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INTRODUCTION

KBS1 first report entitled "Handling of Spent Nuclear Fuel and
Final Storage of Vitrified High Level Reprocessing Waste" was
published in November 1977. This second report deals with the
second alternative given by the Stipulation Law, i.e. the hand-
ling and final storage of spent nuclear fuel which has not been
reprocessed, the so-called "direct disposal alternative".

Some of the background material for this report is the same as
that used for the preceding report. In its general principles,
the proposed handling chain is also similar for the two alterna-
tives. In both cases, it is proposed that the waste be encapsu-
lated in a corrosion-resistant material, after which final de-
position of the canisters shall take place in vertical boreholes
drilled from tunnels at great depth in the crystalline bedrock.
Prior to final disposal, a supervised intermediate storage period
is proposed for the direct disposal alternative as well. The
purpose of this intermediate storage period is to allow the heat
flux of the waste to decrease so that the maximum temperature in
the final repository can be kept well below 100°C. During the
period of intermediate storage, freedom of choice will be re-
tained with regard to the question of reprocessing, while time
will be provided for the development and improvement of methods
for encapsulation and final storage.

The different properties of the two types of waste, vitrified
reprocessing waste and spent nuclear fuel, do, however, entail
considerable differences with respect to certain aspects of the
handling procedures and the design of the facilities.

The Stipulation Law refers to spent nuclear fuel. This includes
the fuel rods with their zircaloy cladding as well as certain
metal structural components which hold the fuel rods together in
fuel assemblies. The fuel rods and the metal components represent
different types of waste whose handling and storage is described
in the following.

Appendix 1 to the preceding KBS report presented a status report
on the direct disposal of spent nuclear fuel. The more exhaustive
studies which have been conducted since then have led to certain
modifications in the proposal sketched there. This applies above
all with regard to the following three points.

Now completed studies have shown that the fuel's zircaloy
cladding can be expected to remain intact even in contact
with water for considerably longer periods of time than the



intermediate storage period of about 40 years proposed here.
It has therefore been possible to omit the previously pro-
posed stainless steel container in which the fuel was to be
enclosed to prevent it from coming into contact with water.

- The canister is surrounded with highly-compacted' bentonite
instead of a mixture of bentonite and quartz sand in order
to provide the canister with even better protection against
the action of the groundwater.

- In order to make the best possible use of the favourable
effects of the highly-compacted bentonite, the canisters are
positioned vertically in the borehole - in the same manner
as the vitrified waste - and not horizontally in storage
tunnels as shown in the status report.

The work carried out within the KBS project has gradually expand-
ed the available body of knowledge, and the background material
is now considerably better than when the report on vitrified
waste was published. This applies especially with regard to:

- the properties of the buffer material (the bentonite)
the physical-chemical conditions which determine a) the
durability of the canister material and b) the solubility
and dispersal of the radioactive elements in the groundwater

- calculation models for groundwater movements in the bedrock
- age data on groundwater from great depths

Consequently, the safety analysis presented in this report has a
more secure basis, and some of the premises specified in the
previous report have now been found to be overly cautious.

The proposed handling chain for the spent fuel from the power
stations to the final repository (see fig. 1-1) encompasses a
number of stages, each of which is based on known technology
which has already been applied within the industry, although in
other -areas. In some cases - electron beam welding of the copper
canister lid, lead filling of cavities in the canister, prepara-
tion and compaction of bentonite application of quartz-bentonite
mixture in tunnels - the applicability of the methods has been
verified by special trials.

The described facilities have been designed for a total spent
fuel quantity corresponding to 9 000 tonnes of uranium, which is
the product of 30 years of operation of 13 reactors. Changes in
the design capacity will not affect the basic principles of the
technical solutions. It is also possible to design the facilities
so that both vitrified reprocessing waste and spent fuel can be
processed and stored.

As in the preceding report, the Finnsjo area 16 km west-southwest
of Forsmark has been selected as the hypothetical site of a filial
repository. This does not mean that the Finnsjo area is being '
proposed as the site where a final repository should be built.-' A
final site choice is not necessary at this point in time and
should not be made for many years. Further extensive studies of
a number of possible sites should be carried out first. A suit-
able goal would seem to be to decide on the site for a final
repository around the year 2 000.

The two materials copper and bentonite have an important function
for the safety of the proposed final repository. There are cur-
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Figure 1-1. Handling chain for the spent fuel from the power station to the final repository.

rently about 400 million tonnes of known copper reserves in the
world which are worth mining. World production is about 9 million
tonnes per year, and Sweden produces about: 0.05 million tonnes
per year and consumes about 0.1 million tonnes per year. The to-
tal weight of copper in the proposed final repository would be
about 0.1 million tons. If the repository is filled at a uniform
pace over a period of 30 years, the annual requirement corres-
ponds to about 3% of the aforementioned annual consumption in
Sweden.

World production of bentonite averaged 4.2 million tonnes per
year during the period 1973-75. A total of about 0.25 million
tonnes, or an average of about 8 000 tonnes per year if the fil-
ling work proceeds for 30 years, will be required to fill bore-
holes, tunnels and shafts in the proposed final repository. This
corresponds to about 0.2Z of annual production.

The various facilities incorporated in the proposed handling
chain are described in the following chapter 2. The transport
system and the central fuel storage facility are of basically the
same design as was described in the preceding report on vitrified
waste, so they are not dealt with here.

Chapter 3 describes the geological conditions which are essential
for a final repository. With regard to the site surveys, the
reader is often referred to the previous report while the materi-
al regarding bedrock movements, groundwater condicions and the
chemical environment is new in many respects.



Chapters 4 and 5 describe the buffer and canister materials and
how they contribute towards a long-term isolation of the spent
fuel.

Chapter 6 deals with leaching of the deposited fuel in the event
that the canister is penetrated as well as the transport mecha-
nisms which determine the migration of the radioactive substances
through the buffer material. The dispersal processes in the geo-
sphere and the biosphere are described in chapter 7, where the
transfer mechanisms to the ecological systems as well as radia-
tion doses are also dealt with.

Finally, chapter 8 summarizes the safety analysis of the proposed
method for the handling and final storage of the spent fuel.

A special appendix provides a report on the status of current de-
velopment work aimed at developing a highly durable ceramic ca-
nister for spent nuclear fuel.



FACILITIES

2.1 GENERAL

2.1.1 Description of spent fuel

The fuel for a nuclear reactor consists of cylindrical pellets of
uranium dioxide enclosed in zirconium alloy (zircaloy) cladding
tubes. The tubes with pellets are called fuel rods. They are
bound together in fuel assemblies, which are handled as units.
The fuel assemblies are of varying design, depending on the type
of reactors for which they are intended.

Fig. 2-1 shows a fuel assembly for an ASEA-ATOM BWR reactor. It
contains 64 rods (3), one of which is a spacer-capture rod. The
rods are held in position by a top tie plate (4), a bottom tie
plate (8) and seven spacer-grids (6). Four of the fuel rods are
tie-rods (5) and are screwed into the top and bottom tie plates.
The ends of the other rods are stuck into holes in the tie plat-
es. The fuel bundle is lifted by means of a handle (1) attached
to the top tie plate. The bundle is enclosed by a box (7) with
lifting lugs at the top for handling and a transition piece (9)
on the bottom on which the assembly rests in the reactor. Springs
(2) hold the fuel assembly in place in the reactor core. One BWR
assembly weighs about 300 kg.

Fig. 2-2 shows a fuel assembly for a Westinghouse PWR reactor. It
contains 289 positions with 264 fuel rods (3), 24 control rod
guide tubes (4) and one guide tube for neutron flow measurement.
The guide tubes are welded to a top tie plate (2) and screwed by
means of weld-locked screws in a bottom tie plate (6). They are
also rigidly bound by eight spacers (5). The fuel rods are at-
tached to the spacers by springs and are not connected to the
bottom or top tie plate. The fuel bundle is handled via a grip in
the top tie plate. Springs on the top tie plate (1) restrain the
fuel in the reactor core. No box is used for PWR fuel. One PWR
element weighs about 670 kg.

The structural components in BWR and PWR assemblies are made of
stainless steel, inconel or zircaloy. Some fuel assemblies in the
first core in a PWR reactor contain power-regulating boron glass
rods in the control rod guide tubes which accompany the assembly
at discharge.

The facilities described in the following are designed for spent
fuel from 30 years of operation of 10 BWR and 3 PWR reactors. The



10

1 HindU
2 Springs
3 FiNt rod bundl*
4 Topttoplita
5 Tfrrod
6 Spacer-grid
7 Box
8 Bottom tia plate
S Transition pice*

1 Spring
2 Toptieplata
3 Fwlrod
4 Control rod guidt tub*
5 Sonar-grid
6 Bottom tie plate

Figure 2-1. Fuel assembly for a BWR reactor.
(ASEA-ATOM).

Figure 2-2. Fuelassembly fora PWR reactor.
(Westinghouse Ringhals 3 and 4).



11

total amount of fuel discharged from the reactor is estimated to
be about 40 000 BWR assemblies containing 2.5 million fuel rods
and about 4 700 PWR assemblies containing 1.1 million fuel rods,
equivalent to a total of about 9 000 tonnes of uranium.

Necessary facilities

The facilities which are required for the handling, storage and
final disposal of unreprocessed spent fuel are:

- a central fuel storage facility in which the fuel can be
stored while awaiting final disposal

- an encapsulation station in which the fuel and the metal
components of the fuel assemblies are provided with a dur-
able encapsulation prior to final storage

- a final repository
a transportation system for transporting the fuel from the
nuclear power stations to the central fuel storage facility
and from there to the encapsulation station at the final re-
pository

The central fuel storage facility and the transportation system
are described in the appendix to the siting.and licensing appli-
cation for the central fuel storage facility submitted by the
Swedish Nuclear Fuel Supply Company (SKBF) in November of 1977 to
the Government /2-1/. During transport, the fuel is contained in
special transport casks which fulfill the requirements stipulated
by current international regulations - see also chapter 2, Volume
III of the KBS report on vitrified waste from reprocessing.

CENTRAL FUEL STORAGE FACILITY

Regardless of whether the spent fuel is to be reprocessed or dis-
posed of without reprocessing, additional storage capacity is re-
quired for spent fuel. The reason for this is that the storage
spaces which are presently available at the nuclear power sta-
tions and which only correspond to spent fuel from a few years of
operation will be full before sufficient reprocessing capacity or
facilities for the final disposal of spent fuel are available.
For economic reasons, a central storage facility is preferable to
an expansion of storage capacity at the individual nuclear power
plants.

The design of the central fuel storage facility which is describ-
ed in the forementioned siting and licensing application is now
being further refined by SKBF. The goal is a completed facility
by 1984. Planned storage capacity will be equivalent to 3 000
tonnes of uranium, which covers needs up to 1990. The storage pe-
riod will be up to 20 years.

The age of the fuel at the time of deposition in the final repo-
sitory is an important factor in the design of a final repository
for spent fuel. The longer the fuel has been stored prior to
final deposition, the lower is its heat flux.

In the final repository, the fuel is enclosed in a copper canis-
ter. The amount of heat emitted by the fuel determines how much
fuel can be stored in each canister in order that a given maximum
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canister temperature is not exceeded and how densely the canis-
ters can be deposited in the rock in order that a given maximum
temperature increase in the rock around the final repository is
not exceeded.

An excessively high canister temperature can have an adverse ef-
fect on the buffer material which surrounds the canister. A large
temperature increase in the rock can lead to undesirable rock
stresses and groundwater movements. In order to limit these ef-
fects, the KBS project has made it an essential design prerequi-
site that the heat load be kept at a low level.

In the proposal presented here, it has been assumed that the fuel
is stored for 40 years prior to deposition in the final reposito-
ry. However, the storage period can be varied, and its length is
largely a technical-economical optimization question. A shorter
storage period requires more canisters and a larger final reposi-
tory and vice versa. The proposed length of the storage period is
not based on detailed studies, but rather on a general judgement
that it entails a reasonable optimization of handling and final
storage.

The storage principle for the spent fuel in the central storage
facility is the same as at the power stations, i.e. the fuel as-
semblies are stored in water pools, whereby the water provides
sufficient cooling and radiation shielding. In order to determine
whether the same storage principle can be applied with adequate
safety for a storage time of 40 years, a study has been carried
out 12-21 whose conclusions can be summarized as follows:

The integrity of the fuel in connection with storage in water is
dependent upon the durability of the material (zircaloy) which is
used for the cladding on the fuel rods.

Zircaloy has been used as a cladding material for fuel in light
water reactors since the 1950s. Zircaloy-4 is preferred for PWR
fuel and Zircaloy-2 for BWR fuel. The alloys are zirconium-based
(approx. 98%) with additions of Sn, Fe and Cr. Zircaloy-2 also
contains approx. 0.05% Ni. As far as corrosion is concerned, the
two alloys can be considered to be equivalent for pool storage.

The alloys possess high resistance to corrosion in water, owing
to their ability to form an impervious insulating oxide layer on
the surface. The growth of this layer takes place by diffusion of
oxygen ions (02-) and electrons (e~) through the layer. Owing to
the fact that the general corrosion is thereby diffusion-control-
led, it is exponentially temperature-dependent. At the relatively
low temperatures which prevail during storage, oxidation is very
slow. After 40 years of storage in the pools, it can be expected
that less than 0.1% of the canister wall will have oxidized. The
effects of irradiation on general corrosion can be expected to be
negligible compared to the conditions which prevail during reac-
tor operation, when the dose rates are of quite another order of
magnitude.

In the environment which prevails during pool storage, zircaloy
possesses satisfactory resistance to local corrosion. Zircaloy,
for example, has a higher tolerance to chloride in the water than
aluminium or stainless strel.
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The chemical compatibility between the canister material and the
fission products formed during reactor operation is also good.
Extensive studies have been conducted of the effects of the fis-
sion products (I2, Br2» Cs and Cd), which are of special import-
ance in this context, on the canister material. The stresses
which exist in the canister after reactor operation are too low
for stress corrosion to occur under the influence of the fission
products.

Experiences of the storage of spent fnel in water pools are ex-
tensive and good. Degradation mechanisms which could jeopardize
the integrity of the fuel within 40 years have not been identi-
fied.

For a more detailed description of the long-term properties of
the fuel in connection with pool storage and of experiences of
such storage, the reader is referred to the above-cited study
11-11.

There is thus no reason to depart from ;he storage principle
which is applied at tlie power plants and at the proposed central
fuel storage facility if the storage period is 40 years. An ex-
tension of this storage period is also possible. If all fuel from
13 reactors, each operating over a period of 30 years, is to be
disposed of without reprocessing - which is the hypothetical pre-
mise for this report - a storage capacity of about 9 000 tonnes
is required. A trebling of the planned capacity of the central
fuel storage facility would thereby be required, and the facility
would have a design as illustrated by fig. 2-3.

Central Mora* facility for 3000 tonnac
of (pant fual in aoeordanca wMi SKBF't
licaniinf application

AOBM tnfmal

Expanrion to total
capacity of MOO tomat

Figure 2-3. CentntlfUd stout* facility txptndtd to capacity of9000 tomm.
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For a more detailed description of the design of the facility,
the reader is referred to the siting and licensing application
referred to under 2.1.

2.3 ENCAPSULATION STATION

2.3.1 General

An encapsulation station will be built in connection with the
final repository. The facility will consist of process and ser-
vice buildings located above ground, see fig. 2-4.

The spent fuel arrives at the encapsulation station following
storage in the central fuel storage facility. Here, the fuel rods
are enclosed in copper canisters and the metal parts of the as-
semblies in concrete moulds prior to final disposal. The copper
canister provides a long-term protection against the groundwater
in the final repository. It also affords radiation shielding
which simplifies handling and reduces radiolysis of the ground-
water around the copper canister to a low level, which is import-
ant in limiting corrosion. The concrete also affords radiation
protection, which simplifies handling. In addition, it provides
protection against the effects of the groundwater, primarily by
raising the pH of the water, which limits the rate of dissolution
of nickel-59, which is the most important isotope in the metal
components of the fuel assemblies from the viewpoint of safety.

The facility has a capacity of 8 canisters per week, each con-
taining fuel corresponding to approximately 1.4 tonnes (BWR) or
1.1 tonnes (PWR) of uranium, which provides a good margin to a
deposition pace which corresponds to the flow of fuel from 13 re-
actors (approx. 300 tonnes/year).

Prior to encapsulation, the fuel assemblies are dismantled in or-
der to permit better utilization of the canister's cavity. Only
the fuel rods and fuel spill are sealed in copper canisters,
while boxes, spacers, tie plates and other parts of the fuel as-
semblies are cast in concrete moulds in a part of the facility
specially equipped for this purpose.

The total number of canisters is about 7 000 and the number of
concrete moulds is 1 200.

For a more detailed description of the encapsulation station, see
the drawings appended to the end of this section and to /2-3/.

2.3.2 Description of facility

The layout of the process building is shown in fig. 2-5. It can
be functionally divided into a receiving section with associated
storage and fuel dismantling stations, an encapsulation section
including a casting cell, a cooling cell and a welding cell and
an auxiliary systems section. It also contains equipment for
handling metal components etc. from the fuel assemblies and for
fuel spill.

Connected to the process building are buildings for administra-
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Figure 2-5. Perspective drawing of encapsulation station's process building.

tion and service. The process building, which is classified as a
controlled area, is entered via the entrance building. From here,
a connection is provided to the final repository via a hoist
shaft.

The fuel arrives at the facility in a transport cask on a trailer
(or on a railway wagon). A cask contains the equivalent of about
3 tonnes of uranium. The flow of fuel from 13 reactors corres-
ponds to about 100 casks per year.

Receiving

The various operations included in the handling sequence in the
receiving section are illustrated in fig. 2-6.

In the arrival hall, the transport cask is lifted from its trail-
er and transferred to the cooling and washing positions. It is
then lifted in two stages down into a pool in which it is placed
in a vertical position. After the lid has been removed, the con-
tainer is emptied and the fuel assemblies are placed in mobile
cassettes. The empty cask can then be returned and, after washing
and inspection, leave the facility.

The fuel cassettes are transported under water by an overhead
crane either directly to the dismantling pool or to the interme-
diate storage pool to await dismantling.



17

<D

1 ArrMhall
2 Coolinf and wMhinf
3 UfHOMHimOf tfWWpOft OMKS

4 Transport *nd storaft pool
5 Dinnwrtiiii|offMlMiwnb«M
6 TnmHt csrrisn
7 Dryiita of full rack. Drying and

H of fM l *jpHI

Figure 2-6. Schematic illustration ofhandling procedure in receif ing section ofprocess building.

In the dismantling pool, the fuel assemblies are lifted one at a
time to one of the five dismantling stations, of which four are
intended for BWR assemblies and one for PWR assemblies. The cas-
sette is designed so that the BWR assemblies' boxes are retained
in the cassette when the assemblies are lifted.

In the dismantling position, fig. 2-7, the bottom nuts on the BWR
assembly are milled off. Metal chip and fragments which may be
dislodged from the fuel are collected and removed by suction to a
cyclone separator in the storage pool in the receiving section
for further processing as described under "handling of fuel
spill" below. The top nuts are then unscrewed and the top tie
plate is lifted off. The rods are held in position by fork-shaped
devices. After the spacer-capture rod has been lifted away, the
fuel rods are lifted one by one and placed in a copper rack.

This handling sequence is employed for BWR assemblies of the type
manufactured by ASEA-ATOM. Exxon fuel has a somewhat different
structure. This type of BWR assembly has four centre rods made of
solid zircaloy and eight of the outer fuel rods function as tie-
rods. When such fuel is dismantled, the top tie plate is released
by undoing the bayonet type lock on the tie rods with a special
tool. The top tie plate is then lifted off, whereby the rods are
kept in position by means of fork-like tools. After the centre
rods have been lifted away, the fuel rods are transferred to the
copper rack as described above. The tie rods must first be un-
screwed from the bottom tie plate by means of a tool with a ro-
tating motion. Rods which seize and require such great twisting
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force that the rod can be damaged are instead released from the
bottom tie plate by a tubular milling cutter which machines off
the material around the threads.

The copper rack, fig. 2-8, consists of a casting-in section in
which the fuel is transferred to the canister (and which is en-
capsulated together with the fuel) and a guide section which per-
mits a high packing density for the fuel rods in the canister.
All component parts are made of copper.

The casting-in section consists of a bottom disc on which the
rods stand, a centre tube by which the rack is lifted, a jacket
which encloses the fuel rods and two guide plates which hold the
rods in place.

The guide section consists of a hexagonal lattice which, for BWR
rods (rod diameter 12.25 or 11.75 mm), consists of tubes with in-
ner diameter 13 mm and wall thickness 0.5 mm. Some of the tubes
in the lattice have a larger diameter so that they can receive
fuel rods which have swollen, been deformed or are broken off.
The number of positions is 498.

The fuel rods are set down one by one in the lattice tubes,
whereby coordinate control ensures that they are lowered into an
empty position. When a rod is lifted up out of the fuel assembly,
it is checked to see if it is broken, swollen or deformed, in
which case it must be placed in the special positions for such
rods. A minicomputer records the filling of the lattice. The low-
er parts of broken rods are handled by special tools.

The metal components from the fuel assembly - spacers, bottom and
top tie plate etc. - are placed in a transport box and transfer-
red, together with the fuel boxes, to the compacting pool in the
receiving section pending further processing as described under
"Handling of radioactive metal components etc." below.

After the copper rack has been filled, the lattice is lifted by
means of a lifting tool and transferred to a new casting-in sec-
tion. The lifting tool is equipped with ejector rods which pre-
vent rods (which may get stuck in the lattice tubes) from being
lifted along with the lattice. At the same time, the moveable
guide plate is lifted to its upper position, where it is fixed by
means of a locking device. Finally, a lid is placed on the copper
rack in order to stiffen the rack and hold the fuel rods in place
during the lead casting operation included in the encapsulation
process (see below).

In the case of PWR fuel, the assembly is turned upside down after
the screw heads in the botton tie plates have been milled off.
(Alternatively, only the weld lock at the screw heads is milled
off.) The above-described handling sequence then follows with mi-
nor Modifications. In the case of PWR rods of diameter 10.7 am,
the sane lattice is used as for BWR rods as described above. For
rods with diameter 9.7 an, a lattice with 636 positions is used,
but this lattice has the same external dimensions as the BWR
lattice. This pemits the same copper canister to be used for all
existing types of fuel.

With PWR fuel, the space in the canister would permit a larger
number of lattice positions. In order to keep heat the flux at
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the same level (about 0.8 kW) for all canisters, however, the PWR
rods arc. packed less densely. An alternative possibility is to
reduce the diameter of the PWR canister, which would reduce ca-
nister cost.

Encapsulation

The various operations included in the handling sequence in the
encapsulation section are illustrated in fig. 2-9.

The casting-in section of the copper rack, filled with fuel rods,
is transferred by a transfer carriage to the casting cell in the
encapsulation section through a pool which also serves as a water
lock between the dismantling area and the casting cell. Up to
this point, the fuel has been handled and stored under water with
sufficent water coverage to provide adequate radiation shielding.
From now on, the fuel is handled in air in cells via remote con-
trol, whereby thick concrete walls provide sufficient radiation
shielding.

The copper rack is lifted up from the transfer carriage in the
pool by an overhead crane, after which the water is allowed to
run off and the rack is allowed to dry in the air. It is then
lowered into a copper canister, which has been brought in via a
hatch in the floor of the lock, and placed in a transport wagon
by the crane. The transport wagon serves one of the two handling
lines in the casting cell.

1 Rawiving notion

2 Casting cM

3 Cooling CM

•VafOHlg OW

5 SarvicaarM for transport wagon 12

6 FumaoM for fHling canister with IMd

7 Call for opaninf/scaled cenisttr

8 Service arM for transport wiffon 14

9 Transport lock

10 Drying of fuel rack. Drying and
oompaotini of f IMI spHI

11 Arrival of copper canister from store

12 Transport wagon

13 Cooling station

14 Transport wagon

15 Mounting station for IM

16 WeMing station

17 Inspection station

18 Dispatch station

Figure 2-9. Schematic illustration of handling sequence in encapsulation section of process build-
ing-
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The canister, fig. 2-10, is fabricated from pure copper by the
forging of a copper ingot which is then turned down to its final
external dimensions. After drilling of thn internal cavity, the
input end is machined for the lid 12-hl.

The transport wagon transfers the canister to one of the four
casting positions in the handling line. A casting position con-
sists of a vacuum bell into which the canister can be broughc
from below. The bell is surrounded by a furnace by which the
canister can be heated and its cooling controlled.

The canister is brought into the bell by a hydraulic hoist on the
transport wagon. The canister stands on the lid of the bell
(plunger), which is simultaneously lifted up and joined airtighc-
ly to the bell. The centre tube in the fuel rack is connected by
means of an automatic coupling to a tube for lead casting, fig.
2-11.

CoppKlid

GTOOM for gripping dtvio*

Copp«rihtllt-200mm

Figure 2-10. Longitudind section of 'copper cmister.
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The bell is then evacuated and the canister is heated for 48
hours, partially by radiated heat from the furnace and partially
by the heat generated by the fuel. Heating is interrupted at 380-
400°C and molten lead is pumped into the centre tube in the cop-
per rack from a melting furnace outside of the cell. The centre
tube, like the bottom disc, the lid and the jacket, is perforated
' to permit the lead to flow out and fill all cavities in the ca-
nister. When the lead is poured, the fuel rods are lifted up to-
wards the lid on the rack due to the fact that the rods are of
lower density than the lead. Lead pouring is interrupted on a
signal from level detectors. A heating element is inserted into
the centre tube and keeps the lead hot in and around the tube
during the solidification process. This prevents "piping", i.e.
the formation of pores, by allowing lead to run in from above
during solidification. For this reason, lead is "heaped" a few
centimeters above the lowest shoulder for the copper lid.

The bell is now filled with nitrogen gas, which circulates in a
closed circuit and is cooled in a heat exchanger. The temperature
of the canister is gradually reduced over a period of 48 hours
down to about 150 C. When the temperature has dropped to just
above the melting point of lead (327°C), the heating element is
slowly pulled up out of the lead in the centre tube and additio-
nal lead is pumped in to compensate for shrinkage.

The purpose of the vacuum and the nitrogen gas is to prevent the
copper, the lead and the fuel from oxidizing while the canister
is at a high temperature. Vacuum during lead pouring also pre-
vents gas inclusions. Since the bell is hermetically sealed, air-
borne radioactivity cannot escape into the cell.

After cooling, the canister is transferred by the transport
carriage to a cooling cell. The cooling cell also serves as an
airlock between the casting cell and the welding cell. In the
cooling cell, the temperature of the canister is allowad to drop
further to about 80°C. The canister is then moved to a position
in the cell where the excess lead and the projecting centre tube
are removed by machining so that the top surface of the lead is
at the same level as the lowest shoulder for the canister lid.
The surfaces of the shoulders are then also polished. Chip from
machining and polishing is collected and transferred to a melting
furnace in a separate room below the cooling cell. Here, the lead
is recovered and returned to the system for lead casting into the
canisters. The slag formed during melting, which may contain ra-
dioactive material from the fuel, is separated and embedded after
cooling in concrete moulds in the same manner as radioactive me-
tal components as described below.

The canister is now placed by the overhead crane in the cooling
cell into one of the cooling cell's transport carriages, which
serves the cell's two handling lines with welding and inspection
stations. If required, the canister can first be cleaned exter-
nally in a cell which is also used for opening sealed canisters
which have been found to be defective upon inspection. In the
welding cell, the canister is filled with a lid which is fastened
by means of electron beam welding. The lid consists of three
parts, since the welding method does not presently permit the
welding of 20 cm metal with full penetration. The weld is checked
by means of ultrasound and helium leakage tracing. The finished
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canister (fig. 2-12) is then transferred to a wagon for transport
down to the final repository.

Regarding the properties of the canister material, see chapter 5.

Handling of fuel spill

Fuel spill which can become dislodged from damaged fuel rods dur-
ing handling in the encapsulation station,, mainly during dismant-
ling, is collected by means of sludge suction and delivered to a
cyclone separator in a pool in the receiving section. There, par-
ticles down to a size of 0.5 ran, which are expected to comprise
at least 99Z of the fuel spill, are separated. From the cyclone
separator, the suction water is delivered to a tank in which the
fine-grained fuel spill is allowed to settle.

The fuel spill which is separated in the cyclone separator is
collected in a copper can with a volume of about one litre in the
bottom of which a layer of sand has been deposited. When the can
is full, it is transferred to the cell above the transport lock,
where it is allowed to dry. After all water has evaporated, a
layer of sand is deposited on top of the fuel spill. The sand and
the fuel spill are then mixed by means of vibration and the mix-
ture is compacted by a copper lid being pressed down on.the top
surface by a piston. The sand is graded so that it fills the
voids between the larger fuel fragments and gives the compacted
mixture a high density. It will then be able to withstand the
high pressures to which it may be subjected in the final reposi-
tory without being deformed. After compaction, the edges of the
can are folded down over the lid so that the lid is fixed in po-
sition.

The copper can with the fuel spill is placed in a copper canister
in which seven holes of diameter 100 mm and length 4 metres have
been drilled, see fig. 2-13. The cans are placed on top of one
another in the holes, but the centre hole is left open to permit
subsequent lead casting to be carried out from the bottom up-
wards. The canister is kept in the cell above the transport lock
until it is filled with cans.

The fine-graned fuel spill is transferred after sedimentation
from the collection tank in the form of a sludge to an evaporat-
or. The dry material is collected in a copper can and handled in
the same manner as described above for the coarser fractions. The
water from the tank is delivered to the filters in the cleaning
system for pool water.

After the canister's holes have been filled, a copper lid is
placed over the uppermost cans. The lid is intended to prevent
the_ cans from floating up when the spaces around the can are
filled with lead by means of the same procedure as described
above for the canisters containing fuel rods. The subsequent
handling procedure is identical to that used for the canisters
for fuel rods.

One canister is expected to be able to hold all of the fuel spill
(approx. 130 kg) from the handling of all fuel from 30 years of
operation of 13 reactors. This assessment is based on the exten-
sive experience from the handling of fuel. Only one per cent or
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so of the fuel rods can be expected to be damaged, and it has
been found that the amount of uranium dioxide which can drop out
from severely damaged or even broken rods is very limited.

Handling of radioactive metal components etc.

In connection with the dismantling of the fuel assemblies in the
encapsulation station, metal components etc. are collected in
transport boxes, which, when they have been filled, are trans-
ferred to a pool in the receiving section. The boxes for the BWR
assemblies are also brought here and placed in a rack awaiting
compaction.

Prior to compaction of the boxes, the transition piece is detach-
ed in a fixture. The boxes are moved to a machine which compacts
them and chops them up, see fig. 2-14. The transition piece is
compacted in a press.

Other components are processed in the following manner:

BWR assemblies: The spacer-grids are compacted in a press. The
spacer-capture rod and the centre rods from the Exxon fuel are
cut up in a chopping tool. Handles and springs are cut or milled
off from the top tie plate. The bottom tie plate is not compact-
ed.

PWR assemblies: Spacer-grids, top tie plate and control rod guide
tubes are held together in a skeleton which is taken to a chop-
ping tool. The guide tubes are chopped off on both sides of the
spacers and at the top tie plate. The spacers are compacted in a
press. The springs on the top tie plate are cut off. The boron
glass rods are also cut up in a chopping tool. The bottom tie
plate is not compacted.

The material is collected in stainless steel baskets which are
taken via a water lock from the compacting pool into a cell with
radiation-shielded walls, where they are lifted out of the water
and allowed to dry, see fig. 2-15. Chip and spill from the hand-
ling procedure are sucked into a special basket with an internal
filter. The baskets are taken via an airlock down into concrete
moulds positioned underneath openings in the floor of the lock.
The moulds stand on wagons equipped with jacks by means of which
the moulds can be lifted up and connected tightly to the open-
ings. Mortar is then injected into the mould until it is filled
to a level just above the top of the basket. The technique used
here is the same as that used within the construction industry
for grouting by the injection of concrete.

After completed injection, the mould is lowered into the wagon
and moved to a position where a concrete lid is mounted by the
overhead crane. The cavity underneath and the space around the
lid are then injected with mortar.

The moulds are cubical, 1.6 m on a tide. The walls are 0.3 m
thick for the moulds used for BWR assembly boxes and for the slag
from the melting of the chip from machining after lead casting,
and 0.4 m for the moulds used for the other components of the
fuel assemblies (whose radiation level is higher). The surface
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dose rate on the moulds is normally lower than 1 rea/h hut can in
extrene cases reach maximum 2 retr/h. One mould weighs about 10
tonnes. A total of about 1 200 moulds is required.

Mould fabrication is remote-controlled from a radiation-shielded
control room.

For a more detailed account of the handling of radioactive metal
components, see 12-51.

Auxiliary systems

The facility will include auxiliary systems for:

cleaning and cooling of transport cask
pouring of lead
welding and weld inspection of canisters
lifts and transports
ventilation
heating of premises
electric power supply
drainage
sludge suction
water treatment
treatment of filter and ion exchange masses from cleaning
systems
water supply and compressed air supply
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These systems are similar to those in a nuclear power station or
other industrial plants. Practical tests with the embedding of
fuel rods in lead and with the electron beam welding of copper
have been conducted and have verified that the technique describ-
ed here is applicable, see /2-4/.

In order to limit the disruptions caused by an external power
failure and thereby increase the operational availability of the
facility, the facility is equipped with a diesel-powered generat-
ing plant to which certain process systems as well as personnel
elevators are connected.

The ventilation system in the process building maintains a lower
pressure in areas with a higher risk of contamination in relation
to areas with a lower risk. The incoming air is filtered an con-
ditioned to provide pleasant working conditions. Outgoing air is
radiation-monitored and cleaned when necessary by filters. The
ventilation systems for the casting and welding cells contain so-
called "absolute filters".

2.3.3 Operation of facility

The process premises will be classified as a controlled area and
divided into zones with respect to radiation levels and potential
risk for contamination in a manner similar to that applied in a
nuclear power station.

All handling of fuel and fuel assembly components will be effect-
ed via remote control either under water, whereby the water pro-
vides adequate radiation shielding, or in special cells with con-
crete walls which provide the necessary radiation shielding. Ven-
tilation and filter systems prevent radioactivity from spreading
to the environment.

Known technology and experiences from similar systems in existing
facilities will be applied in the facility's operating systems.
The dismantling facility has been designed on the basis of expe-
riences from the dismantling of fuel at nuclear power stations,
e.g. in connection with the rebuilding of fuel assemblies (more
than 1 000 fuel assemblies have been rebuilt at the Swedish sta-
tions) .

All equipment in the cells can be given service and maintenance
by lifting the equipment out of the cells or taking it to a sepa-
rate service cell.

Maintenance can also be carried out in a cell after it has been
emptied of fuel and, if necessary, decontaminated.

The-design and operation of the facility will be examined and in-
spected by authorities such as the Swedish Nuclear Power Inspec-
torate and the National Institute of Radiation Protection in the
same way as a nuclear power station. It will be designed in
accordance with the directives issued by these authorities and in
consultation with concerned personnel organizations.

With regard to working environment and occupational safety, see
2.5.
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2.3.4 Quality control

In order to satisfy the stringent requirements on safety and
operational availability which are imposed on the activities de-
scribed here and in order to ensure absolute safe final storage,
the quality of plant and material must conform to a sufficiently
high standard. This requires effective quality assurance, which
entails that all measures aimed at achieving and maintaining the
necessary level of quality shall be planned, systematic and do-
cumented.

The owner of the facility shall also be responsible for ensuring
that quality control and quality assurance activities are orga-
nized and executed in a satisfactory manner. The execution and
documentation of various quality-guaranteeing measures should be
divided between the owner and an official institution, such as
the Swedish Plants Inspectorate, in a manner similar to that
which is followed in the case of nuclear power plants. This divi-
sion shall be based on competence and on safety considerations
and shall be approved by the Swedish Nuclear Power Inspectorate
(SKI). Responsibility for coordinating such activities shall rest
with the owner, who shall also submit periodic reports to SKI.

The owner shall also submit a report to SKI, in good time before
the start of construction, specifying a programme for the orga-
nization and functions of quality control and quality assurance.
Supplementary instructions shall subsequently be issued as re-
quired and the progranme shall be subjected to continuous follow-
up by SKI. The programme shall include the following points:

Definition of the application of the programme to various
building sections and installations based on safety classes.
Description of the owner's organization and cooperating or-
ganizations, with specification of areas of responsibility
and channels of contact.
Directives for design examination. Designs should be examin-
ed by an independent body.

- Purchasing directives with respect to quality requirements.
Inspection and identification of purchased material.
Production and installation control appropriate to the im-
portance of the product for plant safety and operational
availability.
Programme for recurrent periodic testing and inspection of
certain plant components.
Directives for operation and maintenance of the facility,
including comprehensive instructions for abnormal operatio-
nal situations and events.
Routines for the submitting of reports to the supervisory
authority.

A quality control plan for the encapsulation procedure for spent
fuel should include the following points:

Lead filling:

Compositional analysis of lead
Temperature measurement in connection with filling
Level check in connection with filling
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Vacuum check in casting bell
Check of nitrogen gas pressure

Copper cylinder and lid:

Compositional analysis of material
Tensile testing of material
Grain size determination of material
Material identification

- Dimensional check
Visual inspection of final surface

- Ultrasonic testing of material
- Penetrant testing of final surface
- Welding procedure check
- Functional test of automatic welding equipment
- Purity check prior to welding
- Supervision of welding work

Ultrasonic testing of welds
Penetrant testing of welds
Tightness testing by means of He
Marking and issuing of testing certificate

Some of these quality control procedures may take the form of
spot checks, the frequency of which shall be determined on the
basis of the probability of defects.

Concrete mould fabrication is subject to the provisions of appli-
cable regulations governing concrete work. Appropriate quality
control measures are practiced.

2.3.5 Decommissioning

When the facility is no longer required and there is no fuel left
in it, the facility shall be decontaminated and all "home" radio-
active waste, contaminated scrap and building materials shall be
taken away to facilities which are equipped to receive and pro-
cess such material. The facility can then be modified for other
use or demolished.

Decommissioning is not expected to present any great problems,
since the encapsulation station does not contain any heavy equip-
ment or permanent installations which are contaminated, but
rather only systems and building materials which can be regarded
as inactive after cleaning.

2.4 FINAL REPOSITORY

2.4.1 General

The final repository for the fuel canisters is situated in rock
underneath the encapsulation station at a level approximately 500
metres below the surface. (With regard to the final storage of
concrete moulds containing radioactive metal components, see
2.4.5 below.) The facility consists basically of a system of
parallel storage tunnels with appurtenant transport tunnels and
shafts for communication with the surface and with the encapsula-
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tion station, see fig. 2-16. The tunnel system, which occupies an
area of about 1 km2, also contains diverse service areas. The
fuel canisters are deposited in vertical holes drilled in the
floors of the storage tunnels. The design of the final repository
is similar to that described in the KBS report on vitrified waste
from reprocessing, with the principal difference that the canis-
ter in the storage hole is surrounded by highly compacted pure
bentonite instead of a sand/bentonite mixture. The reason for
this and for the fact that th? fuel is encapsulated in copper
instead of lead and titanium is that the radioactivity of the
spent fuel decays at a much slower rate than that of vitrified
waste from reprocessing. The design of the canister ensures the
longer life which is commensurate with the higher deraans on the
durability of the containment which isolates the unreprocessed
spent fuel from the biosphere.

The dispersal of radioactive substances from a final repository
can only occur via the groundwater. In order to prevent and re-
tard such dispersal, the final repository is provided with a se-
ries of consecutive barriers.

In order for the groundwater to come into contact with the fuel,
it must first penetrate the copper canister, the lead and the
zircaloy cladding which enclose the fuel rods. These materials
possess very high resistance to corrosion. The canisters are
placed in holes drilled in rock of good quality with low water
flow. They are surrounded by a buffer material of highly compact-
ed clay (bentonite) with such low water permeability that diffu-
sion is the controlling transport mechanism through the buffer
material.

Even if the groundwater were to penetrate to the fuel, the fuel
is extremely poorly soluble in water, since the fuel pellets are
made of a ceramic material.

Chemical processes in the buffer material and in the system of
fissures in the rock, the imperviousness of the buffer material,
the low flow rate of the water and the long path which the water
must travel in order to reach the biosphere constitute additional
barriers which prevent and retard the dispersal of radioactive
substances. Furthermore prior to outflow into the biosphere such
substances would be diluted in large volumes of groundwater.

The dispersal mechanisms are described in chapter 7. An evalua-
tion of the safety of the final repository is presented in chap-
ter 8.

The final repository has been designed for a total capacity of
approximately 7 000 canisters, including 5 300 with BWR fuel (1.4
tonnes of uranium/canister) and 1 700 with PWR fuel (1.1 tonnes
of Uranium/canister).

The design of the facility is illustrated by the drawings append-
ed to the end of this chapter.

2.A.2 Description of facility

The final repository for the fuel canisters is designed in the
form of a tunnel system situated within a roughly square area of



36

slightly more than 1 km at a level of about 500 metres below the
surface. Its geometric configuration will, however, be modified
in accordance with the geological conditions at the chosen site.

The fuel canisters are deposited in vertical holes drilled in the
floors of the storage tunnels. The distances between the tunnels
(25 metres) and between the storage holes (6 metres, see fig.
2-17) have been determined on the basis of considerations of rock
mechanics and the heat flux of the fuel in the canisters (approx.
0.8 kW per canister at the time of deposition). With the chosen
distances, the specific heat load in the initial phase will be
the same (5.25 watts per nr) as that in the final repository for
vitrified reprocessing waste proposed by KBS. The heat flux of
the fuel will not give rise to any new fractures in the rock or
new flow paths for the groundwater which could affect the safety
of the final repository. Furthermore, the effects of the final
repository at the surface of the ground on the climate, land up-
lift etc. will not be noticeable /2-6/.

3,7 m

• IJim

/T\
Store* tu rn*

7.7 m

CIIQM-SECTION

«m T1 . • m f
LONGITUDINAL SECTION

Figure 2-J 7. tf
ttongehole it detunedforone emitter.



37

Figure 2-18. Boreholts for imestiption, grouting tnddrtinage of the rock around a storage hole.
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The storage holes have a diameter of 1.5 metres and a depth of
7.7 metres. Each hole is intended for one canister. They are
drilled with full-hole machines. The depth of the holes is such
that the canisters will be located well below the zone around the
storage tunnels which has been disturbed by the blasting work,
where the permeability of the rock can be expected to be higher.

At the site for each storage hole, a smaller pilot hole is first
drilled in which the permeability of the surrounding rock is de-
termined by means of water injection. If the permeability of the
rock is found to be sufficiently low and the properties of the
rock are otherwise suitable for a storage hole, drainage holes
are then drilled along the tunnel walls on both sides of the pi-
lot hole at intervals of 1.5 metres, see fig. 2-18. The rock is
then grouted by filling the pilot hole with bentonite slurry un-
der pressure at the same time as a vacuum is applied in the outer
holes. Tests show that very good sealing of the rock is obtained
with such a procedure. An additional sealing effect can be ob-
tained if this procedure is supplemented with electrokinetic
grouting /2-7 and 2-8/.

As regards the design of the rock facility in other respects and
its auxiliary systems, the reader is referred to the account in
the KBS report on vitrified reprocessing waste, Volume III,
chapter 6, and to reference 12-91.

The fuel canister is transferred from the encapsulation station
to the final repository in a transport wagon which is taken down
to the level of the storage tunnels via an elevator, see fig.
2-19, operation A. The elevator, which runs in a vertical hoist
shaft, is designed as a conventional mine elevator with guides
and a winding sheave with a number of independent brake systems.
The elevator cage is suspended from a number of cables which are
strong enough so that a few cables alone can support the load
with a good (10-fold) margin of safety. As an additional safety
precaution, there is a water pool at the bottom of the hoist
shaft which dampens the impact of a falling elevator and prevents
canister breakage 12-10/.

When the elevator has reached (the level of the repository, the
wagon is moved via remote control out of the elevator into a ra-
diation-shielded handling station, see fig. 2-19 operation B.
From here, the canister is lifted up from the wagon into a radi-
ation-shielded transfer cask which is mounted on a special ve-
hicle. After the transfer cask with the canister has been laid
down in a horizontal position on the vehicle, the canister is
transported to a position above the hole into which it is to be
deposited. Positioning of the canister above the hole is effected
with the aid of an optical plumb.

Before the vehicle is moved into position, the storage hole is
drained of any water which may have entered the hole. The hole is
then lined with blocks of highly-compacted bentonite, see fig.
2-19 operation C. The space between the blocks and the rock is
filled with bentonite powder. A wagon with a telpher is used to
mount the blocks.

The canister is lowered into the hole by equipment mounted on the
vehicle, see fig. 2-19 operation D, after which the space between
the canister and the surrounding blocks is filled with bentonite



40

powder. The hole is then filled with additional bentonite blocks,
operation E. Finally, a temporary concrete lid is placed over the
hole as protection, see fig. 2-20. The lid can oe propped up
against the tunnel roof in case swelling pressure should build up
in the hole before the tunnel is back-filled. For a more detailed
account of the handling of the copper canister and the bentonite
blocks, see references /2-10 and 2-11/.

The transfer cask on the vehicle provides radiation shielding
when the canister is lowered into the hole. The upward-directed
radiation from the canister is insignificant (approx. 1 mrem/h),
so that the final work of filling the hole can be carried out
without any special radiation-shielding precautions.

Bentonite is a naturally occurring clay of volcanic origin which
is characterized by a high swelling capacity when it absorbs
water, It also possesses a high ion exchange capacity.

The bentonite blocks are produced by compression (isostatic com-
paction) under very high pressure. ASEA-QUINTUS equipment, which
has long been used for the manufacture of e.g. insulators,
graphite blocks etc., is used for this purpose. Manufacture of
the blocks is described in greater detail in reference /2-11/.
Compaction gives the bentonite a high density and thereby good
bearing capacity and such a low permeability (<10~13 m/s) that it
is virtually impenetrable for water. Because the swelling of the
bentonite in the hole is restrained, a swelling pressure builds
up when the bentonite absorbs water. As a result, water-bearing
fissures cannot open in the material, and any fissures which may
exist in the walls of the hole at the time of deposition or which
may be created at a later time are sealed. For a more detailed
account of the properties and function of the highly-compacted
bentonite, see chapter 4.

2.4.3 Operation of facility

Canister deposition begins when approximately one-quarter of the
total number of storage tunnels have been completed. The facility
is designed in such a manner that the construction work can con-
tinue without interfering with the transport and deposition of
canisters. At the central transport tunnel, the storage tunnels
are closed off by a concrete wall with a door and with dampers
for regulating the ventilation flow in the storage tunnel.

The storage tunnels in which the canisters have been deposited
can be inspected and measurements of rock stresses, temperatures
inflow of groundwater etc. can be carried out all the way up to
the time when the final repository is to be sealed. During this
time, the inflow of water into the storage holes is so small that
the bentonite never becomes water-saturated. Among the factors
which contribute towards keeping the inflow of water low are the
low water flow in the rock, the grouting around the storage hol-
es, the drainage holes along the walls of the storage tunnels and
the low permeability of the bentonite in the storage hole.

Owing to the fact that the highly-compacted bentonite is not
water-saturated, high swelling pressures cannot build up in the
hole before the repository is sealed. The bentonite powder which
fills the space between the rock and the bentonite blocks could,
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however, conceivably absorb sufficient water to give rise to a
small swelling pressure. The swelling pressure can, however,
easily be absorbed by the temporarily lid, possibly with the aid
of a temporary prop against the tunnel roof.

In addition to the inspection of the rock and of the groundwater
which is carried out during the construction and operating pe-
riod, quality control of the final repository will be aimed pri-
marily at verifying the properties of the buffer material. Neces-
sary measures in this respect are described in section 4.4.

The design and operation of the facility will be examined and in-
spected by authorities such as the Swedish Nuclear Power Inspec-
torate and the National Institute of Radiation Protection in the
same way as a nuclear power station. It will be designed in
accordance with regulations issued by these authorities and in
consultation with concerned personnel organizations.

With regard to working environment and protection, see 2.5.

2.4.4 Sealing of facility

When the final repository has been filled with canisters to de-
sign capacity, the facility can be kept open and inspected as
long as surveillance is considered desirable. The facility can
then be sealed and finally abandoned.

Prior to sealing, the temporary lids on the deposition holes and
the concrete rims are taken away. A copper plate can then be
placed on top of the fill in the hole to serve as a diffusion
barrier. Even if the temporary lid is affected by the swelling
pressure from the fill in the storage hole, the fill will not
swell up when the lid is removed. In order to swell in this man-
ner, the bentonite would have to absorb additional water, which
is a very slow process.

When the repository is sealed, storage and transport tunnels are
filled with a mixture of quartz sand (8O-9OZ) and bentonite (10-
20Z).

When the sand/bentonite mixture used as a tunnel fill is being
prepared, 0.5% ferrophosphate it added to serve as a so-called
"oxygen-getter" (see chapter 5).

The lower part of the tunnel fill is deposited in layers which
are compacted using a vibrating roller, see fig. 2-21. The upper
part is applied using a spray technique which has long been used
for spraying concrete. Trials /2-12/ have shown that this tech-
nique is well-suited for the spraying of sand/bentonite. The
spraying technique and the swelling capacity of the bentonite
permit the tunnel section to be filled completely with a high
degree of compaction, fig. 2-22.

When the repository is sealed, most of the vertical shafts are
filled with a sand/bentonite mixture. In order to provided extra
security against water flow in the rock which immediately sur-
rounds the shafts and which may have been disturbed during the
shaft-driving work, one or more sections are filled with "plugs"
of pure highly compacted bentonite in the manner shown on the
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appended drawing No. 16. When the bentonite absorbs water and
swells, it will penetrate out into fissures which open into the
shafts and, together with a previous grouting of the cracks by
injection of a bentonite suspension, will block any water path-
ways around the shafts. Sealing with two "plugs" can be used to
isolate local fracture zones in the tunnels, see drawing No. 16.

Boreholes, including those drilled during the preliminary study
of the rock formation, are also filled with highly compacted
bentonite.

For an account of the properties of the sand/bentonite mixture,
see section 6.3, Voluae III of the KBS report on vitrified re-
processing waste.

In this way, all cavities in the rock are filled with material
which possesses at least »s low permeability as the surrounding
rock.

It is presumed that observations and measurements of the ground-
water system, rock stresses, temperatures etc. will be performed
for a certain period of time following the closure of the final
repository. A programme for such activities will be prepared in
co-operation with the concerned authorities.

2.4.5 Final storage of radioactive Metal components etc

The concrete moulds with radioactive metal components and other
components from the fuel assemblies are also intended to be depo-
sited in final storage in rock caverns. However, since the radio-
activity of this type of waste is considerably lower than that of
the fuel, demands on the encapsulation and the buffer material
are lower, and the material does not have to be stored at as
great a depth below the surface. Furthermore, owing to the limit-
ed quantities involved and the negligibly low heat flux of the
material, the final repository requires a relatively small volume.
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It is proposed that the facility be designed with two parallel
tunnels approximately 250 actrcs in length and approximately 50
•etres fro* each other. These tunnels are connected with the sur-
face via a hoist ahaft and a main shaft, see fig. 2-23. The tun-
nels have a cross-sectional area of about 50 *2. The repository
is situated approximately 300 metres below the surface.

The final repository for concrete moulds is shown here »* a sepa-
rate facility, but it can also be situated in connection with the
final repository for the fuel canisters. Such an arrangement has
the advantage that the same shaft systems etc. can be utilized
for both repositories. In addition, transport of the moulds from
the encapsulation station to the site for the final repository is
avoided. A disadvantage of such a joint siting is, however, the
negative effects which the final repository for the moulds could
possibly have on the chemical environment around the final repo-
sitory for the fuel canisters. These questions have not yet been
studied to a sufficient extent to permit a joint siting of the
facility to be proposed.

Another possible siting is in connection with the planned facili-
ty for final storage of medium-active waste.

The moulds are transferred to the final repository in a radia-
tion-shielded transport wagon 17.-51, which is brought down to the
level of the repository in an elevator. They are stacked two-high
and three abreast in the storage tunnels on a concrete floor by
the lifting equipment on the wagon. They are then covered with
concrete planks on top and on the sides. The planks constitute
supplementary radiation shielding which facilitates the work with
the sealing of the storage tunnel. Prior to sealing, groundwater
entering the tunnels is drained off via floor gutters to pump
sumps, from which the water is pumped up to a recipient on the
surface.

The storage tunnels are sealed in stages by filling of all spaces
between and around the moulds with concrete after deposition has
been completed along a length of about 11 metres. The tunnel
section is thereby sealed by means of moveable shuttering. During
the time the sealing work is underway, deposition of moulds can
continue in another part of the tunnel system.

When the entire final repository is full, the transport tunnels
and shafts are sealed with sand/bentonite in the same manner n*
the final repository for fuel canisters.

With the above-described design, the radioactive material in the
concrete moulds is isolated from the biosphere by the location of
the final repository in rock, which in principle shall oeet the
same requirements as those which apply to the final repository
for the fuel canisters, and by the fact that the rate of dissolu-
tion of the radioactive elements in the material is very low.

Concrete provides poorer protection against the penetration of
the groundwater to the waste than bentonite or sand/bentonite,
since some cracking must be expected, which will locally increase
the water flow which can act on the waste. Concrete can also be
subjected to chemical action by substances in the groundwater,
which will in the long run reduce its impermeability /2-13/. But
because the concrete raises the pH of the groundwater and thereby
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reduces the rat* of dissolution of Ni-59, which is the oust
important isotope in the metal components of the fuel assemblies
from the viewpoint of safety, it contributes towards the adequate
safety of the final repository /2-1A/.

Quality control of the concrete work shall be carried out in com-
pliance with the directives of applicable concrete regulations.

For a more detailed account of the handling and final storage of
radioactive metal components, see reference 12-51.

2.5 PROTECTION

The word "protection" is used as a collective tent to cover work-
ing environment, rescue service, radiation protection, physical
protection and wartime protection. These Matters have been dealt
with in the KBS report on the handling and final storage of vit-
rified watte from reprocessing (Volume III, chapter 7). That re-
port also applies in principle to the final storage of unrepro-
cessed spent fuel. The differences which exist and which affect
the question of protection are aainly:

- that the dry intermediate storage of the vitrified waste
fro* reprocessing has been replaced by an extended period of
storage in pools in an expanded central storage facility,
that the receiving section and a large portion of the auxi-
liary system for the central fuel storage facility plus the
entire encapsulation station have been placed on the sur-
face,
that the encapsulation procedure involves the handling of
spent fuel instead of vitrified waste, entailing relatively
complicated work operations, of which, however, some expe-
rience has been gained from the operation of nuclear power
plants.

Working environment questions during the construction phase are
of a similar nature as those described in the KBS report on vit-
rified reprocessing waste. The encapsulation station, located
above the final repository, is commissioned at the same time as
the final repository, so that a separation of operative facili-
ties from ongoing construction activities in the direct disposal
alternative is only required in the rock cavern section of the
final repository and between expansion stages for the storage
section of the central storage facility.

The encapsulation procedure involves, among other things, the
dismantling of fuel assemblies, pouring lead into the canisters
filled with fuel rods and sealing of the canisters. The procedure
is based on known technique, but involves relatively complex work
-operations in connection with the handling of spent fuel. Protec-
tion matters must therefore be accorded special attention in the
design of the encapsulation station.

The manufacture and handling of the highly-compacted bentonite
blocks is not expected to entail any difficult working environ-
ment problems. Bentonite is tasteless, odourless and completely
harmless.
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Radiological safety along the entire handling chain for spent
fuel is described in chapter 8.
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Drawing 01 Encapsulation station. Building layout.
Plan +6.500

02 Encapsulation station. Building layout.
Flan + 0.000

03 Encapsulation station. Building layout.
Section A-A, B-B, C-C, D-D

04 General layout

05 Perspective

06 Siting example

07 Construction stages

08 Transport routes

09 Ventilation

10 Storage tunnels

11 Sealed repository

12 Transport of waste canister to final repository

13 Transport and deposition of waste canister in
final repository

14 Emplacement of bentonite blocks in storage
holes

15 Scaling of tunnels

16 Impervious zone around shafts and tunnels





-^ M » J ^ ifc rt <tak

" i
Monimhn0 D I M !

r—
1 HI h
ram

T "

•VsuctinimoclU

OlW|lfi(l<X»l

•nonMt hhMflt,

V«lt

.JJ.

A S E A - A T O M
ENCAPSULATION STATION
BUILDING LAYOUT

Plan 6600

DRAWING 0





t. NadtoKtlvvWorkihop

EntnneihiK

OHic

Vtnt

L .

Vint

4.

ASEA-ATOM
ENCAPSULATION STATION
BUILDING LAYOUT

PIMI±OJ00O

DRAWING 02





SBtnow A - *

• f -
1 1

S5KTWH CdC

T"
_i

1 — __

**—
OHM

• J

!

