bot
tom. 
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11.2.2 Repository Performance 
The preliminary performance analysis is focused on 
the behavior and properties of different parts of 
WP-Cave during four different time periods: 

- Construction. 
- Deposition of the spent fuel and active air cooling 

of drained repository. 
- Sealing, water filling and storage up to the time of 

canisters failure. 
- The long-term storage period. 

The construction of a WP-Cave is excepted to take 
five years. 

The dry cooling period is presumed to last for about 
100 years if 40 years old spent fuel is disposed. 

The sealing can be carried out in several ways. One 
alternative is to seal-off all entrances and allow the 
groundwater to enter through the bentonite-sand slot 
by natural flow. A second alternative is to flood the 
cave as part of the sealing operation. 

The canisters are made of iron with an assumed ser
vice life of a few hundred years. This assumption is 
chosen as the WP-Cave study specially considers the 
possibilities of using low-carbon steel as canister 
material. 

The Cooling Period 
The compact storing of the spent fuel will require ad
ditional cooling to limit the maximum temperatures at 
the bentonite barrier. The cooling is maintained by 
circulating air heat exchanged with surface air directly 
or via an underground intermediate heat exchange 
plant. 

During this period the hydraulic cage has the func
tion of a drainage system. It collects infiltrating water 
which is pumped to surface. 

Post Closure Storage 
After sealing the repository, the function of both the 
hydraulic cage and the bentonite barrier is to reduce 
the transport of radionuclides from the waste to the 
flowing groundwater. The bentonite reduce the hy
draulic conductivity and the hydraulic cage reduce the 
hydraulic gradients. 

The possibilities for achieving these functions will 
be investigated. 

After sealing the temperature will increase in the 
inner rock mass resulting in an expansion of the rock 
into the bentonite-sand slot. The maximum tempera
ture at the wall of the outer shafts has been estimated 
to be l 40°C /11-2/ and S0°C in the rock closest to the 
slot. The displacement of the bentonite-sand slot is es
timated to be about 100 mm. In the same temperature 
wave the rock mass outside the slot will also expand 
into the slot. This displacement is estimated to be 
about 40 mm, making a total compression of the slot 
with 140 mm. The high stresses induced in the inner 
rock mass and in the wall of the outer rock means that 
the rock mass will develop a fissured structure. 

After the temperatures have peaked the displace
ment is recovered. Then the bentonite-sand will ex
pand due to the swelling abilities of the material. The 



question, however, is how reversible this process will 
be. The swelling pressure of the bentonite will not to
tally stand up to the weight of the inner rock mass. 
Most probably the slot can not recover its total, initial 
width. Part of the rock mass shrinkage is converted 
into open fissures. 

The heat increase will also induce a thermal gradi
ent on the ground water flow. The magnitude and im
portance of this gradient with respect to the structure 
of the outer rock mass will be studied. 

Once the water gets into contact with the fuel, dis· 
solution starts in a rate dependent one g pH, Eh, tem
perature and water quality. After the canisters are 
penetrated, dissolved nuclides can migrate out to the 
bentonite-sand barrier. The rock mass to be passed 
will be able to sorb some of the leaching nuclides. 

11.2.3 Cost Analysis 
The cost of the WP-Cave concept will be evaluated. 
Preliminary result identifies four major items with sig
nificant impact on total costs: 

- Capacity of one WP-Cave. 
- Width of the bentonite-sand slot. 
- Selection of the bentonite material. 
- Selection of the sand material. 

Figure 11-3 shows the differences of costs depen
dent on the choice of design parameters. The cost fig
ures of the diagram are relative figures where 100% 
stands for the cost of the basic alternative WP-Cave 
1500 (1500 tonnes of U) with 5 m wide slot refilled 

Size WP-Cave 1500 

Slot width m 5 3 5 
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with Wyoming bentonite and Bornholm quartz sand. 
As seen there is a 20% difference between a size of 
WP-Cave containing 1500 tonnes of U and a size con· 
training 3750 tonnes of U. 

A somewhat larger difference is obtained if a less 
expensive refilling materials are chosen. A difference 
of about 50% is found between the basic alternative 
and the larger WP-Cave with less wide bentonite-sand 
slot refilled with less expensive bentonite and sand. 

11.3 VERY DEEP BOREHOLES 
Late 1986 a preliminary study of the feasibility of dis
posal of high level waste in very deep (several kilome
ters) boreholes in crystalline rock was defined. The 
preliminary study is intended to be followed by a con
ceptual design, a review of possibilities for quality as
surance and an evaluation on safety potentials and 
costs. 

WP-Cave 3750 

5 3 5 3 

Wyom Wyom ltal ltal 

Cr rock Quartz Quartz Cr rock Cr rock 

Figure 11-3. Comparison of design parameter choice on total costs for underground parts of final repository with 
WP-Cave-design for spent fuel. 
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12 WASTE FORMS 

12.1 SPENT FUEL 
As for 1985, the main activities on wasteforms have 
also for 1986 been concentrated on spent fuel. The 
close contacts with other groups in the world perform
ing similar studies have been continued. This year the 
annual workshop on spent fuel, the sixth one in the 
ongoing series, was held in USA and arranged by 
Lawrence Livermore National Laboratory. 

The SKB experimental program to study the corro
sion of spent fuel is now in its sixth year. The experi
ments, which are performed in Studsvik Energitek
nik's Hot Cell Laboratory, have so far been mainly ap
plied to fuel specimens from a high burnup BWR fuel 
rod (42 MWd/kg U), although experiments have also 
been performed on low burnup fuel (ea 0.5 MWd/kg 
U). Results from these experiments have been pub
lished earlier. Concurrently with continued experi
ments on the BWR fuel, extending the integrated con
tact times, experiments have also been in progress 
since early 1986 on a PWR fuel rod of about the same 
burnup (41 MWd/kg U) and a gas release from fuel to 
the cladding gap during operation of about 1 % . 

12.1.1 PWR Fuel Leaching Studies 
To date experiments with leachant contact times of 82 

and 172 days have been completed and evaluated. The 
results obtained for oxidizing conditions are in good 
agreement with what has been previously found in the 
BWR studies. The uranium concentrations in solution 
for the BWR and PWR series are shown in Figure 
12-1. As can be seen, there is no difference in uranium 
leaching behaviour for the two source materials, con
firming the previously reported solubility limited re
lease with an equilibrium uranium concentration in 
solution of about 1 ppm /12-1/. 

Similarly, the plutonium concentration found in the 
BWR fuel leach studies is well reproduced in the pre
sent PWR study, see Figure 12-2, with initially higher 
concentrations at shorter contact times, followed by a 
progressive decrease in concentration as the contact 
times are prolonged. However, it remains to be dem
onstrated that the same long-term equilibrium con
centration of about 0.2 ppb will be attained also in the 
PWR fuel leach series. 

The PWR investigations also included experiments 
performed under reducing conditions. Two tech
niques were employed to achieve low redox poten
tials. In one series, crushed granite from deep bore
holes was used as reductant and in a second series, 
H2-gas in the presence of a palladium catalyst was 
used. However, the method of using crushed rock 
gave somewhat ambigueous results, indicating that 
further development work will be needed before the 
method can be readily applied in a hot cell environ
ment. Using H2/Pd as reductant, significant decreases 
in concentrations of leached species were obtained. 
However, this method has the disadvantage that the 
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Figure 12-1. Uranium concentrations versus contact 
time for BWR- and PWR-fuel leaching. 
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Figure 12-2. Plutonium concentrations versus contact 
time for BWR- and PWR-fuel leaching. 

leachant is saturated with hydrogen, which may in an 
unrealistic way prevent possible surface oxidation of 
the fuel matrix by alpha radiolysis of the solution. 
Nevertheless, results obtained so far indicate that un
der reducing conditions the release of matrix bound 
radionuclides (e.g. plutonium) is, under the experi
mental conditions, controlled by the uranium release 
and solubility only and as the dissolution of the UO2 
matrix stops, the release of plutonium is also inhibited 
even though plutonium has not yet reached its solubil
ity limit. 

12.1.2 Radiolysis Studies 
During 1986, experimental studies of the effects of 
radicals produced by gamma radiolysis on the corro
sion/dissolution of UO2 fuel has been performed. To 
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date, only preliminary results are available and the re
search program is planned to continue also through
out 1987. After this period decision will be taken on a 
possible continuation of the program based on the ob
tained results. A status report is scheduled to be is
sued by the end of 1987. 

12.2 MODELLING 
During 1986, an effort to develop a model for the 
spent fuel dissolution has been started. As a first step, 
the solubility of amorphous U02(s) has been mea
sured over a wide pH range /12-2/. The crystalline 
U02(s) of the fuel matrix will constitute the innermost 
barrier in the repository. However, partial solubiliza
tion of U02(s) under oxidizing conditions and a later 
reprecipitation when reducing conditions are restored 
is a conceivable scenario. Under these circumstances, 
the solubility of the amorphous U02(s) may well be an 
important parameter. In this first study a rather high 
solubility ([U (IV)] = 10·44M) was measured in the pH 
range 6 to 10.5 under reducing conditions. 
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13 CANISTER MATERIALS 

During 1986, the studies of canister materials have 
been concentrated on two candidate materials, copper 
and carbon steel. 

13.1 COPPER 
As for 1985, additional studies based on the KBS-3 
reviews have continued. These investigations include 
evaluation of pitting corrosion on copper under reduc
ing conditions and studies of creep in copper at low 
temperatures. For pitting studies, the first phase in
cluding development and testing of experimental 
techniques and equipment are now finished and pre
liminary results are expected to be available by the 
end of 1987. 

The first series of experimental studies, including 
uniaxial creep in unwelded copper are practically fin
ished and studies of uniaxial creep in welded material 
as well as creeptesting of copper tubes under internal 
overpressure are underway. The investigations of un
iaxial creep in unwelded copper will during 1987 be 
supplemented with studies of creep at lower stress lev
els (10-100 MPa). 

In addition to these studies, SKB has decided to 

participate in a EUREKA project aiming at develop
ing out-of-vacuum equipment for electron beam weld
ing of heavy constructions. This project is managed by 
the Welding Institute and sponsored by several Euro
pean countries. During 1986, the first phase of the 
project was started and construction and building of 
the necessary equipment are under way. 

The studies of hot isostatic pressing of copper has 
during 1986 had a lower priority, and has mainly been 
concentrated on the influence of the production tech
niques and qualities of the copper powder on the qual
ity of the final product. These studies are still contin
ued and are expected to be finalized in 1988. 

Marine archaeology has offered a possibility for 
study corrosion in the interface between a copper rich 
cannon and glacial clay for more than 300 years. In 
1980, the man of war KRONAN was found near 
Oland at 26 m depth in the Baltic, where it sank June 
1, 1676, in a battle between the Swedish and the unit
ed Danish/Dutch fleet. 

In 1985 a bronze cannon was salvaged, see Figure 
13-1. The cannon was almost completely buried in a 
vertical position in a clay consisting of illite, mont
morillonite and kaolinite. 

Figure 13-1. Salvage of the bronze cannon from KRONAN, June 1985. 
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Microsond analysis of the bronze indicate a bronze 
composition of Cu, 96%, Sn 3%, Zn and Fe together 
<0,5%. The metal matrix contains inclusions of ten
orite. The Cu-concentration in the bronze shows a 
clear trend for lower values near the surface, see 
Figure 13-2. Cu was traced in the surrounding clay to a 
distance of about 4 cm from the cannon, see Figure 
13-3. 

The corrosion products, cuprite and malachite, 
have the same appearance all over the cannon except 
for the uppermost part that was situated above the 
bottom of the sea, see Figure 13-4. It was found that 
the formation of cuprite involves a transformation of 
tenorite and can be explained by redox processes 
where Cu(s), Fe2+ and organic matter are the major 
electron donors. Redox measurements give a mean 
value of + 450 m V and suggest an oxidizing environ
ment. A second cannon was salvaged during 1986 and 
the study continues. 
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Figure 13-2. Leaching profile of a bronze matrix. 
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Figure 13-4. 
The bronze cannon before hoisting but after excavation 
of the clay at one side. The upper darker part of the 
cannon is situated above the bottom of the sea. 

13.2 CARBON STEEL 
During 1986, studies of pitting corrosion on carbon 
steel have started at Harwell Laboratories, UK. A 
first approach for evaluating the general and localized 
corrosion of carbon steel canisters for a KBS-3 type 
nuclear waste repository has also been made /13-1/. 
The main effort in 1986 concerned statistical analysis 
of the pit growth data obtained earlier at Harwell Lab
oratories as well as new experimental results generat
ed within the SKB program, using extreme value stat
istics. 



14 BUFFER AND BACKFILL 

14.1 OVERVIEW 
The KBS-3 concept for the disposal of spent fuel im

plies that waste canisters will be surrounded by ~ense 

bentonite clay, see Figure 14-1. The tunnels will be 

backfilled with bentonite based mixtures compacted 

on-site. The canister envelopes will consist of close

fitting blocks of precompacted bentonite powd~r. 

After insertion in the deposition holes the blocks will 

absorb water from the rock, swell and fill the initial 

gaps between the canisters and the confining rock. 

Thereby the buffer mass becomes homogeneous and 

almost impermeable for long time, see Figure 14-1. 

An alternative concept is the WP-Cave, see Chap

ter 11, where the isolating clay barrier may be benton

ite based mixtures composed of similar material as for 

the tunnels in the KBS-3 concept and compacted on

site. 
In the SFR, see Chapter 5, the silo envelope in the 

slot between rock and the concrete wall is deposited as 

an air dry bentonite powder in rather loose fill. After 

water saturation the density will be in the interval 1,6 

to 1,8 t/m'. 
During 1986 some smectite-rich materials were test

ed for these applications with regards to the rheology 

and other properties of importance for the perfor

mance. 
The physico/chemical interaction between the cry

stal lattice of smectite and water molecules in the buff

er mass was studied and tested with regard to the 
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Figure 14-1. Deposition hole with canister and buffer 

material and with backfill in storage tunnel. 
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physical state of adsorbed water, see Section 14.2. 

The rheology of the system water/smectite mineral 

is the basis for the analysis of the stress/deformation 

with time during the canister settlement and the inter

action between canister, buffer and rock in the case 

when rock deformations induce shear as well. The set

tlement of canisters and the shear effects on canisters 

in dense smectite clay envelopes in deposition holes 

were tested during 1986, see Section 14.3 and 14.4. 

French smectite rich clays are evaluated in tests going 

on in the Stripa mine and in laboratories in a research 

program in cooperation with CEA, France. 

A survey of candidate buffer materials in Sweden 

has been performed. Possible alteration of the isolat

ing properties of smectite clay in the repository envi

ronment can be elucidated by natural analogues and 

by laboratory testing. One process is pressure depen

dent dissolution of minerals in quartz-type buffer ma

terials, see Section 14. 5. 
The borehole, shaft and tunnel sealing test in the 

Stripa mine has been finalized and the sealing tech

niques have been fully confirmed regarding the ~se of 

dense smectite clay, see Chapter 19. The sealmg of 

fractured rock is one task in the running study within 

the Stripa Project phase 3 see Chapter 19. 

14.2 PHYSICAL STATE OF 
SMECTITE-ADSORBED 
WATER 

Montmorillonite crystals are known to interact 

strongly with the first few hydrate layers. Since the 

specific surface area is very large, i e 600-800 m2/g in 

the sodium state, a major part of the water in dense 

montmorillonite clay is assumed to be in a physical 

state that is different from that of free water. Several 

attempts have been made to determine the pore water 

density, and the values reported in the literature cover 

a wide range. It is essential to consider the spatial ar

rangement of the montmorillonite flakes since it de

termines the relative amount of internal and external 

water i.e. interlaminar water in a few molecule layers 

on the crystal surfaces and external water in larger 

pores. 
A new technique was used in an experimental study 

with a pycnometer, see Figure 14-2, which was placed 

in a constant temperature water bath. The motion of 

the meniscus in the capillary was recorded as a com

pacted water saturated block of bentonite was allowed 

to equilibrate with surrounding water. The micro

structural arrangement of the thin crystal flakes is con

cluded to be of great importance in the evaluation of 

the physical state of the porewater. In dense water-sa

turated clay samples a significant part of the 
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Figure 14-2. The pycnometer/capillary device. 
A) 60 cm1 pycnometer with expanded clay gel, 
B) Capillary 2.2 mm inner diameter. 
Upper right: Dense clay sample submerged 
Lower right: Appearance after complete dispersion 

porewater has a higher, elastic compressibility than 
that of free water. The tentative water structure model 
implies that there is a threshold shear stress that must 
be exceeded before significant permanent strain is de
veloped, see Technical report 86-25 /14-1/. 

14.3 SETTLEMENT OF 
CANISTERS 

A study of the long-term settlement of a model canis
ter surrounded by water saturated Na-bentonite was 
conducted with a device shown in Figure 14-3 at room 
temperature and in steps up to 70°C, see Figures 14-4. 
The initial settlement rate appears to be in agreement 
with a settlement that is changing logarithmically with 
time. Some deviation from this turned up in the sec
ond heating period. This can possibly be explained by 
the fact that the shear stresses in the model canister 
test were low, see Technical report 86-23 /14-2/. 

A similar test with a larger canister in a simulated 
deposition hole in the rock is presently prepared in the 
Stripa mine. 

s, 
f'm 
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Figure 14-3. Test device for canister settlement 
A) Bentonite blocks, 
B) Copper canister, 
C) 2.5 mm filter, 
D) 80 kg dead weight of lead, 
E) Inductive strain gauge, 
F) Mechanical dial gauge, 
G) Heat insulation, 
H) Heat coil, 
I) Drainage tubings. 
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Figure 14-4. Recorded settlement of the model canister 
in the second heating period (T=70°C). The plottings 
cover the postconsolidation stage. 

14.4 MODEL SHEAR TEST OF 
CANISTERS WITH 
SMECTITE CLAY 
ENVELOPES 

Small or large rock movements caused by the thermo
mechanic behaviour or tectonics may induce strain 
and stresses in a canister with in a buffer, see Figure 
14-5. 



-
Figure 14-5. Rock displacements generating strains and 
stresses in the canister. 

Model shear tests can be used for validation of theo
retical modelling. Three tests were performed with 
dense, water saturated sodium bentonite in a special 
apparatus, see Figure 14-6. The displacement of the 
bentonite was measured after shear test and the defor
mations of the canisters as well. The viscous behav
iour of the system is evident in the deformations, see 
Figure 14-7 and Technical report 86-26 /14-3/. 

Data from the model tests, running laboratory mea
surements of the rheology properties and future 
FEM-calculations will be used in the development 
and validation process for suitable theoretical models. 

Figure 14-6. The canister during excavation (left 
photo). The tilting of the canister can clearly be seen. 
The right photo shows the deformed canister. 
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Figure 14-7. The ratio of the canister shear deformation 
to the total shear deformation as a function of the rate 
of shear. 

14.5 CLAY CHARACTERIZATION 
AND POSSIBLE ALTERATION 
PHENOMENA 

Quantitative clay mineral analysis and other charac
terization of the clay minerals are needed for correla
tions of the material characteristics with properties of 
importance for the buffer and backfilling perfor
mance. Nature may show how physical, chemical con
ditions interact with the clay minerals. A survey of 
Swedish buffer material candidates, testings of meth
ods of clay mineral quantification and investigations 
of possible alterations of minerals and isolating prop
erties are under way and in the final reporting phase. 
Two samples, pure quartz sand and a sand-bentonite 
(10% bentonite) mixture were tested under high pres
sure (20 MPa) and temperature (l15°C) over a period 
of 70 days without evidence for a pressure-caused dis
solution of the silica, see Technical report 86-28 /14-4/. 



15 GEOSCIENCE 

15.1 OVERVIEW 
The geoscience programme covers research and de
velopments in geology, geophysics and geohydrology, 
and also includes the development of new methods, 
models and instruments for measurements and evalu
ations. 

The geoscience research is to a great extent orga
nized in projects that give opportunity for interaction 
between the specialized disciplines. Interdisciplinary 
approaches are used in such areas as: 

- the planned underground research laborat?.ry, 
- the fractures zone studies at Finnsjon and Avro, 
- the study on postglacial movements at Lansjarv, 
- the study-site investigations. 

Developments of methods and instruments is large
ly a step-by-step procedure. The Finnsjon study-site is 
used for pilot testing of geological, geophysical, geo
hydrological and geochemical methods and instru
ments. 

Modelling forms a part of the projects. SKB partici
pates in the international HYDROCOIN-project 
aiming at verification of geohydrological computer 
codes,validation of models and sensitivity and uncer
tainty analyses. The present work on the fracture zone 
studies at Finnsjon is devoted to in-situ tracer tests. 
The objective is to make an in-situ tracer test and per
form predictive modelling before the actual experi
ment is executed. 