Vmt 1

Cam*)!

tyitoJ
i«» ^

Cwim«

ASEA-ATOM
ENCAPSULATKM STATION
BUILDING LAYOUT

fcotion A-A, B-B. C-C. 0 - 0

DRAWING 03

Wl





Vwitiwtion tunn«, T T T " "
*xhw<t «ir 1



\



goONiMvua

TVWMKd m u m

S

»IW)d kl|<|HU9 )|3Oy





! I

INVESTIGATED AREA

LOCAL FRACTURE ZONE

VENTILATION SHAFT
SERVICE AREA
HOIST SHAFT FOR
WASTE CANISTERS

STORAGE TUNNELS

NOSTORAGE IN
STORAGE TUNNELS

LOCAL FRACTURE ZONE

OUTER TRANSPORT TUNNE

CENTRAL TRANSPORT TUNNEL

NMfOMtQ nSCtWV IOIW

imttmd

PiBKTDMPQtAlPART OF REPOSITORY SEPARATED
BY FRACTURE ZONE





r _

o

3
O

.

f _

Q

• 1

3d
U

\

1 1





I ==-

STAGE 6

STAGE 7

STAGES

III"

• ill:
III!

D

II- J
f"

+
!

STAGES STAGE 4 STAGE 3

- Outar transport tunnal

• Central tramport tunnal
II

Til

Storaga tunnal

Pilot facility .

ill • Omar traniport tunnal

Traraport routa for rock

Traniport routa for waita
canittars and buff ar mataria

Not*: Construction ttagai at par drawing 07

>-Skip ihaft
- VantHat«n*haft
Mainthaft

HoM shaft for WMtt cwiistars

STAGE 2

FINAL REPuSITOnr
DIRECT DISPOSAL

Transport routts

DRAWING 06





y , , - • ••: / . :

Supply air fan -

Exhaust air fan

Skip ihaft,
exhaust air

Blasting of tunndt

Deposition work in
progress

STAGE 8

Deposition:

Concluded in ana B, in progress in area C.

Blasting:

Concluded in area C, in progress in area D

STAGE 4

Air lock

Area under pressure

Door with damper

ventilation shaft.
Supply a i r * 2.4 m

FINAL REPOSITORY
DIRECT DISPOSAL

Ventilation

I i=r
DRAWING 09

f" f





I

Shut-off: Doors during canister deposition period
ConcrtM planks whtn tunnti waltd

6.0 M i 5.0 M

Central transport
tunnti

Storagt tunnti, horizontal Motion Outer transport tunml

Storagt tunnti
Vtrtical Mction DEPOSITION AND SEALING

A. Storagt hole drained and cleaned.
B. Bad of compaetad bantonita powdtr

applitd to bottom of holt.
C. Blocks 1-6 emplaeed. Space against

rock f Hltd in stagts with btntonita
powder which is compacted.

D. Canister tmplaced. Space against
canister filled.

E. Blocks 7-t0emp!actd. Space against
rockf illed with bentonite powdtr, as in C.

F. Top part of hole filled with send-bentonite.
6 . Fill covered temporarily with lid. which can

be propped against tunnti roof rf necessary.
H. Temporary arrangements removed. Lower

part of tunnel filled with send-bentonite
which is compacted in layers. Tunnel
closure erected in stagts.

J. T<>p of tunnel f Hied with stnd-bentonite by
(praying.

Tunnel bottom
temporarily
graded with

Temporary
grwtlfUl

ncruoi i uni
DIRECT DISPOSAL
StOfftfO tlMHIMfl
Dtpoiftioft wid sMllnfl

DRAWING 10





r
Storagi tunntl

(C-C dittanc* bttwMn tumwls 25 m)

F»lof<praywl>
Modbtntonittf

Fill of compKUd
wnd-bmtonitt

Etoetron M m wtM

Lid

Fuel rod»trob»dd»d in iMd
(approx. 1.41 uttrmtm)

Block of highly
compicttd
btntoniM

Competition of vwiw CMMMT

LMd 2.51

FIMI 2.01

Copper 15.51

Sp*c«, avtrag* width
•pprox. 50 mm, 1 tltad
with btntonit* powdtr

Span, avtragi width
•pprox, 30 mm

B*d of bmtonit* powdfr

FINAL REPOSITORY
DIRECT DISPOSAL

• ,..~.J/'-..~ ' il " ,- '



i



J
Hoining mach'Hwy

CoumarwMight

Gutdtfor
countwwtight

Spact for counter-
might

Giiidt rail for atavmor

Pool

Vtrticil Mction through hoitt ituft

CROSS-SECTION THROUGH HOIST SHAFT

r l N A L HcrUSITOnY
DIRECT DISPOSAL

Trantport «rf W M «
to final rapotitory

DRAWING 12





Tnraport wagon in transport tunnal

OPERATION 2

CoHwtkm of canitwr from
liancllinf jra# at hoiit Aaft

Tfanaportwmon
klMOnittUfHM

OPERATION 3

Tranajwrt caik baini raiHd abovt
ttorifthot*

Wwta c*nitt*r btkig lowand into
itoragahol*



f



Wagon for transport
and acnplacafnant of
< n t of higMy-compactad
bantonlM Mock*

Block 1 «mplK«d
inhoteCtfttr
Wcoks7-1Oh«t
b u n wnpwcfld
in hoto B

HotaBhMbMflfitMdwitha
tamporaty lid on top of a
amd-bMiionha fitting

DIRECT DISPOSAL

btockt in storaf* hohM

DRAWING 14

r





. . j — - '•

Spraying of buffer mat*ri*l VAITCNIVBONMIIVIIIMI

FINAL REPOSITORY
DIRECT DISPOSAL

Scaling of tunnalt

DRAWING 15





81

Grouting with
bentonite suspension

Blocks of highly
compacted bentonite

Local fracture-zone

Grouting with
bentonite suspension

Space 50-100 mm,
filled with sprayed
und-bentonitt

3.7m /

Sand-bentonite

Stacked blocks of
highly compacted
bentonite

Slit, depth 0.5-1,0 m and
width about 1 m. made by
seam drilling and rock
splitting or jat burning for
minimal disturbance of
surrounding rock.

K
MTTtNlYGGN«0SBV«AN
CONSULTING ENGINEERS M » ARCHITECTS

FINAL REPOSITORY
DIRECT DISPOSAL

Sailing, of torn around
•hafts and tunnels

DRAWING 16





I
83

GEOLOGY

3.1 BACKGROUND

The general background for the geological and hydrogeological
studies presented in the KBS report for vitrified waste from re-
processing applies in all essential respects to the alternative
method of final storage of unreprocessed spent nuclear fuel as
well. Since the first report was compiled, the Geological Survey
of Sweden, SGU, has concluded the work programme for which is was
commissioned by KBS. The present report is therefore based on a
more comprehensive body of background material than the previous

The locations of the sites where the field work has been done are
shown in fig. 3-1.

Certain results concerning rock stresses, permeability and therm-
al conductivity of the rock and groundwater data are available
from tests conducted in the abandoned mine at Stripa. Prepara-
tions for the large-scale heating tests, carried out in collabo-
ration with the Lawrence Berkeley Laboratory, are largely com-
pleted and heating was commenced on June 1, 1978. The results
will be reported as they come in up to the latter part of 1979.

Figure 3-1. Map showing study areas. Test dril-
lings to a depth of about 500 metres were under-
taken atKarlshamn (Stemoj, north ofOskars-
hamn (Krdkemdla and Jivro), and at Forsmark
(Finnsjo Lake and Forsmark). The KBS experi-
mental station is located in the Stripa mine.
Field studies were carried out at Studsvik.
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Tracer tests in fractured rock at Studsvik have been completed
and a second stage has been ordered by PRAV (the National Council
for Radioactive Waste Management).

Mathematical analysis of groundwater movements has continued and
a three-dimensional model has been developed.

The geochemical conditions which may be of importance for the
long-term safety of a rock repository for spent nuclear fuel have
been further studied, and the results are presented in a follow-
ing section.

3.2 BEDROCK CONDITIONS

3.2.1 Review of geological evolution

Most of the Swedish bedrock is a part of the so-called Baltic
Shield and is composed of crystalline rock which acquired its
essential characteristics and structural features a very long
time ago. This took place over a period of evolution which lasted
more than thousand million years and which included the deposi-
tion of sedimentary rocks, widespread volcanism, profound oro-
geny, regional emplacement of granitic rocks and extensive frac-
turing. Numerous age determinations of the bedrock in southeast-
ern Sweden are reported by Aberg /3-1/.

The final stage in the formation of the Swedish part of the
shield is usually set at the time for the crystallization of the
Bohus granite, about 900 million years ago. The mountain belts of
the shield were completely eroded more than 600 million years
ago. At about this time, the land subsided below sea level, and
new sedimentary rocks were deposited on a nearly level surface.
The new deposits are preserved today as paleozooic strata in va-
rious parts of Sweden. Their undeformed stratification and the
large extent of the still-preserved peneplain upon which they
were deposited shows that the precambrian crystalline basement
has remained almost unchanged over the past 600 million years and
has only been subjected to local disturbances.

While conditions in the crystalline shield of Sweden and Finland
have been almost unchanged for the past 600 million years, this
has not been the case in surrounding areas. The rocks of the
Caledonian mountain belt of Scandinavia west of the Precambrian
shield were formed or transformed up to around 380 million years
ago and an intensive orogeny of somewhat different nature occur-
red in central Europe up to around 200 million years ago. The
formation of the Alps reached a peak about 30 million years ago,
and bedrock movements and volcanism in the North Atlantic culmi-
nated somewhat earlier. In the Mediterranean area, south of the
Alps, this evolution is still continuing today, and is expressed
by areas of uplift and subsidence as well as volcanism and earth-
quakes. Europe north of the .ilps, however, obviously exhibits
progressing stabilization after the formation of the Alps, as
marked by reduced earthquake frequency and extinct volcanism. The
North Atlantic area also exhibits such stabilization and its
volcanic activity, which previously extended from Ireland to Jan
Mayen, Spitzbergen and Greenland, is today limited to Iceland.
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Thus, northern Europe has been undergoing a geological develop-
ment over the past 25 million years characterized by increasing
stability. Reports on various features of the geological develop-
ment of northern Europe have recently been published /3-2/.

The Precambrian Baltic Shield has comprised a stable area even
during the most violent phases in the evolution of the surround-
ing areas. This is far from unique. On the contrary, similar core
areas of resistant crystalline rock comprise a basic and recur-
rent feature in the structure of the continents. Their almost un-
disturbed cover of stratified deposits and low earthquake activi-
ty show that they reached a sort of equilibrium a long time ago,
while surrounding regions were still subjected to severe deforma-
tions. The latter applies in particular to the mobile border
zones and marked rift valleys of the continents, where severe
earthquakes, recent volcanism and large active fault lines are
conspicuous signs of long-term and profound instability. Califor-
nia and the Central African Rift Valley are good examples of such
conditions. Obviously, the outlook for future stability is quite
different in such mobile zones titan in the crystalline core
areas.

Rock movements in the Swedish Precambrian shield can thus be
shown to have been of a very limited extent over the past 600
million years, and have consisted for the most part of local
fault movements. In addition, more regional movements have also
occurred at certain times, changing the elevation of the land.
This has occurred repeatedly ever the past 2 million years in
response to the loading of on earth's crust by thick continental
glaciers during a series of glaciations. Similar level changes
occurred for other reasons some 30 million years ago, at roughly
the same time as the formation of the Alps and major bedrock
movements in the North Atlantic.

The above review shows that the Swedish Precambrian bedrock has
constituted a markedly stable area for a very long period of
time. The possibility of profound deformation which could lead to
deep weathering and erosion of the bedrock or regional changes in
the slope of the land can therefore be excluded for the next few
million years. The possibility of local fault movements, and more
extensive level changes in connection with a future ice age can-
not, however, be excluded. How such deformations could affect a
rock repository is therefore dealt with in greater detail in the
following section.

3.2.2 Fracture movements in the bedrock

The fractures in the crystalline bedrock are responsible for the
permeability of the rock and fault movements might, at least
theoretically, cause damage to the waste canisters. The degree of
fracturing of the rock, and its relationship to permeability has
therefore been studied in the test areas investigated by KBS /3-3
and 3-4/. The strength of the rock has also been determined
/3-5/. Furthermore, general regional surveys of major fracture
lines have been carried out for the Swedish parts of the Baltic
Shield and on the bottom of the sea off southeastern Sweden /3-6,
3-7 and 3-8/. A rock mechanical analysis of the deformation in
fractured Bedrock has been carried out /3-9/, as have geotech-
nical studies of the effects of possible future rock movements on



a rock repository /3-10/. A review and evaluation of available
measurements of rock stresses in Scandinavia and Finland has been
carried out /3-11/. The distribution of the fracture movements in
time and their geological background has also been illuminated
/3-12/.

The rock stress measurements which have been reported from Fenno-
scandia show that strong regional and local variations exist.
Aside from isolated exceptions, however, adequate safety margins
exist against rock failure caused by the internal stresses in the
rock at the depths in question /3-11/. This conclusion is also in
full agreement with practical experience from extensive mining
operations /3-13/.

Probability calculations have been carried out of the risk that a
rock repository will be hit by a fault during a given period of
time /3-14/. The probability that a circular rock repository with
a surface area of 1 knr* will be hit by a new fault is reported to
be 5 . 10"6 in 10 000 years. This is based on the assumption that
the length-distribution of linear structures observed in satel-
lite pictures of Sweden /3-15/ corresponds to the length-distri-
bution of existing faults. It is further assumed that the forma-
tion of new faults has taken place at a constant rate over the
past 1 500 million years, and that newly-formed faults appear
randomly, i.e. independently of regional differences and the
zones of weakness which already exist in the bedrock. It is,
however, uncertain whether these assumptions are valid.

Recently, de Marsily et al. /3-16/ pointed out that the fault
movements in the bedrock cannot be treated as merely random pro-
cesses. They have instead indicated that it is possible to make
forecasts, based on. historical and geological information, for
areas in which movements are taking place. The same principle can
also be applied to areas where present movements are so small or
infrequent that they are normally not noted. This is based on the
fact that the present fractures now present in the bedrock at any
given site comprise a local record of all earlier events of
fracturing.

A study of the fracturing of the bedrock shows that both the
fractures and the size of the fault movements are systematically
distributed in time and space. An example of the geographic dist-
ribution is given in figure 3-2 (cf. also /3-17/), which shows
the regular pattern of fracture-lines in the bedrock around Os-
karshamn. Here, faults and fracture zones, where the rock is
crushed and weakened by closely set fissures, form valleys sever-
al miles in length. These valleys enclose, in a network-like
pattern, less fractured bedrock blocks which can reach a size of
one or more square kilometres. Similar fracture patterns are
common in the Swedish part of the Baltic Shield.

There is a close association between the fracture content of the
bedrock and its hydraulic conductivity. The conductivity of a
given volume of rock formation constitutes the sum of the con-
ductivities of all the interconnected fractures present there.
Since these fissures in the shield are the results of fracturing
over some one thousand million years, the hydraulic conductivity
of the rock at each point would increase over one million years
by approximately one-thousandth of its present value if fractur-
ing is proceeding at an unchanged pace. Even if fracturing were
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Figure 3-2. Map of the fracture pattern in the Oskarshamn region. (Bedrock Bureau, Geological
Survey of Sweden).
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one hundred times faster than the average up to the present, the
permeability of the rock at each site would only increase by one-
tenth of its present value in one million years. In actuality,
the zones of weakness in different directions already present in
the shield enable new stresses to be released without the forma-
tion of new fractures. This is confirmed both by a rock mechani-
cal analysis /3-9/ and by independent field studies, which show
that later movements have largely followed older lines of weak-
ness /3-6, 2-7, 3-18 and 3-19/. Already existing planes of weak-
ness in the bedrock therefore comprise a mechanical protection
against fracturing in the intervening, less fractured blocks.
This leads to the conclusion that future fracture movements over
a very long period of time will not appreciably alter the hydrau-
lic conductivity of the rock around a rock repository.

A similar line of reasoning can be applied to the magnitude of
the fault movements. Observations in this respect are generally
limited to the total sum of the resultant displacement. Often,
only one component in a given direction can be measured. Indivi-
dual steps in such movements and changes in direction can only be
studied in special cases. Despite this, it can be shown that the
displacements are also clearly regular in their distribution, and
that they do not comprise a risk factor for terminal waste stor-
age. The situation is illustrated by figure 3-3, which is based
on the following observations.

The largest fault movement which was documented in the KBS survey
was at the Svedala fault in Skane in Southern Sweden /3-7/. The
vertical displacement over the past 570 million years there
amounts to a total of about 2 000 m. In this connection the pro-
vince of Skane marks the movement-prone zone of transition bet-
ween the Baltic Shield and the younger bedrock of Europe. Within
the shield the displacements are generally considerably smaller.

This applies particularly to nearly flat and horizontal areas,
where the land has escaped deformation and erosion for a very
long period of time, so-called "peneplains", cf. /3-20/. In a
fault at Gavastbo, east of Finnsjo Lake, west of Forsmark, the
total vertical displacement during the same period of time has
amounted to about 15 m. In a fault at Lake Gotemaren, north of
Oskarshamn, it amounts to about 30 m.

In Skane, it has been found that the large displacements there
are the result of repeated rock movements which, with some inter-
ruptions, have taken place over the past 570 million years /3-7/.
The fault movements in the bedrock have consequently displayed a
uniform systematic distribution over this long period of time, so
that the large displacements have consistently occurred at the
same fault lines, while most faults in the shield during the same
period of time have been characterized by very small displace-
ments .

It is, however, the fracture movements within the bedrock blocks
between the faults which are decisive for a waste storage. During
the same span of time, these movements have been extremely small.
In the KBS study area at Finnsjo Lake, for example, a maximum
displacement of 30 cm was found, and at Karlshamn 2 cm. These
figures represent the total displacement at individual fractures
over a period of more than 1 400 million years, which gives aver-
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age displacements of 0.3 and 0.02 mm per million years, respecti-
vely. This can be taken as a measure of the tendency towards
shearing movements within these blocks, and may as such be com-
pared to the average displacement of around 3.5 m per million
years at Svedala.

The fissure at Finnsjo Lake with a displacement of 30 cm was so
large and obvious that it would unquestionably be observed, and
thereby avoided, prior to drilling a storage hole for high-level
waste. The smaller crack at Karlshamn would also undoubtedly be
defected by routine mapping of rock fractures in a repository.

A discussion of the probability of a fracture movement of a given
magnitude occurring may nevertheless be of interest. It can be
based on the conservative assumption that fractures of the size
studied at Karlshamn would not be avoided, in which case the site
distribution of the displacements observed there applies. It is
further conservatively assumed that each displacement has taken
place in its entirety in a single movement, even though many ob-
servations indicate that displacements are generally the result
of repeated smaller movements.

The probability P^ that a displacement larger than d mm will
occur within a bedrock section 1 metre in length in a million
years is:

pd • d r r • where

p is the portion of the total number of observed fractures
where the displacement exceeded d mm;
S is the average distance between fractures;

- t is the age (millions of years) of the rock element which
has been subjected to displacement.

Fracture studies at Karlshamn /3-12, p. 47/ show that the proba-
bility of a displacement diminishes radpidly with the size of the
displacement. Total displacements of more than 1 mm exhibit a
nearly lognormal probability distribution, see figure 3-4. For
example, if d - 30 mm, p ~ 0.1%. For t - 1 400, which is the age
of the pegmatite bodies which have been subjected to fracture
movements at Karlshamn, and S « 1 m, P ™ ^ = 10"^ : i 400. With
a waste canister length of 5 metres, and a rock repository which
can hold 10 000 canisters, an average of one canister every 28
million years would therefore be expected to be hit by a fracture
movement in excess of 3 cm. This presumes that each fracture
movement only hits one canister. This is a reasonable assumption
with regard to the small fracture lengths observed at Karlshamn.
With larger total displacements, however, fracture length can
also be expected to increase, so that the same fracture could
strike several canisters. At the same time, however, as was men-
tioned above, the probability that such a displacement will occur
at all declines very sharply.

So far, it has been assumed that fracture activity has remained
unchanged through the ages, but this is not the case. A number of
studies have established that the fracture pattern in the shield
was formed at a very early stage, for the most part more than 900
million years ago /3-19, 3-21 and 3-22/. This is linked to the
fact that deformation of the bedrock vras much more extensive in
earlier phases. For example, approximately 95% of the total
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Figure 3-4. Hot of measured displacements, d, on bgnomal probability paper. Based on 114
observations exhibiting displacements >1 mm within the study area at Karlshamn.

displacement at the GStemar fault occurred more than 600 million
years ago. Geological factors also seem to indicate that the
fracture movements which have occurred over the past 300 million
years mainly took place in connection with volcanic activity
around 290, 170 and 110 million years ago, and in connection with
extensive rock movements in Northern Europe and the North Atlan-
tic 40-25 million years ago. Since this time, geological activity
in these areas has clearly been abating. Signs of fracture move-
ments during and after the ice age are rare or insignificant in
Sweden, and major movements have only been detected locally in
the provinces of Norrbotten, Vasterbotten, Dalarna and possibly
Skane. The Baltic Shield is thus currently in a very tranquil
period, from a geological point of view.

The high age of the fracture pattern, its multi-directional de-
velopment and the marked decrease in deformation with time all
indicate that both the formation of new faults and the actual
fracture movements have greatly decreased with time. As a result,
their effects on a rock repository should be considerably less
than has been indicated above.

The above discussion deals only with the natural fracture move-
ment in the bedrock. Questions concerning the stresses which
arise in connection with the construction of the repository and
the heat generated by the waste are dealt with in /3-23 and -24/.
It is shown there that the low stresses inherent in the KBS de-
sign would not lead to serious fracturing. The extent of any new-
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ly-fonned fractures will be greatly limited by the existing frac-
tures in the rock and the rock reacting elastically.

3.2.3 Uplift and glaciation

The current uplift in Sweden has been studied on the basis of
field observations /3-187 and on the basis of gravitational data
/3-25/. Despite differences in basic data and analytical tech-
nique, quite similar results have been obtained.

The uplift which followed the ice age reached its maximum on the
coast of Angermanland, where it reached a peak value of more than
800 metres. It mainly represents a rebound of the crust following
its depression by the weight of the continental glacier. Accord-
ing to /3-25/, the land is still rebounding from the depression
caused by the ice cap. According to /3-18/, this rebound ceased
2 000 - '3 000 years ago, and the current uplift has other causes.
A return from an earlier uplift of Western Scandinavia and the
concurrent subsidence of the Baltic Sea, which is discussed below
could possibly explain this process.

The effects of fracturing and movements in the bedrock in con-
nection with the uplift and a future ice age can be assessed on
the basis of the present situation. The hydraulic conductivity in
the test boreholes shows that hydraulically continuous fracturing
is limited for the most part to the uppermost 100 or 200 ra of the
bedrock. Below this level, the rock consists of low-permeability
blocks situated between larger fracture zones whose minerals,
directions and depths show that they were not created in connec-
tion with the Pleistocene glaciations. The borehole at Karlshamn
showed that the shallow, hydraulically continous fracturing at
this site did not even reach a depth of 23 m. Deeper sections of
the bedrock which have undergone the same depression and uplift
have been found to possess very low hydraulic conductivity. This
indicates that the uplift and the preceding depression did not
affect the permeability of the bedrock other than at shallow
depths. Furthermore, there have been a total of 10 to 20 Quater-
nary glaciations 13-26/, and the present state of the bedrock
reflects the cumulative effects of all of these. This leads to
the conclusion that one more glaciation would not appreciably
increase the permeability of the bedrock at the depth of a re-
pository. On the other hand, as has been particularly emphasized
by MSrner /3-18/, there have been numerous observations of dis-
placements and fracture movement in connection with the ice age
which apparently are unrelated to the actual pattern of faults in
the bedrock. Their depth is limited, especially in the flat areas
which will be sought out for a final repository.

Owing to its weight, an ice cap will increase the load on a rock
repository. An ice cap which is 3 km thick is equivalent in this
respect to a rock cover about 1 000 m thick. A rock repository at
a depth of 500 m will be loaded under such an ice cap as if it
had instead been at a depth of 1 500 m. There is a large body of
international experience from mining at this depth, and it has
been found that extensive fracturing is prevented if the rock
caverns are backfilled with a suitable load-bearing material. In
the KBS proposal, the tunnels in the repository are filled with a
mixture of bentonite and quartz sand, where the sand grains pro-
vide the necessary load-bearing structure. The storage holes are
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filled with compacted bentonite. A special geotechnical study
shows that the waste canisters will be situated in rock of virtu-
ally unchanged inperviousness /3-27/. In this context, it is
worth bearing in mind that the rocks of the Baltic Shield have
previously been subjected to much higher pressures and tempera-
tures for millions of years than those which could occur over the
next few million years.

Some 30 million years ago, crustal movements occurred which gave
rise to more lasting deformations than those of the Pleistocene.
In connection with large bedrock movements in the Alps and the
North Atlantic, western Scandinavia was uplifted, giving rise to
the steep Atlantic coast of Norway. The Baltic Sea basin subsid-
ed. The uplift of the land surface which extends from the West
.coast of Sweden towards Gavle and further northward along the
northern Baltic coast probably occurred at the same time. This
uplift marks the western border of the Subcambrian peneplain.
Deep weathering in some of the fracture zones in the shield, as
well as fossile finds from this period, show that a considerably
warmer and more humid climate prevailed then than now. Weather-
ing, erosion and groundwater circulation at this time seem to
have reached their greatest depths in the shield. This has given
us examples of what can happen in extreme cases in our type of
crystalline bedrock. However, these fracture movements and the
weathering of these fracture zones are entirely local features
/3-28 and 3-29/ and no traces of them have been detected in most
of the volumes of bedrock which have thus far been investigated
in mines, tunnels and drill cores.

3.2.4 Earthquakes

The effects of the types of earthquakes which occur in Japan on
rock tunnels have recently been studied by Dowding /3-3O/ and
Yamahara et al. /3-31/. Even in the case of very large earth-
quakes, the maximum temporary additional stress locally in the
rock is calculated to be only 3.0 MPa. The risk of damage to a
backfilled rock repository under Swedish conditions is therefore
negligible.

Earthquakes are rare and of low magnitude in Sweden. Since 1891,
systematic records have been kept on earthquakes /3-32/. Since
1951, earthquakes are recorded by means of sensitive instruments
which can detect quakes at sea and in uninhabited regions as
well. A review of known observations up to 1972 was published in
a study by Kulhanek and Wahlstrdm /3-33/. A map of Swedish earth-
quakes during the period 1951-1976, with comments and other ma-
terial, was obtained from Bath /3-34/.

Earthquake frequency exhibits wide variation during the observa-
tion period. The geographical distribution of earthquakes in
Sweden and adjoining areas has, however, remained relatively un-
changed .

Southeastern Sweden exhibits extremely few earthquakes. On the
map provided by Bith, only two earthquakes, both near the Roxen -
Motala fault zone, are shown. Most of the quakes are instead lo-
cated in a belt extending from the southwest coast of Sweden,
across the Lake Vatiern region - where they are relatively nume-
rous - towards Gavle and then along the coast of the Gulf of
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Figure 3-5. 95% ofall quakes which were recordedin Sweden duringtheperiod 1951-1976are
heated within 26 linear zones phis a nearly circular area in the province of VistergStland.
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Bothnia. From the northernmost part of the Gulf of Bothnia, the
belt swings towards the northwest and then turns towards the
southwest in the Norwegian sea and runs along the coast of Nor-
way, thereby encircling central Scandinavia /3-14/. The distribu-
tion of quakes is thus related to bedrock movements on and off
the Norwegian coast, and in Sweden a connection can be seen with
the fault lines in the VSnern-Vattern region, the western bound-
ary of the Subcambrian peneplain and the areas of recent rock
movement in Skane, VMsterbotten and Norrbotten. This would indi-
cate - as was maintained by Kvale /3-35/ - that the Scandinavian
earthquakes are related to bedrock movements which are indepen-
dent of the ice age. From this, it follows that the current
distribution of quakes is the manifestation of more far-reaching
geological processes and will probably persist for a very long
period of time.

The local limitation of the effects of earthquakes has been con-
firmed in a striking manner by new findings concerning the dist-
ribution of earthquakes in Sweden. Professor M Blth has shown
(Deep-seated fracture zones in the Swedish crust, manuscript
1978) that 95% of all quakes which were recorded during the pe-
riod 1951-1976 are located within 26 distinct linear zones, plus
a nearly circular area in the province of Vastergotland, while
intervening areas are virtually completely quake-free. See figure
3-5. The quakes occur at an average depth of 15-16 km. Many of
the seismically active zones coincide roughly with present river
valleys. Concerning these, it is known through other studies that
they largely follow fractured zones in the bedrock, and that the
'alleys were eroded in many cases around 25 million years ago.
These observations thus support the conclusion that recent frac-
ture movements in the Swedish bedrock, as well as earlier ones
and movements which could conceivably occur during the waste
storage period, are closely associated with pronounced zones of
movement. Future rock movements therefore present no threat to an
absolutely safe storage outside such zones.

3.3 TEST AREAS

3.3.1 Scope of the work

The work in the different test areas has included the following
main pursuits:

Geophysical measurements, napping of outcrops and fractures
drilling, evaluation of drill cores, borehole logging and TV
examination of boreholes.
Water injection tests and calculations, water sampling for
chemical analysis and age determination.
Field tests with tracers in fissured rock before and after
grouting, mainly at Studsvik.

The total length of cortd boreholes is more than 5 000 m, distri-
buted among five test areas, three of which have been selected
for closer study, namely Sterno near Karlshaan, Krlkeatla neai
Oskarshamn and Finnsj8 Lake near Forsmark. The Precambrian bed-
rock at these sites is of different types, and the choice of the
study areas reflects the with to elucidate the characteristics of
different geological settings.
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The results from the field studies have been presented in a num-
ber of technical reports /3-3, 3-4, 3-36, 3-37 and 3-38/.

Only brief summaries with an emphasis on results which complement
the previous report /3-12/ are provided in the following sec-
tions. Additional data have been obtained from similar studies at
Stripa. The results from these studies are presented in a special
series of reports, as well as in /3-5, 3-38 and 3-39/.

3.3.2 Results

Kax lshamn jirea

Studies in the Karlshamn area have been conducted on the Sterno
peninsula, within the grounds of the oil-fired power plant there.
Of the different test areas, this is the geologically best known.
It is located in that part of Western Blekinge where the regional
relationships between bedrock structures and groundwater con-
ditions have been studied most thoroughly in Sweden, and it is
the only one of the KBS test areas where data are also available
from existing rock caverns, see figure 3-6. The results of the
geolocical surveys have been reported in /3-41/.

The study area is composed of a grey gneiss, Blekinge coastal
gneiss. It has a low fracture and groundwater content. The di-
rections of the fractures vary and exhibit no pronounced main
directions. These factors are also reflected in the statistics
for the rock caverns in the gneiss which are used for oil stor-
age. Reported data on water leakage into the rock caverns exhibit
low values. The need for reinforcement following blasting has
been remarkably low. The hydraulic conductivity of the surround-
ing rock can be calculated from the leakage data. Values around
or lower than 10~9 m/s are obtained, which is lower than normal
for rock caverns at a depth of 30-50 m.

A core drilling within the area to a depth of 500 m reveals un-
changed good rock conditions at greater depth.

Water injection testing in the borehole with a single packer re-
vealed a conductivity for the section 23-500 m equal to or less
than 2 x 10~12 m/s, which was the measuring limit for the equip-
ment which was used. Measurements over two-metre sections between
two packers revealed values for most of the hole equal to or less
than 4 x 10~l° m/s, which was the measuring limit for this method.
In the deepest part of the hole, however, somewhat higher values
were obtained, between 10~9 and 10~8 m/s. These values are not
consistent with the results of the much more reliable single-
packer test and probably stem from the fact that small quantities
of vater leaked past the seals.

A special study within the test area 13-121 has shown that dis
placements along existing fractures have been small for a very
long period of time. Existing fractures are largely mineralfil-
led. One fracture zone filled with swelling clay minerals has
been found north of the test area. No significant crush zones
have been found. Rock mechanical tests /3-5/ show that the rock
possesses high strength.
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In summary, the study area at Karlshamn is composed of a type of
rock which is poor in groundwater and fractures regionally. With-
in the test area and in its immediate vicinity, there are a num-
ber of rock caverns which show that the bedrock, even at rela-
tively shallow depths, is distinguished by low permeability and
good stability. Their combined volume is more than one million
m3, i.e. closely comparable to the total volume of the rock repo-
sitory proposed by KBS, which is estimated to be one million m^.
Many of these rock caverns are used for the storage of heavy oil
and are heated to a temperature which is roughly equal to the
estimated temperature of the final repository, without their
stability or imperviousness being reduced. Finally, test drilling
shows that these good rock conditions extend down to a depth of
500 m and that the drilled section is free in its entirety from
water-bearing fracture zones and is characterized by extremely
low water conductivity.

Finns,J£ £rea

The Finnsjo area is located 16 km west-southwest of the Forsmark
nuclear power station in Northern Uppland county. Geological and
geophysical studies have been carried out here. The rock condi-
tions have been studied at depth in three cored boreholes, one
vertical to 500 m and two at 50° inclination to between 500 and
550 m vertical depth. The area is composed of Early granite,
which is a relatively uniform, weakly gneissic rock of granodio-
ritic composition. In the test area, no remnants of leptite have
been found in this rock, and a survey on the ground did not re-
veal any magnetic anomalies which means that the presence of mag-
netic iron ores can be excluded. The granodiorite is rather
strongly fractured. However, the fractures are for the most part
irregular, with varying directions, and largely mineral-filled.
Low contents of swelling clay minerals are sometimes found. To-
wards the east, the area is bounded by a fault which is accom-
panied by a 300 m wide belt with heavier fracturing. In a bore-
hole here, substantial sections of an evenly-grained granite have
been found. The central parts of the area, on the other hand, are
characterized by large blocks of little fractured bedrock with
surface areas of up to 100 000 sn2. Fracture zones, some filled
with crushed material, are found between these blocks. Sections
several hundred metres in length with conductivities of less than
10~9 m/S| interrupted by a few zones with higher values, are
found in the boreholes. The groundwater flow in large volumes of
rock at a depth of 500 m can be calculated from the obtained data
to be about 0.1 1/ra2 and year or less. Fracture zones with larger
flows exist. Rock mechanical tests on borehole cores show very
high strength /3-5/. The Finnsjo area represents a common type of
bedrock in Sweden and has been selected as a reference area in
some of the KBS studies.

Krtkem&la area

The Krikemila area is located 7.5 km north-northwest of the 0s-
karshamn nuclear power station at Siapevarp, between the Baltic
Sea and lake GStemarin. Geological and geophysical studies have
been carried out here. Three cored boreholes have been drilled
here, of which two are vertical to 500 and 600 m, respectively,
and one is inclined at 50 and drilled to a vertical depth of 550



m. The area is made up of a very uniform, undefonned granite,
with a widely spaced but regular network of perpendicular, hori-
zontal, straight and long fractures. The fractures are lined with
the granite minerals and special fracture-filling minerals
(quartz and chlorite). Pyrite also occurs in the fractures,
sometimes abundantly, along with fluorspar. Smectite, i.e. swel-
ling clay with a high capacity for cationexchange, which would
retard the dispersal of certain waste elements, occurs in minor
amounts. Drill cores from Krakemala show high strength, although
considerably lower than that shown by the cores from Finnsjo Lake
/3-5/.

-' _o
Long sections with a water conductivity of less than 10 m/s
are found in the boreholes between 300 and 500 metres depth.
These sections are, however, surrounded by zones with higher
conductivities and water contents. The groundwater flow in the
less pervious sections is calculated to be about 0.15 1/m2 and
year or less. Much larger flows are found in existing fracture
zones, which explains the fact that rock wells in this granite
often produce plenty of water. The GStemar granite is characte-
rized by a higher gamma activity than the preceding areas, and
exhibits, according to G. Akerblom of the Geological Survey of
Sweden, average contents of 15 g uranium and 55 g thorium per
tonne, as well as 4.82 potassium /3-42/, which may lead to cer-
tain radon problems during the construction phase.

areas

The two other areas in which drilling has been carried out are
Xvro, just north of Simpevarp, and Forsmark, approximately 3.5 km
west of the Forsmark power station. Following pilot studies, both
of these areas were judged to have less favourable rock condi-
tions than the three preceding areas, so the studies were discon-
tinued.

3.4 GROUNDWATER CONDITIONS

3.4 .1 General

Radioactive waste which is stored deep down in the bedrock can in
practice be dispersed only via the groundwater. The magnitude of
the groundwater flow in the areas under consideration, as well as
its velocity, retention time and pattern of movement, are there-
fore of great interest.

The movements of the groundwater and the dispersal of waste sub-
stances with the groundwater are dealt with in a nun.ber of tech-
nical reports /3-43 to -52/. These reports show that there are a
number of different methods available today for modelling these
processes. The properties of the bedrock are of fundamental im-
portance for these calculations. Measurement data from the se-
lected test areas were, however, not obtained until a late stage,
when the boreholes had already been completed, the measurements
had been carried out and the results had been obtained. A number
of possible assumptions have therefore been considered in the mo-
dels, and the calculations were evaluated as the measurement data
became available.



3.4.2 Hydraulic conductivity of the bedrock

The hydraulic conductivity of the bedrock has been measured in a
number of boreholes in 2 m (in some cases 3 m) long sections from
the water table down. The results can be summarized as follows.

The upper part of the bedrock, which may extend down to a depth
of anywhere between ten and a several hundred metres is often
characterized by relatively high conductivity, owing to an exten-
sive and coherent network of fissures. The upper sections of the
bedrock correspond most closely to the model for fractured rock
developed by Snow /3-53/ on the basis of a large number of dril-
lings and permeability determinations down to a depth of 100 m.
With increasing depth, the abundance of sections of very low con-
ductivity increases, and there is a transition to conditions
characterized by large volumes of predominantly impervious rock,
interrupted by narrow water-bearing fracture zones. The lower
sections therefore exhibit the conditions for crystalline rock at
great depth described by Webster et al. /3-54 and 3-57/. It is
shown in the cited studies that the groundwater movements in the
network of fissures which exists in the upper part of the bed-
rock, as well as in the narrower fracture zones in the deeper
parts, can be calculated with the use of well-known formulae for
the movement of liquids in porous materials.

Most of the groundwater flow in the bedrock takes place in the
upper part of the rock, where hydraulic conductivity is often
between 10~5 and 10"? m/s. Hydraulic communication in this sec-
tion is generally good, which gives rise to a continuous and flat
water table /see Larsson et al., 3-55/.

A smaller portion of the groundwater flows through the deeper
part of the bedrock, where its movement is for the most part re-
stricted to certain water-bearing zones. (Highly water-bearing
zones have been found in Swedish mines down to a depth of 900 m.)
Intervening sections of rock have a conductivity of less than
10~9 m/s. In gneiss at Karlshamn, a value of 2 x 10~12 m/s or
less has been obtained /3-36/. 5 x 10~H m/s has been measured in
granite at Stripa /3-56/. Hydraulic connection between the indi-
vidual fractures at great depths appears to be greatly limited,
as is evidenced by the fact that no measurable water flow was
found in sections where both the drill core and TV examination
indicate the existence of fractures. Obviously, in order for
water to actually flow, the fractures must be in hydraulic con-
tact with each other, as is the case in the above-mentioned frac-
ture zones. Differences in the chemical composition and age of
the water, however, also indicate that hydraulic connection even
between the water-bearing zones in the same boreholes can be li-
mited at these depths.

In the deeper parts of the Krakemala 1, 2 and 3, A'vro 1 and Finn-
sjo 1 and 2 boreholes, the frequency distribution of conductivity
values is clearly divided in this manner into two parts. The val-
ues lie either around and above 10"' m/s, or below the measure-
ment limit at 2-10~9 or 4 x 10~10 m/s, respectively. The few sec-
tions which give values between 10"^ and 10~9 m/s are probably
mixed cases,, where one-part of the section has the higher value
and the remainder has the lower value. Below 400 m, leakage
around the packers appears to have given rise in some cases to a
more uniform distribution of the measurement values. A more homo-
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geneous distribution of the permeability values is exhibited by
the Finnsjo 3 borehole, which goes for the most part through more
highly fissured rock, owing to the fact that it is situated near
the Glvastbo fault.

More than 1 500 conductivity determinations in 2- and 3-metre
sections in all boreholes except for Finnsjo 3 appear therefore
to confirm the postulate that the rock deep down in the Swedish
bedrock is often divided into transmissive and non-transmissive
rock /3-54,3-57/. The non-transmissive rock has conductivities
below 4 . 10"10 m/s, and probably also below 5 . 10"11 m/s (Stri-
pa) and 2 . 10~12 m/s (Karlshamn). Transmissive rock possesses
conductivities of more than 10~8 m/s, calculated over the length
of the measured section. Most of the deep groundwater moves in
the zones of transmissive rock.

3.4.3 Groundwater flow volumes

The groundwater flow in the three test areas have been determined
with the aid of models based on potential theory as developed by
Stokes /3-45/. Here, flows and flow lines for various topographi-
cal and hydrological conditions and a starting hydraulic conduc-
tivity of 10~6 m/s are derived. An adjustment for measured con-
ductivity values can easily be done. For Karlshamn, a flow of
0.2 l/m2 and year has previously been reported. This was based on
information available at the time, namely a conductivity at shal-
low depth of 10~9 m/s or less combined with good rock conditions
in the existing borehole, a water table slope of 0.05 and an is-
land-like topography. The model used here is represented by Fig,
15 in /3-45/ and assumes radial symmetry, an impenetrable bottom
surface at a depth of 1 000 m, above which conductivity decreases
with depth according to K * K(-i) = 100.0013 z-6 m/s where z is
the depth in m (negative). Measurements have since shown that the
conductivity in the borehole at Karlshamn from 23 to 500 m is
equal to or less than 2 . 10~12 m/s, this value can instead be
applied to the model as per Fig. 14 in /3-45/. Here, constant
conductivity and no bottom surface at finite depth is assumed. A
flow equal to or less than 0.0015 1/m^ and year is then obtained.

In the same way, a corresponding model with a two-dimensional
flow pattern perpendicular to a valley slope - Fig. 8 in /3-45/ -
can be applied to Finnsjo Lake and Krakemala. Here, the slope of
the water table can be set equal to 0.008 and 0.0012, respective-
ly, which, for rock with a conductivity of 10~9 m/s, gives flow
volumes of 0.1 and 0.15 1/m2 and year, respectively. These small
water volumes probably represent an overestimate of the actual
flows, since they have been calculated on the basis of a measur-
ing limit of 10~" m/s, while the actual conductivity around the
waste canisters is much lower. Thus, the cited measured values
from Karlshamn and Stripa would give flows which are 500 and 20
times smaller, respectively, than those used in the safety ana-
lysis. The small flow volumes greatly restrict the amount of sub-
stances which the groundwater can carry to or from a rock reposi-
tory.



3.4.4 The pattern of groundwater flow

The flow of the groundwater is determined by an area's precipi-
tation and topography as well as the nature of the ground and the
bedrock. Computer programmes have been developed which can be
used to calculate the three-dimensional flow pattern for an area
/3-45/.

The results show, as expected, that the groundwater seeps down
into the bedrock in elevated areas, after which it turns upwards
again towards large adjoining valley floors, where it may reach
the surface. This takes place at points of groundwater discharge
into lakes, streams and springs. The influence of topography
often extends down to a depth of several thousand metres. The
longer the slopes are, the deeper their influence reaches. The
surface areas where groundwater from great depths issues are
small, and the upflow is accompanied by a very heavy dilution of
the groundwater by water from higher levels.

One consequence of these general conditions is that the ground-
water movements in an area of crystalline rocks are divided into
smaller flow cells, and that the groundwater transport is predo-
minantly of a local character. This pattern becomes more pro-
nounced when the valleys follow fracture zones in the bedrock,
where vertical permeability is high. The potential for upward
flow which was formerly assumed to exist in the Gavastbo zone
east of the Finnsjo area has now been verified by means of piezo-
metric measurements in a percussion hole drilled through this
zone /3-3/.

Calculations have been carried out of the upward flow over a rock
repository which is caused by the heat generated by the waste
during the introductory phase cf the storage period /3-46/. In
agreement with previous American estimates, it is reported that
this heating gives rise to only an insignificant perturbation of
the prevailing flow pattern. The effects of drainage of the rock
around the final repository during the construction and deposi-
tion phase have also been investigated /3-45/.

The calculations of the flow volumes and the flow pattern are
based on the present topographical contours of the land. These
contours, however, manifest underlying differences in the struc-
ture of the bedrock and its resistance to destructive forces. The
terrain at Finnsjo Lake and Krakemtla is, in its main features,
approximately 600 million years old and lacks potential for re-
newed erosion, while future erosion in the Karlshamn area would
reduce the present elevation differences and thereby also the
slope of the water table.

Our present-day climate is characterized by large quantities of
precipitation in relation to evaporation. As a result, the water
table generally follows the topographical contours of the land
near the surface of the ground. In the calculations, it has gene-
rally been assumed that the water table and the terrain coincide,
which constitutes a limiting case with maximum possible slopes of
the water table. In a more arid climate, the water table would be
deeper and its gradients would decrease. In a more humid climate,
low-lying areas would be flooded and the regional hydraulic gra-
dient would also decrease.
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The same factors also control the conditions for a transport of
dissolved substances with the groundwater. The lower the water
table, the less the transport. Consequently, placing of the water
table at the surface of the ground constitutes a conservative
limiting case. Finally, since both topography and the hydraulic
conductivity of the bedrock are largely determined by the exist-
ing bedrock structure, the paths of flow in the investigated
areas will persist for a very long period of time.

3.4.5 Groundwater flow time

Calculations of groundwater flow time are based on Darcy's Law,
which can be written:

X E

3.2 x 107 x K i
P

where

t = time (years)
s * length of flow path (m)
K * permeability (m/s)
i^ • hydraulic gradient (m/m)
e * effective porosity of the rock, i.e. the volume of the

water-conducting pores as a fraction of the total volume
(m3/m3).

Of the quantities in the equation, values for K_ are available
from measurements in KBS boreholes, and the hydraulic gradient at
various depths can be calculated on the basis of the elevation of
the free water table (ground surface). As is mentioned under
3.6.1, the actual gradients are roughly half of those on which
the following calculations are based, which means that the actual
flow times are approximately twice as long as those which are
calculated.

A value for the effective porosity has been calculated to be
nearly 0.001 on the basis of long-term tracer tests between two
boreholes in a permeable zone of fissured rock at a depth of
around 500 m, with conductivities of around 10~" m/s /3-57/. Only
laboratory determinations and indirect field measurements appear
to be available for less pervious rock. For crystalline rocks
from Norway with conductivities of between 10~*" and 10~13 m/s,
effective porosities of between 0.001 and 0.028 have been measur-
ed, and most tested samples exhibit values of between 0.005 and
0.015, Heitali /3-58/. The same porosity range has also been given
for crystalline rock species from North America /3-59 and 3-60/.

A somewhat lower range, 0.001 - 0.004, is obtained from measure-
ments of Swedish crystalline rocks, namely six non-fractured
samples from the drill core from Forsmark /3-61/ and some 50 rock
samples from Norrland /3-62/. All of these determinations have
been carried out by means of water saturation and water-loss
measurements, respectively.

An indirect method to measure the porosity of the bedrock in
boreholes is to determine its electrical resistivity, provided
that no electrically conductive minerals are present. Brace /3-59/
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has shown that, for crystalline rock with low porosity:

e * porosity
r * resistivity of the pore liquid
R « resistivity of the bedrock
m * an exponent with values near 2 in normal rock. In fracture

zones with predominantely parallel fractures, m = 1.

Measurements carried out in KBS boreholes show that R,in non-
transmissive rock lies around 1(H ohmmeters, while 10 ohmmeters
has been measured in many intensively fractured zones. The re-
sistivity of the pore liquid can be assigned a value of around 3
ohmmeters /3-63/, which gives porosities of around 0.005 for rock
sections with hydraulic conductivities of less than 10"^ m/s. In
the fracture zones, the resistivity of the water is around 40
ohmmeters, which gives similar porosity values for zones with
hydraulic conductivicies around 10"' m/s as well.

The cited data indicate that e is between 0.001 and 0.01 for non-
transmissive rock as well, and confirm Heimli's conclusion that
there is no direct connection between effective porosity and
hydraulic conductivity in this type of low-porosity rock. This is
because the water moves in pores and small fissures with short
length, uneven walls and poor hydraulic connection, so that the
actual flow channels are tortuous and, at points, constricted.
Often used relationships between permeability and porosity, which
have been worked out for grouting operations in heavily fractured
rock, are, on the other hand, based on the assumption that the
water-bearing fractures represent openings between infinitely
long, plane-parallel and smooth-walled plates /3-53/. This leads
to a gross underestimate of the porosity, and therefore also of
the-flow time, in sound rock.

The time it takes for the groundwater to move from a rock repo-
sitory to the surface has been calculated with data from the
Finnsjo area and different distributions of K and e. On the
basis of data obtained from the Finnsjo 3 borehole, a three-
dimensional calculation with HL * ioO-O°3 z~ 6 m/s (z is the depth
in m, negative) and e = 0.001 is considered to correspond most
closely to the actual flow times. iC varies in this model from
10~6 m/s at the surface to 10~ 7 > 5 m7s at a depth of 500 m. A
number of large fracture zones with permeabilities hundreds of
times higher have also been incorporated in the calculation
model.

This model shows that a rock repository at a depth of 500 m and
with a surface area of 1 km2 would fit within an area where the
groundwater takes around 3 000 years or more to reach the sur-
face, see figure 3-7. This does not take into account the time
during which there is only an inflow of groundwater to the repo-
sitory, and no outflow.

The effects of crush zones may be somewhat underestimated by this
model, since the lowering of the water table above these zones
has been neglected.

However, this model, with its predominantly regular permeability
distribution, represents a great simplification of reality. A re-
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Figure 3-7. Flow times for the groundwaterfrom a rock repository at a depth of 500 metres to
the surface according to a three-dimensional model for the Finnsjo area. The water table is assumed
to conform to the surface of the ground. The conductivity of the bedrock is taken to vary accord-
ing to

Kp * loP'000 °°3 2-6 m / k (corresponding to measurement in the bore hole Finnsjdn 3)

where z is the depth below the surface in metres (negative). A number of 50-metre wide vertical
crush zones have been incorporated in the model For these, it is assumed that

j>00034

The curves encompass areas within which the flow times are equal to or longer than the given
number of years in powers of 10. For example, the flow time to the surface is more than 10 000
years from all points which lie within the curve marked with 4. The area inside this curve is app-
roximately 2 km?. (According to Stokes and Thunvik/3-45/).

The effects of crush zones may be somewhat underestimated by this model, since the lowering of
the water table above these zones has been neglected.

• -^^jjrifw1—' *- -



liable assessment of actual flow times can nevertheless be based
on these calculations, since an overview of the effects of the
local variations between water-bearing fracture zones and less
pervious rock masses can be obtained from an application of Dar-
cy's Law.

For example, let us take a general case where the hydraulic gra-
dient is 0.01 and the porosity of the bedrock is 0.003. For a
fracture zone with a conductivity of 10~7 m/s, it is found that
it takes 0.1 years for the groundwater to move 1 metre in the
direction of the gradient. In a less pervious rock section with a
conductivity of lO"*1 m/s, the water takes a thousand years to
travel the same distance. This can also be expressed by saying
that it takes just as long for the groundwater to move 1 metre
through the less pervious rock as through a fracture zone 10 ki-
lometres in length. This demonstrates that it is the presence of
impervious rock around the individual waste canister which is
decisive in determining the flow time of the groundwater from
this canister up to the surface.

In the borehole in Karlshamn, where the hydraulic conductivity
over a section of 477 m has been measured to be 2 . 10~12 m/s or
lower, the total section length of rock with a permeability of
10~7 m/s cannot exceed 1 centimetre. It is therefore absolutely
certain that each waste canister here would be surrounded by ex-
tremely low-permeable rock many metres thick. Consequently, it
would take many thousands of years for groundwater which has been
in contact with such a canister to flow through the rock and up
to the surface. Furthermore, the flow of the water in such im-
pervious material does not follow Darcy's Law, but is rather
slower. It is therefore probable that the water will take hund-
reds of thousands oZ years or even longer to flow from a depth of
500 m up to the surface through such rock.

At KrSkemala and Finnsjo Lake, drillings show that the volumes
with low-permeable rock are considerably smaller, but can still
reach a size of hundreds of thousands and even up to a million
cubic metres. Thus, there is room at these sites as well to lo-
cate the waste so that it is surrounded by many metres of non-
transmissive rock, so that flow times of several thousand years
can be counted upon.

However, the bedrock blocks in question are surrounded by frac-
ture zones with conductivities of around 10~7 m/s. The boreholes
show that their volume is only one-fifth to one-tenth that of the
non-transmissive blocks. With the given values for Kp (10~7 and
10"11 m/s) it can therefore be calculated that around 99.9Z of
the groundwater flow through the bedrock goes through the frac-
ture zones. This means that the flow time for most of the ground-
water is determined by the conductivity of the transmissive rock,
which corresponds to the three-dimensional calculations presented
in figure 3-7. But, as has already been noted above, the flow
time for the water which has been in contact with a waste canis-
ter in non-transmissive rock is several thousand years longer
than that calculated for the fracture zones.

The boreholes, together with field observations on the surface,
show that the fracture zones intersect the bedrock in different
directions and are generally of limited length. They normally
consist of several long fractures which succeed one another, or
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of systems of more closely spaced small fractures. The water
which follows the fracture zones can therefore not flow without

'•• interruption in the direction of the hydraulic gradient, but is
rather governed by the course of the fractures. The actual flow
paths are therefore longer than in the flow calculations and pro-
bably include sections of lower conductivity. This gives rise to
the so-called "tortuosity" of the flow paths, which lengthens the
flow time.

The magnitude of the lengthening factor is, however, difficult to
specify. If a contiguous flow route runs parallel with and per-
pendicular to the gradient in equal proportions, this would en-
tail a doubling of the flow time. Small sections of less pervious
rock along the flow path would also lead to a lengthening of the
flow time. As was shown above, however, the water's long flow
times in the less transmissive rock surrounding the individual
waste canisters are most important.

The conclusion of this analysis is that most of the groundwater
moves in the fracture zones in the bedrock. Calculations of
groundwater flow time show that a rock repository at a depth of
500 m with an area of 1 km2 at Finnsjo Lake could be contained
completely within an area from which the flow time of the ground-
water to the surface exceeds three thousand years. Water which
has been in contact with an individual waste canister surrounded
by low-permeable bentonite and several metres of low-permeable
rock would require an additional several thousand years in order
to reach a fracture zone. Conditions are similar at Krakemala. At
Karlshamn, the flow time of the groundwater to the surface from a
rock repository at a depth of 500 m would probably exceed hund-
reds of thousands of years.

3.4.6 Groundwater age

Information on flow times can also be obtained from age determi-
nations made on groundwater. A number of such determinations has
therefore been carried out using the carbon-14 method. This
method is based on the fact that the element carbon has two
stable isotopes, carbon-12 and carbon-13, and one radioactive
isotope, carbon 14, which decays at a known rate. Carbon-14 is
constantly being formed in the atmosphere, where it is incorpo-
rated in the carbon dioxide in the air. When this carbon dioxide
is assimilated by plants or dissolved in the water, the carbon-14
isotope goes along with it.

However, when the water becomes groundwater, it can no longer ab-
sorb carbon-14. The carbon-14 radioactivity of the water there-
upon diminishes regularly with time, according to the formula

t (years) « 1.85 . 10 l°g10
 m'x»

Where m is the original carbon-14 content of the carbon dioxide
and x is the content when the measurements are made. It is as-
sumed in the calculations that the carbon dioxide in the air has
always had a constant level of carbon-14, but that some fractio-
nation of the carbon isotopes has taken place. A correction is
therefore made for this fractionation on the basis of the carbon-



Tabell 3-1. Age determinations of deep groundwater using the carbon-14 method.
o
00

Sample

Depth, m

Analysis No.

pH

x/m, Z

d 13C o/oo

Age, conv.,

Age, m - 80

Sample

Depth, m

Analysis No.

pH

x/a, Z

d 13C, o/oo

Age, conv.,

Age, m * 80

Note: 1) -
K -
Fi -
Fo -
Cn and

, St

years

Z, years

, St

years

Z, years

A «

K 1

407

6229

8.45

25.75

-15.35

10980

9190

Fo 1

355

6389

-

69.63

-15.4

2990

1190

Vertical depth
Krakemila
Finnsjon
Forsmark
Storjuktan

K 1

493

6246

7.95

36.63

-16.3

8140

6350

C 5

300

6033

8.05

42.80

-17.9

6870

5080

m —
x •

d 1 3 c -

K 2

291

6221

7.3

58.84

-16.2

4330

2550

A 8

300

6032

7.55

50.46

-18.3

5550

3760

K 2 Fi 2

510 3601J

6203 6388

7.25 7.65

59.76 64.14

-16.6 -11.9

4200 3680

2410 1880

Ave. value

380

7.72

-15.6

5150

3350 + 850

Fi 2 Fo 1

3601* 458

6387 6263

7.75 7.9

64.44 69.15

-12.95 -15.4

3630 3040

1840 1250

Correction 1

Half-life

5 730 yrs(+3Z)

+ 100
Corrected ave.

Fo 1

458

6319

7.85

69.52

-15.2

3000

1210

Correction 2

Time variation

o f U C

+ 200
value 3 650 + 850

carbon dioxide's original carbon-14 content
sample's measured carbon-14 content
sample's measured carbon-13 content

See tables 1 and 2, KBS Technical Report No. 62.
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13 content of the sample. In this manner, a so-called convention-
al carbon-14 age is obtained.