The project on Bedrock stability has started with a 
study on the postglacial movements at Lansjarv. 
These movements are supposed to have taken place 
during or after the last deglaciation 8000 - 9000 years 
ago. The gross part of field measurements performed 
at the Klipperas study-site have been presented dur
ing the year. The results well agree with what can be 
expected in granitic rock. Modelling and evaluation is 
under way. 

15.2 UNDERGROUND RESEARCH 
LABORATORY 

The primary objectives of the laboratory are to: 

- Demonstrate that the site dependent factors that 
control the safety of a final repository are under
stood and can be quantified or delimited. 

- Validate the models and assumptions included in 
the safety analysis. 

Much work will be devoted to establish an investi
gation technique and strategy for detailed character
ization of geology, groundwater flow and chemistry. 
The validity of the adopted methodology will be as
sessed during the construction of the laboratory and is 
in essence intended to be applied when detailed inves
tigations of two sites starts about 1993. If conditions 
prove suitable, the site of the underground laboratory 
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may be one of the sites chosen for detailed investiga
tions. 

The intention is to site it in an area that will provide 
access to fracture zones and different rocktypes, but 
also access to a geological setting that is comparable to 
possible future repository sites. This laboratory will 
replace the Stripa mine in the 1990-ies. 

It is expected that the planned laboratory will be a 
vital part of the Swedish research programme for 
management of nuclear waste. The laboratory will in 
mid 1990's be used for studies of performance interac
tion between the repository's engineered and natural 
barriers. The site will also be used for demonstration 
of system, technology and quality assurance. 

The work started during 1986. During the year 
low-altitude airborne geophysical measurements 
around the Simpevarp area in south-east Sweden was 
completed. 

Roughly 800 km2 was surveyed from a flight altitude 
30 m. Grid density was 40x200 m. 

The survey comprised measurements of magnetic 
and electric field and the gamma radiation. The elec
trical methods used was VLF (Very Large Frequency) 
in two directions and Slingram measurements. The 
gamma radiation instrument is calibrated against the 
naturally occurring isotopes of Potassium, Uranium, 
Thorium and Cesium-134/Cesium-137. 

These results will be interpreted during 1987 and 
supplemented with surface geophysics. Mapping of 
geology is planned to start in the spring of 1987 so that 
a drilling program can be initiated during 1987. 

Detailed outlines of the project is expected to be 
finalized during 1987. 

15.3 FRACTURE ZONE STUDIES 
Groundwater flow and transport of radionuclides in 
existing fracture zones are of high importance in a 
safety assessment. The fracture zone studies give par
ticular attention to: 

- Data of importance for retention of nuclides eg. 
flow rate and conductive fracture frequency. 

- Reliability ot investigation methods. 
- Influence of fracture zones on regional ground-

water movements. 

Studies have been undertaken at the Finnsjon 
study-site, at Avro close to the CLAB facility and in 
several tunnels and underground facilities. 

During 1986 earlier work at the Finnsjon study-site 
has been reported in detail /15-2/. 

A subhorizontal zone, depth 100-300 m, is found to 
have a dominating influence on the groundwater flow. 
The zone is about 70 m wide and with a minimum lat
eral extent of 500 m. The hydraulic conductivity of the 
zone is in the order of 10·6 to 10-5 m/s with several val
ues higher than 10-4 m/s measured over 20 m sections. 
Supplementary conductivity measurements with 2 m 



section over zone have been completed during the 
year. 

Saline water of about 5000 mg/1 of chlorine is found 
below the zone. The marked interface between fresh 
and saline water indicates that the subhorizontal zone 
constitutes, at least in part, a hydraulic barrier against 
descending non-saline groundwater. The density vari
ations due to variation of salinity, however, is compli
cating the evaluations of piezometric heads. 

The earlier work has been extended during the year 
and to some parts been aimed at development and 
evaluation of new methodology. 

An additional cored hole has been drilled and 
logged. Uranine was used as a tracer in the drilling 
fluid and it was possible to obtain quite a satisfactory 
break-through curve of this water at a percussion
drilled hole 440 m away. First arrival occurred after 37 
days under a gradient of about 0.4 % . Pressure re
sponses were obtained in the surrounding holes dur
ing drilling. Simple measures such as following the 
tracer-marked drilling fluid and measuring pressure 
responses during drilling seem to be efficient methods 
to establish the dip and strike of fracture zones and the 
hydraulic connectivity between the test holes. 

New methodology for groundwater chemistry has 
been tested. A large diameter percussion hole, diame
ter 165 mm, was drilled to a depth of 460 m through 
the zone. The objective was to obtain groundwater 
samples that have not been contaminated by drilling 
fluid. Samples were collected on several depths and 
analysed. The preliminary evaluation show that many 
components can be sampled under more undisturbed 
conditions than before. The percussion technique 
however unfortunately causes oxidation of the 
groundwater close to the hole which is a clear disad
vantage when sampling components sensitive to the 
redoxpotential. Analysis of drilling debris show that a 
big part of the debris is left in the hole. 

It has been considered appropriate to extend the 
fracture zone study further. A fracture zone earlier 
detected in the site investigation program at Avro, 
close to the CLAB-facility, was chosen for a detailed 
investigation. The procedures developed at Finnsjon 
have been adopted and proved to be satisfactory. The 
geometrical extension of the zone and its conductivity 
has been evaluated. The aim is to integrate the charac
terization with the investigations for the underground 
research laboratory. 

Certain studies have been made of fracture zones in 
tunnels and underground facilities in Sweden, both 
existing /15-3/ and those under construction. A very 
detailed mapping of inflow of water to a fullface bored 
tunnel was completed. About 4 km of the tunnel was 
mapped. Evaluation will enhance the development of 
conceptual models for groundwater flow. 

15.4 DEVELOPMENT OF 
METHODS AND 
INSTRUMENTS 

The state-of-the-art of the Swedish geochemical and 
geophysical instrument equipments used in the SKB 
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research programme has been summarized in a SKB 
Technical Report /15-4/. 

Developments in methods and instruments during 
the year can be summarized as: 

Hydraulic testing 
A technical report dealing with methods for hydraulic 
testing in crystalline rock has been compiled /15-5/. 
A total of eight single hole methods have been tested 
in field. A comprehensive evaluation of the methods 
applicability in crystalline rock has been conducted. 
The injection test method under a constant head, fol
lowed by a fall-off period, was selected as a standard 
method for site investigations. 

A joint project between Office of Waste Techno
logy Development, USDoE and SKB on well test stat
istics proceeds. The objective is to provide guidelines 
for well-test programs. Data from the Swedish study
-sites are used in the evaluation efforts. 

Improvement of hydraulic testing equipment 
The umbilical hose equipment for hydraulic injection 
tests in boreholes down to 1000 m depth has been im
proved regarding the data acquisition system /15-4/. 
A microprocessor has been mounted in the downhole 
probe, to allow digital signal communication for data 
collection and test valve operation. In order to pre
sent the measured data in graphs for the different 
evaluations techniques earlier described a new plot
ting program has been developed. 

Dilution probe 
The dilution probe has been used in a number of mea
surements for calculation of natural groundwater 
flow. The lower measuring limit in fractured crystal
line rock is in the order of 10-11 m/s. In a formation 
with the hydraulic conductivity of 10-s m/s and a gradi
ent of 0,01 % the required test period is 30-50 days. 
Lower groundwater flow will increase the measuring 
period. The equipment is so far working in 110 mm 
boreholes. 

Borehole radar 
Radar measurements has been conducted as a part of 
several projects. At the Klipperas study-site a total of 
7850 m of single hole radar measurements were per
formed. The method has also been used in the frac
ture zone projects at Finnsjon and Avro. 

A specially designed test of the radar method has 
been initiated. In two cored holes drilled as two sides 
of a regular triangle single hole reflection as well as 
cross-hole measurements has been performed. A pre
diction model will be presented without knowledge 
from any other data. The model will be supplemented 
with results from logging of cores, geophysics and hy
draulics. The predictions will later be controlled 
against mappings from a fullface bored tunnel that is 
under construction. 

About 70 m of the tunnel will be thoroughly ana
lysed. 

The radar is under continuous development. In ad
dition to the normal 22 MHz frequency an 60 MHz 
antenna has been developed to give a better resolu-



tion close to the borehole wall. The equipment has 
also been improved regarding signal transmission with 
optical cables and interpretation techniques. The de
velopment of directional antennas which may de~e~
mine the direction to the reflection plane has been m1-
tiated and will continue in the Stripa Project, phase 3. 

Tube wave 
The tube wave method has been tested in the fracture 
zone project in Finnsjon. The measurements are con
ducted similar to a VSP (Vertical Seismic Profile) 
measurement with hydrophones lowered into the 
borehole to measure the response of a detonation at 
the surface. When the seismic P-wave reach an open 
fracture penetrated by a borehole, the compression 
will generate a tubewave. The tube wave propagates 
along the borehole wall and analysis of the hydro
phone response provide an estimate of the location of 
water-bearing fractures. The method is supposed to 
be effective for the detection of fracture zones and 
further evaluation and comparison with detailed tests 
will show the sensitively to smaller fractures. 

Water and gas sampling 
A second field laboratory for analysis of ground water 
is under construction. 

The construction of a gas sampling system has been 
finished /15-4/. The specially designed water sampler 
is collecting the water at the test section. The pressur
ized groundwater including all dissolved gases is con
fined in the sampling cylinder and transported to the 
gas laboratory where a quantitative analysis of a num
ber of gases is made. 

15.5 DEVELOPMENTS IN 
COMPUTER MODELLING 

SKB participate in the international HYDROCOIN
project with the GWHRT-HYPAC-model, /15-6, 
15-7/. The work on Level 1, code verification and 
Level 2, validation is completed and final reporting is 
under way. The performance of the code was convinc
ing. One verification case has been reported, /15-8/. 
Resent work in the HYDROCOIN-project is directed 
to Level 3, sensitivity and uncertainty analyses. The 
study-site Fjallveden is one of the cases chosen for 
such analyses. Within this context adjoint sensitivity 
analysis is implemented in the GWHRT-code. 

Transient, unsaturated 3D flow has been imple
mented as well. The code will be applied to model the 
draw-down that occurred during construction of the 
Underground Research Laboratory in Canada, /15-9/. 

A study of the confidence in solutions of flow 
through stochastically generated hard rock forma
tions has been attempted. The conclusions of the 
study is that stochastically generated formation 
properties may lead to non-conservative results. 

A major geohydrological work has been accom
plished during construction of the SFR-facility, see 
Part 1, Chapter 5. Developments in modelling have 
been directed to gas migration studies. 
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15.6 BEDROCK STABILITY 
The project on bedrock stability is continued with an 
in-depth study of the postglacial movements in Lans
jarv. 

Compilation of geology and geophysics within an 
area of 200x150 km is under way. The goal is a detailed 
planning of the field programme for 1987. Some sup
plementary ground geophysical measurements w~re 
completed in order to check the dip of some maJor 
faults around the Lansjarv area. 

A preliminary structural analysis of the postglacial 
faults in northern Sweden /15-10/ has been presented. 
It is suggested that < 1 km thick thrust flakes extruded 
along the NNE trending fault by oblique transpres
sion along pre-existing steep ESE dipping mega
shears. The postglacial kinematics inferred from the 
structures suggest a sudden relief during glacial un
loading of plate tectonics forces from horizontal NW 
or WNW compression accumulated during glacial 
loading. 

Crustal rock mechanics modelling will be used to 
assess the influence of ice loading and unloading and 
tectonic forces on a repository. This modelling forms a 
part of the Lansjarv study and will be an aid in inter
preting tectonic movement in the area. The first phase 
of the modelling is code verification and necessary 
idealization of the problem to be studied. This ideal
ization will be based on existing material on the geo
dynamics of the Baltic Shield. 

The planning for seismic networks in northern and 
southeastern Sweden is completed. The networks will 
start running during 1987. 

A mobile seismic network has been used for after
shock surveys of the ML = 4.1 earthquake close to 
Skovde in July 14 1986. Evaluation is initiated to in
terpret if any of the 9 aftershocks occurred close to the 
surface. Some effort has also been directed to follow 
the microseismic events due to hydraulic fracturing in 
a geothermal Hot Dry Rock project in Fjallbacka 
managed by Chalmers Institute of Technology. 

15.7 STUDY-SITE INVESTI-
GATIONS 

Klipperas 
The investigations performed at the study-site Klip
pen'ls, located in the south-eastern part of Sweden, 
have been reported in a number of reports 
/15-11-15-16/. The radar measurements will be re
ported 1987. 

The investigation area is about 5 km2 and of very 
flat topography. The geological characterization of the 
rock volume is mainly based on surface geophysics 
and extensive borehole investigations due to the fact 
that very few outcrops exist. In total 14 deep cored 
boreholes, of which the deepest is 960 m, and 14 per
cussion boreholes have been drilled. 

The dominating rock type is a grey-red medium 
grained and massive granite. Greenstone and por
phyric dykes are normally oriented in E-W with ve~ti
cal or subvertical dip. The youngest rock compnse 



mafic dykes in Nor NE direction. 
Within the area 13 fracture zones has been located. 

They are oriented in two main directions N and NE 
with vertical dip, some of them associated with dykes. 
One subhorizontal zone is detected at about 750 m 
depth. The radar interpretation is in agreement with 
earlier evaluations on the directions of the fracture 
zones, greenstones and mafic dykes. 

Hydraulic testing and groundwater table monitor
ing has been conducted in 7 and 21 boreholes respec
tively. The hydraulic injection tests gave values of the 
hydraulic conductivity similar to other investigations 
on granitic rock. The mean value for the rock mass at 
500 m depth is 4.10·10 m/s. The pressure variation over 
the area is very low (less than 5 m) reflecting the flat 
topography. 

The chemical composition of the deep groundwater 
has been analyzed showing low redox potential and 
results similar to other areas. Fissure fillings from the 
core samples has also been analysed. Calcite disloca
tion and precipitation ofFe-oxhydroxide in the upper
most part of the bedrock and also in some fracture 
zone of greater depth is indicating oxidizing condi
tions which are diverging from the reducing condi
tions in the dominated parts. 

Gidea 
Determination of the rock stress has been conducted 
in a borehole at the Gidea study-site /15-17 /. The hy
draulic fracturing method was used in 25 successful 
tests down to depth of 500 m. The minimum horizon
tal stress increases close to the theoretical vertical 
stress, while the maximum horizontal stress is about a 
magnitude 1.6 greater. The direction of the maximum 
horizontal stress was determined to N 67°E. 

Using data from earlier investigations at the study-
site Gidea and supplementary fracture measure
ments, a brittle tectonic model has been constructed. 
Hydraulic test data were classified into the main tec
tonic elements. These are tension fractures in N--S and 
E-W and conjugate shear fractures surrounding "un
disturbed" rock blocks. It is suggested that the mean 
conductivity of the E-W tension fractures, at depths 
greater than 200 m, is about 30-80 times greater than 
those of the undeformed parts of the tectonic blocks, 
the N-S tension fractures and the shear zones, /15-18/, 
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16 THE BIOSPHERE 

16.1 BIOSPHERE CHARACTER
IZATION AND NATURAL 
RADIOACTIVITY 

During 1985 the geological study-site at Klipperas was 
characterized with regard to radioactive substances in 
shallow ground waters, soil and biota, SKB TR 85-09. 
In certain organic soils and peat samples fairly high 
levels of some radionuclides were observed. As the 
origin of these nuclides could not be clearly explained, 
new samples were taken and analysed during 1986. 

The results from the analyses are presented and the 
possible mechanisms to build up the higher concentra
tions are discussed in SKB TR 86-24. The leaching of 
U and Th from the alluvial zone of a podsolic profile 
and the enrichment in a nearby peatlike horizon was 
demonstrated. In peatbogs the reason for the high lev
els of U, Th and 137Cs (bombtest fallout) are more 
complicated. The 228Ra/232Th disequilibrium and the 
presence of 137Cs are strong indications of current or 
recent migration, and indirectly of groundwater flows 
in the bog. Part of the cesium seems to have entered 
the bog via groundwater from below, and part of it 
from the surface migrating downwards. A fractiona
tion of 226Ra and "8Ra by the plant nutrient cycle was 
also observed. 

16.2 NATURAL AGEING IN LAKE 
ECOSYSTEMS 

A study on how the natural ageing processes in a lake 
will influence the transfer of various radionuclides 
through the lake ecosystem to man, was launched in 
1984. During 1985 and 1986 the second phase of the 
project was carried out. This phase comprised the 
sampling of sediments, soil, water and biota and the 
determination of key parameters such as water bal
ance, sedimentation rate and transport rate of dis
solved constituents. 

The oniy task remaining in this phase is the evalu
ation of radionuclide diffusion in sediments. About 40 
sediment cores that were doped with radionuclides 
( 99Tc 8'Sr 1251 134Cs 152Eu 232Tb and 241J\.m) were ana-, , ' ' ' 
lysed in 1986 a year after repositioning in the original 
lake sediments. Afterwards they were again reposi
tioned and will be taken up and analysed after the ice
cover of the lake has melted in spring 1987. 

The results of phase two have been reported in SKB 
TR 86-29 and SKB TR 86-30. The results of the 
chemical analyses will be reported in 1987 as soon as 
the cores have been analysed. 

A third phase started late in 1986 with the aim to 
model the longterm behaviour of radionuclides within 
a lake ecosystem. Here the results from phase two will 
be used. 
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16.3 THE CHERNOBYL FALLOUT 
In April 25 the reactor accident in Chernobyl caused a 
substantial release of radionuclides into the atmos
phere. Some of this deposited as fallout in Sweden. 
Since two of SKBs geological study-sites, Gidea and 
Finnsjon, were quite close to areas that got the great
est fallout, see Figure 16-1, a sampling programme 
was initiated. 

An initial compilation of the results from the sam
pling during summer, autumn and winter 1986 is 
planned to be ready in the middle of 1987. The possi
bilities for using the material for validation of nuclide 
migration models in the biosphere or in the shallow 
groundwaters will be evaluated and form a basis for 
future efforts. 

The national coordination of the Swedish work con
nected with the Chernobyl fallout is made by the 
Swedish National Institute for Radiation Protection. 
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Figure 16-1. Fallout of Cs-137 over Sweden after the 
Chernobyl accident. 



17 CHEMISTRY 

The chemistry program has been divided into four 
major parts: 

- Geochemistry, including the chemistry of the 
groundwater and fracture minerals in the geosphere 
and the disturbed near field. 

- Radionuclide chemistry, Le. the chemistry of the 
relevant radionuclides in the near field and the 
geosphere. 

- Chemical transport in the near field and the geo
sphere of radionuclides and inactive species (gas, 
corrodants, radiolysis products etc. 

- Validation of transport models by means of labora
tory tests, in-situ tests and study of natural ana
logues. 

17.1 GEOCHEMISTRY 
17 .1.1 Groundwater Analyses 
The results of the analysis of groundwater samples 
from the study-site Klipperas have been compiled in 
the technical report SKB TR 86-17. The mobile field 
laboratory, taken into operation 1984, was used for 
the later part of those investigations. A total of seven 
levels in three core drilled holes were sampled. High 
quality samples of groundwater from between 400 to 
700 m depths were obtained from the boreholes Kl 1 
and Kl 9. The calculated "ages" for these samples 
from carbon-14 measurements are around 30 000 
years. Though this value is not necessarily the correct 

mean transit time it does point towards very isolated 
conditions and excellent sample quality /17-1/. 

During 1986 the mobile field laboratory, including 
the downhole sond for pH and Eh measurements, 
have been used in Finnsjon. In order to completely 
avoid the use of drilling water, which may be left and 
contaminate the water samples, a new technique was 
tested. A vertical hole was made by air percussion 
drilling and sampling was made between a sealed off 
section and the bottom of the hole during pauses in 
the drilling. Good quality groundwater samples have 
thereby been obtained from the upper 200 m which 
are otherwise difficult to sample due to the distur
bance caused by the drilling water in rock of relatively 
high conductivity. The results are being evaluated. 
Gas sampling with evacuated sampling cylinders in 
the downhole sand was also tested. 

Other groundwater analyses made with the mobile 
field laboratory are summarized in Table 17-1. It has 
been concluded from this table that four different 
categories of groundwater may be distinguished. They 
are characterized by their relative contents of the 
main components sodium, calcium, chloride and car
bonate, see Figure 17-1. The mobile field laboratory 
was at the end of 1986 moved to Forsmark to be used 
for groundwater sampling and analyses in the under
ground facility SFR. 

The groundwater analyses performed during the 
Swedish study-site investigations 1982 to 1983 have 
been evaluated by chemical equilibrium calculations 

Table 17-1. Chemical composition of groundwaters analysed with the mobile field laboratory. All concentrations are 
given in mg/I. 

Bore- Level Na+ K+ ca2+ Mg2+ HC0-3 er F- so2-4 HS- Fe Fe2+ pH Eh Type 
hole m tot mV 

Fj 2 468 36 1. 4 27 3.0 182 3.7 0.6 2.0 0.2 0.65 0.65 6.9 -220 A 

Fj 7 722 300 1. 3 40 0.2 16 470 6.2 0.5 0.6 0.005 0.004 9,0 -350 C 

Kl 1 406 45 1 . 0 14 2.3 78 1)5 3.8 1. 8 0.1 0.013 0.012 8.2 -305 B 

Kl 2 326 28 1.1 31 1.0 137 17 2.8 0.1 0.08 0.140 0.134 7.6 -290 B 

741 38 1. 6 16 2.0 99 23 4.4 0.1 0.24 0.045 0.039 8.2 -340 B 

761 12 3.0 23 4.0 106 7 2.7 0.5 0.03 0.350 0.345 8.0 -290 A 

860 65 1. 6 8.3 1.8 102 51 5.3 1. 5 0.12 0. 043 0.041 8.1 -300 B 

Kl 9 696 16 1. 3 29 3.0 120 6 3.0 4.4 0.02 0.096 0.094 7.6 -275 A 

Fi 9 94 410 6.2 101 16 286 670 3.0 100 0.22 0.590 0.580 7.5 -245 D 

182 1050 17 708 78 150 2900 10 220 0.24 0.915 0.915 7.3 -220 D 

360 1600 8 1900 110 33 5200 7.4 300 0.01 0.310 0.310 7.7 D 

Fj Fjallveden Kl Kl i pperas Fi Finnsjcin 
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Figure 17-1. Relative abundance of major ions in 
groundwater. Four types of waters may be distin
guished. See also Table 17-1. 

using the geochemical computer codes WATEQ3 and 
EQ 3NR (SKB TR 86-03). This evaluation was con
centrated to the redox active species and it was con
cluded that not only iron compounds are of impor
tance for the reducing character of groundwater but 
also dissolved sulphide and dissolved organic carbon. 

17 .1.2 Fracture Minerals and Isotopes 
The fissure fillings from the Klipperas study-site have 
been analyzed and characterized (SKB TR 86-10). A 
large number of drillcores were studied. The frequen
cies of fracture filling calcite and iron(III)-oxhydroxi
de-minerals as a function of depth show that calcite 
have a tendency to be dissolved and iron(II)minerals 
to become oxidized in the upper part of the rock -
roughly the upper 100 m. Signs of these changes are 
also found at greater depths, in fracture zones. It may 
be concluded that the upper 100 m is chemically a 
much more dynamic region as compared to deeper 
levels. This is due to constant fresh supply of chemi
cally aggressive substances such as carbon dioxide 
from the soil and oxygen from the air. It is also due to 
the much higher water flow rates in this upper part of 
the rock. Deeper penetrations in conductive vertical 
fractured zones is not unreasonable or unexpected. 

Active circulation of groundwater should be ex
pected to influence the isotopic composition of frac
ture filling calcites in open water-conducting frac
tures. This is indeed indicated by a comparison be
tween analyses of carbon-13 and oxygen-18 in fracture 
filling calcites in granitic and gabbroic rock, see Fig
ure 17-2. The basic rock has preserved the hydrother
mal isotopic fingerprint to a larger extent than fissures 
within the granitic rock. Calcite in open fissures in 
granitic rock has changed towards a calcite similar to 
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Figure 17-2. /5 13 versus /5 18 for calcite samples from ba
site (0) and granite (X). Striped area describes the iso
tope interval of calcite precipitated at present tempera
tures from meteoric groundwaters. 

one that is precipitated from a groundwater composi
tion of today. This is probably a result of higher hy
draulic conductivity in granitic rock as compared to 
basic rock (SKB TR 86-10). 

The accelerator-masspectrometer has made it pos
sible to analyse small samples of calcites for car
bon-14. This has recently been tested on three sam
ples from a drillcore from Taavinunnanen and one 
sample from a drillcore from Klipperas /17-2/, see 
Table 17-2. 

There is a marked correlation with depth in the Taa
vinunnanen results and the high values in Klipperas 
are in accordance with independent observations of 
hydraulic activity there. Admittedly, these are still 
few examples but even so they promise a new method
ology to trace water flow paths in fractured crystalline 
rock with calcite present as fracture mineral. The dis
tribution of flow is vital for the safety assessment of 
radioactive waste disposal. 

Table 17-2. Carbon-14 in samples and fracture filling 
calcite. 

Area Depth 14c 
m pmC 

Taavinunnanen 92.2 8. 9 

191. 5 - 192. 0 1. 2 

385.7 0.8 

Klipperas 125.1 73. 5 
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Figure 17-3. Calculated titration curve of the bentonite 
Stripa water system by Na OH or HCl at 25°C. The con
centration of bentonite is 10 moles per kg water. 

17.1.3 Near-field Conditions 
Geochemical models have been used to simulate pos
sible chemical interactions in the near field. Calcula
tions have during 1986 been performed on the effects 
of strong acid or base on bentonite, see Figure 17-3, 
and on the possibility of reactions between copper and 
bentonite. This work is being conducted by specialists 
at the University of Strasbourg. The geochemical 
code DISSOL was used to simulate the titration of 
bentonite at 25°C. A fictitiously heating to 100°C was 
accomplished by the code THERMAL /17-3/. 

17 .2 RADIONUCLIDE 
CHEMISTRY 

17 .2.1 Solubility and Speciation 
Thermodynamic constants for solubility, inorganic 
complex formation and redox properties of actinides 
in groundwater containing dissolved carbonates are 
being measured. Work has been concentrated to ura
nium and thorium /17-4 and 17-5/. 

Investigations of co-precipitation of lanthanides 
and actinides with uranium are being continued. Sim
ulated groundwater conditions are used for validation 
experiments, see Section 17.4.2. 

Thermodynamic constants for uranium determined 
within this program have been introduced into the 
OECD/NEA chemical data base for important ra
dionuclides and minerals. The work on uranium is 
well advanced. 

The geochemical code EQ 3/6 is implemented on 
the SKB VAX Computer and the database is being 
updated. 

Carbonate complexes for neptunium and plutoni
um have been investigated in cooperation with the 
French organization CEA /17-6 and 17-7/. 

17 .2.2 Colloides, Organic Complexes 
and Microbes 

Radiocolloides in the form of pseudocolloides i.e. ra
dionuclides absorbed on inactive particles such as clay 
and quartz particles have been identified as important 
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for the safety of radioactive waste disposal ( see 
KBS-3). A report on the transport properties of amer
icium-pseudocolloides have been finished (SKB TR 
86-02). In column experiments the major part of 
americium sorbed on colloidal matter is retained. 
Only a minor fraction was found to be mobile, espe
cially at high flow rates. 

Groundwater samples have been taken and ana
lysed for content of inorganic colloidal particles. The 
results are being evaluated. 

Humic and fulvic acids are being collected from 
deep groundwaters. A working group has been 
formed at the University of Linkoping. Samples of or
ganic material from groundwater are being analysed 
there. The Humic and fulvic acids are isolated and pu
rified for complexation experiments, see Figure 17-4. 
Such experiments have been conducted in coopera
tion between this group and the French organization 
CEA /17-8/. 

The interaction of iron and calcium ions with fulvic 
acids have been investigated at the University of New 
York in Buffalo and reported /17-9/. 

Microbes in the geosphere are being analysed as a 
part of the Po<_:os de Caldas project, see also Chapter 
21. 

17 .2.3 Sorption and Diffusion 
Experiments with diffusion of radionuclides into rock 
samples have been continued. The elements used are 
strontium, iodine, technetium, americium, neptun
ium and plutonium. The granite samples were taken 
from Finnsjon, Stripa and Studsvik. Notable is an ob
served relatively slow diffusion of anions like iodine 
and pertechnetate - comparable to strontium diffusion 
- and a fast diffusion of cesium. 

Diffusion of the fission products strontium, techne
tium, iodine and cesium and the actinides thorium, 

D No fulv1c acid 

6,, 1 mg/I fulv1c acid 

10 

7 
pH 

10 

Figure 17-4. The influence of fulvic acids from 500 m 
depth from study-site Fjiillveden on the sorption of 
americium on aluminium oxide as a function of pH. 
The ionic strength is held at I= 0.01 with sodium per 
chlorate. 



protactinium, uranium, plutonium and americium in 
compacted bentonite have been studied and reported 
(SKB TR 86-14). The effect of speciation have been 
observed in these experiments i.e. technetium dif
fuses one order of magnitude slower under reducing 
conditions and small relatively mobile fractions of ura
nium, neptunium and plutonium were observed, see 
Table 17-3. 

Experiments on the possibility of using complexa
tion theory to explain the sorption and diffusion of 
radionuclides on minerals have been initiated. 

Table 17-3. Diffusivities of fission elements and actinides in 
bentonite clay. More than one diffusing fraction is observed 
for uranium, neptunium and plutonium. 

Element 

Cs 

Sr 

I 1. 2 

Tc ox 

Tc red 

Th 

Pa 

u 

Np 

Pu 

Am 

17 .2.4 Radiolysis 

Da 
m2 /s 

2.4 

2.0 

to 2.6 

1. 2 

8. 4 

:, 7.7 

6. 2 

6. 4 

3. 7 

:, 1.9 

1. 3 

10-12 

10-ll 

10-12 

10-12 

10-14 

10-15 

10-13 

o-13 

10- 13 

10-15 

10-14 

3.4 10- 12 

1.2 10-ll 

3.2 10- 12 

The production of hydrogen in alfa-irradiated com
pacted water saturated bentonite clay has been deter
mined experimentally and compared with the theo
retical calculations using a homogeneous reaction 
model for the radiolysis. A fair agreement was ob
tained (SKB TR 86-04). Experiments with uranium is 
reported in Chapter 12. 

17 .2.S Concrete 
Radionuclide chemistry in concrete and the conse
quences on nearfield chemistry of using concrete is 
being studied at the Chalmers University in Gothen
burg. This work has temporarily been directed to the 
safety assessment of the SFR facility and the WP-cave 
concept, see Chapter 11. A continued and increasing 
general interest in this area is foreseen. 

17.3 CHEMICAL TRANSPORT 
There are indications from recent field investigations 
and laboratory experiments that flow in fractured cry
stalline rock may at least partly occur in channels. A 
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Figure 17-5. Calculated depletion/penetration profiles 
in concrete after 100 years of contact with bentonite. 
The computations are done with the CHEMTRN code 
on a CRAY-I computer. 

theoretical treatment of radionuclide transport re
stricted to channels - including sorption and diffusion 
into the open micropore system to the rock - has been 
reported (SKB TR 86-13). 

Transport modelling has been temporarily concen
trated to the safety assessment of the--SFR-facility and 
the WP-cave concept. Notable is the modelling of po
tential gas transport in SFR and the chemical interac
tion bentonite-concrete. The last has been achieved 
with coupled models geochemistry-transport. The 
computer code CHEMTRN, developed at Lawrence 
Berkeley Laboratories in USA have been used for this 
purpose. Simpler models have also been tested. An 
example of the results of such a computation is given 
in Figure 17-5. 

17.4 VALIDATION OF 
TRANSPORT MODELS 

17 .4.1 Laboratory Experiments 
Open fractures in granitic rock have been identified, 
overcored by drilling and brought into the laboratory. 
The direction of the drilling is chosen so that the frac
ture runs parallel with the core axis. These isolated 
fractures are then used for laboratory experiments of 
water flow and radionuclide transport. Tests have 
been made to vary the external pressure on the stone 
and to simulate natural reducing groundwater condi
tions. The flow tests are carried out in cooperation 
with specialists at Lawrence Berkeley Laboratories, 
USA. 

Natural reducing conditions have been successfully 
simulated in a closed laboratory system with ground
water and pieces of granitic rock. This set-up is being 
used for the validation of uranium reduction and co
precipitation in the near-field. 

17.4.2 In-situ Tests 
In-situ experiments with non-sorbing tracers are being 
performed in the Stripa mine as a part of the interna
tional OECD/NEA project, see Chapter 19. In these 
"3-dimensional migration experiments" a number of 



non-sorbing tracers injected at 9 different locations 
and recovered at the roof and walls of a drift under
neath the injection points. The distances of the injec
tion points are ranging from 10 to 50 m from the drift. 

A small scale migration experiment is also being 
performed in Stripa in a set of 9 vertical, 20 m deep 
boreholes. The migration distances are in the range 
1-2 m. One phase of this test has been reported (SKB 
TR 85-12) and a second phase using macromolecular 
tracers has been initiated. This experiment is entirely 
sponsored by SKB. 

Another series of SKB sponsored in-situ experi
ments in Stripa was started in 1982. The aim was to 
validate the existence of an inter connected micropore 
system in an undisturbed rock mass. All of these ex
periments have now been finished. Two tests have 
been reported (KBS TR 82-08 and 83-39). The last 
test which went on for about 3,5 years is being evaluat
ed by laboratory analyses of drilled out rock samples. 
Penetrations of tracers 30 - 40 cm into the seemingly 
intact rock has been observed. 
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18 SAFETY ASSESSMENT 

18.1 GENERAL 
The future role of performance evaluations and safety 

assessments in the development of a repository for 

spent nuclear fuel in Sweden has been discussed in 

Chapter 6 of the R&D programme 1986 /18- l/. During 

the next few years the main objective will be to use the 

assessment methodology to evaluate available alter

natives for repository or barrier design. The technical 

feasibility, the potential safety effect, the uncertain

ties in the performance predictions and the economic 

characteristics of the alternatives must be assessed in a 

way that will permit comparison between options for 

both site and repository system. 
In order to facilitate this a special group was formed 

late in 1986. It is called SFG ( the integrated perfor

mance group) and has the following tasks: 

- Establish a basis for comparison of various alterna

tives with regard to scenario selection, data quality, 

assessment methodology, conservatism and quality 

assurance. 
- Follow ongoing studies of alternatives and give ad

vice on parameter spans of interest, need for de

tails, need for quality assurance etc. that is caused 

by the requirement that investigated component or 

designs have to be able to function in the boundary 

requirements given by Swedish geology and possi

ble total repository concepts that might be avail
able. 

- Compare the various alternatives for design or safe

ty barriers as a basis for culling and priorities in the 

alternative studies and in the R&D effort. 
- Review the status of knowledge in areas critical for 

repository safety and suggest complementary ac

tions or change in priorities in the R&D effort. 

A main ambition in the comparison of the alterna

tives will be to base the evaluations on probable sce

narios and as realistic data as possible. At present the 

SFG has mainly been interacting with the WP-cave 

studies, see Chapter 11. Future priority areas are an 

assessment of the safety of the KBS-3 concept based 

on expected or most probable performance, and an 

evaluation of the feasibility and safety potential of a 

very deep drillhole disposal concept. 
The development of models and appropriate data 

bases for the performance and safety evaluations is 

made mainly by those working within the research 

areas and is discussed in the corresponding chapters. 

As a tool complementing the deterministic models a 

probabilistic assessment model called PROPER is un

der development. Progress under 1986 is reported be

low. 

71 

18.2 PROBABILISTIC SYSTEMS 
ANALYSIS 

The purpose of PROPER is to provide a tool for as

sessing uncertainties in the results of performance as

sessments by propagation of input parameter uncer

tainties. The numerical method used for that is Monte 

Carlo simulation, see Figure 18-1. Spinoffs from the 

methodology include provisions for making sensitivity 

analyses and linking assessment models selected from 

a library, see Figure 18-2. 
Besides the library of submodels, PROPER con

tains a monitor/driver and a postprocessor for statisti

cal evaluation of the results, see Figure 18-3. 
The efforts made during 1986 has included the sub

models as well as the monitor and the postprocessor. 

The status of the prototype submodel library at the 

end of the year is shown in Table 18-1. All of them are 

at a preliminary stage. The hydrology model FSCF is 

undergoing modifications and has not actually been 

tested within the system. 

Tabel 18-1. Prototype submodels in the PROPER 
library 

B1O40 

FAR30 

[FSCF10 

HYDR81 

NEAR20 

M1 

Biosphere: revised factors from 
KBS-3 calc. 
(Ref KBS TR 86-15) 

Far field transport incl. matrix 
diff. (no chain dee.) 

Hydrology: 2 - D & axisymm.] 
3-D FEM) 

simulates FSCF10. 

Near field transport, stat. diff. 
to cracks with water flow (through 
clay), canister corrosion. 
Single canister, single nucl. 

M2 
I 
I 

..J,, 
I r7 
1 r_J 1 

I r..J L L, t:: ______ _L 

M3 

Figure 18-1. Working procedure of the PROPER code. 

The inputs to a number of submodels linked together 

(here: Ml, M2 & M3) are randomly sampled from dis

tributions. Time series are passed between submodels. 

Output statistics can be obtained as histograms, etc. 
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Time series in Time series out 
Module i 

Figure 18-2. Submodel linkage and communication in 
PROPER. 
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of 
access 
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base 

Figure 18-3. PROPER structure. The monitor drives 
the computations carried out by the submodels. Results 
are evaluated using the postprocessor. 

SKB participates in the NEA Probabilistic Systems 
Assessment Code User Group. In 1986, a benchmark 
study was carried out involving, besides SKB, AECL 
and NUTP in Canada, CSK in Belgium, JRC/Ispra, 
TYO in Finland, UKDOE, AERE and NRPB in the 
UK, and BWIP in the US. The purpose was to put the 
monitors/drivers of the participants' codes to a test. 
Figures 18-4 and 18-5 show typical results from that 
study and specimens of the type of output that can be 
provided by PROPER. 

Further efforts during 1986 has involved develop
ment of numerical routines for use in PROPER and 
testing of the sampling routines, among others. Em
phasis has also been placed on the development of the 
PROPER documentation. 
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Figure 18-4. Output histogram from the PSAC User 
Group Level O Benchmark Study. 
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19 THE STRIPA PROJECT 

19.1 INTRODUCTION 
When the KBS work began in 1976-77, an under
ground research laboratory was established in the dis
used iron ore mine at Stripa, 15 km north of Lindes
berg. The purpose was to study the natural geological 
barrier and to determine different properties of pro
posed engineered barriers in a representative envi
ronment (granitic crystalline bedrock). 

Stripa aroused international interest at an early 
stage by providing a unique opportunity to start field 
tests in good granitic rock at a depth of 350-400 m rela
tively quickly. Swedish-American cooperation was ini
tiated in 1977 in the form of the Swedish-American 
Cooperative Programme (SAC), sponsored by SKB 
and the US DoE. 

The aim of this cooperation was to develop techno
logy for measuring certain properties of the Stripa 
granite, e.g. thermomechanical, geophysical and geo
chemical properties. The results of this programme 
have been published in a large number of reports 
/19-1/. 

The high international class of the Swedish-Ameri
can research and the great interest on the part of the 
OECD member countries in continued research re
sulted in an expanded international cooperation in the 
Stripa Project. It was started in May 1980 as an 
autonomous OECD/NEA project with SKB as the co
ordinating party. Phase 1 was carried out during the 
period 1980-85, followed by Phase 2, which com
menced in 1983 and will be concluded in 1987. The 

150 150 150 

T T T 
I I 
I I I 

20°f-----~----L-~ _ _J 

I l I 
I I I 

N6j Nlj N21 

I I I 
I I Wl I 

20° ,- - -+-- --+-- ----i 
Db H2 I I 

I P1 I 
I I 

Site for I I 
buffer mass test ~j I I 

__j I I 
Ii I 

,~·/-:, I 
'<._ r/ /> I 

\ I / _,,,. ,/') 

c~)~/~/ 
ii 
ii 

/ :.._.-· 

results of the Stripa Programme are being published 
in a Stripa series of Technical Reports. The Annual 
Report of 1985 /19-2/ include a complete listing of the 
Stripa Technical Reports. 

Phase 3 of the program started as of September 1, 
1986 and will be carried out during the period 
1986-1991. Seven countries (Canada, Finland, Japan, 
Sweden, Switzerland, United Kingdom and USA) 
have confirmed their participation in Phase 3. 

19.2 THE PROGRAM FOR PHASE 3 
OF THE STRIPA PROJECT 

Phase 3 of the Stripa Project is a direct continuation 
and is based on the work carried out within Phases 1 
and 2, but new research activities will also be includ
ed. An undisturbed granitic rock volume (approx 125 
m x 125 m x 50 m) will be investigated and Figure 19-1 
gives a schematic illustration of the test area. For this 
rock volume a mathematical model for groundwater 
flow will be developed and later be compared with val
ues measured in the field. 