Conventional carbon-14 ages for 15 groundwater samples, determin-
ed at the laboratory for isotope geology in Stockholm, are repor-
ted along with conventional chemical analyses in /3-37/. In addi-
tion, determinations have been made on water from the Stripa
mine, giving ages of up to 30 000 years. If water from mines,
where groundwater conditions have been disturbed for a long time,
is disregarded, 11 age determinations on deep groundwater are
reported. These give ages of between 3 000 and 11 000 years. The
average is 5 300 years, the average depth 380 m.

However, the level of carbon-14 in the air's carbon dioxide has
varied with time. It has been possible to follow this variation
6 000 years back in time by the analysis of wood specimens whose
age has been determined by counting their annual rings. A curve
for the correction of conventional carbon-14 ages in reference to
this is provided by Faure /3-64/, who also presents an up-to-date
review of the background and principles of the carbon-14 method.

The age determinations have been carried out on the carbon di-
oxide (CO.) and hydrogen carbonate (HCO-) in the water samples.
However, a portion of these substances can derive from the disso-
lution of inactive calcite in the ground through reaction with
the carbon dioxide in the air in the ground according to

CaC03 + C02 + H20 » Ca
2+ + 2HCO~;

or with the sulphur oxides in the air according to

CaC03 + H2SO4 - Ca
2+ + SO2" + C0 2 + H20;

Such contributions of inactive carbon dioxide and hydrogen carbo-
nate would result in excessively high ages.

The low level of sulphate in the water samples shows that contri-
butions from sulphuric acid can be ignored. A maximum contribu-
tion of inactive carbon from the dissolution of calcite can
therefore be calculated according to Mook /3-65/ on the basis of
the original carbon-14 activity (100Z) and carbon-13 deviation
(-25 o/oo) of the carbon dioxide, the activity and carbon-13
deviation (0Z, 0 o/oo) of the calcite and the carbon-13 deviation
(15.6 o/oo), pH (7.7) and temperature (5-15 C) of the water. The
values given in parantheses are those which were used in the
calculation. The values for the carbon-13 deviation and pH of the
water are the averages of the 11 determinations. The pH of the
groundwater shows that the calcite reaction has taken place
primarily in the intermediary zone and not in the deep bedrock
(3-66). This is confirmed by the fact that calcite-filled fissur-
es generally occur in the rock near the surface as well. The main
source of the calcite in the ground is marine limestone, which is
now a part of the soil cover. Its carbon-13 deviation is
0 +2 o/oo, according to /3-67/. According to determinations
carried out on three samples of Paleozoic limestone frca the
Baltic area and one sample of crystalline Frecambrian limestone
from the FinnsjS district, the carbon-13 deviation is less than 1
promille. These data show that the contribution from calcite
dissolution is at most 20Z of the water's content of carbon
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dioxide and hydrogen carbonate. This is because some of the
carbon dioxide in the soil air has reacted with silicate minerals
instead of calcite. According to Vogel /3-68/, the contribution

I from calcite dissolution in modern groundwater is, on the aver-
age, around 15Z. The 11 conventional carbon-14 ages have each
been corrected for a contribution of 20Z inactive carbon. This
gives a new average value of 3 350 ± 850 years. Correction for
changes in carbon-14 activity with time and for a half-life of
5 730 years give a final result of 3 650 ± 850 years, see table
3-1.

This age is an average value of the time it has taken for the
water to reach the sampling points after isolation from the at-
mosphere. The sampling points can be conservatively regarded as
being randomly distributed with regard to the areas of ground-
water recharge and discharge, although no sampling has taken
place at depth in typical discharge areas. From this, it can be
concluded that this average age gives approximately half of the
flow time for groundwater along flow paths at a depth of approxi-
mately 380 m. The flow time from a rock repository at a depth of
500 m, which extends half-way from the inflow area out towards
the outflow area, is consequently around 3 650 years or longer.
The water samples which were studied, however, were all taken
from water-bearing zones in the rock. As was shown above, these
zones are responsible for most of the groundwater transport. At-
temps to sample less pervious sections have not yielded adequate
amounts of groundwater. It has therefore not been possible to
ascertain the longer flow times which pertain to such sections.

The chemical complications associated with groundwater formation
can be eliminated if two groundwater samples from the same inflow
area are available and if the samples exhibit comparable carbon-
13 deviations. The transit time between the sampling points is
obtained by taking x/m for the sample nearest the groundwater
divide as m and x/m for the other sample as x in the decay equa-
tion. This can be applied to samples from Krakemala and the Finn-
sjo area, see table 3-2.

The correction for the time variation in the original carbon-14
activity gives in these cases an increment of about 600 years.
The standard deviations indicated represent random errors of
measurement. In reality, the Finnsj8 value must be regarded as a
substantial underestimation, since the Gavastbo sample from ap-
proximately 55 m vertical depth contains a large portion of young
groundwater which does not derive from near the groundwater di-
vide, but was infiltrated near the sampling site. All dated
samples also have a certain portion of young water resulting from
contamination in connection with sampling. This is indicated by
the tritium content of the samples. Admixture of young water
makes the quoted carbon-14 ages too low. In other words, the un-
mixed groundwater is older, and the flow times are longer than
indicated here, but it is not now possible to give reliable cor-
rections for these sources of error. In summary, it can be con-
cluded that carbon-14 determinations carried out to date indicate
a transit time of more than 3 000 years. The actual transit
times, however, can only be determined by additional studies.
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3.4.7

Table 3-2. Carbon-14

Borehole

Depth
(vertical)

Analysis No.

x/m %

d 13C o/oo

t, years

Correction for
half-life and
tine variation

of 1AC

Corrected
transit time

( determinations of

Kr&kemala
K 2

291 m

6221

58.84

-16.2

Short-term variation <

K 1

493 m

St 6246

36.63

-16.32

3 800 + 150

+ 600

4 400 years

if the groundwater

transit

Finnsj8n
Fi 2, I

360 m

St 6387

64.44

-12.95

2

+

3

level

times.

G&vastbo

55 m

St 6430

47.83

-13.1

400 ± 120

600

000 years

The depth of the free water table varies in connection with
seasonal variations and variations between dry periods and tines
of precipitation. Additional short-term variations are caused by
such factors as fcne gravitational effects of the sun and the moon
on the bedrock (tidal effects), atmospheric pressure variations
and earthquakes in other parts of the world.. A special study of
these effects has been carried out /3-49/. No disturbances of a
rock repository have been demonstrated.

3.5 CHEMICAL ENVIRONMENT

3.5.1 Groundwater composition

The chemical environment in and around a rock repository for
high-level waste is important for the durability of the canisters
and the buffer material and for the possibilities of dispersal of
the waste substances. These questions can be illuminated with the
aid of chemical equilibrium calculations based on the composition
of the groundwater and knowledge of the natural occurrence of the
materials in question. In some cases, it can be shown that the
natural form of occurrence of the material has remained unchanged
for many millions of years, thereby providing answers to ques-
tions concerning its durability.

An survey of the composition of Swedish groundwater has recently
been published by Wenner et al. /3-69/. A large body of data from
rockwells in Finland,giving average levels and ranges of variation
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Table 3-3. Probable composition of groundwater in crystalline
rock at great depth, according to Rentierfelt
and Jacks /3-76/.

Analysis Units

Conductivity uS/cm

pH

KMnO, cons. ng/1

C.2+

Mg 2 +

Na+

K+

Fe-tot

Fe 2 +

Hn 2 +

HCO3

co2

Cl"

sio2
HS"

°2

Probable
interval

400 -

7.2 -

20 -

5 -

25 -

5 -

10 -

1 -

1 -

0.5 -

0.1 -

60 -

0 -

5 -

1 -

0.1 -

0.01 -

0.5 -

5 -

<0.1 -

0.1 -

<0.01 -

<0.01 -

600

8.5

40

10

50

20

100

5

20

15

0.5

400

25

50

15

0.5

0.1

2

30

1

0.4

0.1

0.07

Mm. .
value30

10

Max. .
value*'

1100

9.0

50

12.5

60

30

.;'• ioo

10

30

30

3

500

35

100 xx]

50

2

0.5

8

40

5

2

0.5

0.1

x) The estimated probability that a value will fall between
the min. value and max. value is 95 Z. Higher values occur
locally, see /3-77/ and /3-75, p. 13-17/.
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for many components, has been presented by Laakso /3-70/ and
other valuable data are supplied by Lahermo /3-71/. Feth et al.
13-72/ present analyses of groundwater from dioritic rocks in
California and Nevada. Data from Bohmen are presented by Paces
/3-73/, who also presents groundwater analyses from similar
bedrocks from other areas. In this way a good review of con-
ditions in different climates and environments is obtained. The
work which has preceded this present report includes analyses of
groundwater from Swedish bedrock compiled by Gidlund /3-37/,
Rennerfelt /3-74/ and Jacks /3-75/, see table 3-3. Jacks also
provides a survey of pertinent chemical equilibria and relevant
literature.

3.5.2 Chemistry of groundwater in contact with uranium ores

Like the uranium minerals in most uranium ores, spent fuel is
composed of more than 95Z uranium dioxide. Knowledge of how the
uranium minerals are affected by groundwater can therefore shed
light upon the long-range situation in a rock repository. The
ores have normally been exposed to the action of the groundwater
for many millions of years.

Groundwater which moves through a stratum of permeable sandstone
and, on its way, passes a uranium ore which has been formed in
the pores of the sandstone has been studied by Germanov and Pan-
teleyev /3-78/. The groundwater flow xs slow, the ore has a large
specific surface area and the process has been going on for
several million years. The groundwater has been studied in seven
sections on its path, see figure 3-8. For each section, the range

r
IA II irAJza IHA m i ,

I I I I I m

0.6 km

Illii

UnonHi burins rock

Hgurt3-8. Sdnmttkilkutntionoftht
uranium on txpoitd to ground mutr. (A

titustimmtdthtdiffwmtxomttmKM
to Gmmmm tndfmttkyt* /3-7S/).
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of variation of the obtained data is given. An extract is provid-
ed in the following table, 3-4. E, is the groundwater's electric-
al potential in relation to a hydrogen electrode, i.e. the wat-
er's redox potential, given here in millivolts.

Table 3-4. Chemical groundwater data according to Germanov and
Panteleyev /3-78/.

Section

zone

IA

IB

IIA

IIB

IIIA

I IIB

IV

Number Eh
of
samples

mV

6

12

23

9

8

12

12

450

300

250

220

-72

-165

-7

- 250

- 212

- 147

- 57

—195

—212

—186

PH

7.0-7.

7.1-7.

6.7-7.

6.7-7.

7.2-7.

7.5-7.

7.6-8.

4

7

7

5

7

8

0

Organic
carbon

mg/1

1.4 - 1.8

3.9 - 6.0

7.3 -10.4

10.4 -16.0

9.9 - 8.0

8.0 - 6.9

6.4 - 5.4

Uranium

jug/1

5 -

21 -

40 -

125 -

3100 -

32 -

3.0 -

300

150

720

5000

34

3

1.6

•'4

i

As is seen in the table, the concentration of uranium in the
groundwater'increases towards the ore, which shows that uranium
is first dissolved from the bedrock. According to the same study,
this takes place primarily through the formation of uranyl-car-
bonate complexes. In the actual ore zone, zone III A, the uranium
content of the water decreases sharply, which means that most of
the dissolved uranium has precipitated. The existence of the ore
deposit in itself shows that the chemical environment leads to
precipitation. In the sections downstream of the ore, the uranium
levels are very low. The table also shows that the precipitation
of uranium takes place in connection with a transition from posi-
tive to negative Eh values in the transitional zone between oxi-
dizing and reducing conditions in the groundwater. In the case
cited here,this transition takes place at a depth of around 400 m.

Lisitsyn and Kuznetzova /3-79/ have further shown that the
groundwater upstream of such an ore area is oxygen-bearing while
oxygen is lacking in the water downstreaa, and that the sandstone
upstream is rust-coloured by limonite /Fe(0H ) and FeO(OH)/,
while the sandstone downstream is grey and lacks these compounds
of trivalent iron. It is also interesting to note that various
microorganisms are found mainly in the actual zone of transition
and to some extent also in the rust-coloured limonitic part, but
that they are not found, with the exception of nitrogen bacteria,
in the unaffected, oxygen-free part of the sandstone located
downstream of the uranium ore.

n

i'.i

if

'M

%
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| These relationships between the groundwater's uranium content,
;j redox potential and oxygen content are not accidental, but rather
| determined by chemical laws. They conform to a more general model
| for the formation of uranium ores in sedimentary rock. In this
i model, oxygen-bearing water leaches out the low concentrations of
; uranium in the upper parts of the bedrock by converting it to a
i hexavalent, easily soluble form. When the water later becomes
f reducing as a result of reactions with organic material and com-
: pounds of bivalent iron, it is no longer able to transport the
• uranium, which is then precipitated in tetravalent, poorly
: soluble form. These precipitations can be concentrated to mine-
: able deposits /3-80/. An analysis of transport and precipitation
;' conditions with respect to the stability fields of the various

uranium compounds in relation to the pH and Eh of the g-oundwater
has been carried out by Rostetler and Garrels /3-81/. Other con-
tributions have been made by Batulin et al. /3-82/ and Dahl and
Hagmaier /3-83/.
In the KBS studies, this has been expanded to analysis of the
hydrolysis and reJox chemistry of the actinidts in water /3-84
and 3-85/ in the laboratory as wall as theoretically. This work
shows that neptunium and plutonium are reduced to insoluble tet-
ravalent (in the case of plutonium, possibly also trivalent)
compounds at higher Eh values than uranium. This means that their
occurrence in nature is similar to that of uranium and that their
dispersal with the groundwater is prevented by reducing condi-
tions in the same manner, but more easily than in the case of
uranium. That such is really the case on a geological time scale
is illustrated by the natural reactor at the uranium deposit at
Oklo, where transuranium elements, including plutonium, have
remained undispersed until complete natural decay /3-86 and 3-
87/.

3.5.3 Swedish conditions

The principles and reactions discussed above apply generally.
However, the composition of the Swedish groundwater at depth
differs in some respects from the Russian groundwater. The sulph-
ate content is generally lower while the pH is somewhat higher.
However, these differences do not affect the retention of the
uranium and other actinides in the bedrock.

A more fundamental difference lies in the fact that the Swedish
bedrock, as well as the prevailing soil strata, possess lower
permeability than the sandstones which were studied in the Rus-
sian examples, and that the Swedish groundwater systems are less
extensive and exhibit lower flow volumes. In addition, the con-
tinental glaciation removed older weathering products, which, to-
gether with the climatic trend following the ice age, results in
the fact that the water under Swedish conditions meets fresh,
little-weathered and unoxidized material only a few dm below the
surface. The main limonite formation therefore takes place above
a depth of one metre, and even at this slight depth, oxidation is
severly limited. Such an easily-oxidized material as pyrite has,
for example, been found in the form of 0.2-0.6 an large particles
with thin weathering layers of limonite in moraine where the par-
ticles have been accessible for weathering for more than 6 000
years /3-88/. Similarly, apparently fresh pyrite is often found
in rock fractures near the surface. This means that the transi-
tion between oxidizing and reducing conditions which occurred at
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a depth of about 400 metres in the Russian example in general
occurs right near the water table under Swedish conditions.

Eh values which are positive, but which fall rapidly with in-
creasing depth, have been measured in the groundwater in an esker
/3-89/, while Eriksson and Khunakasem /3-90/analyzing some 70
groundwater samples from an esker formation in the Pitei area,
showed that conditions there correspond to a reducing environ-
ment.

The redox potential in deep groundwater has been studied in water
samples from Stripa and the Finnsjo area /3-91/, see table 3-5.

Table 3-5. The redox potential in deep groundwater from
Precambrian Swedish bedrock, according to
Grenthe /3-91/.

Sample No.

7

8

18

19

21

14

20

24

Site

Stripa

Stripa

Stripa

Finnsjo area

Stripa

Stripa

Finnsjo area

Stripa

Eh, mV

-152

- 31

-173

-191

-210

- 26

-157

-140

In the samples from Stripa, the pH was around 8.2, and in those
from Finnsjo, 7.7. The slight deviations exhibited by the values
for samples 8 and 14 were probably caused by contamination by
small quantities of air. Otherwise, the obtained values show that
the redox potential of the Swedish water samples very nearly
corresponds to the above-cited Russian values for the nearly
uranium-free groundwater which passed through the uranium ore
zone. Chemical analysis has also shown that samples of Swedish
groundwater from great depth in the KBS test areas have a very
low oxygen content /3-74/.

3.5.4 Redox systems in the bedrock

Up to now, only a few determinations of redox potential or oxygen
content have been carried out on deeper groundwater in Sweden.
However, these results can be accorded wider applicability by
considering the redox systems in the bedrock with which the water
can react. These are composed primarily of different iron com-
pounds, mainly chloride and similar iron-bearing silicate mine-
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rals with layer lattices, generally containing both bivalent and
trivalent iron. The redox reaction can be written

2FeOsil + H2°Sil -
 Fe2°3 sil + 2H+

 + 2 e" ;

(sil indicates that the component is part of the silicate struc-
ture.) Following /3-92/, Gibbs' free energy for this reaction can
be calculated to be 9.7 kcal, which gives

Eh(V) - 0.2i + 0.03 log (Fe2O3)/(FeO)
2 - 0.06 pH;

where (Fe.O.) and (FeO) stand for the chemical activity of the
respective component in the mineral. Mineral analyses show that
both FeO and E^O* in these minerals can vary between 0.1 and
approx. 40% by weight, where the higher value approximately indi-
cates a saturated, solid solution. It is then possible to write

Eh(V) - 0.21 + 0.03 (log 40 + log Fe^/FeO 2) - 0.06 pH -

- 0.26 + 0.03 log Fe2O3/FeO
2 - 0.06 pH;

where Fe-0- and FeO indicate the concentration of these compo-
nents in tne mineral, expressed as percent by weight. With these
concentration limits, the following approximation is obtained:

Eh(V) - 0.26 ± 0.1 - 0.06 pH;
which for pH • 7.7 gives Eh —0.2 + 0.1 V, i.e. -200 ± 100 mV.

Iron-bearing chlorite characterizes the rock fractures in all of
the KBS test areas. The mineral is, alone or together with other
layer-?llicates such as biotite, illite and smectite, a normal
constituent of the bedrock, and especially its fissures. The deep
groundwater, within a pH interval of 7-9, should therefore exhi-
bit an Eh interval between -60 and -380 mV. In limonite-/Fe(0H)3
and FeO(OH)/-bearing fracture zones, however, positive Eh values
can be expected. As an example of the prevailing conditions, 18
analyzed samples of fissure-filling layer-silicates from rela-
tively shallow tunnels in Gothenburg /3-93/ can be cited. Their
Eh values, calculated for a pH of 7.5 to permit comparisons with
previously cited data, fall between -120 and -230 mV. Two samples
from borehole 2 at Finnsjo both indicate Eh values near -200 mV.

Other minerals, such as magnetite, pyrite (FeS2) and pyrrhotite
(FeS), which contain bivalent iron, are less common than chlo-
rite, but nevertheless occur, generally in small quantities, in
the Swedish bedrock. The sulphides particularly weather easily in
oxidizing environments. As a result, they constitute Eh indi-
cators, whose general occurrence also shows that negative Eh
values prevail in the bedrock.

Mineralogical and mineral-chemical observations thus show, along
with the cited Eh and oxygen determinations, that the groundwater
at depth in the Swedish bedrock, aside from locally occurring
limonite-bearing fracture zones, is characterized by negative Eh
values. In this respect, it is very similar to previously dis-
cussed Russian groundwater.

According to the Russian analyses, the uranium content of the
water in equilibrium with uranium dioxide lies between 1.6 and 3
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microgrammes per litre. These values agree well with maximum
uranium contents in groundwater calculated from equilibrium con-
stants /3-8S/. The average concentration of uranium in Swedish
springs and wells is also around 3 micvogrammes per litre. On the
other hand, levels of up to and over 2 milligrammes per litre
have been found in shallow rock fractures and under oxidizing
conditions, for example in mines with uranium mineralization /3-
94/. The groundwater in the Swedish bedrock is therefore not able
to dissolve and leach out uranium at great depths. That this is
really the case is demonstrated by the fact that the continental
glaciation has exposed uranium mineralizations in the Precambrian
bedrock which have not been carried away by the groundwater,
despite the fact that they were formed more than 1 000 million
years ago /3-95 and 3-96/.

3.5.5 Extreme climatic changes

As was mentioned earlier, the climate in Sweden around 30 million
years ago was much warmer and more humid than it is today. Plant
remains from that time show that nearly tropical conditions pre-
vailed. Changes in the level of the land also led to an intensive
and deep groundwater circulation. This has given rise locally to
deep weathering, which shows what can happen in extreme cases in
our type of crystalline bedrock. The best-studied cases have been
found in certain mines /3-28, 3-29/ and represent limonitic
alterations which may reach depths of several hundred metres.
This represents a transition from magnetite LO hematite together
with a locally strong development of limonite in connection with
severe crush zones in the rock, all of which is a sign of deep
and intense oxidation. Without exception, however, it is always
found that the oxidation is limited to near the surface, or to
the immediate vicinity of such crush zones. At a distance of some
metres from the limonite formation, completely intact sulphides
are often found, for example PbS and ZnS, which show that the
oxidation never reached far out into the surrounding rock. This
also indicates that extreme changes in climate, topography and
groundwater circulation, which appear extremely unlikely today,
would not lead to oxidizing conditions for a waste repository. In
such limonite-bearing crush zones, as veil as in less extreme
cases of limonite-stained fractures, the transitional zone bet-
ween positive and negative Eh values is situated at the border of
the unaltered rock. In general, however, the fracture zones in
the bedrock, even at shallow depth, have not become oxidized in
this manner, but. instead exhibit varying contents of bivalent
iron in the layer silicate minerals.

3.5.6 Impact of construction and drainage

So far, we have been discussing the natural, undisturbed chemical
environment around a rock repository. However, the actual process
of constructing and draining a rock repository causes the ground-
water to flow towards the repository and lowers the water table
in the form of a funnel-shaped depression, Thunvik /3-45/. As a
result, the natural chemical conditions around the repository are
altered so that oxidation above the water table reaches greater
depth and horizontal extent. At the same time, the rock walls of
the repository are aerated. A valuable analysis of such a situ-
ation is provided by Paces /3-97/, who has studied the chemical

I,



conditions at the Svornost uranium mine at Jachymov in Czechoslo-
vakia. Mining operations have been pursued here for several hund-
red years. The groundwater table is now 300 m below the surface.
At the time of the study, the mining operations had reached a
depth of about 500 m. From the surface to this depth, the follow-
ing variations were measured in the groundwater (average values
of 9 samples at surface and 5 samples from 480 m):

At surface

Temperature, C
PH
Na content mg/1
Eh, mV

7.1
6.5
3.6

+473

At depth of 480 m

21
7.6
95

-53

Despite the presence of air in nearby mining chambers, the Eh in
the inflowing groundwater at the deepest level in the mine is
clearly negative. The sulphate concentration (average) at this
level is 280 mg/1, which is related to the fact that the surroun-
ding crystalline bedrock is composed of metamorphic rocks, in
some cases with considerable purite concentrations. 5 groundwater
samples from granite in the same mine at depths of 520-720 m give
instead 14 mg/1 as an average value for the sulphate content.
Despite the fact that the sulphate content at higher levels of
the mine is very high, the groundwater remains nearly neutral or
weakly alkaline owing to reactions with surrounding silicate
minerals.

Of special interest is the fact that the uranium content of the
groundwater is given for four samples. Some chemical data on
these samples are presented in table 3-6.

Table 3-6. Groundwater data from Svornost uranium mine /3-97/.

No. Depth T

m

_ 2-

mg/1 mg/1 mg/1 mg/1

pH Eh

mV

U

yug/l

20 445 17,6 16,7

21 445 20,0 10,6

13 486 23,9 5,3

il 636 29,8 12,4

143,

183,

367,

441,

4

1

9

8

394

862

54

15

,6

,9

,3

,6

20,

23,

70,

56,

3

9

2

2

6,

7,

7,

6,

55

15

80

75

-5

+57

-89

-62

471

9 000

76

17

The two deepest samples, 23 and 31, show how rapidly the Eh and
the uranium and sulphate concentrations decrease in the deeper
part of the mine. They also provide some idea of the chemical en-
vironment in the immediate vicinity of a rock repository which
has been dewatered for a very long period of time and of the so-
lubility of uranium dioxide which can be expected in correspond-
ing situations in groundwater of a similarly bicarbonate-rich
type as in the Swedish bedrock. The high sulphate coni-pnt-s a «



however, not to be expected in areas with sulphide-poor bedrock
of the type which occurs within the areas studied by KBS.

This study shows that the effects of the construction and drai-
nage of a rock repository on the groundwater's redox potential
and its capacity to disperse uranium in solution are limited to
the vicinity of the rock caverns. Inmediately outside the dis-
turbed area, the natural equilibria are restored, and the ground-
water cannot cause any substantial dispersal of the uranium. When
a rock repository is backfilled and the water table resumes its
natural level, the local perturbations also gradually disappear.

Application to _a waste repository

In the previous KBS study on the storage of vitrified high-level
waste, it was concluded that most of the fission products are
retarded so long by sorption in the bedrock that they decay be-
fore they reach the biosphere. However, spent fuel contains con-
siderably higher levels of uranium and other actinides, many of
which have very long half-lives. It has been shown above that the
actinides, even if they are partially present in higher valence
states at deposition, would, owing to the natural redox condi-
tions in the bedrock, be precipitated and retained in tetravalent
form for millions of years.

In a rock repository, the temperature will be elevated for a li-
mited period of time, whereas the specified chemical equilibria
apply at 25 C and atmospheric pressure. It can be shown thermo-
dynamically that the equilibria between the concerned solid
phases would not be appreciably shifted if the temperature were
increased to 200 C. However, precipitation takes place more ra-
pidly at higher temperatures, as has been demonstrated experi-
mentally /3-98, 3-99 and 3-100/.

The cited examples show that precipitation occurs at the depth
and at the pressures which are suggested for a Swedish rock repo-
sitory. The disturbance of the natural redox conditions caused by
the aeration and drainage of the repository have been shown to be
of a local nature and negative Fh values have been found immedi-
ately outside of similarly aerated mine chambers. Extreme geolo-
gical disturbances of the natural redox conditions, represented
by the limonitic alteration discussed above, are also of a local
nature and have remained local for a very long period of time,
probably around 25 million years.

In order for it to be possible to apply conditions, observed in
nature and explained theoretically and on the basis of experimen-
tal data, to a waste repository, the water must be in direct con-
tact with the spent fuel in the same manner as it is with the
uranium dioxide in the studied uranium ores. Cited data show that
uranium, plutonium and other actinides will not be dispersed to
the biosphere with the groundwater despite such direct contact.

However, KBS' storage proposal provides two additional barriers
between the fuel and the groundwater, namely a canister and a
buffer substance between the canister and the surrounding rock.
The copper canister will, among other things, reduce external ra-
diation so that the effects of radiolysis will be virtually neg-
ligible. The function and durability of these barriers are dealt
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with in chapters 11:4 to 6. From a geological point of view, it
can be added that metallic copper is a material which is stable
in natural groundwater and which has been found in small quanti-
ties at various locations in Sweden. A natural deposit of metal-
lic copper together with uranium dioxide has been noted by Velin

.': /3-96/. An interesting observation is that metallic copper proved
" to be chemically stable over geological periods of time in water

with an extremely high salt content, containing, among other
solutes, 176 g/1 Cl" and 110 mg/1 SO*" /3-40/.

With regard to the proposed buffer material (Na-bentonite), an
abovecited study of fracture-filling materials from the Gothen-
burg district and the analytical data given there show that ben-
tonite of the relevant Na-dominant type is a natural constituent
of the Swedish bedrock. Groundwater chemistry studies /3-75/ cit-
ed above show that this material is also generally in chemical
equilibrium with the groundwater in a crystalline bedrock of
roughly granitic composition.

3.6 EVALUATION AND SUMMARY

3.6.1 Evaluation

Within the framework of KBS's geological study programme, the na-
tural conditions for a deep rock repository for vitrified high-
level waste or spent nuclear fuel have been studied in three se-
parate areas. The obtained data are summarized and evaluated in
the following sections.

The borehole at Karlshamn shows that the local rock type, Ble-
kinge coastal gneiss, which is observed on the surface extends
down to a depth of at least 500 m. The borehole also shows that
this rock possesses extremely low permeability and that the ver-
tical distance between water-bearing zones in the rock exceeds
several hundred metres. Rock caverns within the area and in its
vicinity show, over large areas and volumes, that the infiltra-
tion from existing fissures, even at shallow depths, is unusually
low. In addition, water-bearing zones within this area are so
widely spaced horizontally that a number of large rock caverns
could be built without any problems with water infiltration. The
stability and low reinforcement costs reported for these caverns
show that the Blekinge gneiss is favourable from the construc-
tional point of view, that any existing rock stresses here do not
give rise to any engineering problems and that the effects of
previous ice ages on the bedrock in the area has been limited to
surface features and the uppermost surface layer of the rock. Ex-
isting rock caverns for the storage of heavy oil at elevated tem-
perature serve as a large-scale, long-range experiment which de-
monstrates in actual practice that the bedrock here can withstand
the heat load arising from a waste storage programme in accord-

P ance with the concept proposed by KBS.

ir
: These observations prove that a deep-lying rock repository could
f. be constructed here. The natural rock conditions are such that
\.; each individual waste canister in such a repository can be sur-
jy rounded by many metres of rock of extremely low permeability. As
I is shown in section 3.4 concerning the volume and velocity of the

\
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groundwater, this means that the quantities of water which can
come into contact with the canisters are very small, and that the
flow time to the surface is very long. As is examined in greater
detail elsewhere (chapters 6 and 7), this, along with the retar-
dation of the waste substances in the rock, means that most of
the waste elements will decay before they reach the biosphere.
This means that even if there were no encapsulation and the
groundwater came into direct contact with the waste, the chemical
and mineralogical composition of the bedrock would ensure that
long-lived elements such as uranium, plutonium and other acti-
nides would remain virtually insoluble in the water.

| The geological history of the Frecambrian bedrock, as well as lo-
ss; cal fracture studies, show that the bedrock conditions and the
|; local permeability of the rock will not change appreciably over
f' the next few million years, and that the probability of fracture
if; movements in the rock which can cause canister damage is extreme-
ly ly small. On the basis of the results, it is maintained that the
ly, geological prerequisites for satisfying the Swedish Stipulation
• Law have been demonstrated to exist.

;. It must be emphasized that no crush zones have been encountered
•: in the rock in the deep borehole at Karlshamn. Nor have any sig-
): nificant crush zones been found in rock caverns here, which have
j; a total combined volume of more than 1 million m3.

This shows that such zones are widely spaced and probably few in
number within the area. Even if crush zones should occur, they
would not in themselves pose a threat to an absolutely safe stor-
age of high-level waste, as long as no waste is emplaced directly
in such zones. The decisive condition is instead that each indi-
vidual waste canister can locally be surrounded by a rock volume
of low permeability.

Naturally, knowledge of the location and extent of local crush
zones is of vital importance in determining the final configura-
tion of a rock repository. For this reason, the rock repository
proposed by KBS has been designed as a modular system which can
be adapted to local rock conditions. In this way, the question of
the location and extent of any crush zones is reduced to an eco-
nomic question on which the Stipulation Law has no bearing.
However, the aforementioned low costs of rock reinforcement
encountered in the Karlshamn area indicate favourable conditions
in this respect as well. The results of the regional study of the
Blekinge coastal gneiss show, moreover, that many other areas
should also possess the same favourable character.

The boreholes at Krakemala, as well as the Finnsjo 1 and 2 bore-
holes (near Forsmark) show that the bedrock in these two areas
consists of blocks of low permeability which are, however, bound-
ed by water-bearing zones.

The latter comprise between 5 and 20 percent of the deeper bed-
rock, and their spacing varies in general from 10 up to a 100

t. metres or so. Moreover, some indications of high permeability in
t isolated measuring sections may have been caused by leakage

around the packer seals, which would mean that the length of the
impervious sections is actually greater than is indicated by the

j; measurements.
V-
\
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Since the boreholes are not located in the same plane, the re-
sults show that there are also large volumes of rock at Finnsjo
Lake and Krakemala with low permeability. Both of these sites
therefore offer good opportunities for surrounding the individual
waste canisters with several metres of such rock.

The length distribution of the low-permeability sections in the
deeper parts of these boreholes is fairly similar in these two
areas. This shows that the two areas are roughly equivalent in
this respect, and that each of the boreholes is sufficient in it-
self to provide a representative picture of these conditions at
this stage.

The permeability of the water-bearing zones at Krakemala is, how-
ever, sometimes clearly higher than at Finnsjo. Owing to this
factor, along with the pronounced fracture system and elevated
natural radioactivity at Krakemlla, this area must be regarded as
less suitable than the Finnsjo area for a rock repository.

The boreholes show that the water-bearing zones in the bedrock
consist predominantly of multiple fracture zones, whose width
often extends over several measuring sections. The most marked
fracture structures in the Finnsjo area, namely the Gavastbo
fault and the fracture zone which is intersected by the Finnsjo 2
borehole and which passes Finns jo 1, are of this type. They are
also characterized by fairly moderate permeability (between I0~6

and 10"5 m/s).

The minerals in the fracture zones show that these zones were
initiated at a very e&rly stage when these parts of the bedrock
were located at greater depth and not at their present shallow
location.

Sampling of the groundwater in the boreholes, as well as the
number of age determinations and other special analyses carried
out on the groundwater samples, have been expanded considerably
compared to the situation at the time of the previous KBS report.
The results are presented in greater detail in section 3.4.

The boreholes have permitted a determination of the actual ele-
vation of the groundwater table above sea level at points in the
study areas. As expected, they show that the groundwater table is
considerably flatter than the surface of the land, whose slope
has been used in all calculations of groundwater volumes and flow
times as a measure of the hydraulic gradient. The hydraulic gra-
dient determined in this manner is only about half of that used
in the calculations. This means that the stated groundwater flows
should be reduced by half and the flow times doubled.

In calculating the flow times, it has generally been assumed that
the permeable zones of the bedrock possess complete continuity
with each other and that the water can move constantly in the di-
rection of the theoretical potential field. The borehole results
and fracture studies of outcrops show that the latter is not the
case. The boreholes do not definitively demonstrate the three-
dimensional continuity of the deeper fracture zones, and do not
even show that such a continuity actually exists. If the con-
tinuity of the deep water-bearing zones is incomplete, then the
true flow times would be longer, but no allowance for this has
been made in the safety analysis.
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As was emphasised above, however, the question of the location
and extent of water-bearing zones is not of decisive importance
for the safety of the final repository, as long as each indivi-
dual waste canister can be surrounded by a rock volume of low
permeability. In this context, it may also be recalled that KBS'
geology programme is not aimed at selecting the final site for a
future rock repository, but rather at demonstrating how and where
an absolutely safe final storage of high-level waste can be ef-
fected. The selected areas therefore comprise examples of sites
where a final repository could conceivably be located. Before a
final decision is made concerning the location and detail<sd de-
sign of the final repository, extensive studies and tests over
many years within possible areas are required.

3.6.2 Summary

A survey of the history and evolution of the bedrock in
Sweden shows that the bedrock in the Baltic Shield has con-
stituted a markedly stable unit in the geology of Europe for
more than 600 million years. During the past 25 million
years, Europe north of the Alps, as well as adjacent areas
of. the north Atlantic, have been developing towards increas-
ing stability. There is therefore virtually no possibility
of such widespread rock movements occurring that could bring
about such deep weathering or erosion that the integrity or
safety of a rock repository located at a depth of several
hundred metres in the bedrock could be jeopardized.

Local fracture movements in the bedrock cannot be excluded,
but a closer analysis shows that they will not lead to any
appreciable changes in the permeability of the bedrock or to
any canister damages when the canisters are emplaced in
sound rock.

Over the past two million years, Sweden has been subjected
to between ten and twenty different glaciations. These, and
the changes in the level of the land associated with the de-
glaciation stages, have not lead to any hydraulically coher-
ent fracturing of the bedrock at depth.

A future ice age cannot differ radically from previous ice
ages. Consequently, a future ice age cannot in these re-
spects affect the safety of a deep rock repository.

Previous land level changes, with accompanying deep ground-
water circulation and heavily climate-dependent weathering,
have had only a local effect on the bedrock. This confirms
that not even extreme changes in ground levels and climate
can have any decisive impact on a suitably located rock re-
pository in the Precambrian bedrock.

Experiences abroad have shown that even severe earthquakes
have very limited effects on tunnels and rock caverns. Only
weak earth tremours occur in Sweden. Their effect on a deep-
lying rock repository would be completely negligible. South-
eastern Sweden is, moreover, an area with an extremely low
earthquake frequency.
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The KBS study area at Karlshamn is made up of a gneiss which
is regionally characterized by weak fissuring and low ,
groundwater content. A total of aore than one million m of
rock caverns are located in the area and its immediate vici-
nity, which is roughly equal to the calculated volume of a
final repository. Data is available for 700 000 a 3 of these
rock caverns, which exhibit remarkably low water infiltra-
tion and good rock stability. Many of the rock caverns are
heated to temperatures which correspond to the temperatures
which have been calculated for a final repository for high-
level waste without any adverse effects. A borehole in the
area reveals consistently good bedrock conditions down to a
depth of 500 m and an extremely low water permeability has
been measured for the entire borehole between 23 and 498 m.
No water-bearing fracture zones have been encountered in the
borehole. It can be safely assumed that the bedrock here
consists for the most part of rock with extremely low water
permeability, which ensures that each waste canister can be
surrounded by large volumes of good rock.

The study areas at FinnsjS Lake, west of Forsmark, and Kra-
kem&la, north of Oskarahamn, also exhibit large volumes of
good rock. This guarantees that each waste canister there
can be surrounded by several metres of rock with low per-
meability. There are, however, water-bearing fracture zones
in both areas, which must be carefully considered in the
design of a rock repository.

The results of the work done since the previous report have
confirmed the ranking assigned to the study areas in the
previous report, namely Karlshamn, Finn*jo and Krlkemlla, in
that order.

The permeability of good rock has been determined to be , _
equal to or less than S . lO"*1 m/s at Stripa and 2 . 10
m/s at Karlshamn. Similar values probably apply to the rock
in the other study areas as well, although technical limi-
tations have prevented the measurement of values below
4 . 1(T10 m/s.

Water-bearing fracture zones within the study areas general-
ly have permeabilities of around 10~? m/s. Higher values
were found, however, and values up to 10~3 m/s have been
measured in isolated zones at Krtkemlla.

The groundwater flow in good rock in the study areas has
been calculated to be 0.2 1/rn̂  and year, based on the per-
meability value K « 10~9 m/s. If the permeability values for
good rock at Stripa and Karlshamn are applied, ten to one
hundred times lower water flows are obtained in the imper-
vious rock sections around the waste canisters.

The groundwater flow pattern is characterized by local flow
cells, with downward flow at groundwater divides and upward
flow under more pronounced valleys. In between, the ground-
water flow is predominantly horizontal. Since both topo-
graphy and bedrock permeability are largely determined by
the structure of the bedrock, the flow pattern of the
groundwater in the study areas will persist for a very long
time.
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The flow tine of the groundwater has been calculated by ,
means of a three-dimensional model over an area of 30 km
around the study area at Finnsj5 Lake for a water permeabi-
lity which decreases from 10~6 m/s at the surface to 10~7-5

m/s at a depth of 500 m. Porosity is set at 0.0C1. A number
of 50-metre-wide crush zones with a hundred times higher
permeability have been included in the nodi. The calcula-
tions show that a rock repository at a depth of 500 m and
with a surface area of 1 km^ can be located in this area in
such a manner that the flow time of the groundwater from the
peripheral parts of the repository to the surface of the
ground is more than three thousand years. These calculations
apply primarily to the water which flows in the fracture
zones in the rock. Supplementary calculations show that a
few metres of good rock around each waste canister increases
the flow time by several thousand years. The flow time for
the study area at Karlshamn for groundwater from a depth of
500 a to the surface is probably hundreds of thousands of
years.

On the basis of eleven age determinations carried out on
groundwater by means of the carbon-14 method, the flow time
of the groundwater from a repository at a depth of 500 m has
been estimated to be around 3 000 years or more.

Studies of uranium ores and laboratory experiments show that
the dispersal of uranium and other actinides by the ground-
water is prevented by the reducing conditions which prevail
at the depths in question.

Measurements of the redox potential and oxygen content of
Swedish groundwater from great depths, as well as mineralo-
gical and mineral-chemical observations, show that reducing
conditions generally prevail in Swedish bedrock. The ground-
water at great depths therefore lacks the ability to dis-
solve and disperse uranium (and other actinides) to any
appreciable extent, even if it should come into direct con-
tact with spent fuel in a rock repository.

Extreme climatic changes give rise to only local changes in
the redox potential of groundwater in crystalline rock and
cannot hereby affect the safety of a suitably located rock
repository.

The construction and drainage pumping of a rock repository
produces only local disturbances of the redox conditions in
the immediate vicinity of the rock caverns. Just outside of
the affected area, the natural equilibria are restored. The
groundwater can therefore cause only a very limited and lo-
cal dispersal of uranium and other actinides. When a rock
repository has been backfilled, such local disturbances will
gradually disappear.
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BUFFER MATERIAL

4.1 GENERAL

Two types of buffer material are used in the final repository:
first, a mixture of sand and bentonite similar to that used in
the final repository for vitrified waste from reprocessing; and
second, highly-compacted pure bentonite.

As was noted under 2.4 above, the sand/bentonite mixture is used
to backfill tunnels and shafts. 0.5Z ferrophosphate (vivianite)
is added to the tunnel fill as a so-called "oxygen-getter" (see
chapter 5). For a description of the properties and function of
the sand/bentonite mixture, see section 6.3, Volume III of the
KBS report on vitrified waste from reprocessing and chapter 11:4.
The following description deals exclusively with the buffer mate-
rial of highly-compacted pure bentonite which surrounds the ca-
nister in the storage hole and which is used in certain places to
seal tunnels and shafts.

The reason why pure bentonite is used in the storage hole instead
of a mixture of sand/bentonite as in the vitrified waste alter-
native is that the demands on the service life of the canister
are considerably higher for direct disposal than for vitrified
waste from reprocessing. By using pure bentonite of high density,
we obtain a buffer material which possesses very low water per-
meability and the other properties which a good buffer material
should have, naaely:

good bearing capacity, so that the canister is held in its
position in the storage hole,
good thermal conductivity, so that the heat generated by the
fuel in the canister is transmitted to the rock without the
canister being heated to an excessively high temperature,
good ion exchange capacity, so that the migration of radio-
active elements which nay leak out from the canister is re-
tarded,
long-term stability, so that the material retains its pro-
perties over the very long period of time during which the
function of the final repository is to be maintained.

Another condition is that the buffer material shall not contain
components which can decisively reduce the resistance of the
copper canister to corrosion.

Besides the above-mentioned properties, bentonite of high density
is characterized by the fact that it gives rise to a very high
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swelling pressure when the bentonite absorbs water, if swelling
is restrained. This provides a guarantee that water-bearing
fissures cannot open up in the buffer material. Owing to this
swelling pressure, the bentonite also penetrates into and seals
fissures which may exist (or which may open up at a later time)
in the walls of the storage holes.

Because many of the properties of the buffer material which are
fundamental to its function are dependent upon a sufficiently
high density being obtained in the storage hole, the bentonite is
applied in the hole in the form of highly-compacted blocks of
very high density. Under the influence of penetrating groundwa-
ter, the bentonite swells and fills out the spaces and cavities
resulting from the application procedure. The swelling is re-
strained by the surrounding rock and the fill in the overlying
tunnel so that a very high density is maintained. (The bentonite
absorbs water so slowly and groundwater seaps into the storage
holes at such a low rate that high swelling pressures cannot
arise during the period of time for which the tunnel is kept
open.)

Even though many of the most important properties of the bento-
nite in relation to its function as a buffer material improve
with increasing density, there is an upper limit which is depen-
dent upon the fact that exceedingly high swelling pressures can
give rise to undesirable stress concentrations in the surrounding
rock.

4.2 PROPERTIES

Bentonite is a naturally occuring clay which is characterized by
the fact that it swells upon absorbing water. As a reference ma-
terial, KBS has chosen a bentonite of the type Volclay MX-80,
which is mined in Wyoming and South Dakota in the United States.

jt (Other types of natural or synthetic bentonite can probably also
r;; be used.) MX-80 is a so-called sodium bentonite whose main con-
£, stituent (90%) is montmorillonite. It has a large number of uses,
<:\ for example within foundry and oil-drilling technology. The annu-
'•'•} al quantities required in the final repository comprise a very
[•/ small portion of the current annual production and adequate re-
:,_ serves exist.

| The chemical composition of bentonite is as follows:

X 1

sio2

A12°3
Fe2°3
FeO

TiO,
2

approx.

approx.

63.0

21.0

3.2

0.3

0.1

CaO

MgO

N«20

K2O

Hater of
crystallisation

Misc.

0.7

2.7

2.2

0.4

5.6

0.8

The grain size of the granulate is approx. 0.07-0.8 am, compact
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density 2.7 t/m3. For a more detailed account of the properties
and structure of bentonite, see /4-1/.

The bentonite is applied in the storage hole both in the form of
blocks (fig. 4-1), which are compacted under 100 MPa of pressure,
and in the form of bentonite powder, which is used to fill the
spaces between the blocks and the rock and between the blocks
and the canister. The bulk density of water-saturated bentonite
is about 2.30 t/m3 for the blocks and about 1.75 t/m3 for the
powder in the spaces. The mean density, when all bentonite in the
storage hole has been water-saturated and swelling has ceased, is
2.1 t/m3. It is determined by the increase in volume which re-
sults from the fact that the joints between the blocks are filled
up, the bentonite in the spaces (see fig. 2-22) is compressed and
bentonite from the storage hole displaces and compresses the
sand/bentonite fill in the overlying tunnel to some extent.

Stability.

Natural deposits of bentonite which have been exposed to the tem-
peratures, groundwater conditions and pressures which prevail in
the final repository show that the bentonite can be counted on to
remain stable for the period of time during which the buffer ma-
terial must retain those of its properties which are vital to the
function of the final repository /4-1/.

Figure 4-1. Bmtonite can be compreuad by means ofitostatte
The photograph shows a test block.

ctkm Into large Mocks.
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^e£jneabil^ity_and_diffusivity

The permeability of bentonite as a function of dencity is well-
known from the literature M-2/. The general relationship is
illustrated by the graph in fig 4-2. At a density of 2.1 t/m3,
the permeability coefficient of bentonite is about 2 x 10~14 m/s.
This means that the material is virtually impenetrable by water.

Thanks to its low permeability, diffusion is the controlling
mechanism for transports of ions through the buffer material. The
diffusion constant for bentonite in the storage hole is about

11 *1 m/
d ns for b i e h
4 x 10"11 m / s for metal ions and 8 x lO""*1 m / s for oxygen and
small ions, at 50C. At 25°C, these values are halved. The dif-
fusion constant for bentonite with a degree of compaction corre-
sponding to highly-compacted bentonite blocks has been determined
by means of laboratory tests /4-3/.

Bearing ca£acity

The blocks of highly-compacted bentonite which are placed in the
storage hole possess very high bearing capacity. In appearance
and to the touch, the material resembles soap-stone. Its shear
strength is comparable to that of sedimentary rocks. Its water
content, i.e. the ratio between the weight of the water and the
weight of the solid material, is approximately 10Z in the blocks.

Bearing capacity is a function of the material's density. The
final average density of the material in the storage hole when it

1( r14 1fi-13

FI*tn4-2. The graph Mutratu the rtktkmiHp b*t\
fir* " ' "
dt*.

W1
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is fully water-saturated (water content about 20%) is, however,
so high that the subsidence caused by gravity, even after one
million years, is negligible /4-2/. Even at a bulk density of
1.4 - 1.5 t/«3, when the consistency of the bentonite is compa-
rable to that of solid modelling clay, its bearing capacity is
sufficient to prevent the canister from sinking through the
underlying bentonite, even over a very long period of time. This
means that, even assuming improbably high material losses through
fissures and the like, the bentonite still possesses sufficient
bearing capacity.

Bentonite, which absorbs water under restrained swelling exerts a
swelling pressure which is a function of the density of the mate-
rial. The ratio between swelling pressure and density has bt=on
determined by tests for MX-80 and verified by means of theoretic-
al calculations /4-4/. At a bulk density of 2.1 t/m3, the swell-
ing pressure is on the order of 5 MPa, see fig 4-3.

Its high swelling capacity in connection with water absorption
gives bentonite a "self-sealing" capacity in that it is forced
into fissures in the walls of the storage holes and prevents the
opening of water-bearing fissures or cavities in the buffer mate-
rial.

so
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Thermal, .conductivity

The thermal conductivity of blocks of highly-compacted bentonite
with a bulk density of 2.0 t/m3 and a water content of about 10%
has been determined to be about 0.75 W/m°C /A-5/. The highest
temperature at the surface of the canister has thereby been
calculated to be 77°C, /4-6/.

£ffeet_on £he £es_istance_o£ the canis.t£r_to corrosion

Bentonite can contain sulphides and organic material which can
directly or indirectly contribute towards a greater corrosion
attack on the canister - see chapter 5. The concentration of
these materials should not exceed 200 mg/kg bentonite. If this
level is exceeded, the bentonite should be purified by heating in
air to 425°C for 15 hours. Tests have shown that such a heat
treatment does not affect the swelling properties of the bento-
nite M-l/.

Loii jxchajige_capacity_

Owing to its high content of the clay mineral montmorillonite,
bentonite possesses a considerable capacity to retard certain
nuclides through ion exchange, see chapter 6.

4.3 FUNCTION

Following deposition and during the period of time during which
the storage tunnels are kept open and the boreholes on both sides
of the storage holes drained, it is probable that no water will
be able to penetrate into the storage holes. But even if this
should occur, the bentonite powder which fills the spaces between
the highly-compacted blocks and the rock will absorb most of the
water, since the permeability of this layer is higher than that
of the blocks. But it is sufficiently low to greatly restrict
further penetration of water after the layer has become water-
saturated.

When the final repository has been sealed, the original ground-
water conditions are gradually restored. Water then seeps slowly
into the hole and is absorbed by the highly-compacted bentonite.
This will probably occur most rapidly in the joints between the
bentonite blocks and the water will therefore first migrate into
the inner space next to the canister, which will therefore be
water-saturated earlier than the highly-compacted bentonite
blocks. As the bentonite absorbs more and more water, its perme-
ability decreases, so that water absorption takes place at an
increasingly slow rate. Considering the very low groundwater flow
rate and the low permeability of the buffer material and the
surrounding impervious (grouted) rock, it will take a very long
time (probably hundreds of years) before all of the bentonite
becomes water-saturated.

The swelling pressure forces the bentonite into fissures in the
walls of the storage holes, sealing them. This includes fissures
which may arise following deposition. When the bentonite pene-
trates into a fissure, the swelling pressure of the bentonite
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declines rapidly as the density of the swelling bentonite in the
fissure declines. In the tiny fissures (width < 1 mm) which may
occur adjacent to a storage hole, the transit time for the water
through the bentonite which fills the fissure, and the friction
against the fissure walls, will cause the penetration to cease
after a few decimetres /4-4/. The outer part of the penetrating

> bentonite forms a stable gel under the influence of the calcium
f ions in the groundwater, which means that the transport of bento-

nite from fissures will be negligibly small /4-7/.

The swelling pressure created by the highly compacted bentonite
will compress the sand/bentonite fill in the tunnel above. As a
result, the bentonite will be able to swell a few decimetres up-

«; wards. The specified final density of 2.1 t/nr takes this volume
|f increase into consideration, however. This density may be slight-
|| ly lower in the top part of the storage hole and higher in the
fS, bottom part, but this will not have any appreciable effect on the
$ function of the buffer material. The bentonite cannot penetrate
!-! into the pores in the sand/bentonite fill in the same manner as
| it penetrates into fissures, since the pores are too small.

£ If the original distribution of stresses and orientation of
v fissures in the rock are unfavourable, the swelling pressure can
•''? open new fissures. But it can be shown that such fissures will
' not exceed a few metres in length and a millimetres or so in

width. The amount of bentonite which can penetrate into such
fissures is so smal? that it will not affect the density of the

/- buffer material and thereby its function. In order to avoid such
;: fissuring, the storage tunnels should be situated so that the
; primary rock stresses perpendicular and parallel to the tunnel
-•; axis are as equal as possible and so that the tunnels are orien-

ted in relation to the prevailing fissure direction /4-8/.

i
4.4 QUALITY CONTROL

Bentonite which is to be used as a buffer material shall possess
- the following properties:

Clay content (percent by weight of particles less than 2 um)
: shall be at least approx. 80%. This is checked by means of sus-

pension analysis.

Montmorillonite shall constitute at least 70% of the mineral sub-
stance. Checked by means of X-ray diffraction analysis.

! The content of sulphides and organic material shall each be lower
than 200 mg/kg. Checked by means of chemical analysis.

The swelling pressure for bentonite with a water content of 10Z
which has been compacted under a pressure of 50 MPa shall, upon
absorbing water and at constant volume, be 10 MPa ± 20%. This is
checked in a cylindrical cell by means of a technique developed-
by Asea-Atom /4-1/.

The bentonite of type Volclay MX-80 which has been tested within
the KBS Project meets these requirements but heat treatment has
been necessary to reduce the content of sulphides and organic
material to the above-specified value.
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CANISTER MATERIAL

5.1 GENERAL

|p 1 le primary function of the canister is to constitute a long-
f,'< term durable barrier against the escape and dispersal of
I?' radioactive elements from the fuel. Such a dispersal can only
K take place via the groundwater. As long as the canister has
|r not been penetrated, it therefore comprises an absolute barrier,
}/• in contrast to the other barriers in the final repository, which
}•/ are based on very slow processes of dissolution and transport.

[ A secondary function of the canister is to afford radiation
!; shielding to reduce radiolysis of the groundwater to a level
.;/ which is low from the viewpoint of corrosion. This radiation

shielding also facilitates handling when the canister is trans-
ported down to the final repository and when it is placed in the
storage hole.

Penetration of the canister can be caused either by corrosion
attack or mechanical stresses leading to failure.

5.2 CHOICE OF MATERIAL A N D CANISTER DESIGN

In the final repository, the waste canisters will be subjected to
the action of groundwater. In view of the high demands on the
service life of the canister, it is therefoii necessary that the
canister material have a very low reaction rate with water. The
supply of small quantities of substances dissolved in the ground-
water which can cause corrosion can be limited by surrounding the
canister with a buffer material - see chapter 4.

The best guarantee for a low reaction rate with water is thermo-
dynamic stability, which means that no demonstrable reaction at
all takes place, not even over an unlimited period of contact. If
such a material is chosen, data on reaction kinetics are unneces-
sary.

Copper is a material which is practical to use and thermodynami-
|; cally stable in pure water. Other metallic materials with this
I:: property are silver, gold and the platinum metals, but these are
{ out of the question for economic reasons.
V
i; Pure metallic copper, so-called Oxygen Free High Conductivity
K Copper (SIS 5011), has therefore been chosen as the canister ma-
il terial. The design of the canister is illustrated in fig. 5-1.
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Figure 5-1. Longitudinal section of copper canister with fuel rods embedded in lead.

Its minimum wall thickness is 200 mm, its outer diameter is 770
mm (upper end 800 mm to provide a grip for lifting). Its length
is 4 700 mm and its weight is about 16 tonnes. The three lids are
joined to the canister by means of electron beam welding. The
fuel in the canister is embedded in lead, preventing deformation
of the canister due to external overpressure.

Copper also possesses the strength properties required for the
canister to be able to withstand the mechanical stresses to which
it will be subjected.

Ceramic materials may also be considered as canister materials.
Although they are not thermodynamically stable in the same sense
as copper, they can exhibit a very low reaction rate with water
in some cases. Asea has, for example, with the cooperation of
KBS, developed a canister made of alpha-aluminium oxide by means
of a method based on high-pressure isostatic compaction at high
temperature. This type of canister is described in Appendix 1 to
this report.

5.3 THE CORROSION ENVIRONMENT OF THE CANISTER

Since copper is thermodynamically stable in pure water, corrosion
reactions can only take place with certain substances which are
dissolved in the groundwater. The corrosion environment of the
canister is defined by the temperature, pressure and chemical
composition of the groundwater which comes into contact with the
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canister. Undissolved substances in surrounding materials are of
importance only to the extent that they affect the composition of
the groundwater.

The heat which is generated by the waste gives rise to an eleva-
ted temperature next to the canister. The maximum temperature of
77°C is reached 10-20 years following degosition. After 1 000
years, the temperature has dropped to 50 C, after 100 000 years
to 22 C (2°C above the starting temperature), see fig. 5-2 and
/5-1/.

The hydrostatic pressure corresponding to the depth of the
groundwater is 5 MPa. The swelling pressure of the surrounding
buffer mass is 5-10 MPa.

The chemical composition of the water which is in contact with
the surface of the canister depends on the composition of the
groundvater in the regional groundwater system around the final
repository and on the composition of the buffer material as well
as on the rate of reaction between the canister material and
constituents of the surrounding water for which a reaction is
thermodynamically possible. In evaluating canister corrosion, it
is primarily the latter which shall be taken into consideration.