Previously obtained results show that models which 
treat the rock as a porous medium cannot describe in 
detail the conditions prevailing in a fractured granitic 
rock volume of the size in question. The investigations 
at Stripa have shown that neither is it realistic to de
scribe a fracture as an aperture of constant width be
tween two plane-parallel surfaces. Instead, it appears 
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Figure 19-1. Schematic illustration showing the test site for the investigations of Phase 3. 
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as if the water runs through randomly oriented chan
nels in the fracture. The prevailing hypothesis today 
when it comes to channelling is that water in one chan
nel mixes with water from other channels in an irregu
lar pattern and that there exist zones with stagnant or 
nearly stagnant water where diffusion is the dominant 
transport mechanism. The mathematical model to be 
tested is based on a combined deterministic and statis
tical description of the groundwater flow in a discrete 
fracture pattern in three dimensions. 

Furthermore, Phase 3 includes a continuation of 
the tracer tests from Phase 2 for the purpose of investi
gating the water flow in fractures in greater detail and 
thereby shedding more light on the phenomenon of 
channelling. These tests will be concluded with a 
large-scale tracer test in the aforementioned undis
turbed rock volume. The results of these investiga
tions will also be compared with calculated values. 

The development of advanced measurement meth
ods and instruments for rock investigations will con
tinue also during Phase 3. The work pertains to a high 
-resolution and direction-sensing borehole radar and 
to an improved technology for high-resolution seis
mics in boreholes. 

A new research field in Phase 3 is techniques for 
measuring the hydraulic length and width of fractures. 
These measurements are intended to complement the 
fracture mapping that is being carried out in connec
tion with the excavation of a tunnel through the test 
site. This information is important for the modelling 
of the flow of water in the rock and the optimization of 
the technical design. 

Of importance for the technical design of the final 
repository is also the use of sealing materials to limit 
or prevent the migration of radionuclides from the re
pository. Phase 3 includes an extensive research effort 
in this area. Among other things, the properties of dif
ferent materials for injection grouting of rock will be 
studied. A large-scale grouting test has been dis
cussed. Of particular importance is long-term stability 
in the expected environment around a final reposi
tory. 

Results of Phase 3 work will be reported in the 
Stripa report series. 

19.3 RESULTS OF PHASE 2 
Research has been conducted within the following 
four main areas: 

- Geohydrological investigations of the Stripa granite 
and migration tests with nuclides in simple and 
complex fracture systems, 

- Chemical investigations of the groundwater in the 
Stripa granite, 

- Technique for detecting and characterizing fracture 
systems in granite, 

- Study of bentonite clay for use as a backfilling and 
sealing material in a fractured bedrock. 

The results obtained are presented in quarterly, in
ternal and technical reports. 
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Some initial conclusions from the work within 
Phase 2 and findings made during 1986 are presented 
below. 

19.3.1 Crosshole Techniques for the Detecm 
tion and Characterization of Fracture 
Zones 

The purpose of this investigation is to develop cross
hole electromagnetic (radar), seismic, and hydraulic 
methods for bedrock investigation which may deter
mine the location, extent, thickness and physical 
properties of fracture zones. For each of these meth
ods new equipment has been developed, field tests 
have been performed, interpretation techniques have 
been developed and tested on the obtained data. Most 
of the field tests have been performed at a specially 
prepared test site in the Stripa Mine named the Cross
hole Site. 

The field work and the associated data collection to 
be performed within this investigation program was 
completed early 1986. The efforts during 1986 have 
concentrated on the analysis and reporting of the ob
tained results. 

Radar 
A new borehole radar system was designed during the 
first stage of the Crosshole program. The radar system 
is a short pulse system operating in the frequency 
range 20 to 60 MHz. The system consists of borehole 
transmitter and receiver probes which are connected 
to a signal control unit by optical fibers. The signal 
control unit is used for communication with the bore
hole probes and for control of the measurement. A 
field computer unit is used for display on a colour 
screen, storage, processing and printout of the record
ed data. The borehole radar system is designed to be 
used both in singlehole and crosshole measurements. 

In the singlehole reflection measurements fracture 
zones have been observed at distances of 115 m from 
the borehole at a frequency of 22 MHz. An example 
of a radar reflection map is shown in Figure 19-2. If 
the frequency is increased to 60 MHz the range is 
roughly halved but the resolution is considerably in
creased. 

Reflections are also observed in crosshole measure
ments. The reflection geometry is different compared 
to the singlehole measurements and the data have to 
be analysed in a different fashion. A new technique 
has been developed for analysis of crosshole reflection 
data which in principle allows the orientation of a frac
ture plane to be determined uniquely if the boreholes 
are not in the same plane. If the holes are in the same 
plane there appears an ambiguity between two possi
ble orientations. 

In crosshole measurements the travel time and the 
amplitude of the first arrival have been determined. 
Tomographic inversion has then been made using 
both travel times and amplitudes. The measurements 
were made in such a way as to provide an even distri
bution of rays in the plane between two boreholes and 
a high ray density. Six tomographic sections were mea
sured, each containing almost 1300 rays. 
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Figure 19-2. Radar reflection map from the borehole VJ measured with a center frequency of 22 MHz. 

The travel time and the amplitude of the first arrival 
have been extracted by an automatic procedure. The 
data have been converted to residual travel and ampli
tudes after integration with borehole coordinate in
formation. The outcome of a tomographic inversion 
has turned out to be sensitive to errors in the input 
data, e.g. coordinate errors and offset errors. Proce
dures have been developed to identify such errors and 
correct for them. 

Crosshole seismics 
A substantial part of the program has been devoted to 
the development of theories of tomographic analysis. 
Theoretical proofs of uniqueness have been found, 
showing that with ideal data sets the crosshole method 
can indeed provide an unambiguous picture of the 
area under study. 

The tomographic analysis is very intensive compu
tationally unless special care is taken. A substantial 
part of the work during the project has been the devel
opment of new fast numerical algorithms for tomo
graphic inversion. A twenty-fold increase in the rate 
of convergence has been obtained. With the new com
puter programs it is now possible to analyse a large 
data set in half an hour on a mini computer. 

The tomographic technique has been found to be 
very sensitive to noise in the input data. Especially, 
the position of the boreholes and the travel times have 
to be determined with great accuracy. The computer 
programs have been adapted for identification of dif
ferent types of errors and for corrections of them. 
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Hydraulics 
The hydraulics testing programme was completed in 
January 1986. Since that time, effort has concentrated 
on the analysis and interpretation of the crosshole sin
usoidal testing and the steady state head data. The hy
draulics programme incorporates two novel features, 
namely the use of automatic testing equipment and 
the employment of a form of testing known as sinusoi
dal pressure tests. 

The sinusoidal pressure tests consists of creating a 
sinusoidally varying flow or pressure in a source zone 
and monitoring a number of receiver zones for the ap
pearance of the signal. The hydrogeological proper
ties of the rock between the source and receiver zones 
are derived from the attenuation of the peak ampli
tude and the lag of the signal at the receiver compared 
to that at the source. Tests can be carried out at a var
iety of frequencies and detailed information derived 
concerning the properties of the intervening rock. 

19.3.2 Three-Dimensional Migration 
Experiment 

Since the object is to study migration flow paths over 
distances up to 50 m, the effects of adjacent hydraulic 
sinks such as drifts and boreholes can be large. Due to 
this, the test site was excavated in an "undisturbed" · 
but geologically well known part of the mine. 

The upper part of the test site has been covered 
with plastic sheets, each sheet with an area of ~2 m2 • 



A total number of about 350 sheets serves as sam
pling areas for water emerging in the upper part of the 
test site. This sampling arrangement completely 
covers an area of ~700 m2 • When sampling over an 
area and not just at distinct points, the spatial distri
bution of water flow paths can be obtained. The lay
out of the test site as a cross increases the resolution of 
the three-dimensional distribution of the tracers in 
that part of the test site. 

Water inflow monitoring started directly after the 
covering of the upper part of the test site. A compila
tion of the results is given in Figure 19-3. From Figure 
19-3 it can be clearly seen that water does not flow 
uniformly in the rock over the scale considered ( ~ 700 
m2), but seems to be localized to wet areas with large 
dry areas in between. Measurable amounts of water 
emerge into just one third of the 350 sampling areas. 
10 % of these "wet" sampling areas give more than 50 
% of the total water inflow. The total measured water 
inflow rate was ~700 ml/h. 

From the test site which has a total length of 100 m, 
three vertical holes (length 70 m) were drilled. Within 
these three holes, 9 different injection zones (each 2.5 
m in length) were located. The location of the injec
tion zones within the holes were based on the results 
from inflow measurements over 2 m sections as well as 
radar measurements. The space between the injection 
zones were sealed off with compacted bentonite. 

In the injection zones tracers were continuously in
jected during 20 months using a small over-pressure. 
The total injection inflow rates were~ 10 % of the to
tal water inflow rate into the upper part of the test 
site. 
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Figure 19-3. Water inflow rates into the upper part of 
the drift. 
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Before injection, all 11 tracers were tested in the 
laboratory and found to be stable with time and 
"non-sorbing" on crushed granite as well as on the 
materials used in the equipment. Of these 11 tracers, 
all conservative, 7 were dyes, 3 were salts and the last 
one was a large molecular weight tracer. The 7 dyes 
were selected based on tests of~ 100 different dyes. 

Of the 11 injected tracers, 7 have reached test site 
within the time of the experiment. Out of 145 water 
bearing sampling areas, tracers have emerged in ~60. 
The tracers injected close to the right arm of the cross, 
which is the wettest area in the test site, did not appear 
there, but emerged 30 m away, in the middle part of 
the long drift, see Figure 19-4. In some sampling 
sheets in this part of the test site, all 7 tracers appear. 
The first appearance of tracers was after 3 weeks. The 
last of the 7 tracers to appear (Duasyn) emerged after 
about 20 months. This appearance coincided with the 
work done ( excavations and drillings) in preparation 
for the Stripa Project Phase 3. 

The obtained breakthrough curves are evaluated 
using the Advection-Dispersion-Matrix diffusion 
model, which gives the mean residence time, Pe-num
ber (Longitudinal dispersion), interaction with the 
rock matrix (diffusion into the porous matrix) and the 
dilution factor. 

19.3.3 Borehole, Shaft and Tunnel 
Sealing Test 

The field activities were finished in 1986, the last part 
being the excavation of the tunnel plug for compre
hensive clay sampling. This gave a true picture of the 
distribution of absorbed water in the bentonite clay 
and of the clay/rock interaction, by which the sealing 
function of the plug became fully understood. 

All three tests, i.e. the borehole, shaft, and tunnel 
sealing tests were evaluated and reported in the 
course of 1986, a brief summary being given in the 
subsequent text. 

The general objective of the tests was to investigate 
the sealing power of highly compacted sodium ben
tonite. The clay was applied in the form of dense 
blocks of compacted commercial MX-80 powder, the 
major item being to measure how fast the clay ab
sorbed water and swelled to form tight plugs. 
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Figure 19-4. Tracer distribution. 



Borehole plugging test 
The Borehole Plugging Experiment comprised three 
field tests, in which the function and practicality in 
handling and application of such plugs were tested un
der real conditions. The design principle was that cy
lindrical blocks of compacted clay powder were con
tained in perforated casings of copper. After insertion 
in the boreholes, which were water-filled from the 
start, the clay was expected to absorb water and swell 
out through the perforation. Laboratory tests and pi
lot field tests had indicated that the expansion of the 
clay leads to complete embedding of the casing if 
there is sufficient access to water. The main purpose of 
the field tests was to investigate the rate and uniform
ity of the water uptake. 

The plugging of a 100 m long, 56 mm diameter, al
most horizontal borehole demonstrated the practical
ity of this plugging technique also in very long holes 
and this test also showed that the maturation of the 
plugs was sufficiently fast to resist piping or distortion 
by high hydraulic gradients already after about one 
week. The uniformity of the water content of a recov
ered section was determined after about 2,5 years and 
it was found to be very high. The clay was completely 
water saturated despite the large variation in fracture 
frequency of the rock, which indicates that water had 
passed through frequent fine fissures in the confining 
rock, leading to uniform uptake over the entire clay/ 
rock interface. 

Tunnel plugging test 
The test arrangement consisted of a 9 m long and 1.5 
m diameter steel tube, surrounded by sand and cast in 
concrete plugs at each end. These plugs contained 
bentonite blocks arranged in the form of "O-ring" 
sealings at the rock/concrete interface. The test ar
rangement is illustrated in Figure 19-5. This simulated 
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Figure 19-5. General view of the test arrangement with 
the central steel casing and tie-rods passing through the 
concrete plugs with bentonite sealings (B) at the ends 
and the sand-filled chamber. The latter simulated a 
richly water-bearing rock zone. 
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a temporary sealing of a water-bearing rock zone pen
etrated by a repository tunnel, allowing for transports 
through the plug construction while minimizing the 
water inflow into the tunnel. The water pressure in the 
sand fill was raised to 3 MPa in the course of the test 
and the associated inflow and leakage were accurately 
measured by flow meters and by collecting water that 
leaked from the plug. The swelling pressure exerted 
on the rock and on the sand by the expanding benton
ite was measured by Gloetzl cells, and the deforma
tion and displacement of the plug components record
ed by use of extensometers. 

The predicted outflow from the sand-filled injec
tion chamber was about 1000 I/hour if no bentonite 
sealings had been applied, and 60-600 I/hour at 3 MPa 
water pressure at the end of the test with the tested, 
bentonite-equipped plug construction. 

The actual leakage turned out to be about 200 
I/hour at 100 kPa water pressure early in the test but it 
dropped successively in the course of the test and be
came 75 I/hour at 3 MPa pressure at the end of the 
about 20 months long test. During the 3 MPa pressure 
period, which lasted for about 10 months, the leakage 
dropped from about 200 I/hours to 75 I/hours and this 
very significant reduction was found to be caused by 
three effects. The major one was the establishment of 
a very tight contact between the rock and the benton
ite, while the flow-reducing influence of the swelling 
pressure on certain rock fractures and the penetration 
of bentonite into certain wider fractures were less im
portant but still of some significance. 

It was expected that some erosion of the bentonite 
would take place in the early part of the test when the 
flow rate of leaking water along the rock/clay contact 
was very high. No such effect appeared, however. The 
physical stability of the bentonite and its excellent 
sealing efficiency over long periods of time were 
thereby demonstrated. 



20 JSS-PROJECT 

The studies of waste glass are performed entirely with

in the JSS-Project. (A joint project between SKB, 

NAG RA, Switzerland and CRIEPI, Japan.) The 

JSS-Project has been subdivided into five phases, 

where the bulk of the experimental data were collect

ed in phases I-III and phases IV-V dealt more specifi

cally with modelling of the interactions in the system 

glass/bentonite/water/steel corrosion products. The 

ultimate objective of the JSS-Project will be to model 

the waste glass performance for conceptual repository 

in order to evaluate the potential significance of the 

model in the frame of future safety analyses. 
The Phase III of the project has been completed 

and reported /20-1/. The Phase III contained studies 

of the interactions between glass and flowing solu

tions. It was found that the observed solution concen

trations, showing a maximum after a few weeks and 

thereafter decreasing to steady state values, could be 

explained assuming a silica transport control in the 

leached surface layer of the glass. A comparison be

tween experimental and theoretical results are shown 

in Figure 20-1. 
During 1986, Phase IV of the project was complet

ed. Phase IV involved the development of a predictive 

model for glass dissolution under repository condi

tions. The mechanism of glass dissolution is interpret

ed with help of reversible and irreversible thermody

namics and with transition state theory. As a function 

of glass and solution composition and environmental 

parameters such as temperature, pH, solution vol

ume, glass surface area, and solution flow rate, an 

overall model has been developed, which describes 

glass network dissolution, formation of solid reaction 

products, changes in solution chemistry, silica satura

tion and the formation of surface layers as potential 

transport barriers. 
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Figure 20-1. Boron concentration versus time for dy

namic leaching of simulated high level waste glass. 
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A final Phase V of the project has been started. In 

this last phase of the project, more accurate date for 

the long-term corrosion rate will be measured. Stud

ies will also be performed, aiming at model validation 

with the help of more detailed information to be de

rived from naturally altered basalt glasses. 



21 NATURAL ANALOGUE STUDIES 

21.1 THE PO(;OS DE CALDAS 
PROJECT 

Two sites in the Po~os de Caldas district in Minas Ger
ais, Brazil are being investigated within the frame of 
the project; The large thorium deposit in Morro do 
Ferro and the Osamu Utsumi uranium mine, C-09, 
see Figure 21-1. 

Sweden (SKB), Great Britain (UK DOE), Switzer
land (NAGRA) and Brazil (Rio de Janeiro Univer
sity, CNEN and NUCLEBRAS) are participating in 
the project. US DoE has declared its intent to join the 
project. The project is managed by SKB. 

The natural analogue studies are divided into two 
subprojects: 

1. To evaluate the transport and speciation of natural 
radionuclides and rare-earth elements in a fissure 
flow system in crystalline rock under both oxidis
ing and reducing conditions. 

2. To study colloid formation and mobility in natural 
groundwaters and the role of colloids in radionu
clide transport. 

The most important goals of the subprojects are 

as follows: 

1 - Validate equilibrium models for different wa
termineral systems. 

- Understand the mechanisms for the dissolu
tion and precipitation of uranium and other 
elements around the redox front. 

_r 

- Understand the mechanisms for the dissolu
tion and precipitation of uranium and other 
elements around the redox front. 

- Compare retention factors from in-situ mea
surements with laboratory values. 

- Determine the occurrence and extent of diffu
sion in microfractures in the rock. 

- Determine the influence of microbes and mi
crobial processes on radionuclide migration. 

2 - Characterize and determine the concentration 
of natural colloids and organic complexes in 
the groundwater. 

- Determine the fraction of thorium, radium and 
rare-earth metals that are transported in the 
form of colloids and organic complexes. 

The introductory phase started in May 1986 with 
drilling and sampling of minerals and groundwater in 
the Osamu Utsumi mine /21-1/ see Figure 21-2 and 
21-3. The first year of the project is primarily being 
devoted to a preparatory investigation including drill
ing, sampling and analyses of the most important sam
ples. Drilling and sampling has also been started in 
Morro do Ferro /21-2/. 
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Figure 21-1. Map showing location of Poros de Caldas and Morro do Ferro, Brazil. 
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Figure 21-2. Drilling operation in the uranium mine C-09. 

Figure 21-3. Sampling of surface water in the uranium 
mine C-09. 
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22 DOCUMENTATION 

The results obtained in the R&D-programme of SKB 

are documented at different levels: 

- in reports requested by law and submitted to the 

Swedish Government or its authorities such as 

KBS-3, Plan 86 and the R&D-programme 86, 
- in the series of SKB technical reports, 
- in internal SKB working reports, 
- in contributions to scientific journals, symposia and 

conferences in different subject areas, 
- in technical memos and notes. 

Further, the bulk of basic data from geological site

characterization activities, spent fuel studies etc. are 

collected and stored in a data base system at SKB. 

22.1 TECHNICAL REPORTS 
SKB Technical Reports and many main reports like 
for instance the KBS-3 report are written in English. 

They are given a broad distribution to the scientific 

community in the nuclear waste field in order to get 

feedback to the program by the comments, discus

sions and contacts between specialists that they may 

give rise to. They are also used as means for the infor

mation exchange agreed upon in bilateral information 

exchange agreements. SKB Technical reports are 

filed as microfish at IAEA in Vienna and available 

through them. A complete list of all Technical reports 

published in 1986 is given in Appendix 4. Part IV in

cludes summaries of the 1986 Technical Reports. 

22.2 SKB DATA BASE SYSTEM 
The large amount of data generated from the geologi

cal site investigations and from the laboratory experi

ments has to be administered in a systematic way. To 

this end a computerized data base is under develop

ment at SKB. The objectives are to: 

- accomplish a centralized storage of data directly 

connected to SKB, which has the overall program 

responsibility, 
- promote quality assurance and long-term retrieva

bility of data, 
- collect and structure data sets in a common data 

base, that is readily available to the scientists doing 

R&D and assessment work for SKB, 
- provide a tool for making statistical analyses of 

data, 
- provide tools for graphical presentation of data. 
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The hardware of the system is a VAX-11/750 com

puter. A flexible system for loading, storing and re

trieving data has been developed based on a relational 

data base system called MIMER. The data are orga

nized in separate data sets on geology, geophysics, hy

drogeology and groundwater chemistry. For each of 
these areas the data generation and the data flow are 

being analyzed in detail to determine how, at what 

stage and with what quality control procedures data 

should be stored. The system is now partly in oper

ation but a lot of data will still be transferred to the 

system during 1987. 
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Temporary and permanent storages in the Swedish sys
tem for directly disposal of spent nuclear fuel 
Bjurstrom; S., ENC 86, Geneve, Switzerland, 
June 1-6, 1986. 