A detailed report on the thermodynamic prerequisites for copper
corrosion is provided in /5-2/.

In order for copper to corrode, it must give off electrons and
become ionized. In ionic form, it can then react with other ions
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in the solution. The electrons nust be accepted by another sub-
stance, a so-called electron acceptor or oxidant. In order for
the reaction to take place* there must be a reduction of the so-
called "free energy" in the system. This reduction depends on how
effective the oxidant binds the electrons and to what extent
copper ions are bound in poorly soluble compounds with low free
energy or remain in free font.

In the case of the reaction of copper with pure water, hydrogen
ions are the potential oxidant and copper is bound as an oxide.
The contribution towards a reduction of the free energy is too
small, and no reaction takes place. In other words, copper is
thenaodynamically stable in pure water.

If, however, free oxygen is present in the water, it binds the
electrons so much more effectively than hydrogen ions that the
reaction becomes possible. The conversion of copper to an oxide
is thermodynamically favoured in this case.

However, hydrogen ions can serve »s oxidants provided that the
copper ions which are formed are bound in a compound with very
low free energy (lower than that of the copper oxide). Such a
compound is copper sulphide. If sulphide ions are present, copper
corrosion can therefore occur to an extent which is determined by
the supply of sulphide.

The review of the thermodynamic prerequisites for corrosion re-
actions at the copper surface which is presented in /5-2/ shows
that the above-mentioned substances free oxygen and sulphide are
the only substances which can cause corrosion in practice. Purely
thermodynamically, sulphate can also act as an oxidant with the
formation of copper sulphide, if the reaction is coupled to an
oxidation of e.g. bivalent iron to trivalent iron. However, geo-
logical evidence indicates that this reaction does not take place
at all in practice (it is kinetically inhibited). The latter also
applies to another thermodynamically possible oxidant, namely
nitrate, which, moreover, is not likely to be present at all in
groundwater at great depth.

Other dissolved constituents of the water which is in contact
with the canister are of no importance for corrosion. After a
very long time, they can be assumed to be present at a concen-
tration which corresponds to the composition of the groundwater
(see section 3.5). In an introductory phase, however, the compo-
sition of the water corresponds to the equilibrium provided by
the buffer material (bentonite). The pH is then slightly more
than 9, but gradually drops to about 8.5. Attainment of equili-
brium with the groundwater takes place relatively quickly as re-
gards anions, but more slowly when it comes to cations, owing to
the ion-exchanging properties of the bentonite. Attainment of
complete equilibrium for cations takes millions of years, accor-
ding to calculations /5-3/. Since the flow of water through the
very impervious buffer material is negligible, material transport
takes place solely by means of diffusion.
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5.4 EXTENT OF CORROSION

5.4.1 General

As we have seen above, sulphide and free oxygen are the only con-
stituents of groundwater which can potentially cause corrosion of
metallic copper. The maximum possible extent of this corrosion
can be calculated if it is assumed that these substances react
immediately upon contact with the canister.

Since their concentration at the canister surface then becomes
zero, the force of diffusion acting on the substances to drive
them towards the canister from the environment is maximum. The
maximum corrosion rate thereby corresponds to this diffusion
rate. The actual corrosion rate can be less if a protective layer
of corrosion products is formed at the surface.

The transport of dissolved substances in the buffer material to
and from the canister and to and from the groundwater system in
the rock is dealt with in greater detail in section 6-5. With the
methods described there, the supply of corrosive substances (free
oxygen and sulphide) to the canister has been calculated /5-4/.

5.4.2 Corrosion caused by free oxygen

As is evident from section 3.5, free oxygen is virtually absent
from the groundwater in rock at great depth, which is related to ,
the presence of minerals containing bivalent iron in the fissure

* walls. This is also backed up by the analysis results for ground-
water from boreholes at a depth of about 500 metres. However, in
view of the fact that analysis accuracy is 0.1 ppm, this value is
conse'rvatively assumed. It gives a total maximum corrosion
attack on a copper canister after one million years of only about
1.5 kg.

In addition, however, relatively large quantities of atmospheric
oxygen become entrapped in the pores in the buffer material when
the final repository is sealed. By far most of this oxygen is
present in the bentonite-sand mixture in the tunnel above the
storage hole. This oxygen is removed, however, by the addition to
this mixture of 0.5% ferrophosphate (in mineral form known as
vivianite), which is stable in contact with bentonite. Practical
tests /5-7/ have shown that this mineral reacts at a suitable
rate with oxygen under the conditions which prevail in the final
repository! The oxygen is therefore consumed long before it can
diffuse into the canister. Ferrophosphate is not added to the
storage hole, but the oxygen volume entrapped in the storage hole
is relatively small and corresponds to the corrosion of only
about 2.5 kg copper per canister.

Another conceivable contribution towards the oxygen supply is
radiolytic disintegration of water caused by the gamma radiation
coming from the waste. But because the copper canister has a wall
thickness of 200 mm, the radiant energy which penetrates through
and is absorbed by the water-containing buffer material is rela-
tively insignificant, see fig. 8-6. The maximum yield at which
radiant energy can cause disintegration of water is known from
radiation chemistry /5-5/. By assuming this yield, and that all
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formed oxygen and hydrogen peroxide is able to diffuse to the ca-
nister surface and react completely there, an upper limit for the
copper corrosion which could be caused by radiolysis can be cal-
culated. It corresponds to only 0.4 kg per canister in a million
years /5-4/.

When the corrosion caused by free oxygen is added to that caused
by oxygen formed by radiolysis, a total maximum copper consump-
tion per canister of approximately 4.5 kg after one million years
is obtained.

5.4.3 Corrosion caused by sulphide

As in the case of oxygen, the corrosion caused by sulphide can be
divided into two components, namely one from the groundwater and
one from material which is initially present in the buffer mate-
rial.

Sulphide in the groundwater generally derives from sulphate in
the surface water, which, when it penetrates down into the fis-
sures in the rock, becomes microbiologically reduced to sulphide.
Locally, at the depth at which the reaction takes place, this can
give rise to relatively high sulphide concentrations. As in the
case of free oxygen, however, the level of free sulphide in the
groundwater at great depth is limited by the presense of iron,
which binds the sulphide in the form of pyrite. Even though this
reaction is slow, the solubility of the iron sulphide will always
limit the concentration of sulphide, see section 3.5.

In calculating the corrosion contribution from sulphide, it has
been assumed that the level of free sulphide in the groundwater
is 5 mg/1, which has been measured in one case (Forsmark) /5-6/.
In view of what has been said above, this value is much too high,
and the analysis result is probably due to the presence of col-
loidal or suspended iron sulphide (FeS). Since its diffusion
through the bentonite buffer is very slow, the corrosion it caus-
es will be negligible. Furthermore, free sulphide would be con-
sumed mere or less completely upon its passage through the buffer
material by reaction with the iron oxide present there. However,
in order to be on the safe side, it has been assumed that none of
these obstacles exist, and the calculation has been carried out
as if 5 mg/1 free sulphide were actually present in the ground-
water and could diffuse to the canister without being consumed on
the way.

Additional sulphide in the groundwater can theoretically be form-
ed by microbiological sulphate reduction owing to the presence of
dissolved organic material (max. 12.5 mg/1) /5-8/. This could
then give rise to an additional 2 mg/1 free sulphide in the
groundwater. In practice, however, it is doubtful whether this
organic material (humus substances and so-called fulvic acids)
can be used for sulphate reduction. If this were the case, it
would most likely already have been consumed in this manner.
Nevertheless, it is assumed here that a corresponding quantity of
sulphide is formed.

A level of free sulphide in the groundwater of 5 + 2 « 7 mg/1
gives a theoretically calculated corrosion attack of 50 kg copper
per canister and million years. This is probably a considerable
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overestimation of the actual corrosion attack, possibly by sever-
al orders of magnitude.

The buffer material (after oxidizing heat treatment, if neces-
sary) contains very small quantities of sulphide. The remaining
quantity, about 200 mg/kg, derives almost entirely from pyrite,
FeS2> It is very poorly soluble. The sulphide content of a solu-
tion in equilibrium with pyrite is so low that the corrosion it
could cause by diffusion to the canister surface is negligible.

Bentcnite can contain organic material which could theoretically
give rise to sulphide through a microbiological sulphate reduc-
tion. But an oxidizing heat treatment, see 4.2, burns away all
such material which could serve as a substrate for the sulphate-
reducing bacteria. Analyses show that the total level of organic
material after heat treatment can be assumed to be less than 200
ppm. If it is conservatively assumed that this entire quantity
can be used as a bacteria substrate for the production of free
sulphide, a maximum calculated corrosion attack corresponding to
5.4 kg copper per canister and million years is obtained. All
organic material in the bentonite, both in the storage hole and
in the adjacent tunnel volume, is hereby included. Since the
tunnel fill contains a surplus of bivalent iron, the sulphide
which is formed there will probably not be available for reaction
with copper. The actual corrosion attack would therefore be, at
the most, only half of that specified above.

The total calculated maximum corrosion contribution from sulphide
in one million years amounts to a maximum of about 55 kg. How-
ever, actual corrosion would be considerably less.

5.4.4 Total corrosion

If the contributions from oxygen and sulphide are added together
a total maximum corrosion of about 60 kg copper after one million
years is obtained. (However, addition is not justified in this
case, since the copper oxide formed by oxygen corrosion will
consume sulphide without metal corrosion.) This quantity of cor-
roded material corresponds to an average corrosion depth of about
0.5 mm, compared to the canister thickness of 200 on. The top
part of the canister could conceivably be more heavily attacked
than the bottom part, due to the fact that sulphide from the
tunnel would react preferentially with this part. If it is assum-
ed that this sulphide attack is concentrated to the top 10Z of
the canister surface, the mean corrosion depth there would be
about 2.4 mm. This, however, represents a substantial overesti-
mation, since, as was already mentioned, the iron content of the
tunnel fill should prevent sulphide from diffusing down into the
storage holes. - - «•"

The above-mentioned corrosion rates pertain to conditions with an
intact copper canister. What would happen following a penetration
of the canister is more difficult to foresee, and the corrosion
rate could conceivably increase due to the presence of e.g. free
oxygen formed by the radiolysis of water in direct contact with
the fuel.
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This oxygen could also conceivably affect the corrosion rate for
nearby canisters. However, the diffusion resistance offered by
the buffer material will render such effects insignificant.

5.5 CHARACTER OF THE CORROSION ATTACK

It can be concluded fro* the above that corrosion penetration of
the canister within one million years is only possible if the
corrosion attack becomes concentrated to a very small part of the
surface in the fora of a spot attack, known *» pitting. There is
no risk for cracking due to stress corrosion in the case of pure
copper.

Pure copper is a material which possesses very little tendency
towards pitting. But pitting can occur in some cases, e.g. in
water pipes and in material buried in certain soils.

The relationship between pit depth (p) and time (t) is usually
expressed empirically in such cases by means of the equation

P - A t° (1)

where A and n are constants, n has a value of between 0 and 1.

A statistical analysis /5-9/ of the results of a long-term study
of copper corrosion in different types of soils in the USA in-
volving exposure over a period of many years has shown that the
relationship between pit depth and time can better be expressed
by means of the equation:

P - A(t - t o )
n (2)

where t is the incubation time before pitting starts.

The results of the aforementioned study show that n decreases
with time.

In agreement with equation (1), the life of, for example, a water
pipe of copper increases sharply with wall thickness. If the wall
is sufficiently thick, the growth of the pit in depth virtually
ceases altogether with time. The continued attack then takes the
form of a widening of existing pits and initiation of new pits.
With extremely thick walls - as in this case 200 am - the at-
tack, after a very long period of time, assume the character of
an eroded "stifface zone with local variations in depth.

A conservative value for the maximum corrosion depth is obtained
by disregarding this evening-out of the attack with time and in-
stead using the maximum value (approx. 25) for the pitting factor
which was observed in the aforementioned study. The maximum
attack depth after one million years obtained in this manner is
60 mm (30Z of the wall thickness).
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5.6 CANISTER LIFE

5.6.1 Life in view of mechanical stresses

The mechanical reliability of the copper canister has been stu-
died in relation to the stress which can arise in connection with
fabrication, handling and final storage /5-14/. Fabrication of
the copper canister and handling in connection with the encapsu-
lation of the spent fuel are discussed in section 2.3.

The mechanical stresses which can affect the service life of the
canister in the final repository are of three types:

a) External overpressure (hydrostatic pressure and swelling
pressure of buffer mass).

b) Shear forces due to possible movements in the rock.

c) Internal overpressure due to helium formation in the fuel,
caused by alpha decay of heavy nuclides.

A uniform external overpressure will not give rise to stresses in
the canister wall, since the inside of the canister is completely
filled with lead and fuel rods. The cladding on the fuel rods
will not undergo creep deformation under prevailing conditions.

Cracks in the canister wall or in the welds could possibly grow
as in result of an unfavourable distribution of thermal stresses
/5-14/. Both the parent metal and the welds are inspected by
means of special ultrasonic technique to make sure that they are
free of cracks.

If water absorption or swelling in the buffer material takes
place unevenly at the beginning, certain stresses may arise in
the canister material, but not of such a magnitude that they
could lead to failure. The stresses gradually disappear due to
creep relaxation so that the material eventually becomes stress-
free.

As is shown in section 3.2, the probability of even small rock
movements is very low. The pliancy of the buffer material and the
ductility of the copper would prevent any failure due to the
small rock displacements which are possible. Here again, any
stresses eventually disappear due to creep relaxation.

The internal overpressure in the fuel rods depends on how quickly
helium formed by radioactive decay is released from the uranium
dioxide matrix. This process is not yet entirely understood. Even
if the most unfavourable assumption is made, namely that the
helium is liberated immediately upon formation, it can be shown
that th* cladding tubes on completely spent PWR fuel do not un-
dergo any creep deformation due to overpressure within a period
of one million years /5-10/ and /5-11/. Ho internal overpressure
is crcatad in BWR fuel within this period of time.

In summary, there are no mechanical stresses which can limit ca-
nister life to less than one million years.
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5.6.2 Service life

It was concluded above that the mean attack depth on certain
parts of the canister could possibly amount to a maximum of 2.4
mm after one million years. Variations in attack depth are, how-

! ever, possible, but are not judged to be great. A very conser-
: vative assessment of the maximum attack after one million years

is, as argued above, 60 mm. The conclusion is that service life
should not be less than one million years.

It should be emphasized particularly that the above conclusion
concerning service life is not critically dependent upon as-
sumptions of an absence of rock movement with accompanying frac-
turing or an increase in the groundwater flow owing to a change
in the hydraulic gradient. The compacted bentonite as a buffer
material functions as an elastic defense which, by virtue of its
swelling capacity, guarantees that no water-bearing fracture
which would greatly increase material transport can reach the
canister - even in the event of substantial rock movements. In
the unlikely case that large fractures were to form in the rock,
the compacted bentonite will penetrate into these fractures,
swell up and effectively prevent material transport to the ca-
nister. The bentonite can swell to several times its own volume
without losing its protective capacity. A heavy increase in the
groundwater flow would only give rise to a limited increase in
the corrosion rate.

5.6.3 Summary evaluation of canister life

From the above, it can be concluded that neither mechanical
stresses nor corrosion attack can be expected to give rise to ca-
nister penetration within one million years, i.e. the minimum ex-
pected canister life. This estimate of canister life is based on
extremely unfavourable assumptions concerning groundwater che-
mistry and conservative assumptions concerning rock fissure
content and groundwater flow. Reasonable assumptions of higher
values for the latter factors do not have an appreciable effect
on the estimate of canister life.

A group of specialist, mainly from the field of corrosion and
materials, has, under the auspices of the Swedish Corrosion
Research Institute, carried out an evaluation of the corrosion
life of the canister for KBS 15-12/. This evaluation arrives at
the following conclusion:

"Copper is a relatively noble (electro-positive) metal and is
therefore thermodynamically stable in oxygen-free pure water. In
the case in question, however, some corrosion can occur due to
the presence of oxygen or sulphide in the water which comes into
contact with the canister. It is assumed that the oxygen in the
buffer material in the tunnels can be eliminated by the addition
of the deoxidizers. However, oxygen is present in the buffer ma-
terial which is applied to the deposition holes, and sulphide is
supplied with the groundwater.

Even when these reactants are taken into consideration, however,
it is considered realistic to anticipate a serive life of hund-
reds of thousands of years for a copper canister with a wall
thickness of 200 ••."
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Eight of the group's nine members stand behind this statement,
while one has made a reservation.

The objections of the dissenting member 15-13f are based on,
among other things, the opinion that a future ice age could cause
considerable fracturing of the rock, which would lead to a drama-
tic increase of the groundwater flow and thereby of the corrosion
rate on the copper canister. This postulated effect of an ice age
on the Swedish bedrock at a depth of 500 m does not agree with
the geological interpretation of the pattern of fractures which
can be observed today - see section 3.2. In the hypothetical case
that a glaciation would result in extensive fracturing of the
rock around the canisters, the buffer material, with its great
potential swelling capacity, will seal new or widened fissures
and the reported conclusion concerning the service life of the
canister will not be affected.





LEACHING AND MATERIAL TRANSPORT

6.1 GENERAL

Assessments of the leaching of radioactive elements from radioac-
tive waste are normally baf.d on laboratory measurements of the
leaching rate. Such measurements are made with a free supply of
water of varying composition and at different temperatures. A
large body of experimental data of this type is available for
vitrified high-level waste. Corresponding data for spent uranium
dioxide fuel are much scarcer. Assessments of the leaching of ra-
dioactive elements from such fuel must therefore be based prima-
rily on other types of information.

This chapter starts with a report of the results from various ex-
perimental studies of the leaching rate of spent uranium dioxide
fuel. It then continues with a discussion of various possible
scenarios following contact between uranium dioxide and ground-
water which has penetrated the outer barriers (copper, lead, zir-
caloy cladding). Limitations on the leaching rate for certain
nuclides related to their solubility in water are then discussed.

The transport of various water-soluble substances through the
buffer material and in nearby thin rock fissures is explored.
This transport is of importance both for corrosion of the copper
canister and for the migration of radioactive elements. Calcula-
tions of the supply of oxidants (oxygen and sulphide) to the cop-
per canister constitute the basis for the evaluation of canister
life. This has been reported in chapter 5. The rate of dissolu-
tion of the uranium dioxide matrix and the calculated outward
transport of radioactive elements comprise the basis for the dis-
persal calculations and consequence analysis in chapter 8.

In connection with the final storage of spent fuel in the manner
described in this report. The rate of corrosion of the canister
and the rate of dissolution of the fuel will be governed by the
transport velocity for soluble species. This is limited by the
low water turnover rate stemming from the low water flow through
the rock and by the very low permeability of the buffer material.
See chapters 3 and 4. In the following, it is shown that material
transport is controlled by diffusion through the buffer mass and
by the "film resistance" in the phase interface between the
clay and the slowly flowing water in the thin rock fissures.
Under these conditions, with virtually stagnant groundwater
in the buffer material, the possible rate of dissolution of
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the spent fuel is several orders of magnitude lower than the rate
obtained from dynamic leaching trials with a "free" supply of
water.

6.2 LEACHING OF FUEL

6.2.1 Experimental studies, general

During the 1950s, certain studies were conducted on the dissolu-
tion of irradiated uranium dioxide in carbonate solutions /6-1,
6-2/. These tests were related to the extraction of uranium from
ores by carbonate leaching. The results are of only limited inte-
rest for the direct disposal of spent nuclear fuel. This is also
true of more recent studies of the dissolution rate in water of
samples of the mineral uraninite /6-3/.

In 1975, tests with irradiated uranium dioxide fuel were begun at
Battelle Pacific Northwest Laboratories, Richland, USA (BNWL) in
order to measure the leaching rate for directly deposited spent
nuclear fuel /6-4, 6-5/.

KBS has also sponsored leaching tests at Studsvik on spent
nuclear fuel from a Swedish power reactor /6-6/.

6.2.2 Studies at Battelle, Pacific Northwest Laboratories

The American tests were carried out on pellet fragments from
light water reactor fuel which had been irradiated to an average
burnup of 54 450 MWd/MTU. The uranium was enriched from the start
to 5.817 uranium-235 and the pellets had 93.62 theoretical densi-
ty. The total irradiation time was 32 800 hours, of which 27 800
at full power.

The leaching tests were carried out at 25°C. Three different
types of water was used: groundwater from the Hanford area,
deionized water and building distilled water.

In figure 6-1, the leaching rate for cesium-137 has been plotted
as a function of time. For the purposes of comparison, the re-
sults of a test carried out at BNWL with borosilicate glass con-
taining high-level waste have also been plotted (curve WSEP
SS-13). According to the curves, dissolution from irradiated LWR
fuel is greater than dissolution from vitrified high-level waste
to start with, but after a month or so, it drops down to the same
level and then falls somewhat lower. It should be noted in this
connection, however, that the borosilicate glass which was used
as a comparison was vitrified in 1970 and that current glass
compositions exhibit leaching rates which are up to a factor of
10 lower.

The an lyzed nuclides exhibit extremely different leaching rates.
The values for the dissolution of cesium are about 1 000 times
higher than those for curium to start with. The value for pluto-
nium is between these two. This is shown by figure 6-2, which de-
picts leaching in deionized water for slightly more than 600
days. (The test series with deionized water was continued after
other tests had been interrupted). The curves show a relatively
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slight increase of the leaching rate for cesium towards the end
of the period. But the leaching rate is lower than during the
first weeks. The same applies for plutonium, while the leaching
rate for curium according to th» curve is very irregular.

Another way to illustrate leaching schematically is to plot the
fractional release of various nuclide* as a function of time, The
leaching of cesium and of plutonium is depicted in this manner in
figures 6-3 and 6-4. As these figures show, approximately 1Z of
the cesium content is rapidly dissolved in groundwater. After 150
days, some 1.5Z has been released. The portion of the plutonium
which has been dissolved in the groundwater after 150 days is
3 . 10~5. Leaching in. deionized water differs considerably from
leaching in groundwater; it is lower for cesium, higher for
plutonium.

6.2.3 Studies at Studsvik

The leaching tests /6-6/ were carried out on 20 mm long sections
of an irradiated fuel rod from reactor 1 at Oskarshamn. The see-
tions-fuel with clad - were selected from axial locasions along
the rod corresponding to average linear heat ratings of approx.
11 kW/m and 24 kW/m. The irradiation period was 902 days and the
decay period two years. Of these specimens, one highly-rated and
one output low-rated specimen were leached in distilled water and
the other two specimens in groundwater, in all cases in a volume
of 500 cm^. The temperature was kept constant at 60 C throughout
the tests.

All the leached species which were measured showed relatively
large initial leach rates - expressed as fractions leached per
day of the total inventory - but towards the end of the leaching
period, values of approximately 10~6/d were obtained for uranium,
strontium-90 and cesium-137 and approximately 10~7/d for total
alpha activity (fig. 6-5).

A comparison between the accumulated quantities which were leach-
ed out in 105 days from highly-rated and low-rated specimens re-
vealed the greatest difference for cesiuj-137, where values of
approx. 0.7Z and 0.03Z, respectively, of the total cesium-137 in-
ventory were obtained (fig. 6-6). These values demonstrate the
high load-dependence during reactor operation of the migration of
cesium-137 to the gap between the pellet and the cladding and to
peripheral cracks in the fuel.

6.2.4 Limitations of experimental studies

The studies at BNWL and at Studsvik differ in many respects, such
as the fuel's burnup (and probably also the linear heat rating,
the extraction of specimens (the cladding is included ir, the
tests at Studsvik, so that radioactivity in the gap between the
pe.llet and the cladding can be leached out), leaching temperature
and circulation of the solution. Direct comparisons of the re-
sults are therefore impossible. With regard to the previous his-
tory of the fuel, specimen extraction and, to some extent, leach-
ing temperature, the experimental programme at Studsvik can be
considered to be more relevant to the penetration of groundwater
into directly deposited fuel from light water reactors. In other
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6.3

respects, especially the ratio water: fuel and the flow of the
solution, it has not been possible in a short-tern experiment to
simulate the conditions which can be expected to exist in a repo-
sitory when groundwater has penetrated all of the other barriers
and has come into direct contact with the fuel.

The results of the few tests which have been conducted thus far
must therefore be used with caution. Above all, it is of quest-
ionable validity to extrapolate the results over the long periods
of time which are of interest in this context.

SOME POSSIBLE SEQUENCES OF EVENTS UPON WATER PENETRATING
THE CANISTER

A repository for the direct disposal of spent nuclear fuel must
be situated in bedrock where the groundwater flow is very slow.
If the external barriers (copper, lead and zircaloy cladding) are

•r* fi a lower permeability and a larger specific surface area than
calcium bentonite /6-27/.
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penetrated, water will come into contact with the uranium dioxide
fuel. Water will penetrate into the space between the fuel and
the zircaloy cladding and into cracks in the pellets. Oxidizing
products formed by the radiolysis of water could then oxidize the
uranium dioxide. The extent of this oxidation depends upon:

- the type and amount of radiation in nearby layers of water
absorption in these layers
the type and amount of radiolysis products which are formed
how great a portion of the radiolysis products reach the
uranium dioxide surfaces without having lost their reactivi-
ty on the way as a result of recombination or reaction with
redox systems other than uranium
how great the yield for the reaction between uranium oxide
and (especially the oxidizing) radiolysis products will be.

The type and amount of radiation coming from the spent fuel
changes greatly with time. The intensive gamma and beta radiation

1
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declines relatively quickly. After 500 - 1 000 years, the alpha
radiation will therefore dominate. The alpha radiation has a
short range. In a relatively intact uranium dioxide pellet, only
a very small portion of the alpha radiation will reach the water.
On the other hand, the radiolysis caused by the alpha radiation
will occur in a thin layer adjacent to the surface of the uranium
dioxide. Oxidizing radiolysis products are therefore only a short
distance away from their attack target. They may oxidize the ura-
nium dioxide surface to some extent. Surface layers which have
been oxidized to hexavalent uranium can be dissolved in the form
of carbonate complexes in the groundwater. Mew uranium dioxide
surfaces are thereby exposed for attack by the oxidizing radio-
lysis products. These oxidizing attacks can lead to a widening
and lengthening of existing cracks and the formation of new
cracks. This leads to increased radiolysis of the water, in-
creased oxidation of the uranium, widening of cracks etc. This
could conceivably result in disintegration of the uranium dioxide
fuel, resulting in the exposure of a large surface area to in-
flowing water.

In the long run, the alpha decay in the fuel, with its accompany-
ing helium formation, may also contribute towards the formation
of cracks in the uranium dioxide matrix.

Each alpha particle collides with a limited number of uranium and
oxygen atoms in the uranium oxide. If these atoms are close en-
ough to the interface between the uranium oxide and the water,
some atoms may go over to the aqueous phase ("sputtering"). Other
nuclides could be affected to approximately the extent to which
they are present in the matrix. The zone around the alpha track
is chemically reactive. The water can therefore corrode the ura-
nium dioxide at those points where the alpha particles have pene-
trated the surface. This can especially be the case if the water
contains free radicals resulting from radiolysis /6-7/.

When water is radiolysed, reducing products can also be formed,
which can counteract the above-sketched course of events.

The grain size of the irradiated uranium dioxide can vary, espe-
cially in the radial direction. This probably also causes a va-
riation of the oxidation rate and of the tendency for the fuel to
crack.

As long as most of the zircaloy cladding is left, it has some
impeding effect on water penetration and water turnover and on
the increase in volume which heavy oxidation would lead to.

On the basis of present knowledge, it is not possible to estimate
the rates for all of these processes at different points in time.
However, preliminary calculations indicate that the effects of
"sputtering" will be insignificant within the time period of in-
terest /6-7/. The oxidation resulting from the radiolysis of
water caused by the alpha radiation is more difficult to assess
/6-8, 6-9/.
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6.4 LIMITATIONS ON LEACHING OF CERTAIN NUCLIDES BY GROUNDWATER

6.4.1 Uranium

The reactions and courses of events sketched in the preceding
section are, as was mentioned above, very difficult to quantify.
It may then be asked whether there are not any limitations on
leaching of another nature - limitations which are easier to
calculate. As was stated above, the leaching of oxidized uranium
by groundwater is determined by the composition of the water. The
carbonate content of the water would seem to be the dominating
factor, since hexavalent uranium forms strong carbonate complexes
/6-1, 6-2, 6-3/.

Carbonate contents of 150-300 mg/1 are normal for groundwater at
great depth in granitic bedrock /6-10/. But if the carbonate
content of the groundwater is as high as 550 mg HCO3/I and ura-
nium goes into solution primarily in the form of the bicarbonate
complex of hexavalent uranium, UOjCCO^)^-, a maximum of 1 070 mg
uranium/1 can be maintained in solution. Each copper canister
contains 1.1-1.4 tonnes of uranium. The leaching-out and carry-
ing-away of this amount of uranium would require 1.4-1.8 million
years, if the flow rate for the groundwater in the surrounding
rock is 0.2 litres per m2 and year /6-24/.

6.4.2 Radium

Uranium-234 (half-life 247 000 years) decays to thorium-230
(half-life 80 000 years), which in turn decays to radium-226
(half-life 1 600 years). The radioactivity from radiunr-226 is low
upon discharge from the reactor, 1.1 . 10~8 Ci per tonne uranium.
It then rises, reaches a maximum of about 1 Ci per tonne after
about 300 000 years and then declines, but levels out at a rela-
tively high level, 0.3 Ci per tonne /6-11/.

If water comes into contact with spent fuel, it can dissolve ra-
dium-226 directly as well as thorium-230 or uranium-234 (and ura-
nium-238), which eventually decay to radium-226. However, most of
the radium which is dissolved directly decays before dissolved
uranium or thorium have had time to build up radium-226 to any
appreciable extent.

Radium forms sulphate of low solubility. The solubility product
of RaSO4 is 4 . 10"11 /6-12/. Sulphate concentrations of a few
mg/1 up to approx. 50 mg/l have been measured in groundwater at
great depth in granitic bedrock /6-10/. Assume that the sulphate
content is as low as 1 mg/1. The radium content will then be
about 1 mg/1, which corresponds to 1 m Ci/1. The sulphate content
of the groundwater thereby sets an upper limit for the leaching
of radium directly from the spent fuel.

6.4.3 Iodine

The only iodine isotope which is of interest in this context is
iodine-129 (half-life 17 million years). Its radioactivity
amounts to 0.038 Ci per tonne uranium in the fuel. It is virtu-



156

ally constant for the first few million years, after which it
starts to decline very slowly /6-11/.

If iodine were to go into solution only to the extent that the
uranium dioxide matrix of the fuel is oxidized and dissolved by
the carbonate in the water, then leaching would be slow. However,
iodine compounds tend to accumulate in the space between the fuel
and the cladding as well as in the peripheral parts of the fuel,
which are at lower temperature during reactor operation. A more
rapid leaching of iodine by the water must therefore be expected
during an initial phase. The leaching rate after this initial
period can then be expected to drop to a level determined by the
uranium leaching; but only under the assumption that the matrix
of uranium dioxide does not disintegrate rapidly due to oxidation
so that a large surface area is exposed to water.

As far as iodine is concerned, it cannot be assumed that any
component in the groundwater which may leak into the fuel will
set a reasonable upper limit on leaching from the spent nuclear
fuel.

6 4.4 Plutonium

The total plutonium content of PWR fuel upon discharge from the
reactor is approximately 11 kg per tonne, with the following
breakdown /6-11/:

Plutonium isotope g/t

238
239
240
241
242

10 870

Thus, plutonium-239 dominates quantitatively. If plutonium were
released to the same extent as the uranium dioxide matrix is oxi-
dized and dissolved by a carbonate level of 550 mg/1 in the
groundwater (1 070 mg uranium/1 maximum), the maximum plutonium
level would amount to about 10 mg plutonium per litre.

This presumes that plutonium is evenly distributed in the fuel,
which is not quite true /6-14/.

The total level of soluble plutonium has been estimated to be
about 2 . 10"3 mg/1 /6-13/. Thus, the composition of the ground-
water limits the concentration of plutonium in actual solution to
low levels. However, plutonium could also cenceivably come out
into the groundwater in colloidal or particulate form. But all of
these different forms of plutonium have a great tendency to
adhere to mineral surfaces /6-15/.
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6.5 MASS TRANSPORT IN THE BUFFER MATERIAL

6.5.1 Tranaport mechanisms, general

Some Material transport will take place to or from the canister
through the clay which constitutes the buffer material around the
copper canisters in the final repository. Oxidizing substance in
the font of dissolved gases or ions as well as other components
in the groundwater can be transported into the outer surface of
the canister. In the event of canister failure, the radioactive
nuclides in the waste can be transported away from the canister.

In order to be able to estimate the magnitude of this mass
transport, the borehole with surrounding fissures has been as-
sumed to conform to the model illustrated in fig. 6-7. In the
calculations, the fissures have been assumed to run perpendicular
to the axis of the borehole and to be of infinite length. Other
orientations have also been studied. The width of the fissures
and their internal spacing have been assigned different values on
the basis of measurements of the permeability of the undisturbed
rock. Clay from the borehole is assumed to have penetrated out
into the fissures to a certain distance.

6.5.2 Flow

Beyond the clay in the fissures, the groundwater flows at a velo-
city which is determined by the hydraulic gradient (i m/m), the
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permeability of the rock (K_ m/s) and the porosity of the rock
(e m3 fissures/m^ rock) in accordance with Darcy's equation:

up - Kp • */« •/•

The permeability of the clay it nuch lower than of the host rook:

K < 10"13 a/s /6-18/.
P

Besides the hydraulic gradient in the clay, a thermally induced
hydraulic gradient i ^ can also arise as a result of the heat
generation which takes place in the canister. The magnitude of
this gradient has been estimated /6-19/. At the highest tempera-
ture gradient which will occur and the highest temperature at the
canister wall, 80°C, ith - 1.5 . 10~

3 m/m. This value is of the
same order of magnitude as the hydraulic gradient in the rock
(i*3 . 10-3 M / m ) . xf the permeability of the clay is of such an
order of magnitude that groundwater flow stemming from the hy-
draulic gradient can be neglected, then the thermally induced
flow is also negligible.

6.5.3 Diffusion

Besides flow, when the entire mass of liquid moves, mass trans-
port can take place by the diffusion of individual substances
under the influence of a concentration gradient. The diffusion
rate depends on the nature of the substances (and in the case of
ions, on the presence of other ions as well) /6-20/ and on the
temperature /6-16/.

Diffusion can take place in the water absorbed in the clay. The
diffusion rate at a given concentration gradient - the diffusi-
vity is much lower here than in water alone, owing to a reduction
of the available area, the tortuosity of the channels and retar-
dation due to sorption of the diffusing substance.

Measurements of diffusivity for methane, cesium and strontium in
compacted bentonite /6-21, 6-22/ have shown that the value in the
clay is approximately 1/lOOth of the value in water. The diffu-
sivity in the clay in the fissures has been set at l/5th of the
diffusivity in water, since ths clay there is not so compact.

It follows from these data that mass transport by diffusion is
considerably greater than transport by flow over distances of a
few meters.

6.5.4 Ion exchange and other sorption mechanisms

Some of the substances which diffuse through the clay are re-
tarded owing to various sorption mechanisms. These include ion
exchange, where it is mainly the Na ions in the clay which are
exchanged for other cations in the groundwater, or adsorption on
the clay. Since sorption is a reversible process, the sorbed
substances will be desorbed again if their concentration in the
aqueous phase decreases. At the low concentrations with which we
are dealing here, the ion exchange and adsorption equilibria can
be considered to be linear, i.e.



qA - Kd • CA

where q. it the concentration of the substance sorted on the so-
lid material, C. is the concentration of the substance in the
aqueous phase and K, is a constant /6-23/.

The substance which diffuses through the clay will be retarded in
transit owing to sorption until equilibrium is established. Only
then will the substance migrate further. Retardation increases as
the value of K, increases.

The solubility of certain substances is so low that the solubili-
ty product is reached. These substances cannot be transported in
water in higher concentrations than their solubility permits.
They are greatly retarded at high total concentrations and less
at low concentrations. At concentrations below the solubility
limit, they are retarded by means of the same mechanism as other
sorting substances.

The concentration profile in the clay is described by either
curve 2 or curve 3 in figure 6-8 /6-23/. Curve 1 illustrates the
ideal case, where neither dispersion nor diffusion occur, flow
alone is transporting the nuclides. Which of the curves 2 or 3
gives the truest picture of the situation depends on whether mass
transport is due solely to diffusion or whether flow must also be
taken into consideration. In this case, when diffusion can be
regarded as being dominant, curve 3 will describe the situation
most accurately.

6.5.5 "Film resistance"

When a substance is transported over a phase interface, in this
case between the water in the clay and the flowing water in the
fissures, there is a certain resistance to this mass transfer
across the interface. This is due to the fact that the substance
only has time to diffuse a limited distance out into the water
during the time it takes for the water to pass. The concentration
profile at the phase interface is shown in figure 6-9. The mass
transfer resistance it localized to an imaginary "film" next to
the phase interface. In this "film", the concentration of the
substance changes from that which prevails in the phase interface
to the concentration in the free aqeous phase. At the retention
times which are possible in this case, the liquid within a metre
or so of the clay will absorb (or be depleted of) the substance
in question /6-24/.

6.5.6 Relative importance of the different barriers

Diffusivity in the compacted clay in the storage hole is low,
limiting the rate at which a substance can be transported per
unit surface area. Diffusivity in the clay in the fissures is
higher due to the fact that the clay there has swelled compared
with the clay in the hole. In the fissures the available area for
diffusion is, however, many times less. This more than compen-
sates for the higher diffusivity, provided that the depth of the
clay in the fissures ia of the same order of magnitude as in the
hole. The "film resistance" at the retention times in question
offers greater resistance than the clay in the hole. This is
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shown in table 6-1* which shows the relative importance of the
various resistances in columns 7-9. For the central case - 5 -
the resistance in the film is about 7 times more important than
the resistance in the clay in the hole. No resistance at all is
accredited to the clay in t'ie fissures in the following calcula-
tions, since it cannot be guaranteed at the present time that all
fissures will always be filled with clay.

6.6 DISSOLUTION OF THE URANIUM OXIDE MATRIX FOLLOWING CANISTER
PENETRATION

6.6.1 General

The spent fuel rods consist mainly - 95% - of uranium diox-de,
UOo. In the event of canister penetration, water will penetrate
into the UO2 matrix and gradually dissolve it.



6.6.2 Dissolution of U09 in groundwater

The solubility of uranium in groundwater is determined by the
composition of the water, especially as regards.salt content, pH
and redox potential /6-12, 6-13/.

The uranium is quadravalent in the uranium oxide. Quadravalent
uranium has very low solubility in the types of groundwater in
question, where the redox potential is such that the quadravalent
state is maintained. This solubility has been calculated to be
about 2 vg/1 at pH 8. Uranium could conceivably be oxidized from
a quadravalent to a hexavalent state due to radiolysis. Hexava-
lent uranium has a much higher solubility in the waters in ques-
tion here.

6.6.3 Dissolution related to carbonate level

A limiting factor for the amount of uranium which can be dissolv-
ed is the water's carbonate content. Hexavalent uranium forms
strong complexes with carbonates /6-12, 6-13/.

Solubility is based on measured carbonate levels in groundwater
/6-10I and the assumption that each uranium atom binds two car-
bonate ions. With a carbonate content of 550 mg/1, a solubility
corresponding to 1 070 mg U/l is obtained.

This approaches the level of cations in the Gulf of Bothnia.

In a study of the uranium level in groundwater in uranium mines
in Czechoslovakia, Paces /6-25/ has measured less than 0.1 mg U/l
under reducing conditions (Eh < 0) and 9 mg U/l under oxidizing
conditions and a carbonate level of the same order of magnitude
as in Swedish groundwater-.

Russian studies (section 3.5) reveal similar conditions. The
water in these studies has migrated from areas with oxidizing
conditions where the water has a high uranium content, through a
zone where uranium is precipitated out and into an area with re-
ducing conditions. The level of uranium in the water decreases
there to very low values, less than 0.05 mg U/l. At the depth at
which the repository is to be located, the water is reducing and
uranium solubility should then be less than 0.05 mg U/l. These
observations are in good agreement with calculated solubilities
/6-13/.

The dissolution time for uranium has been calculated for various
combinations of fissure width, water velocity, fissure spacing
and clay depth in fissures, table 6.1.

In calculating the uranium dissolution, it has been assumed that
there is nothing left of the canister wall, i.e. that the entire
surface of the canister is accessible for mass transfer. It has
also been assumed that there is no mass transfer resistance in
the degraded canister wall. These assumptions lead to an overes-
timation of the dissolution rate, since the canister's corrosion
products constitute a diffusion barrier. Furthermore, it is very
improbable that the copper will corrode within the time span un-
der consideration. If a hole were created in the canister, it
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\ would certainly be very small in relation to the total surface

area of the canister.

The results of these calculations are presented in table 6-1. The
time required to carry off 1.4 tonnes of uranium is 1.8 million
years under oxidizing conditions. This time will be at least
5 000 times longer under reducing conditions.

The table also shows that the greatest mass transfer resistance
is in the clay in the fissures, in those cases where the clay has
penetrated out into the fissures. This is largely due to the fact
that the cross-sectional area is very small in the fissures as
compared to in the borehole.

6.6.4 Leaching of other nuclides

During the irradiation of the fuel in the reactor, some of the
fission products have become concentrated in the outer parts of
the fuel pellets and in the space between the pellets and the
zircaloy cladding, the cladding gap. This applies especially to
volatile elements and elements which are formed through the decay
of volatile elements, such as iodine and cesium. The nuclide
quantities in question here are so small (a kilogramme or less
per tonne uranium) that the solubility product for their salts
will hardly be reached, so that it is assumed that 100Z of these
nuclides dissolve immediately when the water enters.

Other nuclides which are embedded in the uranium oxide matrix are
dissolved along with this matrix, since diffusion in the solid
material is very slow at the prevailing temperature. This has
been established by a study of uraninite crystals from a natural
reactor in Oklo /6-26/.

Despite the fact that a formal oxidation of the uranium can take
place while it is still in the solid lattice, the lattice struc-

.̂. ture will probably be retained. Regardless of the increase in the
P- solubility of the uranium in carbonate-bearing water upon its
f- transformation from the quadravalent to the hexavalent state, the
iZ. kinetics for the breakdown of the crystal lattice probably also
f:> control the dissolution of the solid mixed oxide. A dissolution
t:

?-: rate for uranium and plutonium which is proportionate to their
i.;\ concentration in the oxide matrix would appear to be reasonable,
rW if lattice breakdown is assumed to be rate-determining. However,
B- it is probable that uranium will be transported away from the
"* immediate vicinity of the fuel more rapidly than plutonium, owing

to possible oxidation of uranium and carbonate complex formation.

6.7 TRANSPORT OF NUCLIDES THROUGH THE BUFFER BARRIER

|.i The buffer material will retard nuclide transport to a different
|>:: degree for different nuclides owing to the fact that sorption
Cf? effects for the different nuclides vary in magnitude. The influ-
% ence of sorption can be expressed by means of the retention fac-
j£ tor K. /6-23/. This factor is the ratio between the velocity of a
•*; noninteracting species and the velocity of the nuclide in ques-
?:• tion. The retention factors for some nuclides of interest are
[- presented in table 6-2 /6-24/. All data apply under oxidizing
I conditions.
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Table 6-2. Retention time in the clay barrier for interesting
nuclides.

Nuclide

Sr 9 0

Tc"

j.129

C s 1 3 7

Ra 2 2 6

Th 2 2 9

„ 237
Np

P u 2 3 9

P u 2 4 0

A n 2 4 1

Am 2 4 3

Half-life
years

2

2

1.6

7.3

2

2.4

6.6

7.4

28

. 105

. 107

30

.10 3

. 103

. 106

. 1 0 4

. 103

458

. 103

Retention
factor

1)

1

1

4

4

4

12

12

000 4 )

1

1

4004>

000 3 )

000 5 )

800 5 )

800 5 )

800 5 )

800 4 )

800 4 )

Retention time in clay
in borehole, years

2)

1 800

2

2

700

1 800

7 000

1 400

8 400

8 400

22 400

22 400

1) The porosity of the clay has been set at 0.25.

2) Diffusivity in the clay has been assigned a value of 6 • 10
m2/s for all nuclides /6-22/.

3) Assumed to be the same as for strontium.

4) From measured data for 100 % clay /6-13/.

5) Converted from measured data for clay/quartz mixture.
10/90, where the quartz has been assumed to be inert.

Figure 6-10 shows the dissolution curve for a nuclide with a re-
tention factor of K.. If t - is the time it takes for a nonin-
teracting nuclide to diffuse through the barrier, it takes t .
Kj_ after canister penetration for the nuclide to diffuse out
through the clay so that a certain portion of the final maximum
concentration is reached outside of the barrier. The concentra-
tion then increases for a period of time, after which it either
immediately starts to decrease in the case of an easily soluble
nuclide or level out in the case of a poorly soluble nuclide. The
dissolution time, t^iss, is dependent upon the dissolution of the .
fuel, the mass transport velocity through all the barriers and on
how much of the nuclide is originally present in the fuel.
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Figure 6-10. The nucttde concentration outside of the clay barrier as afimction of time.

6.8

K- is given in table 6-2 for a
It can be seen in the table that

The retention time in clay tc,
number of nuclides of interest
cesium-137, strontium-90 and americium-241 will have a retention
time in the clay greater than 25 half-lives and will consequently
have time to decay, while other nuclides will not have time to
decay to any appreciable extent. They are retarded by the clay,
but after a sufficiently long period of time, they will have
passed through it.

The easily soluble nuclides which are not sorbed will be present
at maximum concentration in the water at the instant when the
water has just entered into the canister and dissolved them.
Their concentration will then decline as the nuclides diffuse
out. The concentration difference and therefore the material flow
of these nuclides will therefore decrease with time. After a cer-
tain period of time, t , their concentration outside of the clay
barrier will have decreased to half. This time is given in table
6-1 for small molecules such as iodine.

These times are short compared to the other periods of time in-
volved in these studies and can in many cases be regarded as be-
ing equivalent to "instantaneous" dissolution.

SODIUM-CALCIUM ION EXCHANGE IN BENTONITE

The bentonite which is intended to be used in the buffer material
contains a great deal of sodium bentonite. This material swells
much more than calcium bentonite upon contact with water and has



a lower permeability and a larger specific surface area than
calcium bentonite /6-27/.

When the groundwater contains calcium, the sodium bentonite will
be partially converted to calcium bentonite by the exchange of
the sodium in the bentonite for the calcium in the water.

The calcium content of the groundwater is not sufficient for any
appreciable ion exchange to take place when zhe clay has just
been wetted; most of the calcium must diffuse in from the flowing
water.

The time required to exchange all sodium for calcium has been es-
timated /6-24/. The ion exchange capacity has been taken from the
supplier's specifications. It has been assumed in the calculation
that all sodium, approximately 0.6 mequiv/g clay, has been re-
placed by calcium.

The clay in the fissures is converted in roughly 10 000 years, at
a clay depth of 2 m. It has also been assumed in the calculations
that the only mass transport^resistance consists of film and
diffusion resistance for Ca . The results of these calculations
are presented in table 6-3. With these suppositions, a complete

Table 6-3. Time required for sodium-calcium ion exhange in the
bentonite.

Case 2b
/year

S
m

Z Time for ion exhange,
mc years

in fissu- total
res

1

2

3

4

1 . 10-3

1 . 10
-3

1 . 10"
3

1 . 10
-3

0.1

0.1

0.2

0.2

1

1

0.4

0.4

0

2

0

2 12 000

1.6 . 10

10 000 115 . 106

0.7 . 10"

26 . 10c

2 . 10-* 0.1 3.8 . 10"

6

7

2 . 10-*

2 . 10"*

2 . 10-*

0.1

0.2

0.2

1

0.4

0.4

2

0

2

12 000 116 . 10

15 000

1.6 . 10°

26 . 10u

—9 2
Diffusivity in water: 2 - 1 0 m / s
Ion exchange capacity (Na): 60 mequiv/100 g clay
Density of wet clay in pores: 1 750 kg/m3
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ion exchange of all the clay in the storage hole takes 3.8 milli-
on years.

6.9 ANALYSIS OF VARIATION

The central case 5 in tables 6-1 and 6-3 has been selected with-
out clay in the fissures, despite the fact that these fissures
will be grouted with bentonite, since it is not impossible that
new fissures may open in the rock due to thermal and other
stresses. The water flow of 0.2 l/m^ and year used in case 5
corresponds to a maximum value in sound rock at the depth in
question. The high water flow rate of 1 1/m2 and year in cases 1-
4 is only judged to be possible in an extreme case where, for
example, a local disturbance increases water passage in to a ca-
nister. The fissure frequency of 1 per metre and the fissure
width of 0.1 mm in the vicinity of the canister correspond to a
permeability in the vicinity of the hole which is approximately
1 000 times greater than the permeability of the undisturbed
rock, and a porosity in water-bearing fissures which is approxi-
mately 10 times higher than in undisturbed rock. These relatively
high values have been chosen in lieu of sufficient measured data
so that these factors will not be underestimated. An even greater
fissure frequency (2.5 per metre) and width (0.2 mm) have been
used in cases 3, 4 and 7, 8. Even these high figures only in-
crease the transport velocity by a factor of approximately 2.
Compare, for example, case 7 with case 5.

If the rock should be extremely fractured and its porosity in the
vicinity of the storage hole should be considerably greater,
"film resistance" could decrease sharply. The greatest increase
of the mass transport velocity which is possible is limited by
the diffusion resistance in the clay in the storage hole. In the
central case, the increase could never be greater than approxi-
mately 8 times, even if the film resistance were eliminated com-
pletely.

If the clay can be made to fill up any fissures which may open in
the rock, mass transport will be greatly reduced. In case 6,
where 2 m of clay has been deposited in the fissures, the trans-
port velocity has been decreased to l/20th of the value in case
5.

6.10 FINAL STORAGE OF THE FUEL'S METAL COMPONENTS

6.10.1 General

The radioactive metal components from the reactor are compacted
and placed in concrete moulds; which are placed in a rock repo-
sitory at great depth. The repository is filled with concrete.
The moulds are cubical boxes with 1.6 m sides and 0.8-1.0 m cubic
holes. A total of about 720 tonnes of metal - zircaloy-2 and -4,
stainless steel and inconel-650 and -718 - will be deposited. In
all, there are some 78 tonnes of different nickel isotopes.
Nickel-59 above all must be prevented from reaching the bios-
phere. This nuclide has a half-life of nearly 80 000 years. Com-
pared to nickel-59, other metals are of very little radiological
importance.
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After the repository has been sealed, groundwater will eventually
come into contact with the waste. The metals in the repository
will then be able to corrode and go into solution, offer which
they will be transported out by the mechanisms described in sec-
tions 6.5 and 7.2.

6.10.2 Chemical environment in the repository

The concrete will determine the pH of the water in and around the
repository. In an initial phase, the pH will be 13-14 as a result
of the dissolution of small quantities of sodium hydroxide and
potassium hydroxide. Then, during a second phase, the "free11

calcium hydroxide in the cement will be dissolved and the pH will
stabilize at 12-13. In a third phase, calcium will be dissolved
out of silicate and aluminate. The pH of the groundwater will be
around 10 during this phase /6-28/.

6.10.3 Corrosion

Nickel is a relatively noble (electro-positive) metal and may be
stable in the environment in the repository /6-29/. Corrosion of
the less noble metals is accompanied by hydrogen evolution, which
has an inhibitory effect on the oxidation of nickel. It is none-
theless assumed in the following that nickel corrosion is not a
limiting factor.

6.10.4 Solubility of nickel

Oxidized nickel will be bivalent in the environment in question.
Bivalent nickel forms poorly soluble compounds with hydroxide,
phosphate, sulphide and carbonate. Fulvic acids in the ground-
water could conceivably form strong complexes with nickel and
increase its concentration in the water. Phosphate and sulphide
are present in such small quantities that they do not suffice to
precipitate all the oxidized nickel. Nickel solubility will
therefore be determined by the hydroxide. Within the pH range of
10-13 which prevails in the water in and immediately around the
concrete moulds, the solubility of the hydroxide limits the nic-
kel concentration to 0.1 mg/1 /6-28/. If all available fulvic
acid were to form nickel complex, the solubility of nickel could
reach a maximum of 30 mg/1 /6-28/.

6.10.5 Transport of nickel

The transport of nickel out through the concrete has been calcu-
lated using the same method as that used for the transport cal-
culations in sections 6.5 and the following. It is hereby conser-
vatively assumed that the nickel oxidation is not a limiting
factor. If the repository is situated in rock which is of as good
quality as that in which the fuel is stored, it will take 20
million years to transport all of the nickel out through the
concrete. This applies at water flows in the rock of 0.2 1/m^ and
year and a nickel solubility of 30 mg/1. It is assumed that the
concrete does not have through cracks.

When and if the concrete has decomposed or undergone extensive
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cracking, the water will have direct access to the metal sur-
faces. Both diffusion resistance in the concrete and "film re-
sistance" are then irrelevant and it is assumed that all of the
water which reaches the tunnel becomes saturated with nickel. It
would then take about 2.5 million years for the water co carry
away all the nickel if the pH is still kept within the range 10-
13. The water in the concrete will retain this pH as long as the
concrete contains soluble hydroxide.

The concrete continuously gives off calcium hydroxide to the
water in the rock. Transport calculations show that it will take
at least 24 million years for the concrete to give up all its
calcium hydroxid if the concrete has cracked and the water can
flow freely through it.

The conclusion is that it will take at least 2.5 million years to
leach out all of the nickel, even if the concrete barrier cracks
apart immediately.
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DISPERSAL MECHANISMS FOR RADIOACTIVE
ELEMENTS

7.1 GENERAL

In order to achieve a safe terminal storage of the spent uranium
dioxide fuel, the fuel is surrounded in the final repository by a
number of consecutive barriers:

uranium dioxide in itself is poorly soluble and chemically
relatively stable. Most of the radioactive elements are
bound to the uranium dioxide matrix,
the uranium dioxide is enclosed in zircaloy cladding tubes,

- the fuel rods are encapsulated in copper cylinders with ex-
cellent corrosion resistance in the environment in question.
Inside the canisters, the fuel rods are embedded in lead,
the copper cylinders with the fuel rods are packed in a
buffer material of low permeability - highly compacted ben-
tonite,
the. final repository is situated in stable crystalline bed-
rock with a low groundwater flow at a depth of 500 m.

Metal scrap from the spent fuel is surrounded in its final repo-
sitory by barriers of concrete and rock.

Each of these barriers provides protection against the dispersal
of radioactive substances. The barriers possess different protec-
tive properties and thereby protective functions which both rein-
force and complement each other. In order for a dispersal of ra-
dioactive substances to take place, the barriers must be pene-
trated and the radioactive substances must come into contact with
water.

It is possible to differentiate between slow dispersal processes
and events which lead to sudden dispersal. The latter type of
events is extremely rare and is analyzed in section 8.7.

In order for the slow dispersal of radioactive elements to be
possible at all, the groundwater must come into contact with the
waste. Corrosion of the copper canister has been investigated in
chapter 5. Leaching of the uranium dioxide and material transport
through the buffer mass is analyzed in chapter 6.

The leaching of radioactive elements from metal components em-
bedded in concrete moulds is discussed in section 6.10.

This chapter describes various mechanisms for dispersal in rock
and in the biosphere.
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Dispersal in rock takes place through water flow and diffusion in
rock fissures or in the tunnel fill of quartz/hentonite. Through
chemical reactions between the radioactive elements and the rock
mass>fissure-fillers or tunnel filler, the radioactive elements
are retarded in relation to the water flow. Sections 7.2 and 7.3
discuss various factors which influence dispersal. The results of
dispersal calculations are reported in section 8.5.

If the radioactive elements break through the various barriers,
they can eventually come into contact with the biosphere. In this
case, they will be dispersed via the groundwater to a primary
water recipient, which may be a well, a lake or part of the sea.
From this primary recipient, the elements can then disperse into
the biosphere via a large number of paths. In section 7.4, the
model which is used to analyze dispersal in the biosphere is
described. The model calculates radiation doses to human beings.
The calculation results are given in section 8.6.

7.2 GROUNDWATER FLOW

7.2.1 Background

Groundwater in the rock is the transport medium via which oxi-
dants and salts can be transported to the canister and via which
soluble corrosion products and any escaping nuclides can be
transported to the biosphere.

The regional water flow is of great importance in determining the
transport paths of the water and its residence times in the rock.
The local flow rate and residence time of the water in the rock
at the repository is of great importance in determining the
quantity of substances which can be transported to and from the
repository.

Groundwater conditions in the Swedish bedrock have been described
in section 3.4. A resume of the factors which must be taken into
consideration in calculating the dispersal of radioactive ele-
ments is provided here.

7.2.2 Regional water flow

Near the ground, the rock is often riddled with interconnected
fissures. The measurements which have been performed at greater
depth /7-1/, however, reveal large areas of sound rock - often
20-50 m or more in depth - in which it has not been possible to
measure water losses using available methods. See also chapter 3.
Permeability in these areas is less than 10"^ m/s. The flow rate
in the highly fractured surface rock can be described fairly well
by Darcy's equation:

q - A . K . i (1)

where

q » the water flow rate m./s,
A » the cross-sectional area m ,



K- - the permeability m/s,
i * the hydraulic gradient m/m.

With the aid of Darcy's Law, the water flow through the reposito-
ry can be calculated. Such calculations have been carried out
/7-2, 7-3/ for a large number of combinations of hydraulic gra-
dients and permeabilities. The permeabilities have thereby been
varied in depth and given different values in vertical and hori-
zontal directions. Calculations 17-21 show that the water flow
rate through the repository is approximately 1 litre per m 2 and
year (1/m . year) at a permeability of 10"* m/s, while it can be
considerably lower at lower and with depth decreasing permeabili-
ties. Calculations have also been carried out /7-2/ for a case
where the rock around the tunnels is highly fractured and has a
permeability of 3 . 10 m/s. This means in practice that the
fractured rock does not offer ny resistance to water flow. Des-
pite this, the water flow increases less than 50% through the
zone nearest the repository, as compared with the flow in the
main body of the rock.

The repository will be situated in an area where the rock is im-
pervious over large areas. The permeability in this rock is less
than 10~9 m/s. In such areas, the water flow rate will be less
than 0.2 1/m . year. The measurements and other evaluations on
which these values are based are presented in detail in chapter
3. The flow may be greater in fractured zones, but no canisters
will be placed in such zones.

Locally, new fractures in the rock may open around the tunnels as
a result of rock stresses and thermal stresses which arise due to
the heat generated by the waste. This fracture zone should be
limited to a distance of 1.5 - 6 m from the tunnel 11-21. A local
increase of permeability can be expected in this zone. The conse-
quences of this have been dealt with in the calculations of
transit times and flows.

7.2.3 Flow in fractured rock

The water flows in the fissures (fractures) in the rock. An
average value for the water velocity U , can be estimated from
the flow and the porosity of the rock,pe:

(2)

It has not been possible to measure the porosity of the rock in
situ. Even if this were possible, difficulties would arise in
determining how large a portion of the fissures are closed and
are therefore unable to conduct the water (see chapter 3).

Various evaluations of the porosity accessible to the flowing
water have lead to values between 5 . 10~5 and 10"5 /7-2, 7-4/.
These evaluations have been carried out with the aid of a model
proposed by Snow /7-5/. In this model, the fissures in the rock
are described as equidistant channels with parallel walls and of
equal width. The values for fracture spacing and fracture widths
have been estimated on the basis of water injection measurements
/7-1, 7-2/.
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Fracture spacing can vary from a metre or so up to tens of
metres in sound rock at great depth /7-1/.

An essential part of the difference between the porosity which
can be calculated using Snow's model and that which has been
measured in laboratories can be explained by the fact that the
individual fissures have a width which varies in the flow direc-
tion (see section 3.4) and that all fissures are not in hydraulic
contact with each other. A local increase of fissure width con-
tributes greatly towards porosity but does not affect permeabi-
lity much, which is determined primarily by the narrowest sec-
tions.

It is very doubtful, however, whether the flow in the rock at
great depths can be described by means of such simple models as
Darcy's or Snow's. These models cannot describe variations in
transport velocity, i.e. the fact that the water flows faster in
certain sections than in others. Snow's model does not take into
account the fact that the fissures are of varying orientation.
The transport path and the fissure area available for adsorption
are therefore greater in reality than the model indicates. In
lieu of more accurate models, Snow's model has been used here for
calculating fissure size.

The average velocity in a plane-parallel fissure can be calculat-
ed from the following elementary relationship from flow theory
/ /

Up " 127 (2b)2 ' * ( W s ) (3)

2
g * gravitational constant 9.81 m/s ~
n • kinematic viscosity of water i< 10~6 m /s,
2b « fissure width m.

The fissures in the rock are not plane and of uniform thickness,
and the above formula provides only a qualitative description of
the influence of the various factors. Because the velocity is
proportional to the square.of the fissure width, a doubling of
the fissure width leads to a quadrupling of the velocity. The
flow through the fissure increases with the cube of the fissure
width. A large fissure is therefore much more important than a
small one, since the transit time is much shorter and the flow is
much greater in the large fissure. A similar situation exists in
one and the same fissure if the width of the fissure varies
across the flow direction.

Landstrom et al. /7-7/ carried out measurements of the migration
of different nuclides with the water along two flow paths in
Studsvik. The measurements were performed at a depth of about 70
m. Radioactive bromine-82 was injected virtually instantaneously
in one borehole. Bromine-82 migrates with the speed of the water.
The average residence time of the water at a hydraulic gradient
of 0.11 m/m was 10 h between two boreholes 22 m apart. The ave-
rage fissure width for this case is then approximately 0.06 mm.

The broadening of the originally very narrow peak is caused by
dispersion. In porous media, dispersion is caused by statistical
fluctuations in velocity at different points in the material. The
different points in the material are interconnected. This type of
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dispersion is very similar to that caused by molecular diffusion.
For such a case, however, the corresponding curve is more symmet-
rical and does not have such an extended tail.

The curve shown in figure 7-1 may result if transport takes place
in many fissures of varying fissure width /7-4/. With normally
distributed fissure widths, as in figure 7-2, good agreement is
obtained between observed and theoretical values. The theoreti-
cally calculated curve has been adjusted to the same peak height
as the measured values, since dispersal perpendicular to the flow
direction is not described in the model. The fissures in this
model, unlike those in the diffusion model, are not interconnect-
ed. The diffusion model gives an increasingly narrow residence
time distribution relative to the mean value of the residence
time with increasing flow length, while relative residence time
distribution in the parallel flow model's does not change. The
practical difference is that in the parallel flow case, a certain
fraction of the tracer pulse height always emerges at, for
example, 25% of the mean residence time, regardless of the flow
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Figure 7-1. Relative concentration ofbromine-82 in a borehole as a function of time after infec-
tion in another borehok at a distance of 22 metres. Measurements performed at Studsvik /7-7/.
The calculated curve is adjusted to the maximum point in the measurement series.
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Figure 7'2. Calculated curve for normally distributed fissure width frequency J7-4J.
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length, while in the diffusion case, an increasingly smaller
portion emerges prior to, for example, 252 of the mean residence
time as the flow length increases. Since it is very uncertain as
to whether the dispersion model provides a good description of
the rock at great depth, the influence of the more conservative
parallel flow case on nuclide transports has been taken into con-
sideration. This is described in greater detail in the section on
nuclide transport in rock, 7.3.

The fissures in which the water is transported can be very small.
Each fissure can have varying width. The water seeks out the
large channels in the fissures, and its velocity is limited by
the narrowest sections of the large channels. Nominal fissure
sizes can be calculated from the relationship between permeabili-
ty, K , fissure width, 2b, and fissure spacing, S /7-4/.

1/3
2b

P

0.01 (K . S)J

At JL = 10~9 m/s, the nominal fissure width for some average
fissure spacings are given in the table below.

S
2b

m
mm 0.01

8
0.02

27
0.03

Observed fissures are often much larger. But they may constitute
closed cavities or have narrow connections with other fissures.
Visually observed fissure sizes are therefore not clearly related
to the water-bearing capacity of the fissures.

Water flow around tunnels

Stresses caused by work in the rock, thermal stresses induced by
the energy emitted by the radioactive waste and the altered water
flow during the construction period will probably alter the
water-bearing capacity of the rock in the vicinity of the reposi-
tory.

A crush zone next to the tunnels will attract water from a large
volume of rock. Calculations /7-2/ show in some examples that, at
most, twice as much water can flow through the repository if a
large crush zone is created than if the rock retains its original
imperviousness.

In these sample calculations, the main direction of flow around
the repository is largley vertically downwards, whereby the,,
maximum possible water flow passes the repository, since the
projected area of the repository will then be greatest. "Fresh"
water which has not come close to any other hole flows past each
hole with a canister. The projected area of the repository for
water flow will be smaller, or at most equally large, for every
other flow direction. In /7-8/, it is shown that even if a hole
with a canister is surrounded by a crush zone, the water flow in
the zone will not increase radically. In the case of flow perpen-
dicular to a tunnel, the water flow per unit tunnel area cannot
be more than twice the water flow in the undisturbed rock, even
if the tunnel is surrounded by a crush zone of very high permea-
bility. When the water flows parallel to a tunnel, the flow per
unit area can increase more. But the flow per unit volume in the
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repository does not increase more, owing to the fact that the
projected area is correspondingly reduced.

Actually, it is very unlikely that such large zones of high per-
meability will exist, since the clay which is used as a material
in the storage holes will swell and penetrate buffer into the
large fissures. The clay forms a dense and stable gel in the
groundwater, with its content of calcium and magnesium /7-9 to
7-12/.

Observations made to date demonstrate clearly that the clay is
not carried away by the water if the water contains the same le-
vels of bivalent cations as the groundwater does in this case.
The clay which surrounds the canister is originally compacted to
a density of approximately 2.3 t/m3 (incl. 10% moisture). When
this clay absorbs water, it forms a very dense, impervious struc-
ture with a permeability which is so low that water transport
through the clay virtually ceases. Permeability is lower than
10~13 m/ S ) even if the density of the material, including absorb-
ed water, decreases to approximately 1.7 t/m^ /7-12/. See also
chapter 4, figure 4.2. The flow of water through the clay is
therefore much less than in the rock. In practice, it should be
possible to regard the clay as an impervious body as far as flow
is concerned. The hydraulic gradient induced by the temperature
gradient in the clay is no greater than the hydrostatic gradient
/7-13/, so it will not appreciably increase the flow of water.

Dissolved substances are transported more rapidly through the
clay barrier by means of diffusion than by means of flow.

7.2.5 Transport capacity of the water

The water flow limits the quantity of substances which can be
transported to and from the canister. If there were no transport
resistance, all of the water which came near the canister would
constitute a perfect transport medium. The various transport re-
sistances have been described and their importance evaluated in
chapter 6. It has thereby been shoun that a canister has a "cap-
ture area" for the water flow which is slightly more than the
projected area of the canister at low water flows (0.2 I/a .
year) in the undisturbed rock and approximately half the project-
ed area at higher water flows (1 1/m^ . year). In arriving at
these figures, the resistance offered by the clay filler in the
fissures has not been taken into account. Since the clay actually
does penetrate out into the fissures /7-12/, the transport resis-
tance will be greater - 10 to 200 times - if the clay penetrates
2 metres out into a fissure /7-8/. The transport of substances to
and from the canister is reduced accordingly.

If the resistance offered by the clay in the fissures is neglect-
ed a canister has a capture area of about 5 r at a water flow of
0.2 I/in . year in undisturbed rock. It can then accept compo-
nents from approximately 1 litre of water per year. In the same
manner, products leaking out of the canister can saturate an
equally large water volume. The inward transport of oxidants and
outward transport of radionuclides via ordinary dissolution me-
chanisms have been dealt with in chapter 6. Two additional me-
chanisms will be dealt with here - the transport of radionuclides
by organic complexing agents and in the form of colloids.
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Organic complexing agents

Marsily et al. /7-17/ point out that plutonium, in a known case
of rapid transport, may have been transported via organic com-
plexing agents.

There is-a maximum of 200 mg/kg organic material in the buffer
material (see chapter 4). There is about 18 tonnes of bentonite,
counted as dry matter in a hole for a canister. This amount con-
tains a maximum of about 3.6 kg organic material. Even if all or-
ganic material is assumed to have complex-forming properties and
low equivalent weight, it cannot transport more than a kilogramme
or so of metal. The larger quantity of clay in the tunnels
greatly increases the total quantity of organic material per ca-
nister. But this material is much less accessible owing to its
greater distance.

The groundwater contains some organic material. Analysis of deep-
lying water from the Finnsjo area has revealed a maximum of 0.5
mequiv per litre of fulvic acids /7-39/. This means that mer.al
ions with an equivalent weight of 240 can be dissolved to a con-
centration of 120 mg/1. However, much of the complex-forming ca-
pacity of the groundwater is already utilized by dissolved me-
tals, such as iron.

With a water flow of 1 1/canister and year, a solubility of 120
mg/1 means that no more than 120 kg of the metal can be trans-
ported out of the repository by complexing agents over a period
of 1 million years.

Colloids

Colloidal solutions contain tiny particles > approx. 100 A with
molecular weights > approx.~1 000. They form stable systems.

Radionuclides can be transported by colloids both in the form of
true colloids and in the form of pseudocolloids. In the latter
case the nuclide is adsorbed onto other colloids in the water.
The true colloid can be formed by precipitation. In order for
this to occur, the solubility product must be reached. But at-
tainment of the solubility product does not guarantee that col-
loids will be formed. The true colloid is formed at concentra-
tions greater than approx. 10"-* mole/1. Pseudocolloids are formed
at considerably lower concentrations of approx.«10~9 mole/1 /7-
14, 7-15/.

Colloidal particles diffuse more slowly than small molecules, but
approximately at the same speed as large molecules of the same
mass. The smallest colloidal particles have a diffusivity of
about 10""10 m^/s. Due to their size and mass, they can be sepa-
rated by means of, for example, ultrafiltration, but in many
cases by means of filtration in ordinary filters as well /7-16/.
In this respect', the clay is a very efficient filter, owing to
the small size of the clay particles.

The charge of the colloidal particles may be either positive or
negative, depending upon concentration and pH. As a result, they
can be adsorbed differently on different surfaces.
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A large number of experiments with different nuclides and ad-
sorption surfaces are reviewed in /7-15/. The tested colloids in-
clude the nuclides uranium, plutonium, americium and europium.
The colloids are usually adsorbed very well on glass surfaces and
minerals.

But on the basis of current knowledge concerning the adsorption
of colloids on rock surfaces, the possibility that some colloidal
particles of, for example, plutonium may migrate with the speed
of the water cannot be completely excluded.

Three mechanisms for nuclide transport with colloids are dealt
with here:

a) the colloid is formed inside the clay barrier and diffuses
p out through the clay,

P '
|S b) the colloid is formed after the radionuclide has diffused
IB out through the clay,

|f
fe c) the nuclide is adsorbed on particles of colloidal size out-
f| side of the clay barrier.
6;V

|;; Measurements of the diffusion of macromolecules in compacted clay
|| have been carried out for KBS /7-11/. Sodium ligno-sulphonate,
§;j with a molar weight of around 50 000 g/mole, has not been detect-
|| ed on the other side of a 3 mm thick layer of clay after more
|| than 850 hours. With the detection methods used, it can be con-
|j eluded that diffusivity is lower than 3 . 10~ m 2 / s . This is
fe approximately 1 000 times lower than for nuclides in ionic form.
Is This leakage mechanism can therefore be regarded as being of very
P little importance in comparison with other mechanisms.
ff'l The importance of mechanism b ) , where the colloid is formed after
!;• passage through the clay layer, cannot be evaluated with certain-
fe ty on the basis of available data. However, dilution effects ow-
:J. ing to a widening geometry in the direction of transport and a
§ decrease in concentration upon diffusion through the clay barrier
G contribute towards a much lower concentration outside of the
i>M barrier than inside. There is therefore little probability that
;̂ the solubility product will be exceeded outside of the barrier,
(|; since the nuclide is dissolved inside the barrier.

In the case of mechanism c), two colloid sources have been iden-
tified. In the first place, colloidal particles are probably
present in the groundwater /7-39/, and in the second place, the
finest particles of the clay can, under certain conditions, form
colloids. Attempts to make a slurry of the clay in the ground-
water have shown that the clay quickly forms a very stable gel
over whose surface virtually no c1.ay particles can be observed,
the level is lower than 1 mg/1 '/-10, 7-11/. Gel formation is
caused primarily by the presence of multivalent ions. The levels
of calcium (2+) and magnesium (2+) are sufficiently high
(> 20 mg/1) in all deep groundwaters for the clay to form a gel.

The capacity of the natural colloid content of the water to ad-
sorb radionuclides is unknown. However, many studies show that
radiocolloids form readily as the nuclides are adsorbed on col-
loidal particles and the resultant radiocolloids are then in turn
adsorbed on various surfaces /7-14, 7-15/. Water samples taken



from great depths are very clear. This is an indication that
there are few solid particles in the water. Measurements of water
from the Finnsjo area show that the particulate level is lower
than 0.001 mg/1 /7-11/. Jacks /7-39/ states that the colloid
content should be very low - on the order of ug/1. The quantity
of radionuclides which can be transported by the colloids cannot
exceed the quantity of colloids. The transport capacity of the
colloidal particles is therefore very small in relation to other
transport mechanisms.

7.3 NUCLIDE TRANSPORT IN THE ROCK

7.3.1 The leaching process"

Following a hypothetical penetration of the canister, leaching
takes place very slowly owing to the limited transport capacity
of the water. Uranium constitutes most of the spent fuel - ap-
proximately 95%. Other elements (transuranium elements, fission
products etc.) each make up no more than about 1% of the fuel,
and often much less. Some of these elements have become concen-
trated at points which are easily accessible to the water. This

i applies to cesium and iodine, among others /7-18/. These elements
v can be dissolved from the canister faster than the uranium dio.r-

ide matrix can be dissolved. The quantity of all individual
radionuclides aside from uranium is relatively very small and
will give rise to very low levels in the water. Only uranium
could possibly give rise to such high levels in the water outside
of the clay barrier that the salt content of the water will be
appreciably affected. Owing to dilution, the uranium level and
the level of other radioactive elements will decrease at longer
distances from the repository.

7.3.2 Non-interacting nuclides

The so-called "non-interacting" nuclides - which include iodine,
among others - are transported with the velocity of the water, on
the average. Technetium is probably non-interacting under oxi-
dizing conditions, but not under the reducing conditions which
exist in the final repository /7-21/. Since the water flows at
different speeds in different channels, an originally concentrat-
ed front will spread out. The same effect occurs due to molecular
diffusion. At very low water velocities, transport over short
distances via molecular diffusion can be much faster than via
flow. This applies, as was demonstrated above, to transport
through the clay barrier /7-A/. Transport in the rock, however,
is dominated completely by w&ter flow at distances of more than
10 or so metres /7-4, 7-19/. On its way through the rock, the
water is diluted owing to the intersection of different fissure
systems. An originally high level at the repository will there-
fore decrease upon transport through the rock.

The transit time for a nuclide will be determined by the reten-
tion time of the water and the distribution of the retention
time. The concentration of the nuclide at a given point is de-
termined by the original concentration and the effects of disper-
sion and diffusion as well as dilution, figure 7-3a shows how a

i
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pulse release is affected by these factors, and figure 7-3b shows
how a prolonged release is affected.

Dilution can be very great. Calculations for the Finnsjo area
show that the nuclides released in a year will.be diluted in
water-volumes between 0.5 . 10 and 25 . 10 m depending upon
the point of outflow /7-38/.

7.3.3 Nuclide retardation in the rock, retardation mechanisms

Most nuclides from the spent fuel which are dissolved in the
groundwater are affected in some manner by the rock. Hetal ions
with positive charges are affected to a particularly great ex-
tent. As a result, these nuclides will migrate at a much slower
velocity than the water. Many nuclides migrate at a velocity
which is many thousands of times slower than water transport.

'PEtl A number of mechanisms are known for the retardation of the
nuclides:

- precipitation
mineralization

- adsorption
ion exchange

When the solubility product of a compound is exceeded, a solid
phase is formed, which often precipitates and is not transported
further with the water. Water emerging from a zone in which the
solid phase is present contains a concentration which is deter-
mined by the solubility product and the other constituents of the
water, as long as there is any solid phase left. Irreversible
reaction with the rock (mineralization) will completely take away
the nuclide from the aqueous phase.

Physical adsorption and ion exchange are two reversible mecha-
nisms which are of great importance for retardation. At low
nuclide concentrations, these mechanisms can be described by one
and the same simple relationship:

qA - Kd . C A (5)

where

q. « concentration of A in the solid phase (quantity of A/kg
A solid),
C. • concentration of A in the water (quantity of A/m water),
K, » equilibrium constant (m^ water/kg solid).

K, is constant at low concentrations, but usually decreases at
higher concentrations in the water. These reversible mechanisms
will retard the nuclides to a lesser degree than precipitation
and irreversible reaction. In calculating the retardation of the
nuclides, it is therefore cautiously assumed that reversible
sorption is the dominant mechanism.

Some sorption reactions take place on the outer surface of the
solid material. In this case, it is not the quantity of solid
substance which is decisive for its adsorption capacity, but
rather the size of its surface area. Equilibrium is described by
means of a surface quilibrium constant for this case:



Ka * CA (6)

where

solid material,
surface area.

s. * quantity of A/m outer surface of the soli
K * surface equilibrium constant, m water/wr

2 3
For a solid material with a known surface area a m /m , the re-
lationship between the two equilibrium constants is as follows:

where p « the density of the solid material, kg/m .

7.3.4 Studies of equilibrium values

Some sorption equilibria from previous studies in the literature
are reported in /7-20, 7-21/ and /7-4/. These studies report re-
sults which are similar to those obtained from the measurements
performed within the project. Allard et al. /7-20, 7-21/ have
performed measurements for two different water compositions with .'
14 different elements, including radium and the actinides thori-
um, uranium, neptunium, plutonium and americium. Besides measure-
ments on clay and finely-crushed granitic rock, adsorption on
larger rock surfaces has also been carried out.

The measurements which are reported in /7-20/ were all performed
under oxidizing conditions. Later measurements under reducing
conditions exhibit appreciably higher equilibrium constants for
uranium and technetium /7~21/..

It has not been fully clarified to what extent adsorption on rock
is a volume reaction and should thus be able to utilize the en-
tire volume of the rock or a surface reaction, where only the
fracture surfaces are utilized. Allard's measurements on crushed
rock with particle sizes up to 0.12 mm show that americium and
cesium react in depth while strontium shows signs of a surface
reaction.

In all calculations of retention factors, it has been assumed
that surface reaction is the dominant mechanism. ..iiis could lead
to a large underestimation of the retention factors if the re-
action actually takes place in depth.

If the volume reaction were prevalent and sufficient time were
provided for penetration to the rock, the retention factors could
be roughly 10 000 to 30 000 times larger than those used in the
calculations. For example, cesium would migrate about 30 million

. times more slowly than water.

7.3.5 Retention factors in rock

When water flows through an adsorbing medium, the nuclide will
migrate more slowly than the water. The ratio between the veloci-
ty of the water (U ) and the velocity of the nuclide (U.) is
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called the retention factor, K.. It can be calculated from the
equilibrium constant.

U K..p
Ki " D? ' 1+ T~ (1~e)

e - the porosity of the solid material.

The retention factors for rock have been calculated from Allard's
/7-20, 7-21/ measured equilibrium data and under the assumption
of surface reaction. K values have primarily been calculated by
using the geometric surface?area a of the crushed rock as the
adsorption area a. . 30 m /kg. T&ii value has been modified
somewhat as a resulE of recent measurements where it has been
possible to use measurements on rock surfaces of known area as a
reference /7-23J. The surface area of the rock fissures, a, has
been calculated under the assumption that the surfaces of the
rock fissures are plane and parallel.

The transport velocity for a nuclide is not affected by the poro-
sity e. This can be shown by combining equation 2, which describ-
es the water velocity in the fissures, with equation 8, which de-
scribes the retention factor. For the nuclides of interest whose
retention factors are considerably greater than 1, the following
is obtained for rock with low porosity:

(9)

The transport velocity of the nuclide, U., is thus dependent only
upon the measured quantities Kp and Ka and the gradient i as well
as the size.of-the fissure surfaces in relation to the rock
volume a (m /m ) .

Table 7-1 presents three sets of K, and K values from measure-
ments and theoretical equilibrium analyses /7-20, 7-21/. Two
important factors in the determination of the K, and Ka values
are the redox potential of the groundwater and the contact time
between the phases. It is shown in chapter 3 that natural ground-
waters are reducing and that the groundwater flow is slow. The
retention factors which are used in calculations of the nuclide
transport through the rock should therefore be based on K,
values which are determined in a reducing environment and^ith a
long contact time between the phases.

The retention factors which are used in the KBS safety analysis
for the final disposal of vitrified waste /7-24/ were based on Kd
values measured in an aerated system, i.e. under oxidizing con-
ditions, and with a maximum contact time between phases of 7
days. Despite the fact that more recent measurements show that
the K, and K values are greatly underestimated, certain calcu-
lations have been carried out using the K values for an oxidiz-
ing environment for the alternative of final storage of unrepro-
cessed nuclear fuel as well /7-23/>

In a reducing environment, it can be expected that uranium and
neptunium especially, but possibly also plutonium, will have con-
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Table 7-1.

Eleacnt

Ni

Sr

Zr

Tc
I

Cs

Ce

Hd

Eu

Ka

Th

U

Mp

Pu

Aa

Kj and K( values in different enviri

Oxidizing

Kd (a3/kg)

0.0079
1.3

0

0

0.13
13
4.0

7.9

0.1

0.79
0.0063
0.04
0.16

13

environaent

-

0.00026
0.042
0

0

0.0042
0.42
0.13
0.26
0.0033
0.026
0.00021
0.0013
0.0053
0.42

raaents.
Reducing environMnt
with2) cautions con-
centration values and
short contact tiae

Kj (a /kg]

.

0.0063
1.3

0

0

0.032
5.0

1.0

7.9

0.063
0.50
0.50
0.50
0.72
5.0

i K, (a)

-

0.00063
0.025
0

0

0.0063
0.10
0.02
0.16
0.0063
0.01
0.01
0.01
0.014
0.10

Best estimate for reducing'
environment and slow ground-
water transport

K, <B3/kg)

0.32
0.016
3.2

0.05
0

0.064
10

10

10

0.50
2.4

1.2

1.2

0.30
32

I . (a)

0.032
0.008
0.32
0.005
0

0.021
1.0

1.0

1.0

0.25
0.24
0.12
0.12
0.03
3.2

1) See table 11. "low nuclide concentration" and "low salt concentration", in /7-20/.
2) See table 19, in 11-101.

3) Sac tables 6, 7 and 9, "low nuclide concentration" and "low salt concentration" in/7-21/,
and discussion in 17-111.

siderably higher K, values than in an oxidizing environment. The
values in the column "Reducing environment with cautious concent-
ration values and short contact time" areTbased for most of the
elements on the lowest measured ?<j values from measurements in an
oxidizing system with a contact time shorter than 7 days. For
uranium, neptunium and plutonium, the values are based on a theo-
retical analysis of the redox and complex equilibria in the
groundwater-granite system for reducing conditions /7-20/. These
values have been confirmed experimentally for uranium 11-21/.

In the column "Best estimate for reducing environment and slow
groundwater transport", K^ values measured over a contact time of
more than six months are presented for most of the elements. The
values for technetium and uranium, however, were determined for a
contact time of max. 1 and 4-5 days, respectively, which means
that the values for these elements may be underestimated by a
factor of between 2 and 5.

The retention factors presented in table 7-2 were calculated for
rock with a permeability of 10~9 m/s and a fissure spacing of 1
m. This gives a nominal fissure width of 0.01 mm and a fissure
wall surface area of 2 m^/m^ rock.

v
The use of K^ and Kft values for calculating the retention factors
is discussed at length in /7-23/.

7.3.6 Dispersion effects

The retention factors provide only an average measure of retarda-



185

f

Table 7-2. Retention factors K 1)

Element Oxidizing Reducing environ- Best estimate for
environment merit with cautious reducing environment

concentration values and slow groundwater
and short contact time transport

Mi

Sr

Zr

Tc
I

Cs

Ce

Nd

Eu

Ra
Th

Pa

U

Np

Fu

Am

Cm

1)

_

51

8 000

1

1

800

80 000

25 000

50 000

670

5 100

37

41
260

1 100

80 000

40 000

See footnote,

_

120

4 800

1

1

1 200

19 000

3 800

30 000

1 200

1 900

37

1 900

1 900

2 800

19 000

9 500

table 7-1, and /7-23/.

6 100

1 500

61 000

950

1

4 000

200 000

200 000

200 000

48 000

46 000

11 400

23 000

23 000

5 700

610 000

305 000

tion. Due to dispersion effects, some of the water will emerge
sooner than average. In the case of nuclides which are retarded,
this is further accentuated if the transport takes place in fis-
sures with few or no interconnections. The model for residence
time distribution described above in connection with water flow
has also been used in an extended form to describe nuclide dis-
persion /7-4/. While the flow velocity of the water increases in
proportion to the square of the fissure width, the velocity of
the retarded nuclide varies in proportion to the cube of the fis-
sure width. This further accentuates the importance of the large
fissures.

On the basis of the measurements at Studsvik /7-7/, where inter
alia strontium was used as a tracer nuclide, a broadening of the
front was noted in agreement with the model which was used. Ap-
proximately 5% of the maximum concentration can emerge after only
about 20% of the mean transit time for a pulse if dispersion is
due to the described mechanism. At the same time as they are

4
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broadened, pulsed releases will be diluted considerably in the
longitudinal direction, whereby the maximum level of the pulse
will decrease. The velocity variations in the flow direction
will, however, not reduce the maximum level of prolonged releases.

In areas where the fissures have good connections with each other
and are closely spaced, the broadening of the front will not be
so accentuated. On the other hand, dilution will contribute to-
wards reducing the level.

Figure 7-3 illustrates the effects of dispersion on the concent-
ration profile for the pulsed release (figure 7-3a) and for the
prolonged release (figure 7-3b). The solid curves show the ef-
fects of dispersion alone, while the dashed curves show the
combined effects of dispersion and dilution.

Decay during migration

The radioactive nuclides in the fuel decay with time. Some of the
nuclides decay to stable elements. This applies to many of the
fission products. Other nuclides form radioactive daughter pro-
ducts when they decay. This applies above all to the heavy
nuclides in the fuel, the actinides, but also to some of the
fission products (for example, cesium-137 decays to barium-137 m
and zirconium-93 to niobium-93 m ) .

f h

Concentration
•)

Release from
repository
to bedrock

Raton* from rock:
effect of dispersion

Effect of dispersion
and dilution

Tid

Tim* of release
from repository
to bedrock

bl

Reiease from

/
repository
to bedrock

Time whan nudide
emerges from the
rock

Release from rock:
• m c i o T cHtpsrsKMi

Effect of dispersion
and dilution/ and dilution / \

Figure 7-3. Effects of dispersion on pulse release and prolonged release without taking into
account the lowering resulting from decay and dilution.
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Owing to the fact that the different nuclides in a decay chain
usually migrate at different velocities, the entire decay chain
must be taken into account in calculating the times for nuclide
transport. This is accomplished with the use of the GETOUT com-
puter programme 11-221.

Radium-226 is an example of a nuclide in the fuel with a
relatively short half-life (1 600 years) and a sufficiently long
transit time for the radium to decay to a harmless level before
it reaches the biosphere. However, radium-226 is formed through
the decay chain uranium-238 •*• uranium-234 •+• thorium-230 ->•
radium-226 (thorium-234 and protactinium-234 m have very short
half-lives and do not therefore affect the time it takes for the
formation of radium-226.)

Figure 7-4 shows the maximum inflow of radium-226 to a hypothe-
tical recipient as a function of the transit time for uranium.
The following input data are used for the calculations whose re-
sults are illustrated in the figure:

Parameter Values

Time for canister penetration 100 000 years

Duration of leaching period 500 000 years

Groundnater transit time 400 years

Retention factor for radium 1 200

Retention factor for thorium 1 900

Retention factor for uranium 40 - 190 000

The figure also shows the contributions from radium's parent
nuclides to the total inflow. The amount of uranium-234 which is
present at canister penetration comes primarily from the decay of
the plutonium-238 which is in the fuel when it is taken out of
the reactor. As is shown by the figure, uranium-234 is respon-
sible for most of the radium-226 inflow to the recipient area in
the case of short uranium transit times, while uranium-238 makes
the greatest contribution in the case of long uranium transit
times.

A point corresponding to what is reported in chapter 8.5 as a
pessimistic calculation case has been marked in the figure with a
vertical dotted-dashed line. The total radium-226 inflow at this
point is 1.6 . 10 Ci/year.

7.4 NUCLIDE TRANSPORT IN THE BIOSPHERE AND RADIATION DOSES

7.4.1 Model for transport in the biosphere

A model system has been developed to simulate the dynamic ex-
change of radionuclides in the biosphere. The design of the model
is basically the same as in previous studies of vitrified waste
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Ci/yaar Maximum inflow of radium-226
to noipiant araa

10-u

Total

Contribution from uranium-236

Contribution from
uranium-234

10"*-

1 0 " * -

10*
Transit tima for uranium, yaart

Figure 7-4. Maximum inflow ofmdium-226 as a function of the transit time of uranium. The
pessimistic calculation case (see section 8.5) is marked with a dotted-dashed line. The contribu-
tion of other nudides to the inflow ofradium-226 is negligible.

/7-37/. Compartment theory has been utilized, whereby the eco-
system is divided into a number of physically well-defined areas
or volumes. These are referred to in the following as reservoirs.
The radioactivity concentrations in the reservoirs are described
by a system of ordinary differential equations of the first
order. The solution of this equation system has been carried out
by means of the BIOFATH computer programme /7-2S/. The mathema-
tical model takes into account the processes of turnover and
transport within and between the different reservoirs and calcu-
lates the dose load to man via the predominant paths of exposure.
The model has also been developed for calculation of a simple
decay chain /7-26/.

The model system (see fig, 7-5) encompasses four interconnected
areas within and between which the elements are transferred and
where feedbacks take place. These areas are:

The local area at the point of outflow from the geosphere to
the biosphere.
The regional area in the immediate vicinity of the point of
outflow* ' > ' ' ' .

- The intermediary area consisting of the Baltic Sea with the
surrounding coastal zone.

- The global area.
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Figure 7-S. Reservoirs for the various ecosystems.

Inflow into the biosphere is defined by the groundwater-borne ra-
dioactice flow which reaches the interface between the geosphere
and the biosphere.

Three main cases (see fig. 7-6) for inflow into the biosphere mo-
del are studied:

Alt. 1 The groundwater-borne material is distributed equally
at inflow between a valley in which a well is located
and a nearby lake.

Alt. 2 The flow is distributed equally between a nearby lake
and the lake system down stream.

Alt. 3 Inflow to the Baltic coastal zone.

The makeup of the intermediary and global systems is the same for
the three alternatives. But the makeup of the local and regional
systems depends upon whether the outflow to the biosphere takes
place in an inland area (alt. 1 and alt. 2) or to the coast (alt.
3).

Baltic Sea

Figure 7-6. The three main paths of transport of radioactive substances to the biosphere.

n
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The local eco system

In the well and lake cases, the local ecosystem consists of a
0.25km^area of farmland, divided into a soil reservoir down to a
depth of 0.5 m and a reservoir encompassing the soil-borne
groundwater down to the same depth.

In the Baltic Sea alternative, the local ecosystem consists of 1
km3 of brackish water within a coastal belt 2 km wide and 30 km
long with underlying sediment.

The regional eco system

In the well and lake alternatives, the regional ecosystem con-
sists of 900 km of farmland with the same vertical division as
in the local ecosystem. A lake (Finnsjo Lake) with a surface area
of 5 km2 is included in the regional model.

In the Baltic Sea alternative, the regional ecosystem is the same
as the local system.

The intermediary ecosystem

The intermediary ecosystem consists of the Baltic Sea and its
coastal region. This system also includes the Baltic Sea sediment
and the volume of air in the atmosphere above the Baltic Sea and
the region up to an altitude of 1 km.

The global ecosystem

The global ecosystem encompasses 7 different reservoirs:

The global atmosphere.
- The surface sea, which comprises the upper 100 m of the pe-

lagic division. It mixes relatively rapidly, but has a rela-
tively slow rate of exchange with the deep sea.
The deep sea, which includes the global sea volume below a
depth of 100 m.
The sediments below the surface and deep seas.
Soil, comprising a ground layer down to a depth of 0.5 m.
Groundwater below the ground.
The biomass on the global land area.

7.4.2 Exposure situations

When the radioactive elements are exchanged between the different
reservoirs, they reach man via different paths of exposure. (Fig.
7-7). Internal exposure via inhalation, food and drinking water
and external exposure from material deposited in the ground have
been shown by experience to be of importance. Bathing, presence
on beaches where radioactive material has accumulated and the
handling of fishing tackle which has come into contact with bot-
tom sediments comprise other possible paths of exposure.

Internal exposure from food takes place via a number of ecologic-
al transport paths, such as uptake in crops via root uptake, con-
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Figure 7-7. Paths of human exposure in the local ecosystem.

centration in fish via surrounding water and uptake via the food
chain from plants to man via the meat and milk of grazing ani-
mals. A number of feedbacks in the ecosystems reinforce the paths
of exposure. In the local area, pasturage and crops are irrigat-
ed. In the region, groundwater from irrigated areas is used for
drinking water.

Paths of exposure in the local ecosystem

The paths of exposure which are dealt with for the different al-
ternatives well, lake and Baltic Sea are:

Path of exposure

Soil - grain

Soil - green vegetables

Soil - root vegetables

Soil - grass

Grass - milk

Grass - meat

Grain - eggs

Drinking water

Water - fish (fresh and salt water
fish, respectively)

Land (external exposure)

Beach activities (external
exposure)

Bathing (external exposure)

Fishing (external exposure)

Inflow v
alternative

W, L

W, L

W, L

W, L

W, L

W, L

W, L

W, L

W, L, B

W, L, B

L, B

L, B

L, B

a) W (well), L (lake), B (Baltic Sea)
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The radioactive elements which enter the local ecosystem in the
inland alternative are accumulated in the upper 0.5 m of the
ground, after which they are gradually distributed in the envir-
onment via groundwater and surface water runoff. Exposure in the
terrestrial environment has been calculated on the basis of the

}• activity which reaches the local ecosystem via irrigation and
( long-term accumulation in the ground. Only doses to individuals
! are taken into account in the local ecosystem. In the Baltic Sea
;. case, where the outflow takes place in the coastal zone, the
>' critical group is exposed internally through fish consumption and
f! externally via bathing and contact with sediment.

1 Paths of exposure in the regional ecosystem

The paths of exposure in the regional ecosystem are the same as
those in the local ecosystem. The average exposure of the indivi-
duals in the region, however, differs quantitatively from the ex-
posure of the critical group in the local system. Exposure within
the regional ecosystem is used as a basis for calculating the
collective dose load to the population within the area.

Paths of exposure in the Baltic Sea area and globally

The number of people who are exposed in the intermediary area is
defined by fish consumption. The total yield of fish from the
Baltic Sea is approximately 200 million kg per year. With an
average consumption of 20 kg per year and individual, the affect-
ed population is 10 million individuals. With regard to external
exposure, the situation for the population in the Baltic Sea area
is assumed to be qualitatively identical to that in the coastal
zone in the local and regional systems. All paths of exposure are
included in the global area. Approximately 1% of the world's po-
pulation lives in coastal regions with an exposure situation
similar to that in the Baltic Sea area. For the remaining 99% of
the world's population, it is assumed that external exposure
occurs through radioactive material in the global model's atmos-
phere and soil reservoirs.

Relations for uptake in the food chains

The concentration of radioactive elements in meat and milk origi-
nates from uptake over the following principal paths of exposure:

- pasturage which has become enriched via the root system
pasturage which has become enriched via deposition
drinking water

In the local area, pasturage is irrigated with water from the
well and the lake; drinking water is taken from the same sources.
Of the radioactivity deposited on the pasturage, either through
irrigation or atmospheric fallout, 80% is assumed to remain.
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7.4.3 Calculation of_ uptake of_ radioactive elements

The uptake of radioactive elements in different foodstuffs via
various paths of uptake has been calculated in the following
manner.

Symbols:

U.

C.

E =
n

Me.

DEP

COV.

IRR

29

uptake of a certain nuclide in foodstuff i. Given in Ci
per unit of foodstuff (kg, litre or pieceT.

distribution factor for a given nuclide for foodstuff
_i. Given as day per unit of food stuff (kg, litre or
piece).

concentration of a certain nuclide in reservoar i_. Giv-
en in Ci per unit (kg or litre).

m milk (litres)
k meat (kg)
v green vegetables (kg)
g grain (kg)
r root vegetables (kg)
e eggs (pcs)
f fish (kg)
p pasturage (kg)
w groundwater (litres)
a air (kg)
1 lakewater (litres)
s soil (kg)

concentration factor for certain nuclide for uptake via
n, where

p soil •* pasturage
v soil •*• green vegetables
g soil •+ grain
f fishing water

r soil •* root vegetable

daily consumption of foodstuff i_.

deposition (m per day).

degree of coverage for foodstuff or pasturage î
(kg per m2).

2
irrigation (litre per m and day).

00

In2
where \ = and T . is the

"ecological" half-life of grass
(20 days).

Values used for the quantities F., E , DEP, COV., IRR and Me.
are given in /7-26/. x n x x
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For each nuclide, the following equations are obtained for uptake
in the different foodstuffs:

Up_take_in Milk:

U (in Ci per litre)

,,-1F (Me x E x C + Me x Cn + 0.8 x DEP x C x 29 x COV x
m p p s w £ a p

Upt:ake_ija Meat:

UR (in Ci per kg)

,,-1¥v (Me x E x C + Me x C. + 0.8 x DEP x C x 29 x COV x
K p p s w £ a p

xMe p)

The concentration of radioactive elements in green vegetables
originates from two sources: the uptake of radioactivity via the
root system and deposition directly onto the surfaces of the
leaves. The concentration factor between soil and plant is speci-
fic for each individual nuclide.

Up_take_in (3r een Vege_t ab les :

U ( in Ci per kg) =

E x ,.-1,+ 0.8 x 29 x C0Vv (IRR x + DEP x Cg)

Uptake in grain and root vegetables is assumed to take place pri-
marily through the root system.

Uptake_in £raiii,_Roo_t Vegetables:

U (in Ci per kg)

Ur (in Ci per kg)

VCs
E r x C s

The radioactivity in eggs comes from feeding the hens with con-
taminated grain and drinking water.

*tafce_in Eggs:

U (in Ci per egg) - F (Me x E x C +Mc x C )

Uptake in fish takes place through the inflow of contaminated
groundwater into the lake and the feedback of radioactivity from
the runoff area and the bottom sediments.

\ :
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Up_talce_iii £ i sh:

Uf ( in Ci per kg) = Ef x Cf

7.4.4 Radiation doses

The radioactive elements which enter the biosphere via the
groundwater expose man to ionizing radiation through radioactive
decay both in the environment, which leads to external irradia-
tion, and in the body, which leads to internal irradiation.

The slow and protracted turnover of the various elements leads to
varying intakes of the different radioactive elements.

The dose factors which have been used in the calculations in this
work and which describe how the intake of 1 Ci of a given nuclide
can be translated into radiation doses refer to the soluble or
transportable form which is ingested via food and drinking water
and the insoluble or non-transportable form which is ingested via
inhalation. The portion which is carried away from the lungs to
the intestinal tract is assumed to be transportable.

Health effects /7-32/ depend upon a number of factors besides the
radiation dose level, for example the energy which is generated
by decay, that portion of the energy which is absorbed in the bo-
dy, the range of the ionizing radiation in body tissue, ioniza-
tion density> which tissue is exposed to irradiation and the time
span over which exposure takes place.

Thus, the biological effect of the absorbed dose may vary widely.
If the dose is given in reins, as in these calculations, however,
the relative biological effectiveness of different types of ra-
diation and exposure situations is taken into account.

Some organs are more sensitive to radiation and accumulate more
of a given radioactive element. Moreover, the most vulnerable or-
gans vary for the different nuclides.

Weighted whole-body dose

An attempt is made to take into account the combined effect of
different doses to different organs on the human body by means of
the so-called "whole-body dose", which consists of weighted dose
contributions from the radiologically most important organs.
The weight factors, V£ /7-31/T which are used in the dose calcu-
lations are given in table 7-3. These weight factors apply re-
gardless of age and sex, and relate to an average dose in the
population.

Thus, the weighted whole-body dose, D, is the sum of the contri-
butions, D. .v., from different organs:

D = Z D£ . v£ (1)

The doses Dj to the individual organs for which weight factors
are available can be calculated for most of the nuclides in
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Table 7-3. Weight factors for calculation of whole-body dose.

Organ or tissue

Reproductive glands
Chest
Red bone marrow
Lung tissue
Thyroid gland
Bone tissue
Remaining organs (individual organ 1/5)

Weight factor

0.25
0.15
0.12
0.12
0.03
0.03
0.30

1.00

question with atomic numbers below 84. For other nuclides, except
for radium-226 (i.e., mainly isotopes of thorium, uranium and
transuranic elements), the weighted whole-body dose is based on
doses to certain critical organs and the whole-body dose, D , in
accordance with former recommendations from ICRP /7-27,
7-28, 7-29/.

SL I
D = £ D. . v. + (1 - t v.) . D (2)

i=l x X i=l L w

Most of the radium which is absorbed and remains in the body more
than a few days is accumulated in the skeleton /7-30/. When ra-
dium-226 decays, most of the decay energy is transferred to alpha
particles with very short ranges. The cell tissue which covers
the bones thereby receives the highest doses, making it the cri-
tical organ in relation to its dose limit 11-27, 7-29/. The
blood-forming organs in the bone marrow receive, on the average,
l/10th of the dose /7-32/ received by the bone-forming cells on
the surfaces of the bone. The turnover of radium in the body's
soft tissues is rapid /7-30/, as a result of which the doses
there are only about l/25th of those in the bones. It should
therefore be expected that the whole-body dose will be lower than
the dose for the critical organ. Only the oldest dose calcula-
tions from ICRP still include the whole-body dose for radium-226
/7-27, 7-28/. At that time, however, knowledge concerning the
metabolism of radium in the human body was relatively uncertain,
which can be seen from the fact that the whole-body dose is of
the same magnitude as the dose to bones later calculated by ICRP
/7-29/. As far as radium-226 is concerned, the use of the calcu-
lation principles in the formulae (2) above should therefore lead
to a considerable overestimation of the dose. The calculations
for this isotope have therefore been based on the dose to bones
and bone marrow and the dose to soft tissures has been substitut-
ed for the whole-body dose /7-30, 7-32/.

The dose factors for the whole-body dose /7-26, 7-32/, organ dos-
es and the weighted whole-body dose in accordance with new regu-
lations 11-311 are specified in table 7-4 for the nuclides in
question.



197

Dose to individuals in the proximate zone

The critical group shall, according to the radiological defini-
tion, represent a limited number of individuals who may receive
higher doses than average /7-31/. The paths of exposure for the
three main types of inflow into the biosphere were defined in the
preceding section.

With the groundwater connection between the repository and the
inland ecosystem which is assumed, the critical group in the well
alternative consists of individuals who are exposed both to the
radioactive elements which reach the environment through the well
and those which reach the environment through the nearby lake. In
the lake alternative and the Baltic Sea alternative the critical
group is exposed only to the activity which enters the biosphere
through inflow to the lake or to the coastal Baltic Sea zone.

Collective dose and dose commitment

The collective dose is the sum of the various doses to all indi-
viduals in a given population. Model studies of the radioactive
elements which are turned over within and between different eco-
systems make it possible to calculate the collective doses to
three different populations: the regional population (18 000),
the Baltic Sea area population (10 million) and the global popu-
lation (10 000 million) outside of the Baltic Sea area.

Which of these populations receives the highest collective dose
varies from nuclide to nuclide. The point in time at which the
exposure occurs is also of importance for the collective dose
distribution. In an initial phase, the regional or Baltic Sea po-
pulation often makes dominant contributions to the collective
dose. Depending on whether the nuclide is, for example, bound
relatively strongly to soil and sediment or is able to a greater
extent to enter global cycles via lakewater and then seawater,
either of these three populations may be dominant with respect to
the total collective dose at the time of the maximum collective
dose rate. The local population, which may consist of 2-20 indi-
viduals, does not make an appreciable contribution to the collec-
tive dose.

If the individual or collective doses from a given radioactive
release are integrated in time, the dose commitment for an unli-
mited future is obtained. Such calculations have been carried out
for all nuclides and paths of inflow.

With regard to the global exposure for nuclides from the reposi-
tory, however, the consequence analysis in chapter 8 is based on
the maximum accumulated collective dose for a period of 500 years
- a time interval which can be obtained at different points in
time, depending on the nuclide and the type of inflow into the
biosphere. The choice of 500 years as a time interval for calcu-
lations of the maximum accumulated collective dose is based on
the same principles applied by the radiation protection authori-
ties in establishing directives for the evaluation of long-lived
radioactive elements in discharges from nuclear power stations
/7-33/.
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Table 7-4 Dose
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U
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9
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4
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7.4.5 Reliability £f the model

The reliability of the calculated doses is dependent upon the
structure of the model, the choice of exposure paths, approxima-
tions in the calculations and uncertainties in the utilized data.

Model design and paths of exposure

The model has been designed on the basis of previous experiences
of radioecological calculation models /7-33 and 7-34/.

The 13 paths of exposure taken into account by the model cover
the pathways for doses to man which have been found by experience
to be the most relevant. Radioactive elements can be introduced
into the food web via deposition on plants, uptake via root sys-
tems or concentration in animal products. The exposure paths per-
mit this, but they also provide control of those doses which
originate from radioactivity in the air, ground and water. The
assumption that the concentration of radioactive elements is the
same on the beach as in the bottom sediments can lead to overes-
timates of external exposure, especially as far as thorium-229 is
concerned.

Numerical approximation

Uncertainties stemming from numerical approximation have been
shown to be no more than 20%, in most cases 5%, of the dose
values.

Variations in exchange between the reservoirs in the ecosystem

Transfer coefficients for the exchange between the reservoirs in
the model have been calculated for each nuclide. These coeffici-
ent have been derived from empirical and calculated data from the
literature. In some cases, the span in the interval is great. The
dose load has therefore been based on values which generally give
the higher dose load with regard to both the critical group and
the populations. If other transfer coefficients are used, the
doses can therefore deviate from the given result. The degree to
which uncertainties in the transfer rates between different re-
servoirs affect the result with regard Co doses to critical
groups and the different populations has been investigated by va-
riation of the transfer parameters.

Variations in the transfer coefficients significantly affect the
doses in the well and lak« alternatives for cesium-135, radium-
226 and the uranium isotopes, resulting in considerable contribu-
tions to the total dose.

The range of variation in the exchange between soil and
groundwater or between sediment and water can involve a
halving of the dose for these nuclides in the local or regi-
onal area.
The concentration factors for fish vary depending on the
type of ecosystem and on measuring uncertainties. In the
case of cesium-135, the dose can vary by a factor of five in
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either direction. In the lake alternative, the doses can
vary by a factor of four for radium-226 and two for the
uranium isotopes.

Variation in water turnover in the coastal zone in the Baltic Sea
alternative can lead to a variation of the dose by a factor of
two.

Variations in diet composition and uptake through the food
chains

A diet composition has been established for the critical group.
For cesium-135, radium-226 and uranium-233, water, fish and milk
are the most important paths of exposure. A relatively high fish
consumption, 50 kg per year and individual, has been assumed,
where the fish has been taken from a given lake. A reduction of
fish consumption by half leads to a dose reduction by half for
cesium-135 and by l^ss than one-third for radium-226 and uranium-
233. Reascrable changes in the consumption of milk products have
only a minor effect on the dose load.

Daughter products in decay chains

In dei'.ay chains where the daughter product is also radioactive,
the distribution of the daughter product among different parts of
the biosphere depends partly on the turnover of the parent nuc-
lide. Uncertainties in the turnover of the parent nuclide can, in
some cases, affect the dose calculations for the daughter nuc-
lide. In view of its relatively high dose contribution the decay
chain uranium-234 - thorium-230 - radium-226 is of particular
interest.

Thorium is dispersed slowly through soil in relation to its
physical decay rate. Variations in the rate of exchange between
soil and groundwater therefore have a relatively insignificant
effect on the amount of thorium in the soil. With the interface
in an inland area, the amount of radium-226 to which the critical
group and the regional population are exposed therefore depends
primarily on how quickly uranium and radium are transported
through the surface soil, since this has a considerable effect on
the radium level both in the food chains and in the groundwater
which can reach wells in the surrounding area.

Current studies of the transport of uranium and its daughter pro-
ducts indicate that uranium is leached much faster through typic-
al Swedish soils than has been assumed in previous studies per-
taining to vitrified waste. The field and laboratory studies 11-
20, 7-21 and 7-35/ which have been carried out for strontium and
radium indicate that radium is dispersed much more slowly than
strontium through soils under very diverse conditions. In previ-
ous studies, however, radium has been assumed to migrate at the
same speed as strontium. These changes in the transfer rates in
the soil-grotindwater system for uranium and radium have been
found to lead to a reduction of the exposure of the critical
group and the regional population which varies with the assumed
type of inflow. In the main alternative discussed above, the dos-
es from the intake of radium are reduced by half when the new
transfar coefficients are used /7-26/. The exchange of radium
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between sea and sediment greatly affects the global collective
dose. Exchange between the oceans and their sediments can be es-
timated roughly on the basis of the retention times in the ocean
of stable isotopes of chemical closely related nuclides among the
alkaline soil metals such as strontium. Such estimates are, how-
ever, highly uncertain. A more precise measure can be obtained by
basing the calculation on the radium inventory in the oceans, the
amount of radium which enters the oceans through runoff, the
amount which is generated indirect by decay of the uranium pre-
sent in the oceans and the loss through physical decay of radium
/7-26/. With the latter derivation of the transfer from ocean to
sediment as a basis for the calculations, the collective dose to
the world population which is obtained is only l/20th of that
obtained with the previously used estimate.

Variations in population distribution

Changes in the distribution of the regional population can affect
the calculated collective doses. This applies especially to the
relatively short-lived or poorly soluble nuclides for which the
collective dose primarily derives from the regional load. The
assumed population distribution of 20 persons per km2 is the
average for Sweden. An increase of the population, for example in
a high-density area in the future, can lead to a limited increase
of the collective doses depending on the critical paths of ex-
posure for the different nuclides.

The yield of fish from tha lake has been set at 60 000 kg/year,
which entails a certain overestimation. Since fish consumption is
generally the predominant path of exposure in the region, no in-
crease of the regional collective load in the inland alternative
can therefore be expected., iu view of the limited supply of fish
from the primary lake recipient.

If foodstuffs such as milk and meat constitute critical paths of
exposure, an increase of population density can hardly lead to
any increase of the dose to the region, since the increase in the
population occurs at the expense of the cultivated acreage. In
the case of nuclides for which drinking water constitutes the
predominant path of exposure, the regional collective dose can be
expected to be proportionate to that portion of the regional po-
pulation which obtains its drinking water from the lake which is
the primary recipient for the inflow.

The relevance of the model in a long-range perspective

The local ecosystem in particular can, over the time spans cover-
ed by the forecasts, undergo changes which have considerable ef-
fects on the exposure situation. The design of the model makes it
possible to analyze the consequences of important changes, such
as the drying-up of the lake which constitutes the primary reci-
pient for material Icfu'ied from the repository. The drying-up of
large areas of the Baltic Sea can also be taken into account. In
both cases, the change can give rise to new exposures through the
use of the sediments in agriculture.

Some elements are enriched to relatively high levels in the se-
diment from the lake or the Baltic Sea. In the case of the radio-
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active nuclides which give the dominant dose to the critical
group or the collective dose to the population, the drying-up of
these bodies of water and the change of the exposure paths do not
lead to any increase of the annual doses, since the uptake of
nuclides in agricultural products cultivated on the sediment does
not contribute as much as the elimination of fish as a path of
exposure takes away.

The nuclide cesium-135 is an exception. Individual doses through
internal and external exposure of the population living in those
areas of the Baltic Sea which may be dried up may be up to one
order of magnitude higher than the doses given by the calcula-

\ ! tions based on an unchanged Baltic Sea. The contribution to the
collective dose from the Baltic Sea area is, however, less than
one-fifth of the total dose load. An elevated exposure of a fu-
ture Baltic Sea population through cesium-135 would therefore
lead to a doubling of the total dose commitment in the long run.

An increased utilization of the food resources of the oceans in
the future could cause a shift towards a diet of a more marine
character. Overexploitation of traditional fish populations has
led to a search for other sources of nutrition from the sea. In
addition to an increased utilization of fish species which have
formerly not been fished, there are large nutrient reserves in
the form of squid and krill. Algae, especially those of macro-
formate have been used in many countries as a food source for a
long time.

Potential catches of krill may suffice for an annual consumption
of 5-10 kg per individual on the average over a population of
10*0 individuals. Great technical difficulties exist in catching
these shrimp. There is little possibility of using plankton as a
food source within the forseeable future. But the importance of
macroalgae as a food source will increase.

If, assuming no change in the amount of protein in the diet, 10
kg meat are replaced in the future by 10 kg krill or algae, the
increase in uptake and dose will be limited to a factor of 1-3
for most radioactive elements. The globa1 collective doses from
plutonium and americium especially may increase by a factor of
10-20 for krill and by a factor of 100-150 for algae, still
assuming 10 kg. However, the global contribution to the collec-
tive doses in the inland alternatives (which yield doses which
are several orders of magnitude higher than in <-he Baltic Sea
alternative) is less than one percent. This entails a maximum
increase by a factor of 3.
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8 SAFETY ANALYSIS

8.1 GENERAL

There are special laws and regulations in Sweden which govern
nuclear power activities and which provide a basis for the
safety and protection of personnel, nearby residents and the
environment.

The Swedish Nuclear Power Inspectorate and the National Institute
of Radiation Protection are responsible for the enforcement of
lawb and regulations in this field. These organizations are the
inspection authorities designated by the Atomic Energy Act and
the Radiation Protection Act. The Nuclear Power Inspectorate is
mainly responsible for examining the safety of facilities and the
design of various safety systems. The National Institute of Radi-
ation Protection deals with matters pertaining to radiation pro-
tection in the working environment and in the external environ-
ment.