The Swedish programme for radioactive waste man
agement 
Bjurstrom; S. and Forsstrom; H., SKB 
World Energy Conference, Cannes, October 1986. 

Experience from operation of the Swedish Central 
Intermediate Storage Facility 
Brundin; B. and Vogt; J. 
IAEA technical committee meeting on "Behaviour of 
spent fuel assemblies and storage equipment under 
long-term wet storage conditions", 
Leningrad, USSR, 26-30 May, 1986. 

The determination of the solubility of amorphous 
U02(s) and the monomolecular hydrolysis constants of 
uranium(IV) at 25°C 
Bruno; J., Casas; I., Lagerman; B. and Munoz; M. 
The Scientific Basis for Nuclear Waste Manage
ment-X, eds.: Seefeldt; W. B. and Bates; J. K., The 
Materials Research Society, (In print) 

Tunnelling of the Swedish undersea repository for low
and intermediate reactor waste 
Carlsson; A. and Hedman; T., SKB 
Tunnelling and Underground Space Technology, 
Vol. 1 1986, Pergamon Press. 

Rock stresses and geological structures in the Fors
mark area 
Carlsson; A. and Christiansson; R. 
International Symposium on Rock Stress and Rock 
Stress Measurements, Stockholm, September 1-3 
1986. 
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Recent achievements of the Nuclear Energy Agency In
ternational Stripa Project on in-situ experiments for 
the disposal of radioactive waste in granite 
Carlsson; H. S., SKB and Carlyle; S. G., NEA 
ENC'86, Geneva, Switzerland, June 1-6, 1986. 

Introduction and summary of natural analogue work
shop 
Chapman; N.A. and Smellie; J.A.T. 
Chem. Geol. 55, 167-173, 1986 

Radiation induced dissolution of U02 
Christensen; H. and Bjergbakke; E. 
The Scientific Basis for Nuclear Waste Manage
ment-X, eds.: Seefeldt; W. B. and Bates; J. K., The 
Materials Research Society, (In print) 

Application of CHEMSIMUL for groundwater radio
lysis 
Christensen; H. and Bjergbakke; E. 
Nuclear and Chemical Waste Management 6, 265-
270, 1986. 

Progress of the Swedish radioactive waste management 
program 
Forsstrom; H. G., SKB 
CNS second int. conf. on radioactive waste mange
ment, Winnipeg, Manitoba, September 7-11, 1986. 

Progress in Swedish spent fuel and radioactive waste 
mangement program 
Forsstrom; H., SKB 
World Nuclear Fuel Market 13th annual meeting and 
int. conf. on Nuclear Energy, Brugge, Belgium, Octo
ber 19-21, 1986. 

The corrosion of spent U02 fuel in synthetic ground
water 
Forsyth; R. S., Werme; L. 0. and Bruno; J. 
J. Nucl. Mat. 138, 1986, 1 

Modelling of the effects of iron corrosion products on 
nuclear waste glass performance 
Grambow; B., Zwicky; H. U., Bart; G., Bjorner; I. 
K. and Werme, L. 0. 
The Scientific Basis for Nuclear Waste Manage
ment-X, eds.: Seefeldt; W. B. and Bates; J. K., The 
Materials Research Society, 1987, (In print) 

Reaction of nuclear waste glass with slowly flowing 
solutions 
Grambow; B., Hermansson; H-P., Bjorner; I-K., 
Christensen; H. and Werme; L. 
Advances in Ceramics, Vol. 20: Nuclear Waste Man
agement II, eds.: Clark; D. E. and Machiels; A. J., 
The American Ceramic Society, (In print) 



The realization of the central interim storage facility 
for spent nuclear fuel, CLAB, in Sweden 
Gustavsson; B., SKB, Jansson; 0., ASEA-ATOM 
and Chevrier; G., SGN - France 
ENC '86, Geneva, Switzerland, June 1-6, 1986. 

Packaging and transportation of radioactive materials 
Gustavsson; B. and Ekendahl; A., SKB 
PATRAM '86 International symposium on the pack
aging and transportation of radioactive materials, 
Davos, June 16-20, 1986. 

The Swedish final repository for reactor waste (SFR) 
Hedman; T. and Aronsson; I. 
IAEA International Symposium 
Hannover, FRG 3-7 March 1986 

Migration of trace elements through water exposed 
surfaces of crystalline rocks 
Ittner; T., Allard; B. and Torstenfelt; B. 
5th International Symposium on Water-Rock Interac
tion, Reykjavik, Iceland, 15. Aug, 1986 

Role, status and development of performance assess
ment in the Swedish nuclear waste management pro
gram 
Kjellbert; N. A., Papp; T. and Thegerstrom; C., SKB 
IAEA, Hannover, March 3-7, 1986. 

Some highlights on the isotope geochemistry studies 
within the Swedish research program on radioactive 
waste disposal 
Karlsson; F., SKB and Wik berg; P., Royal Institute of 
Technology 
Conf. on Isotope Geochemistry of Groundwater and 
Fracture Material in Plutonic Rock, Mont Ste Marie, 
Quebec, Canada, October 1-3, 1986. 

Experience on the use of isotope techniques in frac
tured rocks - The Swedish program on radioactive dis
posal 
Karlsson; F., SKB 
IAEA - adv. group meeting on "The application of 
isotope techniques in the study of the hydro geology of 
fractured fissured rocks", Vienna, November 17-21, 
1986. 

A silo in bedrock for nuclear waste 
Larsson; H. and Christiansson; R. 
Large rock caverns, International Symposium, Hel
sinki, Finland, August 25-28, 1986. 

SIMS analysis of leached layers formed on SRL glasses 
during burial 
Lodding; A. R., Engstrom; E. U., Clark; D. E., 
Werme; L. 0. and Wicks; G. G. 
Advances in Ceramics, Vol. 20: Nuclear Waste Man
agement II, eds.: Clark; D. E. and Machiels; A. J., 
The American Ceramic Society, (In print) 
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An approach for evaluating the general and localized 
corrosion of carbon steel containers for nuclear waste 
disposal 
Marsh; G. P., Taylor; K. J., Sharland; S. M. and 
Tasker; P.W. 
The Scientific Basis for Nuclear Waste Manage
ment-X, eds.: Seefeldt; W. B. and Bates; J. K .. The 
Materials Research Society, 1987, (In print) 

Contaminant transport through a fractured porous 
rock. - Impact of the inlet boundary condition on the 
concentration profile in the rock matrix 
Moreno; L. and Rasmuson; A., Royal Institute of 
Technology, Sweden 
Water Resour. Res. 22, (1986), 1728-1730 

Radionuclide transport - data collection and validation 
tests 
N eretnieks; I., Royal Institute of Technology, Sweden 
IAEA symposium on the Siting, Design and Con
struction of Underground Repositories for Radio
active Waste, Hannover, March 3-7, 1986 

Field experiments in Stripa on flow and tracer trans
port 
Neretnieks; I., Royal Institute of Technology, Sweden 
Universite de Neuchatel, March 19, 1986 

Some uses of analogues for safety analysis 
Neretnieks; I., Royal Institute of Technology, Sweden 
CEC Natural Analogue Working Group, 2nd Meet
ing, June 1986 

Use of sorption data in safety assessment models 
Neretnieks; I., Royal Institute of Technology, Sweden 
OECD/NEA Workshop on the use of !SIRS, Paris, 
June 24-25, 1986 

Geological disposal of LL W in Sweden 
Nilsson; L.-B. and Hedman; T., SKB 
Int. symposium on alternative low-level waste tech
nologies organized by Illinois Department of Nuclear 
Safety, Chicago, February, 1986 

The role of the canister in a system for the final dispos
al of spent fuel or high-level waste 
Papp; T., SKB 
Phil. Trans. R. Soc., London A319, (1986), 39-47 

Bentonite-based isolation of waste products 
Pusch; R., University of Technical and Natural Sci
ences, Lund 
Proc. Nordic Symp. Clay Minerals - Modern Society, 
Uppsala, Sweden, 1985 

Settlement of clay-enveloped radioactive canisters 
Pusch; R., University of Technical and Natural Sci
ences, Lund 
Applied Clay Science, No 1, 1986 



Fiiltforsok med bentonit som isolering av varma kaps
lar med hogaktivt avfall 
Pusch; R., University of Technical and Natural Sci
ences, Lund Vag- och Vattenbyggaren, No 3, 1986 

Radionuclide migration by water flow and diffusion 
through smectite barriers 
Pusch; R., University of Technical and Natural Sci
ences, Lund 
Proc. Workshop on Mathematical Modelling for Ra
dioactive Waste Products, Madrid, 1986, (In print) 

Permanent crystal lattice contraction - A primary 
mechanism in thermally induced alteration of Na-ben
tonite 
Pusch; R., University of Technical and Natural Sci
ences, Lund 
Proc. Material Research Society, Fall Meeting, Bos
ton, 1986, (In print) 

Identification of Na-smectite hydration by use of 
"Humid Cell" high voltage microscopy 
Pusch; R., University of Technical and Natural Sci
ences, Lund 
Applied Clay Science, 1987, (In print) 

Radionuclide migration in strongly fissured zones -
The sensitivity to some assumptions and parameters 
Rasmuson; A. and Neretnieks; I., Royal Institute of 
Technology, Sweden 
Water Resour. Res. 22, (1986), 559-569 

Radionuclide transport in fast channels in crystalline 
rock 
Rasmuson; A. and Neretnieks; I., Royal Institute of 
Technology, Sweden 
Water Resour. Res. 22, (1986), 1247-1256 

Can high power electron beam welding encapsulate nu
clear waste for 100,000 years? 
Sanderson; A. and Werme; L. 0. 
Presented at First International Conference on Power 
Beam Technology, Brighton 10-12 September 1986 
The Welding Institute 

Porosities and diffusivities of some nonsorbing species 
in crystalline rocks 
Skagius; K. and Neretnieks; I., Royal Institute of 
Technology, Sweden 
Water Resour. Res. 22, (1986), 389-398 

Diffusivity measurements and electrical resistivity 
measurements in rock samples under mechanical 
stress 
Skagius; K. and Neretnieks; I., Royal Institute of 
Technology, Sweden 
Water Resour. Res. 22, (1986), 570-580 
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An analogue study of natural radionuclide migration 
in crystalline rocks using uranium-series disequilibri
um studies 
Smellie; J.A.T., MacKenzie; A.B. and Scott; R.D. 
Chem. Geol., 55, (1986), 233-254 

The Poc;os de Caldas Project 
Smellie; J.A.T., SGAB 
Natural Analogue Working Group (NAEG), Second 
Meeting, June, 1986, Interlaken, Switzerland 

The influence of recharge water on fissure filling min
erals from Klipperas, Southern Sweden 
Tullborg; E-L., and Larsson; S-A. 
Water Rock Interaction, no 5, Iceland, Aug. 1986 
Published in extended abstracts - proceedings Inter
national Association of Geochemistry and Cosmo
Chemistry 

C-14 analyses of fracture filling calcite in order to 
unveil groundwater circulation 
Tullborg; E-L. 
Conference on isotope geochemistry of groundwater 
and fracture material in plutonic rock 
Canada, Oct. 1986 
Abstract will be published in Applied Geochemistry 
during 1987 

Development and validation of models for waste pack
age long-term performance; current tends 
Werme; L. 0. and Grambow; B. 
The Scientific Basis for Nuclear Waste Manage
ment-X, eds.: Seefeldt; W. B., and Bates; J. K., The 
Materials Research Society, 1987, (In print) 

Method and instrument needs for detailed site charac
terization for a repository for spent nuclear fuel in 
Sweden 
Ahagen; H., Heiner; A. and Ahlborn; K. 
Proceedings of a Symposium on the siting, design and 
construction of underground repositories for radioac
tive wastes, Hannover, March 3-7, 1986, IAEA 
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LIST OF SKB ANNUAL REPORTS 1977 - 1985 

In order to have the full reports available to all 

interested persons, they have been filed as mi

crofish at 
INIS CLEARINGHOUSE 
International Atomic Energy Agency 
PO Box 100 
A-1400 VIENNA, AUSTRIA 

Summaries of Technical Reports from 1977 to 1985 

are found in the following documents: 

1977-78 
TR 121 
KBS Technical Reports 1-120. 
Summaries. Stockholm, May 1979. 

1979 
TR 79-28 
The KBS Annual Report 1979. 
KBS Technical Reports 79-01-79-27. 

Summaries. Stockholm, March 1980. 

1980 
TR 80-26 
The KBS Annual Report 1980. 
KBS Technical Reports 80-01-80-25. 

Summaries. Stockholm, March 1981. 

1981 
TR 81-17 
The KBS Annual Report 1981. 
KBS Technical Reports 81-01-81-16. 

Summaries. Stockholm, April 1982. 

1982 
TR 82-28 
The KBS Annual Report 1982. 
KBS Technical Reports 82-01-82-27. 

Summaries. Stockholm, July 1983. 

1983 
TR 83-77 
The KBS Annual Report 1983. 
KBS Technical Reports 83-01-83-76. 

Summaries. Stockholm, June 1984. 

1984 
TR 85-01 
Annual Research and Development Report 1984. 

SKB Technical Reports 84-01-84-19. 

Summaries. Stockholm, June 1984. 

1985 
TR 85-20 
SKB Annual Report 1985 
Including Summaries of Technical Reports 
Issued during 1985, Stockholm, May 1986. 
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Appendix 4 

LIST OF SKB TECHNICAL REPORTS 1986 

In order to have the full reports available to all 

interested persons, they have been filed as mi

crofish at 
INIS CLEARINGHOUSE 
International Atomic Energy Agency 
PO Box 100 
A-1400VIENNA, AUSTRIA 

TR 86-01 
I: AN ANALOGUE VALIDATION STUDY OF 

NATURAL RADIONUCLIDE MIGRATION IN 

CRYSTALLINE ROCK USING URANIUM-SER

IES DISEQUILIBRIUM STUDIES 

II: A COMPARISON OF NEUTRON ACTIVATION 

AND ALPHA SPECTROSCOPY ANALYSES OF 

THORIUM IN CRYSTALLINE ROCKS 

AT Smellie, Swedish Geological Co 
ES Scott and A B MacKenzie, Scottish Universities 

Research Reactor Centre 
February 1986 

TR 86-02 
FORMATION AND TRANSPORT OF AMERICIUM 

PSEUDOCOLLOIDS IN AQUEOUS SYSTEMS 

U Olofsson 
Chalmers University of Technology, Gothenburg, 

Sweden 
B Allard 
University of Linkoping, Sweden 
March 26 

TR 86-03 
REDOX CHEMISTRY OF DEEP GROUND

WATERS IN SWEDEN 
D Kirk Nordstrom 
US Geological Survey, Menlo Park, USA 
Ignasi Puigdomenech 
Royal Institute of Technology, Stockholm, Sweden 

April 1, 1986 

TR 86-04 
HYDROGEN PRODUCTION IN ALPHA-IRRA

DIATED BENTONITE 
Trygve Eriksen 
Royal Institute of Technology, Stockholm, Sweden 

Hilbert Christensen 
Studsvik Energiteknik AB, Nykoping, Sweden 

Erling Bjergbakke 
Riso National Laboratory, Roskilde, Denmark 

March 1986 
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TR 86-05 
PRELIMINARY INVESTIGATIONS OF 

FRACTURE ZONES IN THE BRA.NDAN AREA 
.. ' 

FINNSJON STUDY SITE 
Kaj Ahlborn, Peter Andersson, Lennart Ekman, Erik 

Gustafsson, John Smellie, Swedish Geological Co, 

Uppsala 
Eva-Lena Tullborg, Swedish Geological Co, Gote

borg 
February 25, 1986 

TR 86-06 
GEOLOGICAL AND TECTONIC DESCRIPTION 

OF THE KLIPPER-A.-S STUDY SITE 

Andrzej Olkiewicz, Vladislav Stejskal 
Swedish Geological Company, Uppsala 
October 1986 

TR 86-07 
GEOPHYSICAL INVESTIGATIONS AT THE 

KLIPPERA.S STUDY SITE 
Stefan Sehlstedt, Leif Stenberg 
Swedish Geological Company, Lulea 
July 1986 

TR 86-08 
HYDROGEOLOGICAL INVESTIGATIONS AT 

THE KLIPPERA.S STUDY SITE 
Bengt Gentzschein 
Swedish Geological Company, Uppsala 
June 1986 

TR 86-09 
GEOPHYSICAL LABORATORY INVESTIGA

TIONS ON CORE SAMPLES FROM THE 

KLIPPERA.S STUDY SITE 
Leif Stenberg 
Swedish Geological Company, Lulea 
July 1986 

TR 86-10 
FISSURE FILLINGS FROM THE KLIPPERA.S 

STUDY SITE 
Eva-Lena Tullborg 
Swedish Geological Company, Goteborg 
July 1986 

TR 86-11 
HYDRAULIC FRACTURING ROCK STRESS 

MEASUREMENTS IN BOREHOLE Gi-1, GIDEA. 

STUDY SITE, SWEDEN 
Bjarni Bjarnason and Ove Stephansson 
Division of Rock Mechanics, 
Lulea University of Technology, Sweden 
April 1986 



TR 86-12 
PLAN 86 - COST FOR MANAGEMENT OF THE 
RADIOACTIVE WASTE FROM NUCLEAR POW
ER PRODUCTION 
June 1986 (English translation) 

TR 86-13 
RADIONUCLIDE TRANSPORT IN FAST CHAN
NELS IN CRYSTALLINE ROCK 
Anders Rasmuson, Ivars Neretnieks 
Department of Chemical Engineering 
Royal Institute of Technology, Stockholm 
March 1985, Revised February 1986 

TR 86-14 
MIGRATION OF FISSION PRODUCTS AND 
ACTINIDES IN COMPACTED BENTONITE 
Borje Torstenfelt 
Department of Nuclear Chemistry, Chalmers Univer
sity of Technology, Goteborg 
Bert Allard 
Department of water in environment and society, Lin
koping University, Linkoping 
April 24, 1986 

TR 86-15 
BIOSPHERE DATA BASE REVISION 
Ulla Bergstrom, Karin Andersson, Bjorn Sundblad 
Studsvik Energiteknik AB, Nykoping 
December 1985 

TR 86-16 
SITE INVESTIGATION 
EQUIPMENT FOR GEOLOGICAL, GEOPHYSI
CAL, HYDROGEOLOGICAL AND HYDROCHE
MICAL CHARACTERIZATION 
Karl-Erik Almen, SKB, Stockholm 
Olle Andersson, IPA-Konsult AB, Oskarshamn 
Bengt Fridh, Bengt-Erik Johansson, Mikael Sehl
stedt, Swedish Geological Co, Mala 
Erik Gustafsson, Kenth Hansson, Olle Olsson, Swed
ish Geological Co, Uppsala 
Goran Nilsson, Swedish Geological Co, Lulea 
Karin Axelsen, Peter Wikberg, Royal Institute of 
Technology, Stockholm 
November 1986 

TR 86-17 
ANALYSIS OF GROUNDWATER FROM DEEP 
BOREHOLES IN KLIPPERA.S 
S Laurent, Swedish Environmental Research Insti
tute 
September 1986 

TR 86-18 
TECHNOLOGY AND COSTS FOR DECOMMIS
SIONING THE SWEDISH NUCLEAR POWER 
PLANTS 
May 1986 
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TR 86-19 
CORRELATION BETWEEN TECTONIC LINEA
MENTS AND PERMEABILITY VALUES OF CRY
STALLINE BEDROCK IN THE GIDEA. AREA 
Lars O Ericsson, Bo Range, VIAK, Vallingby 
November 1986 

TR 86-20 
A PRELIMINARY STRUCTURAL ANALYSIS OF 
THE PATTERN OF POST-GLACIAL FAULTS IN 
NORTHERN SWEDEN 
Christopher Talbot, Uppsala University 
October 1986 

TR 86-21 
STEADY-STATE FLOW IN A ROCK MASS INTER
SECTED BY PERMEABLE FRACTURE ZONES. 
CALCULATIONS ON CASE 2 WITH THE 
GWHRT-CODE WITHIN LEVEL 1 OF THE HY
DROCOIN PROJECT 
Bjorn Lindbom, KEMAKTA Consultants Co, Stock
holm 
December 1986 

TR 86-22 
DESCRIPTION OF HYDROGEOLOGICAL DATA 
IN SKBs DATABASE GEOTAB 
Bengt Gentzschein, Swedish Geological Co, Uppsala 
December 1986 

TR 86-23 
SETTLEMENT OF CANISTERS WITH SMECTITE 
CLAY ENVELOPES IN DEPOSITION HOLES 
Roland Pusch, Swedish Geological Co, Lund 
December 1986 

TR 86-24 
MIGRATION OF THORIUM, RADIUM AND Cs-137 
IN TILL SOILS AND THEIR UPTAKE IN ORGAN
IC MATTER AND PEAT 
Ove Landstrom, Bjorn Sundblad, Studsvik Energi
teknik AB, Nykoping 
October 1986 

TR 86-25 
ASPECTS OF THE PHYSICAL STATE OF SMECTI
TE-ADSORBED WATER 
Roland Pusch, Ola Karnland, Swedish Geological Co, 
Lund 
December 1986 

TR 86-26 
MODEL SHEAR TESTS OF CANISTERS WITH 
SMECTITE CLAY ENVELOPES IN DEPOSITION 
HOLES 
Lennart Borgesson, Swedish Geological Co, Lund 
December 1986 



TR 86-27 
HYDRAULIC TESTING IN CRYSTALLINE ROCK. 