The general criteria for safety and radiation protection which
comprise the basis for the inspection work and licensing activi-
ties of the inspectiev. authorities require that facilities, pro-
cesses, safety systems and activities be designed in such a man-
ner that:

- the radiation exposure of personnel, nearby residents and
the regional and global population is low,

- the risk level resulting from accidents is low,
- every effort is made to minimize the radiation exposure

within the bounds of reasonable cost.

The special rules and regulations issued by the authorities in
different countries on the basis of these criteria are described
in KBS technical report 41 /8-1/ and have been summarized in the
KBS report on vitrified high-level reprocessing waste /8-2/.

The explication of the Swedish Stipulation Law (which specifies
the criteria which must be fulfilled before new nuclear power
plants can be commissioned) states that the final repository must
be able to meet radiation protection requirements which aim at
preventing radiation injuries. The final repository shall be de-
signed in such a manner that the waste or the spent fuel can be
isolated for as long a period of time as is required for its ra-
dioactivity to have decreased to a harmless level. The evaluation
of the safety of the final repository shall take into considera-



204

tion the risk that the waste or the spent fuel might escape to
the biosphere by means of natural processes, accidents or acts of
war.

This chapter provides a safety analysis of the activities which
are special for the direct final storage of spent fuel without
reprocessing* The safety analysis is based on the technical de-
scriptious and data provided in chapters 2 through 7. Those parts
of the handling chain which are the same for spent fuel and for
vitrified reprocessing waste /8-2/ are not dealt with here. These
stages are: storage of spent nuclear fuel in water-cooled pools
in a central fuel storage facility and associated handling and
transport operations. The safety evaluation of these activities
is the same as reported in /8-2/.

Section 8.2 gives the source strengths of radioactive elements in
the spent fuel and in the metal components of the fuel assemblies
as well as other important input data for the safety analysis.
Safety in the handling and encapsulation of spent fuel as well as
of the more long-term storage in water pools is dealt with in
section 8.3.

Certain safety principles for final storage are discussed in sec-
tion 8.4. The most important grounds for evaluating the safety of
the final repository are described. The principle of multiple
barriers is discussed and temperature conditions and radiation
levels are reported briefly.

The results of dispersal calculations with respect to the mecha-
nisms described in chapter 7 are reported in section 8.5.

The central issue, the possibility of release of radioactivity
from the final repository and possible consequences in terms of
radiation doses and health effects in both the short and the long
run, is treated in section 8.6.

The probability of extreme events and their importance from the
viewpoint of safety is dealt with in section 8.7. Extreme events
in this case also include the risk of criticality resulting from
a local accumulation of fissionable materials.

A summary safety evaluation is provided in section 8.8.

8.2 SOURCE STRENGTHS AND INPUT DATA

8.2.1 The spent fuel assemblies

The direct disposal of spent nuclear fuel is not preceded by any
chemical treatment. This means that the spent fuel assemblies
with uranium dioxide, cladding etc. are only treated mechanically
and disassembled into their structural components. The types of
fuel treated in the calculations are PWR fuel equivalent to the
Westinghouse fuel for the Ringhals 2 reactor and BWR fuel equiva-
lent to the ASEA ATOM fuel for the Forsmark 1 reactor (figure 2-
1). The PWR assembly in figure 2-2 is a Ringhals 3 assembly with
the fuel rods in a 17 x 17 lattice, whereas the Ringhals 2 assemb-
lies have thicker rods in a 15 x 15 pattern. The quantities of
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material are roughly the same. Table 8-1 presents fuel data for
Ringhals 2, Ringhals 3 and Forsmark 1.

Table 8-1. Data for unirradiated fuel assemblies

Materials quantities (kg/assembly)

Uranium
Oxygen from U0«
Springs
Cladding
Top tie plate (incl. handle)
Bottom tie plate
Guide tubes for control rods
Spacer grids (7)
Spacer capture rod
Fuel channel
Transition piece

Total approx.

Other data

Number of fuel rods per assembly
Rod diameter (mm)
Rod length (nnn) 3
Assembly length (mm) 4
Assembly width (mm)

PWR (R2)

452
61
5

100
8
6
9
6

650 kg

PWR (R2)

204
10.72

856 3
067 4
214

PWR

461
62
5

110
8
6
9
5

666

PWR

264
9.

852
058
214

(R3) BWR (Fl)

178.0
23.9
2.2

49.0
1.6
1.2

1.0
0.8
35.4
5.0

kg 300 kg

(R3) BWR (Fl)

63
50 12.25/11.75

3 954
4 383
139

A more detailed description of nuclide formation and inventory,
composition of the spent fuel and relative toxicity of the nuc-
lides etc. is provided in /8-2/, section 3.1.

8.2.2 Radioactivity and residual heat in spent nuclear fuel

In high level waste from reprocessing, most of the heavy nuclides
have been removed while most of the fission products have been
left behind. Spent fuel contains, in addition to the fission pro-
ducts, all of the heavy elements, the residual uranium, the
transuranium elements formed by successive neutron capture and
their decay products. For more detailed discussion of formation,
radioactivity and decay see section 3.2 in /8-2/ and also /8-3/
and /8-4/. Figure 8-1 shows the most important radioactive nuc-
lides in spent fuel. The radioactivity content of the entire
final repository after 100 000 years is broken down into nuclides
with radioactivity greater than 1 curie in table 8-2.

Data for PWR fuel with a burnup of 33 000 MWd(t)/tU have been
used in calculating the quantity of radioactive elements in the
spent fuel. The calculation has been carried out using the
ORIGEN computer program. Compared with more detailed reactor
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Figure8-1. Radioactive elements in spent fuel. The graph shows the radioactive elements in PWR
fuel with a bumup of 33 000MWd ft)/tU, power density 34.4 MW (t)ftVand enrichment 3.1%
uranium-235.

physics computer programs, ORIGEN underestimates the quantity of
heavy nuclides in the fuel. Table 8-3 presents a comparison bet-
ween maximum calculated nuclide contents at any time in the spent
FUR fuel obtained with ORIGEN and contents obtained with the more
accurate program CASMO (ORIGEN has been used for the decay calcu-
lations here as well). A comparison vith the CASMO values for BWR
(27 600 MWd(t)/tU) shows that the ORIGEN values for PWR can be
used for the total content for the final repository, since most
of the Swedish reactors are of the boiling water type. As far as
fission products are concerned, the total levels in the final
repository are overestimated when the PWR-ORIGEN values are used.
See /8-4/ for a more detailed discussion.

Figure 8-2 shows the residual heat in spent fuel at different
points in time following discharge from the reactor. More detail-
ed are presented in /8-2/ section 3.3 and in /8-5/.
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Table 8-2. Long-lived fission products and heavy elements in
10 000 tons of spent PWR fuel after 100 000 years.

! : ' •

j- '•

Nuclide Half-life
(years)

Se 79

Zr 93

Tc 99

Pd 107

Sn 126

I 129

Cs 135

Cm 245

Am 243

Am 241

Pu 242

Pu 241

Pu 240

Pu 239

Np 237

I) 238

U 236

V 235

U 234

U 233

Pa 231

Th 230

Th 229

Ra 226

65 000

1.5 x 106

210 000

7 x 106

100 000

17 x 106

3 x 106

8 260

7 650

433

379 000

14.6

6 760

24 400

2.13 x 106

4510 x 106

23.9 x 106

710 x 106

247 000

162 000

32 500

80 000

7 300

1 600

Total for above

Total including decay chains

Radioactivity
(Ci per 10 000 tonnes)

1 400

18 000

100 000

1 200

2 800

380

2 500

1

24

1

13 000

1

180

200 000

11 000

3 100

4 100

260

14 000

3 800

210

9 000

3 800

9 000

390 000

540 000

Table 8-3.

Nuclide

Ra 226
Th 229
Np 237
Pu 239
Pu 240
Am 241
Am 243

Some environmentally important heavy nuclides
in spent fuel. Comparison between fuel types
and calculation programs.

PI
ORIGEN

1.1
0.85
1.1

320
490

3 300
21

Max Ci/tonne uranium

CASMO

1.1
1.1
1.5

400
520

4 700
19

BWRb)

CASMO

0.83
0.67
0.89

270
450

2 900
12

a) Burnup 33 000 MWd/tU b) Burnup 27 600 MWd/tU
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Figure 8-2. Residual heat in spent fuel from PWR and BWR. Forthe PWR fuel, it has been assumed
that bumup is 33 000 MWd (tf/tU, power density is 38.5 MW (t)jtUand enrichment is 3.25%
uranium-235. The corresponding data for BWR fuel are 27 600 MWd (t)/tU, 22.0 MWftJ/tU and
2.75 % uranium-235.

8.2.3 Induced radioactivity in fuel assembly components

Besides the elements discussed above, other activation products
are also formed in the fuel rods in the cladding and in the
springs which hold the uranium dioxide pellets in place. Decay is
demonstrated in table 8-4. The radioactivity in the cladding and
in the springs represents a negligible addition to the radioacti-
vity in the fuel itself.

In addition to fuel rods, the fuel assemblies also consist of a
number of metal structural components, see table 8-1 and figures
2-1 and 2-2. According to the proposed handling method, the fuel
rods are to be removed from the fuel assemblies and stored sepa-
rately. The remaining metal components contain radioactive nuc-

Table 8-4. Induced radioactivity in cladding and springs, FUR

Hadioactivity (Ci/tU) after

Claddinf (zlrcaloy)

Springs (atainleas)

Total

10yr»

170

630

800

100 yr»

0.76

26

27

1 000 yri

0.37

0.40

0.77

10 000 yr«

0.2S

0.32

0.57

100

0

0

0

000 yr»

.ia

.14

.32

1 aill.yra

0.12

0.12

10 aill.jrn

0.0011

0.0011
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lides formed by activation in the reactor. But they do not con-
tain any appreciable quantities of heavy nuclides or fission pro-
ducts. Tables 8-5 and 8-6 show radioactivity broken down into
different components and table 8-7 shows radioactivity broken
down into the most important nuclides. Figure 8-3 presents a

Table 8-5. Induced radioactivity in fuel assembly components,PWR

Radioactivity (Ci/tU) after

Bottom tic plates (stainless)
Guide tubes for control rods
(zircatoy)

Spacer grids (Inconel)

Total

Borosillcate glass rods*
(stainless cladding; Ci total)

10 yrs

200

730

16

760

1 700

S3 000 1

100 yrs

8.2

311

0.071

220

260

SOO

1 000 yrs

0.13

0.47

0.035

3.4

4.0

25

10 ODD yrs

0.10

0.37

0.023

2.9

3.4

19

100 000 yrs

0.045

0.17

0.017

1.2

1.4

B.3

1 mill.yrs

0.011

0.0009

0.012

0.0038

10 mill.yrs

0.0002

0.0002

-

The rods are only used in the first core

Table 8-6. Induced radioactivity in fuel assembly components, BWR

Radioactivity (Ci/tU) after

Rod bundles

Top tie plates and handles

Bottom tie plates (stainless)

Spacer grids (Inconel)

Spacer capture rod (zircaloy)

Total

Boxes

Fuel channel (zircaloy)

Transition piece (stainless)

Total

10 yrs

110

120

310

0.68

540

59

110

170

100 yrs

10

11

120

0.075

140

1.2

11

12

1 000 yrs

0.16

0.17

1.8

0.0076

2.1

0.53

0.16

0.69

10 000 yrs

0.13

0.14

1.5

0.0054

1.8

0.34

0.13

0.47

100 000 yrs

0.057

0.060

0.68

O.0O38

0.80

0.23

0.057

0.29

1 mill.yrs

-

-

0.0003

0.0021

0.0024

0.15

-

0.15

10 nill.yrs

-

-

-

-

-

0.0023

-

0.0023

Table 8-7. Induced radioactivity in fuel assembly components, broken
down into nuclides.

Radioactivity
(Ci/tU) after

JK
C-14

Co-60

Hi-59

Ni-63

Zr-93

Mb-93m*

KS
C-14

Co-60

Ki-59

Ni-63

Zr-93

Nb-93a»

Half-life
(years)

5 735

5.25

80 000

92

1.5 • 106

5 735

5.25

SO 000

92

1.5 • 10*

10 yrs

0.080

SOO
3.4

500

0.0086

0.0090

0.39

130

2.0

300

0.12

0.054

100 yrs

0.079

0.0057

3.4

260

0.0086

0.020

0.38

0.0009

2.0

150

0.12

0.12

1 O0O yrs

0.071

3.4

0.29

0.0086

0.020

0.34

2.0

0.17

0.12

0.12

10 000 yrs

0.024

3.1

0.0086

0.014'

0.12

1.9

0.12

0.12

100 000 yrs

1.4

0.0082

0.0082

0.86

0.11

0.11

1 aill.yrs 10 ml11.yrs

0.0006

O.O054

0.0054

0.0004

0.075 0.0012

0.075 0.0012

Daughter of 2r93 and Mo 93
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Ci/tonm uranium

1 10 102 103 10* 106 10 6 107

Tim* afttr discharge from reactor, yaan

Figure 8-3. Radioactivity in spent fuel assemblies, total and in assembly components except for
fuel rods. FUel data as in figure 8-1 (PWR) and figure 8-2 (BWR).

comparison between the induced component radioactivity and the
total activity in the fuel. Figure 8-4 shows a breakdown of the
radioactivity into different nuclides (PWR).

The calculations of induced radioactivity in the structural ma-
terial are presented in 78-6/.
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Ci/tonna uranium

105

10'

10'

10'
1 10 102 103 104 105 10 6 107

Tim* afttr discharge from reactor, years

Figure 8-4. Radioactive elements in fuel assembly components from PWR. Fuel rods not included.
Fuel data as for figure 8-1'.

8.3 HANDLING AND ENCAPSULATION OF SPENT FUEL

8 . 3 . 1 General

Following is a summary of the safety aspects of such handling,
storage and encapsulation procedures as are specific to the al-
ternative of direct disposal of sjient unreprocessed nuclear fuel.
The facilities required for this alternative are an intermediate
storage facility for spent fuel (long-term storage) and an en-
capsulation station.
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A safety analysis of the central storage facility for spent fuel
and of the transportation system was presented in a previous re-
port /8-2/.

The safety aspects of the central storage facility are associated
with the actual handling and short-term storage of the fuel in
water pools and with the more protracted long-term storage. Safe-
ty with respect to handling and short-term storage has already
heen dealt with /8-2/. With regard to long-term storage in water
pools, a special study has been carried out /8-7/, the results of
which are summarized in section 8.3.2 below.

The processes involved in encapsulating spent fuel in highly dur-
able containers suitable for final storage in rock have also been
the subject of examination from the viewpoint of safety. The
safety aspects of encapsulation and handling in connection there-
with have been analysed in greater detail in two separate techni-
cal reports /8-8, 8-9/. A summary is provided in section 8.3.3.

Facilities, equipment and process technology are described in
special reports which are summarized in section 2.3.

8.3.2 Long-term storage of spent fuel in water pools

The total time for which the spent fuel will be stored in water
pools prior to direct final disposal is suggested to be 40 years.

Good experiences from the storage of fuel in water pools are
available from many years of practice. No adverse effects on the
canister or the fuel have been observed in connection with such
storage. These experiences show /8-7/ that general corrosion af-
ter 100 years of storage in neutral pure water is scarcely more
than 1 Jim. Even with the assumption of other reasonable water
chemistry, general corrosion will not occur to an extent which
could jeopardize safety.

The possibilities of pitting, galvanic corrosion, crevice corro-
sion and galvanically induced hydration are also analysed in /8-
")'. The results show that these mechanisms, if they take place at
all, do not entail any problems for the type of storage in
question.

Delayed fracture due to hydrogen embritt lenient has not been ob-
served on zircaloy-clad fuel in connection with storage. Theore-
tical analyses of the process indicates low crack growth which
doe? not lead to failure.

During reactor operation, isolated fuel damage may occur as a re-
sult of stress corrosion cracking. This is caused by high stress-
es during operation and the simultaneous effects of certain ele-
ments (mainly iodine) which have been released from the fuel.

Since the stress in the cladding material is considerable lower
during storage than during reactor operation and since the re-
lease of fission products decreases greatly after discharge of
the fuel from the reactor, the conditions necessary for stress
corrosion cracking do not exist during storage in the water
pools.
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Experimental studies of the inside of the cladding after many
years of reactor operation and storage have shown the following:

- The build-up of oxide on the inner surface was scarcely
measurable (approx. 1 ym) after 8 years of irradiation in
the Halden reactor.
Metallographic examination of fuel rods after 10 years of
storage in England revealed nothing which could indicate on-
going or incipient degradation.

Damaged fuel is stored in different ways. The usual way is that
fuel assemblies which contain leaking rods are placed in sealed
water-filled containers in the pool. This method has been used
for 5 years at WAK, Germany, and for 9 years at Windscale, Eng-
land. At Mol, Belgium, damaged fuel is stored in sealed dry con-
tainers in pools. Damaged CANDU fuel has been stored at Mol in
this manner for 9 years. At General Electric's Midwest Fuel Re-
covery Plant in the United States, damaged fuel is stored in the
same manner as undamaged fuel without any problems. Damaged fuel
is also stored in the same manner as undamaged fuel in pools at
nuclear power plants.

Small quantities of radioactive elements can be released from da-
maged fuel reds during storage. But no further degradation of the
fuel or the cladding has been noted in connection with the stor-
age of such rods.

In connection with the long-term storage of damaged fuel, Cs-134
and Cs-137 constitute the main part of the release, which on the
whole is very small. During an initial phase in the reactor's
storage pool, the most accessible portion is released, after
which leakage decreases. Most of the gaseous products which can
leak out from damaged fuel have already been liberated during
reactor operation. In view of the extensive and good experience
available from the handling and storage of damaged fuel in reac-
tor storage pools and the low leakage which persists after an
initial period, it can be safely assumed that releases of radio-
activity during long-term storage will not constitute a problem.

The portion of fission products which is easily accessible for
leakage depends to a great extent on the specific power of the
fuel during reactor operation. The total amount which is released
is, of course, also dependent upon the number of damaged rods.
The level of radioactivity in the storage pools is dependent upon
the volume of the cleaning flow. The range of variation is 10"' -
10-3 ci/m3 19,-11.

If individual rods should be punctured during storage, this would
lead to a small release of krypton-85. Experience shows, however,
that this does not entail any radiation protection problems - not
even in connection with normal fuel handling in the nuclear power
stations.

8.3.3 Safety measures in the encapsulation station

A description of facilities, systems and procedures for handling
and encapsulation is provided in section 2.3. Figure 2-5 shows
the layout of the process building.
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The facility is designed with a special emphasis on

- minimizing radiation doses for the personnel,
- preventing damage to the fuel resulting from accidents and

improper handling,
- minimizing the dispersal of any released radioactivity to

the environment.

The integrity and handleability of the spent fuel are not expect-
ed to deteriorate over the 40-year period of pool storage.

It has previously been shown that degradation mechanisms such as
general corrosion, local corrosion, stress corrosion cracking,
hydrogen embrittlement etc. are not expected to lead to any
significant initiation of degradation within this period of time.
The handleability of high-burnup fuel is good, and extensive
experience and well-developed routines exist in Sweden for such
handling. Experience shows that radiation exposure of personnel
employed in fuel handling is small. Furthermore, these experienc-
es are based on the handling of fuel immediately after reactor
shutdown. The fuel which is handled in the encapsulation station
will have decayed for 40 years, which leads to considerably more
favourable radiation conditions.

The radiation doses are minimized primarily by remote handling of
the fuel, either under water or in radiation-shielded cells.
Handling in water takes place with at least 2.5 m of water cover-
age over the fuel, which provides fully adequate shielding of
both gamma radiation and neutrons.

The various handling operations and equipment in the radiation-
shielded encapsulation cells are remote-controlled from the cont-
rol room. All activities are supervized via radiation-shielding
windows from this room. The ventilation air from the encapsula-
tion cells can be passed through filters if measurements show
that it contains radioactive material. All radioactive areas are
kept under negative pressure in relation to control rooms, other
premises and the surrounding environment.

Even after the fuel has been encapsulated in the copper canister,
handling is remote-controlled. Radiation shielding calculations
for the lead-filled copper canister with its spent fuel are re-
ported in /8-10/. The gamma dose rate on the container's cylind-
rical surface at the mid point is 20 mrems/h, while the neutron

v dose rate is 40-95 mrems/h. The corresponding dose rate on the
) 5 lid above the fuel will reach a maximum of about 1 mrem/h. Thus,

certain necessary short-term service work can be performed near
the canisters without any excessive exposure.

All equipment in the encapsulation cells can be given service and
maintenance by lifting the equipment out of the cells or taking
it to a separate service cell. After a cell has been emptied of
fuel, and decontaminated if required, the necessary maintenance
can be carried out in the cell as well.

The cell walls bordering on the control rooms are thick enough so
that no matter where the unshielded fuel is located in the cells,
the dose rate in the control room will be very low. With conser-
vative assumptions (copper canister without lead fill and with
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only 10 years of decay of the spent fuel), the calculated dose
rate outside the 1.3 m thick concrete walls is less than 0.1
mrem/h /8-11/.

Up to and including the reloading pool (see section 2.3 and figure
2-6), the fuel is stored inside the transport cask. The transport
cask must be able to withstand a free fall from 9 m on to a hard
surface, according to the IAEA transport regulations for type B
packages. The handling of the cask is thus planned in such a man-
ner that the cask is never lifted more than 9 m. For example, the
cask is lifted down into the reloading pool in two stages. Hori-
zontal movements of the transport cask within the receiving sec-
tion are done by overhead crane over a reinforced section of
floor. Lifting heights are kept to a minimum in connection with
vertical movements.

The rods are removed from the fuel bundle in the dismantling po-
sition by means of a chuck tool which grips the end of the rod
and fixes it in position. As an extra safety precaution, the
chuck tool is attached to the slewing crane by a safety line in
order to prevent the tool and the rod from being dropped.

As an extra safeguard against dropping of the copper canister
with the fuel during welding of the canister lids, the welding
machine is equipped with a pivot plate which is swung in under
the canister. Normally, the canister is held in place by a grip-
ping tool as the charging machine's lifting tackle is lowered.

The overhead cranes are equipped with redundant drive and brake
equipment as needed.

If a fuel bundle is damaged during transport, it may be difficult •
to pick out individual rods. The bundle may be bent or deformed.
The end tie plates may be knocked crooked, fuel rods may burst or
spacers may be displaced. Reference /8-7/ describes how damaged .
fuel can be handled. In summary, it may be said that experience
does not indicate any significant problems in connection with
this handling. Equipment for vacuuming up dropped pellet frag-
ments will be provided, for example in the form of sludge suction j
equipment. <

Dropped pellet fragments are collected in filters which are then
disposed of in the same manner as fuel rods. But it is unlikely
that fuel pellets will be dropped out of damaged rods. It has, .
for example, proven to be very difficult to get pellets out of
spent rods, in part owing to the fact the uranium dioxide swells.

During the lead casting operation in the encapsulation process, js

the fuel is heated to about 400 C. As a result, the internal gas
pressure in the rods will increase. Thanks to the low fission gas
pressure (~ 0.3 MPa) in the BWR rods, the effects of heating on \
the integrity of the cladding are negligible. The internal pres-
sure of the PWR fuel can normally be &bout 5 MPa, which, after j}
heating, can increase up to 12 MPa. This leads to an annualar
stress of about 110 N/mm^. But the PUR cladding is designed to
withstand stresses of 300 N/mm^. Oxidation of the rods or fhe
canister is impossible, since heating and cooling takes place
under a protective gas.

Fuel handling and storage are designed to provide an ample margin :
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to criticality in all fuel configurations. Keff is less than
0.95, even with fresh fuel in water and the most unfavourable
configuration from the viewpoint of criticality, namely with fuel
rods packed tightly in copper racks. Moreover, since it is the
spent fuel that will be encapsulated, the margin to criticality
is great.

The fire load is low throughout. In order to further reduce the
fire hazard, the facility is devided into fire cells and equipped
with an automatic fire alarm and fire ventilation as well as fire
extinguishing systems adapted to the nature of the different
areas.

8.3.4 Releases from the encapsulation station during normal operation

There may be some small leakage of radioactivity from the fuel to
the water in the pool. This is taken care of by cleaning systems
in the same way as in the reactor stations. Small quantities of
krypton-85 and tritium are entrained in the ventilation air and
released into the atmosphere. Traces of iodine and particulate
activity may also be discharged to the air. But most remains in
the water and is collected by the ion exchangers and filters in
the cleaning systems. Most of the released radioactivity in the
encapsulation cells is collected in filters installed in the ex-
haust ventilation ducts from these areas.

Normal operational releases resulting from handling of the fuel
in the pools are not expected to exceed those from the central
fuel storage facility. These have been reported previously /8-2/.

The fuel will to some extent be handled in dry condition, whereby
any discharge of radioactivity will be to the air instead of to
the water. However, all operations under dry conditions take
place in the encapsulation cells, which are completely shielded
off from the environment. The exhaust air from these cells is
filtered in filter banks with more than 90% removal efficiency
for iodine and 99.9% for aerosols.

8.3.5 Failures and accidents in the encapsulation station

The encapsulation station is designed in such a manner that the
probability of accidents is very low. Those accidents which are
nevertheless conceivable are limited to incidents which entail
very small releases of radioactivity.

The possible types of failures and accidents and their frequency
and consequences are analyzed in /8-8/. Additional information on
some points is provided in /8-9/.

The following accidents have been studied:

Fuel is dropped during handling
- Cladding is sawn through

Mechanical fuel damages in connection with encapsulation
Rack with fuel rods is dropped in casting cell

- Copper canister is damaged while being welded shut
- Copper canister is dropped
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- Loss of vacuum and protective gas during heating and cooling
in casting bell

External forces, including sabotage and acts of war, have also
been considered.

8.3.6 Radiation doses

The consequences of releases to the environment as a result of
accidents have been calculated /8-8/. The results can be summa-
rized in brief by the following rounded-off figures, where the
limits represent handling of BWR fuel or FUR fuel alone. For the
time being, it is assumed that 20-30% of the fuel consists of PWR
fuel. With a 40-years storage period, the releases of krypton-85
and tritium are even smaller.

Release

Annual average

Accident occuring
several times a
year

x)
Rare accident

Kr-85
Ci

10-200

2-100
100-2000

1-129
uCi

2-25

1-10
40-1200

H-3
Ci

0.1

0.1
4-10

Aerosols
(Pu) uCi

-

4-40

x) Less than once every 10 years.

The other types of accidents dealt with in /8-9/ do not essenti-
ally alter the above figures.

The radiation dose at a distance of 1 km from the station has
been calculated to be less than 0.4 yrem/year under normal
operating conditions and 40 prems in the event of a rare acci-
dent, i.e. well below the design goal (10 000 prem/year) for
nuclear power stations.

It has been deemed possible that the annual dose for personnel
can, on the average, be kept lower than 200 mrems/year and no
difficulty is foreseen in keeping the individual doses below the
current limit value (5 000 mrems/year).

8.4 SAFETY PRINCIPLES FOR FINAL STORAGE

8.4.1 Safety-related grounds for evaluation of final storage

The Stipulation Law directs as one alternative that a reactor
owner must demonstrate "how and where an absolutely safe final
storage of spent, unreprocessed nuclear fuel can be effected".
The special explication of the bill states that "the primary
consideration here is whether the storage scheme can meet
requirements for satisfactory radiation protection". Furthermore,
"the storage site shall permit the isolation of the waste or the
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spent nuclear fuel for as long a time as is required for the
radioactivity to decay to a harmless level".

These very general criteria agree with the principles which are
applied within other areas of nuclear power technology as well.

No specific safety criteria for final storage of radioactive
waste have been established. However, work is being pursued with-
in this area in many countries and in international cooperation.
Fending the results of this work, existing rules which are more
or less generally accepted for existing nuclear power installa-
tions must be applied. A review of current regulations is provid-
ed in /8-1/.

The following rules should be considered in connection with final
storage:

The ICRP rule that no individual, either now or in the fu-
ture, shall be exposed to radiation doses which exceed the
limits recommended by the ICRP. The present limit for indi-
viduals among the general public is 500 mrems per year from
all activities which can give rise to irradiation, with the
exception of the medical use of ionizing radiation. If a
given radiation source can be expected to give rise to ex-
posures over a series of years, the radiation dose from this
source shall not exceed 100 mrems per year on the average,
figured as a weighted whole-body dose.

The design goal for new nuclear power plants in Sweden, a
maximum of 10 mrems per year (weighted whole-body dose) to
nearby residents.

- The maximum permissible radiation dose to nearby residents
in Sweden in connection with the operation of nuclear power
plants, namely 50 mrems per year (weighted whole-body dose).

- The recommended maximum permissible global weighted collec-
tive dose commitment applied in the Nordic countries of 1
manrem per year and MW installed electrical output (MWe),
which applies to the entire nuclear fuel cycle. The collec-
tive dose commitment shall be calculated over a period of
500 years and distributed between 0.5 manrem/MWe-year for
the operation of nuclear power plants and 0.5 manrem/MWe-
year for the rest of the nuclear fuel cycle. The choice of
the level of 1 manrem per year and MWe is based on the goal
of a maximum of 10 mrems/year and individual with an assumed
average global nuclear power production of 10 kW per person.
(Note: In Sweden, the total installed electrical output is
currently about 25 000 MWe, i.e. about 3 kW per person. Of
this, some 0.5 kW per person is produced by nuclear power.
13 nuclear power units would increase this output to about
1.2 kW per person.)

In evaluating the final storage scheme, the fact that radioactive
elements occur in nature and that ionizing radiation from these
elements is a part of the natural environment of human beings
should also be taken into consideration. Natural background radi-
ation varies in Sweden between 70 and 140 mrems per year and in-
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dividual /8-12/. Natural radiation levels of up to 1 300 mrem/
year and individual exist at some places abroad /8-13/.

Of special interest in this context is the occurrence of natural
radioactive elements in water. The following table gives some
values for Sweden.

Contents of radioactive elements in water

Radioactive Contents in natural waters
element (pCi/1) in Sweden

Drinking water Sea water

Radium-226

Uranium

Potassium-40

0.1-40

0.1-1500b)

ca 20

0.3

3

330

a) With 3.5Z salinity

b) Applies to natural water (not necessarily drinking water)

A radium-226 level of 40 pCi/1 in drinking water gives a radia-
tion dose of about 40 mrems per year weighted whole-body dose in
accordance with the calculation method used in this report.
Radium-226 levels up to 256 pCi/1 in groundwater near Helsinki
are reported in a Finish study /8-14/.

8.4.2 Barriers

In order to meet the requirement for a long-term isolation of the
radioactive substances and ensure a safe final storage, the waste
is surrounded by a number of barriers.

These barriers are as follows:

binding of the radioactive waste to a solid, poorly soluble
substance,

- enclosure in canisters of a highly durable material,
- packing of the canisters in an impervious buffer material,

final storage in stable bedrock with low groundwater flow,
- chemical barriers against the dispersal of the radioactive

substances.

,: Each of these barriers provides protection against the release
: and dispersal of radioactive substances. But each barrier poses-

ses different protective properties and functions which both re-
inforce and complement each other.

The binding of the radioactive elements to the uranium dioxide
fuel is dealt with in chapter 6. The encapsulation of fuel rods
is described in section 2.3 and the properties of the canister
are described in chapter 5. The encapsulation of metallic waste
and other types of waste is described in section 2.3 and the du-
rability of the encapsulation is analyzed in section 6.10. The
properties and function of the buffer material are described in
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chapter 4, and the properties of the geological barrier in chap-
ter 3. The retardation of radioactive elements by sorption is
described in section 7.3.

The design of the final repository as far as spent fuel rods are
concerned is illustrated by figures 2-17 and 2-22, and as far as
other waste is concerned by figure 2-23.

\ ;

8.4.3 Temperature conditions

In order to obtain the least possible disturbance of the natural
environment in the rock which is selected for the final reposi-
tory, a low heat load on the rock has been striven for. This has
been achieved by a combination of a period of supervised storage
of the fuel (40 years after discharge from the reactor) and a
relatively widespread distribution of the fuel in the rock repo-
sitory. This ensures that the temperature everywhere in the rock
and in the buffer mass will be less than 100°C. Furthermore, the
thermal gradient for groundwater flow will be so low that its
impact on the groundwater flow through the repository will be
insignificant.

Figure 8-5 gives the temperature on the surface of the hottest
copper canister, the mean rock temperature in the centre of the
final repository and the maximum rock temperature halfway between
two canisters as a function of the time since commencement of
final storage. The maximum canister temperature is less than
80 C, and the highest rock temperature halfway between two canis-
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Figure 8-S. Temperatures on canister surface and in rock at different points in time after deposi-
tion Hi final repository.
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ters near the centre of the final repository is close to 60 C.
After 1 000 years, all temperatures have dropped to below 50°C.
After approximately 100 000 years, the initial temperature level
(20°C) has been largely restored. Thus, the expected service life
of the canisters is considerably longer than the period of time
during which any appreciable temperature elevation exists.

The heat generated by metal waste components resulting from the
conditioning of spent unreprocessed nuclear fuel for final stor-
age is so low that it is of no importance for the design of the
final repository.

8.4.4 Radiation levels

The radioactive waste emits ionizing radiation. This radiation is
strongest from the fuel rods. But the radiation is effectively
shielded by the copper canister and the lead fill. The thickness
of the canister wall, 200 mm, has been chosen with the aim of li-
miting the radiolysis effects in the buffer mass to an insignifi-
cant level. Figure 8-6 gives the maximum radiation dose rates on
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Figure 8-6.. Radiation dose rates on surface of copper canister after different decay times.
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the outside of the copper canister as a function of tine for
neutrons and for ganma radiation /8-10/.

The influence of radiation on corrosion of the canister and on
leaching of the radioactive elements is described in chapters 5
and 6, respectively.

8.5 DISPERSAL CALCULATIONS

8.S.I Calculation procedure and premises

The dispersal of radioactive elements through the rock and in the
biosphere has been analyzed in accordance with the scheme illust-
rated in figure 8-7. This scheme is basically the same as that
which was used for the safety analysis in the KBS report on the
final storage of vitrified waste from reprocessing /8-2/.

The source strength calculations were described in section 8.2.

Nuclide transport through the rock has been calculated using a
one-dimensional model which takes into account groundwater flow,
axial dispersion, geochemical retardation of the different nuc-
lides and chain decay /8-15/. The different model assumptions
were discussed in section 7.2. The model exists in the form of a
computer program, GETOUT /8-16, 8-17/, whose output is such that
it can be used directly as input to the computer program BIOPATH.

This program calculates the transport of radioactive elements in
the biosphere and radiation doses to man, as described in section
7.4. Three different cases for inflow to the biosphere have been
studied: well, lake and Baltic Sea. See section 7.4.1.

The structure of the ecosystems, the transfer rates which control
' the exchange between the reservoirs in the ecosystems and the

paths of exposure are assumed to be unchanged through all future
: time. Over the very long time spans covered by the study, how-
: ever, changes in these parameters are possible. How such future

variations will effect the results is discussed in 7.4.5.

: 8.5.2 Calculation cases

' It is assumed that the final repository will accomodate some
7 000 canisters. The service life of a canister has been judged
cautiously to be hundreds of thousands of years. Service life
calculations show that the canister can be expected to remain in-
tact for more than 1 million years. In the dispersal calcula-
tions, it has been conservatively assumed as a reference case
that the first canisters start to be penetrated after 100 000
years. It is further assumed that the process of penetration of
the canisters then proceeds at a uniform rate for 400 000 years,
i.e. one canister is penetrated approximately every 60th year.

The dissolution of radioactive elements in a canister has been
calculated in section 6.6 on the basis of the possible escape of
dissolved elements through the buffer material and rock fissures.
A minimum dissolution time of 1.8 million years after penetration
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of the canister is obtained with reasonably cautious assumptions.
Very pessimistic assumptions give 500 000 years. It is cautiously
assumed here as a reference case that dissolution will take
500 000 years.

With regard to the leaching of easily soluble substances which
are not bound to the uranium dioxide matrix, see below.

With the above assumptions, the leach rate illustrated by curve A
in figure 8-8 is obtained for the reference case. As the figure
shows, the maximum leach rate is not reached until after 500 000
years. This maximum rate is the same as that which is obtained if
an immediate penetration of all canisters after 100 000 years and
a leaching time of 500 000 years is assumed - curve B in figure
8-8. In order to simplify the practical execution of the GETOUT
and BIOFATH calculations, the premises which correspond to curve
B in figure 8-8 have been used in these calculations as a main
case. The effects of this approximation are discussed in section
8.5.4.

In addition the calculations have been carried out for a case
with penetration of all canisters after 500 000 years and with a
leaching period of 500 000 years.

LMch rate
(tU/yr)

0.02

0.01-

610* 1-tO6

Timt
(yam aftwr ditctarg*
of f utt from rMctor)

Figure 8-& Leach rate for radioactive elements from the fuel as a function of time.
Curve A. Reference case for the safety analysis with uniform canister degradation during the

period from 100 000 to 500 000 years and a dissolution time of500 000years for
the fuel

Curve B. Main case for the calculations with instantaneous canister degradation after 100 000
years and a dissolution time of 500 000 yean for the fuel
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During the irradiation of the fuel in the reactor, certain of the
fission products have been concentrated in the outer parts of the
fuel pellets and in the space between the pellets and the zirca-
loy cladding, the cladding gap. This applies in particular to
volatile elements and elements which are formed by the decay of
volatile elements, e.g. iodine and cesium. In the event that
water leaks into the canister, these elements could be dissolved
much more quickly than the elements which are bound to the urani-
um dioxide matrix. The portion of the total contents of the ca-
nister which is more accessible for leaching in this manner has
been assumed to be 10% for iodine, 1% for cesium and 0.1% for
other elements 18-18/. Owing to the transport resistance (see
section 6.5) in the immediate environment of the fuel, the effec-
tive leaching rate is limited even for the most soluble elements.
It is shown in section 6.7 that, with reasonably conservative
assumptions, the leaching rate for easily soluble elements de-
creases exponentially with a half-life of 2 000 years. This means
that 50Z will have leached out after 2 000 years and 75% after
4 000 years etc.

Since the 7 000 canisters are assumed to break down one by one
over a 400 000 year period, 10% of the iodine, for example, will
be released at a relatively uniform rate during these 400 000
years, while the portion which is more tightly bound to the ura-
nium dioxide matrix will be released over a period of 500 000
years for each canister. During a certain period in connection
with the breakdown of the last canisters, (500 000 years after
deposition), the release of easily soluble iodine will take place
at the same time as the slower release is taking place from all
7 000 canisters. The increase of the maximum rate of release for
iodine which is thereby obtained from the entire repository is,
however, only 2.5%. For other elements, the increase is less.
Thus, a small quantity of readily accessible and easily soluble
nuclides will not appreciably affect the maximum rate of release
of radioactive elements from the final repository. The effects of
a Gaussian canister life distribution have been explored in /&-
19/.

As is explained in chapter 3, the transit time of the groundwater
can be evaluated on the basis of 3-dimensional flow calculations
and measurements of groundwater age. It is considered realistic
to expect a transit time of at least 3 000 years for the ground-
water. In addition, calculations have been carried out for a pes-
simistic case with a groundwater transit tine of 400 years. This
value was also used in the KBS safety analysis for the final
storage of vitrified waste /8-2/.

Three different sets of retention factors for the radioactive
elements have been given in table 7-2. The values for an oxidi-
zing environment are the same as those which were used in /8-2/.

However, more recent studies have clearly shown that the chemical
conditions at the final repository site will be reducing - see
section 3.5. Table 7-2 gives two sets of retention factors which
have been calculated for reducing chemical conditions, namely:

a • best estimate for reducing environment and slow groundwater
transport
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b * reducing environment with conservative assumptions regarding
concentrations and short contact time.

In the calculations, set a) is combined with a water transit time
of 3 000 years and set b) with the short water transit time of
400 years.

The following four calculation cases have been analyzed:

Case No.

1

2

3

4

Name

Main case

Main case
with longer
canister life

Pessimistic
case

Pessimistic
case with
longer
canister life

Canister
penetration,
years

100 000

500 000

100 000

500 000

Water transit
time, years

3 000

3 000

400

400

Retention
factor

a

a

b

b

In all cases, a leaching period of 500 000 years has been assum-
ed. Furthermore, the effects of the variation of the groundwater
transit time on the inflow of different nuclides to the primary
recipient have been investigated in a parameter study for the
main case with retention factors a) and for the pessimistic case
with retention factors b).

Furthermore, calculations have been carried out for two highly
unlikely cases with initial damage to a canister for the main
case data concerning water transit time and retention factors and
with a leaching period of 1 000 years for easily soluble sub-
stances.

8.5.3 Calculation results for dispersal through the rock

The results of the GETOUT calculations are reported in the form
of figures and in tables.

Figures 8-9 and 8-10 show the inflow in Ci per year of different
nuclides to the recipient area as a function of time after start
of final storage. Figure 8-9 applies for the main case and 8-10
for the pessimistic case.

The maximum inflows and times for maxima are presented in Table
8-8 and include the calculation cases with delayed canister pe-
netration (500 000 years after discharge from the reactor).

Owing to the longer groundwater transit time and the larger re-
tention factors, the maximum inflows for many of the nuclides are



227

\ .

Inflow to recipient area
Ci/yMr

io-z

10~3

Iff-4

10"5

10'. -6

10"•7.

-U-234.U-238
. Th-230

Ra-226
,U-236
.Pa-231

U-236

1-129

Tc-99

.Cs-135

L

5 • 104 105 10° 107 108

Time after discharge from reactor,
years

Figure 8-9. Results of GETOUT calculations. Inflow of radioactive elements to the recipient
area in the main case.

considerably lower in the main case than in the pessimistic case.
This applies to technetium-99, zirconiwn-93, radium-226, thorium-
229, thorium-230, protactinium-231, uranium-233, uranium-236,
neptunium-237 and plutonium-242. Of these, zirconium-93 and.,
plutonium-242 decay completely (to a level of less than 10
Ci/year) in the main case.

As expected, the influence of the time of canister penetration is
greatest for the nuclides whose half-lifes are less than or of
the same order of magnitude as the range of variation for the
time of canister penetration (400 000 years). In the main case, a
significant effect is obtained only for carbon-14 (half-life
5 730 years) and technetium-99 (half-life 210 000 years). In the
pessimistic case, the portion of the inflow of radium-226 which
derives from plutonium-238 via uranium-234 in the fuel is reduced
by half. With canister penetration 100 000 years after discharge
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Table 8-8. Maximum inflows, C (Ci/year) and times for maxima, T
tDaX 11

(years after discharge from the reactor), i'or the main case

and the pessimistic case at two times for canister penetration.

Main case

Nuclide

C-14
Zr-93
Tc-99
1-129
Cs-135
Ra-226
Th-229
Th-230
Pa-231
U-233
U-234
U-235
U-236
U-238
Np-237
Pu-242

Groundwater transit time 3 000 years and retention factors a)
in section 8.5.2

Canister penetration after
100 000 years. Case 1

max

3.4 x 10~8

1.7 x 10lJ
7.5 x 10 7
3.0 s 10";!
3.0 x 10":?,
1.3 x 1 0 ,
3.1 x 10"?
9.7 x 10 7,
3.9 x 10 ,
6.2 x 10"f
4.7 x 10"7
9.9 x 1 0 ,
6.2 x 10"f,
3.3 x 10 *

T
max

1.0 x 105

3.0 x 10*
1.0 x 10,
i.2 x io;
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x io;
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10'

Canister penetration after
500 000 years. Case 2

max

4.7 x 10~*
7.3 x 10~7
2.8 x 10"*
3.0 x 10,,
1.1 x 10 ,
3.1 x io~:
9.7 x 10~7,
3.3 x 10 ,
6.2 x 10~f
4.7 x 10~7
9.6 x 1 0 ,
6.2 x 10~:?,
3.0 x 10~ *

T
max

3.4 x 10*
5.0 x 10,
1.3 x 10,
6.9 x 10,
6.9 x lo'
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x lo'

Pessimistic firoundwater transit time 400 years and rentention factors b)
case in section 8.5.2

Nuclide

C-14
Zr-93
Tc-99
1-129
Cs-135
Ra-226
Th-229
Th-230
Pa-231
U-233
U-234
U-235
U-236
U-238
Np-237
Pu-242

Canister penetration after
100 000 years. Case 3

max

4.8 x 10~®
1.5 x 10 ,
2.1 x 10"!
7.5 x 1 0 ,
4.4 x 10,
1.6 x 1 0 ,
1.5 x 1 0 ,
8.5 x 10,
5.1 x 1 0 ,
1.6 x 1 0 ,
8.7 x 10~l
5.2 x 10,
8.0 x 1 0 ,
6.3 x 1 0 ,
1.5 x 1 0 ,
3.1 x 10

max

1.0 x 10*
2.0 x 10°
1.0 x 10^
1.0 x 10^
5.9 x 10,
9.2 x 10,
9.1 x 10,
9.2 x 10,
8.6 x 10,
9.1 x 10,
8.8 x 10,
9.0 x 10,
8.8 x 10,
8.8 x 10,
9.3 x 10?
1.3 x 10

Canister penetration after
500 000 years. Case 4

max

1.2 x 10~^
5.5 x 10"f
7.3 x 1 0 ,
4.0 x 10,
1.3 x 10";
1.4 x 10 ,
6.6 x 1 0 ,
5.1 x 10",
1.5 x 1 0 ,
7.1 x 10"f
5.2 x 1 0 ,
7.9 x 1 0 ,
6.3 x 10",
1.3 x 1 0 ,
1.5 x 10"J

T
max

2.4 x 10*
5.0 x 10^
5.0 x 10^
9.9 x 10i?
1.4 x 10j?
1.3 x 10^
1.3 x io£
1.3 x 10"
1.3 x io£
1.3 x 10"
1.3 x 10^
1.3 x io£
1.3 x 10°
1.3 x io!?
1.7 x 10°
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from the reactor, this contribution comprises 40% of the total
radium inflow. In the main case, the entire radium inflow stems
from U-238 (half-life 4 510 million years), which means that no
change is obtained with a later canister penetration.

Table 8-9 shows the maximum inflow of the postulated easily so-

Table 8-9. Maximum inflows to the primary recipient for initial canister

damage to one container according to the main case. Inflow is

given for gap activity (10 % iodine, 1 % cesium and 0.1 %

other nuclides) and for residual activity in the less soluble

uranium dioxide matrix.

Nuclide Dispersal according to main case

Leaching time 1 000 years
for gap activity

Leaching time 500 000 years for
uranium dioxide matrix

Cmax (Ci/year) Cmax Tmax

C-14

Zr-93

Tc-99

1-129

Cs-135

Ra-226

Th-229

Th-230

Pa-231

U-233

U-234

U-235

U-236

U-238

Np-237

Pu-242

1.4 x 10.-6

1.8 x 10.-10

5.3 x 10

5.7 x 10

2.7 x 10"

r6

,-9

2.7 x 10

7.4 x 10rlO

2.0 x 10

1.8 x 10"
r9

2.4 x 10

7.9 x 10"

,-10

1.1 x 10,-6

3.3 x 10,-9

1.1 x 10

4.4 x 10'

4.2 x 10'

f7

f8

-7

4.4 x 10

1.4 x 10'
r7

-7

6.7 x 10

1.5 x 10'

8.7 x 10'

r8

r7

-7

3.1 x 10J

2.9 x 10°

3.1 x 103

1.2 x 107

6.9 x 107

6.9 x 10

6.9 x 107

6.9 x 10'

6.9 x 107

6.9 x 107

6.9 x 107

luble fraction (10% iodine, 1% cesium and 0.1% others) to the
primary recipient for the calculation case with initial canister

In figure 8-11, the maximum inflow to the primary recipient is
presented as a function of the water transit time for the main
case data, and in figure 8-12, the same quantity is shown for the
pessimistic case data.

With the aid of the figures, it is possible to analyze not only
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Figure 8-11. Maximum calculated inflow to recipient area for different nuciides at varying ground-
water transit time. Retention factors as in the main case.

the sensitivity of the result to the groundwater velocity, but
also the differences between the main case and the pessimistic
case. In this way, the effect of the groundwater transit tine can
be isolated from the retention factors.

A more detailed analysis of these and several other calculation
cases is provided in /8-19/, where the case with initial canister
damage is also analyzed.
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Figure 8-12. Maximum calculated inflow to recipient area for different nuclides at varying ground-
water transit time. Retention factors as in the pessimistic dispersal case.

i ' I

8.5.4 Sensitivity analysis of GETOUT calculations

As has already been noted, the distribution of canister penetra-
tions in time has not been taken into consideration in the calcu-
lations. Nor have the organic complexing agents which have been
found in groundwater (see section 7.2.5) or the effects of the
statistical spread of the fissure widths (see section 7.3.6) been
taken into consideration. The influence of these factors on the
results in the main case and the pessimistic case are discussed
below.

I)ij5t£ib_ution_qf £anister_p£netrajtions i

As is evident from figure 8-8, curve A, full leaching rate is not
attained until after 500 000 years if the canister penetrations
are assumed to be uniformly distributed between 100 000 years and
500 000 years. The inflows which were used for the main case and
the pessimistic case are therefore slightly overestimated in re-
lation to the basic assumption that the service life of the ca-
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nisters is uniformly distributed. The size of the overestimation
varies for different nuclides and is dependent upon the dominant
half-life.

Many nuclides have long half-lives themselves or parent nuclides
with long half-lives in relation to the 400 000 years during
which the canister penetrations are assumed to occur. For these
nuclides, the maximum inflows assuming uniformly distributed
canister life will be the same as if the canisters had been
penetrated after 500 000 years, i.e. at the time when the full
dissolution rate is achieved according to curve A in figure 8-8.

Two nuclides, carbon-14 and technetium-99, decay more rapidly
than the dissolution rate increases. This means that a maximum
for radioactivity leached per unit time will be reached before
500 000 years. In the case of technetium-99, this maximum occurs
after approx. 400 000 years and in the case of carbon-14 much
earlier.

The maximum inflow of technetium, with the uniform distribution
of canister penetrations in the reference case and with the dis-
persal data in the pessimistic case, is 0.058 Ci per year. This
shall be compared with 0.21 Ci per year for the pessimistic cal-
culation case (case 3) and 0.055 Ci per year in case 4 - see
table 8-8. Owing to the relatively short half-life of carbon-14
(5 730 years), the maximum inflow of this isotope is completely
negligible with uniformly distributed canister penetrations. For
other nuclides in table 8-8, the corrections for uniformly dist-
ributed canister penetrations are negligible. See also the dis-
cussion concerning easily soluble elements in section 8.5.2.

£rganic £omp_lexing_agents

In groundwater at a depth of about 500 m, 0.5 milliequivalents of
fulvic acids per litre has been measured /8-20/. These acids
might act as complexing agents for heavy metals in the fuel,
whereby the solubility and thus the leaching rate of the fuel
could increase, and retardation decrease. See also section 7.2.5.

If it is cautiously assumed that one equivalent of fulvic acid is
sufficient to bind one mole of heavy metal, a concentration of
heavy metal complex in the groundwater corresponding to 120 g of
heavy metal per cubic metre is obtained at the given fulvic acid
level. It is shown in section 6.6 that a heavy metal concentra-
tion of 1 070 g per cubic metre groundwater gives a leaching time
of 1.8 million years. Thus, fulvic acid complex would at most be
able to reduce this leaching time by about 10% or to 1.6 million
years.

Since the calculations have been carried out with a leaching time
of 500 000 years, the possible effects of fulvic acids on the
leaching time are covered well by the calculation cases.

The retardation of the nuclides in the rock is assumed in the
GETOUT model to stem from ion exchange and adsorption processes
in which mainly positive ions partake. However, some of the nuc-
lides could conceivably migrate faster as neutral or negatively
charged complexes of fulvic acid.



; 234

i The most probable situation is that most of the fulvic acids are
: already bound to metals occuring natr ally in the groundwater
; '• (for example bivalent iron) and that complexes of the waste nuc-
i lides with hydroxide in particular are much more prevalent than
I I fulvic complexes /8-21/. In this case, the influence of the ful-
I vie acids on the transport of radioactive elements will be neg-
5. ! ligible.
£.'
1 I It may nevertheless be of interest to investigate the consequenc-
j, es of assuming conservatively, as above, that one equivalent of
• fulvic acid can bind one mole of heavy metal and that the retar-
| dation mechanism is rendered completely ineffective as regards
! the complex-bound heavy metal. If the fulvic acids form uniformly

strong complexes with the most important heavy nuclides in the
fuel - i.e. thorium, uranium, neptunium, and plutonium - then the
fulvic acids will suffice to transport at most 60 kg of these
nuclides during a period of 500 000 years. This results in the
maximum inflows of actinides given in table 8-10. The complex-

ly ~ ~ ~ ~ ~ - ~ ~ - — — — — — — — — — — —
Table 8-10. Maximum inflows of complex-bound heavy nuclides

: (Ci/year) to the recipient area. Dispersal scenario
as in the main case.

;• Nuclide Immediate canister penetra- Uniformly distributed
tion after 100 000 years canister life

Th-229 1.7 x 10"* 3.5 x 10"*
Th-230 1.1 x 10"f 1.4 x 1 0 ,
U-233 4.8 x 1 0 , 1.0 x 10"f
U-234 1.7 x 1 0 , 8.2 x 1 0 ,
Np-237 1.2 x 1 0 , 1.0 x 10~f
Pu-239 2.2 x 1 0 , 1.5 x 10~l
Pu-240 4.1 x 10~r 6.9 x 10 ;?
Pu-242 1.6 x 10 7.5 x 10

bound fraction of actinides can be assumed to migrate with the
speed of the water and the dose contributions from this fraction
are added to the contributions''from iodine-129 at the same time.

Even with very conservative assumptions concerning the chemical
behavious of the fulvic acids with respect to the heavy metals, a
maximum individual dose of 3 mrems/year is obtained (see also 8.6
and table 8-21).

DisjtersJLon

Dispersion phenomena in the rock are discussed in section 7.3.6.
It is mentioned there that a retarded nuclide may reach the reci-
pient area after 207. of its mean transit at a concentration cor-
responding to 5X of its maximum concentration. In the pessimistic
case, the inflow is not affected to any appreciable extent, since
the transit times of most of the nuclides are relatively short in
relation to their half-lives. An exception in this respect is
plutonium-239, which, owing to more rapid transport in wide fis-
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sures, can achieve an inflow of max 5 x 10 Ci/year if all ca-
nisters are assumed to be penetrated at once. In the event of
uniformly distributed canister life, the inflow will be consider-
ably lower.

In the main case, many nuclides decay to a very considerable ex-
tent. Among the fission products, this is true for zirconium-93,
technetium-99 and cesium-135. In the case of the more important
plutonium isotopes, their transit times are so long in relation
to their half-lives that they decay virtually completely, despite
the fissure width dispersion. The inflow of radium-226 and thori-
um-230 derives in the main case exclusively from uranium-238,
which has such a long half-life that an earlier inflow does not
increase the levels. As regards the decay chain neptunium-237 -»•
uranium-233 -*• thorium-229, fissure width dispersion leads to an
increased inflow compared to the main case (figure 8-9).

The retention time distribution for the fissure width dispersion
given in /8-22/ and the parametric study of groundwater transit
time presented in figure 8-11 have been used as a basis for esti-
mating the maximum inflows due to dispersion phenomena. Table
8-11 gives the results for those nuclides which are significantly
affected. The results are compared with the main case maximum in-
flows with no regard to dispersion.

Table 8-11. Comparison of the maximum inflows (Ci/year) with
and without regard to fissure width dispersion for
the main case.

Nuclide With fissure width dispersion Without fissure width
dispersion

Zr-93

Tc-99

Cs-135

Th-229

U-233

Np-237

Pu-242

3 x 10

3 x 10

7 x 10"

r7

-3

2 x 10,-5

2 x 10

3 x 10
r5

-5
1 x 10k

-5

1.7 x 10
,-5

3.0 x 10

1.3 x 10,-n
3.9 x 10

.-12

3.3 x 10.-12

It should be pointed out that if the width of the chromatograph-
ic peaks is very small in relation to the transit time of the
nuclides (see figure 8-9), a significant lowering of the height
of the peaks is obtained due to the broadening of the peaks
caused by dispersion. This has not been taken into account in
table 8-11.
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f •
• It should be further noted that the radial dispersion (perpendi-
I • cular to the direction of flow) has not been included in any cal-
f•• culations or estimates. However, tracer tests at Studsvik /8-23/
•; indicate that radial dispersion in rock is considerable. If this
S: dispersion were included, the inflows would be lower than those
f which are reported.

;i 8.5.5 Results of BIOPATH calculations

! The calculated maximum radiation doses to individuals in a so-
called "critical group" and the maximum collective annual dose

t are given in tables 8-12 through 8-17. Predominant paths of ex-
•• posure are also given in each table. The tables pertain to the
| following calculation cases:

i,(' Table Case in table 8-8 Primary recipient

8-12
13
14
15
16
17

Main case
ii

ii

Pessimistic case
it

II

1
1
1
3
3
3

Well
Lake
Baltic Sea
Well
Lake
Baltic Sea

Radiation doses are not reported here for cases 2 and 4 - but see
/8-24/, which also contains results from several other cases.

The following conclusions can be drawn from tables 8-12 to
8-17:

in the well case, drinking water comprises the dominant path
of exposure for most nuclides. However, fish is the most im-
portant source for cesium-135 and meat is the most important
source for carbon-14 and iodine-129
in the lake case, fish consumption or drinking water is the
most important path of exposure
in the Baltic coastal zone, the exposure situation is gene-
rally dominanted by fish consumption. As regards thorium-
229, external exposure from fishing tackle and beach activi-
ties is responsible for most of the radiation dose

- different paths of exposure can dominate depending on wheth-
er the nuclide is carried out by groundwater from the repo-
sitory or is generated via the decay of a long-lived parent
nuclide which has already reached the biosphere (see e.g.
Ra-226 and Th-229)

- for a given nuclide, the maximum dose to the critical group
and the maximum collective annual dose to the population art>
often obtained at different points of time. Moreover, the
dose to the critical group is often heavily dependent upon
the type of inflow.

Calculations /8-24/ have also shown that:

in the case of initial canister damage, iodine-129 and car-
bon-14 dominate with regard to both dose to critical groups
and dose to population
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Maxima annual individual and collective doses with dominant pathB of exposure. Inflow as in the
•ain case according to 8.5.2. Primary recipient - well.

t

Nuclide. Max. ind.
annual dose
rent/year

Predominant paths of exposure

1 : 2 z

C-14
Tc-99
1-129
Cs-135• ,
*x-226?>
ta-226°{

Th-230
Pa-231
U-234
0-235
U-236
U-238
Hp-237

5.2 x 10-J°
8.2 x 10"*
4.2 x 10 *
6.8 x 10'°
5.2 x 1 0 ,
4.4 x Up?
2.4 x 10 *
2.3 x 10 I
4.9 x lO"?
3.3 x 10 I
2.6 - 1 0 ,
5.7 x 10:J
3.2 x 10-13

1.0 x 10?
3.0 x 10,
1.0 x 10,
1.2 x lOj
6.9 x 10.
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10'
7.0 x 10'

•eat
water
•eat
fish
watei
watei
watei
watei
wate
watei
wate:
wate:
wate:
wate:

64
50
52
65
59
35

100
88
99
83
83
83
83
78

fish
•ilk
water
water
•ilk
fish
fish
neat
fish
•eat
•eat
•ea
•eat
•eat

30
46
26
14
36
23
3 x 10"'
10
1
9
9
9
9

17

water
fish
milk
meat
fish
milk
milk
veget.
meat
milk
milk
milk
•ilk
veget.

Max.colI. Time
annual dose
manrems/year years

3
2

20
13
2

20
2 x Hf
3

2 . 10"
3
3
3
3
2

5.0
4.9
1.7
1.5
1.1
1.2
2.2
1.3
1.4
1.2
4.2
3.9
2.3
8.0

xio:*
x 1O'S

* fj?"i2
x 10,
x loi
x 10

xlo?
x lO~i

, {£
x!S:"

1.1
3.2
5.8
1.2
6.9
6.9
6.9
6.9
6.9
6.9
1.1
6.9
7.2
7.0 i

;

*io;
K 10'.K ldi
K lOi
K 10,
, 107

, 10'
, 10?
, 1 0 *
, 107

• u
< 10

Table 8-13. Maximum annual individual and collective doses with doninant paths of exposure. Inflow as in the
nain cane according to 8.5.2. Primary recipient - lake.

Nuclide Max. in*,
annual dose
rens/year

Predominant paths of exposure

1 1 2 X

Max.coll. Time
annual dose

is/year years

C-14
Tc-99
1-129
Ca-135
Ra-226

Xa-2261

Th-230
Pa-231
U-234
U-235
U-236
U-238
Np-237

Ra-226h 4.3
Ra-226" 4.4 10.;

-10 1.0 x 10?
3.0 x 10c
1.0 x 10,
1 1 — 1ft'

6.7
6.9
6.9
6.9
6.9
A.9
6.9
6.9
6.9
7.0

10'
107

107

107107

107

107

107

107

107107

fish
•ilk
meat
fish
water
water
water
water
water
water
water
water
water
water

91
55
57
91
52
55
100
99
99
57
57
57
57
50

meat
fish
•ilk
water
fish
fish
fish
fish
fish
fish
fish
fish
fish
fish

9
42
22
9

2*
23
3 x lo"
1
1

33
3V
13
33
29

•ilk
neat
fish
meat
milk
milk
milk
meat
meat
neat
neat
neat
neat
neat

3 x 10
1

20
9 x 10'
21
20
2 x 10'
1 x 10'
2 x 10'
«
8
8
8
16

5.0
4.9
1.7
1.5
1.1
1.2
2.2
1.3
1.4
1.2
4.2
3.9
2.3
8.0

10

1.1 x 10?
3.2 x 10*
5.8 x 10,
1.2 x 10,
6.7 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 1O'
1.1 x to!
6.9 x 10,
7.2 x 10,
7.0 x 10

Maximum annual individual and collective doses with doninant paths of exposure. Inflow as in the
•ain case according to 8.5.2. Prinary recipient - Baltic sea.

Max.ind
annual dose
reas/year

Predominant paths of exposure

1 Z 2 *

Max. coll . Time
annual dose
manrens/year years

C-14
Te-99
1-129
Ci-135.
R.-226S
IU-226"
Ra-226 '
Th-230
Pa-231
U-234
U-235
U-236
U-238
Hp-237

3.1 x
1.0
1.0
2.2
7.0
3.0
7.3
1.9
1.1
1.3
9.9
2.2
1.2
1.2 in «

1.0 x V>1
3.0 x 10°
1.0 x 10,
1.2 x 10,
6.7 x 10,
6.9 X 10'
6.9 x 10'
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
6.9 x 10,
7.0 x 10'

fish
fish
fish
fish
fish
fish
fish
fish
fish
fish
fish
fish
fish
fish

98
99
100
100
100
90
98
100
100
100
91
100
100
100

meat
nilk
•eat
beach
veget.
fish.tackle
fish.tackle
veget.
veget.
veget.
fish.tackle
vec.et.
veget.
fish.tackle

2
1
4 x 10
1 x 10"
7 x 10"
9
2
9 x 10"
4 x io";
4 x 10"'
6
4 x io":
4 x 10 :
2 x 10"

-1
milk 5 x
fish, tackle 2 x 10'
milk 2 x 10";
fish, tackle 4 x 10 ,
fish, tackle 2 x 10"J

beach
beach ,-15 X 10

4 x 10 '

5
4
1
8
1
1
1
9

.0

.8
7
1
1
1
7
7

2.0 1
8
5
3
2
1

2 1
5 1
9 1
3 1
3 1

«io-J

:Sl
; 1 0 »
( 1O~I
.10" !
t l 0 - 2i 10:?
t 10*"f
1 i°:u
1 1 0 M

1.1
3.3:
6.1 ]
1.3 i
6.7 i
6.9 1
6.9 1
6.9 1
6.9 )
6.9 a
1.0 a
7.0 a
7.2 a
7.0 a

« " .
,10*
.io|
t 107

1 ID'
( 10,
c 10,
10?
107

10!
101

IS7

a) Refers to the Ka-226 which reaches the biosphere directly via the groundwater froM the repository.
b) Refers to the Ra-226 which is generated by tl.t decay of Th-230 in the biosphere.
c) Refers to the Ra-226 which is generated by th> decay chain U-23«-»Th-230-* Ra-226 in the biosphere.
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Maxiaua annual individual and collective dotes with dominant pacha of expoaure. Inflow as in the
pessimistic caae according to 8.5.2. Prinary recipient - well.

Max.ind.
annual doae
rens/year

Predominant paths of exposure

1 1 2 Z

Max. coll. Tiae
annual dose
•anreau/year years

C-14
Zr-93
Tc-99
1-129
Cs-135 ,
R»-226*>
U-226*
R»-226C)

Th-229*
Th-230
Pa-23l
U-233
U-234
U-235
[1-236
U-238
Hp-237
Pu-242

6.. x 10-J°
3.* x 10 f
9.9 x 10 f
4.2 x 10*5
9.9 x 10,
3.4 x 10,
2.5 X 10 f
4.1 x 10 ,
1.3 x 10?
9.2 x 10 ,
1.4 x 10~i
3.7 x 10 f
9.7 x 10 I
S.2 x 10 *
3.1 X 10 ?
5.4 x 10 7
3.9 X 10"!
1.6 x 10 T
5.6 x 10 *

1.0 x 10?
2.4 x 10?
1.0 x 10?
1.0 x 10,
5.9 x 10*
9.2 x 10?
1.2 x 10°
8.8 x 10.
9.1 x 10?
1.1 x 10?
9.2 x 10?
8.6 x 10?
9.2 x 10?
8.8 x 10?
9.0 X 10?
1.0 X 10?
9.4 x 10?
9.3 X 10?
1.3 x 10*

aeat
wace
wate
ueat
fish
wate
wate
wate
wate
wate
wate
wate
wate
wate
wate
wate
wate
wate
watei

64
r 99
r 50

52
65

c 59
r 55
r 100
r 87
r 100
r 88
c 99
r 83
r 80
r 83
r 83
r 83

78
99

fish
fish
ailk
water
water
•ilk
fish
fish
•eat
beach
meat
fish
•eat
•eat
•eat
•eat
•eat
•eat
aeat

30
2 x 10'
46
26
14
36
23
3 x 10
10
5 X 10'
10
1
9
9
9
9
9

2 x 10'

_, water
meat
fish
milk
•eat
fish

..milk
milk

•1 veget.

3 x 10'
2
20
13
2
20
2 x 10'
3

fish.tackle 5 x 10"2

veget.
•eat
milk
milk
milk
milk
milk

tveget.
fish

"12 x 10'
3
3
3
3
3

2 x 10"1

6.7 x 10 ,
2.3 x 1 0 ,
5.6 x 10,
1.7 x 10*,
2.0 x 10~*
7.5 x 10T
6.5 x 10*
3.3 x 10?
1.8 x 1O1,
9.1 x 1 0 ,
6.6 x 10"'
9.1 x 1 0 ,
3.1 x io":

1.9 x 10 i
1.8 x 10 ,
3.0 x ,10 *
1.9 x 1 0 ,
7.0 x 10"'
1.7 x 10°

1.1 x 10?
2.5 x 10?
3.9 x 10*
5.8 x 10?
6.6 x 10?
9.2 x 10?

9.6 x 10|

I'.Z x 10?
1.6 x 10?
1.3 x 10?
1.3 x 10*
1.3 x 10*
1.3 x 10?
3.9 x 10*
1.4 x 10?
1.4 x 10*

Table 8-16. Naxiaua annual individual and collective doaea with doaiinant paths of exposure. Inflow as in the
pesaiaistic case according to 8.5.2. Priaary recipient - lake.

Max.ind.
annual dose
reas/year

Tiae Predoainant patha of exposure

years 1 J 2 Z

Max. coll. Tiae
annual dose
•anreas/yeer years

C-14
Zr-93
Tc-99
1-129
Ca-135,
**-226*{
«»-226»>
Ra-226c)

Th-229,,.
Th-229d)

Th-230
Pa-231
U-233
0-234
D-235
U-236
U-238
Hp-237
Fu-242

2.3 X 10-J°
3.4 x io;|
3.6 x 10_f
1.0 X 10 ?
7.2 x 1 0 ,
2.8 x 10"|
2.5 x !0"f
4.1 x 10"!
7.7 x 10"?
9.2 x 10"7
1.1 x 10 I
3.7 x 10"*
5.7 x 10 !
3.1 x 10 *
1.1 x 1O.J
3.2 x 10 *
2.3 x 10 |
8.7 x 10"?
5.6 x 10**

1.2 x :
8.8 x :
9.1 x in.
1.1 x 10?
9.2 x io:
8.6 x 10?
9.2 x 10?
8.9 x 10?
9.0 x 10?
1.0 x 10°
9.4 x 105

9.3 xlO%
1.3 x 10"

fish
water
•ilk
•eat
fish
water
water
water
beach
water
water
water
water
water
water
water
water
water
water

91
99
55
57
91
52
55
100
73
100
99
99
56
57
57
57
52
50
99

aeat
fish
fish
ailk
water
fish
fish
fish
fish.tackl
beach
fish
fish
fish
fish
fish
fish
fish
fish
•eat

9
2 x
42
22
9
24
23
3 x

e21
Sx
1
1
32
33
33
33
33
29
2 x

10"1

10"1

10"1

lO"1

ailk
aeat
Beat
fish
•eat
•ilk
ailk
ailk
water
fish.
•eat
•eat
•eat
•eat
•eat
•eat
aeat
•eat
fish

3 I
3 x
1
20
9 x
21
20
2 x
4

tackles x
1 X
2 x

16
2 x

10 ,
io"z

10 *

10*1

*°-?
10 1
10 '

10"'

6.7
2.3
5.6
1.7
1.9
7.5
6.5
3.3
1.8
9.1
6.6
9.1
3.1
1.8
1.8
3.0
1.9
8.8
1.7

x
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

10
10"

: i.i x
. 2.5 x

lOT* 3.9 x
10*, 5.8 x
10"* 6.6 x

10°
10*

10°
10l

1<C
10"

w?10
10"
10"
10T
10"
10"

10°

9.2 x
1.2 x
1.3 x
9.6 x
1.3 x
1.2 x
8.6 x
1.3 x

; 1.3 x
i.3 x
1.3 x
3.9 x

1 1.4 x
1.4 x

lo*
'-
10?

IOI10*
10*

106
10*
io|

10*
10*

to*
10*
to*
to*

Haxi»uM annual individual and collective doses with doainant paths of exposure. Inflow as in the
pessiaistic caae according 8.5.2. Priaary recipient - Baltic sea.

Nuclide Max.ind.
annual dose
reas/year

Ti»e Predoainant patha of exposure

years 1 Z 2 Z

Hax. coll. Tiae
annual dose
manrcas/year years

C-14
Zr-93
Tc-99
1-129
Ca-135,,
Ra-226~{
U-226"
«a-226c)

Th-229«
Th-22910

Th-230
Pa-231
U-233
U-234
U-235
U-236
U-238
Mp-237
fti-242

4.4
9.8
2.3
1.0
3.2
4.6
1.6
1.2
8.1
2.0
1.4
7.4
3.7
2.0
1.3
1.8
1.4
5.9
3.3

X

X
X

x
X
X
X
X
X
X
X
X
X
X
X
X
x
X

io:12

10 *
to"!
i°:2
io_:
10"J
10**
10"!
10**
10"'
io ;

10-7
10 '

IO z10*
l0-7
10"2
l»lj
10 "

1.0
2.1
1.0
1.0
5.9
9.1
1.2
8.7
9.6
9.6
9.2
8.5
9.2
8.8
9.0
8.8
8.8
9.3
1.3

X
x
X
X
X
X
X
X
X
X
X
X
X
x
X
X
X
X
X

10*
10*
10*

•-
10*
10*
10*
10*
10*
10*;
10?
10?
10j
IK

10?
10*

*°6
10*

fish
fish
fish
fiah
fish
fish
fish
fish
fish.
fish.
fish
fiah
fish
fish
fish
fish
fish
fish
fish

98
65
99
100
100
100
90
98

tackle 89
tackle 90

100
100
100
100
91
100
100
100
100

•eat
fish.tackle
•ilk
aeat
beach
veget.
fish.tackle
fish.tackle
beach
beach
veget.
veget.
veget.
veget.
fiah.tackle
veget.
veget.
fiah.tackle
water

2
26
1

4 x
1 X
7 x
9
2
10
10
9 x
4 x
4 x
4 x
6
4 x
4 x
2 x
1 X

10*}
10-i
10 3

wZl
li-2
io;
10

10 9
10"?
io"i
10"*

ailk
beach
fish.
ailk
fish.
fish.
beach
beach
fish
fish

beach

beach

5 x
9

tackle 2 x
2 x

tackle4 x
tackle2 x

1
5 x
1
1 X

3

4 x

10

10
10
10
10

10

10

10

-3 -1

9.2 x ufj
1.5 x 10 f
5.5 x lOT
1.7 x 10*,
4.5 x 10'
7.5 x 10'
6.4 x 10?
1.6 ,. 10"
4.1 x 10 *
6.4 x 1 0 *
6.9 x 10 ,
1.3 x 10 ,
1.9 X 10 *
1.2 x 10"i
1.6 x 10 f
2.4 x 10 *
2.0 x 1 0 ,
6.9 x 10"*
1.8 x 10-2

1.0 x io|
2.5 x 10*
3.9 x 10?
5.9 x 10?
1.1 x 10?
9.2 x 10?
1.2 x 10?
1.4 x 10*
9.5 x 10?
3.4 x 10?
9.2 x 10?
8.7 x 10?
1.4 x 10?

?
1.4
1.3
2.7
1.4
3.2
1.4
1.7

a) Refers to the Ra-226 which reachea the biospherf directly via the groundwater froa the repository.
b) Refers to the Ra-226 which is generated by the decay of Th-230 in the biosphere.
c) Refers to the Ra-226 which is generated by the decay chain U-234-»TK-2M-.Ita-226 in the biosphere,
c) Refers to the Th-229 which is generated by the decay of U-233 in the biosphere.
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in the case of slow canister degradation with leaching over
a long time span, radium-226 and, in most cases, iodine-129
are responsible for a considerable portion of the dose to
critical groups and the collective dose to populations.

The results of the radiation dose calculations are further ana-
lysed in section 8.6.

8.5.6 Calculation verification

The most important results from the computer runs with the pro-
grams mentioned in figure 8-7 have been checked in different
ways. As was reported above (section 8.2), the source strengths
have been checked against two other computer programs. A simple
but effective verification of the maximum individual radiation
dose from individual nuclides can be obtained as shown in table
8-18.

On the basis of the source strengths obtained from the tables in
/8-3/, the inflows to the primary recipient are calculated with

Table 8-18. Table of simplified calculations of radiation doses to nearby
residents for a number of nuclides.

c l* Tc 99 I 129 Cl 135 U 238 Up 237

Source strength (10 000 ton-
nes) at csnister failure (Ci) 3.0 x 10**'

leaching tiae 500 000 years .
(outflow froa repository)] 6.0 x 10
(Ci/year)
Total transit tie* for nucli-
des (retention fector x water ,
transit tiae) (years) 3.0 x W *

1.03 x 109

0.21

2.9 x 106

3.B x 10*

7.* x 10"*

3.0 x 103

2.5 x 103

4.9 x 10"3

1.2 x 107

3.1 x 103

6.2 x 10"3

6.9 x 107

1.1 X 10

2.2 x 10"2

6.9 x 107

Retardation (half-lives) 0.52 13.1 32.*

Inflow to recipient (Ci/year) 4.2 x 10 1.5 x 10"'
Inflow according to GETOUT « ,
(Ci/year) 3.4 x 10 1.7 x »"•

To recipient area 50 X . .
(Ci/year) 1.7 x 10"" 8.5 x 1O"*

Recipient WELL .
- dilution (HVyear) , 5 x 10* ,.
- concentration (Ci/aO 3.4 x 10""

Path of exposure MEATb)
- relative importance (X) 63 ,,«) 49 .,
- level (Ci/kg) 6.2 X 10 " 1.7 X 10 "

WELL ,
5 x 10s .
1.7 x 10"

WATER c>

7.6 x 10

7.5 x VT1

WILL ,
5 x 10 s

,-107.6 x 10

WATER
2 * - I S
7.6 x 10 1 3

Intake (Ci/yeer) 2.8 x 10 ' 7.5 x 10 ' 3.3 X 10.-10

3.0 x 10

3.0 x 10"1

LAKE " ,
2.5 x 10,
6.0 x 10*'

FISK*

1.2 x 10 '

6.0 x 10"1

,-36.2 x 10

HELL -

5.6 x 10 '

WATER
8 3 -ts
5.6 x 10 1 2

2.5 X W 9

3.9 x 10 '

3.3 x 10"

WELL ,
5 x 105 .
3.4 x 10

WATER

1.5 x 10,-18

Dose conversion fsctor
(re«/Ci)
Individual dose (rest/year)
Total individual dose
(incl. other paths of
exposure) (res/year)

Calculation with 1IOFATH
(rea/year)

9.9 x 102 5.5 x 102

4.4 x 10,-X0

5.2 x 10,-10

4.1 x 10"

8.4 x 10 '

8.2 X 10 '

3.4 x 10*

1.1 x 10*1

4.2 X 10

4.2 x 10

7.3 x 103 1.14 x 10S 2.0 x 105

4.4 x VT

6.7 x U P

6.8 x VT

2.8 x VT

3.4 x 10

3.0 x 10

3.8 x 10"1

3.4 x 10"1

.-13

a) exposure via fish treat lake (6S X) and via well water (35 X)
b) consumption 45.6 kg/year, cattle take up carbon-14 through grazing and drinking
c) conauaption 440 I/year
d) consumption 50 kg/year
e) uptake factor 1
f) concentration factor 2 000
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the aid of the leaching rate and the nuclide transit time. The
values can now be compared with corresponding values from the
GETOUT model. All nuclides in the table exhibit good agreement
with the GETOUT model.

The inflows and the dilution volume in the recipient determine
the concentration and the intake per year. The relative import-
ance of the paths of exposure /8-24/ and the dose conversion fac-
tor /8-24/ determine the size of the individual dose (weighted
whole-body dose). The calculation result is then compared with
the BIOPATH model, table 8-12.

8.5.7 Dispersal calculations for final storage of the fuel's metal
components

During neutron irradiation in the reactor core, the fuel's metal
components are activated. The source strength for the nuclides
which are sufficiently long-lived to remain in significant quan-
tities 10 years after discharge from the reactor are reported in
section 8.2.

Immediately after discharge from the reactor, the radioactivity
of the fuel is dominated by short-lived radionuclides such as
cobalt-60, especially in those parts of the fuel which are made
of stainless steel. But these nuclides have such short half-lives
that they are of no importance for safety in the final reposito-
ry.

In the period of time from a few decades up to around 1 000 years
after discharge from the reactor, the radioactivity of the metal
components is dominated by nickel-63. The half-life of nickel-63
is around 100 years, which means that it decays virtually com-
pletely in 1 000 years.

Besides cobalt-60 and nickel-63, the metal components contain
significant quantities of nickel-59 (half-life 80 000 years),
zirconium-93 (half-life 1.5 million years) and carbon-14 (half-
life 5 735 years). The two last-named nuclides are mainly con-
centrated in the zircaloy boxes around the fuel assemblies from
BWR reactors, while nickel-59 is found mainly in Xnconel and
stainless steel.

Zirconium-93 possesses low radiologic toxicity. There is a total
of about 1 000 Ci in the metal components in the repository. In
the well case, this radioactivity gives rise to a maximum of 0.01
mrem per year to the critical group if the dissolution time is
10 000 years.

The amount of carbon-14 in the metal components corresponds to
approximately 60Z of the amount in the rest of the fuel. Carbon
is assumed to form easily soluble compounds which migrate with
the velocity of the groundwater.

As is evident from section 6.10.5, the dissolution time is at
least 2.5 million years, even with unfavourable assumptions. The
final repository for metal components contains approximately
25 000 Ci nickel-59. Thus, a maximum of 0.01 Ci/year of the iso-
tope is dissolved. The retention factor for nickel in granitic
crystalline rock has been calculated on the basis of sorption
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measurements /8-21/ to be 6 100 (see table 7-2). With a ground-
's water transit time of 400 years, the nuclide transit time for
• nickel is 2.4 million years, which corresponds to 30 half-lives.
; On the basis of these assumptions, the inflow to the primary re-
;«/ cipient will be at most 9.3 . 10~*2 Ci/year. If the nuclide
i : transit time is assumed to be only 40 years, the inflow will be
r, 1.3 . 10~3 Ci/year.

) As is pointed out in section 8.6.3, the radiation doses from the

• final storage of metallic fuel assembly components are low.

: 8.6 CONSEQUENCE ANALYSIS

8.6.1 Probable sequence of events

The calculations and analyses of the life of the copper canister
carried out in chapter 8 show that the canister can be expected
to have a service life of more than one million years. During
this period of time, most of the radioactive elements in the
spent fuel decay. During the period of time after one million
years, the radiotoxicity of the fuel is dominated by decay
products of uranium, primarily radium-226. This means that, with
the stated service life of the copper canister, the consequences
of the final storage of the spent fuel will not be worse than the
consequences of the storage of an equivalent amount of uranium-
dioxide which has not been irradiated in any reactor. An excep-
tion from this rule is the release of iodine-129, which, even
after one million years, can give rise to a certain dose in the
biosphere if it is dispersed via groundwater. But this dose does
not exceed 0.4 mrem per year in the well case. The dispersal of
iodine-129 proceeds much faster than the dispersal of uranium,
thorium and radium. The calculated doses from iodine-129 are,
however, considerably lower than those from radium-226.
If the copper canister is assumed to have a shorter life than one
million years, dispersal of radioactive elements could start
earlier. However, the chemical environment in the final reposito-
ry is such that dissolution of the fuel can be expected to pro-
ceed extremely slowly. Locally, radiolysis caused mainly by alpha
radiation can occur, but only in an area in the immediate vicini-
ty of the canisters. Otherwise, chemical conditions in the rock
are such that the solubility of actinides is extremely low. See
chapter 3. Furthermore, the buffer mass is very impervious, which
means that material transport is controlled by diffusion. Even
with cautious assumptions, the calculated time required for the
dissolution of all of the uranium in a canister is millions of
years. Under such circumstances, the consequences will still be
equivalent to those obtained from the storage of unirradiated
uranium. Iodine-229 can still give rise to certain early radia-
tion doses which could not be obtained from unirradiated uranium.

Thus, the copper canister and the buffer mass constitute conse-
cutive barriers to the dispersal of the radioactive substances in
spent nuclear fuel for virtually an unlimited period of time to
come. At the same -ime, they are to a certain extent redundant
barriers, since the buffer mass prevents rapid dispersal even if
the copper canister should be penetrated.
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i- 8.6.2 Consequences of dispersal from final repository for fuel

; In evaluating the safety of the final repository, it is necessary
; to study the consequences of various courses of events which are
; less favourable than the most probable. Such courses of events
r include penetration of the canister at some given point in time
I and a relatively more rapid dissolution of the waste substances
i than is most probable.

' As is reported in chapter 5, a group of corrosion experts have
' concluded that it is realistic to expect a service life of hund-
\ reds of thousands of years for the copper canister, with the ex-

ception of one expert, who is of the opinion that a service life
of more than 1 000 to 10 000 years cannot be ensured.

The basic assumption in the calculations is that the first ca-
nisters start to be penetrated after 100 009 years and that the
process of canister penetration then continues at a constant rate
for 400 000 years.

Leaching-out of the fuel in a damaged canister is assumed to take
500 000 years. This assumption is justified in sections 6.6 and
8.5.2. Certain approximations of this reference case have been
necessary in the calculations - see section 8.5.2.

With the assumptions of the reference case concerning canister
penetration and leaching time, two different dispersal scenarios
have been analyzed. The first, which is referred to as the main
case (calculation case 1 in 8.5.2), assumes a water flow time
from the repository to the biosphere of 3 000 years combined with
a best estimate hypothesis concerning retention factors. The
second case (calculation case 3) is referred to as the pessimis-
tic case and assumes a water transit time of 400 years and more
conservatively calculated retention factors. Calculation cases 2
and 4 correspond to the above-mentioned two cases 1 and 3, but
with an assumed canister life of 500 000 years (see section
8.5.2).

The results of these calculation cases and the effects of diffe-
rent variations in the basic assumptions are discussed below.

The improbable cases with initial canister damage and an extreme-
ly rapid commencement of canister degradation are analysed sepa-
rately.

Finally, the influence of complexing agents in the groundwater
and the importance of dispersion resulting from burying fissure
widths in the rock are discussed.

Mainjcase,

Figure 8-13 shows the calculated individual doses for the so-
called "critical group" (nearby residents) which are assumed to
live in the vicinity of the repository and take their drinking
water from a well located nearby. It should be noted that the
figure has logarithmic scales on both axies. During the time
period from 100 000 to 1 million years, when the breakdown of the
canisters and dissolution of the fuel are under way, the ra-
diation dose has been calculated to be less than 0.5 mrem/year.
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Figure 8-13. Calculated individual doses for critical group (nearby residents) for the main case
with a well as the primary recipient.
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Figure 8-14. Calculated individual doses to critical groups (nearby residents) for different prinutry
recipients. Mam case.
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Table 8-19. Maximum calculated individual doses to critical group for main case.

Nuclide

C-14

Tc-99

1-129

Cs-135

Ra-226

Th-230

Pa-231

U-234

U-235

U-236

U-238

Np-237

Time
(years)

1.0 x 105

3.0 x 106

1.0 x 105

1.2 x 107

6.9 x 107

6.9 x 107

6.9 x 107

6.9 x 107

6.9 x 107

6.9 x 107

6.9 x 107

7.0 x 1O7

Maximum total dose
Time for maximum
total dose

Well:
maximum dose
(rem/year)

5.2 x 10" 1 0

4.2 x 10~4

4.2 x 10"*

6.8 x 10"6

9=8 x 10"3

2.3 x 10~4

4.9 x 10~4

3.3 x 10"4

2.6 x 10"5

5.7 x 10"5

3.2 x 10~4

3.4 x 10"13

0.011 rem/year

69 million years

Lake:
maximum dose
(rem/year)

1.7 x 10" 1 0

1.9 x 10"5

1.9 x 10"5

4.9 x 10"6

4.6 x 10"3

4.6 x 10"5

4.9 x 10"4

1.9 x 10"5

1.5 x 10™6

3.4 x 10"6

1.9 x Ui~5

1.5 x ID"14

0.005 rem/year

69 million years

Baltic Sea:
maximum dose
(rem/year)

3.1 x 10" 1 2

1.0 x 10~7

1.0 x 10"7

2.2 x 10"8

3.0 x 10"5

1.9 x 10"7

1.1 x 10"7

1.3 x 10"7

9.9 x 10"9

2.2 x 10"8

1.2 x 1O"7

1.2 x 10"16

0.00003 rem/year

69 million years

The dose stems primarily from iodine-129, which is not retarded
in the rock. After more than 10 million years, cesium-135 has
been calculated to give rise to a radiation dose of around 0.007
mrem/year. The largest doses for the reference case are not ex-
pected to occur until after 70 million years, with a total dose
of around 10 mrem/year.

Figure 8-14 shows the calculated doses if the primary recipient
is instead a lake or the Baltic Sea. The maximum doses in these
cases are around 2 (lake) and 330 (Baltic Sea) times lower than
in the well case.

Table 8-19 gives the maximum calculated individual doses to the
critical group (nearby residents) for the three recipients and the
times at which these doses are expected to occur. A breakdown is
made according to important contributing nuclides. The importance
of different paths of exposure is discussed in greater detail in
section 8.5.5.

Radium-226 dominates completely for all recipients. In the well
case, it dominates by a factor of around 20 over each of the
nuclides protactinium-231, thorium-230, uranium-234 and uranium-
238, which are all roughly equivalent in terms of radiation dose.
In the lake case, radium-226 dominates by a factor of around 10
over the next nuclide, protactinium-231. For the Baltic Sea, this
dominance is by two orders of magnitude.

The reason for this dominance is the assumption of a heavy local
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precipitation of thorium-230 and a slow resuspension and disper-
sal. This also explains why the dose in the lake case is only
around a factor of 2 lower than in the well case.

If it is assumed that canister degradation starts after 500 000
years (calculation case 2) and proceeds over a period of 400 000
years, the maximum inflows for dominant nuclides - and thereby
the doses as well - are roughly equal to those in calculation
case 1 (see table 8-8). An even longer canister life does not re-
duce the doses appreciably, since they are determined by the re-
pository's content of uranium-238, with a half-life of 4 510 mil-
lion years, and its daughter products, especially radium-226.

J?e£simLst ic dijy>ers_a_l

This case differs from the main case only with respect to the
water transit time (400 years) and more conservative retention
factors.

Figure 8-15 shows the calculated individual doses for the criti-
cal group (nearby residents) with a well next to the repository
as their source of water. In this case, the dose is concentrated
to the period from 100 000 years to around 3 million years fol-
lowing deposition. With these conservative assumptions, the
maximum radiation dose is 70 mrem/year. The dominant nuclide is
radium-226, followed by thorium-229, neptunium-237 and protacti-
nium-231.

Radiation doM
(rams/year)
1

10"

,-3-10'

io~*-

10~5-

10~6

102 103 10* 106 10* 10'
Timt aftar dapmition in final
rtpotitory (yaara)

Figure 8-15. Calculated individual doses for critical group (nearby residents) for the pessimistic
case with a well as the primary recipient.
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An increase of the canister life with degradation beginning after
500 000 years does not lower the doses appreciably in this case
either.

£atiister_damag_e

In view of the inspection and quality control measures which will
be adopted in connection with canister fabrication, the probabi-
lity of initial canister damage is judged to be very low. But in
order to illuminate the consequences of such an event, a case
with initial damage to one canister has been analysed. The re-
sults are illustrated in figure 8-16 and compared with the con-
sequences of the slow degradation of all canisters in the main
case. The maximum individual dose is caused by iodine-129, which
appears after 3 300 years and is calculated to be 0.003 mrem/year
in the well case (see table 8-20). The contributions from the re-
tarded heavy nuclides, which are dominated by radium-226, are
around 0.001 mrem/year and are scarcely visible in figure 8-16.
For the pessimistic dispersal case, the contribution from iodine
is nearly the same and the contribution from radium-226 is
l/7000th of the radiation dose from the entire repository, i.e.
around 0.01 mrem/year. Plutonium-239 and other relatively short-
lived nuclides decay virtually completely in the bedrock.

Radiation dose (ram/year)
1

10'.-2-

«r 3.

-s.

10"

Slow canister dagradation

Initial canister damaga

n
10 102 103 10* 106 106 107 108

Time after da position in final
rapository (years)

Figure 8-16. Calculated individual doses for critical group (nearby residents) with initial damage
to one canister, compared with slow breakdown of all canisters. Primary recipient - well
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Table 8-20. Maximum calculated individual doses to critical
group with initial canister damage. Other data as
in main case and with well as primary recipient.

Nuclide Maximum dose Time
(rem/year) (years)

C-14 1.5 x l(f ?,
Tc-99 1.6 x 10 ,
1-129 2.9 x 10"°
Cs-135 1.0 x 10 7
Ra-226 8.9 x 10~i
Th-230 7.5 x 10~°
Pa-231 7.4 x 10"?
0-235 3.7 x 10"*
U-236 8.8 x 10~Q u.* «. ^»,
U-238 5.2 x 10"8 6.9 x 10'

Maximum total dose 2.9 x 10 rem/year
Time for maximum total dose 3 300 years

Extremely_ £arl v. £ommence<l £anist£r_d£gradati£n

One of the consulted corrosion experts was of the opinion that
the possibility that the service life of the canister might be
only a few thousand years cannot be excluded. As has already been
pointed out in section 5.6.3, this is not consistent with the
environment and the conditions which prevail in the final repo-
sitory. If it is nevertheless assumed that an initial canister
penetration occurs after 3 000 years, radiation doses from io-
dine-129 can occur after about 6 000 years at a level of around
0.5 mrem/year for the well case.

If it is still assumed that canister degradation proceeds at a
uniform rate for 4G9 CGO years, the same maximum radiation doses
as in the main case are obtained. However, if the frequency of
canister failure is assumed to be higher during a given period of
time, the doses from more sol ible components will increase. This
applies especially to iodine-129. The reasonable hypothesis of a
novmal distribution with a maximum at 300 000 years /8-19/ leads
to the conclusion that the frequency could be higher by a factor
of 2-5. If it is Captiously assumed that the frequency is 10
times higher than that which corresponds to a uniform rate of
degradation and that the entire iodine inventory in the fuel is
available for leakage, then the radiaition dose from iodine-129
will be 10 times higher during this period. Only a small portion
(around 10%) of the iodine is directly accessible for leaching,
however.

£i£S£lu.tion .time

As is discussed in greater depth in chapter 6, the dissolution of
the fuel is calculated to take at least 1.8 million years, owing
to the limited flow rate and carbonate content of the water. In
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the safety analysis, however, a period of 500 000 years has been
cautiously assumed. If it is hypothetically assumed that the
leaching time will be shorter, the radiation doses will be high-
er. The effects of different dissolution times have been studied
with calculations for 10 000, 100 000 and 1 million years. These
calculations have been carried out assuming a canister life of
10 000 years, a groundwater transit time of 400 years and the
retention factors for an oxidizing environment which were used in
the KBS report on vitrified waste /8-2/ (see also the first
column in table 7-2).

In the least favourable case with a leaching time of 10 000 years
and with the aforementioned pessimistic premises, a maximum cal-
culated radiation dose in the well case of 100 - 150 mrem/year is
obtained from heavy nuclides after 100 000 years, and around 20
mrem/year from iodine-129 after 10 000 years. The dose from the
heavy nuclides is dominated by neptunium-237 with around 110
mrem/year /8-24/. With more realistic premises regarding to water
transit time and retention factors, however, neptunium-237 will
decay to a considerable degree, whereby the doses will also be
lower.

JInfluence £f_o£ganic_comp_lexing_ agents

The concentration of organic complexing agents in the groundwater
is limited. Such agents can therefore only transport a small
portion of the radioactive elements (see sections 7.2.5 and
8.5.4). At maximum inflows of complex-bound heavy metals (see
section 7.2.5), the doses from plutonium-239 dominate with res-
pect to the critical group. The total dose to the critical group
from the maximum amount of complex-bound radioactive nuclides is,
however, less than one-third of the maximum dose to the critical
group in the main case (see table 8-21). Together with the iodine-
129 dose, which is expected to appear at the same time, it
amounts to around 3 mrem/year for the well case.

Table 8-21. Calculated individual doses for heavy nuclides
dispersed via organic complexes in the groundwater.
Data otherwise according to the main case. Primary
recipient - well.

Nuclide Inflow Ci/year rems/year

Th-229
Th-230
U-233
U-234
Np-237
Pu-239
Pu-240
Pu-242

1.7
1.1
4.8
1.7
1.2
2.2
4.1
1.6

X
X
X
X
X
X
X
X

10
10

I
1.5 x 10r7

1.9 x
2.9 x
1.0 x
1.4 x
1.9 x
3.7 x
1.4 x

10
10"
10"
10"
10'-3

-4
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The calculations of inflow to the recipient have been carried out
assuming a constant fissure width. A dispersion effect is obtain-
ed if the cracks exhibit a certain size variation. This will lead
to a small portion of the inflow occurring sooner than average
and possibly to a lower concentration maximum. An earlier inflow
can result in considerably higher concentrations of relatively
short-lived nuclides which would otherwise decay. The overall
radiological consequences of an early inflow are, however, small.
Table 8-11 shows the increase of inflow for the nuclides which
are affected.

Table 8-22 shows that the individual doses which are obtained at

Table 8-22. Calculated individual doses at 20 % of the time for
the calculated maximum dose as a result of fissure
width dispersion. Primary recipient - well.

Nuclide Inflow Ci/year rem/year

Zr-93
Tc-99
Cs-135
Th-229
U-233
Np-237
Pu-242

3
3
7
2
2
3
1

X

X

X

X
X
X

X

~1

;:

2 x 10
2 x 10
2 x lO
2 x 10 J?

10
10

;?
i x
4 x

10
10

;

9 x 10

20Z of the time for maximum inflow as a result of fissure width
dispersion constitute a small fraction of the maximum calculated
radiation doses. The timetable is, however, altered radically,
and the peak at about 70 million years shown in figure 8-13 is
broadened and lowered considerably in analogy with what is shown
in figure 7-3a. Fissure width dispersion has much less of an
effect in the pessimistic dispersal case, in analogy with figure
7-3b.

Collective_doses

Collective doses have been calculated for the different dispersal
cases (see tables 8-12 to 8-17). They vary to only a relatively
small extent with different premises.

In the main case, a maximum annual collective dose of 17 manrem/
year is obtained after 580 000 years. This dose stems from
iodine-129. After a very long period of time, radium-226 can also
give rise to an equivalent collective dose: 15 raanrem/year (see
table 8-23). The maximum collective dose for the pessimistic case
is 105 manrem/year, whereby radium-226 dominates.
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Table 8-23. Maximum calculated collective doses for the main
case.

Nuclide Maximum collective dose Time
(manrem/year) (years)

p o J . o n i.\i-

-1

-1

C-14
Tc-99
1-129
Cs-135
Ra-226
Th-230
Pa-231
U-234

5.0
4.9
1.7
1.5
1.5
1.3
1.4
1.2

X
X
X
X
X
X
X

X

10
10
10
10
10
10
10
10

1.1
3.2
5.8
1.2
6.9
6.9
6.9
6.9

X
X
X
X
X
X
X
X

10
10
10
10
10
10
10
10

Maximum total dose
Time for maximum total dose

For case 3:(pessimistic dispersal)
Maximum total dose
Time for maximum total dose

17 manrem/year
5.8 x 105 years and
6.9 x 107 years

105 manrem/year
1.0 x 10& years

Table 8-24 gives the collective dose conmitments in the main case
after different integration times. The collective dose for the
most unfavourable 500-year period is 8 500 manrem. The possible
health effects of this are discussed in section 8.6.4.

Table 8-24. Collective dose commitments in main case for
different integration times.

Integration time
lyears)

Collective dose commitment
(manrem)

0 - 10-*
0 - 2 x 103

0 - 106
0 - co

2.5 x 10^
1.1 x 10*
2.0 x 10H

For the worst
500-year period 8 500 manrem

8.6.3 Consequences of slow dispersal from final repository for the
metal components of the fuel

Certain metal components from the fuel assemblies which have be-
come radioactive due to neutron irradiation are stored in con-
crete moulds in a separate repository at a depth of 300 metres,
as is described in section 2.4.5. The short-lived nuclides (co-
balt-60 and nickel-63), with half-lives of 5.3 and 92 years, re-
spectively) decay completely in the repository. In the case of
nickel-59, with a half-life of 80 000 years, it is shown in sec-
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tion 8.5.7 that the inflow to the recipient is negligible due to
slow dissolution and to retardation in the rock. With conserva-
tive premises, the calculated inflow is 1.3 . 10"3 Ci/year (see
section 8.5.7), which corresponds to an individual dose in the
well case of less than 0.002 mrem/year.

In the case of carbon-14, the radiation doses have been calculat-
ed with other even more conservative premises as regards retarda-
tion and leaching time. The critical path of exposure is via meat
consumption. If it is assumed that the entire quantity of carbon-
14 is completely dissolved over a period of 10 000 years and not
retarded by the rock, the dose to the critical group will be
around 1 mrem/year. A maximum dose of 0.01 mrem/year is obtained
in a similar manner for zirconium-93.

8.6.4 Maximum health effects

Even for the most unfavourable cases with pessimistically chosen
data in the calculations, the health hazards resulting from the
escape of radioactive substances from the repository are very
small, if any. This applies both for nearby residents and for the
rest of the population for all future time. The risk to nearby
residents can be illustrated by means of the following table,
which gives the calculated increase in the cancer risk at the
time of maximum radiation doses in the future.

Recipient Present annual Additional risk due to leach-
risk for cancer in ing from repository
Sweden . . . ,. ''

main case pessimistic case
(case 1) (case 3)

Well 3 x 10~3 1 x 10"6 6 x 10~6

Lake 3 x 10~3 5 x 10~7 4 x 10~6

Baltic Sea 3 x 10~3 3 x 10"9 1 x 10~7

The additional risk is thus very small in relation to the natural
cancer frequency*, even for nearby residents and with conservative
dispersal assumptions.

The total collective dose in the main case is 8 500 manrems dur-
ing the worst 500-year period, which occurs after more than
500 000 years. This is equivalent to 0.03 manrem per MWe and year
of operation.

The calculated collective doses in the -main case and in the pes-
simistic case correspond to 2 and 10 cases of cancer, respective-
ly, calculated for the population of the entire earth during a
period of 500 years. The two nuclides iodine-129 and radium-226,
which dominate in this case, are concentrated in the body prima-
rily in the thyroid gland and the skeleton, respectively. The
chromosomes in the reproductive organs therefore receive a re-
latively low dose from these nuclides. Table 7-4 shows the size
of the dose to the gonads compared to the weighted whole-body
dose for the nuclides. On the basis of the collective gonad dose,
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the number of genetic defects is calculated to be no more than
0.1 case during a period of 500 years for the population of the
entire world.

The present number of deaths due to cancer in Sweden is approxi-
mately 20 000 per year. Of all babies born in the country, ap-
proximately 3g are afflicted with natural genetically-caused de-
fects, which is equivalent to some 3 000 cases per year at the
present time in Sweden. The specified values for health effects
have been calculated on the basis of internationally accepted
principles concerning causal relationships between radiation
doses and maximum health effects. However, this may lead to an
overestimation of the actual health effects at the low dose
values and dose rates in question here.

8.6.5 Comparisons with recommended limits and natural radioactivity

The maximum radiation dose for the critical group in the main
case is calculated to be around 10 mrem/year. The ICRP recom-
mended limit for the critical group which will be exposed to
radiation over a number of years has recently been set at 100
mrem/year. Even with pessimistic assumptions concerning dispersal
conditions, the calculated radiation doses from the final repo-
sitory are below the ICRP recommended limit.

The calculated maximum radiation dose (10 mrem/year) in the main
case is on a level with the design goal specified by the National
Institute of Radiation Protection for nuclear power plants in
Sweden. This limit is based on the principle that discharges of
radioactive elements shall be kept as low as is reasonably
achievable in view of the economic and sccial consequences ot
every effort to limit radioactive discharges.

It can also be of interest to compare calculated increased con-
tents of radioactive elements in the primary water recipients di-
rectly with those which occur naturally in water, table 8-25.
This comparison has special relevance in view of the fact that
the dose-dominant nuclide is radium-226, which also occurs in
nature.

8.7 INFLUENCE OF EXTREME EVENTS

In the preceding section 8.6, long-range safety has been dis-
cussed in relation to the slow degradation of the canisters which
could take place in the final repository. In the following sec-
tion, safety and the risk of certain extreme and special events
are discussed.

8.7.1 Bedrock movements

In connection with the preparation of the previous report on
vitrified waste, a number of different studies were conducted
concerning the occurrence of earthquakes and bedrock movements
and how these could affect a final repository at a depth of 500
metres in the Swedish bedrock.
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Table 8-25. Content of radioactive elements in water.

Radioactive Concentrations in natural
element water in Sweden (pCi/1)

Calculated maximum
increase of level in
primary recipients
near final repository
in main case (pCi/1)

Radium-226

Uranium-238

Potassium-40c)

CesiumTl35c)

Drinking
water

0.1-40

0.1-1500b)

ca 20

-

Sea .
water

0.3

0.3

330

-

Well

0.3

6

-

0.3

Lake

0.5

0.1

-

0.006

a) With 3.5Z salt content.

b) Includes U-235 and applies uo natural water (not necessarily
drinking water).

c) Potassium-40 and cesium-135 are biologically comparable but
have somewhat different dose factors (24 000 and 7 300 rems/
Ci, respectively).

The geological prerequisites for the safe final storage of spent
nuclear fuel in Swedish bedrock are discussed in chapter 3.

Bedrock movements could conceivably damage the canisters and
alter hydrological conditions. However, the properties of the
copper and the buffer material allow a movement of serveral cm in
the storage holes without the integrity of the canister being
affected, as is discussed in /8-25/.

It is possible to obtain an idea of the frequency and the magni-
tude of rock movements over long periods of time by studying the
fracture pattern in exposed rock outcroppings. In order to learn
something about movements in shallower strata of solid rock, ob-
servations have been carried out in the Karlshamn area, the re-
sults of which are reported in greater detail in section 3.2. The
greatest observed displacement was 2 cm. On the basis of the
frequency distribution of the size of the displacements and under
the assumption that the observed displacements have taken place
in their entirety in a single deformation step, the probability
of a displacement of 3 cm has been estimated. Transposed to a
final repository, it would mean that one or a few canisters would
be influenced over a period of 28 million years.

As is discussed in greater detail in chapter 3, the size and fre-
quency of fracture movements have been greater than average
during certain periods many millions of years ago. At the present
time, Sweden is in a decidely stable period with a lower frequen-
cy of fracture movements. Moreover, the size of fracture move-
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! ments diminishes with increasing depth to a greater extent than
:' is indicated by studies of subsurface rock.

v As is discussed in greater detail in the same chapter, any frac-
j\' ture movements which may occur during the next few millions of

years can only give rise to insignificant changes in the permea-
bility of the rock.X

| Even if the permeability of the rock were to increase in connec-
: tion with a fault movement which damaged a few canisters, the
j consequences would be greatly limited. The consequence of a hypo-
i thetical large fault movement which damages several canisters in

the repository and a hypothetical coincidental increase of the
water flow can be compared with the case of initial canister da-
mage with modified premises. If it is assumed that 10 containers
are damaged and that the water flow increases to the extent that
full leaching takes place in 50 000 years (1 000 years for 10% of
the iodins-129) and that the water transit time is reduced to 100
years, a maximum individual dose of around 0.006 mrem/year is
obtained from iodine-129 100 years after such an event, and
around 0.2 mrem/year from radium-226 after 200 000 years plus 0.2
mrem/year from plutonium-239. This assumes retention factors aj
in the pessimistic case. The doses for other nuclides will also
be low /8-19 and 8-24/.

8.7.2 Criticality

The possibility that criticality, i.e. a self-sustaining chain
reaction, could occur with the fissionable plutonium-239 and
uranium-235 which is present in the repository is virtually nil.
The question has been the subject of thorough analysis within the
project and is dealt with in great detail in a technical report
?8-26/. A brief summary is provided here.

Criticality_ withjplutonium-239

In principle, sufficient plutonium-239 is present in a single ca-
nister from the start in order for criticality to be reached. But
first some process involving penetrating water must separate the
plutonium from the uranium in the fuel and collect it in con-
centrated form in a manner suitable for criticality. This is not
feasible for a number of reasons.

Since the expected service life of the copper canisters is con-
siderably longer than the half-life of plutonium-239, there will
not be enough plutonium present for criticality if and when the
copper canisters are penetrated. The case is therefore of inte-
rest only for a single container which could have initial canis-
ter damage.

Criticality inside a damage canister requires that the uranium
present there be selectively dissolved and transported out of the
canister before the plutonium-239 has had time to decay suffici-
ently.

Criticality outside of a damaged canister requires that uranium
and plutonium be dissolved together and that plutonium be selec-
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tively precipitated in the bentonite buffer outside of the ca-
nister. Selective leaching of plutonium is not possible for che-
mical reasons.

Neither internal nor external criticality with plutonium is a
reasonable possibility, however, since it requires a more rapid

_.. dissolution (on the order of 50 000 years) of uranium or of ura-
nium and plutonium than what is calculated to be possible (1.8
million years) under existing conditions with regard to water
flow and carbonate levels. Furthermore, the plutonium must be
distributed in a manner which is appropriate for criticality,
which is very improbable.

Criticality also requires that large portions of the bentonite
material around the canister be lost. This is considered to be
impossible on the basis of existing knowledge of bentonite and
rock properties.

- Internal transport resistance in the canister will further impede
the transport of material out of the canister.

In summary, the probability of plutonium criticality is extremely
low. Furthermore, the consequences of a postulated criticality
would be insignificant. The course of events is characterized by
a slow heat generation and an increase of the temperature to a
theoretical maximum of the boiling point of water (around 265 C
at the pressure prevailing at a depth of 500 m). If the tempera-
ture tends to rise higher, water boils off and the reaction
stops. The effects on nearby canisters will not be such that
their integrity will be jeopardized. The amount of long-lived
radiotoxic nuclides which are formed in connection with critica-
lity is small in relation to the amount which is already present
in the failed canister.

Criticality

Criticality with uranium-235 is not possible inside the canisters
owing to neutron physics considerations. Such criticality is only
possible in tunnel systems and storage holes outside of the ca-
nisters. Owing to the long half-life of uranium-235, the risk of if-]
criticality in this case does not apply only to an isolated ini- ' •
tially damaged canister. Calculations show that the minimum cri- .
tical mass in the tunnels is around 4 400 kg, which means that .;

t all of the uranium from at least four canisters must be accumu- , j
lated within the critical geometry. The expected reducing en-
vironment, with bivalent iron in the bentonite, keeps uranium in
the quadravalent state, which counteracts migration and local
precipitation at any distance from the canisters. The risk of

] criticality can be completely eliminated by the addition of a few
I percent magnetite to the bentonite, thereby increasing neutron

absorption to a sufficient level.

Even though the risk of criticality is thus extremely low or can
be eliminated completely, the consequences of a hypothetical case
have been calculated. A sudden, heavy release of energy is out of
the question. Criticality can only be built up by a slow accumu-
lation of uranium. The thermal power output from a hypothetical
critical mass involving all of the uranium deposited in one of



j' 256
i
jj: the tunnels would be lower than 130 kW. The formation of fission
; products would be equivalent to that of 900 tonnes of deposited
• fuel, which would not increase the radiation doses to any great
' extent in relation to the main case without criticality.
i:
|. In summary, it can be concluded that a number of extreme or im-
"j{, probable prerequisites must be postulated in order to achieve a
ff critical configuration. The probability of this occurring is
| judged to be negligible. The consequences of hypothetical cases
k of criticality from both plutonium-239 and uranium-235 have,
'' moreover, been calculated to be insignificant.

8.7.3 Meteorite impacts

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

According to Hartman /8-27/, who studied meteorite impacts which
occurred during a period of 2 000 million years, the probability
of a meteorite impact which would create a crater approximately
100 metres deep is approximately 10~*3 per year and square
kilometre. A more recent estimate /8-29/ puts the probability of
a comparable event at 10~H per km' and year. Historical
experience also shows that a meteorite impact is not a risk which
need to be considered in this context.

8.7.4 Acts of war and sabotage

In the long time perspective which is relevant for the final re-
pository p acts of war cannot be considered to be "extreme events".
On the other hand, the possibility that acts of war might lead to
serious consequences for the safety of a finally sealed final
repository at a depth of some 500 metres in the Swedish bedrock
must be considered to be remote.

Ground detonations of nuclear devices of 10-50 megatons create
craters in the rock with a depth of roughly 110-180 m /8-28/. The
geological barrier would thus not be penetrated, but might well
be weakened. In such a situation, however, this would be of
subordinate importance, since any release of radioactivity from
the final repository would represent only a fraction of the
radioactivity caused by the bomb, which would remain in the area
for a long period of time. Wartime damages to the final reposi-
tory and the encapsulation station during the deposition stage
are, naturally, conceivable. But the probability is low, since
these facilities are not likely to be primary targets for mili-
tary actions. The consequences of bomb hits and similar occur-
rences would also be limited compared to the other consequences
of such acts of war.

Safeguards against sabotage acceptable to the authorities will be
provided during intermediate storage, encapsulation and deposi-
tion in the final repository. After the final repository has been
closed and sealed, effective acts of sabotage are impossible.
Compared to other installations which experience has shown to be
likely targets for sabotage in terrorist actions, the facilities
described here are less attractive to potential saboteurs and are
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most closely comparable to other industrial plants where en-
vironmentally hazardous material is handled.

8.7.5 Future disturbance by man

It is conceivable that the knowledge of where the final reposito-
ry is located may be lost in the distant future and that man at
that time may, for some reason, perform drilling or rock work
which results in contact with the waste. The final repository is
situated in one of our most common types of rock which does not
contain any valuable minerals which could conceivably be consi-
dered for profitable extraction. The depth and low water content
of the impervious rock selected for this purpose make it highly
improbable that deep wells will be drilled for water near the re-
pository in the future. No reason can be seen for seeking out
such great depths for the construction of rock storage caverns or
the like. Furthermore, the loss of the knowledge of the location
of the final repository presupposes that our current civilization
is destroyed as a result of some catastrophic event such as a
global war of extermination or a new ice age. If the country were
then repopulaied again, the risks mentioned here would arise, but
only after the new population had achieved a level of technologi-
cal development which permitted advanced rock work. In such a
case, it is probable that such a civilization would also possess
the ability to detect the radioactivity in the final repository
and act accordingly to prevent harm being done.

8.8 SUMMARY SAFETY EVALUATION

8.8.1 Handling, storage and transportation of spent fuel

Spent fuel and vitrified waste will behandled, stored and trans-
ported in accordance with international and national standards
and regulations.

A good deal of experience has been gained both in Sweden and
abroad in the handling and storage of spent fuel.

It is assumed that the central storage facility for spent fuel
will be situated in a rock cavern with approximately 30 m of rock
cover. The facility is designed with the primary objective of
minimizing radiation doses to the personnel and preventing the
release of radioactive substances to the environment.

The various measures which are adopted to ensure the radiological
safety of the personnel - such as carefully designed radiation
shielding, remote-controlled handling and ventilation, systems
for monitoring direct radiation and airborne activity etc. - per-
mit handling and storage to be affected with adequately low dose
loads /8-2/.