A COMPARATIVE STUDY OF SINGLE-HOLE 

TEST METHODS 
Karl-Erik Almen*, Jan-Eric Andersson, Leif Carls

son, Kent Hansson, Nils-Ake Larsson 
Swedish Geological Co, Uppsala 
*Since February 1986 with SKB 
December 1986 

TR 86-28 
PRESSURE SOLUTION OF MINERALS IN 

QUARTZ-TYPE BUFFER MATERIALS 
Mikael Erlstrom 
Swedish Geological Co, Lund 
December 1986 

TR 86-29 
QUANTITATIVE ESTIMATES OF SEDIMENTA

TION RATES AND SEDIMENT GROWTH IN TWO 

SWEDISH LAKES 
Sverker Evans 
Studsvik Energiteknik AB, Nykoping 
October 1986 

TR 86-30 
RECIPIENT EVOLUTION - TRANSPORT AND 

DISTRIBUTION OF ELEMENTS IN THE LAKE 

SIBBO-TROBBOFJA.RDEN AREA 
Bjorn Sundblad 
Studsvik Energiteknik AB, Nykoping 
December 1986 
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AUTHORS OF SKB TECHNICAL REPORTS 1986 
IN ALPHABETICAL ORDER 

AUTHORS TECHNICAL REPORT NO 

Ahlborn, Kaj Lindbom, Bjorn 
Swedish Geological Co, Uppsala 05 KEMAKTA Consultants Co, Stockholm 

Allard, B MacKenzie, A B 
University of Linkoping 02, 14 Scottish Universities Research Reactor 

Almen, Karl-Erik Centre 
SKB 16,27 Neretnieks, lvars 

Andersson, Jan-Eric Royal Institute of Technology 
Swedish Geological Co, Uppsala 27 Nilsson, Goran 

Andersson, Karin Swedish Geological Co, Lulea 
Studsvik Energiteknik AB, Nykoping 15 Nordstrom, D Kirk 

Andersson, Olle US Geological Survey, Menlo Park 
IPA-Konsult AB, Oskarshamn 16 Olkiewicz, Andrzej 

Andersson, Peter Swedish Geological Co, Uppsala 
Swedish Geological Co, Uppsala 05 Olofsson, U 

Axelsen, Karin Chalmers University of Technology, 
Royal Institute of Technology 16 Gothenburg 

Bergstrom, Ulla Olsson, Olle 
Studsvik Energiteknik AB, Nykoping 15 Swedish Geological Co, Uppsala 

Bjarnason, Bjarni Puigdomenech, lgnasi 

21 

01 

13 

16 

03 

06 

02 

16 

Lulea University of Technology 11 Royal Institute of Technology, Stockholm 03 
Bjergbakke, Erling Pusch, Roland 

Riso National Laboratory, Roskilde 04 Swedish Geological Co, Lund 23, 25 
Borgesson, Lennart Rasmuson, Anders 

Swedish Geological Co, Lund 26 Royal Institute of Technology 13 
Carlsson, Leif Range, Bo 

Swedish Geological Co, Uppsala 27 VIAK, Viillingby 19 
Christensen, Hilbert Scott, ES 

Studsvik Energiteknik AB, Nykoping 04 Scottish Universities Research Reactor 
Ekman, Lennart Centre 01 

Swedish Geological Co, Uppsala 05 Sehlstedt, Mikael 
Ericsson, Lars 0 Swedish Geological Co, Maia 16 

VIAK, Viillingby 19 Sehlstedt, Stefan 
Eriksen, Trygve Swedish Geological Co, Lulea 07 

Royal Institute of Technology, Stockholm 04 Smellie, JA T 
Edstrom, Mikael Swedish Geological Co, Uppsala 01,05 

Swedish Geological Co, Lund 28 Stejskal, Vladislav 
Evans, Sverker Swedish Geological Co, Uppsala 06 

Studsvik Energiteknik AB, Nykoping 29 Stenberg, Leif 
Fridh, Bengt Swedish Geological Co, Lulea 07,09 

Swedish Geological Co, Maia 16 Stephansson, Ove 
Gentzschein, Bengt Lulea University of Technology 11 

Swedish Geological Co, Uppsala 08,22 Sundblad, Bjorn 
Gustavsson, Erik Studsvik Energiteknik AB, Nykoping 15,24,30 

Swedish Geological Co, Uppsala 05, 16 Talbot, Christopher 
Hansson, Kent Uppsala University 20 

Swedish Geological Co, Uppsala 16,27 Torstenfelt, Borje 
Johansson, Bengt-Erik Chalmers University of Technology, 

Swedish Geological Co, Maia 16 Gothenburg 14 
Larsson, Nils-Ake Tullborg, Eva-Lena 

Swedish Geological Co, Uppsala 27 Swedish Geological Co, Goteborg 05, 10 
Laurent, Sif Wikberg, Peter 

Swedish Environmental Research Institute 17 Royal Institute of Technology 16 
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I SKB Technical Report 86-01 j 

I: AN ANALOGUE VALIDATION STUDY 
OF NATURAL RADIONUCLIDE MI
GRATION IN CRYSTALLINE ROCK 
USING URANIUM-SERIES DISEQUI
LIBRIUM STUDIES 

II: A COMPARISON OF NEUTRON ACTI
VATION AND ALPHA SPECTROS
COPY ANALYSES OF THORIUM IN 
CRYSTALLINE ROCKS 

JA T Smellie, Swedish Geological Co 
ES Scott and A B MacKenzie, Scottish Universi
ties Research Reactor Centre 
February 1986 

ABSTRACT 

As part of a jointly-funded programme of research be

tween the Swedish Nuclear Fuel and Waste Manage

ment Co (SKB) and the Swiss Nationale Genossen

schaft fiir die Lagerung radioaktiver Abfalle 

(NAGRA), drillcore lengths intersecting suitable wa

ter-conducting fracture zones were chosen from three 

different hydrogeological environments; two in Swit

zerland (Bottstein and Grimsel) and one in Sweden 

(Krakemala), all located in granite bedrock. The sam

ples represent profiles from the intersected fracture 

face into the bedrock. Sections cut from the profiles 

have been investigated using the uranium decay series 

(23"U - 234U - 210Th - 226Ra), in conjunction with REE and 

Fe2+/Fe3+ analysis, alpha-track autoradiography, fis

sion-track analysis and detailed mineralogy. The study 

has shown that radioactive disequilibria resulting 

from rock-water interactions were observed in two of 

the cores. These indicated uranium migration along 

distances of 40 cm or more on a timescale of 10° years 

in conjunction with thorium immobility under the 

same conditions. Fracture surface minerals showed a 

high affinity for radionuclide retardation and a limit of 

about 3 cm is suggested for the migration of radionu

clides from fracture fluids into the saturated rock. 

This limit may correspond to enhanced matrix porosi

ties resulting from earlier hydrothermal activity along 

the same channels. 

The concentrations of Th in samples of crystalline 

rock from the three drillcore sections were analysed 

independently by instrumental neutron activation 

analysis and by chemical separation and alpha spec

troscopy. The two methods show good general agree

ment over an approximate concentration range of 1 to 

100 ppm Th. Variations in results between the two 
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methods are not of a systematic nature and probably 

arise from sample heterogeneity. The results confirm 

the reliability of both methods and provide a useful 

comparison of the standards and reference materials 

used. The study indicated that, in cases where Th iso

topic information is not required, the simpler and ore 

rapid neutron activation analysis provides a satisfac

tory method. 

I SKB Technical Report 86-021 

FORMATION AND TRANSPORT OF 
AMERICIUM PSEUDOCOLLOIDS IN 
AQUEOUS SYSTEMS 

U Olofsson 
Chalmers University of Technology, Gothenburg, 
Sweden 
B Allard 
University of Linkoping, Sweden 
March 26, 1986 

ABSTRACT 

The sorption of americium on colloidal quartz and 

montmorillonite has been studied using a batch tech

nique. The influence of physical and chemical param

eters such as storage time (6 h- 6 months), the amount 

of sorbent material (0.2 g, 0.4 g, 0.8 g per 20 ml solu

tion) and the pH value (6 - 10) has been investigated. 

Americium appeared to be distributed between all 

available surfaces in the system (particles and vessel 

walls). Distribution coefficients, defined as the ratio 

of the amount of americium per mass of colloidal mat

ter and the concentration in the solution phase, were 

estimated to be of the same order of magnitude as ob

tained in measurements on crushed material of much 

larger particle sizes. 

In the presence of sorbents ( alumina or granite) the 

removal of americium from the solution was en

hanced. This can be due to either the desorption of 

the americium from the particle phase and resorption 

on all available surfaces or the sorption of the whole 

colloidal aggregates on the sorbents. 

Column experiments, with alumina or granite pack

ing, have also been carried out in order to study the 

transport of americium sorbed on colloidal matter 

(here denoted as americium pseudocolloids). No 

breakthrough was observed after eluating with large 



volumes of aqueous phase. However, a minor fraction 

of the americium passed through the column without 

significant retention, especially under conditions with 

high flow rate. 

I SKB Technical Report 86-031 

REDOX CHEMISTRY OF DEEP 
GROUNDWATERS IN SWEDEN 

D Kirk Nordstrom 
US Geological Survey, Menlo Park, USA 
Ignasi Puigdomenech 
Royal Institute of Technology, Stockholm, Sweden 
April 1, 1986 

ABSTRACT 

This report examines the redox chemistry from 

groundwater analyses collected during the Swedish 

study site investigations (1982-1983) for developing 

site guidelines for disposal of highlevel radioactive 

waste. The redox species determinations reported 

from the study site investigations were evaluated by 

chemical equilibrium computations using both the 

WATEQ3 and the EQ3NR computer programs. The 

results of the calculations indicate that there were ma

jor problems with ample collection, sample preserva

tion, and, perhaps in some cases, sample analysis for 

redox species, and definitive results regarding the be

haviour of redox species in these groundwaters is very 

difficult. Hence, it is not possible to reach conclusions 

about the redox state of these groundwaters in terms 

of heterogeneous equilibrium or kinetic processes. 

Some conclusions, however, can be reached regarding 

the types of redox species that can be encountered, 

and possibly their relative importance in determining 

redox conditions of these groundwaters, and about 

the usefulness of equilibrium computations. For ex

ample, elevated concentrations of dissolved sulfide 

and dissolved organic carbon were encountered in the 

groundwaters. These species play at least as impor

tant a role, if not a more important role, than the reac

tions involving iron. At this time it is not known the 

source of the dissolved sulfide nor the source of the 

organic carbon, but it is likely that the sulfide is an 

integral part of the natural conditions that exist at re

pository depths. The organic carbon could easily be 

contamination from several possible sources including 

surface water and drilling fluid. The results of the 
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chemical equilibrium computations do show an excel

lent agreement between the redox potential measured 

by the platinum electrode and the dissolvedjsulfide 

developed from total sulfide determinations. This 

may be one of the first examples of a correlation of 

this type. Furthermore, red ox calculations indicate 

that there are no significant differences between the 

two computer programs that were used. 
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HYDROGEN PRODUCTION IN 
ALPHA-IRRADIATED BENTONITE 

Trygve Eriksen 
Royal Institute of Technology, Stockholm, Sweden 
Hilbert Christensen 
Studsvik Energiteknik AB, Nykoping, Sweden 
Erling Bjergbakke 
Riso National Laboratory, Roskilde, Denmark 
March 1986 

ABSTRACT 

The hydrogen production in a-irradiated ( dose rate 73 

rad S 1) compacted water-saturated bentonite (Q = 
2.12 g · cm 3) has been determined experimentally us

ing a gaschromatographic technique. Hydrogen con

centration in the clay pore water and hydrogen diffu

sion out of the irradiated bentonite have been calcu

lated using a homogeneous reaction model. 

The calculated amount of hydrogen diffusing out of 

the bentonite depends on the Fe2+ and Hco·3 concen

tration in the pore water. 

Agreement between experimental and calculated 

results can be obtained if it is assumed that a 20 µm 

layer of water is formed between the clay and the 

a-source. 
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PRELIMINARY INVESTIGATI~~S OF 
FRACTURE ZONES IN THE BRANDAN 
AREA, FINNSJON STUDY SITE 

Kaj Ahlborn, Peter Andersson, L~nnart Ekm_an, Erik 
Gustafsson, John Smellie, Swedish Geolog1cal Co, 
Uppsala 
Eva-Lena Tullborg, Swedish Geological Co, 
Goteborg 
February 25, 1986 

ABSTRACT 

The investigations in the Brandan area have defined 

two major fracture zones. 

Zone 1, the Brandan fracture zone, is 20 m wide, 

strikes NNE and dips 75 degrees towards east. Char

acteristic for the zone is a high frequency of coated 

and sealed fractures, 12 and 50 fr/m respectively. In

fillings of hematite and asphaltite are common. Hy

draulic conductivity determined by single-hole water 

injection tests varies between 1.2 · 10 6 and 4.8 · 10 5 

m/s measured at vertical depths between 57 and 76 m. 

Zone 2, a subhorizontal fracture zone, is about 70 m 

wide and strikes N-S with a westerly dip of 17 degrees. 

The zone is defined in all 4 cored boreholes in the 

Brandan area, which gives a minimum lateral extent 

of about 500 m. The boreholes intersect the zone at 

depths ranging from 100 to 300 m. Characteristic for 

Zone 2 are sections with mylonite and breccia. Within 

the zone, the frequency os sealed fractures is high in 

all boreholes, about 40 fr/m compared to 14 fr/m in 

the country rock. The frequency of coated fractures 

varies greatly between different boreholes, 3 to 9 fr/m 

compared to 2 to 5 fr/m in the country rock. In spite of 

low frequency of coated fractures for the Zone 2 in 

some boreholes, the hydraulic conductivity is high in 

all boreholes. Several values higher than 10-4 m/s have 

been observed. Interference tests have established hy

draulic connections in Zone 2 between four investiga

tion boreholes at distances up to 450 m. 

Saline water of about 5000 mg/I of chlorine is found 

below the Zone 2. The saline water encountered at 

such shallow levels indicates that the subhorizontal 

Zone 2 functions as a hydraulic barrier against drain

ing out and replacement of the saline water by non-sa

line groundwater. Zone 2 is recommended for the de

tailed investigations planned for the Fracture Zone 

Project. 
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GEOLOGICAL AND TECTONIC 
0 

DESCRIPTION OF THE KLIPPERAS 
STUDY SITE 

Andrzej Olkiewicz, Vladislav Stejskal 
Swedish Geological Company, Uppsala 
October 1986 

ABSTRACT 

The Klipperas study site is situated 45 km WNW of 

Kalmar in south-eastern Sweden. The site is situated 

between two regional NW-SE oriented lineaments. 

The site itself does not show any distinct lineaments. 

The site is flat, covered by till and with few outcrops. 

The precambrian rocks of this area are thought to be 

postorogenic in relation to the svecokarelien orogeny. 

Almost all knowledge on the bedrock is obtained 

from 14 drill cores and from geophysical surface mea

surements. According to the statistics based upon the 

cores, the bedrock consists of 85% granites, 7% 

greenstones, 5.5% porphyries, 1.5% mafic dykes and 

1 % aplites. 

The granites are normally grey-red, medium 

grained and massive. They are, in a tectonically undis

turbed condition, strongly magnetic. 

Closely associated with the granites are aplite 

dykes. The greenstones are schistos and represent a 

number of originally different rocks. Some of them 

are xenolithes, others are dykes. The latter are often 

associated with dyke porphyries in composite dykes. 

The dyke porphyries have variable chemical com

positions. Their width is usually 10 m and the direc

tions group between W-WNW. The youngest rocks 

comprise a number of different, rather wellpreserved 

mafic dykes. Their direction varies from N to NE. 

Their width varies from ea 1 m to 10 m. 

The geophysical surface measurements display 

many discontinuities of variable intensity. They are 

oriented in two main directions, N-S and NE-SW. the 

boreholes confirm the existence of discontinuities ei

ther as fracture zones or dykes. The dip of the fracture 

zones and the dykes vary from steep to 75°. The hori

zontal fracture zone at the depth of 780 m is an excep

tion. 

The widest investigated fracture zone has a width of 

30 m. Most of the fracture zones are associated with 

greenstones and most of the elastic deformations and 

joints have a vertical orientation. 

The zones have moved several times. At least four 
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generations of fractures occur. The tectonic move

ments have affected the bedrock far beyond the 

zones. The bedrock is divided into blocks of different 

sizes which are displaced relative to each other. 
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GEOPHYSICAL INVESTIGATIONS AT 
THE KLIPPERA.S STUDY SITE 

Stefan Sehlstedt, Leif Stenberg 
Swedish Geological Company, Lulea 
July 1986 

ABSTRACT 

The Swedish Nuclear Fuel and Waste Management 

Co (SKB) currently performs investigations in crystal

line bedrock formations in Sweden to find a suitable 

location for a repository for storage of high level ra

dioactive waste. 

The Klipperas study site is situated 45 km west

north-west of Kalmar, Smaland County, southern 

Sweden. From ground surface geophysical measure

ments, suspected fracture zones were located at the 

Klipperas study site. The methods used were, the fol

lowing: 

- Horizontal Loop EM (HLEM or slingram) 

- Magnetic measurements (proton magnetometer) 

The zones indicated became drilling targets for a 

slim borehole (56 mm) drilling program. After the 

drilling, each borehole was surveyed by 10 different 

geophysical methods. These were: 

- Borehole orientation 

- Natural gamma radiation 

- Resistivity, normal and lateral 

- Single point resistance 

- Self potential (SP) 
- Sonic 

- Magnetic susceptibility 

- Temperature/liquid resistivity 

The logging was performed in 14 slim boreholes, to

tally 6931 metres. All strong indications, suspected to 

be zones could be identified as fracture zones or as 

mafic dykes in the boreholes from geological core 

mapping and borehole logging. The investigation 

shows that surface geophysical measurements and 

borehole logging is a powerful combination to identify 

tectonic features, i.e. fracture zones, if the physical 

conditions are favourable. Magnetic bedrock, rather 
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thin overburden, small quantities of clay in the over

burden and distinct fracture zones, are examples of 

such favourable physical conditions. 
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HYDROGEOLOGICAL INVESTIGA
TIONS AT THE KLIPPERA.S STUDY SITE 

Bengt Gentzschein 
Swedish Geological Company, Uppsala 
June 1986 

ABSTRACT 

The Klipperas study site is located in the south-east 

part of Sweden, c. 300 km south of Stockholm. The 

area has a flat topography with altitudes between c. 

166 and 206 meter above sea level. 

From water balance studies annual mean values for 

the study site was estimated: precipitation 760 mm, 

evaporation 508 mm and runoff 252- 263 mm. 

The ground-water table was registered in 21 bore

holes within the study site. 17 boreholes were sealed

off by inflatable packers and the ground-water head 

above the packers was continuously monitored. The 

measured ground-water levels in the boreholes at 

Klipperas varied between c. 196 m and 172 m above 

the sea level. The variation width of the ground-water 

levels were relatively small, less than 1 meter in most 

boreholes. 

In seven of the boreholes, with depths varying be

tween 564 m and 958 m, single-hole water injection 

tests were performed. The water injection tests result

ed in relatively high values of hydraulic conductivity in 

the upper parts of the boreholes, generally between 

10-0 m/s and 10 5 m/s. High conductivity values were 

also obtained at depths, but below 500 metres conduc

tivity values from 10 11 to 10-0 dominate. 

The bedrock in the Klipperas site was divided into 

two hydraulic units, rock mass and local fracture 

zones. The depth-dependence of the hydraulic con

ductivity in the two hydraulic units was calculated 

from regression analysis. The regression analysis 

shows that the hydraulic conductivity of the rock mass 

and the local fracture zones at 500 m depth are 4 x 10-10 

m/s and 8 x 10 8 m/s respectively. The topographic re

lief of the area implies that there is a low hydraulic 

gradient in the bedrock. This has also been confirmed 

by piezometric measurements in the boreholes. With 

the exception of one measurement section ( of totally 

241) the pressure differences obtained are lower than 

5 m water column. 
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GEOPHYSICAL LABORATORY INVESTI
GATIONS ON CORE SAMPLES FROM 
THE KLIPPERA.S STUDY SITE 

Leif Stenberg 
Swedish Geological Company, Lulea 
July 1986 

ABSTRACT 

Swedish Nuclear Fuel and Waste Management Co 

(SKB) currently performs investigations in crystalline 

bedrock formations in Sweden to find a suitable loca

tion for a repository for storage of high level radioac

tive waste. 

The Klipperas study site is situated 45 km west

north-west of Kalmar in southern Sweden. 

As part of the site investigation program, geophysi

cal measurements have been performed both on the 

ground surface and in the boreholes. To evaluate the 

results of the measurements, it is essential that data 

on the physical properties of the bedrock and its rela

tion to various geological conditions is available. For 

this purpose, the density, magnetic susceptibility and 

remanence, resistivity, induced polarization and po

rosity were all obtained from measurements on drill 

core samples in the laboratory. 

The relationship between the resistivity and the po

rosity was determined for the core samples from Klip

peras. The constants aRw ( effective electrolyte resis

tivity) and m in Archies law were determined. The co

efficient m varied between 1.4 and 2, and the effective 

electrolyte resistivity varied between 0.1 and 2.9 ohm 

m. The best fit with data, i.e. the highest correlation 

coefficient, was obtained with aRw = 0 .1 and m = 2. 

The effective electrolyte resistivity, aRw, decreased by 

several orders (up to 500 times) compared with the 

resistivity of the solution used for saturation of the 

samples (Rw = 50 ohm m). It is concluded that surface 

conduction along pore-grain interfaces contribute to 

the electric conduction through the sample. This ef

fect is most significant in the low porosity range, say 

less than about 1 percent. 

In summary, great care must be exercised in the cal

culation of the apparent fracture porosity from in-situ 

logging data. Large errors may occur if surface con

duction is neglected, especially in the low porosity 

range. The apparent porosity, calculated from sec

tions of unfractured, intact rock may be calibrated 

with porosity determinations made on core samples. 
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FISSURE FILLINGS FROM THE 
KLIPPERA.S STUDY SITE 

Eva-Lena Tullborg 
Swedish Geological Company, Goteborg 
July 1986 

ABSTRACT 

The Klipperas study site is located within the 

Smaland-Varmland granitoid belt in southern Swe

den. The area investigated can be subdivided into 

blocks with different hydraulic character and fracture 

frequency of the rocks. A fissure filling study has been 

carried out within the area. This includes identifica

tion of the minerals, mineral frequency, textures with

in the fissures and isotope analyses of calcites. 

Four generations of fissure fillings, within the time 

space c. 1600 M.a. to present, has been distinguished. 

These are I) quartz; II) epidote + muscovite and adu

laria + hematite; III) calcite + chlorite +/hematite; 

IV) calcite, clay minerals and Fe-oxyhydroxide. 

It is observed that the surface water affects the up

permost part of the bedrock resulting in calcite disso

lution, break down of pyrite and precipitation of 

Fe-oxyhydroxide. It is also obvious from the fracture 

calcite frequency that calcite dissolution is more in

tensive close to and within the fracture zones. There, 

Fe-oxyhydroxide can be found down to at least 400 m 

depth. This gives valuable information about the phy

sico-chemical character of the groundwater within the 

bedrock. 

Several fracture zones have been reactivated. It is 

also suspected that relatively late movements have 

taken place causing crushing of the rock and only a 

slight cementation of the crushed material is visible. 

Some of the fracture zones corresponds to mafic 

dikes. These zones exhibit lower hydraulic conductiv

ity than other zones due to fracture sealing by clay 

minerals but also by chlorite and calcite. In accor

dance with this the stable isotope analyses of calcites 

show that fractures within the basic dikes are less af

fected by low temperature-meteoric water than frac

ture calcites in the surrounding rocks in Klipperas. 
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HYDRAULIC FRACTURING 
STRESS MEASUREMENTS IN 
HOLE Gi-1, GIDEA. STUDY SITE, 
SWEDEN 

Bjarni Bjarnason and Ove Stephansson 
Division of Rock Mechanics, 
Lulea University of Technology 
April 1986 

ABSTRACT 

ROCK 
BORE-

This report presents the results from rock stress mea
surements conducted by the hydraulic fracturing 
method at Gidea in Northern Sweden. The Gidea 
area is one of the sites selected for extensive investiga
tion within the Swedish programme for final disposal 
of radioactive waste in deep seated repositories in cry
stalline rock. The measurements were conducted in a 
vertical borehole within one of the repository blocks 
in the area. Successful measurements were conducted 
at 25 test sections, from the ground surface down to a 
maximum depth of 500 m. The results show moderate 
rock stresses and no extreme values are recorded. The 
minimum horizontal stress, oh, increases with depth 
at a rate close to that of the theoretical vertical stress, 
ov, representing a stress field close to isotropic in the 
vertical plane containing oh and ov. At depth around 
300 m there is a change in the gradient of the minimum 
horizontal stress. 

The maximum horizontal stress, Om is determined 
according to the second breakdown method, applying 
tensile strength values from the field measurements. 
The maximum stress is low at surface but increases at 
a higher rate than the minimum horizontal stress, 
maintaining a nearly constant ratio of 1.6 to the mini
mum horizontal stress at all depths. The average ori
entation of the maximum horizontal stress, deter
mined from hydrofracture orientations, is N67°E. 
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PLAN 86 - COST FOR MANAGEMENT OF 
THE RADIOACTIVE WASTE FROM NU
CLEAR POWER PRODUCTION 

June 1986 

ABSTRACT 

The Swedish nuclear power utilities are responsible 
for adopting such measures as are necessary in order 
to ensure the safe management and disposal of spent 
nuclear fuel and radioactive waste from the Swedish 
nuclear power reactors. In order to fulfil this responsi
bility, the nuclear power utilities are planning, build
ing and operating a number of different facilities and 
systems. The power utilities have commissioned SKB 
to execute this work. 

This report presents a calculation of the costs for 
implementing all of these measures. The cost calcula
tions are based on a scenario for management and dis
posal of the radioactive waste products, which is de
scribed in the report. 

Since disposal of the high-level (long-lived) waste 
will not commence until some time into the 21st cen
tury, continued R&D activities may reveal new meth
ods, that can affect both system design and costs. This 
is expected to lead to overall simplifications in the de
sign. 

The facilities and systems that exist or have been 
planned are: 

- Transportation system for radioactive waste pro
ducts. 

- Central interim storage facility for spent nuclear 
fuel, CLAB. 

- Encapsulation station for spent nuclear fuel. 
- Final repository for spent fuel and long-lived waste. 
- Final repository for reactor waste and decommis-

sioning waste, SFR. 

The cost calculations also include costs for research 
and development and for decommissioning and dis
mantling the reactor plants etc. 

The total future costs of the Swedish waste manage
ment system, starting in 1987, have been calculated to 
be SEK 39 billion in January 1986 prices, including 
contingency allowances for unforeseen costs. These 
costs will be incurred over a period of about 60 years. 
SEK 5.3 billion has been spent through 1986. 
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RADIONUCLIDE TRANSPORT IN FAST 
CHANNELS IN CRYSTALLINE ROCK 

Anders Rasmuson, lvars Neretnieks 
Department of Chemical Engineering 
Royal Institute of Technology, Stockholm 
March 1985, Revised February 1986 

ABSTRACT 

Recent field investigations in crystalline rock give 

strong indications that water flows in largely isolated 

channels in fissured rock. The present paper sets out 

to investigate radionuclide transport in such channels 

including diffusion into the rock matrix. It is shown 

that the uptake from a cylindrical hole in a matrix is 

much more effective, per unit contact area, than a flat 

surface (semi-infinite solid). Comparison of diffusion 

from cylindrical and slit-formed channels shows that 

the differences in interfacial flux are minor. A slit

formed channel may, therefore, be approximated by a 

cylindrical one. Diffusional transport in the matrix is 

then treated as 1-D instead of 2-D which gives a con

siderable numerical simplification. A simple estimate 

of the "penetration depth" into the cylindrical region, 

i.e. the location of the diffusional front, is proposed. 

Using the integrated finite difference method a num

ber of radionuclide transport calculations are per

formed for the case of flow and dispersion in a cylin

drical channel coupled to diffusion and sorption in the 

matrix. 
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MIGRATION OF FISSION PRODUCTS 
AND ACTINIDES IN COMPACTED 
BENTONITE 

Borje Torstenfelt 
Department of Nuclear Chemistry, Chalmers Univer
sity of Technology, Goteborg 

Bert Allard 
Department of water in environment and society, Lin
koping University, Linkoping 
April 24, 1986 

ABSTRACT 

The migration in compacted bentonite, i.e., the diffu

sivity, of the fission products strontium, technetium, 

iodine, and cesium and the actinides thorium, protac

tinium, uranium, neptunium, plutonium and ameri

cium have been studied in laboratory experiments. 

The clay used in the experiments was a sodium ben

tonite, Wyoming Bentonite MX-80, compacted to a 

density of 2000 kg/m'. The aqueous phase was syn

thetic groundwater representative of Swedish deep 

granitic groundwaters, and was preequilibrated with 

the clay. The influence of complex-forming and redox 

controlling agents on the diffusion of fission products 

was studied by mixing the clay with small amounts of 

the chemical reagents PbO, KMnO4 or powdered 

iron, or the minerals chalcopyrite/pyrite or cinnabar. 

Furthermore, the effect of mixing the clay with 1 % 

Fe,(PO") or 0.5% iron powder on the diffusion of ura

nium and neptunium was examined. the diffusion of 

uranium and americium after addition of 600 mg/I of 

HCO·3 and the diffusion of uranium after addition of 

10 mg/I of humic acid to the aqueous phase was stud

ied, as well. 
The diffusivity of strontium was on the order of 10·11 

m2/s. For cesium and technetium (as pertechnetate) 

under oxidizing conditions the diffusivities are on the 

order of 10·12 m'/s and the other one-tenth slower, 10 13 

m2/s, contributing to the observed overall apparent 

diffusivity. 
The apparent diffusivities measured for the penta

and hexavalent actinides-protactinium: Pa(V), nep

tunium: Np(V), uranium: U(VI) were between 3.7 

and 6.5 x 10·15 m'/s. The metallic iron added to the clay 

lowered the neptunium diffusivity but had no effect 

on the uranium diffusivity. While adding bicarbonate 

to the aqueous phase may have had the effect of de

creasing the americium mobility, the addition of bi

carbonate or humic acid had no significant effect on 



the mobility of uranium. 

A small fraction of the uranium, neptunium, and 

plutonium had diffusivities on the order of 10-12 m2/s, 

which is that expected for a non-sorbing species trans

ported through the clay. Uranium and neptunium 

seem to diffuse by more than one mechanism or spe

cies - one fraction with a mobility similar to what was 

measured for the penta- and hexavalent actinides and 

the other fraction with a mobility similar to what was 

observed for the tetravalent actinides. 
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BIOSPHERE DATA BASE REVISION 

Ulla Bergstrom, Karin Andersson, Bjorn Sundblad 
Studsvik Energiteknik AB, Nykoping 
December 10, 1985 

ABSTRACT 

The turnover of long-lived radionuclides in the bio

sphere has previously been modelled and the expo

sure to man calculated. The nuclides were long-lived 

actinides and fission products leaking from a deep 

rock repository for spent nuclear fuel. The data base 

for these calculations has been updated in the present 

work and in addition a number of nuclides that were 

not included in the earlier work have been treated. 

Some of the nuclides treated here are not long-lived 

enough to be expected to leak into the biosphere from 

a repository for spent fuel. These nuclides may, how

ever, leak from more shallow repositories for low- and 

intermediate-level waste. 

The doses, to critical group individuals and to popu

lations, obtained from continuous unit releases to the 

biosphere under certain decided conditions have been 

calculated and called conversion factors. This report 

gives conversion factors for most of the nuclides ap

pearing in spent fuel. 

The model in this case consists of several compart

ments. Some are naturally of more importance than 

others for the calculation of the doses to critical 

groups. These compartments are the surface water 

and the upper soil reservoir, while in the global area it 

is only the well-mixed sea reservoir. Accordingly ef

forts have been concentrated onto the surface water 

and the upper soil reservoir. 
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SITE INVESTIGATION 
EQUIPMENT FOR GEOLOGICAL, 
GEOPHYSICAL, HYDROGEOLOGICAL 
AND HYDROCHEMICAL 
CHARACTERIZATION 

Karl-Erik Almen, SKB, Stockholm 
Olle Andersson, IPA-Konsult AB, Oskarshamn 
Bengt Fridh, Bengt-Erik Johansson, Mikael Sehl
stedt, Swedish Geological Co, Mala 
Erik Gustafsson, Kenth Hansson, Olle Olsson, Swed
ish Geological Co, Uppsala 
Goran Nilsson, Swedish Geological Co, Lulea 
Karin Axelsen, Peter Wikberg, Royal Institute of 
Technology, Stockholm 
November 1986 

ABSTRACT 

An extensive program for the development of equip

ment and instrumentation for investigations in geo

logical formations is ongoing within the SKB research 

and development program. Instruments developed 

and used for geological, geophysical, hydrogeological 

and hydrochemical characterizations of a formation 

are presented. 
Most of the investigations are performed within the 

site investigation program, which is briefly men

tioned. In total about 60,000 m of cored 56 mm bore

holes have been drilled and investigated at eight study 

sites. A summarized description of the main investiga

tion methods is included. 

Instruments for geophysical investigations contains 

equipment for ground measurements as well as for 

borehole logging. The geophysical investigations in

cluding the borehole radar measurements, which has 

been very successful, are indirect methods for the geo

logical and hydrogeological characterization of the 

rock formation. 
Great effort has been laid on the development of 

hydrogeological instruments for hydraulic tests and 

groundwater head measurements. An umbilical hose 

system and a pipe string system for injection tests are 

used to determine the hydraulic conductivity. 

Groundwater head in one or several sections are mon

itored with GRUND and PIEZOMAC II respective

ly. In order to obtain hydrochemical investigations 

with high quality, a complete system for sampling and 

analysis of ground water has been developed, includ

ing a mobile water laboratory. 
A dilution probe have been constructed for the de

termination of undisturbed groundwater flow. The de

velopment of this instrument is still in progress. 
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ANALYSIS OF GROUNDWATER FROM 
DEEP BOREHOLES IN KLIPPERA.S 

S Laurent, Swedish Environmental Research 
Institute 
September 1986 

ABSTRACT 

Groundwater from three boreholes in granitic rock at 

an investigation site in Klipperas has been sampled 

and analysed. This is part of a larger program of geo

logical, geophysical and hydrogeological investiga

tions aimed at finding a suitable site for a high level ra

dioactive waste repository. 
Water-bearing levels in the boreholes down to the 

deepest at 777 m were selected. Prior to sampling, the 

water-bearing level is isolated between packer sleeves. 

The water is then pumped to the surface where sensi

tive parameters such as redox potential, pH, sulphide 

and oxygen content are measured electrochemically 

on the flowing water in a system isolated from the air. 

Water, filter and gas samples are sent to several labo

ratories for further analysis. 
During the site investigations i Klipperas a new mo

bile field laboratory was introduced with the capabili

ty to measure certain sensitive parameters such as Eh 

and pH downhole and to perform rapid, on site analy

ses of several other groundwater constituents. 

The present report is a presentation of the results of 

the groundwater analyses. The reliability of the re

sults is discussed but there is no evaluation in relation 

to geology and hydrogeology. This report presents the 

basic results from the groundwater analyses to be 

further evaluated by experts in different fields. 
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TECHNOLOGY AND COSTS FOR 
DECOMMISSIONING THE SWEDISH 
NUCLEAR POWER PLANTS 

May 1986 

ABSTRACT 

When a nuclear power plant is retired from service, 

parts of it are radioactive and must be dismantled and 

disposed of in a safe manner. The procedures and 

costs involved in decommissioning nuclear power 

plants are described in this study. 
The study shows that, from the viewpoint of radio

logical safety, a nuclear power plant can be dismantled 

immediately after it has been shut down and the fuel 

has been removed, which is estimated to take about 

one year. Most of the equipment that will be used in 

decommissioning is already available and is used rou

tinely in maintenance and rebuilding work at the nu

clear power plants. Special equipment need only be 

developed for dismantlement of the reactor vessel and 

for demolishing of heavy concrete structures. Exam

ples of existing equipment that can be used for this 

after minor modifications are given in the study. 

The dismantling of a nuclear power plant can be ac

complished in about five years, with an average labour 

force of about 200 men. The maximum labour force 

required for Ringhals 1 has been estimated at about 

500 men during the first years, when active systems 

are being dismantled on a number of fronts in the 

plant. During the last years when the buildings are 

being demolished, approximately 50 men are re

quired. 
In order to limit the labour requirement and the 

dose burden to the personnel, the material is taken 

out in as large pieces as possible. This means, for ex

ample, that pipes are cut into lengths of 2-5 m and 

packed directly in refuse containers, and that certain 

items of equipment are taken out and transported in

tact. 
The study has focused on immediate dismantling. 

By waiting ten years or so, certain advantages can be 

gained due to the fact that the radioactivity in the 

plant declines. In the case of immediate dismantling, 

the same effect can be achieved by system decontami

nation. A number of other factors also influence the 

choice of time of dismantling, for example availability 

of personnel, need for the site and the availability of a 

final repository. Non-technical factors will also be of 

importance. The choice of time of dismantling can 

therefore vary for different plants. 



The cost of decommissioning a boiling water reac
tor (BWR) of the size of Ringhals 1 has been estimat
ed to be about MSEK 540 in January 1986 prices, and 
for a pressurized water reactor (PWR, Ringhals 2) 
about MSEK 460. The costs for the other Swedish nu
clear power plants lie in the range of MSEK 410-760. 
These are the direct costs for the decommissioning 
work, to which must be added the costs of transporta
tion and disposal of the decommissioning waste, 
about 100 000 m1 • These costs have been estimated to 
be about MSEK 600 for the 12 Swedish reactors. 

Additional costs are incurred for the shutdown pe
riod from the time the nuclear power plant is finally 
taken out of operation until the dismantling work is 
begun. During this period, the fuel is transported 
away and some decontamination is carried out. The 
costs for the shutdown period are heavily dependent 
on the pace at which the plants are shut down and how 
long the shutdown period will last. 

There are considerable quantities of spare parts, 
materials and equipment on the reactor sites that can 
be sold when the plants are closed down. The total 
value of these materials for all nuclear power plants is 
estimated to be MSEK 900. To this must be added the 
value of the land and the infrastructure. 

The table below presents the costs of immediate 
dismantling of the Swedish nuclear power plants. 

Table S-1: Costs for decommissioning etc of the Swed
ish nuclear power plants (MSEK). 
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CORRELATION BETWEEN TECTONIC 
LINEAMENTS AND PERMEABILITY 
VALUES OF CRYSTALLINE BEDROCK 
IN THE GIDEA. AREA 

Lars O Ericsson, Bo Ronge, VIAK, Vallingby 
November 1986 

ABSTRACT 

Using a statistical approach by analysing about 15 000 
joint measurements the vertical fractures in the tec
tonic model have been verified in the area of Gidea. 
Two main compressional forces have implied shear di
rections which strike about N 60° W, N 3° E and ten
sion directions which strike about N-S and E-W. 
While analysing the regional structural geology the 
presence of foregoing directions of lineaments have 
been estimated by interpretation of aerial photo
graphs and remote sensing images. 

At the well archives of the Swedish Geological Sur
vey discharge capacities are registered for thousands 
of wells which are drilled in crystalline bedrock. The 
specific capacity corresponds to a generalized value 
for the transmissivity in the surroundings of the well. 

By classifying wells and injection tests in core drill
ings, in the region of Gidea, to shear zones, tension 
fractures and blocks lying between, the transmissivity 
has been evaluated from a statistical point of view. 
The vital importance of the tension fractures regard
ing the permeability has been verified. 

Tension fractures thus represent the most impor
tant water bearing zones in bedrock. However, the 
shear zones constitute the most conspicuous linea
ments in the landscape and they are comparatively 
easy to observe. In hydrogeological investigations it is 
therefore essential to make a proper methodic survey
ing of fissures, fractures and foliation in the bedrock. 