Spent fuel and vitrified high-level waste will be transporated in
accordance with international regulations in casks which can
withstand severe transport accidents. The consequences of hypo-
thetical leakage in connection with severe accidents have been
analysed /8-2/.
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Handling in connection with dismantling and encapsulation of the
spent fuel in the encapsulation station entails risks which are,
at the most, equal to but probably less than the risks involved
in handling the fuel in the central fuel storage facility. This
is true for both normal operation and more severe accidents. In
the dry parts of the encapsulation station, i.e. the casting cell
and the welding cell, fuel handling is completely shielded off
from the environment and the exhaust air from these sections is
filtered through banks of filters with a collection efficiency
for iodine of more than 907.. Normal operational releases will be
very small - less than 0.001 mrem/year to the nearby population.
Accidents involving dropped fuel cassettes or copper canisters
(in the casting cell) will, in the worst cases, give rise to
krypton-85 releases which are comparable to those from similar
accidents in the central fuel storage facility and aerosol re-
leases of heavy nuclides which result in a maximum intake of 0.2
pCi of the dominating nuclide plutonium-238. These releases give
rise to completely negligible individual doses.

Handling of the spent, unreprocessed nuclear fuel can thus be
ascribed a very high level of safety.

8.8.2 Final storage of spent, unreprocessed nuclear fuel

The spent nuclear fuel is isolated by means of encapsulation in
copper canisters which are packed in highly-compacted bentonite
in sound rock at a depth of 500 m. Rock tunnels and shafts are
sealed with a mixture of 80-90% quartz sand and 10-20% bentonite.
Metal scrap etc. from the spent fuel is embedded in concrete and
stored in special rock tunnels at a depth of 300 m in sound rock.
The tunnels are back-filled with concrete. The safety analysis of
such a final storage method shows the following:

1. The groundwater chemistry in the Swedish bedrock at the
depths for the final repositories (300-500 m) is reducing.
The groundwater is virtually oxygen-free. The buffer materi-
al - highly-compacted bentonite - possesses extremely low
water permeability, so material transport through the buffer
mass is controlled by diffusion.

The avaiable quantity of oxidants which can attack copper is
low and the supply rate of oxidants is extremely slow. Tl.e
copper canister can therefore be expected to have a virtual-
ly unlimited life and thereby prevent the dispersal of
radioactive substances.

2. The probable consequence of final storage of the spent nuc-
lear fuel in the described manner is that it will not lead
to any dispersal of radioactive substances to the biosphere
for a very long period of time - more than one million
years. This means that the long-term consequences of the
final storage of spent unreprocessed nuclear fuel are equi-
valent to the long-term 'onsequences of the storage of un-
irradiated uranium dioxide in the same manner.

3. On the basis of a statement by a group of specialists, it is
judged realistic to anticipate a minimum service life of
hundreds of thousands of years for a copper canister with a
wall thickness of 200 mm.
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4. Over a time span of 100 000 years, the following important
radioactive nuclides decay virtually completely: americium-
241, plutonium-238 and -241, strontium-90, cesium-137 and
carbon-14. Americium-243, plutonium-239 and -240 also decay
to an appreciable extent.

5. If thr copper canisters should be penetrated after a few
hundred thousand years, some leaching of radioactive sub-
stances to the groundwater could take place. This would pro-
ceed extremely slowly and would probably take millions of
years, even under pessimistic assumptions. After approxi-
mately one million years, the toxicity of the waste will be
dominated by radium-226, which is a daughter product of
uranium-238 with a half-life of 4 510 million years. Urani-
um-238 and its decay products will therefore persist, even
over periods of time which are long by geological standards.

6. For a case with conservatively chosen data, but representing
probable assumptions concerning water transit time and
nuclide retardation (the main case), a maximum calculated
radiation dose to individuals of approx. 10 mrems per year
is obtained after 70 million years. The corresponding global
collective dose is approx. 17 manrems/year.

7. For a case with very pessimistically chosen data for all im-
portant parameters (pessimistic case), a maximum calculated
radiation dose to individuals of approx. 70 mrems per year
is obtained after 1 million years. Corresponding global
collective dose is approx. 105 manrems/year.

8. The health hazards are extremely small, if any, for the pes-
simistic case as well.

9. The calculated increase of the level of radioactive elements
in the recipients to which waste products could conceivably
spread is, even in unfavourable cases, comparable to natural
levels of such elements.

10. Radiation doses from the final repository for spent fuel
rods calculated in accordance with the main case and the
pessimistic case are presented in figure 8-17. The natural
radiation level in Sweden and certain limit values recom-
mended or prescribed for nuclear power plants by the autho-
rities are given for comparison.

11. The final storage of other waste obtained in the handling of
spent unreprocessed nuclear fuel does not give rise to any
dose increment of importance for the overall safety evalua-
tion (maximum 1 mrem/year).

12. A number of extreme or highly improbable or unreasonable
circumstances must be postulated in order for criticality in
or adjacert to the repository to be reached. The probability
of this happening is judged to be extremely small. If it is
nevertheless assumed that criticality occurs, the process
will proceed slowly and the consequences will be insignifi-
cant compared with those reported for the final storage
scheme as a whole.
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Figure 8-17. Comparison of calculated maximum radiation doses for persons living near the final
repository with natural background radiation and with recommended or prescribed limits for
nuclear power plants.

13. Even in those cases where a number of unfavourable assump-
tions have been made, the calculated changes in the back-
ground radiation are less than normally occurring natural
variations. These natural variations do not have any effects
on either man or ecological systems which can be demonstrat-
ed today. The calculated maximum radiation doses due to
leakage from a final repository are below the limit values
recommended by the International Commission on Radiological
Protection (ICRP). The proposed method for the final storage
of spent fuel is therefore deemed to be absolutely safe.
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APPENDIX
1

ALUMINIUM OXIDE CANISTER FOR FINAL
STORAGE OF SPENT NUCLEAR FUEL,
Status report, May 1978

SUMMARY

Ceramic -naterials can also be used for the encapsulation of spent
fuel for final storage. According to a mechod proposed by ASEA,
the fuel rods are enclosed in canisters of aluminium oxide. This
material occurs as a mineral in nature in the form of corundum
and sapphire.

Aluminium oxide canisters for the enclosure of spent nuclear fuel
are prefabricated by hot isostatic pressing (HIP). The canister
consists of a container and a lid. After the fuel rods are placed
in the container, the container and its lid are sealed together
by means of hot isostatic pressing to produce a completely tight,
seamless aluminium oxide canister. The canister can then be depo-
sited deep down in the bedrock, surrounded by a quartz-bentonite
mixture, in a manner similar to that described for the copper
canister.

Fabrication of full-size aluminium oxide canisters has been de-
monstrated in the spring of 1978 at ASEA's high-pressure labora-
tory in Robertsfors, see figure Bl-1.

Experiments and calculations performed to date show that a canis-
ter of aluminium oxide with a wall one decimetre thick can resist
the action of the groundwater for a period of time corresponding
to the most long-lived waste elements. Canister durability is
affected only very slightly by the surrounding environment. Cal-
culations of canister life are verified by knowledge of how
naturally occurring aluminium oxide resists severe conditions.
Erosion deposits of corundum and sapphire on river bottoms and in
shore gravel show that this mineral possesses very high resi-
stance to chemical and mechanical action over geologically long
periods of time.
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Figure Bl-1. Full-size canister of aluminium oxide for direct disposal of spent nuclear fuel In the
background, the QUINTUS press for hot-isostatic pressing.
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Bl.l INTRODUCTION

In direct disposal the spent fuel is deposited in the final re-
pository without prior reprocessing. The proposed handling se-
quence (see 1:4) includes enclosure of the spent fuel in corro-
sion-resistant canisters. These canisters are intended to be de-
posited in a final repository at a suitable site deep down in the
bedrock. The canister will thereby comprise one of a number of
barriers against dispersal of the radioactive material. It is
therefore essential to demonstrate that the canister material
possesses high resistance to all types of attack in the storage
environment in question.

Materials which have proved themselves to be extremely durable
exist in nature. The method for the enclosure of spent nuclear
fuel which has been proposed and developed by ASEA is based on
the use of such a naturally occuring material, namely aluminium
oxide. This material occurs as a mineral in the form of corundum

£( and sapphire. Canisters for enclosing the fuel are fabricated by
jV means of hot isostatic pressing, a high-pressure technique with
:;:' which ASEA has many years of experience. In this technique, a
fc. combination of high pressure and high temperature is used to pro-
\i duce bodies of metallic or ceramic materials. The method is cur-
V- rently being used commercially for the manufacture of tool steel

and cemented carbide products.

ASEA has been conducting development work with aluminium oxide
over the past years at its high-pressure laboratory in Roberts-
fors, Sweden, where a new laboratory facility has been built.
During the spring of 1978 this laboratory has produced full-scale
aluminium oxide canisters, suitable for the encapsulation of
spent nuclear fuel for final storage.

The development status of the method as of May 1978. is described
in the following. Section 2 describes the fundamental characte-
ristics of the method. The properties of the aluminium oxide are
described in section 3, and the fabrication of the aluminium
oxide canister in section 4. Section 5 gives an account of the
active steps of the encapsulation method: preparation of the fuel
rods and filling and sealing of the canisters. Deposition in the
final repository is described briefly in section 6. Section 7
deals with the quality and properties of the canister in the
final repository environment. In conclusion, section 8 defines
the outlines and important aspects of the continued development
work.

B1.2 FUNDAMENTAL METHODOLOGY

Bl.2.1 Canister material

In the final storage of unreprocessed spent nuclear fuel, very
high demands are imposed on the long-term durability of the
canisters in which the fuel is enclosed. Good mechanical proper-
ties are required, but the chemical stability of the canister un-
der the conditions which prevail in the final repository is
particularly essential. The necessity of predicting these condi-
tions for a very long period of time to come can be greatly
reduced if the canister material can be shown to possess suffi-
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cient stability in many of the conceivable natural environments
(dry, wet, oxidizing, reducing, salty, acidic, basic or contain-
ing organic material).

It is also an advantage if canister durability can be based on
the primary material's own resistance. Naturally, the long-term
stability of the canister is calculated using the best available
scientific methodology. Knowledge of how the chosen material has
resisted severe conditions for a corresponding period of time in
the past can provide convincing verification of such a calcula-
tion. Only naturally occuring materials, i.e. minerals, fulfill
this last requirement.

The material should in itself be thermodynamically stable in the
temperature and pressure range which will be encountered in the
final repository. This means that spontaneous transformation to
another structure without the action of other substances cannot
occur. For technical reasons of fabrication, the same structure
should be stable at the temperatures and pressures which are used
during fabrication.

An extensive evaluation of minerals has been carried out. This
has shown that aluminium oxide of the so-called alpha type - co-
rundum or sapphire in mineral form - fulfills the above require-
ments.

Next to diamond, corundum and sapphire are among the hardest
minerals known. Deposits of these in the form of weathered mate-
rials on river bottoms and in shore gravel exhibit very high
mechanical and chemical durability, even over geologically long
periods of time.

In nature, corundum and sapphire have often been formed from alu-
minium hydroxides, which, owing to their low degree of solubility
compared to other minerals, are concentrated in erosion remains.
When such materials have been brought down to great depths in the
earth's crust, aluminium oxide in the form of corundum or sapp-
hire has been formed by metamorphism under high temperature and
pressure, with the release of water from the aluminium hydroxide
(Bl-1). In the pure state, such minerals are colourless or white,
but if the erosion remains contain small amounts of other sub-
stances, the product is coloured, for example red ruby (chromi-
um), blue sapphire (titanium) and black emery (iron).

This natural process is simulated in the fabrication of the alu-
minium oxide canister. Water is removed in connection with the
production of the aluminium oxide powder and during its prepara-
tion prior to compaction to a completely dense material. This
compaction is carried out under high pressure and temperature by
means of hot isostatic pressing.

Bl.2.2 Canister fabrication

The method used for fabricating the canister, hot isostatic
pressing (HIP), is one of several high-pressure methods which are
possible with the use of ASEA's QUINTUS presses.

Hot isostatic pressing is a process in which a completely en-
closed powder can be moulded into fully dense bodies of the de-
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sired shape and size. A flexible container, normally made of mild
steel or glass, is filled with a granular material of the desired
composition (e.g. metallic or ceramic material). The container is
evacuated and sealed. The container is then subjected to high
pressure and temperature for several hours. The pressure is
applied to the container via a gas as the pressure medium so that
the pressure acts perpendicular to the surface of the container
at all points.

Since the pressure is applied from all directions, the resultant
product is homogeneous and of exactly the same shape as the
original container. As the pressure level is relatively high -
100 - 300 MPa - most materials can be compacted into virtually
completely pore-free bodies at only 50 - 70% of their melting
temperature.

Hot isostatic pressing can be used not only for producing dense
bodies from granular material, but also for joining large bodies
to each other without the use of any additional material. Such
joining can be carried out at combinations of pressure, tempera-
ture and time corresponding to those reqiured to produce pore-
free bodies from powder made of the material in question.

Both the method of fabricating dense bodies and the method of
joining large bodies to each other are used in the ASEA method
for encapsulating spent nuclear fuel.

Figure Bl-2 illustrates schematically the design of a hot iso-
static press. The high-pressure chamber consists of a cylinder
made of high-grade steel. It is prestressed by wires of high-
strength steel wound around the cylinder in a number of layers.
This arrangement subjects the steel cylinder to compressive
stress, which remains on the pressure side even under a maximum
internal pressure in the high-pressure chamber. The tensile
stresses are taken up by the wires. This method of winding the
cylinder with wire provides a built-in, very high redundancy so
that the high-pressure chamber cannot burst.

At each end of the steel cylinder is a steel lid with high-
pressure seals. The lids are kept in place during pressing by a
frame which is prestressed with wound wire in the same manner as
the steel cylinder. The frame is moved aside when the high-
pressure chamber is opened.

The pressure in the high-pressure chamber is created by pumping
in a gas, usually argon, with the aid of compressors. Inside the
chamber is a resistance-type furnace designed to withstand the
high pressure. With the aid of sophisticated temperature control,
the temperature can be maintained at 1 400 C with an accuracy of
± 10°C within the entire work chamber.

Hot isostatic pressing achieved its main industrial breakthrough
in the 1970s. The method is used today for the production of tool
steel, cemented carbide products and articles made of superalloys.
There is, for example, a plant for the production of tool steel
by this method at Soderfors in Sweden. The steel billets produced
in this plant weigh nearly 2 tonnes apiece.

ASEA has delivered more than 40 QUINT0S hot isostatic presses
with up to 40 000 tonnes press force. Presses of the type and
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Figure Bl-2. Cross-section of a hot isostatic QUINTVS press.

size which are required for the production of canisters suitable
for the enclosure of spent nuclear fuel have already been put
into production. Another feature of the method is that scaling up
problems are small compared with other fabrication methods. This
is due partly to the isostatically applied pressure and partly to
the fact that the necessary temperature level is relatively IJW
compared to conventional methods.

Bl.2.3 Encapsulation method

Encapsulation and final storage of spent nuclear fuel in accor-
dance with the method proposed here can be described briefly as
follows (fig. Bl-3):

1 By means of hot isostatic pressing of aluminium oxide powd-
er, a container and a lid as shown in fig. Bl-4 are fabri-
cated. The container and lid are transferred to the encapsu-
lation station.
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Figure Bl-3. Block diagram illustrating encapsulation of spent nuclear fuel in aluminium oxide
canister.

Container

Figure Bl-4. Schematic drawing of container and lid of aluminium oxide for encapsulation of
spent nuclear fuel
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2 Fuel assemblies are dismantled, after which the fuel rods
are rolled up and placed in a steel container.

3 The steel container with fuel rods is placed in the alumini-
; urn oxide container and the lid is put on.

A The aluminium oxide container and the lid are joined, en-
closed by a thin metal shell, by hot isostatic pressing into
a completely seamless, monolithic body.

5 The sealed aluminium oxide canister is transported to the
final repository and deposited.

B1.3 ALUMINIUM OXIDE: PROPERTIES AND PERFORMANCE

The aluminium oxide (Al-O-) which is used is of the alpha type of
high purity (> 99.8%). The characteristic properties of this
material are listed in table Bl-1.

Aluminium oxide occurs in a number of different crystalline
structures. Of these, only alpha-aluminium oxide is inherently
thermodynamically stable. All other forms of aluminium oxide are
transformed to alpha-aluminium oxide upon to heating to tempera-
tures above 1 000 C.

Alpha-aluminium oxide is hydrated upon contact with water (see
section 7.2), but its reaction with water is extremely slow at
the temperatures prevailing in the final repository. Its high
hardness indicates very strong bonds between the atoms. In flow-
ing 80°C water with a pH of 8.5 containing chloride ions, its
dissolution rate has been measured at less than 0.07 iim per year,
equivalent to 0.07 mm in 1 000 years /Bl-7/. At the lower tempe-
rature which prevails in the final repository after this period
of time, the dissolution rate is at least 10 times lcwer. Even in
boiling, very acidic (20% hydrochloric, sulphuric or nitric acid)
or basic (20% sodium hydroxide) solutions, the measured corrosion
rate is less than 0.1 mm/year /Bl-2/.

High purity is of decisive importance for achieving high strength
and high chemical resistance. Aluminium oxide with a purity of
more than 99.8% has been used in the development work. The com-
position of this material is given in table Bl-2. Even purer
powder is available on the market. On the basis of results ob-
tained so far, however, the powder grade which is now used is
adequate.

Fine-grained alpha-aluminium oxide normally contains approx. 0.5%
water, which is adsorbed on the surface of the powder grains. The
prttreatment of the powder prior to the hot isostatic pressing
drives this water off (see section 4).

Aluminium oxide of the alpha-type is an intermediate product in
the manufacture of aluminium and is obtained by calcining gibb-
site (01-AI2O3 . 3 H2O). A complete transformation to alpha-alumi-
nium oxide is obtained after approx. 1 hour at 1 200 - 1 300°C.
Other uses of alpha-aluminium oxide include: as an abrasive, in
the porcelain and ceramics industry for the production of tech-
nical porcelain, in high-temperature-resistant materials etc.



Table Bl-1. Characteristic properties of alpha-aluminium oxide
(A12O3) (purity > 99.8%).

Property Consequence

1 High chemical resistance

1.1 Extremely high corrosion
resistance

- lower solubility in water
at pH values in final re-
pository than most other
minerals

- dissolution rate extreme-
ly slow at temperatures
in final repository

1.2 Difficult to reduce

1.3 Aluminium in its highest
oxidation state

Groundwater affects canister's
integrity very slowly

Not affected by hydrogen or
carbon

Not affected by oxygen

High stability

- thermodynamically stable
from room temperature up
to melting point
(>2 000°C)

- a single-phase material

Spontaneous transformation to
other structure without action
of other substances impossi-
ble.

Mechanical and chemical pro-
perties well-defined

High strength and hardness

- flexural.strength approx.
500 MN/m

- hardness near that of
diamond

Resources of bauxite and other aluminium-bearing raw materials
are virtually inexhaustable. The cost of high-purity alpha-alumi-
nium oxide powder is currently around SKr 5/kg.

'2 1
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Table Bl-2. Composition of aluminium oxide

Designation: Alcoa A15 Superground
Mean particle size: 2.5 urn

Trace
substances

Na2O

K2°
SiO2

CaO

MgO

Fe2°3
Cr2°3
MnO

B2°3

Typical analysis accord-
ing to manufacturer

0.08%

data lacking

0.05

0.03

0.01

0.01

0.0002

< 0.0015

< 0.001

Own analysis

0.07%

0.001

0.012

0.011

0.017

0.016

< 0.01

< 0.01

< 0.02

B1.4 FABRICATION OF ALUMINIUM OXIDE CONTAINER AND LID

Bl.4.1 Pretreatment of aluminium oxide powder

Fabrication of the aluminium oxide container and the aluminium
oxide lid can be completely geographically separated from the en-
capsulation plant. This facbrication process does not involve the
use of any radioactive materials. Only the shape of the final
product differentiates the production chains for containers and
lids. The following description therefore concerns only the con-
tainer, but the same process is used for the lid as well.

The production chain is shown in fig. Bl-5. Treatment of the alu-
minium oxide powder prior to hot isostatic pressing includes the
following stages:

a) Granulation

In order to minimize shrinkage during the final hot iso-
static compaction, the filling density of the powder in the
steel container must be maximal. This is achieved by granu-
lation of the powder to a grain size varying from 0.005 mm
to about 3 mm.

b) Drying

The water bound to the surface of the powder grains must be
driven off prior to compaction. This is done by calcination
at 1 100 C. Any organic grinding additives which nay remain
from the manufacturing process are then also removed.
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FffureBl-5. Schematic diagram of production chain for tktmMum oxide amister for spent
nuclear fuel

c) Filling of preformed steel containers

The dried powder is packed into preformed steel containers.
(The container determines the appearance of the canister and
the lid in fig. Bl-4.) The containers are made of unalloyed
steel with a low carbon content and with a wall thickness of
3 mm. The containers are welded and thoroughly cleaned
internally.

The powder can be packed so that a very homogeneous fill is
achieved. Powder of optimal grain size distribution can be
packed to more than 60Z density in the container.

d) Evacuation at elevated temperature

The powder is porous after packing. In order to prevent re-
sidual porosity after pressing, the air must be evacuated.
This is done at about 700 C so that the moisture and the
gases which have been adsorbed on the powder grains during
the packing operation are driven off as well.

Evacuation is carried out to a final pressure of 0.1-1 kPa
(1-10 mbar) in the powder. The water content after evacua-
tion is below 0.01Z.

e) Sealing and leakage testing

Evacuation of the powder takes place through a tube mounted
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on the steel container. When evacuation is finished, this
tube is sealed by means of welding. All welds are then sub-
jected to rigorous testing in order to ensure that the steel
container is hermetically sealed.

Bl.4.2 Hot isostatic pressing of aluminium oxide container

During the hot isostatic pressing, the powder in the steel con-
tainer is subjected to a combination of high pressure and high
temperature. Control of temperature and pressure is of vital im-
portance for the ultimate performance of the hot isostatically

f compacted aluminium oxide material. Optimal pressing parameters
e< have been determined on the basis of an extensive trial programme
I' with small test bodies and 1/3-scale containers.

The powder container is placed in the press, after which the
pressure and the temperature are raised to about 100 MPa and
1 350 C. After a holding time at these parameters, the aluminium
oxide powder has been compacted to full density. The container is
then allowed to cool slowly. The cooling rate is decisive in en-
suring that a stress-free aluminium oxide material will be ob-
tained.

The hot isottatically pressed aluminium oxide container is ex-
amined by means of nondestructive testing methods such as ultra-
sonic testing or proof testing.

Ultrasound can be used to inspect containers with internal flaws
and surface cracks larger than about 1 am. This test can be per-
formed through the surrounding steel shell.

Proof testing can be carried out in order to ensure that the alu-
minium oxide container does not have surface cracks in the alu-
minium oxide larger than a given size. The maximum permissible
crack depth is determined, in view of the risk of delayed frac-
ture, by the required life of the canister in the final reposi-
tory. A 100Z reliable method to detect such critical surface
cracks is to test-load the aluminium oxide material, a procedure
known *s proof testing.

A proof testing method has been developed whereby stresses in the
aluminium oxide are created by imposing a temperature diffe-
rential between the inner and outer walls of the container.
Flawless containers are not affected by these stresses while de-
fects immediately fail. An apparatus tor testing 1/3-scale con-
tainers is currently being put into operation.

According to fracture mechanics theory, a relationship can be
established for approved containers between proof stress and
guaranteed container life with respect to delayed fracture in the
final repository, see section 7.2.

Bl.4.3 Small-scale and 1/3-acal* trials

The development work has mainly been conducted at ASEA's high-
prcssur* laboratory in Robcrtsfors. Available equipment in 1977
has permitted the production of aluminium oxide bodies of maximum
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diameter 170 mm and length about 800 mm (roughly 1/3 scale, see
section 4.4).

The fabrication of small-scale and 1/3-scale test bodies has been
done for the following reasons:

to serve as a basis for optimizing powder treatment methods
and pressing parameters
to permit the selection of methods and equipment for the
full-scale facility (see section 4.4)

- to produce representative material for material characteri-
zation and
to permit the testing of methods and equipment for produc-
tion control.

All process stages in fig. Bl-5 have been tested, mainly through
manual handling. The sealing process has also been tested on 1/3
scale (see section 5.2).

Bl.4.4 Full-scale facility

A new large plant has been built during 1977 at ASEA's high-pres-
sure laboratory at Robertsfors. The production and sealing of
aluminium oxide canisters 500 mm in diameter and 3 000 am in
length, suitable for the enclosure of spent nuclear fuel, can be
demonstrated in this plant. The plant was commissioned in early
1978.

The plant is intended only as a pilot plant for testing the pro-
cess. The installed equipment for powder treatment is more
mechanized than previously used laboratory equipment. As a re-
sult, the quality of the canisters can be made even better and
more uniform. A QUINTUS press for 1 400°C and 160 Jf?a is included
in the plant.

The plant is now in operation and full-scale experiments have
been started. The first of a series of full-sized aluminium oxide
containers was recently taken out of the QUINTUS press following
hot isostatic pressing, see fig. Bl-6.

The experimental facility provides excellent opportunities for
both demonstrating and optimizing the production method for full-
sized aluminium oxide containers*

Bl.S ENCAPSULATION OF SPENT NUCLEAR FUEL

Bl.5.1 General

i In the currant form, of the process, spent nuclear fuel will be
i encapsulated in aluminium oxide canisters in two stages:
$•

; 1) Reduction of length of nuclear fuel rods

: By acanr of a specially developed method, the over 4-m-long
? ful* rods are rolled up so that they fit in the 3-m-long
t- aluminium oxide canister. This length reduction can b« ac-
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Figure Bl-6. A fiiH-nze akunMum oxide container is lifted up out of the QUINTVS press. The
container is 2.5 metres long andhut diameter of500 mm.

conplished without releasing the fission gases present in
the spent nuclear fuel (see section 5.2).

2) Sealing of aluniniun oxide canister

In a specially developed hot isostatic pressing operation,
the aluainiua oxide container is joined together with the
alustiniiM oxide lid without the use of any filler Material.
The joint between the container and the lid merges together
so that a completely seamless (•onolithic) canister is ob-
tained (see section 5.3).

The encapsulation plant is to be built in direct connection with
the final repository. The fuel bundles can be transported from
the receiving section under water into the encapsulation plant.
The encapsulation process is carried out in a series of stages in
adjacent concrete cells with walls thick enough that an accep-
table radiation level is obtained outside of the cell wall.
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The projected annual capacity of the encapsulation plant for fuel
corresponds to 300 tonnes of uranium per year. With 200 days of
operation per year, this means 1.5 tonnes of uranium per day of
operation. An aluminium oxide canister with the above-specified

' dimensions can hold approximately 14A BWR fuel rods or 174 PWR
fuel rods, which means that 4-5 aluminium oxide canisters will be
sealed per day of operation.

Bl.5.2 Reduction of fuel rod length

This process consists of the following stages (see fig. Bl-7):

- dismantling of fuel bundles,
- encapsulation of fuel rods in pairs in steel sheaths,

rolling-up of steel sheaths into coils,
packing of coils into a stainless steel cylinder.

Dismantling of the fuel bundles, section 2.3, is done with.the
same handling technique currently used in nuclear power plants.

The fuel rods are placed in pairs in a sheath made of stainless
steel sheet with a thickness of 1 mm, open at the top ..and with a
drainage hole in the bottom. Each sheath also contains a 1 mm
thick strip made of spring steel, tack-welded to one wall of the
sheath. The entire sheath is brought into the first cell under-
water, after which it is lifted up, drained and dried. The steel
sheath is evacuated to vacuum and sealed. The sheath is then
leakage-tested with helium. Then follows the length reduction
stage.

rtmltmteotkmtfektimacyiMttofiitMtmimL
Tht
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In order to reduce the length of the fuel rods, the sheath, with
the steel strip to protect it on the outside, is rolled on a
centre tube with a diameter of 100 mm to a flat coil with an out-
side diameter of max 300 mm. When the first, tight turn is rol-
led, the zircaloy cladding on the fuel rods will be split and the
fuel pellets will be crushed into different-sized fragments. The
liberated fission gas will fill the steel sheath to a pressure of
max. 0.2 MPa. The steel sheath will remain intact owing to the
protective effect of the steel strip, which prevents sharp parts
of the fuel from penetrating the steel sheath.

The coiled sheaths are packed one by one into a stainless steel
cylinder with a wall thickness of 5 mm, a diameter of 300 mm and
a length of 2 000 mm. The cylinder holds a total of 72 BWR (87
PWR) sheaths, equivalent to approx. 400 kg (300 kg) uranium. Af-
ter evacuation, the steel cylinder is sealed and tested for
leakage. The steel cylinder is then placed in the prefabricated
aluminium oxide container.

This method of reducing the length of the spent nuclear fuel rods
by coiling has been tested within ASEA-AT0M. Trial bendings have
been carried out both with normal and ambrittled, unirradiated
fuel rod dummies and with fuel rods which have been irradiated at
the Oskarshamn station to 23 Wd/kgU /Bl-5/.

The smallest radius of curvature and thereby the highest stress
in the material is obtained in the innermost turn. It is there-
fore sufficient to show that rods can be rolled around a cylinder
with a diameter of 100 mm. No negative effects have been found
following such rolling. Figure Bl-8 shows a spiral of a steel
sheath containing a fuel rod with natural uranium and normal
encapsulation.

With regard to the necessity of reducing the length of the fuel
rods, the following can be said:

In the introductory phase of the project, encapsulating fuel rods
of full length in aluminiimi oxide canisters was rejected on
geological grounds. Movements in the bedrock could give rise to

* M
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unacceptable stresses in such a long (approx 5 m) aluminium oxide
canister. Since more knowledge has been gained concerning bedrock
movements and the deposition procedure has been modified the
importance of reducing the length of the fuel rods has diminish-
ed. It has nevertheless been decided to continue the development
work on an encapsulation process which permits the encapsulation
of spent fuel rods in roughly 3 m long aluminium oxide canisters,
since QUINTUS presses of the necessary size are already available
today. However, nothing in the process prevents the fabrication
of aluminium oxide canisters large enough to enclose full-length
fuel rods.

Bl.5.3 Sealing of canister

Hot isostatic pressing is also used to join together the alu-
minium oxide container and lid. The seam between the container
and the lid thereby disappears so that a completely seamless ca-
nister is obtained. The procedure is illustrated schematically in
fig. Bl-9.

The steel cylinder with the coiled fuel rods is lowered down into
the prefabricated aluminium oxide container (internal dimensions
300 x 2 800 an). The flat end surface of the container, as well
as the aluminium oxide lid, has previously been machined to
precision flatness. The method currently used for this, surface
grinding with a diamond tool, achieves a flatness within
±25 pm, which has proven to be fully adequate. The joint surfaces
must be thoroughly cleaned in order to prevent inclusions of
foreign material in the joint.

0ft MMP8 by MttMf QjnOt M9fMnC JPfWMMf $0 JWCMCt M CO9ttftt$tfy MflMNW CffMfMT*
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On top of the steel cylinder, the aluminium oxide container is
filled with an approximately 300 mm thick heat-insulating mass of
fibrous aluminium silicate. On top of this, a 500 mm thick mag-
nesium oxide support block is placed. The lid is emplaced and
fitted precisely in position. The container and the lid are en-
closed in a gas-tight 3 ran thick shell fitted with lifting de-
vices. The shell is evacuated and sealed. The canister is then
ready for the final sealing operation.

The canister is sealed in a QUINTUS press, designed for radioac-
tive conditions and equipped with a specially developed furnace.
A temperature of at least 1 350 C is required in the joint for
joining the lid to the container. This high temperature is com-
bined with an external pressure of approx. 70 MPa, which results
in a pressure of about 100 MPa at the surfaces of the joint. At
the same time, the steel cylinder with its nuclear fuel should
preferably be kept below 900 C. The specially-developed furnace
permits such a temperature gradient to be created in the canis-
ter.

The parts of the canister which are not heated to above 1 000°C
can withstand the external pressure with plenty of margin. How-
ever, in those parts of the canister which attain maximum tempe-
rature, i.e. near the joint, there is some creep deformation re-
sulting from stresses caused by the external pressure and thermal
stresses. In these parts, certain residual stresses remain in the
material after pressing. The size of these residual stresses must
be limited in order to prevent slow crack growth.

Very extensive theoretical calculations have been carried out in
order to:

- determine the optimum pressing parameters for the sealing
operation, and from these to
calculate stress distributions, both during heating and
cooling, as well as to
calculate maximum residual stresses after the sealing opera-
tion.

The appearance of the cooling curve is particularly important in
determining the quality of the final canister. The temperature of
the canister must decline slowly after decompression so that
residual stresses can relax.

The sealing process has been tested on small and 1/3 scale. Fig.
Bl-8 shows a sealed container which has been sawn up axially.
Flexural strength tests on material taken from the joint area
show that the joint can be just as strong as the parent material
(see section 7.1).

A gradient furnace for sealing full-scale canisters is under de-
velopment at ASEA's workshops at Robertsfors. Sealing of full-
size canisters will be demonstrated during the first half of
1978.

After the joining operation, the joint is inspected with ultra-
sound. Joining trials on 1/3 scale carried Jut to date have shown
that fully acceptable joints can be obtained.

Approved canisters are transported from the encapsulation station
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to the final repository for deposition or, alternatively, to an
intermediate storage facility for further decay of the radioac-
tive material. If an imperfect joint is obtained, the canister
can be subjected to the joining process once again without being
opened. Alternatively, canisters with serious defects can be sawn
up with diamond tools. The steel cylinder, still completely in-
tact, can then be placed in a new aluminium oxide container which
is then sealed by the procedure described above.

Bl.5.4 Safety and environment

A comprehensive analysis of radiological safety in connection
with the encapsulation of spent nuclear fuel, like that previ-
ously done for the copper canister, /Bl-4/ has been carried out
for the aluminium oxide canister.

Both radioactivity releases to the ventilation system and the
dose load on the staff of the facility and the external environ-
ment have been calculated for normal annual releases and for con-
ceivable incidents.

All calculated figures for radioactivity releases and dose loads
are very low. For example, the global dose commitment from radio-
activity releases to the external environment is about 10°"-' man-
rems/year. The difference in dose commitment between the two en-
capsulation procedures can, for the most part, be regarded as
negligible.

The use of the QUINTUS press in a radioactive environment with
full remote control is not expected to entail any appreciable
technical complications.

B1.6 DEPOSITION

The aluminium oxide canisters are intended to be deposited in
vertical holes in the bottom of horizontal tunnels in a manner
similar to that described for the lead/titanium canister for
vitrified waste and for the copper canister. A bed of 90% quartz
and 10% bentonite is placed in the bottom of the hole. This bed
is packed in the moist state and given an indentation which
matches the bottom of the canister. The canister is then seated
in this indentation, after which plastic clay containing bento-
nite and with a relatively high moisture content is used to fill
the spaces around and above the canister. The hole is temporarily
covered until all holes in a tunnel have been filled and the
tunnel is backfilled.

The properties of the bed material are such that possible rock
movements will not give rise to stresses in the canister which
could affect its life.
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B1.7 CANISTER MATERIAL AND CORROSION

Bl.7.1 Properties of the hot isostatically compacted aluminium oxide

The chemical composition of the aluminium oxide material is given
in table Bl-2. The table applies to aluminium oxide in powder
form, but is also representative for the hot isostatically pres-
sed material.

The material is compacted to virtually theoretical density. A
density of 3.97 t/nw, which is more than 99.5Z of the theoretical
density, is representative for material produced thus far.

The aluminium oxide is a very hard material. A microhardness of
2 100 Hy has been measured. High-speed steel normally has a
hardness of 750 - 800 Hy.

Both flexural strength and creep strength have been measured at
§- room temperature and at elevated temperatures. Flexural strength
\- lies between 450 and 500 MN/m at room temperature, which is
I equivalent to the strength of unalloyed steel.
I
i Specimens have been taken from both special material charaeteri-
l zation bodies and 1/3-scale containers. The values apply to ma-

terial produced using the best pressing parameters available to-
day. Specimens taken from the joint area exhibit a flexural
strength which is just as high as that of the parent material.
Creep strength has been tested at Stal Laval's laboratory at
Finsping. A total of 25 specimens have been measured at tempe-

fi] ratures between 1 000 and 1 350 C. The measurement results have
been used as a basis for the creep deformation calculations men-
tioned in section 5.3.

'• The material's thermal conductivity has been determined from room
f temperature of up to 1 400°C. Its coefficient of thermal conduc-
}• tivity ranges from about 38 W/m, C at room temperature to about
| 7 W/m, C «t 1 500°C. Stainless steel has a coefficient of therm-
|v al conductivity of 16 W/m, C at room temperature.

|;- A method for determining residual tensile stresses in the outer
, surface of the aluminium oxide container has been developed.

Figure Bl-10 shows measured residual stresses as a function of
the distance from the joint for a 1/3-scale container. It can be
seen that the maximum tensile stress is less than 25 HN/m^ and
that calculation for this case gives a conservative result.
Calculation based on a longer relaxation tine after joining also
gives reassuringly low values.

Bl.7.2 Properties of the canister in the repository environment

j. After deposition, the aluminium oxide canister constitutes one of
I several barriers against the dispersal of radioactive material in
!'• the biosphere. It is therefore essential to be able to predict
;, the properties of the aluminium oxide material under the condi-
| tions created by the repository environment.

After deposition, the aluminium oxide canister will be subjected



308

• - X Maximum maaturad rwidual i t r m i i
(tap 1 mm, ralaxation 1 hour)

Calculated maximum midual
ttratsat (aap S mm, ralaxation 0.7
hour, calculation for fuH-tcata
canirtar with tha axial scalaahrur* to 1/3).

Raiidual ttrax

N/mm2

+60-

+40-

+20-

0

- 2 0 -

- 4 0 -

(TamilattraM) ulawdi xin lakhwlstn
(tap 1 mm, ralaxation 5 5 hours,
calculation for f uH-tiza canittar with
tha axial toala ahrunk to 1/3).

f
\
\

mm from joint

iCompratnvc

1400°C

200 300

Figure Bl-10. Residual stresses in the aluminium oxide on the outer surface of the canister after
sealing of a 1/3-scale canister. Measurements carried out on the upper half of the canister shown
in figure BIS.

to the action of the surrounding groundwater. Since aluminium is
in its highest oxidation state and the oxide is very difficult to
reduce, no redox reactions will take place in the aqueous envi-
ronment. The aluminium oxide will, however, be hydrated on sur-
faces in contact with water. The reaction with water is extremely
slow at the temperatures and pHs which prevail in the final
repository.

In the groundwater, which contains dissolved substances such as
quartz, solubility will be even lower than in pure water owing to
the formation of poorly soluble compounds of the aluminium sili-
cate type. Studies show that compounds of the same type as the
clay minerals in the bed will be formed /Bl-3/.

Experiments are being conducted both in Sweden and abroad to ve-
rify the durability of the aluminium oxide material produced by
hot isostatic compaction. The effects of groundwater of the type
which may be found in the final repository are being determined.
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In order to obtain measurable affects, the experiments are being
carried out at elevated temperature, 100 - 350 C. A growth rather
than an erosion of the surface has been obtained in the type of
groundwater in question.

On the basis of experiments and geological assessments carried
out to date, it has been concluded that a canister of aluminium
oxide with 100 mm thick walls can resist the action of the
groundwater for at least 1 million years. Growth or erosion will
be uniformly distributed over the canister surface /Bl-6/.

The only mechanism which could lead to local corrosion of the
aluminium oxide in an aqueous environment is a form of slow crack
growth which can lead to delayed fracture.

In order for such fracture to be able to occur in the aluminium
oxide canister after deposition, two factors are required: a
defect of sufficiently stress-raising character in surfaces ex-
posed to the water and a certain minimum tensile stress. This

;-' - tensile stress may be a residual stress from fabrication or a
%; stress in the canister caused by rock movements. On the basis of
r fracture mechanics theory, and with knowledge of the maximum de-
.*: fects on the surfaces of the aluminium oxide canister and the re-
r • sidual tensile stresses in these surfaces at the time of deposi-
VJ tion, the minimum life of the canister in the final repository as
;;. determined by delayed fracture can be predicted.

Both calculations and measurements of maximum residual tensile
stresses show that these stresses can, with the use of suitable
pressing parameters, be kept at a sufficiently low level. With
the proposed deposition technique, stresses caused by any move-
ments which might occur in the bedrock can only add slightly to
this stress level. Furthermore, it is judged possible to achieve
such high canister quality that the risk of delayed fracture will
not be crucial in determining the life of the canister.

I B1.8 CONTINUED DEVELOPMENT WORK

fr The present report constitutes a status report from a development
[„ project which has been under way for approximately two years. Re-
'; suits obtained to date show that encapsulation and deposition of
£f- spent nuclear fuel in aluminium oxide canisters at great depth in
r the Swedish bedrock meets stringent environmental and safety re-
• • quirements. Some development work still remains to be done before

i§ an economically optimal process can be demonstrated practically.

k'\ The continued development work will include the demonstration of
:| the sealing process in full scale.
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PWR berKknade med ORIGEN
("Emission rates in spent fuel and high-level waste from a

f PWR, calculated using ORIGEN")
$- Nils Kjellbert
If AB Atoaenergi, 1977-04-05

i 02 PM anglende vSraeledningstal hos jordmaterial
| ("Memorandum concerning the thermal conductivity of soil")
r Sven Knutsson

Roland Pusch
Lulel Institute of Technology, 1977-04-15

03 Deponering av hogaktivt avfall i borrhll aed buffertsubstans
("Deposition of high-level waste in boreholes containing
buffer material")
Arvid Jacobsson
Roland Pusch
Lulel Institute of Technology, 1977-05-27

04 Deponering av hogaktivt avfall i tunnlar med buffertsubstans
("Deposition of high-level waste in tunnels containing
buffer material")
Arvid Jacobsson
Roland Pusch
Lulel Institute of Technology, 1977-06-01

05 Orienterande temperaturberSkningar for slutfSrvaring i berg
av radioaktivt avfall, Rapport 1
("Preliminary temperature calculations for the final storage
of radioactive waste in rock, Report 1")
Roland Blomqvist
AB Atoaenergi, 1977-03-17

06 Groundwater movements around a repository, Phase 1, State
of the art and detailed study plan

f Ulf Lindblom
, Hagconsult AB, 1977-02-28

r
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07 Resteffekt studier for KBS ("Decay power studies for KBS">
Dill Littcraturgenomging ("Part 1 Review of the litera-

ture")
Del 2 Beriikningar ("Fart 2 Calculation*")
Kim Ekberg
Nil* Kjellbert
Goran Olsaon
AB Atomenergi, 1977-04-19

08 Utlakning av franskt, engelakt och kanadensitkt glas med
hbgaktivt avfall
("Leaching of French, English and Canadian glass containing
high-level waste")
Goran Bloaqvist
AB Atomenergi, 1977-05-20

I. 09 Diffusion of soluble materials in a fluid filling a porous
|, medium
i Hans HXggblom
;, AB Atomenergi, 1977-03-24
V.

]"' 10 Translation and development of the BMHL-Geosphere Model
'' Bertil Grundfelt
;• Kemakta Konsult AB, 1977-02-05

11 Utredning rSrande titans lamplighet som korrosionshXrdig
kapsling fSr tfrnbrttMlcavfall
("Study of suitability of titanium as corrosion-resistant
cladding for nuclear fuel waste")
Stu're Henriksson
AB Atomenergi, 1977-08-24

12 BedSmning av egenskaper och funktion hos betong i samband
med slutlig forvaring ay kMrnbrJfnsleavfall i berg

| ("Evaluation of properties and function of concrete in
i; connection with final storage of nuclear fuel waste in
i rock")
| Sven G Bergstrbm
;' Gb'ran Fagerlund
| Lars Kombfo
V The Swedish Cement and Concrete Research Institute,
| 1977-06-22

I 13 Urlakning av anvifot karnbritnsle (bestrllad uranoxid) vid
I direktdeponering
I ("Leaching of spent nuclear fuel (irradiated uranium oxide)
f' following direct deposition")
I Kagnar Gelin
I AB Atomenergi, 1977-06-08

I 14 Influence of cementation on the deformation properties of
f bentonite/quartz buffer substance
'' Roland Pusch
I Lulcl Institute of Technology, 1977-06-20
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15 Orienterande temperaturbera'kningar fSr alutfSrvaring i b«rg
av radioaktivt avfall, Kapport 2
("Preliminary temperature calculation* for th« final storage
of radioactive waste in rock, Report 2")
Koland Bloaqvist
AB Atomenergi, 1977-05-17

16 Oversikt av utlXndska riskanalyser samt planar och projakt
rSrande tlutfttrvaring
("Kaviav of fortijn risk analyse* and plan* and project*
concerning final storage")
Ake Bultgren
AB Atomnergi, August 1977

17 The gravity field in Fennoscandia and postglacial crustal
•oveasnts
Arn« Bjerfaajsaar
Stockholm, August 1977

18 BUrelser och instabiliteter i den svenska berggrunden
("MovesHnts and instability in the Swedish bedrock")
Nils-Axel MSrner
University of Stockholm, August 1977

19 Studicr av neotektonisk aktivitet i aallersta och norra Sve-
rige, flygbildsgenomglng och geofysisk tolkning av recenta
fSsrkastningar
("Studies of neotectonic activities in central and northern
Sweden, review of aerial photographs and geophysical inter-
pretation of recent faults")
Robert LagerbMck
Herbert Benkel
Geological Survey of Sweden, September 1977

20 Tektonisk analyc av sodra Svarige, VXttern - Morra Skane
("Tectonic analysis of southern Sweden, Lake VXttern -
Northern Skine")
Kennert ISahoff
Irik Lagerlund
University of Lund and Lulei Institute of Technology,
September 1977

21 Earthquakes of Sweden 1S91 - 1957, 1963 - 1972
Ota Kulhanek
Kutger Wahlstrbm
University of Uppsala, September 1977

22 The influence of rock movement on the stress/strain situa-
tion in tunnels or boreholes with radioactive canisters
embedded in a bentonite/quarts buffer mass
Koland Puach
Lulel Institute of Technology, 1977-08-22

r 23 Water uptake in a bentonite buffer mass
f A model study
I Koland Pwsch
I LuleA Institute of Technology, 1977-08-22



314

24 BcrXkning av utlakning av visaa fieeionaprodukter och akti-
nider fran en cylinder av franskt glaa
("Calculation of leaching of certain fission products and
actinidea from a cylinder made of French ^lass")
Gb*ran Blomqviat
AB Atomenergi, 1977-07-27

25 Blekinge kustgncja. Geologi och hydrogeologi
("The Blekinge coaatal gneiss, Geology and hydrogeology")
Ingemar Larsson Royal Inatitute of Technology
Tom Lundgren Swediah Geotechnical Inatitute
Ulf Wiklandar Geological Survey of Sweden
Stockholm, August 1977

26 Bed&mning av riaken for ftSrdrbjt brott i titan
("Evaluation of riak of delayed fracture of titanium")

, Kjell Pettersaon
| AB Atomenergi, 1977-08-25

f 27 A short review of the formation, stability and cementing
},' properties of natural zeolites
|* Arvid Jacobason
| Lulei Institute of Technology, 1977-10-03

28 Va'rmeledningafb'ra8k pi buffertaubatane av bentonit/pitcailt
("Thermoconductivity experimenta with buffer material of
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Lulel Inatitute of Technology, 1977-09-20

29 Deformetioner i aprickigt berg
("Deformation* in fiaaured rock")
Ove Stephanason
Lulei Inatitute of Technology, 1977-09-28

30 Retardation of eacaping nuclidea from a final depoaitory
Ivara Meretnieka
Royal Inatitute of Technology, Stockholm, 1977-09-14
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fb*r kapaling av kMrnbrMnaleavfall. Lagearapport 1977-09-27
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("•valuation of corroaion resistance of material intended
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1977-09-27, and supplementary statements")
Swedish Corrosion Research Institute and its reference group

32 Igenskaper hoa bratonitbaaerat buffertmaterial
("Propertiea of bentonite-based buffer material")
Roland Fuach
Arvid Jacobaaon
Lulel Inatitute of Technology, 1978-04-10

33 Required physical and mechanical propertiea of buffer masses
Roland Fusch
Lulei Institute of Technology, 1977-10-19
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34 Tillverkning av bly-titan kapsel
("Fabrication of lead-titanium canister")
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VBB
ASEA-Kabel
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35 Project for the handling and storage of vitrified high-level
waste
Saint Gobain Techniques Mouvelles, October 1977
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Jan Kmnerfelt
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37 Kaatering av buffertaaterial av bentoait och kvarts
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Hans Fagerstrta, VII
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Alf lagelbrektson, V M
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39 Konstruktionsstudier, direktdepooering
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Bengt Ukmerberg
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40 Ekologisk transport och strlldoser frln grundvattenburna
radioaktiva Mmnen
("Icological transport and radiation doses from groundwater-
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43 Transport av radioaktiva Hanen aed grundvatten frin ett
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rock repository")
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("Durability of borosilicate glass")
Tibor Lakatos
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45 Beraltning av teaperaturer i ett envlnings slutforvar i berg
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repository in rock for vitrified radioactive waste")
Report 3
Roland Bloaquist
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Taivo Tarandi
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54:06 Final report
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("Radiation doses in the event of a failure during the
transport of nuclear fuel by mta.")
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) Tom Floden
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| i Carl-Irik Klockara
f ' Ove Fersson
: Geological Survey of Sweden, January 1978

. 61 Permeabilitetsbestamningar
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("Geological and hydrogeological documentation at the Stripa
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Lennar t Gillander
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Liberth Karlsson
Bengt Lbnnerberg
Gunnar Nilsson
Sven Olsson
Stefan Sehlctedt
ASEA, ASEA-ATOM, June 1978

82 Hantering och slutforvaring av aktiva metalldelar
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Bengt Lbnnerberg
Alf Engelbrektaaon
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Royal Institute of Technology, June 1978

83 Hantering av kapslar med anvant brans le i slutforvaret
("Handling of canisters for spent fuel in the final
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Alf Engelbrektsson
VBB (The Swedish Hydraulic Engineering Co., Ltd.),
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I ("Fabrication and handling of bentonite blocks")
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! VBB, ASEA, ASEA-ATOM, Granges Mineralprocesser, June 1978
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f foljd av en aekanisk skada

("Alteration of creep properties of a lead jacket as a
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Goran Eklund
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86 DiffusivitetsmKtningar av metan och vate i vfit lera
("Diffusivity measurements of methane and hydrogen in
wet clay")

f Ivars Neretnieks
} Christina Skagius
I Royal Institute of Technology, Stockholm, 1978-01-09
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87 Diffuaivitetsma'tningar i vat lera Na-lignosulfonat, Sr ,
Ci+

("Diffusivity measurements in wet clay, Na-lignosulphenate
Sr2*, Cs*")
Ivars Neretnieks
Christina Skagius
Royal Institute of Technology, Stockholm, 1978-03-16

88 Groundwater chemistry at depth in granites and gneisses
Gunnar Jacks
Royal Institute of Technology, Stockholm, April 1978

89 Inverkan av glaciation pi deponeringsanlaggning belagen
i urberg 500 m under markytan
("Influence of glaciation on a waste repository situated
in primary bedrock 500 m below the surface of the ground")
Roland Pusch.
Lulea Institute of Technology, 19/d-03-16

90 Copper as an encapsulation material for unreprocessed
nuclear waste - evaluation from the viewpoint of corrosion
Final report, 1978-03-31
The Swedish Corrosion Research Institute and its reference
group

91 Korttidsvariationer i grundvattnets tryckniva
("Short-term variations in the pressure level of the
groundwater")
Lars Y Nilsson
Royal Institute of Technology, Stockholm, September 1977

92 Termisk utvidgning hos granitoida bergarter
("Thermal expansion of granitoid rocks")
Ove Stephansson ' '

>T Lulei Institute of Technology, April 1978

E'1- 93 Preliminary corrosion studies of glass ceramic code 9617
!' and a sealing frit for nuclear waste canisters
fc- I D Sundquist
% Corning Glass "rfcrks, 1978-03-14

I.
> 94 Avfallsstrommar i upparbetningsprocessen

("Waste flows in reprocessing")
Birgitta Andersson
Ann-Margret Ericsson
Kemakta, March 1978

95 Separering av C-14 vid upparbetningsprocessen
("Separation of C-14 in reprocessing"?
Sven Brandberg
Ann-Margret Ericsson
Kemakta, March 1978
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96 Korrosionsprovning av olegerat titan i simulerade depo-
neringsmiljoer for upparbetat karnbransleavfall
("Corrosion testing of unalloyed titanium in simulated
deposition environments for reprocessed nuclear fuel waste")
Sture Henriksson
Marian de Fourbaix
AB Atomenergi 1978-04-2A

97 Colloid chemical aspects of the "confined bentonite concept"
Jean C Le Bell
Institute of Surface Chemistry, 1978-03-07

98 Sorption av llnglivade radionuklider i lera och berg Del 2
("Absorption of long-lived radio nuclides in clay and
rock Part 2")
Bert Allard
Heino Kipatsi
BSrje Torstenfelt
Chalmers University of Technology, 1978-04-20

99 Lakning av hogaktivt franskt glas
("Leaching of high-level radioactive French glass")
Status report 1978-06-01
Goran Blomqvist
AB Atomenergi, 1978-06-19

100 Dos och dosinteckning frin grundvattenburna radioaktiva
amnen vid slutforvaring av anvant karnbransle
("Dose and dose committment from groundwater-borne radio-
active elements in the final storage of spent nuclear
fuel")
Ronny Bergman
Ulla Bergstrbm
Sverker Evans
AB Atomenergi, 1978-10-06

101 Utlackning av Ni-59 frSn ett bergforvar
("Leakage of Ni-59 from a rock repository")
Ivars Neretnieks
Karin Andersson
Lennart Henstarn
Royal Institute of Technology, Stockholm, 1978-04-24

102 Metod att bocka bestralade branslestavar
("Method for bending irradiated fuel rods")
Torsten 01sson
ASEA-AT0M, 1978-03-29

103 Some aspects on colloids as a means for transporting
nuclidea
Ivara Neretnieks
Royal Institute of Technology, Stockholm, 1978-08-08
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("Finite element analysis of bentonite-filled rock reposi-
tory")
Ove Stepheuaaon
Kenneth Mafci
Tammy 5roth
Per Johansson
LuleS Institute of Technology, July 1978

105 Neutroninducerad aktivitet i bransleelementdetaljer
("Neutron-induced radioacitvity in fuel assembly components")
Nils A Kjellberg
AB Atomenergi, 1978-03-30

106 Strllningsnivl och till vatten deponerad strilningsenergi
utanfor kapslar i slutfSrvaret
("Radiation level and radiant energy imparted to water
outside of canisters in the final repository")
Kla» Lundgren
ASEA-ATOM, 1978-05-29

107 Blyinfodrad titankapsel for upparbetat och glasat karn-
bransleavfall - Bedomning ur korrosionssynpunkt
("Lead-lined titanium canister for reprocessed and vitrified
nuclear fuel waste - Evaluation from the viewpo~.it of
corrosion")
The Swedish Corrosion Institute and its reference group
Final report
1978-05-25

108 Criticality in a spent fuel repository in wet crystalline
rock
Peter Behrenz
Klre Hannerz
ASEA-AT0H, 1978-05-30

109 Lakningsbar spaltaktivitet
("Leachable gap activity")
Lennart Devell
Rolf Hesbol
AB Atomenergi, October 1978

110 In situ experiments on nuclide migration in fractured
crystalline rocks
Ove Landstrom
Carl-Erik Klockars
Karl-Erik Holmberg
Stefan Weeterberg
Studsvik Energiteknik and
The Geological Survey of Sweden
July 1978

111 Nuklidhalter i anvMnt LWR-bransle och i hb'gaktivt avfall
frln itercykling av plutonium i PWR
("Kuclide levels in spent LWR fuel and in high level waste
from the recycling of plutonium in PWR")
Nils Kjellberg
AB Atomenergi, 1978-07-26
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112 SUkerhetsanalys av hanteringsforfarandet vid inkapsling
av utbrant bransle i kopparkapsel
("Safety analysis of the handling procedure in the
encapsulation of spent fuel in copper canisters")
Erik Nordesjo
ASEA-ATOM, 1978-03-20

113 Studier av keramiska material for inkapsling av hogaktivt
avfall
("Studies of ceramic material for encapsulation of high-
-iavel waste")
Lennart Hyden et al
ASEA-ATOM, September 1978

114 -y-radiolysis of organic compounds and a-radiolysis of water
Hilbert Christensen
Studsvik Energiteknik AB, 1978-09-07

115 Accelererad utlosning av uran fran a-aktivt UO2
("Accelerated dissolution of uranium from a-active UO2")
Gosta Nilsson
Studsvik Energiteknik AB, 1978-04-27

116 Lakning av AI2O3 under simulerande deponeringsbetingelser
("Leaching of AI2O3 under simulated repository conditions")
Britt-Marie Svensson
Lennart Dahl
Studsvik Energiteknik AB, 1978-06-02

117 Lakning av Al203 i dubbeldestillerat vatten
("Leaching of A12O3 in twice-distilled water")
Britt-Marie Syensson
Goran Blomqvist
Studsvik Energiteknik AB, 1978-05-29

118 Slutrapport AI2O3 kapsel
("Final report on AI2O3 canister")
The Swedish Corrosion Institute and its reference group

119 Slutforvaring av aktiverade staldetaljer i betong
("Final storage of activated steel components in concrete")
Lars RombSn
Kyosti Tuutti
The Swedish Cement and Concrete Research Institute,
1978-07-14

120 Some notes in connection with the KBS studies of final
disposal of spent fuel
Ivars Neretnieks
Royal Institute of Technology, September 1978