Oskarshamn Barseback Ringhals Forsmark 
1-3 1-2 1-4 1-3 

Shutdown operation 190 110 310 190 

Decommissioning 1630 950 1920 2090 

Transport and final disposal of waste 150 90 190 170 

Total 1970 1150 2420 2450 

Residual value -230 -150 -300 -230 

1 SEK= 0.14 USD (May 1986) 
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A PRELIMINARY STRUCTURAL ANALY
SIS OF THE PATTERN OF POST-GLA
CIAL FAULTS IN NORTHERN SWEDEN 

Christopher Talbot, Uppsala University 
October 1986 

ABSTRACT 

Subvertical displacements of up to about 25 m in the 8 

to 9000 year old glacial topography of northern Scan

dinavia are obvious along 500 km of discontinuous 

NNE trending fault scarps. Strikeline constructions 

for these scarps on maps, together with structural 

analysis of the rare exposures of Precambrian bedrock 

along them, suggest <1 km thick thrust flakes extrud

ed by oblique transpression along pre-existing steep 

ESE dipping mega-shears. 

Such megalineaments are part of a cubic pattern of 

ductile shears, cataclasites, recrystallised pseudota

chylites and fractures that have reactivated the 

l.6-2Ga Proterozoic crustal fabric at various times. 

Oblique-slip slickensides, post-glacial pop-up and 

jostle-up horsts, short post-glacial scarps, and sec

tions of sidewalls to the NNE trending thrust scarps, 

all point to post-glacial reactivation of other compo

nents of the cubic structural pattern inherited from 

Proterozoic times. 

The post-glacial kinematics inferred from the struc

tures suggest horizontal NW or WNW compression 

with lateral relief to the NE at depth below surficial 

upward relief. These kinematics are sufficiently simi

lar to the kinematics throughout Europe north of the 

Alps to suspect the neotectonic motion of the Eur

asian lithospheric plate over the last 38 or even 58( +/-

2)Ma as the causative force. Large displacements ap

pear to have occurred within a hundred years or so (?) 

of the last ice retreating from any particular part of 

northern Scandinavia. This suggests a sudden relief 

during glacial unloading (and melting of ground wa

ter) of plate tectonic forces accumulated during gla

cial loading. Recent earthquakes in the region display 

similar kinematics to the post-glacial fractures on a re

gional scale but indications of ground movement 

along the forested fault scarps in the lifetime of the 
trees (about 100 years?) is observed at only a few lo

calities. Only geodetic strain measurements or smal

learthquake monitoring will resolve whether current 

ductile orhseismic motion is occurring along the most 

obvious post-glacial scarps. Such investigations are 

under way. 
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Whether the post-glacial near-surface displace

ments occurred in one large increment is uncertain. 

However, the forty or so 0.5 - 1 million cubic metre 

rock falls and soil slips, slides and flows in a zone 

which was probably between the contemporary high

est marine shoreline and ice front suggest small num

bers of large earthquakes. Attention is drawn to a less 

obvious but more general disturbance of bedrock ex

posures in the same zone. Such disturbances (labelled 

here the Jericho syndrome) could be due to periglacial 

ice activity but are considered more likely to provide 

further evidence for considerably ground shock dur

ing major earthquakes immediately following ice re

treat. Both the lengths of the post-glacial fault scarps 

and the displacements along them in Sweden alone in

dicate at least three earthquakes with magnitudes 

(Ms) between 7.2 & 8.2. 
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STEADY-STATE FLOW IN A ROCK MASS 
INTERSECTED BY PERMEABLE FRAC
TURE ZONES. CALCULATIONS ON 
CASE 2 WITH THE GWHRT-CODE 
WITHIN LEVEL 1 OF THE HYDROCOIN 
PROJECT 

Bjorn Lindbom, KEMAKTA Consultants Co, 
Stockholm 
December 1986 

ABSTRACT 

This report describes calculations within Level 1 of 

the HYDROCOIN project carried out on behalf of 

the Swedish Nuclear Fuel and Waste Management 

Co. (SKB). The simulations are made with GWHRT, 
which is a computer code based on the finite element 

method. 

Level 1 of HYDROCOIN consists of seven well-de

fined test problems. This paper is concerned with 

Case 2, which is formulated as a generic groundwater 

flow situation often found in crystalline rock with 

highly permeable fracture zones in a less permeable 

rock mass. The case is two-dimensional and modelled 

with 8-noded, isoparametric, rectangular elements. 

According to the case definition, calculations of hy

draulic head and particle tracking are to be per

formed. The computations are carried out with vary

ing degree of discretisation in order to analyse possi

ble impact on the result with respect to nodal density. 



Further calculations have been performed in addi
tion to those stipulated in the case specification. They 
are mainly devoted to mass balance decisions and how 
these are affected by permeability contrasts, varying 
degree of spatial discretisation and distortion of finite 
elements. Totally seven runs have been performed. 

According to the results obtained with the 
GWHRT-code, the distribution of hydraulic head in 
the domain is less sensitive to differences in nodal 
density than the trajectories. The hydraulic heads 
show similar behaviour for three meshes with varying 
degrees of discretisation. The particle tracking, on the 
other hand, seems to be more sensitive to the level of 
discretisation. The results obtained with a coarse and 
medium mesh indicate completely different solutions 
for one of the pathlines. The coarse mesh is too 
sparsely discretised for the specified problem. 

The local mass balance is evaluated for seven runs. 
The mass balance deviation as introduced in this re
port seems to be considerably more sensitive to the 
level of discretisation than to both permeability con
trasts and deformation of elements. The permeability 
contrasts between the rock mass and fracture zones 
vary from a factor of 1000 to 1 (homogeneous proper
ties) with increments of a factor of 10. These calcula
tions in fact give better mass balance with increasing 
permeability contrasts, contrary to what could be ex
pected. However, these improvements are marginal 
and cannot be regarded as significant. 

A minor deformation of the element mesh is intro
duced in the last run. The results indicate only small 
changes in the mass balance deviation. 

A general conclusion regarding the behaviour of the 
GWHRT-code is that it seems to produce results that 
agree well with other codes that have been applied to 
this HYDROCOIN test case. 
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DESCRIPTION OF HYDROGEOLOGI
CAL DATA IN SKBs DATABASE GEOTAB 

Bengt Gentzschein, Swedish Geological Co, Uppsala 
December 1986 

ABSTRACT 

Since 1977 Swedish Nuclear Fuel and Waste Manage
ment Co., SKB, has been performing a research and 
development programme for final disposal of spent 

nuclear fuel. The purpose of the programme is to ac
quire knowledge and data of radioactive waste. Mea
surement for the characterization of geological, geo
physical, hydrogeological and hydrochemical condi
tions are performed in specific site investigations as 
well as for geoscientific projects. 

Large data volumes have been produced since the 
start of the programme, both raw data and results. 
During the years these data were stored in various for
mats by the different institutions and companies that 
performed the investigations. It was therefore decid
ed that all data from the research and development 
programme should be gathered in a database. Theda
tabase, called GEOTAB, is a relational database. It is 
based on a concept from Mimer Information System, 
and have been further developed by Ergo data. The 
hardware is a VAX 750 computer located at KRAB 
(Kraftverksbolagens Redovisningsavdelning AB) in 
Stockholm. 

The database comprises four main groups of data 
volumes. These are: 

- Geological data 
- Geophysical data 
- Hydrogeological data 
- Hydrochemical data 

In the database background information about the 
investigations and results are stored on line in the 
VAX 750, while raw data files are stored on magnetic 
tapes at KRAB. 

This report deals with hydrogeological data and de
scribes the data flow from the measurements at the 
sites to the result tables in the database. Almost all 
the hydrogeological investigations were carried out by 
the Swedish Geological Survey, SGU, before 820701 
and by Swedish Geological Co, SGAB, after that 
date. Thus hydrogeological data have been stored 
both at SGU and SGAB. 

The hydrogeological investigations have been di
vided into five methods and each method is presented 
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separately in the database. In addition there are three 
more methods in GEOTAB. They comprise data that 
have been evaluated or calculated on the basis of the 
results from the other five methods., i.e. they consti
tute hydraulic conductivity values at depths for differ
ent hydraulic units of the bedrock. Thus there are 
eight hydrogeological methods in GEOTAB. They 
are: 

- SHTJNJ: Single Hole Transient Injection Tests 
- SHSINJ: Single Hole Steady State Tests 
- GRWB: Ground Water Level Registrations in 

Boreholes 
- INTR: Interference Tests 
- PIEZO: Piezometric Measurements at Depths in 

Boreholes 
- HUFZ: Hydraulic Unit Fracture Zones 
- HURM: Hydraulic Unit Rock Mass 
- ROCKRM: Hydraulic Unit Rock Types in the 

Rock Mass 

In the report the data flow of each method is de
scribed separately .. 
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SETTLEMENT OF CANISTERS WITH 
SMECTITE CLAY ENVELOPES IN 
DEPOSITION HOLES 

Roland Pusch, Swedish Geological Co, Lund 
December 1986 

ABSTRACT 
Settlement of canisters containing radioactive waste 
and being surrounded by dense smectite clay is caused 
by the stresses and heat induced in the clay. Consoli
dation by water expulsion of the clay underlying a 
model canister with 5 cm diameter and 30 cm length 
would theoretically account for a maximum finite set
tlement of about 70 µm in a few weeks, while shear-in
duced creep in the form of viscous flow under constant 
volume conditions would yield a settlement of only a 
few microns in the same time period according to a 
previously developed theoretical model. These pre
dictions were checked by running a laboratory test in 
which a dead load of 80 kg was applied to a small cy
lindrical copper canister embedded in Na bentonite 
with a density of 2.07 t/m 3 • 
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The settlement, which increased in proportion to 
log time, turned out to be about 6 µm in the first 2 .5 
months, which indicated that shear-induced creep un
der constant volume conditions was the major settle
ment-producing mechanism. This was confirmed at 
the end of the test when sampling showed that no con
solidation had taken place. After the first loading pe
riod at room temperature, heating to 50°C and, after a 
4 months long "room temperature" period, to 70°C 
took place. This cycling gave strong, instant settle
ment and upheaval because of the different thermal 
expansion of the interacting components of the sys
tem: the outer steel casing, the clay, and the canister. 
After the development of constant temperature condi
tions in the entire system and completion of the con
solidation or expansion that followed from the ther
mo-mechanical interactions, the settlement proceed
ed at a rather high rate at 70°C, still following a log 
time creep law, but with somewhat stronger retarda
tion. At room temperature, i.e. in the post-heating 
periods, the settlement seemed to cease, on the other 
hand. 

The conclusion from the study is that the canister 
movements under isothermal conditions were in ac
cordance with the log Hype creep settlement that was 
predicted on theoretical grounds. Pre-heating and low 
stresses may account for extraordinary retardation of 
the settlement. 
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MIGRATION OF THORIUM, URANIUM, 
RADIUM AND Cs-137 IN TILL SOILS AND 
THEIR UPTAKE IN ORGANIC MATTER 
AND PEAT 
Ove Landstrom, Bjorn Sundblad, Studsvik Energi
teknik AB, Nykoping 
October 1986 

ABSTRACT 
The distribution of U-238, Th-232, Th-228, Ra-226, 
Ra-228, Cs-137 and K-40 have been studied in soil and 
peat samples. Maximum Th and U values in peat were 
215 and 248 ppm ash weight, respectively, with Th/U 
ratios closed to 1. An increase of Th and U and de
crease of Th/U with depth was observed in the studied 
peat bog. Disequilibrium of Ra-228/Th-232 are inter
preted as current or recent migration of these radio
nuclides i.e. indirectly of groundwater flow. The main 



part of Cs-137 in two vertical profiles of the peat bog 

was found in the lowest zones. 

Enrichment of Ra isotopes (by the plant nutrient 

cycle) and differentiation between Ra-228 and Ra-226 

in the upper organic zone of soil profiles were ob

served. 
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ASPECTS OF THE PHYSICAL STATE OF 
SMECTITE-ADSORBED WATER 

Roland Pusch, Ola Karnland, Swedish Geological Co, 
Lund 
December 1986 

ABSTRACT 

The hydration of Na montmorillonite is currently ex

plained in two ways, which are related to different cry

stal structure versions of this mineral. Wetting of the 

Edelman/Favejee structure takes place through for

mation of an ice-like hydrogen-bonded water lattice 

that grows from assumed, protruding hydroxyls in the 

basal planes, yielding inter!amellar water of a density 

well below 1 g/cm3 • The hydration of the conventional 

Hofmann/Endell/Wilm structure instead implies that 

interlamellar cations hydrate and that the spatial ar

rangement of the water therefore depends on the loca

tion of positive clay lattice charge. The molecular ar

rangement may thus vary and yield a density of the 

interlamellar water that may be lower, equal to, or 

higher than that of free water. 

The amount of interlamellar water depends on the 

microstructure of the clay. At bulk densities exceeding 

1. 6-1. 8 t/m' it constitutes 40-80% of the total 

porewater content, while at densities lower than 

about 1.3 t/m' this percentage drops to less than 5. 

One way of finding out which of the two hydrate 

models that is valid at room temperature would be to 

determine the density of interlamellar water. Reinter

pretation of published data and the outcome of recent 

experiments using dilatometer technique all point to 

an average density of such water of slightly more than 

0. 9 g/cm', which suggests that ice-like water lattices 

are formed in the interlamellar space when Li and Na 

are adsorbed cations. External surfaces of stacks of 

montmorillonite flakes are concluded to have a negli

gible ordering influence on the porewater, which 

therefore has a density on the same order as free wa

ter. 
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MODEL SHEAR TESTS OF CANISTERS 
WITH SMECTITE CLAY ENVELOPES IN 
DEPOSITION HOLES 

Lennart Borgesson, Swedish Geological Co, Lund 
December 1986 

ABSTRACT 

The consequences of rock displacement across a de

position hole has been investigated by some model 

tests. The model was scaled 1: 10 to a real deposition 

hole. It was filled with a canister made of solid copper 

surrounded by highly compacted water saturated 

MX-80 bentonite. Before shear the swelling pressure 

was measured by six transducers in order to follow the 

water uptake process. During shear, pressure, strain, 

force and deformation were measured in altogether 18 

points. The shearing was made at different rates in the 

various tests. 

An extensive sampling after shear was made 

through which the density, water content, degree of 

saturation, homogenization and the effect of shear on 

the bentonite and canister could be studied. The re

sults from the shear tests were compared to different 

calculations. The relevance of the calculations and the 

need for improved mathematical models could then 

be studied. 

One important conclusion from these tests was that 

the rate dependence is about 10% increased shear re

sistance per decade increased rate of shear. This re

sulted also in a very clear increase in strain in the can

ister with increased rate. The results also showed that 

the saturated bentonite has excellent stress distribut

ing properties and that there is no risk of destroying 

the canister if the rock displacement is smaller than 

the thickness of the bentonite cover. The high density 

of the clay (gm = 2.05 t/m') makes the bentonite pro

duce such a high swelling pressure (-8 MPa) that the 

material will be very stiff. In the case of a large shear 

deformation corresponding to -50% of the bentonite 

thickness the result will be a rather large deformation 

of the canister. A lower density would be preferable if 

it can be accepted with respect to other required iso

lating properties. 

The results also showed that three-dimensional 

FEM calculation using non-linear material properties 

is necessary to simulate the shear process. The rate 

dependence may be taken into account by adapting 

the properties to the actual rate of shear but might in a 

later stage be included in the model by giving the ma

terial viscous properties. 



I SKB Technical Report 86-271 

HYDRAULIC TESTING IN CRYSTAL
LINE ROCK. A COMPARATIVE STUDY 
OF SINGLE-HOLE TEST METHODS 

Karl-Erik Almen*, Jan-Eric Andersson, Leif Carls
son, Kent Hansson, Nils-Ake Larsson 
Swedish Geological Co, Uppsala 

* Since February 1986 with SKB 
December 1986 

ABSTRACT 

Swedish Geological Company (SGAB) conducted a 
literature survey on hydraulic testing in crystalline 
rock and carried out singlehole hydraulic testing in 
borehole Fi 6 in the Finnsjon area of central Sweden. 
The tests were performed during the spring of 1981. 
The purpose was to make a comprehensive evaluation 
of different methods applicable in crystalline rocks 
and to recommend methods for use in current and 
scheduled investigations in a range of low hydraulic 
conductivity rocks. A total of eight different methods 
of testing were compared using the same equipment. 
This equipment was thoroughly tested as regards the 
elasticity of the packers and change in volume of the 
test section. The use of a hydraulically operated 
down-hole valve enabled all the tests to be conducted. 

Twelve different 3-m long sections were tested in 
borehole Fi 6. The hydraulic conductivity calculated 
ranged from about 5 x 10-1• m/s to 1 x 10 6 m/s. The 
methods used were water injection under constant 
head and then at a constant rate-of-flow, each of which 
was followed by a pressure fall-off period. Water loss, 
pressure pulse, slug and drill stem tests were also per
formed. Interpretation was carried out using standard 
transient evaluation methods for flow in porous me
dia. The methods used showed themselves to be best 
suited to specific conductivity ranges. Among the less 
time-consuming methods, water loss, slug and drill 
stem tests usually gave somewhat higher hydraulic 
conductivity values but still comparable to those ob
tained using the more time-consuming tests. These 
latter tests, however, provided supplementary infor
mation on hydraulic andhphysical properties and flow 
conditions, together with hydraulic conductivity val
ues representing a larger volume of rock. 

The methods that in 1981 was recommended for use 
in the standard hydraulic testing programme was two
hour water injection tests under a constant head, fol
lowed by a fall-off period of two hours. The selection 
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was based on the criteria of easy handling and evalu
ation of a large amount of data, applicability in a wide 
range of hydraulic conductivities, large influence vol
ume and negligible changes in the volume of the sec
tion tested. 
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PRESSURE SOLUTION OF MINERALS IN 
QUARTZ-TYPE BUFFER MATERIALS 

Mikael Edstrom 
Swedish Geological Co, Lund 
December 1986 

ABSTRACT 

Two samples, pure quartz sand and a sand-bentonite 
(10%) mixture, were tested under conditions of high 
pressure (200 bar) and temperature (115°C). The ex
periment was carried out over a period of 70 days. A 
series of thin slides were prepared on a resin embed
ded sample at the end of the test period. A micro
scopical study was performed as to obtain data con
cerning the effects of pressure and temperature. It 
showed that no pressure solution had taken place in 
the pure quartz sand. However, the individual grains 
had been severely fractured, thus causing significant 
internal sedimentation. The mixed sample showed 
that the clay component coated the quartz grains and 
significantly decreased the effect of stress in the grains 
by having a cushioning effect. Relative grain move
ment was facilitated by the clay, by which the grains 
rotated and slipped into stable positions with large 
contact areas and low contact stresses. This probably 
minimized pressure solution. However, a few contact 
regions indicated the presence of precipitated silica. 

The investigation shows no definite evidence of 
pressure solution after an experiment duration of 70 
days. Since the effect of solution may be time depen
dent at the applied temperature, it is recommended 
that further experiments be conducted at higher effec
tive and porewater pressures but still at l15°C. 
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QUANTITATIVE ESTIMATES OF SEDI
MENTATION RATES AND SEDIMENT 
GROWTH IN TWO SWEDISH LAKES 

Sverker Evans 
Studsvik Energiteknik AB, Nyki:iping 
October 1986 

ABSTRACT 
In order to form the basis for release scenarios of ra
dionuclide dispersion in a lake ecosystem that gradu
ally is silting up to become agricultural land, sediment 
budgets were performed for two Swedish lakes. The 
yearly load of sedimenting material was measured in 
situ during a two-year period using sediment traps. 
The net sediment growth, integrated over a longer 
time period, was on the average 2 - 4 mm y 1• Resu
spension showed to be the single most difficult factor 
to assess in the budget calculations, and was assumed 
to contribute 50 - 80% of the sediment catch. For the 

two lakes under study, Lake Trobbofjarden and Lake 
Sibbofjarden, the silting up of the lake basins will oc
cur within 1 500 - 3 000 years and 2 200 - 4 500 years, 
respectively. 
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RECIPIENT EVOLUTION - TRANSPORT 
AND DISTRIBUTION OF ELEMENTS IN 
THE LAKE SIBBO-TROBBOFJA.RDEN 
AREA 

B ji:irn Sundblad 
Studsvik Energiteknik AB, Nyki:iping 
December 1986 

ABSTRACT 
The field studies in SKB-project Recipient evolution 
within the Lake Sibbo- and Trobbofjarden areas have 
given the following results. 

Material balance calculations have shown that resu
spension is one important parameter for calculations 
of the turnover of elements in sediment. The leakage 
of for example chloride from the Lake Trobbofjarden 
sediment has been determined. 
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The elemental distribution in sediment cores show 
minor variations with depth. The redox front is found 
less than 5 cm from the sediment surface. 
The elemental distribution between solid and water 
phase has been found to be on the order of 1 000 to 

10 000. 




